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Pronounced energy restriction with elevated protein
intake results in no change in proteolysis and
reductions in skeletal muscle protein synthesis
that are mitigated by resistance exercise
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ABSTRACT: Preservation of lean body mass (LBM) may be important during dietary energy restriction (ER) and
requiresequal ratesofmuscleproteinsynthesis (MPS)andmuscleproteinbreakdown(MPB).Currently, the relative
contribution of MPS and MPB to the loss of LBM during ER in humans is unknown. We aimed to determine the
impact of dietary protein intake and resistance exercise on MPS and MPB during a controlled short-term energy
deficit. Adultmen (bodymass index, 28.66 0.6 kg/m2; age 226 1 yr) underwent 10 d of 40%-reduced energy intake
while performing unilateral resistance exercise and consuming lower protein (1.2 g/kg/d, n = 12) or higher protein
(2.4 g/kg/d, n = 12). Pre- and postintervention testing included dual-energy X-ray absorptiometry, primed constant
infusion of ring-[13C6]phenylalanine, and

15[N]phenylalanine tomeasure acute postabsorptiveMPS andMPB;D2O
to measure integratedMPS; and gene and protein expression. There was a decrease in acute MPS after ER (higher
protein, 0.059 6 0.006 to 0.051 6 0.009%/h; lower protein, 0.061 6 0.005 to 0.045 6 0.006%/h; P < 0.05) that was
attenuatedwith resistance exercise (higherprotein, 0.0676 0.01%/h; lowerprotein, 0.0616 0.006%/h), and integrated
MPS followed a similar pattern. There was no change in MPB (energy balance, 0.080 6 0.01%/hr; ER rested legs,
0.078 6 0.008%/hr; ER exercised legs, 0.079 6 0.006%/hr). We conclude that a reduction in MPS is the main mech-
anism that underpins LBM loss early in ER in adult men.—Hector, A. J., McGlory, C., Damas, F., Mazara, N.,
Baker, S. K., Phillips, S. M. Pronounced energy restriction with elevated protein intake results in no change
in proteolysis and reductions in skeletal muscle protein synthesis that are mitigated by resistance exercise.
FASEB J. 32, 265–275 (2018). www.fasebj.org
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Dietary energy restriction (ER) is commonly used to
reduce total body mass; however, a potentially un-
favorable consequence of ER is loss of lean body mass
(LBM) (1) that can comprise up to 25% of lost bodymass
(2). Given that skeletal muscle is the largest component
in LBM and a highly metabolically active tissue, such
loss could have an important impact on mobility and
aspects of metabolic health (2). Thus, strategies that

promote the retention of LBM during ER are of clinical
importance.

Themaintenance of skeletal muscle mass is dependent
on the balance between fasted and fed state changes in
rates of skeletal muscle protein synthesis (MPS) and
skeletal muscle protein breakdown (MPB). In energy
balance (EB), periods of positive and negative protein
balance are equal, which results in a net neutral pro-
tein balance and stable muscle mass (3). During ER, rates
of MPS are reduced in the fasted and fed states (4–7),
which promotes an overall decline in net protein balance
that could, in part, underpin a reduction in LBM. How-
ever, higher protein intake and resistance exercise atten-
uate LBM losses and can even result in gains in LBM
during ER (8). Indeed, we have shown that even during
a marked—40% below energy requirements—energy
deficit, youngmenwho consume 2.4 g/kg/d of protein
and who perform resistance exercise demonstrated
significant increases in LBM (8). Resistance exercise and
protein ingestion are known to attenuate the energy
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deficit–induced declines in resting MPS (6), which may
explainwhyLBM is spared. In addition, consuming 2 or
3 times the recommended dietary allowance (RDA; 1.6
and 2.4 g/kg/d, respectively) of protein during ER
preserved MPS response to a 20-g serving of milk
protein compared with protein consumed at the RDA
(0.8 g/kg/d) (4). The practical implications for studying
the 40% reduction in energy intake are relevant when
we consider athletic populations who may be trying to
cut weight quickly (9) or situations when energy deficit
might be unpreventable, such as during military training
or operations (10).

Whereas a significant amount of research exists that
has characterized changes in the rates of MPS during
ER, relatively little is known about the effect of ER on
the rates of MPB. Studies of molecular markers of MPB,
such as changes in the gene and protein expression of
targets that are involved in the ubiquitin-proteasome
and autophagic-lysosomal pathways, have yielded in-
consistent results (11–13). Few direct measurements of
the rates ofMPBduring ER have beenmade; however, a
single report has shown that after a 10-d 20% energy
deficit in healthy adults (consuming 1.5 g/kg/d of
protein), there was a 60% increase in the rates of
postabsorptive MPB (12). Such a large increase in
MPB during a 20% energy deficit (12) is difficult to
reconcile when considered together with a reported
ER-induced decline in MPS (4, 7). If MPS were to de-
cline andMPB to increase, then the loss ofmusclemass
would be much greater than what has been reported.
Currently, to our knowledge, there is no study that
has made simultaneous measurements of both MPS
andMPB to yield net protein balance during amarked
40% ER.

The primary aim of this study was to examine
the impact of short-term (10 d) ER—40% reduction in en-
ergy intake from that required for weight maintenance—
on acute (hourly) rates of mixed MPS and MPB, and
integratedmyofibrillar protein synthesis (myo-PS; daily).
We used unilateral resistance exercise to examine the
impact of loading exercise on the same variables. We also
examined how differing dietary protein intakes affected
MPS and MPB responses. Participants were randomly
assigned to consume a higher (2.4 g protein/kg/d) or
lower (1.2 g protein/kg/d) protein intake. To provide
mechanistic insight, we examined the expression of
genes and proteins that are involved in the ubiquitin-
proteasome and autophagic-lysosomal pathways. We
hypothesized, given the known rates of skeletal muscle
loss during ER, that mixed MPB and MPS would
change in parallel—that is, MPS would be decreased
and MPB would not be significantly elevated or would
be adaptively reduced—and that integrated myo-PS
would be reduced after ER, but to a lesser extent in the
resistance-exercised leg. We also hypothesized, given
the body composition differences from Longland et al.
(8), that the higher (2.4 g protein/kg/d) protein intake
would act synergistically with exercise to stimulate
mixed andmyofibrillarMPS greater than that observed
in participants with lower (1.2 g protein/kg/d) protein
intake.

MATERIALS AND METHODS

Participants

A Consolidated Standards of Reporting Trials (CONSORT;
http://www.consort-statement.org/) diagram of the participant
flow-through of this parallel group randomized trial is shown in
Supplemental Fig. 1. A total of 25 menwere recruited via posters
and gave their written, informed consent after being screened for
eligibility. Inclusion criteria were as follows: body mass index
(BMI) of 25–33 kg/m2, age 18–30 yr, nonsmoker, and non-
diabetic. Participants were not undertaking any form of ER or
exercise program at the time of enrollment and were asked to
maintain their habitual physical activity level throughout the
study.Participantswere informedof thepurposeof the studyand
all experimental procedures and risks before providing written
consent. The study was approved by the Hamilton Health Sci-
ences Research Ethics Board and was conducted in accordance
with standards set by the Canadian Tri-Council Policy on the use
of humanparticipants in research (14). This trialwas registered at
ClinicalTrials.gov (NCT02406040).

Before dietary intervention, participants’ height and body
mass were measured (Rice Lake Weighing Systems, Rice Lake,
WI, USA). Participants were instructed not to consume any vi-
tamin or mineral supplements or alcohol for the duration of the
study.

Study design

A schematic of the overall study is shown in Fig. 1A. In a single-
blind investigation, 24 men completed a 10-d ER diet that con-
tained either 1.2 or 2.4 g/kg/d of protein. Groupswerematched
on the basis of age, BMI, body fat, LBM, 10-repetition maximum
(RM) unilateral leg press (Maxam Fitness, Hamilton, ON,
Canada) and 10-RM unilateral leg extension (Atlantis, Laval,
QC, Canada; Table 1), with matched pairs for BMI, 10-RM
leg press, and 10-RM leg extension. Participants’ energy
requirements were determined by using indirect calorimetry to
establish a resting metabolic rate (MoxusMetabolic System; Aei
Technologies, Pittsburgh, PA, USA) with an activity factor (15)
assignedbyusing participants’ activity logs. Exercised legswere
randomly selected and counterbalanced for dominance on the
basis of strength in each group.

Before beginning any dietary control (no longer than 1 wk), a
muscle biopsy was obtained to assess baseline deuterium en-
richment levels. Five days before the first infusion protocol, all
participants consumed 100 ml of 70% D2O (Cambridge Isotope
Laboratories, Tewksbury, MA, USA), began collecting daily sa-
liva samples in the morning before consuming any food/water
or brushing teeth, and began an EB diet that was designed to
provide 100% of energy requirements and a protein intake of
1.2 g/kg/d. Participants were provided with all food for the
study, which consisted of frozen meals (Heart to Home Meals,
Brampton, ON, Canada) and prepackaged snacks. After the EB
diet, participants underwent a stable isotope infusion trial,
shown inFig. 1B, tomeasureacutemixedMPSandMPB. Inbrief,
afteranovernight fast, participantsarrived to the laboratory, and
a 20-gauge catheter was inserted into a vein in the hand/arm for
blood sampling and infusion. We initiated a primed continuous
filtered (0.2mm) infusion of ring-[13C6]phenylalanine (2.0mM/kg,
0.05 mM/kg/min) and 15[N]phenylalanine (2 mM/kg,
0.05 mM/kg/min; Cambridge Isotope Laboratories). After
150 min of infusion, the 15[N]phenylalanine tracer was
discontinued to calculate MPB by using the tracee-release
method (16). At 40 and 60min after the cessation of the 15[N]
phenylalanine tracer, we obtained muscle biopsies from the
vastus lateralis. In addition to measuring acute mixed MPS and
MPB,;45mgofmusclewas collected at the 190-min biopsy for
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themeasurement of integratedmyo-PS by using ingested D2O,
gene, and protein expression. Muscle biopsy samples were
cleared of visible blood and connective tissue and rapidly fro-
zen in liquid nitrogen.

The day after the first infusion protocol, participants con-
sumed another 100-ml bolus of D2O with daily saliva samples—
obtained in the morning before consuming any food/water or
brushing teeth—and began a 10-d ER diet, which placed each
participant ina40%energydeficit fromtheir individual calculated
energy requirements. In addition to meals, participants also con-
sumed 2 chocolate-flavored protein supplements per day, which
were included in caloric requirements. The higher-protein

group consumed macronutrients in a ratio of 35:50:15% (pro-
tein:carbohydrate:fat) that included, in a blinded manner, 2
high-protein supplements per day that contained 35 g of whey
protein isolate in 250 ml of skimmed (,1% fat) milk. The
lower-protein group consumed macronutrients in a ratio of
15:50:35% (protein:carbohydrate:fat), which included 1 high-
protein supplement (35 g of whey protein isolate in 250 ml of
2%milk) and 1 placebo (250ml of 2%milk;Table 2). During the
ER diet, participants arrived to the laboratory on 5 separate oc-
casions for the performance of unilateral resistance exercise
sessions spread as evenly as possible over the 10-d ER diet, with
no more than 2 d of resistance exercise in a row. Hydration/
water consumption was ad libitum for every exercise session.
Exercise sessions1–4wereperformedatany time of day, but not
before eating breakfast. The fifth exercise set was performed
48 h before the last infusion trial. Unilateral exercise sessions
consisted of 3 sets of 10 repetitions at 85% of predetermined 10
RM, with the last set performed to volitional failure on both
the leg press and leg extension. The repetition load for each
participant was adjusted to maintain an 8- to 12-repetition
range on the last set. Immediately after the exercise sessions,
participants consumed 1 high-protein supplement.

After 10 d of the ER diet, participants arrived to the labo-
ratory after an overnight fast for a second infusion protocol.
This protocol was identical to the pre-ER infusion protocol to
measure acute mixed MPS and MPB, myo-PS, and gene/
protein expression, with the exception that a biopsy at 90 min
was also obtained to account for new baseline isotope en-
richment levels of ring-[13C6]phenylalanine from the previous

MPS: ring-13C6-Phe
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Figure 1. A) Timeline of study. Before any dietary control, a baseline muscle biopsy was obtained. Five days before the first
infusion protocol, participants ingested a bolus of D2O to measure basal integrated myo-PS and consumed an EB diet.
Participants then completed an acute infusion protocol to measure postabsorptive rates of mixed MPS and MPB, as well as a DXA
scan to measure body composition. Participants then consumed a second bolus of D2O and completed the ER diet (40% energy
deficit, 2.4 or 1.2 g/kg/d of protein) with 5 unilateral resistance exercise sessions. After 10 d of this intervention, a second
infusion was conducted to assess changes in acute MPS and MPB, and body composition was measured by DXA. B) Infusion
protocol. After an overnight fast, participants arrived to the laboratory, and a 20-gauge catheter was inserted into the vein of one
arm, and a baseline blood sample was obtained before a 0.9% saline drip was started to keep the catheter patent for repeated blood
sampling. A second catheter was placed in the contralateral arm for a primed continuous infusion of ring-[13C6]phenylalanine
(2.0 mM/kg, 0.05 mM/kg/min) and 15[N]phenylalanine (2 mM/kg, 0.05 mM/kg/min). After 150 min of infusion, the 15[N]
phenylalanine tracer was discontinued to calculate MPB. During the first infusion (EB) only one leg (rested) was analyzed; however,
after weight loss, both the rested and exercised legs were assessed.

TABLE 1. Participants’ baseline characteristics

Characteristic

Group

Lower-protein Higher-protein P

Age (yr) 22 6 4 22 6 3 0.78
BMI (kg/m2) 28 6 3 29 6 3 0.83
Body mass (kg) 89.5 6 10 90.1 6 16 0.92
Body fat (%) 28 6 6 30 6 6 0.47
LBM (kg) 62 6 7 60 6 8 0.64
Leg press strength,

10 RM (kg)
111 6 44 110 6 19 0.93

Leg extension strength,
10 RM (kg)

41 6 14 38 6 9 0.62

Data are presented as means 6 SD.
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infusion protocol, and biopsies were obtained from both
rested and exercised legs.

Body composition and body mass

Body composition and body mass were determined at the
same time of day under the same nutritional conditions
after each infusion day (pre- and post-ER). A dual-energy
X-ray absorptiometry (DXA) scan (GE Lunar iDXA; GE
Healthcare Life Sciences, Mississauga, ON, Canada) was
performed with a standardized protocol with participants
lying similarly on the bed. The same research technician
performed all body compartment analyses to minimize
variability.

Integrated myo-PS

Approximately 50mg of wet muscle was homogenized on ice in
buffer [500 ml of 25 mM Tris 0.5% (v:v) Triton X-100 and
protease/phosphatase inhibitor cocktail tablets; Complete Pro-
tease Inhibitor Mini-Tabs, PhosStop; Roche Diagnostics, Laval,
QC, Canada] and centrifuged at 1500 g for 10 min at 4°C to
separate supernatant (sarcoplasmic) and pellet (myofibrillar)
fractions.Todeterminemyofibrillar protein–boundenrichments,
the myofibrillar fraction (pellet) was washed with distilled
deionized water, then purified of collagen in NaOH (17). The
myofibrillar fractionwas thenhydrolyzed for72h in1MHCland
Dowex (50WX8–200 resin; Sigma-Aldrich, Oakville, ON, Can-
ada) at 110°C andmixed on a vortex every 24 h. Free amino acids
were purified by using Dowex ion exchange chromatography.
N-acetyl-n-propyl ester of alanine was analyzed by gas chro-
matography pyrolysis isotope ratio mass spectrometry (Meta-
bolic Solutions, Nashua, NH, USA). The fractional synthetic rate
(FSR) of myofibrillar protein in percentage per day was calcu-
lated by using the standard precursor-product equation as de-
scribed previously (18). Saliva samples were analyzed for 2H
enrichment by cavity ring-down spectroscopy by Metabolic So-
lutions using a Liquid Water Isotope Analyzer with automated
injection system (LosGatosResearch,MountainView,CA,USA)
as described previously (19).

Leg absolute synthetic rate (ASR) and absolute breakdown
rate (ABR) were calculated as previously described (20). In brief,
;15 mg of frozen muscle tissue was freeze dried and weighed,
then homogenized in 0.2 M perchloric acid (PCA) and spun to
form a pellet. Supernatant was discarded, and this process was
repeated twice.NaOH(0.3M,800ml)was thenadded to thepellet,
whichwas dissolved for 30min at 37°C. Supernatantwas used to
quantify the protein at A280 on a Nanodrop 1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA). By using the
rates of integrated myo-PS, leg lean tissue mass that was derived
from DXA, and average alkali soluble protein over the 10-d pe-
riod,ASRandABRwerecalculatedusing the followingequations:

ASRðg×dÞ ¼ FSR
100

3LFFM3
ASP
100

where FSR is the integrated myo-PS rate in percentage per day,
LFFM (leg fat-freemass) is the amount of FFM in the leg obtained
by DXA corrected for the amount of water in the muscle (wet
weight 2 dry weight), and ASP (alkali soluble protein) is the av-
erage alkali soluble protein concentration;

ABRðg×dÞ ¼ FBR
100

3LFFM3
ASP
100

where fractional breakdown rate (FBR) = FSR 2 fractional
growth rate (FGR), and FGR is the percentage change in leg lean
mass per day.

Plasma enrichments

Plasma (50 ml) was deproteinized in 500 ml of acetonitrile. The
heptafluorobutyl derivative was prepared and the enrichment of
ring-[13C6]phenylalanine and

15[N]phenylalaninewas determined
by GC-MS (Hewlett Packard 6890, MSD model 5973 Network;
AgilentTechnologies, SantaClara,CA,USA;SupplementalFig. 3).

Intracellular enrichments

Approximately 25 mg of frozen muscle was first washed in 13
PBS to remove blood. Muscle was homogenized with a Teflon
pestle in 500 ml PCA to precipitate the muscle proteins. The

TABLE 2. Diet composition

Diet

Group

Lower-protein Higher-protein P

5-d EB diet
Protein (g/kg/d) 1.29 6 0.09 1.27 6 0.09 0.56
Protein (g) 117 6 4 114 6 5 0.70
Fat (g) 142 6 18 136 6 17 0.39
Cho (g) 454 6 64 429 6 58 0.34
Energy (kcal/d) 3565 6 448 3521 6 486 0.30
Pro:Cho:Fat (% energy) 13:51:36 13:51:36 0.48:0.81:0.29

10-d ER diet
Protein (g/kg/d) 1.20 6 0.05 2.35 6 0.06* ,0.001
Protein (g) 108 6 11 212 6 10 ,0.001
Fat (g) 82 6 12 33 6 5* ,0.001
Cho (g) 267 6 40 249 6 34 0.26
Energy (kcal/d) 2215 6 280 2148 6 256 0.56
Pro (% energy) 20 6 3 42 6 5* ,0.001
Fat (% energy) 33 6 2 14 6 1* ,0.001
Cho (% energy) 48 6 2 44 6 4* 0.02

Data are presented as means 6 SD. Cho, cholesterol; pro, protein. *P , 0.05 vs. lower-protein group.
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sample was then centrifuged at 10,000 g at 4°C for 5 min. Su-
pernatant was collected, and the procedure was repeated twice
for a total volume of 1.5ml of supernatant. PCA supernatantwas
purified by using Dowex ion exchange chromatography and the
heptafluorobutyl derivative was prepared. Enrichment of ring-
[13C6]phenylalanine and

15[N]phenylalanine was determined by
GC-MS (Hewlett Packard 6890, MSD model 5973 Network).
To determine the intracellular phenylalanine concentration,
we added 0.225 ml/mg of wet muscle of 0.001 mM D8-
phenylalanine (Cambridge Isotope Laboratories) internal
standard to 1 sample fromeachparticipant. The concentration
was calculated as previously described (21). Mixed MPB was
calculated by using the tracee-release method (22), where the
dilution of the enrichment of 15[N]phenylalanine in the
intracellular-free amino acid pool is a function of the release of
unlabeled phenylalanine from the protein-bound fraction of
the muscle (breakdown), the decay of 15[N]phenylalanine in
the blood after cessation of i.v. infusion, and the concentration
of unlabeled intracellular-free and protein-bound phenylala-
nine. Thus, the equation to calculate MPB is:

FBRð%×hÞ ¼ EMðt2Þ2EMðt1Þ
P
Ð t2
t1 EAðtÞdt2 ð1þ P Þ Ð t2t1 EMðtÞdt

3
QM

T

� �

where EM(t2)2 EM(t1) is the change in enrichment in the muscle
intracellular fraction from t1 (40 min) to t2 (60 min) when isotope
infusion is discontinued, the area under the arterialized blood
enrichment decay curve is:

ðt2

t1

EAðtÞdt

theareaunder the intracellularmuscleenrichmentdecaycurve is:

ðt2

t1

EMðtÞdt

and QM/T is the ratio of intracellular-free tracee concentration
and protein-bound tracee concentration, P = EM/(EM 2 EM) at
isotope plateau.

Mixed muscle protein synthesis

The precipitated mixed protein pellet that was obtained from
homogenization in PCA—from intracellular enrichments—was
washed in distilled deionized water, washed 3 times in absolute
ethanol, and then placed at 50°C to dry. The dried pellet was
weighed, then hydrolyzed for 72 h in 0.1 M HCl and Dowex
(50WX8–200 resin) at 110°C and mixed on a vortex every 24 h.
Free amino acids were purified by using Dowex ion exchange
chromatography, and the N-acetyl-n-propyl derivative was
prepared and analyzed by isotope ratio mass spectrometry
to measure bound enrichment of ring-[13C6]phenylalanine as
previously described (16). Mixed muscle protein synthesis in
percentage per hour was calculated by using the standard
precursor-product equation as previously described (23). To de-
termine the protein-bound concentration of phenylalanine in
the mixed muscle fraction, we added 0.225 ml/mg of dry
muscle of 0.001 mM D8-phenylalanine (Cambridge Isotope
Laboratories) internal standard. The concentration of phenylala-
nine was calculated as previously described (24).

Western blotting

Expressionof intracellular signalingproteinswasassessedbyusing
SDS-PAGEandWesternblotting. Inbrief, afterhomogenization for

integratedmyo-PS, total protein concentration of the sarcoplasmic
fraction was determined by using the bicinchoninic acid assay
(ThermoFisherScientific).Workingsamplesof equal concentration
wereprepared inLaemmlibuffer.Equalamountsofprotein (20mg)
from each sample were subjected to SDS-PAGE. Proteins were
then transferred to PVDF membranes and exposed overnight
at 4°C to primary antibodies after blocking for 2 h in 5% bo-
vine serum albumin. Membranes were washed in Tris-
buffered saline and Tween 20, and incubated in anti-rabbit
IgG conjugates with horseradish peroxidase secondary Ab
(GE Healthcare Life Sciences) for 1 h at room temperature.
Signals were detected by using chemiluminescence Super-
SignalWest Dura Extended Duration Substrate (Thermo
Fisher Scientific) on a FluorChem SP Imaging system (Alpha
Innotech, Santa Clara, CA, USA), bands were quantified by
using ImageJ scanning densitometry (National Institutes of
Health, Bethesda, MD, USA), and data were normalized rel-
ative to a-tubulin loading control. The following antibodies
usedwere purchased fromCell Signaling Technology (Danvers,
MA, USA): microtubule-associated protein 1A/1B-light chain 3
(LC3) (1:500), caspase-3 (1:500), ubiquitin (1:1000), p-Foxo3a
(Ser253; 1:1000), TRAF6 (1:1000), p-TSC2 (Thr1462; 1:1000), and
a-tubulin (1:2000).

RNA extraction and RT-PCR

Approximately20mgof skeletalmusclewasused to isolateRNA
using the Trizol phenol-chloroform procedure, as previously
described (25). Reverse transcription was performed by using a
high-capacity cDNA reverse transcription kit (Applied Bio-
systems, Foster City, CA, USA). Glyceraldehyde 3-phosphate
dehydrogenase was used as housekeeping gene. Relative
amountsofmRNAwere calculatedusing the22DDCtmethod(26).
Primer sequences for atrogin-1, MuRF-1, Foxo3a, LC3, Gabar-
apl1, Ulk2, Beclin1, BNIP3, and TRAF6 have been previously
published (27, 28).

Statistical analyses

Statistical analyseswere performedbyusing SPSS (version 19;
IBM, Armonk, NY, USA). A mixed model ANOVA was con-
ducted on body composition, integrated myo-PS, mixed
protein turnover, absolute protein turnover, plasma enrich-
ment, protein expression, and gene expression (group 3
time). Linear regression was performed on plasma and
intracellular-free phenylalanine enrichment. Diet analysis,
baseline characteristics, and unilateral resistance exercise
were analyzed by independent sample Student’s t test. Sig-
nificance was set at P , 0.05. Data are presented as box and
whisker plots, where the box represents the interquartile
range, the line in the box represents the median, the cross
represents the mean, and the whiskers are the maximum and
minimum. Data in tables are all presented as means 6 SD.

RESULTS

Participant characteristics

Baseline anthropometric characteristics of participants are
provided in Table 1. There were no significant differences
between groups for any of the variables at study entry (all
P. 0.05).
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Dietary manipulation

The composition of the 5-d EB diets is provided in Table 2.
There were no significant differences between groups for
any of the variables. The composition of the 10-d ERdiet is
shown in Table 2. The higher-protein group consumed
significantly more protein and significantly less fat than
the lower-protein group (P, 0.05). There were no signif-
icant differences in energy intake per day or average en-
ergy deficit between groups (allP. 0.05).Post hoc surveys
revealed that 7 of 12 participants in the higher-protein
group and 7 of 11 participants in the lower-protein group
guessed their weight loss diet—higher- or lower-protein
group—correctly.

Unilateral resistance exercise

Total mass lifted (mass/repetition3 repetitions/set3 sets)
(kg) for unilateral leg press was the same in the lower-
protein (18,6756 6121) and higher-protein (19,1886 5155)
groups (P = 0.83). Total mass lifted (mass/repetition 3
repetitions/set3 sets) (kg) for unilateral leg extension was
the same in the lower-protein (6051 6 1999) and higher-
protein (57446 1250) groups (P = 0.66).

Body composition

Body composition changes are shown in Table 3. There
was amain effect of ER on bodymass (P, 0.001), fatmass
(P, 0.001), and total LBM (P, 0.001), with no interaction
(P . 0.05) for each measurement. The change in appen-
dicularLBMdisplayed amain effect of exercise (P=0.003),
but no interaction (P = 0.29).

Integrated myo-PS

Integrated myo-PS (%/d) values are shown in Fig. 2. In-
tegrated myo-PS (Fig. 2A) demonstrated a main effect of
time (P , 0.001) and an interaction (P = 0.03). Integrated
myo-PS in the exercised legwas preserved comparedwith
EB in thehigher-proteingroup (P=0.21), but onlypartially
preserved in the lower-protein group after ER (P = 0.03 vs.
EBandP, 0.001vs. energydeficit, rested leg). Bodywater
enrichment (Supplemental Fig. 2) demonstrated a linear
decline after dose administration (a linear regression

equation explained a significant proportion of the vari-
ance; r2 = 0.99). The change in integratedmyo-PS (Fig. 2B)
was significantly greater in the rested leg than in the
exercised leg in both the higher-protein (P , 0.001) and
lower-protein (P , 0.001) groups, with no difference be-
tween protein groups (P = 0.44).

Absolute synthesis and breakdown

Calculation of absolute synthesis and breakdown (g/d) is
shown in Fig. 3. The FGR of leg lean tissue (%/d) demon-
strated a main effect of time (P, 0.01), but no interaction
(P = 0.34; Fig. 3A). FGR was higher in the higher-protein
exercised leg compared with the corresponding rested leg
(P=0.01; Fig. 3A).ASR (g/d)demonstrated amain effect of
time (P, 0.001; Fig. 3B), but no interaction (P = 0.87). The

TABLE 3. Body mass and composition

Variable

Lower-protein group Higher-protein group

Pre–weight loss Post–weight loss Change Pre–weight loss Post–weight loss Change

Total body mass (kg) 89.5 6 10.0 87.7 6 9.8* 21.8 6 1.0 90.1 6 15.9 88.8 6 16.3* 21.3 6 0.8
LBM (kg) 61.8 6 6.6 60.8 6 6.8* 21.0 6 0.8 60.4 6 8.5 59.8 6 8.9* 20.6 6 1.0
Fat mass (kg) 24.2 6 6.7 23.5 6 9.2* 20.7 6 0.6 26.3 6 9.1 25.5 6 9.2* 20.8 6 0.8
Fat mass, % 27.9 6 6.0 27.7 6 6.1 20.3 6 0.5 29.7 6 6.0 29.2 6 6.2* 20.6 6 1.0
Lean mass, exercised leg (kg) 11.3 6 1.4 11.1 6 1.4 20.2 6 0.4a 10.8 6 1.5 10.8 6 1.8 20.1 6 0.4a

Lean mass, rested leg (kg) 11.2 6 1.4 10.8 6 1.4 20.4 6 0.3b 10.8 6 1.6 10.5 6 1.8 20.3 6 0.4b

Data are presented as means 6 SD. a,bValues without a common letter differ within that group. The change in the rested and exercised legs
are significantly different within that group. *P , 0.05 vs. pre–weight loss mean within that group.
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ASRwas significantly lower in rested legs compared with
exercised legs of both groups (P=0.001; Fig. 3B). ABR (Fig.
3C) was not different between groups or legs (legs, P =
0.39; group 3 legs, P = 0.53). Net protein balance (g/d;
ASR2ABR; Fig. 3D) had a main effect for exercise (P =
0.01), but no interaction (P = 0.38). Net protein balance
was significantly higher in the exercised leg of the higher-
protein group comparedwith the corresponding rested leg
(P = 0.01).

Mixed muscle protein turnover

Postabsorptive mixed MPS (%/h), mixed MPB (%/h),
and net protein balance change from EB (%/h) are
shown in Fig. 4. There was a main effect of time (P ,
0.001), but no interaction (P = 0.07; Fig. 4A). MixedMPS
was significantly reduced from EB in the rested leg in
both groups after ER (higher-protein group, P = 0.01;
lower-protein group, P , 0.001; Fig. 4A). In the lower-
protein group, mixed MPS in the exercised leg was no
different from EB (P = 0.97). In the higher-protein
group, mixed MPS was elevated above EB in the exer-
cised leg 48 h after the last exercise bout (P = 0.01).
Mixed MPB was not different between EB and ER time
points in either group (time, P = 0.17; interaction, P =
0.57; Fig. 4B). The exercised leg had a significantly
smaller change in net protein balance from EB than did
the rested leg in both groups (P , 0.001; Fig. 4C), and
there was a strong trend for between-group difference
in exercised legs (P = 0.054).

Western blots

Total protein ubiquitination, caspase-3 expression, LC3II/
LC3I ratio, p-Foxo3a (Ser253), TRAF6, andp-TSC2 (Thr1462)
did not change with ER in either group (P. 0.05; Fig. 5).

Gene expression

Expression of all genes (Fig. 6), except TRAF6, was not
differentbetweengroupsoracross time:atrogin-1 (time,P=
0.91;group3 time,P=0.97),MuRF1(time,P=0.09;group3
time, P = 0.64), FoxO3a (time, P = 0.44; group 3 time, P =
0.80), LC3 (time, P = 0.26 group3 time, P = 0.67), Gabarap
(time,P = 0.07; group3 time,P = 0.26), Ulk2 (time, P= 0.84;
group 3 time, P = 0.80), Beclin1 (time, P = 0.49; group 3
time, P = 0.36), BNIP3 (time, P = 0.06; time3 group, P =
0.25), and TRAF6 (time, P = 0.01; group3 time, P = 0.94).
In the rested leg of the lower-protein group, expression of
TRAF6 was significantly greater than in the exercised leg
(P = 0.04).

DISCUSSION

We ascertained that ER resulted in a significant reduction
in integrated (daily) myo-PS, which was alleviated by re-
sistance exercise. In addition, ER resulted in a significant
reduction in acute (hourly) postabsorptive mixed MPS,
which was also mitigated by resistance exercise that was
performed in the preceding 48 h. Consistent with changes
in MPS, we observed a significantly greater reduction in
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LBM in the rested vs. exercised legs—regardless of protein
intake—after ER in both groups. Of importance, muscle
proteolysis—measured as rates of MPB, ABR, and gene
and the protein expression of markers in the ubiquitin-
proteasome and autophagic-lysosomal pathways—were
unchanged throughout the diet and exercise intervention.
These resultsdemonstrate that themaindriverofLBMloss
during amarked energy deficit in young overweight men
is a significant decline in MPS with little to no change in
MPB or consummate markers of proteolysis.

MPSdata in the current study are consistentwith several
other studies that have investigated the impact of ER, pro-
tein intake, and exercise on the rate of MPS (4–6). For ex-
ample, Pasiakos et al. (5) reported a 19% reduction in
postabsorptive mixed MPS in response to 10 d of a 20%
energy deficit when participants consumed 1.5 g/kg/d of
protein. Murphy and Phillips (29) reported a significant

reduction in integrated myo-PS in overweight older men
after 2wk of ER,whichwas increased after a second 2-wk
period of ER with resistance exercise. The current study
provides novel data on the effect of ER, protein, and re-
sistance exercise on integrated day-to-day myo-PS in
young men, which are in general agreement with data in
older men (29). In addition, we demonstrated that even
in ER, resistance exercise has the capacity to stimulate
postabsorptive mixed MPS up to 48 h after an exercise
bout, which is consistent with work from situations of EB
(16) and further demonstrates the potency of resistance
exercise in muscle protein synthesis (6), providing a fun-
damentally anabolic signal to skeletal muscle.

In contrast to data that show that postabsorptive MPB
increased by 60% after 10 d of a 20% energy deficit (with
participants consuming 1.5 g protein/kg/d) (12), we did
not detect any measurable changes in the rates of
postabsorptive MPB, despite our participants being in a
40% energy deficit. These disparate findings could be a
result of differences in participant characteristics [normal
weight (12) compared with overweight in the current
study]. Differences in participant characteristics may be
important when considering findings from Heymsfield
et al. (30), where the fraction of weight lost as LBM during
semistarvation in youngmen was plotted against baseline
adiposity. Heymsfield et al. (30) reported that men in the
lowest quintile of baseline percentage fat lost more LBM
than did men in the higher quintiles of percentage fat;
therefore, individuals who are leaner may be more
susceptible to LBM loss. However, whether LBM loss in
lean individuals is a result of a large increase in MPB
as observed by Carbone et al. (12) requires additional
investigation, especially when considering previously
reported declines in MPS in the same participants (5),
which would contribute to LBM loss. An important
consideration is that individuals spend most of their
waking hours in the postprandial state, assuming they
do not skip meals. Use of ingested D2O allowed an
integrated measure that encompassed postprandial,
postabsorptive, and fasting (sleeping) periods. In the
current study, the average decline of integrated myo-
PS in rested legs was20.366 0.08%/d, which was close
to the average change in leg LBM per day of 20.34 6
0.06%/d. Thus, even if we assume that only 10 h/d were
spent in the fasted state, given that the changes in in-
tegrated MPS align with the loss of LBM, it is difficult to
reconcile that increases in postabsorptive MPB are a sig-
nificantmechanism that underpins the loss of LBMduring
ER in overweight young men.

By simultaneously assessing the rates ofMPS andMPB,
wewere able to calculate the net protein balance,which, to
our knowledge, has not been done during ER in humans.
Consistent with our other data, changes in net protein
balance were mainly driven by changes in mixed MPS
(Fig. 4A). The reduction in thenetproteinbalance—change
from energy balance—was significantly greater in the
rested leg than in the exercised leg in both groups, and it is
of interest to note the strong trend for a group effect in
exercised legs, which tended to be elevated from EB in the
higher-protein group (P = 0.054). To further support our
acute protein turnover data, we calculated absolute
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(grams/day) myo-PS, breakdown, and net protein bal-
ance. Similar to our acute data, ABR remained essentially
unchanged across time, and ASR was reduced in the res-
ted leg compared with the exercised leg. Absolute net
protein balance was elevated in the exercised leg com-
pared with the rested leg of the higher-protein group,
which, again, is in agreement with the fundamentally
anabolic nature of resistance exercise. In keeping with
the study design from Longland et al., we opted to keep
carbohydrate intake constant between the higher- and
lower-protein groups because of the known effects that
carbohydrates have on exercise performance (31). Thus,
we cannot attributeour observed effects onmuscle protein
turnover solely to protein intake because there were also
differences in fat intake between these two groups; how-
ever, there is nothing to suggest that differences in daily
dietary fat intake that do not exceed the acceptable mac-
ronutrient distribution range would induce changes in
muscle protein turnover. Hammond et al. (32) reported
that high-fat feeding (3.5 g/kg) postexercise suppresses
p70S6K1 activity; however, the protein supplement that
wasprovided to all participants postexercise in the current
study contained a maximum of 5 g of fat (from 2% milk),
andwe thuswouldnot expect the same effect tooccur (32).

In agreementwith the acute rates ofMPB in the current
study, we did not observe any changes in gene or protein
expression of targets in the ubiquitin-proteasome and
autophagic-lysosomal pathways, which is consistent with
some short-term studies in humans (6, 12, 13). Other ER
studies have observed only small increases in these

proteolytic genes andproteins. For example, Carbone et al.
(12) observed no change in 26S proteasome proteolytic
activity, and an 11% increase in caspase-3 protein expres-
sion, despite reportinga 60% increase inMPB.After 21dof
participants in a 40% energy deficit, increases of 20 and
30% in the genes that encodeMuRF-1 andAtrogin-1 were
reported, but there was no increase in the activities of the
subunits of the 26S proteasome or caspase-3, and dietary
protein intake did not affect the expression of these atro-
genes (11). Thus, it seems entirely equivocal that these
pathways are up-regulated with ER in young men. In the
current study, we observed a slightly elevated (1.4-fold)
levelofTRAF6[aregulatorofboththeubiquitin-proteasome
and autophagic-lysosomal pathways (33)] mRNA in the
rested leg of the lower-protein group; however, thiswas not
significantly elevated above the expression observed in EB
and the protein content of TRAF6 was unchanged.

Despite the novelty of our data, we acknowledge some
limitationsof the currentstudy.First, the short-termnature
of the study resulted in small changes in body composi-
tion; however, we were still able to detect an exercise-
mediated effect and hypothesize that an effect of dietary
protein would take more time and, potentially, a larger
sample size to detect when outcomes were measured by
DXA(8).A second limitationof the current study is a result
of the timing of the biopsies that were used to examine
gene and protein expression, which were taken in the
basal, fasted state pre- and post-ER. The timing of these
biopsies was strategic in that themost likely time to detect
changes in MPB and its associated markers is the fasted
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Figure 5. Western blot quantification with representative images. Data are normalized to the average weight maintenance value.
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state (34).Nonetheless, theone target related toMPS thatwe
did analyze—p-TSC2 (Thr1462)—did not change pre- to
post-ER. Because of the numerous muscle biopsies already
being performed on participants, we did not attempt to
characterize a time course or effect of feeding on changes in
gene andprotein expression,whichmayhave allowedus to
detect differences in signaling related to MPS if an effect
were present. Nonetheless, we acknowledge that there are
data that show a reduction in the phosphorylation of Akt
and 4EBP-1 after 10 d of ER (5), as well as a reduction in the
MPS response to protein ingestion during ER (4, 7). Data
from rodents suggest that ER results in the down-regulation
of the phosphorylation of protein synthesis–relatedproteins
(Akt, mammalian target of rapamycin, rps6, and p70S6K)
(35)andareduction inactive ribosomes (36).Thus, strategies
that target the mammalian target of rapamycin complex 1
pathway, such as resistance exercise and increased protein
intake (3), are important for the preservation of MPS and
LBM during ER. Despite our best efforts to reduce the in-
herent variability in humandata,which includedproviding
all food to participants, supervising all resistance exercise
sessions, performing all measures of MPS and MPB at the
same time of day, and matching groups as closely as pos-
sible, we acknowledge the variability of the data.

In summary, we show that in young overweight men,
ER results in a decrease in MPS, but resistance exercise

withprotein intake that is 3 times higher than theRDAcan
mitigate this decline. Furthermore, we demonstrate that
MPB does not change, despite marked ER in overweight
young men. Finally, we provide a comprehensive assess-
ment of the processes that govern changes in skeletal
muscle mass during ER in overweight young men. Our
findings may be of importance for designing weight loss
programs that wish to preserve skeletal muscle and pro-
mote the loss of fat mass.

ACKNOWLEDGMENTS

This work was supported by a grant from the National
Science and Engineering Research Council of Canada (to
S.M.P.). S.M.P. was supported by the Canada Research Chairs
Program and greatly acknowledges that funding. The authors
thank Todd Prior (McMaster University) for technical assis-
tance during laboratory analyses. The authors declare no
conflicts of interest.

AUTHOR CONTRIBUTIONS

A. J. Hector and S. M. Phillips designed the research; A. J.
Hector, C.McGlory, F. Damas,N.Mazara, S. K. Baker, and
S. M. Phillips performed the data collection; A. J. Hector
performed the laboratory analyses; A. J.Hector, C.McGlory,

LC3

EB REST EX EB REST EX
0.0

0.5

1.0

1.5

2.0

2.5 Gabarapl1

EB REST EX EB REST EX
0

2

4

6 Ulk2

EB REST EX EB REST EX
0

1

2

3

4

Beclin1

EB REST EX EB REST EX
0.0

0.5

1.0

1.5

2.0

2.5
BNIP3

EB REST EX EB REST EX
0.0

0.5

1.0

1.5

2.0

2.5
TRAF6

EB REST EX EB REST EX
0

1

2

3

*

Atrogin-1

EB REST EX EB REST EX
0.0

0.5

1.0

1.5

2.0 Lower Protein
Higher Protein

2-
∆∆

C
t

2-
∆∆

C
t

2-
∆∆

C
t

MuRF-1

EB REST EX EB REST EX
0

1

2

3

4

2-
∆∆

C
t

2-
∆∆

C
t

2-
∆∆

C
t

Foxo3a

EB REST EX EB REST EX
0.0

0.5

1.0

1.5

2.0

2.5

2-
∆∆

C
t

2-
∆∆

C
t

2-
∆∆

C
t

Figure 6. Gene expression of targets in the ubiquitin-proteasome and autophagic-lysosomal pathways. BNIP3, BCL2 interacting
protein 3; Foxo3a, forkhead box O3; Gabarapl1, GABAA receptor-associated protein-like 1; LC3, microtubule-associated protein
1A/1B light chain 3; MuRF-1, muscle RING-finger protein-1; Rest, ER rested leg; TRAF6, TNF receptor-associated factor 6; Ulk2,
Unc-51–like autophagy activating kinase 2. *P , 0.05 vs. ER exercised leg (EX) within that group.

274 Vol. 32 January 2018 HECTOR ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by (2804:14c:bbad:63be:4d9e:4d7a:a8b5:a122) on April 13, 2020. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 265-275.

http://www.fasebj.org


and S.M. Phillips analyzed the data; A. J. Hector drafted the
manuscript; and all authors edited and approved the final
version.

REFERENCES

1. Weinheimer, E. M., Sands, L. P., and Campbell, W. W. (2010) A
systematic review of the separate and combined effects of energy
restriction and exercise on fat-free mass in middle-aged and older
adults: implications for sarcopenic obesity. Nutr. Rev. 68, 375–388

2. Wolfe, R. R. (2006) The underappreciated role of muscle in health
and disease. Am. J. Clin. Nutr. 84, 475–482

3. Burd,N.A.,Tang, J.E.,Moore,D.R., andPhillips, S.M. (2009)Exercise
training and protein metabolism: influences of contraction, protein
intake, and sex-baseddifferences. J. Appl. Physiol. (1985)106, 1692–1701

4. Pasiakos, S. M., Cao, J. J., Margolis, L. M., Sauter, E. R., Whigham,
L.D.,McClung, J. P., Rood, J. C., Carbone, J.W., Combs,G. F., Jr., and
Young, A. J. (2013) Effects of high-protein diets on fat-free mass and
muscle protein synthesis following weight loss: a randomized con-
trolled trial. FASEB J. 27, 3837–3847

5. Pasiakos, S.M., Vislocky, L.M., Carbone, J.W., Altieri, N., Konopelski,
K., Freake, H. C., Anderson, J. M., Ferrando, A. A., Wolfe, R. R., and
Rodriguez, N. R. (2010) Acute energy deprivation affects skeletal
muscle protein synthesis and associated intracellular signaling
proteins in physically active adults. J. Nutr. 140, 745–751

6. Areta, J. L., Burke, L. M., Camera, D. M., West, D. W., Crawshay, S.,
Moore,D.R., Stellingwerff,T., Phillips,S.M.,Hawley, J.A., andCoffey,
V. G. (2014) Reduced resting skeletal muscle protein synthesis is
rescued by resistance exercise and protein ingestion following short-
term energy deficit. Am. J. Physiol. Endocrinol. Metab. 306, E989–E997

7. Hector, A. J., Marcotte, G. R., Churchward-Venne, T. A., Murphy,
C. H., Breen, L., von Allmen, M., Baker, S. K., and Phillips, S. M.
(2015) Whey protein supplementation preserves postprandial
myofibrillar protein synthesis during short-term energy restriction
in overweight and obese adults. J. Nutr. 145, 246–252

8. Longland, T.M.,Oikawa, S. Y.,Mitchell, C. J., Devries,M. C., and Phillips,
S. M. (2016) Higher compared with lower dietary protein during an
energydeficitcombinedwith intenseexercisepromotesgreater leanmass
gain and fat mass loss: a randomized trial. Am. J. Clin. Nutr. 103, 738–746

9. Murphy, C.H.,Hector, A. J., andPhillips, S.M. (2015)Considerations
for protein intake inmanaging weight loss in athletes. Eur. J. Sport Sci.
15, 21–28

10. Pasiakos, S. M., Margolis, L. M., and Orr, J. S. (2015) Optimized
dietary strategies to protect skeletal muscle mass during periods of
unavoidable energy deficit. FASEB J. 29, 1136–1142

11. Carbone, J.W.,Margolis, L.M.,McClung, J. P., Cao, J. J.,Murphy,N. E.,
Sauter, E. R., Combs, G. F., Jr., Young, A. J., and Pasiakos, S. M. (2013)
Effects of energy deficit, dietary protein, and feeding on intracellular
regulators of skeletal muscle proteolysis. FASEB J. 27, 5104–5111

12. Carbone, J. W., Pasiakos, S. M., Vislocky, L. M., Anderson, J. M., and
Rodriguez,N.R. (2014)Effects of short-termenergydeficit onmuscle
protein breakdown and intramuscular proteolysis in normal-weight
young adults. Appl. Physiol. Nutr. Metab. 39, 960–968

13. Smiles, W. J., Areta, J. L., Coffey, V. G., Phillips, S. M., Moore, D. R.,
Stellingwerff,T., Burke, L.M.,Hawley, J.A., andCamera,D.M. (2015)
Modulation of autophagy signaling with resistance exercise and
protein ingestion following short-term energy deficit. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 309, R603–R612

14. Canadian Institutes of Health Research, Natural Sciences and Engi-
neering Research Council of Canada; and Social Sciences and Hu-
manities Research Council of Canada. (2014) Tri-Council policy
statement: ethical conduct for research involving humans. Available
at: http://www.pre.ethics.gc.ca/

15. Henry, C. J. (2005) Basal metabolic rate studies in humans:
measurement and development of new equations. Public Health
Nutr. 8 (7A), 1133–1152

16. Phillips, S.M., Tipton, K. D., Aarsland, A.,Wolf, S. E., andWolfe, R. R.
(1997) Mixed muscle protein synthesis and breakdown after
resistance exercise in humans. Am. J. Physiol. 273, E99–E107

17. Moore,D.R.,Tang, J.E., Burd,N.A.,Rerecich,T.,Tarnopolsky,M.A.,
and Phillips, S. M. (2009) Differential stimulation of myofibrillar and
sarcoplasmic protein synthesis with protein ingestion at rest and after
resistance exercise. J. Physiol. 587, 897–904

18. Wilkinson, D. J., Franchi, M. V., Brook, M. S., Narici, M. V., Williams,
J. P., Mitchell, W. K., Szewczyk, N. J., Greenhaff, P. L., Atherton, P. J.,

and Smith, K. (2014) A validation of the application of D2O stable
isotope tracer techniques for monitoring day-to-day changes in mus-
cle protein subfraction synthesis in humans. Am. J. Physiol. Endocrinol.
Metab. 306, E571–E579

19. Murphy, C.H., Saddler,N. I., Devries,M.C.,McGlory, C., Baker, S. K.,
and Phillips, S. M. (2016) Leucine supplementation enhances
integrative myofibrillar protein synthesis in free-living older men
consuming lower- andhigher-proteindiets: a parallel-groupcrossover
study. Am. J. Clin. Nutr. 104, 1594–1606

20. Brook, M. S., Wilkinson, D. J., Mitchell, W. K., Lund, J. N., Phillips,
B. E., Szewczyk, N. J., Greenhaff, P. L., Smith, K., and Atherton, P. J.
(2016) Synchronous deficits in cumulative muscle protein synthesis
and ribosomal biogenesis underlie age-related anabolic resistance to
exercise in humans. J. Physiol. 594, 7399–7417

21. Bergström, J., Fürst, P., Norée, L. O., and Vinnars, E. (1974)
Intracellular free amino acid concentration in human muscle tissue.
J. Appl. Physiol. 36, 693–697

22. Zhang, X. J., Chinkes, D. L., Sakurai, Y., and Wolfe, R. R. (1996) An
isotopic method for measurement of muscle protein fractional
breakdown rate in vivo. Am. J. Physiol. 270, E759–E767

23. Burd,N.A., Pennings,B.,Groen,B.B.,Gijsen,A.P., Senden, J.M., and
van Loon, L. J. (2012) The single biopsy approach is reliable for the
measurement of muscle protein synthesis rates in vivo in older men.
J. Appl. Physiol. (1985) 113, 896–902

24. Biolo, G., Fleming, R. Y., Maggi, S. P., and Wolfe, R. R. (1995)
Transmembrane transport and intracellular kineticsof aminoacids in
human skeletal muscle. Am. J. Physiol. 268, E75–E84

25. Bellamy, L. M., Joanisse, S., Grubb, A., Mitchell, C. J., McKay, B. R.,
Phillips, S. M., Baker, S., and Parise, G. (2014) The acute satellite cell
response and skeletal muscle hypertrophy following resistance
training. PLoS One 9, e109739

26. Livak, K. J., and Schmittgen, T. D. (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the 2(-Delta
Delta CT) method.Methods 25, 402–408

27. Stefanetti, R. J., Lamon, S., Wallace, M., Vendelbo, M. H., Russell,
A. P., and Vissing, K. (2015) Regulation of ubiquitin proteasome
pathway molecular markers in response to endurance and resistance
exercise and training. Pflugers Arch. 467, 1523–1537

28. Jamart, C., Benoit, N., Raymackers, J. M., Kim, H. J., Kim, C. K., and
Francaux, M. (2012) Autophagy-related and autophagy-regulatory
genes are induced in human muscle after ultraendurance exercise.
Eur. J. Appl. Physiol. 112, 3173–3177

29. Murphy, C.H., Phillips, S.M. (2016) Strategies to maximize skeletal muscle
protein synthesis in older adults. Ph.D. thesis, McMaster University

30. Heymsfield, S. B., Thomas, D., Nguyen, A. M., Peng, J. Z., Martin, C.,
Shen, W., Strauss, B., Bosy-Westphal, A., and Muller, M. J. (2011)
Voluntary weight loss: systematic review of early phase body
composition changes. Obes. Rev. 12, e348–e361

31. Burke, L. M., Hawley, J. A., Wong, S. H., and Jeukendrup, A. E. (2011)
Carbohydrates for training and competition. J. Sports Sci. 29(Suppl 1),
S17–S27

32. Hammond, K. M., Impey, S. G., Currell, K., Mitchell, N., Shepherd,
S. O., Jeromson, S., Hawley, J. A., Close, G. L., Hamilton, L. D.,
Sharples, A. P., andMorton, J. P. (2016) Postexercise high-fat feeding
suppresses p70S6K1 activity in human skeletal muscle.Med. Sci. Sports
Exerc. 48, 2108–2117

33. Paul, P.K.,Bhatnagar, S.,Mishra,V., Srivastava, S.,Darnay,B.G.,Choi,
Y., andKumar,A. (2012)TheE3ubiquitin ligaseTRAF6 intercedes in
starvation-induced skeletal muscle atrophy through multiple mech-
anisms.Mol. Cell. Biol. 32, 1248–1259

34. Greenhaff, P. L., Karagounis, L. G., Peirce, N., Simpson, E. J., Hazell,
M., Layfield, R., Wackerhage, H., Smith, K., Atherton, P., Selby, A.,
and Rennie, M. J. (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

35. Margolis, L.M., Rivas,D.A., Berrone,M., Ezzyat, Y., Young,A. J.,McClung,
J.P.,Fielding,R.A., andPasiakos,S.M.(2016)Prolongedcalorierestriction
downregulates skeletalmusclemTORC1 signaling independent of dietary
protein intake and associatedmicroRNA expression. Front. Physiol. 7, 445

36. Mathis, A. D., Naylor, B. C., Carson, R. H., Evans, E., Harwell, J.,
Knecht, J., Hexem, E., Peelor, F. F., III, Miller, B. F., Hamilton, K. L.,
Transtrum, M. K., Bikman, B. T., and Price, J. C. (2017)Mechanisms
of in vivo ribosome maintenance change in response to nutrient
signals.Mol. Cell. Proteomics 16, 243–254

Received for publication February 23, 2017.
Accepted for publication August 28, 2017.

MUSCLE PROTEIN TURNOVER DURING ENERGY RESTRICTION 275

Downloaded from www.fasebj.org by (2804:14c:bbad:63be:4d9e:4d7a:a8b5:a122) on April 13, 2020. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 265-275.

http://www.pre.ethics.gc.ca/

