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Abstract

Purpose—Acute bouts of resistance exercise and subsequent training alters protein turnover in
skeletal muscle. The mechanisms responsible for the changes in basal post-absorptive protein
turnover and its impact on muscle hypertrophy following resistance exercise training are unknown.
To determine whether post-absorptive muscle protein turnover following 12 weeks of resistance
exercise training (RET) plays a role in muscle hypertrophy. In addition, we were interested in
determining potential molecular mechanisms responsible for altering post-training muscle protein
turnover.

Methods—Healthy young men (n=31) participated in supervised whole body progressive RET at
60-80% 1 repetition maximum (1-RM), 3d/wk for 3 months. Pre- and post-training vastus lateralis
muscle biopsies and blood samples taken during an infusion of 13Cg and 1°N phenylalanine and
were used to assess skeletal muscle protein turnover in the post-absorptive state. Lean body mass
(LBM), muscle strength (determined by dynamometry), vastus /ateralis muscle thickness (MT),
myofiber type-specific cross-sectional area (CSA), and mRNA were assessed pre- and post-RET.
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Results—RET increased strength (12-40%), LBM (~5%), MT (~15%) and myofiber CSA
(~20%) (p<0.05). Muscle protein synthesis (MPS) increased 24% while muscle protein
breakdown (MPB) decreased 21% respectively. These changes in protein turnover resulted in an
improved net muscle protein balance in the basal state following RET. Further, the change in basal
MPS is positively associated (r=0.555, p=0.003) with the change in muscle thickness.

Conclusion—Post-absorptive muscle protein turnover is associated with muscle hypertrophy

during resistance exercise training.
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Skeletal muscle; growth; strength training; mTORC1; ribosome biogenesis

Introduction

Muscle protein turnover (i.e., the concurrent cellular processes of synthesis and breakdown)
is stimulated following resistance exercise (RE) (Phillips et al. 1997; Fry et al. 2011). The
mechanisms regulating the acute changes in muscle-protein synthesis (MPS) following RE
have been well examined (Burd et al. 2009), yet less is understood regarding the adaptation
(Wilkinson et al. 2008; Burd et al. 2009) of muscle protein turnover and molecular events
(Wilkinson et al. 2008; Leger et al. 2006) (Vissing et al. 2013; Rahbek et al. 2014; Hulmi et
al. 2009b) occurring with chronic resistance exercise training (RET). In addition, the
influence of acute post-exercise muscle-protein turnover in regulation of muscle hypertrophy
has recently been questioned (Mitchell et al. 2014) shifting interest toward other
methodological approaches and time frames during the process of muscle hypertrophy.
Several studies that have found chronic RET modulates muscle-protein turnover (Phillips et
al. 1999; Phillips et al. 2002; Kim et al. 2005; Tang et al. 2008; Wilkinson et al. 2008). In
particular, after a period of RET, individuals experience a shorter duration of the acute
elevation of MPS following a bout of RE (Damas et al. 2015), and a higher rate of basal
post-absorptive MPS compared to pre-training levels (Damas et al. 2015). Therefore, the
adaptation of muscle protein turnover throughout chronic RET may be an important
contributor to muscle hypertrophy as more recent studies are starting to reveal (Brook et al.
2015; Damas et al. 2016). However, the role of muscle protein turnover, specifically in the
basal post-absorptive state, during resistance exercise-induced muscle hypertrophy is
unknown.

To better understand the phenotypical relevance of increased post-absorptive MPS following
RET, we examined the relationship between the change in protein turnover (pre- to post-
training) and muscle hypertrophy in a large cohort (n=31) of young men. In addition, to gain
more insight into the mechanisms behind these changes, we comprehensively examined
skeletal muscle protein concentration, RNA and DNA concentrations, mechanistic target of
rapamycin complex 1 (mTORC1) signaling (Leger et al. 2006; Vissing et al. 2013) and
amino acid sensing (Moro et al. 2016) and mRNA expression of several key markers of
muscle growth and protein turnover. We hypothesized that resistance exercise training
improves the efficiency of post-absorptive muscle protein turnover and is highly associated
with the increase in muscle hypertrophy.
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We recruited healthy male participants for this clinical trial. The participants were recruited
through locally posted flyers, newspaper advertisements, and by word of mouth. After initial
contact, prospective participants filled out a pre-screening questionnaire to determine
eligibility and availability to participate. Potential participants were screened in the morning
after an overnight fast at the Institute for Translational Sciences-Clinical Research Center
(ITS-CRC) at the University of Texas Medical Branch (UTMB). The screening day
included: 3-day food diary analysis, strength testing, a medical history and physical exam,
resting electrocardiogram (ECG), and laboratory tests (complete blood count with
differential, liver and kidney function tests, coagulation profile, fasting blood glucose,
hepatitis B and C screening, an HIV test, thyroid stimulating hormone level, lipid profile,
urinalysis, and drug screening). Participants with clinical signs of malnutrition, those who
were on anabolic steroids or corticosteroids in the past 6 months, current tobacco users,
admitted vegan or vegetarians, individuals on a high-protein diet (>1.6g-kg™1-d"1), high dairy
diet (> 6 servings of dairy per day), and those using protein supplements or having dairy
allergies were excluded. The participants were healthy and recreationally active but were not
engaged in any regular exercise-training program (<2 sessions of high-intensity aerobic or
resistance exercise/week) at the time of enrollment. All participants gave written informed
consent before enrollment in the study. The study was approved by the UTMB Institutional
Review Board, and is in compliance with the Declaration of Helsinki as revised in 1983. Of
the 36 participants who underwent baseline testing, 3 withdrew before undergoing exercise
training, 1 withdrew during the first 6 weeks and 1 withdrew during the final week. Suitable
muscle histological samples were only available for 28 of 31 completers.

Study design

Following enrollment, participants completed a 10-14 day pre-training run-in period that
consisted of the pre-training study day at UTMB and then 3 non-consecutive days of
exercise familiarization and baseline 1-repetition max (1-RM) strength testing at the
University of Texas Medical Branch Alumni Fieldhouse. At the run-in, participants were
given a study binder containing study information and food diary record instructions.

The pre-training study day included the stable isotope infusion and muscle biopsies for the
assessment of vastus lateralis myofiber size and muscle protein turnover. The day also
included assessment of body composition, anthropometry, knee extensor muscle thickness,
blood and serum collection, and strength testing via dynamometry. Two to three days later,
the participants reported to the UTMB Alumni Fieldhouse for familiarization/testing before
beginning 12 weeks of training. After 12 weeks of training, participants were re-tested (post-
testing study day) exactly 3 days following the final exercise session of the training program
to avoid the acute effects from the final exercise session (Damas et al. 2015). Laboratory
tests (complete blood count with differential, liver and kidney function tests, coagulation
profile, fasting blood glucose, lipid profile and urinalysis) were conducted by the UTMB
clinical laboratory. For the post-testing, participants reported to the ITS-CRC at the same
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time in the morning as for the pre-training study day to repeat the same laboratory tests and
sample collection.

Pre and post-testing study day

Participants reported to the ITS-CRC at UTMB in the morning following an overnight fast.
They were instructed to refrain from any medication affecting muscle metabolism, and also
caffeine, fish oil supplements, and alcohol for three days before testing. They were
instructed to avoid strenuous or long-duration exercise for 3 days before arrival and to drink
a liter of water the night before. After arrival on the unit, participants voided to ensure an
empty bladder and bowel, and then laid supine for 30 min prior to assessment of body
composition by DXA scan (dual-energy X-ray absorptiometry) (Hologic ADR 4500W,
Bedford, MA). The same technician set the regions of interest for all the DXA scans.

To maintain a supine position throughout the study day, participants were transported to and
from the CRC bed in a stretcher. After the DXA scan, a forearm catheter was placed for
tracer infusion, and a retrograde catheter was placed in the opposite hand for arterialized
blood sampling. After collecting a background blood sample, a primed-continuous infusion
of L-[ring-13Cg]phenylalanine (priming dose: 2 pmol/kg; infusion rate: 0.05 pmol/kg/min)
and L-[15N]phenylalanine (priming dose: 2 pmol/kg; infusion rate: 0.05 umol/kg/min) was
started to measure basal post-absorptive muscle protein synthesis and breakdown using the
precursor-product method (infusion study schematic seen in ESM Figure 1 in the Online
Resource #1). At 2 h into the infusion, a percutaneous biopsy sample of the vastus lateralis
(VL) muscle was performed using sterile procedures with a 5 mm Bergstrom biopsy needle
(Bergstrom 1962) with suction under local anesthesia (1% lidocaine) to measure the muscle
protein synthesis and breakdown rates, gene expression, RNA concentration (as a proxy for
ribosomal abundance), muscle water, muscle protein concentration, and cell morphology. A
leg was randomly selected for the biopsies and the same leg was biopsied after exercise
training. At 4 h into the infusion, the L-[*°N]phenylalanine infusion was stopped to begin
the measurement of tracer dilution from endogenous tracee released from muscle-protein
breakdown. Between 4-5 h, frequent arterialized blood samples were taken from the hand
vein to measure phenylalanine enrichments and blood amino acid (AA) concentrations. At
the end of the infusion (5h), a second muscle biopsy was taken from the same incision site
but sampled at a different angle to measure muscle protein synthesis and breakdown. The
biopsy samples were aliquoted, snap-frozen in liquid nitrogen, and stored at -80°C for future
analysis. When available, approximately 20 mg of muscle was oriented and embedded in
Tissue Tek optimal cutting temperature (OCT; Thermo Fisher Scientific, Rockford, IL) on a
cork and frozen in liquid nitrogen-cooled isopentane. Suitable muscle histological samples
were only available for 28 of 31 completers. The samples were stored at -80°C for
subsequent immunohistochemical analysis.

After the DXA scan, ultrasound (Phillips HDI 5000) of the VL muscle was conducted while
the participants remained supine, as previously described (Porter et al. 2015). Briefly, several
B-Mode real-time images of the VL were taken in the mid-sagittal position at 50% (mid-
belly) and 25% (distal) of the femur length (from the anterior superior iliac spine to the
superior border of the patella). The ultrasound head position, pre- and post-training, was
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placed relative to specific measured landmarks. The image that offered the sharpest contrast
with the femur was chosen to ensure perpendicular placement of the scan head. VL muscle
thickness was assessed as the average distance from the superficial aponeurosis to the deep
aponeurosis at these two locations. Preliminary testing on the same individuals revealed that
the coefficient of variation for measurements taken the day of or several weeks apart was
1.42+0.20 and 1.84+0.40%, respectively Because the CV of this measurement is excellent,
we used this measure to test the association of muscle protein synthesis and muscle
hypertrophy.

Peak torque and power of the knee extensors and knee flexors of the non-biopsied leg were
subsequently determined by dynamometry (Biodex Medical, Shirley, NY), as previously
conducted (Porter et al. 2015).

Following the strength test, participants were fed a meal before leaving the unit. All testing
was repeated on the post-testing day in the same order.

Resistance-exercise training

Following familiarization and 1-repetition maximum (1-RM) strength testing, participants
began a 12-week whole-body progressive resistance exercise-training (RET) program. These
were pre-training sessions whereby the participants were familiarized to the exercise
equipment and had their 15t strength test for assessment of exercise intensity. The 15t
familiarization session consisted of a short warm-up and a brief sub-max test to help guide
the 1-RM strength testing on the 3™ familiarization session. The second familiarization
session consisted of light exercise (2 sets of 10 reps) on each of the exercises. All exercise-
training sessions were performed at the UTMB Alumni Fieldhouse. Exercise sessions were
performed on non-consecutive days, 3 times weekly, with 4 rest days per week under the
supervision of qualified personal trainers. Participants were allowed to maintain their
recreational physical activity but instructed not to do any other strength training outside the
study. RET was performed at an intensity of 60-80% of 1-RM strength and consisted of 3-4
sets of 8-10 repetitions performed to failure for each exercise, as previously conducted
(Porter et al. 2015). 1-RM strength was directly tested on the chest press, leg press, and knee
extension. 1-RM strength was estimated with 8-RM strength testing on the remaining
exercises. To allow for unforeseen life events, participants were given 13 weeks following
the familiarization period to complete 36 exercise sessions on hon-consecutive days,
typically three times per week. This allowed for 100% exercise compliance.

Nutritional Intake

Participants were instructed to maintain their habitual diet and to log a 3-day food diary on 3
occasions: pre-testing, six weeks, and post-testing. On each occasion, participants were
given detailed instructions and were told to record their normal diet in the week before the
testing day on two weekdays and one weekend day, with emphasis that one of the days be
the day before testing. These records were entered into Nutrition Data System for Research
2012 to estimate energy intake and macro-nutrient composition.
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Muscle-Protein Turnover and Whole Body Proteolysis

Blood and tissue amino acid concentrations were determined with isotopic internal
standards. Enrichments of free L-[ring-13Cg]phenylalanine, L-[**N]phenylalanine, (L-
[ring-13Cg], L-[1°N] phenylalanine), L-[5,5,5-2H3] leucine, [13C] valine and [*3C] isoleucine
in blood, muscle tissue fluid (MTF) and bound protein (mixed muscle and myofibrillar
protein) were measured by gas chromatography-mass spectrometry (GCMS) after addition
of appropriate internal standards and precipitation of blood and tissue proteins with
sulfosalycilic acid, extraction with cation exchange chromatography, and fert
butyldimethylsilyl derivatization (t-BDMS). Correction for skewed isotopomer distribution
and overlapping spectra was performed, as previously described (Wolfe and Chinkes 2005).
The incorporation of L-[ring-13Cg]phenylalanine in the mixed muscle proteins and
myofibrillar protein was measured after protein extraction and hydrolysis, amino acid
extraction with cation exchange chromatography, t-BDMS derivatization, and GCMS
analysis (Wolfe and Chinkes 2005). Myofibrillar protein extraction for assessment of isotope
enrichment was conducted as we have previously described and validated (Reidy et al.
2014c). The fractional synthesis rate (FSR) of mixed muscle proteins was calculated from
the incorporation rate of L-[ring-13Cg]phenylalanine into the mixed muscle proteins or
myofibrillar proteins, and the free-tissue phenylalanine enrichment:

FSR={(AE, /t)/[(EM(U"—EM(z))/Q” - 60 - 100

where AEp/t is the slope of the straight line that fits the protein-bound phenylalanine
enrichment across two sequential biopsies, Zis the time interval encompassing the two
biopsies, Enm(1), and Ey () are the phenylalanine enrichments (tracer/tracee) in the free
muscle pool in the two biopsies. The results are presented as %-h"1. Fractional breakdown
rate (FBR) of muscle proteins was measured with multiple phenylalanine tracers using the
precursor-product method (Wolfe and Chinkes 2005). The method requires measurement of
intracellular free phenylalanine enrichment at steady-state and after 1 h of tracer decay along
with frequent arterialized blood sampling. To measure FBR, the ratio of the L-[ring-13Cg]
and 1°N-phenylalanine MTF enrichment at biopsy 1 was used to approximate the 1°N-
phenylalanine MTF enrichment plateau enrichment at 4 hours using the L-[ring-13Cg]-
phenylalanine MTF enrichment at 5 hours. The L-[**N] phenylalanine blood enrichments
taken at 4-5 hours was used for the 1 h decay enrichments. FBR was calculated using the
formula:

FBR= AL

[pJE,(t)dt — (1+p) [ E, (D] - (%)

where Ea and Eyp, are the arterialized and muscle tissue free enrichments, p = Ep/(Ea-Em)
at plateau, and Qp/T is the ratio of free to bound phenylalanine in muscle. Whole body
proteolysis was determined at both pre- and post-training by the rate of phenylalanine
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appearance into the blood as infusion rate (0.05 umol-kg™1-min1) divided by the average
blood 13Cg phenylalanine enrichment (Wolfe and Chinkes 2005).

Measurement of Intracellular Signaling Proteins

To assay common muscle growth and breakdown pathways, phosphorylation of Akt (Thr308
& Thr473), mTOR (Ser2448) 4E-BP1 (Thr37/46), eEF2 (Thr>6) and GSK-3a/p (Ser®) and
total protein for Akt, mTOR, 4E-BP1, p70S6K1, S6, eEF2, GSK-3a/p, LAMP1, ATG1,
LC3B, Beclin-1 and alpha-tubulin was measured using western blot techniques as previously
described (Dreyer et al. 2006; Reidy et al. 2014c) with all data expressed relative to a-
tubulin and the internal control with phosphorylated proteins also set relative to their total
proteins. All antibodies were purchased through Cell Signaling (Danvers, MA). We
examined these markers as they have been suggested to be involved with cell growth and
muscle hypertrophy following RET (Wilkinson et al. 2008; Leger et al. 2006) (Walker et al.
2013; Vissing et al. 2013; Rahbek et al. 2014; Hulmi et al. 2009b; Bar-Peled et al. 2013;
Stefanetti et al. 2014; Hulmi et al. 2009a).

Measurement of Muscle Protein Concentration, DNA Concentration and Water Content

The assay of muscle protein concentration was adapted from the following protocol (Reidy
et al. 2014b). Muscle wet weight (~10 mg) was determined on a precision microbalance,
and subsequently the muscle sample was freeze-dried for 48h. Muscle water content was
calculated from the difference in dry and weight wet for each muscle sample and expressed
as percentage of initial wet weight. The sample was homogenized in 40 volumes of cold
buffer (250 mM sucrose, 100 mM potassium chloride, 20 mM imidazole, and 5 mM EDTA;
pH 6.8) in a ground glass homogenizer. Samples were centrifuged at 21,000 g for 30 min at
4°C. The supernatant represented the sarcoplasmic protein fraction, and the pellet,
representing the myofibrillar protein fraction, was resuspended in 40 volumes of buffer via
sonication. Aliquots of the homogenate (total protein), and sarcoplasmic, and myofibrillar
protein fractions were measured for protein concentration with the Pierce™ BCA Protein
Assay Kit (ThermoFisher, Waltham, MA). The amount of protein in each of the three
fractions was normalized to the wet and dry weight of each muscle sample. Muscle water
content was determined, as previously described (Reidy et al. 2014b). The total muscle
homogenate DNA concentration was determined with a fluorometric assay utilizing the
DNA-specific fluorescent Hoechst 33258 dye, according to the methods of Adams and
Haddad (Adams and Haddad 1996).

RNA extraction and semiquantitative real-time PCR

RNA isolation, cDNA synthesis, and real-time gPCR were performed as previously
described (Porter et al. 2015). Total RNA was isolated by homogenizing 10-20 mg of tissue
with a hand-held homogenizing dispenser (T10 Basic Ultra Turrax, IKA, Wilmington, NC)
in 1 ml of TRI Reagent®. The RNA was separated into an aqueous phase using 0.2 ml of
chloroform and subsequently precipitated from ~475ul of the aqueous phase using 0.5 ml of
isopropanol. Total RNA was quantified by measuring the total volume of the aqueous phase,
as previously described (Bickel et al. 2005). This was conducted by calculating the muscle
total RNA concentration based on total RNA yield and the weight of the analyzed sample.
RNA was washed twice with 1 ml of 75% ethanol, air-dried, and suspended in a known
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amount of nuclease-free water. RNA concentration was determined using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). Also, RNA concentration,
integrity and 18S and 28S ribosomal subunit peak area were assessed with the Agilent 2100
BioAnalyzer (Agilent Technologies, Santa Clara, CA). The average RNA integrity number
was 8.06+0.06 and the 28S-t0-18S ribosomal subunit ratio was 1.27+0.02. RNA was DNase-
treated using a commercially available kit (DNA-free, Ambion, Austin, TX). A total of 2 ug
of RNA was reverse transcribed into cDNA according to the directions provided by the
manufacturer (iScript, BioRad, Hercules, CA). Real-time gPCR was carried out using the
PrimePCR system with a CFX Connect PCR cycler (BioRad). cDNA was analyzed with
SYBR green fluorescence (iQ SYBR green supermix; BioRad). Validated gene targets and
unique Bio-Rad assay ID's for the following targets (CDK2, FBX032, FOX0O3, MSTN,
MYOD1, MYOG, TRIM63, (aka MuRF-1), BNIP3L, CDKN1A, HSPAS, IGF1, LAMP1,
LAMP2, MITF, MTOR, PAIP2B, hVps34 (aka PIK3C3), RPLP0O, RPS6KB1, TFE3, TFEB,
ULK1, URBZ2) can be seen in Online Resource #1. Also, markers of notch signaling (mib2)
and ribosomal biogenesis (pre-rRNA 45S (ETS) were assayed (Online Resource 1). The
geometric mean of 3 targets (ACTB, B2M, and RPL13A; Online Resource 1) were
originally selected as normalization/housekeeping genes. B2M and ACTB were not stable
pre- to post-training; however RLP13A was stable and was utilized as the normalization/
housekeeping gene. Muscle samples from 6 participants did not meet target stability criteria
required to endure valid analysis. Relative fold changes were determined from the cycle
threshold (Ct) values using the 272ACt method (Livak and Schmittgen 2001). To simplify
data interpretation, the change from pre- to post-training was calculated and presented.

Immunohistochemistry

Samples were removed from the cork at -25°C in a ThermoFisher Cryostat (Fisher Scientific
HM 525X) where they were cut in 7 um cross-sections. Pre- and post-training samples for
the same subject were placed on the same slides (Fisherbrand Superfrost®/Plus microscope
slides, Fisher Scientific, Wilmington, DE, USA). Immunohistochemical techniques for
myosin heavy chain (MHC) type and cross-sectional area (CSA) were conducted as
previously described (Fry et al. 2014). Approximately 250 muscle fibers were analyzed for
fiber type distribution and 200 for CSA in each sample.

Statistical analysis

All values are expressed as Mean + SEM or 95% confidence intervals (CI). Data variance
and normality were tested and transformations were made, where appropriate. Independent
paired t-tests were used to test pre- to post-training differences and each individual time
point for blood 1°N phenylalanine enrichments. Pearson product correlations were utilized to
test associations. Steady state of blood 13Cg phenylalanine enrichments pre- and post-
training were examined with linear regression to test for differences in slopes. A 2-way
ANOVA, with repeated measures of time and RET was used to test for differences in 15N
phenylalanine enrichment and the Bonferroni correction was used to test multiple
comparisons when appropriate. Significance was set at p < 0.05 with trends at p 0.05 < 0.1.
All calculations were made and figures created in Graph Pad Prizm.6.0f for Mac (La Jolla,
CA).
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Results

Baseline Characteristics and Body Composition

Descriptive characteristics for all participants at baseline are shown as follows (means with
95% CI) in Table 1.

Nutritional Intake

For all participants the average nutritional intakes of energy, carbohydrate, and fat was
unchanged during RET and thus pooled as 2361 (2142,2580) kcals, 3.50 (3.20, 3.81)
g-kgl.dland, 1.23 (1.08,1.38) g-kg™1-d-1, respectively. This was, 45.0 (43.1,46.9) and 35.5
(33.9,37.1) % of energy from carbohydrate, and fat, respectively. Protein intake was 1.34
(1.21,1.48), 1.63 (1.38,1.88) and 1.56 (1.33,1.79) g-kg™L-d"1 at pre-, mid-, and post-training,
respectively. Protein intake was 18.2 (16.7, 19.8), 20.1 (18.4, 21.9) and 20.2 (18.5, 21.9) %
of energy at pre-, mid-, and post-training, respectively. Protein intake increased at mid-
(p<0.05), but not post-training and was 1.47 (1.32,1.63) g-kg 1-d"1 on average throughout the
training. There was no relationship between protein intake and hypertrophy (p>0.5).

Blood/Cell Counts, Plasma Volume and Metabolic Panel

Complete blood count, electrolytes, urinalysis, and the metabolic lab panel were all within
normal limits (ESM Table 1 in Online Resource #2). The exercise training resulted in a 2.2%
and 3.9% increase in blood volume and plasma volume, respectively, as calculated via the
Dill and Costill method (Costill and Fink 1974), to correct all post values by the plasma
volume change (ESM Table 2 in Online Resource #2). There was no change (p<0.05) in cell
volume, total carbon dioxide, anion gap, total bilirubin, creatinine, total protein, albumin,
alanine aminotransferase, and aspartate aminotransferase following RET. However,
hematocrit decreased (p<0.05) and hemoglobin, electrolytes (sodium, potassium, chloride
and calcium), glucose, blood urea nitrogen, and alkaline phosphatase increased (p<0.05)
following RET.

Amino Acid Concentrations and Muscle Q & T Pool Sizes

Blood phenylalanine, leucine, valine and the sum of all branched-chain amino acids
(nmol/ml) increased (p<0.05) following RET, but isoleucine remained unchanged (p>0.10)
(ESM Table 3 in Online Resource #2). Muscle intracellular phenylalanine, isoleucine,
valine, and the sum of all branched-chain amino acids (nmol/ml) increased (p<0.05)
following RET, but intracellular leucine and muscle protein bound phenylalanine remained
unchanged (p>0.10) (Fig. 1). The pool size (umol/mg wet tissue) of free muscle
phenylalanine (Q) increased (p<0.05) from pre- (65.8+2.0) to post- (77.2+2.1) RET. The
pool size (umol/mg wet tissue) of protein-bound muscle phenylalanine (T) remained
unchanged (p>0.10) from pre- (44055+1064) to post- (44968+1045) RET. Thus the ratio of
T/Q decreased (p<0.05) from pre- (691.5+£25.7) to post- (597.8+24.3) RET.

Myosin Heavy Chain Composition

MHC I composition did not change (p>0.10) following RET, but MHC Ila frequency
increased (p<0.05) while hybrid frequency decreased (p<0.05) (data not shown).
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Muscle Hypertrophy

Thigh circumference and leg volume increased (p<0.05) following RET (data not shown).
Leg, arm, appendicular and whole body lean mass (LM) increased (p<0.05) ~4-6%
following RET (ESM Fig. 2). Ultrasound assessed muscle thickness of both the vastus
lateralis (VL) and vastus intermedius (V1) increased (p<0.05) following RET. Vastus
lateralis (VL) muscle thickness was 2.26 (2.13,2.38) cm at pre-training and increased 0.32
(0.25,0.38) cm to 2.60 (2.48,2.70) cm post-training (Fig. 3). Vastus intermedius (V1) muscle
thickness was 1.93 (1.79,2.07) cm at pre-training and increased 0.27 (0.16,0.38) cm to 2.22
(2.05,2.38) cm post-training. The sum of vastus lateralis (VL) and vastus intermedius (V1)
was 4.18 (3.94,4.41) cm at pre-training and increased 0.60 (0.44,0.75) cm to 4.78 (4.57,5.00)
cm (p<0.05) following RET (Fig. 2). MHC I, lla, and hybrid myofiber CSA increased
(p<0.05) following RET (Table 2 and ESM Fig. 2).

Dynamometry and 1-RM strength

Isometric torque (Newton-meters) increased (p<0.05) by 33.6 (19.3,47.9) for knee extension
and by 14.3 (6.4,22.2) for knee flexion following exercise training. Isokinetic torque
(Newton-meters) also increased (p<0.05) by 11.2 (2.9,19.4) for knee extension and by 11.4
(2.0,20.8) for knee flexion following exercise training. For the exercise—training specific
exercises, 1-RM strength increased (p<0.05). Baseline knee extension strength was 108.7
(99.5,118.0) kg and increased by 62 (54.9,69.4) kg. The average strength of all 10 exercises
was 80.0 (74.0,85.4) kg at baseline and increased by 42.6 (39.5,45.7) kg.

Cell signaling and protein expression

Phosphorylation of Akt (Thr3%8 & Thr473), mTOR (Ser?448) 4E-BP1 (Thr37/46) eEF2
(Thr56) and GSK-3a/p (Ser®) and total protein for Akt, nTOR, 4E-BP1, p70S6K1, S6,
eEF2, GSK-3a/B, LAMP1, ATG1, LC3B, Beclin-1 did not change (p>0.10) following RET
(data not shown).

Muscle protein, DNA, RNA concentration and Water and Ribosomal Content

Vastus lateralis RNA concentration increased (p<0.05) following RET (ESM Table 4 in
Online Resource #2). The change in RNA concentration positively correlated with the
increase in average vastus lateralis thickness (r=0.522, p=0.004) and leg volume (r=0.433,
p=0.031). The area of 18S and 28S ribosomal subunits increased (p<0.05) following RET
(ESM Table 4 in Online Resource #2). Vastus lateralis muscle protein and DNA
concentrations did not change (p>0.10), yet muscle-water content increased (p<0.05)
following RET. There was a trend (p<0.10) for the RNA:DNA ratio to increase following
RET (ESM Table 4 in Online Resource #2).

Enrichments

Linear regression revealed no change (p>0.05) in the slope of blood 13Cg phenylalanine
enrichments at pre-0.041 (-0.009,0.091) and post-training 0.040 (-0.011,0.090) over the
course of each experiment. The slopes were equal (p=0.979). Thus, a steady state was
present for blood 13Cg phenylalanine. Muscle tissue fluid 13Cg phenylalanine enrichments
exhibited a negligible (<0.7%), but significant main effect of time (p<0.001) from the first to
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second biopsy, within each infusion trial. There was a main effect of RET (p=0.003)
demonstrated as a reduction post-training, but not an interaction (p=0.537). Blood 1°N
phenylalanine enrichment decreased following termination of the tracer infusion as a main
effect of time (p<0.01). There was no main effect of RET (p=0.528) or interaction
(p=0.104). Muscle tissue fluid 1°N phenylalanine enrichments decreased following
termination of tracer infusion as a main effect of time (p<0.01). There was no main effect of
RET (p=0.198), but a strong trend for an interaction (p=0.054). This was driven by higher
muscle tissue fluid 1°N phenylalanine enrichment (p<0.05) determined in the second biopsy
following RET. ESM Fig. 3 in Online Resource #2 depicts the blood and muscle tissue fluid
enrichments.

Muscle protein turnover

MPS, also referred to as the fractional synthesis rate (FSR) was increased (p<0.05)
following RET (Fig. 3). When mixed-muscle FSR was calculated with blood enrichments as
the precursor, a similar pattern was demonstrated with a 20% increase (p<0.05) from pre-
(0.041+0.002%-h"1) to post-training (0.049+0.002%-h"1). MPB, also referred to as fractional
breakdown rate (FBR), was decreased (p<0.05) following RET. Thus net protein turnover
was less negative (p<0.05). Muscle myofibrillar FSR was increased (~39%) (p<0.05)
following RET (Fig. 3). The change in FSR pre- to post-training was positively associated
(r=0.555, p=0.003) with the change in average vastus lateralis muscle thickness (Fig. 4).

Whole body proteolysis

Whole body proteolysis (mmol--1kg1-min-1), as assessed via the phenylalanine rate of
appearance into blood, increased (p<0.05) from 0.72 (0.69,0.75) to 0.79 (0.75,0.83)
following RET.

Muscle growth and turnover mRNA expression

CDK2, MyoG, FBX032, MuRF-1, BNIP3L, CDKN1A, GAPARAP, HSPA8, LAMP1,
LAMP3, MITF, MTOR, pre-rRNA 45S (ETS), RPS6KB1, DGZ, TFE3, TP53, ULK1,
URB2 and ACTB mRNA expression did not change following RET (data not shown).
IGF-1, FOX03, mib2, MSTN, RPLPO, SLC38A9 and B2M were down-regulated (p<0.05),
whereas LAMP2, PAIP2B, hVVps34 and TFEB were up-regulated (p<0.05) following RET.
There was a trend (p<0.10) for MyoD1 to be down-regulated following RET (Fig. 5).

Discussion

In this study we report resistance exercise training (RET)-induced skeletal muscle
hypertrophy with increases in lean mass (~5%), knee extensor muscle thickness (~15%),
myofiber cross-sectional area (~20%), and leg strength (~12% via dynamometry). These
phenotypic changes were characterized by increased skeletal muscle translational capacity
(i.e., total muscle RNA, 18S, and 28S ribosomal subunits). Most notably, post-absorptive
protein turnover had a 24% increase in muscle protein synthesis and a 21% decrease in
muscle protein breakdown— which resulted in a post-training net balance that was less
negative compared to pre-training. Intriguingly, the increase in protein synthesis was
positively correlated (r=0.555, p=0.003; Fig. 4) with the change in vastus lateralis muscle
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thickness following RET. This finding suggests an important role for post-absorptive protein
turnover in the modulation of the muscle proteome and as a result of RET, muscle
hypertrophy.

The decrease in FBR in our study was mathematically driven by an increase in the product,
muscle-tissue free phenylalanine (Q), relative to the precursor content of bound
phenylalanine (T) (Figure 1). This resulted in less dilution of muscle-tissue free 15N
phenylalanine enrichments from endogenous tracee following RET. Overall, RET induced
an expansion of both the blood (phenylalanine, leucine, valine, and total branched- chain)
and muscle-tissue free (phenylalanine, isoleucine, valine and total branched- chain) amino
acids (AA) suggesting that exercise will expand these AA pools. These increases in tissue-
free AA concentration occurred regardless of increased plasma volume (~4%) and decreased
muscle water content (~1%). The reason for the expanded tissue-free AA pool is unknown
and intriguing, but this data coupled with the increased whole-body proteolysis following
RET and data from the metabolic panel may represent increased metabolism and protein
turnover resulting in post-absorptive AA release in other non-muscle tissues (Waterlow et al.
1978; Cynober 2002), particularly those with higher turnover rates (Tessari et al. 1996)
during or following RET. Typically, the muscle would provide AAs to other organs in the
post-absorptive state, yet, following RET there could be improved efficiency in protein
metabolism to maintain peripheral lean mass. This is an interesting hypothesis that warrants
further investigation.

Our relatively larger cohort, for an exercise-training protein metabolism study, was
advantageous to better assess the role of post-absorptive protein turnover and muscle growth
following RET. Thus, we were able to demonstrate a significant positive association between
the change in post-absorptive muscle protein synthesis and muscle hypertrophy (e.g., vastus
lateralis muscle thickness) following RET. Throughout the exercise training, protein
turnover in the post-absorptive state could be a time frame that characterizes high responders
to RET through maintenance of protein mass and/or a limiting of muscle loss in the fasted
state. Although our study design is unable to define the precise role and time course of the
post-absorptive state during RET on muscle hypertrophy, it is clear that this period is
important for muscle hypertrophy as several elegant reports have demonstrated (Brook et al.
2015; Damas et al. 2016). Until recently, the hours following exercise have received the
most focus regarding the accrual of new proteins supporting muscle hypertrophy (Mitchell et
al. 2014). It was demonstrated that the cumulative MPS during 0-3 weeks, but not 3-6
weeks, of RET drives the muscle hypertrophic response following RET (Brook et al. 2015).
Following this study, another use of day-to-day cumulative MPS demonstrated that the
integrated MPS response at 3 and 10 weeks of RET is very strongly correlated to muscle
hypertrophy (Damas et al. 2016). This suggests that other time periods, including the post-
absorptive state, as we demonstrate here, may play more of a role than previously thought.

Most investigations examining basal MPS following RET are conducted 2-4 days (3 days in
the current study) following the last exercise bout as this timeframe is well past the point
where acute RET-induced MPS increases return to baseline values (ESM Table 5) (Damas et
al. 2015). In support of our findings, the results from other studies indicate that post-
absorptive mixed-muscle protein synthesis is elevated after RET (Kim et al. 2005) and a
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trend was demonstrated for higher values in trained individuals compared to untrained
individuals (Phillips et al. 1999). However, studies examining postprandial muscle-protein
synthesis (i.e., in subjects who were not fasted) following RET are equivocal (Tang et al.
2008; Phillips et al. 2002). We also demonstrated increased myofibrillar protein synthesis, as
shown elsewhere (Wilkinson et al. 2008), but in contrast to an earlier study by the same
authors (Kim et al. 2005). The reasons for the discrepancy in myofibrillar protein synthesis
are unclear, but may stem from differences in the duration of RET, individual differences in
the response in smaller (7<10) cohorts (Tang et al. 2008; Wilkinson et al. 2008), or some
other unknown factor.

Not only does our study contain the largest cohort (pre-post completers, 7=28) of young
adults to complete a pre/post assessment of basal post-absorptive protein turnover following
RET, but it also is the first study to assess longitudinally both muscle protein synthesis and
breakdown. The only study examining post-absorptive MPS and MPB in the context of RET
was a cross-sectional comparison between un-trained and RET-trained individuals. Although
Phillips et al. (Phillips et al. 1999) found a trend for MPS to be higher in RET trained
individuals compared to untrained individuals, there was no difference between groups in
their fractional breakdown rate (FBR). However, in our longitudinal design we demonstrated
there was a decrease in FBR (~21%) following RET. Our muscle protein turnover findings
are in contrast to the increased post-absorptive FSR and FBR following aerobic exercise
training (AET) (Pikosky et al. 2006), and perhaps this can help explain why RET more
frequently results in greater muscle hypertrophy as compared to AET. Only one other
longitudinal study has examined both FSR and FBR following RET and that study reported
both FSR and FBR were increased post-training (Phillips et al. 2002). However, that study
involved both men and women and was conducted during post-prandial conditions thus
making results between the two studies difficult to reconcile (Phillips et al. 2002).

In addition to our findings, previous research indicated increased MPS in the post-absorptive
state following RET (Kim et al. 2005; Phillips et al. 2002; Phillips et al. 1999; Wilkinson et
al. 2008), but as some have mentioned (Phillips et al. 2002), we know very little regarding
the cellular and molecular mechanisms for these changes. Work from our laboratory has
found that activation of the mechanistic target of rapamycin complex 1 (mTORC1) is
required for the contraction (Drummond et al. 2009) and amino acid-induced (Dickinson et
al. 2011) stimulation of MPS. Yet, we have also shown that mMTORC1 is likely not a
prominent regulating factor of post-absorptive MPS (Dickinson et al. 2013). In support of
this previous finding, we could not demonstrate changes in mTORCL signaling or protein
content in skeletal muscle, as others have also shown (Rahbek et al. 2014; Wilkinson et al.
2008; Brook et al. 2015). Thus, translational efficiency may not be the regulating factor in
the post-absorptive state (Vissing et al. 2013; Rahbek et al. 2014), but rather ribosomal
content (i.e., translational capacity) (Figueiredo et al. 2015; Nader et al. 2014; von Walden et
al. 2012). We used total muscle RNA as a proxy for translational capacity and demonstrated,
similar to a recent reports (Figueiredo et al. 2015; Brook et al. 2015), that the increase in
total RNA was also positively associated with muscle hypertrophy (e.qg., vastus lateralis
muscle thickness) following RET. However, in contrast to recent findings (Figueiredo et al.
2015), we could not demonstrate increased expression of a primary marker of ribosomal
biogenesis (pre-rRNA 45S) and found that the expression of several MRNA's involved in
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ribosomal biogenesis or encoding ribosomal proteins did not change (MTOR, RPS6KB1,
RPL13A & URB2) while one (RPLPO) even decreased. Further, the mRNA expression of a
translational inhibitor (PAIP2B) (Berlanga et al. 2006) was increased suggesting a
mechanism to suppress the expanded translational capacity. However, we also demonstrated
increased content of the two most abundant ribosomal subunits (18S and 18S), signifying
that enhanced ribosomal biogenesis had indeed occurred and suggesting that our
measurements may have been after the peak of transcriptional regulation for ribosomal
biogenesis, which appears to occur during the initiation of exercise training (Nader et al.
2014; von Walden et al. 2012). Although others have indicated that global protein synthesis
in the post-absorptive state could be increased independently of mMTORC1 via AKT/GSK-3/
elF2B signaling (Wilkinson et al. 2008; Leger et al. 2006), our data and others (Walker et al.
2013; Vissing et al. 2013; Rahbek et al. 2014) demonstrate no change, whereas another
report indicates a decrease (Hulmi et al. 2009b). Thus, it appears that translation initiation
(i.e., translational efficiency) is not increased following RET via mTORC1 dependent or
independent mechanisms to regulate protein turnover in the basal post-absorptive state.
Rather, the increase in ribosomal biogenesis and the resultant increase in translational
capacity is likely playing a predominant role in post-absorptive muscle protein synthesis.

Since the lysosome is thought to be a key region for amino acid sensing (Bar-Peled et al.
2012), it might be a regulatory site of protein turnover (Bar-Peled et al. 2013). The improved
net balance (decreased MPB and increased MPS) following RET suggests an improvement
in amino acid sensing driving enhanced intra-cellular recycling of amino acids from
breakdown to be re-synthesized into muscle proteins. Paradoxically, yet reflective of the
increased intracellular amino acid concentrations detected post-training, RET resulted in
downregulation of the lysosomal amino acid sensor SLC38A9. Although we could not
demonstrate an increase in autophagic flux markers such as beclin-1 or LC3B, we found an
upregulation of several mMRNA's encoding proteins (LAMP2, hVVps34) under regulation by
the lysosomal biogenesis transcription factor (TFEB), which was also increased (Settembre
et al. 2012). TFEB is involved in regulating lysosomal content and amino acid sensing
suggesting a role for autophagy during post-absorptive RET-induced muscle hypertrophy.
Interestingly, the reduction in expression of FOXO3, a known transcription factor in protein
degradation, coincides well with the reduced MPB we demonstrated following RET. In
contrast to some previous research, (Leger et al. 2006; Stefanetti et al. 2014), but in
agreement with other findings (Stefanetti et al. 2014; Hulmi et al. 2009a), we did not see a
change in two potential transcriptional targets of FOXO3, (FBX032 and MURF-1), the two
main E3 ubiquitin ligases involved in ubiquitin proteasome-mediated protein degradation.
This suggests that some other mechanism of protein degradation is being modulated through
FOXO3, possibly autophagy.

In an attempt to study participants in a situation more akin to standard living conditions, and
to save on expensive hospital inpatient costs, we had participants walk onto the unit the
morning of the tracer study. This, and the lack of dietary standardization, may reflect an
inability to tease out differences in our protein-expression data (Vissing et al. 2011).
Regardless, as support for our current model, we were able to demonstrate robust changes in
skeletal muscle protein turnover and also changes in mMRNA expression following RET.
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There are a few potential explanations as to why our basal FBR values are higher than in
some studies (Fry et al. 2013; Phillips et al. 1999) but not in other studies reported in the
literature (Phillips et al. 1997; Gundermann et al. 2014). We recently demonstrated that
subjects who walk onto the unit (current study) typically have ~20% higher MPS values
than inpatients (Reidy et al. 2014a). Since FSR and FBR are well coupled (Phillips et al.
1997), it is possible that FBR could also be elevated in our walk-on participants. More likely
the reason for our higher values and the variation in FBR measures when compared to FSR
measures across the literature are probably due to assumptions and additional parameters in
the FBR calculation (Wolfe and Chinkes 2005).

In conclusion, we found an improved post-absorptive net muscle protein balance (i.e.,
increased muscle protein synthesis and reduced muscle protein breakdown) following RET-
induced muscle hypertrophy in a large cohort of young men. We provide evidence of a novel
role for post-absorptive muscle protein turnover in the regulation of muscle hypertrophy by
describing a positive association between the increase in muscle size and the change in MPS
following RET. The training induced increase in post-absorptive MPS appears to be the
result of enhanced translational capacity (i.e., increased ribosomal biogenesis) rather than
improved translational efficiency. The reduction in post-training MPB is associated with a
reduced expression of FOXO3 and increased expression of genes regulating lysosomal
biogenesis/autophagy. The combination of an increase in ribosome and lysosomal biogenesis
may be suggestive of improved intracellular amino acid recycling in human skeletal muscle
following resistance exercise training. The various phases periods of adaption of protein
turnover during RET are now becoming revealed (Brook et al. 2015; Damas et al. 2016) and
future studies are encouraged to examine the this in more detail across various subject
populations and with emphasis on amino acid recycling/sensitivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Vastus lateralis free and bound protein phenylalanine (phe), and free isoleucine, leucine,

valine, and the sum of all branched-chain amino acid (BCAA) concentrations in young adult
men pre- and post-resistance exercise training. * p<0.05 vs Pre.
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Vastus lateralis (VL) muscle thickness as a measure of muscle hypertrophy in young adult
men following resistance exercise training (RET). Absolute values are shown in the left y-

axis and change values are in the right y-axis. * p<0.05 vs pre.
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Vastus lateralis muscle protein turnover of young adult men as the absolute values pre- and
post-resistance exercise training. The top right inset shows the change in mixed-muscle

protein turnover pre- and post-resistance exercise training. The top left inset shows the

myofibrillar (Myo) protein synthesis pre- and post-resistance exercise training. Net balance
was calculated as the difference in in mixed-muscle protein synthesis and breakdown. FSR,
fractional synthesis rate; FBR, fractional breakdown rate, NET, net balance. * p<0.05 vs Pre.
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Fig. 4.

Association between the change in mixed-muscle protein synthesis and muscle thickness in
the vastus lateralis (VL) of young adult men following resistance exercise training. FSR,
fractional synthesis rate.
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Fig. 5.

Fold regulation in vastus /ateralis mRNA expression of young adult men following

resistance exercise training. * p<0.05 vs Pre.
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Table 1
Baseline characteristics?
Age, years 24.8 (23.6,26.1)
Height, cm 177.4 (175.1,179.7)
Weight, kg 76.4 (73.5,79.3)
BMI, kg/n? 24.3(23.4,25.2)
DXA body composition, kg
Whole body LM 55.6 (53.2,57.9)
Leg LM 19.1 (18.2,20.0)
Fat, % 23.7 (21.6,25.8)
Fat mass 17.4 (15.6,19.2)
1-Repetition maximum, kg
Average 80.0 (74.0,85.4)
Knee extension 108.7 (99.5,118.0)

Muscle thickness, cm

Knee extensor 4.18 (3.94,4.41)

1
Data are mean + 95%CI.

LM, lean mass, /7=36.
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