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Introduction

Abstract

Resistance exercise paradigms are often divided into high volume (HV) or
high intensity (HI) protocols, however, it is unknown whether these protocols
differentially stimulate mTORCI signaling. The purpose of this study was to
examine mTORCI1 signaling in conjunction with circulating hormone con-
centrations following a typical HV and HI lower-body resistance exercise
protocol. Ten resistance-trained men (24.7 & 3.4 years; 90.1 + 11.3 kg;
176.0 & 4.9 cm) performed each resistance exercise protocol in a random,
counterbalanced order. Blood samples were obtained at baseline (BL), imme-
diately (IP), 30 min (30P), 1 h (1H), 2 h (2H), and 5 h (5H) postexercise.
Fine needle muscle biopsies were completed at BL, 1H, and 5H. Electromyog-
raphy of the vastus lateralis was also recorded during each protocol. HV and
HI produced a similar magnitude of muscle activation across sets. Myoglobin
and lactate dehydrogenase concentrations were significantly greater following
HI compared to HV (P = 0.01-0.02), whereas the lactate response was signifi-
cantly higher following HV compared to HI (P = 0.003). The growth hor-
mone, cortisol, and insulin responses were significantly greater following HV
compared to HI (P = 0.0001-0.04). No significant differences between proto-
cols were observed for the IGF-1 or testosterone response. Intramuscular
anabolic signaling analysis revealed a significantly greater (P = 0.03) phos-
phorylation of IGF-1 receptor at 1H following HV compared to HI. Phos-
phorylation status of all other signaling proteins including mTOR, p70S6k,
and RPS6 were not significantly different between trials. Despite significant
differences in markers of muscle damage and the endocrine response following
HV and HI, both protocols appeared to elicit similar mTORCI activation in
resistance-trained men.

(>85% 1-RM), low volumes (2-6 sets; <6 repetitions),
and longer rest intervals (3-5 min) (ACSM, 2009).

Resistance exercise paradigms are often divided into high
volume (HV) or high intensity (HI) protocols. HV proto-
cols typically involve greater volume (3—6 sets; 8—12 repe-
titions), moderate intensities [<85% 1 repetition
maximum (1-RM)], and short rest intervals (30-90 sec),
while HI protocols typically involve higher intensities
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Although changes in the acute program variables sur-
rounding a resistance exercise prescription have been sug-
gested to promote differing anabolic responses and
hypertrophic adaptation in skeletal muscle (Kraemer and
Ratamess 2005), the optimal parameters of a resistance
training program for regulating muscle growth remain
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Anabolic Response Following Resistance Exercise

unclear (Adams and Bamman 2012). The stimulus from
muscle contraction during resistance exercise of differing
intensities results in varying biochemical responses regu-
lating the rate of protein synthesis (Hornberger 2011). At
the cellular level, skeletal muscle adaptation is the result
of the cumulative effects from transient changes in gene
expression following acute bouts of exercise (Coffey and
Hawley 2007). Thus, maximizing the resistance exercise-
induced anabolic response stimulates the greatest poten-
tial for hypertrophic adaptation with training.

Acute program variables, including exercise intensity,
volume, and rest interval, influence the endocrine
response following resistance exercise (Kraemer and Rata-
mess 2005). Specifically, HV resistance exercise has been
suggested to produce significantly greater elevations in
both anabolic and catabolic hormones compared to HI
resistance exercise (Kraemer et al. 1990; Hakkinen and
Pakarinen 1993; Smilios et al. 2003; Linnamo et al. 2005;
Crewther et al. 2008; McCaulley et al. 2009; Uchida et al.
2009). Systemic elevations of circulating hormones
increase the likelihood of interaction with receptors
located within muscle tissue and have been suggested to
contribute to muscle growth consequent to resistance
training (Kraemer and Ratamess 2005). However, the
mechanisms of exercise-mediated muscle hypertrophy
have been suggested to be solely an intrinsic process,
which is not influenced by transient changes in circulating
hormones (West et al. 2009, 2010a,b; Mitchell et al.
2013). Although a high volume, moderate intensity train-
ing protocol (i.e., designed to elicit muscle hypertrophy)
is thought to stimulate a greater endocrine response,
physiological fluctuations in ostensibly anabolic hormones
have not been shown to enhance muscle protein synthesis
(West et al. 2009), intramuscular anabolic signaling (Spi-
ering et al. 2008; West et al. 2009), or resistance training-
induced muscle hypertrophy (Mitchell et al. 2013).

The mammalian/mechanistic target of rapamycin com-
plex 1 (mTORCI) signaling pathway appears to be the
primary regulator of muscle protein synthesis and growth
(Hornberger et al. 2006; Drummond et al. 2009; Good-
man 2014). Phosphorylation of signaling proteins within
the mTORCI1 pathway regulates translation initiation, the
rate-limiting step in protein synthesis (Welle et al. 1999;
Brian et al. 2012). Insulin and growth factors lead to the
phosphorylation of protein kinase B (Akt), which acti-
vates mTORCI1 signaling by inactivating tumor sclerosis
complex 2 (TSC2), a primary inhibitor of mTORCI (In-
oki et al. 2002). Resistance exercise also evokes a robust
activation of mTORCI signaling in human skeletal muscle
(Coffey et al. 2006; Koopman et al. 2006; Camera et al.
2010; Farnfield et al. 2011). While the exact mechanism
of exercise-induced mTORCI1 activation has yet to be
fully elucidated, muscle contraction has been reported to
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inactivate TSC2 through an Akt-independent activation of
mTORC1 (Hornberger et al. 2004; Jacobs et al. 2013).
mTORCI activation subsequently phosphorylates mTOR
and further downstream targets, p70S6k (ribosomal S6
kinase 1) and RPS6 (ribosomal protein S6) (Goodman
2014).

It remains unclear whether HV and HI resistance exer-
cise protocols stimulate anabolic signaling in a similar or
distinct manner. Multiple set resistance exercise elicits
greater intramuscular anabolic signaling than single set
exercise, indicating that exercise volume influences the
muscle protein signaling response to exercise (Burd et al.
2010; Terzis et al. 2010). Low- versus high-intensity uni-
lateral leg extensions performed to volitional fatigue have
yielded inconsistent findings (Burd et al. 2010; Mitchell
et al. 2012). Greater mTORCI1 activation has also been
demonstrated following a high volume (5 x 10 RM) ver-
sus a very low volume (15 x 1 RM) bilateral leg press
protocol (Hulmi et al. 2012). Evidence appears to indicate
that additional factors including muscle fiber recruitment
(Gehlert et al. 2014), time-under-tension (Burd et al.
2012a), and metabolic stress (Popov et al. 2015) also
influence intramuscular anabolic signaling. The optimal
stimulus for maximizing the anabolic response from resis-
tance exercise remains unclear. Thus, the purpose of this
study was to examine intramuscular anabolic signaling in
conjunction with circulating hormone concentrations fol-
lowing a typical HV and HI lower-body resistance exer-
cise protocol in well-trained men. In addition,
electromyography (EMG) analysis of the vastus lateralis
was performed to examine muscle activation patterns
between each resistance exercise protocol.

Materials and Methods

Participants

Ten resistance-trained men (24.7 & 3.4 years;
90.1 £+ 11.3 kg; 176.0 £ 4.9 cm; 14.1 £ 6.1% body fat)
were recruited to participate in this randomized, cross-
over design research study. Inclusion criteria required
participants to be between the ages of 18 and 35 years, a
minimum of 1 year of resistance training experience, and
the ability to squat a weight equivalent to their body
mass. Participants had 6.7 £ 4.6 years of resistance train-
ing experience with an average maximum barbell back
squat of 172.7 &+ 25.2 kg. All participants were familiar
with the exercises and training intensities employed in the
study. All participants were free of any physical limita-
tions that may affect performance. In addition, all partici-
pants were free of any medications and performance-
enhancing drugs, as determined by a health and activity
questionnaire. Following an explanation of all procedures,
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risks, and benefits, each participant provided his informed
consent prior to participation in this study. The research
protocol was approved by the New England Institutional
Review Board prior to participant enrollment.

Maximal strength testing

Prior to experimental trials, participants reported to the
Human Performance Laboratory (HPL) to establish maxi-
mal strength (1-RM) on all lifts involved in the exercise
protocol. Prior to maximal strength testing, participants
performed a standardized warm-up consisting of 5 min
on a cycle ergometer against a light resistance, 10 body
weight squats, 10 body weight walking lunges, 10 dynamic
walking hamstring stretches, and 10 dynamic walking
quadriceps stretches. The 1-RM test for the barbell back
squat and leg press were performed using methods previ-
ously described (Hoffman 2006). Briefly, each participant
performed two warm-up sets using a resistance of
approximately 40-60% and 60-80% of his perceived max-
imum, respectively. For each exercise, 3—4 subsequent
attempts ~ were  performed to  determine  the
1-RM. A 3-5 min rest period was provided between each
attempt. For all other exercises, the 1-RM was assessed
using a prediction formula based on the number of repe-
titions performed to fatigue using a given weight (Brzycki
1993). Attempts not meeting the range of motion criteria
for each exercise or where proper technique was not used
were discarded.

Experimental trials

On the morning of each trial, participants reported to the
HPL after a 10-h overnight fast and having refrained from
all forms of moderate to vigorous exercise for the previ-
ous 72 h. Experimental trials were performed in a bal-
anced, randomized order, and each experimental trial was
separated by a minimum of 1 week to ensure adequate

Anabolic Response Following Resistance Exercise

recovery. Each participant performed experimental trials
at the same time of day to avoid diurnal variations. Par-
ticipants provided a urine sample upon arrival to the
HPL for analysis of urine specific gravity (USG) by refrac-
tometry to ensure an adequate hydration status
(USG < 1.020 defined as euhydration).

During each experimental trial, participants performed
the standardized warm-up routine described above, fol-
lowed by a lower-body resistance exercise protocol.
Table 1 depicts the HV and HI resistance exercise proto-
cols. The HV protocol utilized a load of 70% 1-RM for
sets of 10-12 repetitions with a 1-min rest period length
between sets and exercises. The HI protocol utilized a
load of 90% 1-RM for sets of 3—-5 repetitions with a 3-
min rest period length between sets and exercises. Both
protocols included six sets of barbell back squats and four
sets of bilateral leg press, bilateral hamstring curls, bilat-
eral leg extensions, and seated calf raises. During each
protocol, participants were verbally encouraged to com-
plete each set. If the participant was unable to complete
the desired number of repetitions, spotters provided assis-
tance until the participant completed the remaining repe-
titions. Subsequently, the load for the next set was
adjusted so that participants were able to perform the
specific number of repetitions for each set.

Following each resistance exercise protocol, participants
remained in the laboratory for all postexercise assess-
ments. Blood samples were obtained at six time points
over the course of the study: baseline (BL), immediately
postexercise (IP), 30 min postexercise (30P), 1 h postex-
ercise (1H), 2 h postexercise (2H), and 5 h postexercise
(5H). Fine needle muscle biopsies were completed at BL,
1H, and 5H.

To control for diet, participants were provided a stan-
dardized low protein, low carbohydrate breakfast bar
(Atkins Nutritionals, Inc., Denver, CO: 7 g protein, 3 g
carbohydrate, and 3 g fat) following BL assessments.
Immediately following IP blood sampling, participants

Table 1. Resistance Exercise Protocols. The HV protocol utilized a load of 70% of one repetition maximum (1-RM) for sets of 10-12 repeti-
tions with a 1 min rest period length between sets and exercises. The HI protocol utilized a load of 90% 1-RM for sets of 3-5 repetitions with
a 3 min rest period length between sets and exercises. If the participant was unable to complete the desired number of repetitions, spotters
provided assistance until the participant completed the remaining repetitions. Subsequently, the load was adjusted so that participants were
able to perform the specific repetitions for each set.

High Volume Protocol (HV) High Intensity Protocol (HI)

Exercise Order Sets x Repetitions Intensity Rest Time Sets x Repetitions Intensity Rest Time
1. Barbell Back Squats 6 x 10-12 70% 1-RM 1 min 6 x 3-5 90% 1-RM 3 min
2. Bilateral Leg Press 4 x 10-12 4 x 3-5

3. Bilateral Hamstring Curls 4 x 10-12 4 x 3-5

4. Bilateral Leg Extensions 4 x 10-12 4 x 3-5

5. Seated Calf Raises 4 x 10-12 4 x 3-5

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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were also provided a flavored drink (355 mL, 0 g protein,
2.5 g carbohydrates, 0 g fat) to limit any nutritional
impact on the signaling response. Participants were per-
mitted to drink water ad libitum during experimental tri-
als, and volume of water consumption was recorded.

Muscle activation

To investigate muscle activation, EMG analysis of the
vastus lateralis of the nondominant leg was assessed dur-
ing every repetition for the multijoint exercises (barbell
back squat and bilateral leg press) during each resistance
exercise protocol. A bipolar surface electrode arrangement
(Quinton, Milwaukee, WI) was placed at two-thirds of
the line between the anterior superior iliac spine and
superior lateral aspect of the patella, with the reference
electrode placed over the tibial tuberosity. The skin
beneath the electrodes was shaved, abraded, and cleaned
with alcohol to keep interelectrode impedance below
5000 ohms. EMG signals were obtained with a differential
amplifier (MP150 BIOPAC Systems, Inc., Santa Barbara,
CA) sampled at 1000 Hz. Data were sent in real time to a
computer via bluetooth and recorded for later analysis.
To eliminate variance, all EMG preparation and electrode
attachment was conducted by a single technician, and the
foot placement and anatomical positioning of participants
were recorded and kept consistent during each experi-
mental trial. EMG signals were band-pass filtered from
10 Hz to 500 Hz and expressed as root mean square
amplitude values by software (AcqKnowledge v4.2,
BIOPAC Systems, Inc.). The average root mean square
(RMS; microvolts) was calculated for each repetition by
the software. For normalizing EMG analysis, maximal vol-
untary isometric contraction (MVIC) of the bilateral leg
extension was obtained during the maximal strength test-
ing visit (Burden 2010). All RMS values were normalized
as a percent of MVIC. Test-retest reliability for the RMS
of MVIC of the bilateral leg extension in our laboratory
has been established (ICC = 0.88). MVIC was conducted
in a bilateral leg extension machine with the knees flexed
at 105.6 = 4.2° and hands grasping the handlebars for
stability. Participants were asked to extend the knee exert-
ing maximal force against an immoveable resistance for
5 sec. The highest MVIC EMG value was used as the ref-
erence with which to normalize EMG signals. EMG data
were reported as percentage of MVIC.

Blood measurements

During each experimental trial, blood samples were
obtained using a Teflon cannula placed in a superficial
forearm vein using a three-way stopcock with a male luer
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lock adapter and plastic syringe. The cannula was main-
tained patent using an isotonic saline solution (Becton
Dickinson, Franklin Lakes, NJ). BL blood samples were
obtained following a 15-min equilibration period. IP
blood samples were taken within 1 min of exercise cessa-
tion. Participants were instructed to lie in a supine posi-
tion for 15 min prior to 30P, 1H, 2H, and 5H blood
draws.

All blood samples were collected into three 6 mL Vacu-
tainer® tubes. Blood samples were drawn into either
plain, sodium heparin, or K,EDTA treated tubes. A small
aliquot of whole blood was removed and used for deter-
mination of hematocrit and hemoglobin concentrations.
The blood in the plain tube was allowed to clot at room
temperature for 30 min and subsequently centrifuged at
3000 x g for 15 min along with the remaining whole
blood from the other tubes. The resulting serum and
plasma was placed into separate microcentrifuge tubes
and frozen at —80°C for later analysis.

Biochemical analysis

Blood lactate concentrations were analyzed from plasma
using an automated analyzer (Analox GM7 enzymatic
metabolite analyzer, Analox Instruments USA, Lunen-
burg, MA). Hematocrit concentrations were analyzed
from whole blood via microcentrifugation (CritSpin,
Westwood, MA) and microcapillary technique. Hemoglo-
bin concentrations were analyzed from whole blood using
an automated analyzer (HemoCue, Cypress, CA). Plasma
volume shifts were calculated using the formula estab-
lished by Dill and Costill (1974). To eliminate interassay
variance, all samples were analyzed in duplicate by a sin-
gle technician. Coefficient of variation for each assay was
1.4% for blood lactate; 0.4% for hematocrit; and 0.6%
for hemoglobin.

Circulating concentrations of insulin-like growth fac-
tor-1 (IGF-1), insulin, testosterone, growth hormone
(GH), and cortisol were assessed via enzyme-linked
immunosorbent assays (ELISA) and a spectrophotometer
(BioTek Eon, Winooski, VT) using commercially available
kits. Myoglobin concentrations were determined via
ELISA (Calbiotech, Spring Valley, CA) and a spectropho-
tometer. Lactate dehydrogenase (LDH) concentrations
were determined via ELISA (Sigma-Aldrich, St. Louis,
MO) and a spectrophotometer. To eliminate interassay
variance, all samples for each assay were thawed once and
analyzed in duplicate in the same assay run by a single
technician. Coefficient of variation for each assay was
6.5% for IGF-1; 8.1% for insulin; 4.8% for testosterone;
4.9% for GH; 5.3% for cortisol; 4.1% for myoglobin; and
4.8% for LDH.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Fine needle muscle biopsy procedure

Fine needle muscle biopsies were performed on the vastus
lateralis muscle of the participant’s dominant leg using a
spring-loaded, reusable instrument with 14-gauge dispos-
able needles and a coaxial introducer (Argon Medical
Devices Inc., Plano, TX). Following local anesthesia with
2 mL of 1% lidocaine applied into the subcutaneous tis-
sue, a small incision to the skin was made and an inser-
tion cannula was placed perpendicular to the muscle until
the fascia was pierced. The biopsy needle was inserted
through the cannula and a muscle sample was obtained
by the activation of a trigger button, which unloaded the
spring and activated the needle to collect a muscle sam-
ple. Multiple biopsy passes at each time point were made
with the cannula in place, thus avoiding repeated skin
punctures. Each muscle sample was removed from the
biopsy needle using a sterile scalpel and was subsequently
placed in a cryotube, rapidly frozen in liquid nitrogen,
and stored at —80°C. A licensed physician performed all
muscle biopsies.

Intramuscular anabolic signaling analysis

Tissue samples were thawed and kept on ice for prepara-
tion and homogenization. A lysis buffer with protease
inhibitor (EMD Millipore, Billerica, MA) was added to
each sample at a rate of 500 uL per 10 mg of tissue. Sam-
ples were homogenized using a Teflon pestle and sonica-
tion (Branson, Danbury, CT). Tissue samples were then
placed on a plate shaker (Thermo Fisher Scientific Inc.,
Waltham, MA) for 10 min at 4°C and subsequently cen-
trifuged at 10,000 x g for 5 min. The supernatant was
aspirated and used for analysis.

Multiplex ELISA was used to quantitate the phosphory-
lation status of proteins specific to the mTORCI signaling
pathway using MAGPIX® (Luminex, Austin, TX) and a
multiplex signaling assay kit (EMD Millipore) according to
manufacturer’s guidelines. Multiplex ELISA has been vali-
dated (Hwang 2011) and previously used to determine the
phosphorylation status of proteins in the mTORCI signal-
ing pathway (Sharma et al. 2012a,b; Gonzalez et al. 2015).
Samples were analyzed for phosphorylation of IGF-1 recep-
tor (IGFIR) at Tyr 1135/1136, insulin receptor (IR) at Tyr
1162/1163, insulin receptor substrate 1 (IRS1) at Ser 636,
TSC2 at Ser 939, Akt at Ser 473, mTOR at Ser 2448, p70S6k
at Thr 412, and RPS6 at Ser 235/236. The specificity of the
p70S6k antibody recognized p70S6k I phosphorylated on
Thr 412 and the splice variant p70S6k II phosphorylated on
Thr 389. Total protein quantitation was conducted using a
detergent compatible protein assay kit (Bio-Rad, Hercules,
CA). Homogenized samples were diluted prior to being

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Anabolic Response Following Resistance Exercise

loaded and results are reported as fluorescence intensity
expressed relative to total protein content. To eliminate in-
terassay variance, all tissue samples were thawed once and
analyzed in duplicate in the same assay run by a single tech-
nician. The average coefficient of variation for phospho-
protein analysis was 8.4%.

Dietary logs

Participants were instructed to maintain their normal die-
tary intake leading up to experiment trials. Participants
were then instructed to record as accurately as possible
everything they consumed during the 24 h prior to the
first experimental trial. For the following experimental
trial, participants were required to duplicate the content,
quantity, and timing of their daily diet during the 24 h
prior. Participants were instructed not to eat or drink
(except water) within 10 h of reporting to the HPL for
experimental trials.

Statistical analysis

Prior to statistical procedures, all data were assessed for
normal distribution, homogeneity of variance, and sphe-
ricity. If the assumption of sphericity was violated, a
Greenhouse—Geisser correction was applied. Biochemical
changes were analyzed using a two factor (trial x time)
analysis of variance (ANOVA) with repeated measures on
time. In the event of a significant F ratio, LSD post hoc
tests were used for pairwise comparisons. Area under the
curve (AUC) was also calculated for biochemical mea-
sures using a standard trapezoidal technique. AUC
analysis was analyzed via paired samples ¢-tests. Mean
muscle activation of each set of squat and leg press were
analyzed using a two factor (trial x set) ANOVA. For
effect size, partial eta squared statistics were calculated,
and according to Green et al. (2000), 0.01, 0.06, and 0.14
were interpreted as small, medium, and large effect sizes,
respectively. Significance was accepted at an alpha level of
P <0.05 and all data are reported as mean + SD.

Results

Resistance exercise protocol

All participants were adequately hydrated (USG < 1.020)
prior to each trial, and no significant differences were noted
between trials for baseline USG (P = 0.98). No significant
differences were noted for water consumption during each
protocol (P = 0.34). As anticipated, significant differences
between trials were noted for workout volume (P = 0.01).
Workout volume (sets x load x reps) was significantly
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greater for HV (45300.0 £+ 13919.8 kg) compared to HI
(33633.5 + 5661.9 kg).

Electromyography analysis

Analysis of muscle activation during the squat exercise
revealed no significant effect across the six sets (F = 3.0;
P =0.07; 112 = 0.16), and no significant interactions were
noted (F = 1.1; P = 0.36; > = 0.07) (Fig. 1A). In addi-
tion, no significant differences were noted in muscle acti-
vation during each of the four sets of leg press (F = 2.3;
P =0.09; #* = 0.12), and no significant interactions were
noted (F = 1.3; P = 0.27; n> = 0.07) (Fig. 1B).

Biochemical analysis

Significant time effects were noted for myoglobin
(F = 46.7; P =0.0001; n>=0.72), LDH (F=13.1; P =
0.0001; 112 = 0.42), and lactate (F = 154.3; P = 0.0001;
n* = 0.90). Myoglobin concentrations (Table 2) were sig-
nificantly elevated from BL at IP, 30P, and 1H (P <
0.001). LDH and lactate concentrations (Figs. 2, 3, respec-
tively) were significantly elevated from BL at all time
points (P < 0.001). Significant interactions were also
noted for myoglobin (F = 5.8; P = 0.02; 112 = 0.25) and
lactate (F = 27.5; P = 0.0001; 712 = 0.60), however, no sig-
nificant interactions were noted for LDH (F = 0.8;
P = 0.53; #° = 0.04). Myoglobin concentrations were sig-
nificantly greater during HI compared to HV at both IP
(P =0.02) and 30P (P = 0.01), whereas lactate concentra-
tions were significantly greater during HV compared to
HI at IP (P =0.0001), 30P (P =0.0001), and 1H
(P =0.001). AUC analysis indicated myoglobin (BL-1H)
and LDH concentrations during HI were significantly

140
A m HI = HV

% of MVIC

120

100

80

60

40

20
0 4 5 6
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greater than HV (P = 0.02 and P = 0.01, respectively). In
addition, AUC analysis indicated that lactate concentra-
tions during HV were significantly greater than HI
(P = 0.003).

Hormonal analysis

Hormonal concentrations following resistance exercise are
depicted in Figure 4. Significant time effects were
observed for IGF-1 (F = 5.2; P = 0.0001; 112 = 0.23), insu-
lin (F=5.6; P=0.03 112 = 0.24), testosterone (F = 5.1;
P=0.02 n*=022), GH (F=445; P=0.0001; n*=
0.71), and cortisol (F = 29.2; P = 0.0001; 112 = 0.62). IGF-
1 concentrations were significantly elevated from BL at IP
(P =0.0001), 1H (P = 0.02), and 5H (P = 0.02). Insulin
concentrations were significantly elevated from BL at IP
(P =0.004) and 30P (P = 0.02). Testosterone concentra-
tions were significantly decreased from BL at 1H
(P=0.04) and 2H (P = 0.03), while GH and cortisol
concentrations were significantly elevated from BL at IP
(P =0.0001 and P = 0.001, respectively), 30P (P = 0.0001
and P = 0.001, respectively), and 1H (P =0.01 and
P =0.01, respectively). In addition, cortisol concentra-
tions were significantly decreased from BL at 5H
(P = 0.0001). Significant interactions were noted for GH
(F = 22.4; P=0.0001; 112 = 0.56) and cortisol (F = 8.4;
P =0.0001; 7* = 0.32), however, no significant interac-
tions were noted for IGF-1 (F = 2.3; P = 0.06; #* = 0.11),
insulin (F = 1.1; P =0.31; nz = 0.06), or testosterone
(F=1.6; P=0.22; ;72 = 0.08). GH and cortisol concen-
trations were significantly greater during HV compared to
HI at IP (P =0.0001 and P = 0.01, respectively), 30P
(P=0.0001 and P =0.001, respectively), and 1H
(P = 0.02 and P = 0.003, respectively), while cortisol con-

140 = HI = HV

120
100
80

60

% of MVIC

40

20

Set

Figure 1. (A) Muscle activation during the squat exercise. (B) Muscle activation during the leg press exercise. HI, High intensity resistance
exercise protocol; HV, High volume resistance exercise protocol; MVIC, Maximal voluntary isometric contraction. All data are reported as

means + SD.
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Table 2. Myoglobin concentration following resistance exercise. Groups: HI, High intensity resistance exercise protocol; HV, High volume
resistance exercise protocol. Time points: BL, Baseline; IP, Immediately post; 30P, 30-min post; 1H, 1-h post.

BL Pt 30px* 1H*
HI 293 + 8.6 164.3 + 93.5 201.6 + 106.8 199.9 + 104.3
HV 35.0 + 134 91.9 + 26.1 104.9 + 345 1419 + 51.0

All data are reported as means =+ SD.
“Significant difference between HI and HV (P < 0.05).
fSignificant difference from BL (P < 0.05).

#
475 f \
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T‘E‘ 100,000
= 375 80,000
k= 60,000
g 325 40,000
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125

BL 1P 30P 1H 2H SH

Figure 2. Lactate dehydrogenase (LDH) concentration following
resistance exercise. Groups: HI, High intensity resistance exercise
protocol; HV, High volume resistance exercise protocol. Time
points: BL, Baseline; IP, Immediately post; 30P, 30-min post; 1H,
1-h post; 2H, 2-h post; 5H, 5-h post. Inset: area under the curve
(AUQ). All data are reported as means + SD. *Significant difference
between HI and HV (P < 0.05). *Significant difference from BL
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Figure 3. Lactate concentration following resistance exercise.
Groups: HI=High intensity resistance exercise protocol; HV, High
volume resistance exercise protocol. Time points: BL, Baseline; IP,
Immediately post; 30P, 30-min post; 1H, 1-h post; 2H, 2-h post;
5H, 5-h post. Inset: area under the curve (AUC). All data are
reported as means + SD. *Significant difference between HI and
HV (P < 0.05). *Significant difference from BL (P < 0.05)

centrations were also significantly greater during HV
compared to HI at 2H (P = 0.02). AUC analysis indicated
that the insulin, GH, and cortisol response during HV
was significantly greater than HI (P = 0.04, P = 0.0001,

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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and P = 0.003, respectively), however, no significant dif-
ferences between trials were noted for IGF-1 or testoster-
one AUC (P = 0.39 and P = 0.44, respectively).

Relative to BL, plasma volume shifts were significantly
different between trials at IP (P = 0.02). The difference
between trials was not significant for any other time
point. During HV, plasma volume decreased at IP,
—8.0 & 7.7%; increased at 30P, 2.1 &+ 9.4%; increased at
1H, 7.2 + 14.0%; increased at 2H, 3.7 £ 5.0%; and
decreased at 5H, —1.6 £ 5.5%. During HI, plasma vol-
ume decreased at IP, —1.6 £ 3.1%; increased at 30P,
3.3 £+ 3.6%; increased at 1H, 4.0 & 3.0%; increased at
2H, 7.2 + 7.3%; and decreased at 5H, —2.6 + 4.0%.
Blood variables were not corrected for plasma volume
shifts due to the importance of molar exposure at the tis-
sue receptor level.

Intramuscular anabolic signaling

Intramuscular anabolic signaling following resistance exer-
cise is depicted in Figure 5. No significant differences
over time were noted for phosphorylation of IGFIR
(F=1.1; P=0.35 #>=0.06), IR (F=0.1; P=0.95
n? =0.003), IRS1 (F=13 P=029 n*=007), or
p7086k (F = 2.4; P = 0.11; > = 0.12), and no significant
interactions were noted for phosphorylation of IR
(F=1.4; P=0.26; n* =0.07), IRSI (F=0.1; P=0.88;
n? =0.01), or p70S6k (F=0.2; P=0.82; n*=0.0l).
However, significant interactions were noted for phos-
phorylation of IGFIR (F=4.1; P=10.02; 5*=0.19).
Phosphorylation of IGFIR was significantly greater during
HV compared to HI at 1H (P = 0.03).

Significant time effects were observed for phosphoryla-
tion of Akt (F = 4.4; P = 0.04; > = 0.20), TSC2 (F = 5.4;
P=0.01; »*=023), mTOR (F=45 P=0.02
n* =0.21), and RPS6 (F = 12.3; P = 0.0001; n* = 0.41).
Phosphorylation of TSC2 was significantly decreased from
BL at 1H (P = 0.04), while phosphorylation of TSC2,
Akt, and mTOR were significantly decreased from BL at
5H (P = 0.01, P = 0.02, and P = 0.01, respectively). Phos-
phorylation of RPS6 was significantly elevated from BL at

2015 | Vol. 3 | Iss. 7 | e12466
Page 7



Anabolic Response Following Resistance Exercise

A. M. Gonzalez et al.

A B 35 # 4000 *
3500
325
“ " 4 100000 30 ;ggg
80,000 8
275 s S 2000
4 O 60,000 g # < 1500
2 =) 8 2 1000
£ 225 240,000 =)
50 =1 500
G | I ! 20,000 = 15 0
175 0 £
= 2 10
i=}
&) = I J I
125 5 { — HI
—HI
HV
75 v 0
BL P 3P M 2H SH Sl BL P 30P 1H oH SH
C 3000 D ;5
1000,000 .y
2500
= 2500 §00,000 30 *
- i i 600,000 2000
O 600,
£ 2000 =) 25 O 1500
& < 400,000 = =1
£ 720 <1000
g 1500 200,000 E * 4
<] sy 15 500
o =11}
[} 0 = * 4
£ 1000 = { 0
S T 10
: e {
o
£ 500 5
— HI l — HI
0 HV 0 N T L T —l HV
BL P 30P 1H - 2H - SH S| BL P 3P IH 20 SH
E 600 *y o Ay
140,000
00 * 4 120,000
_ \ 100,000
T O 80,000
T X
2 400 . 2 60,000
& 40,000
£ 300 [ 20,000
fo
£ 200
o
S } ]
100
— HI
o HV
BL P 0P IH 2H SH

Figure 4. (A) Insulin-like growth factor-1 (IGF-1) (B) insulin (C) testosterone (D) growth hormone (GH) and (E) cortisol concentration following
resistance exercise. Groups: HI, High intensity resistance exercise protocol; HV, High volume resistance exercise protocol. Time points: BL,
Baseline; IP, Immediately post; 30P, 30-min post; TH, 1-h post; 2H, 2-h post; 5H, 5-h post. Inset: area under the curve (AUC). All data are
reported as means =+ SD. *Significant difference between HI and HV (P < 0.05). *Significant difference from BL (P < 0.05).

IH (P = 0.001) and 5H (P = 0.0001). However, no signif-
icant interactions were noted for phosphorylation of Akt
(F=0.8 P=0.40; n* = 0.04), TSC2 (F=0.3; P = 0.78;
7% = 0.01), mTOR (F = 0.002; P = 0.99; > = 0.0001), or
RPS6 (F = 0.3; P = 0.77; n* = 0.02).

Discussion

Resistance exercise initiates a multifaceted biochemical
response regulating muscle protein synthesis and growth.
In this study, signaling proteins within the mTORCI1
pathway were examined in conjunction with circulating
hormonal concentrations following two different lower-
body resistance exercise protocols in resistance-trained
men. The HV and HI protocol design was typical of spe-
cific mesocycles (e.g., hypertrophy and strength, respec-
tively) used by strength/power athletes in their periodized
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training program (ACSM, 2009; Hoffman et al. 2009).
Although workout volume was designed to be different a
priori, both protocols required participants to use an
intensity load that required maximal effort to achieve the
required repetition range (i.e., reach momentary muscular
failure). This effort appeared to cause greater changes in
markers of muscle damage (i.e., myoglobin and LDH
concentrations) during HI, but greater changes in a meta-
bolic marker of stress (i.e., lactate concentration) during
HV. Significant differences in the endocrine response were
also observed between protocols. GH, cortisol, and insulin
responses were significantly greater during HV than HI,
however, no differences between protocols were observed
for either the IGF-1 or testosterone response. Intramuscu-
lar anabolic signaling analysis revealed that only the phos-
phorylation of IGFIR at 1H was significantly greater
during HV than HI, while no other differences were

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 5. Phosphorylation of (A) IGF1R (Tyr 1135/1136) (B) Akt (Ser 473) (C) TSC2 (Ser 939) (D) mTOR (Ser 2448) (E) p70Sék (Thr 412) (F)
RPS6 (Ser 235/236). Groups: HI, High intensity resistance exercise protocol; HV, High volume resistance exercise protocol. Time points: BL,
Baseline; IP, Immediately post; 30P, 30-min post; 1H, 1-h post; 2H, 2-h post; 5H, 5-h post. Phosphorylation status of signaling proteins were
determined relative to total protein concentration and are therefore reported as arbitrary units (AU). All data are reported as means =+ SD.
*Significant difference between HI and HV (P < 0.05). *Significant difference from BL (P < 0.05).

noted in the phosphorylation of all other signaling pro-
teins between HV and HI.

The intensity used during each resistance exercise pro-
tocol produced similar muscle activation across sets in
both the squat and leg press exercises. Muscle activation
is influenced by the firing rate and number of motor

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

units activated (Fuglsang-Frederiksen and Renager 1988),
and motor units appear to be recruited in accordance
with the size principle during voluntary muscle contrac-
tion (Henneman et al. 1965). However, it has been sug-
gested that lighter loads (20-30% 1-RM) lifted to
momentary muscular failure will result in a similar
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amount of muscle fiber recruitment compared with hea-
vier loads (50-80% 1-RM), thus promoting similar mus-
cular adaptations (Burd et al. 2012b; Mitchell et al. 2012;
Barcelos et al. 2015). In addition, the relationship
between intensity and muscle protein synthesis may reach
a plateau between intensities of ~60-90% of 1-RM
(Kumar et al. 2009). The results of this study indicated
that HV and HI elicited similar muscle activation; how-
ever, it is important to note that during HV, considering
the greater volume of training, the muscle activation was
provided for a longer period of time.

Resistance exercise can induce significant microtrauma
to muscle fibers (Nosaka et al. 2003). Myoglobin and
LDH concentrations have been used extensively as mark-
ers of muscle damage and may indicate the integrity of
the muscle cell membrane (Nosaka et al. 2003; Jamurtas
et al. 2005; Rodrigues et al. 2010; Gonzalez et al. 2014).
Although both HV and HI protocols elicited significant
elevations in these markers, greater changes in myoglobin
and LDH concentrations were observed following HI.
While microtrauma to skeletal muscle fibers is accompa-
nied by an inflammatory response, indirect markers of
muscle damage have not shown to be a consistent indica-
tor of exercise-mediated adaptation (Brentano and Mar-
tins 2011). Furthermore, muscle hypertrophy has been
observed in the relative absence of muscle damage (Brent-
ano and Martins 2011; Flann et al. 2011). Although both
protocols elicited significant increases in circulating
myoglobin and LDH concentrations, the role of exercise-
induced elevations of markers of muscle damage in
promoting gene expression influencing skeletal muscle
adaptation remains unclear. Despite differences in markers
of muscle damage between trials, intramuscular anabolic
signaling did not appear to differ between the protocols.

Exercise-induced metabolic stress may also play a role
in acute activation of mTORCI signaling. Metabolic stress
results from exercise that primarily relies on anaerobic
glycolysis as its major energy provider. Lactate directly
affects muscle cells in vitro by increasing mTOR and
p70S6k phosphorylation (Oishi et al. 2015), and eleva-
tions in blood lactate have previously been demonstrated
to be weakly associated (r = 0.38) with intramuscular
anabolic signaling following resistance exercise in trained
men (Popov et al. 2015). Resistance exercise protocols
that utilize moderate to high intensities (60-85% 1-RM)
and volumes (3-6 sets), with relatively short rest intervals
(<90 sec) appear to elicit the greatest increase in blood
lactate concentrations (Kraemer et al. 1990, 1991; Got-
shalk et al. 1997; Smilios et al. 2003; Linnamo et al. 2005;
McCaulley et al. 2009; Rahimi et al. 2010). Furthermore,
the lactate response following high volume resistance
exercise programs have previously been shown to be sig-
nificantly greater than high intensity resistance exercise
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programs (Smilios et al. 2003; McCaulley et al. 2009). In
this study, elevated blood lactate concentrations were
observed following HV and HI, however, the lactate
response was greater following HV. Despite large differ-
ences in blood lactate concentrations between protocols,
intramuscular anabolic signaling did not appear to be dif-
ferent. Lactate production may contribute to mTORCI
activation, however, the mechanisms by which metabolic
stress influences anabolic signaling are not fully elucidated
and warrant further investigation.

Acute program variables, including exercise intensity,
volume, and rest, have been shown to influence the endo-
crine response following resistance exercise (Kraemer and
Ratamess 2005). Regardless of training status or age,
heavy resistance exercise appears to be a potent stimulus
for acute increases in circulating anabolic hormones
(Hakkinen and Pakarinen 1993; Kraemer et al. 1995,
1999; Goto et al. 2003; Ahtiainen et al. 2005; Linnamo
et al. 2005; Beaven et al. 2008; Boroujerdi and Rahimi
2008; Villanueva et al. 2012). Furthermore, high volume,
short rest resistance exercise protocols are associated with
greater elevations of GH (Kraemer et al. 1990; Smilios et al.
2003), testosterone (Crewther et al. 2008; McCaulley
et al. 2009), and cortisol (Smilios et al. 2003; Crewther
et al. 2008; McCaulley et al. 2009; Uchida et al. 2009)
when compared to high intensity, long rest resistance
exercise protocols. The results of this present study
appear to be consistent with some, but not all of the pre-
vious investigations. The GH, cortisol, and insulin
response to exercise was significantly greater following
HV compared to HI, while no significant differences
between the protocols were observed for IGF-1 or testoster-
one. Nevertheless, the role of transient hormonal increases
in the adaptive response to resistance exercise is not well
understood (Schroeder et al. 2013). It has been suggested
that elevations in circulating concentrations of these hor-
mones increase the likelihood of hormone-receptor interac-
tion and thus enhance the probability of a physiological
effect (Kraemer et al. 1990; Ahtiainen et al. 2003; Kraemer
and Ratamess 2005). However, the mechanisms of exercise-
mediated muscle hypertrophy have been suggested to be
solely an intrinsic process, which may not be influenced by
transient changes in circulating hormones (West et al.
2009, 2010a,b; Mitchell et al. 2013).

To the best of our knowledge, this appears to be the
first study to compare intramuscular anabolic signaling
responses following HV and HI resistance exercise para-
digms that are typically used by strength/power athletes.
mTORCI signaling analysis revealed a greater phosphory-
lation of IGFIR at 1H following HV compared to HI,
while the phosphorylation status of all other signaling
proteins did not appear to be different between the two
training protocols. However, the IGFIR may not be nec-

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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essary for resistance exercise-induced mTORCI signaling
and muscle growth (Spangenburg et al. 2008). Using a
transgenic mouse model, Spangenburg and colleagues
(2008) reported that both Akt and p70S6k activation can
be induced independent of a functioning IGF-1 receptor.
Downstream  signaling proteins, including mTOR,
p70S6k, and RPS6, appeared to have similar activation
patterns following HV and HI. Both resistance exercise
protocols resulted in significant elevations in RPS6 phos-
phorylation, while not stimulating any change in p70S6k
phosphorylation. The lack of any significant change in
p70S6k phosphorylation following both resistance exercise
protocols may be related to the greater training experi-
ence and muscle strength of the participants (Gonzalez
et al. 2015). Several studies have suggested that a greater
training status can attenuate resistance exercise-induced
intramuscular anabolic signaling (Coffey et al. 2006; Tang
et al. 2008; Ogasawara et al. 2013). The protein kinase
mTOR serves as a critical protein which confers signaling
to p70S6k and several other downstream signaling mole-
cules that regulate protein synthesis and skeletal muscle
mass (Hornberger 2011; Goodman 2014). The phosphor-
ylation of p70S6k regulates several factors involved in
translation initiation and protein synthesis (Goodman
2014), and the phosphorylated state of p70S6k has been
shown to significantly correlate with myofibrillar protein
synthesis rates (r = 0.31-0.34) (Kumar et al. 2009; West
et al. 2010a) and exercise-induced hypertrophy (r = 0.53—
0.89) (Baar and Esser 1999; Terzis et al. 2008; Mayhew
et al. 2009; Mitchell et al. 2013). Although the exact role
of RPS6 in the regulation of protein synthesis remains
unclear, RPS6 is a downstream target of p70S6k with the
potential to regulate protein synthesis and is commonly
used as an indirect marker of mTORCI activation (Good-
man 2014). Based upon the results of this study, it
appears that HV and HI resistance exercise protocols eli-
cit similar acute mTORCI activation in resistance-trained
men.

Despite significant differences in the endocrine
response following HV and HI, both protocols stimulated
similar mTORC1 activation following resistance exercise.
Although it is well appreciated that hormones play an
important role in regulating muscle mass, there is much
discrepancy in the literature on the capacity of transient
hormonal elevations to increase muscle protein synthesis
in humans (Schroeder et al. 2013). Although the exact
mechanism underlying increased mTORCI activation fol-
lowing resistance exercise remains relatively elusive,
mTORCI has been suggested to be activated by increasing
the activity of Rheb (Ras homolog enriched in brain)
(Marcotte et al. 2015). mTORCI activation requires phos-
phorylation of TSC2 (a negative regulator of Rheb),
which subsequently causes TSC2 to be sequestered away
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from Rheb allowing mTORCI1 to be activated (Marcotte
et al. 2015). Resistance exercise and growth factors
including insulin and IGF-1 lead to the phosphorylation
of TSC2 (Inoki et al. 2002; Jacobs et al. 2013; Menon
et al. 2014). When insulin and/or IGF-1 bind to their
membrane receptors, TSC2 is subsequently phosphory-
lated via Akt (Inoki et al. 2002; Menon et al. 2014),
whereas  resistance  exercise-induced  activation  of
mTORC1 appears to be Akt-independent (Hornberger
et al. 2004). It remains unclear what mediates TSC2 phos-
phorylation following resistance exercise (Marcotte et al.
2015). Nevertheless, resistance exercise and growth factors
share the same final step in mTORCI activation (via
phosphorylation of TSC2) (Marcotte et al. 2015). Since
the end result of both resistance exercise and growth fac-
tors is the movement of TSC2 away from Rheb via differ-
ent upstream kinases, resistance exercise and hormonal
exposure may not offer a synergistic effect. This appears
to be consistent with the results of this study, in which
the greater GH, cortisol, and insulin response following
HV did not appear to augment intramuscular anabolic
signaling. Furthermore, previous research has demon-
strated that physiological fluctuations in anabolic hor-
mones do not necessarily enhance muscle protein
synthesis (West et al. 2009), intramuscular anabolic sig-
naling (Spiering et al. 2008; West et al. 2009), or resis-
tance training-induced muscle hypertrophy (Mitchell
et al. 2013). The prominent role of acute increases in hor-
mones such as GH and cortisol may be to meet a greater
metabolic demand caused by the resistance exercise pro-
tocol, rather than promoting muscle protein synthesis.
This study investigated the acute anabolic response fol-
lowing two typical lower-body resistance exercise para-
digms in experienced, resistance-trained men. The results
of this study may reflect the lower adaptive ability among
highly trained individuals, accounting for the attenuated
signaling responses in comparison to untrained individu-
als (Coffey et al. 2006; Tang et al. 2008; Nader et al.
2014; Gonzalez et al. 2015). Although the stimulation of
muscle protein synthesis appears to requires mTORCI
activation (Anthony et al. 2000; Kubica et al. 2005; Gun-
dermann et al. 2014), a dissociation between anabolic sig-
naling and muscle protein synthesis may exist (Greenhaff
et al. 2008; Mitchell et al. 2015). Furthermore, acute mea-
sures of muscle protein synthesis may not fully explain
the dynamic process of muscle hypertrophy consequent
to resistance training (Damas et al. 2015). A potential
limitation of this study is that time-under-tension, total
work, and contraction velocity were not quantified during
each protocol. In addition, the regulation of additional
receptors (i.e., androgen receptor) was not examined fol-
lowing each protocol. We also recognize that the methods
of studying intramuscular signaling in vivo in humans are
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accompanied by inherent limitations as it requires
repeated biopsy sampling of a small population of muscle
fibers at a few, distinctive time points following exercise
and the analyzed tissue is assumed to be representative of
the entire muscle.

In conclusion, HI appeared to cause greater changes in
markers of muscle damage (e.g., myoglobin and LDH
concentrations), but greater changes in lactate concentra-
tion were observed following HV. The GH, cortisol, and
insulin response to exercise was significantly greater fol-
lowing HV than HI. However, the phosphorylation status
of signaling proteins within mTORC1 was not signifi-
cantly different between HV and HI, with the exception
of IGFIR. Phosphorylation of IGFIR was significantly
greater following HV at 1H compared to HI. Despite sig-
nificant differences in lactate, myoglobin, LDH, and hor-
mone concentrations following HV and HI, the
regulation of signaling proteins within mTORCI1 appeared
to be similar following both protocols in resistance-
trained men.

Acknowledgments

The authors thank Alyssa N. Varanoske, Ran Wang,
Michael B. LaMonica, Mattan W. Hoffman, and Josh J.
Riffe for their assistance in data collection.

Conflict of Interest

None declared.

References

ACSM. 2009. American college of sports medicine position
stand: progression models in resistance training for healthy
adults. Med. Sci. Sports Exerc. 41:687.

Adams, G. R., and M. M. Bamman. 2012. Characterization
and regulation of mechanical loading-induced compensatory
muscle hypertrophy. Compr. Physiol. 2:2829-2870.

Ahtiainen, J. P., A. Pakarinen, M. Alen, W. J. Kraemer, and K.
Hakkinen. 2003. Muscle hypertrophy, hormonal adaptations
and strength development during strength training in
strength-trained and untrained men. Eur. J. Appl. Physiol.
89:555-563.

Ahtiainen, J. P., A. Pakarinen, M. Alen, W. J. Kraemer, and K.
Hakkinen. 2005. Short vs. long rest period between the sets
in hypertrophic resistance training: influence on muscle
strength, size, and hormonal adaptations in trained men.. J.
Strength Cond. Res. 19:572-582.

Anthony, J. C., F. Yoshizawa, T. G. Anthony, T. C. Vary, L. S.
Jefferson, and S. R. Kimball. 2000. Leucine stimulates
translation initiation in skeletal muscle of postabsorptive
rats via a rapamycin-sensitive pathway. J. Nutr. 130:2413—
2419.

2015 | Vol. 3 | Iss. 7 | e12466
Page 12

A. M. Gonzalez et al.

Baar, K., and K. Esser. 1999. Phosphorylation of p70S6k
correlates with increased skeletal muscle mass following
resistance exercise. Am. J. Physiol. 276:C120-C127.

Barcelos, L. C., P. R. P. Nunes, L. R. M. F. de Souza, A. A. de
Oliveira, R. Furlanetto, M. Marocolo, et al. 2015. Low-load
resistance training promotes muscular adaptation regardless
of vascular occlusion, load, or volume. Eur. J. Appl. Physiol.
115:1559-1568.

Beaven, C. M., N. D. Gill, and C. J. Cook. 2008. Salivary
testosterone and cortisol responses in professional rugby
players after four resistance exercise protocols. J. Strength
Cond. Res. 22:426-432.

Boroujerdi, S. S., and R. Rahimi. 2008. Acute GH and IGF-I
responses to short vs. long rest period between sets during
forced repetitions resistance training system. S. Afr. J. Res.
Sport Phys. Educ. Recreation 30:31-38.

Brentano, M., and K. L. Martins. 2011. A review on strength
exercise-induced muscle damage: applications, adaptation
mechanisms and limitations. J. Sports Med. Phys. Fitness
51:1-10.

Brian, M., E. Bilgen, and C. F. Diane. 2012. Regulation and
function of ribosomal protein S6 kinase (S6K) within
mTOR signalling networks. Biochem. J. 441:1-21.

Brzycki, M. 1993. Strength testing—predicting a one-rep max
from reps-to-fatigue. JOPERD 64:88-90.

Burd, N. A, D. W. West, A. W. Staples, P. J. Atherton, J. M.
Baker, D. R. Moore, et al. 2010. Low-load high volume
resistance exercise stimulates muscle protein synthesis more
than high-load low volume resistance exercise in young
men. PLoS ONE 5:e12033.

Burd, N. A., R. J. Andrews, D. W. West, J. P. Little, A. J.
Cochran, A. J. Hector, et al. 2012a. Muscle time under
tension during resistance exercise stimulates differential
muscle protein sub-fractional synthetic responses in men. J.
Physiol. 590:351-362.

Burd, N. A,, C. J. Mitchell, T. A. Churchward-Venne, and S.
M. Phillips. 2012b. Bigger weights may not beget bigger
muscles: evidence from acute muscle protein synthetic
responses after resistance exercise. Appl. Physiol. Nutr.
Metab. 37:551-554.

Burden, A. 2010. How should we normalize electromyograms
obtained from healthy participants? What we have learned
from over 25 years of research. J. Electromyogr. Kinesiol.
20:1023-1035.

Camera, D. M,, J. Edge, M. J. Short, J. A. Hawley, and V. G.
Coffey. 2010. Early time course of Akt phosphorylation after
endurance and resistance exercise. Med. Sci. Sports Exerc.
42:1843-1852.

Coffey, V. G., and J. A. Hawley. 2007. The molecular bases of
training adaptation. Sports Med. 37:737-763.

Coffey, V. G., Z. Zhong, A. Shield, B. J. Canny, A. V. Chibalin,
J. R. Zierath, et al. 2006. Early signaling responses to
divergent exercise stimuli in skeletal muscle from well-
trained humans. FASEB J. 20:190-192.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



A. M. Gonzalez et al.

Crewther, B., J. Cronin, J. Keogh, and C. Cook. 2008. The
salivary testosterone and cortisol response to three loading
schemes. J. Strength Cond. Res. 22:250-255.

Damas, F., S. Phillips, F. C. Vechin, and C. Ugrinowitsch.
2015. A review of resistance training-induced changes in
skeletal muscle protein synthesis and their contribution to
hypertrophy. Sports Med. 45:801-807.

Dill, D., and D. L. Costill. 1974. Calculation of percentage
changes in volumes of blood, plasma, and red cells in
dehydration. J. Appl. Physiol. 37:247-248.

Drummond, M. J., C. S. Fry, E. L. Glynn, H. C. Dreyer, S.
Dhanani, K. L. Timmerman, et al. 2009. Rapamycin
administration in humans blocks the contraction-induced
increase in skeletal muscle protein synthesis. J. Physiol.
587:1535-1546.

Farnfield, M. M., L. Breen, K. A. Carey, A. Garnham, and D.
Cameron-Smith. 2011. Activation of mTOR signalling in
young and old human skeletal muscle in response to
combined resistance exercise and whey protein ingestion.
Appl. Physiol. Nutr. Metab. 37:21-30.

Flann, K. L., P. C. LaStayo, D. A. McClain, M. Hazel, and S.
L. Lindstedt. 2011. Muscle damage and muscle remodeling:
no pain, no gain? J. Exp. Biol. 214:674-679.

Fuglsang-Frederiksen, A., and J. Ronager. 1988. The motor
unit firing rate and the power spectrum of EMG in humans.
Electroencephalogr. Clin. Neurophysiol. 70:68-72.

Gehlert, S., F. Suhr, K. Gutsche, L. Willkomm, J. Kern, D.
Jacko, et al. 2014. High force development augments skeletal
muscle signalling in resistance exercise modes equalized for
time under tension. Pfliigers Arch. 467:1343-1356.

Gonzalez, A. M., J. R. Stout, A. R. Jajtner, J. R. Townsend, A.
J. Wells, K. S. Beyer, et al. 2014. Effects of f-hydroxy-f-
methylbutyrate free acid and cold water immersion on post-
exercise markers of muscle damage. Amino Acids 46:1501—
1511.

Gonzalez, A. M., J. R. Hoffman, J. R. Townsend, A. R. Jajtner,
A.J. Wells, K. S. Beyer, et al. 2015. Association between
myosin heavy chain protein isoforms and intramuscular
anabolic signaling following resistance exercise in trained
men. Physiol. Rep. 3:212268.

Goodman, C. A. 2014. The role of mTORCI in regulating
protein synthesis and skeletal muscle mass in response to
various mechanical stimuli. Rev. Physiol. Biochem.
Pharmacol. 166:43-95.

Goto, K., K. Sato, and K. Takamatsu. 2003. A single set of low
intensity resistance exercise immediately following high
intensity resistance exercise stimulates growth hormone
secretion in men. J. Sports Med. Phys. Fitness 43:243-249.

Gotshalk, L. A., C. C. Loebel, B. C. Nindl, M. Putukian, W. J.
Sebastianelli, R. U. Newton, et al. 1997. Hormonal responses
of multiset versus single-set heavy-resistance exercise
protocols. Can. J. Appl. Physiol. 22:244-255.

Green, S., N. Salkind, and T. Akey. 2000. Methods for
controlling type I error across multiple hypothesis tests. Pp.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Anabolic Response Following Resistance Exercise

395-396 in S. B. Green, N. J. Salkind, and T. M. Jones, eds.
Using SPSS for Windows: Analysing and Understanding
Data. Prentice Hall, Inc., Upper Saddle River, NJ.

Greenbhaff, P. L., L. Karagounis, N. Peirce, E. J. Simpson, M.
Hazell, R. Layfield, et al. 2008. Disassociation between the
effects of amino acids and insulin on signaling, ubiquitin
ligases, and protein turnover in human muscle. Am. J.
Physiol. Endocrinol. Metab. 295:E595-E604.

Gundermann, D. M., D. K. Walker, P. T. Reidy, M. S. Borack, J.
M. Dickinson, E. Volpi, et al. 2014. Activation of mTORC1
signaling and protein synthesis in human muscle following
blood flow restriction exercise is inhibited by rapamycin. Am.
J. Physiol. Endocrinol. Metab. 306:E1198—E1204.

Hakkinen, K., and A. Pakarinen. 1993. Acute hormonal
responses to two different fatiguing heavy-resistance
protocols in male athletes. J. Appl. Physiol. 74:882-887.

Henneman, E., G. Somjen, and D. O. Carpenter. 1965.
Functional significance of cell size in spinal motoneurons. J.
Neurophysiol. 28:560-580.

Hoffman, J. 2006. Norms for fitness, performance, and health.
Human Kinetics, Champaign, IL.

Hoffman, J. R., N. A. Ratamess, M. Klatt, A. D. Faigenbaum,
R. E. Ross, N. M. Tranchina, et al. 2009. Comparison
between different off-season resistance training programs in
Division III American college football players. J. Strength
Cond. Res. 23:11-19.

Hornberger, T. A. 2011. Mechanotransduction and the
regulation of mTORCI signaling in skeletal muscle. Int. J.
Biochem. Cell Biol. 43:1267-1276.

Hornberger, T., R. Stuppard, K. Conley, M. Fedele, M.
Fiorotto, E. Chin, et al. 2004. Mechanical stimuli regulate
rapamycin-sensitive signalling by a phosphoinositide 3-
kinase-, protein kinase B-and growth factor-independent
mechanism. Biochem. J. 380:795-804.

Hornberger, T. A., K. B. Sukhija, and S. Chien. 2006.
Regulation of mTOR by mechanically induced signaling
events in skeletal muscle. Cell Cycle 5:1391-1396.

Hulmi, J., S. Walker, J. Ahtiainen, K. Nyman, W. Kraemer,
and K. Hakkinen. 2012. Molecular signaling in muscle is
affected by the specificity of resistance exercise protocol.
Scand. J. Med. Sci. Sports 22:240-248.

Hwang, J. 2011. Using the MILLIPLEX MAP Akt/mTOR 11-plex
Panel (Technical Report). EMD Millipore, Billerica, MA.

Inoki, K., Y. Li, T. Zhu, J. Wu, and K.-L. Guan. 2002. TSC2
is phosphorylated and inhibited by Akt and suppresses
mTOR signalling. Nat. Cell Biol. 4:648-657.

Jacobs, B. L., J.-S. You, J. W. Frey, C. A. Goodman, D. M.
Gundermann, and T. A. Hornberger. 2013. Eccentric
contractions increase the phosphorylation of tuberous
sclerosis complex-2 (TSC2) and alter the targeting of TSC2
and the mechanistic target of rapamycin to the lysosome. J.
Physiol. 591:4611-4620.

Jamurtas, A. Z., V. Theocharis, T. Tofas, A. Tsiokanos, C.
Yfanti, V. Paschalis, et al. 2005. Comparison between leg

2015 | Vol. 3 | Iss. 7 | e12466
Page 13



Anabolic Response Following Resistance Exercise

and arm eccentric exercises of the same relative intensity on
indices of muscle damage. Eur. J. Appl. Physiol. 95:179-185.

Koopman, R., A. H. Zorenc, R. J. Gransier, D. Cameron-
Smith, and L. J. van Loon. 2006. Increase in S6K1
phosphorylation in human skeletal muscle following
resistance exercise occurs mainly in type II muscle fibers.
Am. J. Physiol. Endocrinol. Metab. 290:E1245-E1252.

Kraemer, W. J., and N. A. Ratamess. 2005. Hormonal
responses and adaptations to resistance exercise and
training. Sports Med. 35:339-361.

Kraemer, W. J., L. Marchitelli, S. E. Gordon, E. Harman, J. E.
Dziados, R. Mello, et al. 1990. Hormonal and growth factor
responses to heavy resistance exercise protocols. J. Appl.
Physiol. 69:1442—1450.

Kraemer, W. J., S. Gordon, S. Fleck, L. Marchitelli, R. Mello, J.
Dziados, et al. 1991. Endogenous anabolic hormonal and
growth factor responses to heavy resistance exercise in males
and females. Int. J. Sports Med. 12:228-235.

Kraemer, W. J., B. A. Aguilera, M. Terada, R. U. Newton, J.

M. Lynch, G. Rosendaal, et al. 1995. Responses of IGF-I to
endogenous increases in growth hormone after heavy-
resistance exercise. J. Appl. Physiol. 79:1310-1315.

Kraemer, W. J., K. Hakkinen, R. U. Newton, B. C. Nindl, J. S.
Volek, M. McCormick, et al. 1999. Effects of heavy-
resistance training on hormonal response patterns in
younger vs. older men. J. Appl. Physiol. 87:982-992.

Kubica, N., D. R. Bolster, P. A. Farrell, S. R. Kimball, and L. S.
Jefferson. 2005. Resistance exercise increases muscle protein
synthesis and translation of eukaryotic initiation factor 2Be
mRNA in a mammalian target of rapamycin-dependent
manner. J. Biol. Chem. 280:7570-7580.

Kumar, V., A. Selby, D. Rankin, R. Patel, P. Atherton, W.
Hildebrandst, et al. 2009. Age-related differences in the dose—
response relationship of muscle protein synthesis to resistance
exercise in young and old men. J. Physiol. 587:211-217.

Linnamo, V., A. Pakarinen, P. V. Komi, W. J. Kraemer, and K.
Hakkinen. 2005. Acute hormonal responses to submaximal
and maximal heavy resistance and explosive exercises in
men and women. J. Strength Cond. Res. 19:566-571.

Marcotte, G. R., D. W. West, and K. Baar. 2015. The
molecular basis for load-induced skeletal muscle
hypertrophy. Calcif. Tissue Int. 96:196-210.

Mayhew, D. L., J.-S. Kim, J. M. Cross, A. A. Ferrando, and M.
M. Bamman 2009. Translational signaling responses
preceding resistance training-mediated myofiber
hypertrophy in young and old humans. J. Appl. Physiol.
107:1655-1662.

McCaulley, G. O., J. M. McBride, P. Cormie, M. B. Hudson, J.
L. Nuzzo, J. C. Quindry, et al. 2009. Acute hormonal and
neuromuscular responses to hypertrophy, strength and
power type resistance exercise. Eur. J. Appl. Physiol.
105:695-704.

Menon, S., C. C. Dibble, G. Talbott, G. Hoxhaj, A. J.
Valvezan, H. Takahashi, et al. 2014. Spatial control of the

2015 | Vol. 3 | Iss. 7 | e12466
Page 14

A. M. Gonzalez et al.

TSC complex integrates insulin and nutrient regulation of
mTORCI at the lysosome. Cell 156:771-785.

Mitchell, C. J., T. A. Churchward-Venne, D. W. West, N. A.
Burd, L. Breen, S. K. Baker, et al. 2012. Resistance exercise
load does not determine training-mediated hypertrophic
gains in young men. J. Appl. Physiol. 113:71-77.

Mitchell, C. J., T. A. Churchward-Venne, L. Bellamy, G. Parise,
S. K. Baker, and S. M. Phillips. 2013. Muscular and systemic
correlates of resistance training-induced muscle
hypertrophy. PLoS ONE 8:¢78636.

Mitchell, W. K., B. E. Phillips, J. P. Williams, D. Rankin, J. N.
Lund, K. Smith, et al. 2015. A dose-rather than delivery
profile-dependent mechanism regulates the “Muscle-Full”
Effect in response to oral essential amino acid intake in
young men. J. Nutr. 114:1-8.

Nader, G. A., F. von Walden, C. Liu, J. Lindvall, L. Gutmann,
E. E. Pistilli, et al. 2014. Resistance exercise training
modulates acute gene expression during human skeletal
muscle hypertrophy. J. Appl. Physiol. 116:693—702.

Nosaka, K., A. Lavender, M. Newton, and P. Sacco. 2003.
Muscle damage in resistance training. Int. J. Sport Health
Sci. 1:1-8.

Ogasawara, R., K. Kobayashi, A. Tsutaki, K. Lee, T. Abe, S.
Fujita, et al. 2013. mTOR signaling response to resistance
exercise is altered by chronic resistance training and
detraining in skeletal muscle. J. Appl. Physiol. 114:934-940.

Qishi, Y., H. Tsukamoto, T. Yokokawa, K. Hirotsu, M.
Shimazu, K. Uchida, et al. 2015. Mixed lactate and caffeine
compound increases satellite cell activity and anabolic signals
for muscle hypertrophy. J. Appl. Physiol. 118:742-749.

Popov, D. V., E. A. Lysenko, A. V. Bachinin, T. F. Miller, N.
S. Kurochkina, 1. V. Kravchenko, et al. 2015. Influence of
resistance exercise intensity and metabolic stress on anabolic
signaling and expression of myogenic genes in skeletal
muscle. Muscle Nerve 51:434-442.

Rahimi, R., M. Qaderi, H. Faraji, and S. S. Boroujerdi. 2010.
Effects of very short rest periods on hormonal responses to
resistance exercise in men. J. Strength Cond. Res. 24:1851—
1859.

Rodrigues, B. M., E. Dantas, B. F. de Salles, H. Miranda, A. J.
Koch, J. M. Willardson, et al. 2010. Creatine kinase and
lactate dehydrogenase responses after upper-body resistance
exercise with different rest intervals. J. Strength Cond. Res.
24:1657-1662.

Schroeder, E. T., M. Villanueva, D. West, and S. M. Phillips.
2013. Are acute post-resistance exercise increases in
testosterone, growth hormone, and IGF-1 necessary to
stimulate skeletal muscle anabolism and hypertrophy? Med.
Sci. Sports Exerc. 45:2044-2051.

Sharma, N., C. M. Castorena, and G. D. Cartee. 2012a. Tissue-
specific responses of IGF-1/insulin and mTOR signaling in
calorie restricted rats. PLoS ONE 7:¢38835.

Sharma, N., D. A. Sequea, E. B. Arias, and G. D. Cartee.
2012b. Greater insulin-mediated Akt phosphorylation

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



A. M. Gonzalez et al.

concomitant with heterogeneous effects on phosphorylation
of Akt substrates in soleus of calorie-restricted rats. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 303:R1261-R1267.

Smilios, I., T. Pilianidis, M. Karamouzis, and S. P. Tokmakidis.
2003. Hormonal responses after various resistance exercise
protocols. Med. Sci. Sports Exerc. 35:644-654.

Spangenburg, E. E., D. Le Roith, C. W. Ward, and S. C.
Bodine. 2008. A functional insulin-like growth factor
receptor is not necessary for load-induced skeletal muscle
hypertrophy. J. Physiol. 586:283-291.

Spiering, B. A., W. J. Kraemer, J. M. Anderson, L. E.
Armstrong, B. C. Nindl, J. S. Volek, et al. 2008. Effects of
elevated circulating hormones on resistance exercise-induced
Akt signaling. Med. Sci. Sports Exerc. 40:1039—-1048.

Tang, J. E,, J. G. Perco, D. R. Moore, S. B. Wilkinson, and S.
M. Phillips. 2008. Resistance training alters the response of
fed state mixed muscle protein synthesis in young men. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 294:R172-R178.

Terzis, G., G. Georgiadis, G. Stratakos, 1. Vogiatzis, S.
Kavouras, P. Manta, et al. 2008. Resistance exercise-induced
increase in muscle mass correlates with p70S6 kinase
phosphorylation in human subjects. Eur. J. Appl. Physiol.
102:145-152.

Terzis, G., K. Spengos, H. Mascher, G. Georgiadis, P. Manta,
and E. Blomstrand. 2010. The degree of p70S6k and S6
phosphorylation in human skeletal muscle in response to
resistance exercise depends on the training volume. Eur. J.
Appl. Physiol. 110:835-843.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Anabolic Response Following Resistance Exercise

Uchida, M. C,, B. T. Crewther, C. Ugrinowitsch, R. F. P.
Bacurau, A. S. Moriscot, and M. S. Aoki. 2009. Hormonal
responses to different resistance exercise schemes of similar
total volume. J. Strength Cond. Res. 23:2003—2008.

Villanueva, M. G., M. G. Villanueva, C. J. Lane, and E. T.
Schroeder. 2012. Influence of rest interval length on acute
testosterone and cortisol responses to volume-load—equated
total body hypertrophic and strength protocols. J. Strength
Cond. Res. 26:2755-2764.

Welle, S., K. Bhatt, and C. A. Thornton. 1999. Stimulation of
myofibrillar synthesis by exercise is mediated by more
efficient translation of mRNA. J. Appl. Physiol. 86:1220—
1225.

West, D. W., G. W. Kujbida, D. R. Moore, P. Atherton, N. A.
Burd, J. P. Padzik, et al. 2009. Resistance exercise-induced
increases in putative anabolic hormones do not enhance
muscle protein synthesis or intracellular signalling in young
men. J. Physiol. 587:5239-5247.

West, D. W., N. A. Burd, A. W. Staples, and S. M. Phillips.
2010a. Human exercise-mediated skeletal muscle
hypertrophy is an intrinsic process. Int. J. Biochem. Cell
Biol. 42:1371-1375.

West, D. W., N. A. Burd, J. E. Tang, D. R. Moore, A. W.
Staples, A. M. Holwerda, et al. 2010b. Elevations in
ostensibly anabolic hormones with resistance exercise
enhance neither training-induced muscle hypertrophy
nor strength of the elbow flexors. J. Appl. Physiol.
108:60-67.

2015 | Vol. 3 | Iss. 7 | e12466
Page 15



