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Abstract

Testosterone supplementation during energy de�icit promotes whole body lean mass accretion,
but the mechanisms underlying that effect remain unclear. To elucidate those mechanisms,
skeletal muscle molecular adaptations were assessed from muscle biopsies collected before, 1
h, and 6 h after exercise and a mixed meal (40 g protein, 1 h postexercise) following 14 days of
weight maintenance (WM) and 28 days of an exercise- and diet-induced 55% energy de�icit
(ED) in 50 physically active nonobese men treated with 200 mg testosterone enanthate/wk
(TEST) or placebo (PLA) during the ED. Participants (n = 10/group) exhibiting substantial in-
creases in leg lean mass and total testosterone (TEST) were compared with those exhibiting
decreases in both of these measures (PLA). Resting androgen receptor (AR) protein content
was higher and �ibroblast growth factor-inducible 14 (Fn14), IL-6 receptor (IL-6R), and muscle
ring-�inger protein-1 gene expression was lower in TEST vs. PLA during ED relative to WM (P <
0.05). Changes in in�lammatory, myogenic, and proteolytic gene expression did not differ be-
tween groups after exercise and recovery feeding. Mechanistic target of rapamycin signaling
(i.e., translational ef�iciency) was also similar between groups at rest and after exercise and the
mixed meal. Muscle total RNA content (i.e., translational capacity) increased more during ED in
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TEST than PLA (P < 0.05). These �indings indicate that attenuated proteolysis at rest, possibly
downstream of AR, Fn14, and IL-6R signaling, and increased translational capacity, not ef�i-
ciency, may drive lean mass accretion with testosterone administration during energy de�icit.

Keywords:	androgen receptor, in�lammation, muscle mass, myonuclear accretion, negative
energy balance, translational capacity

INTRODUCTION

The effects of testosterone administration on lean body mass accretion are well documented
(7–9) and suggest testosterone supplementation is a viable strategy for preserving muscle
mass in populations exposed to extreme stress. United States military personnel, in particular,
endure high physical demands, sleep deprivation, and sustained periods of severe unavoidable
energy de�icit during training and combat operations. Those stressors, especially energy
de�icit, may alter molecular regulation of muscle mass [i.e., mechanistic target of rapamycin
(mTOR)-mediated anabolic signaling; see Ref. 35], attenuate skeletal muscle and whole body
anabolism and increase catabolism (12), and result in lean body mass losses (4, 36, 37). Loss
of lean mass under these conditions is likely accelerated by the concomitant suppression of en-
dogenous testosterone synthesis (25, 29) and may therefore be attenuated with supplemental
testosterone (42, 43).

The anabolic effects of supplemental testosterone have been attributed to androgen receptor
(AR)-dependent and -independent regulation of muscle protein synthesis and breakdown (47),
and satellite cell and muscle pluripotent stem cell commitment and differentiation (49, 51).
Testosterone treatment in older men was shown to increase skeletal muscle AR expression
(23, 27). Upregulation of anabolic signaling through the mTOR pathway (i.e., translational ef�i-
ciency; see Refs. 3 and 58) and AR-dependent downregulation of ubiquitin-mediated proteoly-
sis (64) has also been observed in vitro following testosterone administration in cultured ro-
dent muscle cells. A persistent increase in muscle protein synthesis and decrease in muscle
protein breakdown would lead to muscle mass accrual over time. Furthermore, testosterone-
related increases in the fusion of activated satellite cells to existing muscle �ibers has been hy-
pothesized to contribute to greater muscle volume (13, 52). Activation, proliferation, and dif-
ferentiation of normally quiescent muscle satellite cells and pluripotent stem cells occur with
the sequential expression of speci�ic myogenic regulatory factors [i.e., myogenic differentia-
tion-1 (MyoD), paired box 7 (Pax7), myogenic factor 5 (Myf5), myogenic factor 6 (Myf6), and
myogenin]. Testosterone supplementation in humans increases the number of proliferating
satellite cells and expression of myogenin, indicating testosterone promotes cell cycle entry
and later stages of myogenesis (51). Testosterone-mediated increases in satellite cell number
and their fusion with existing �ibers may be regulated through nongenomic AR-independent
pathways (26) and AR-dependent signaling (32, 49, 50). Additionally, the potential anti-in�lam-
matory effect of exogenous testosterone administration (1, 15, 54) may promote myogenesis
and decrease proteolysis by attenuating excessive in�lammation (10, 18, 31).

To our knowledge, the molecular effects of exogenous testosterone administration during ex-
ercise- and diet-induced energy de�icits remain unexplored. Whether testosterone supplemen-
tation alters intramuscular signaling at rest or after exercise and recovery feeding is also un-
clear. Understanding the effect of testosterone on intracellular signaling pathways regulating
muscle mass under these conditions may facilitate the development of androgen-targeted ther-



apies for mitigating muscle loss during situations of severe energy de�icit. Given the well-estab-
lished intramuscular anabolic, proteolytic, myogenic, and in�lammatory signaling responses to
exercise and feeding (33, 57, 61), the possibility exists that testosterone administration pro-
motes lean mass accretion by modulating these pathways under postexercise and postfeeding
conditions. For example, testosterone may potentiate the synergistic effect of high-protein
feeding and exercise on stimulating rates of muscle protein synthesis by improving the reuti-
lization of amino acids (24). Testosterone-mediated increases in myogenesis may also enhance
the repair, replacement, and remodeling of mechanical stress-induced muscle �iber damage
during postexercise recovery to facilitate muscle mass maintenance (11). Therefore, the objec-
tive of this study was to determine the effect of testosterone (200 mg testosterone
enanthate/wk, TEST) or placebo (PLA) supplementation during 28 days of a severe exercise-
and diet-induced energy de�icit (ED; ∼55% de�icit) on AR protein content, mTOR-mediated an-
abolic signaling (translational ef�iciency), muscle total RNA content (translational capacity),
ubiquitin-mediated proteolysis, myogenesis, and muscle in�lammation relative to a period of
weight maintenance (WM) under fasted rested conditions and in recovery from exercise and a
protein-containing meal. We hypothesized that TEST vs. PLA supplementation would increase
resting AR expression and attenuate intramuscular in�lammation, resulting in greater myogen-
esis, enhanced ef�iciency of anabolic signaling, and lower proteolysis at rest and after exercise
and recovery feeding during ED relative to WM.

MATERIALS AND METHODS

Participants. Participants were part of a larger proof-of-concept, single center, randomized,
double-blind, placebo-controlled trial that assessed the effects of exogenous testosterone ad-
ministration during 28 days of a severe exercise- and diet-induced energy de�icit on changes in
body composition (43). Participant eligibility and recruitment details have been reported previ-
ously (42). Brie�ly, 50 young (18–39 yr) physically active (≥2 days/wk aerobic and/or resis-
tance exercise) men who met age-speci�ic U.S. Army body composition standards (55) and had
total testosterone concentrations within the normal physiological range (300–1,000 ng/dL)
were recruited locally from the Baton Rouge, LA, area. Data in this manuscript are presented
for 20 of those 50 participants who were dichotomized into two groups characterized by in-
creases (TEST, n = 10) or decreases (PLA, n = 10) in both leg lean mass and total testosterone
during energy de�icit. This study was approved by the Institutional Review Board at the
Pennington Biomedical Research Center (PBRC, Baton Rouge, LA) and by the Human Research
Protection Of�ice of the U.S. Army Medical Research and Development Command (Ft. Detrick,
Fredericksburg, MD). All participants provided written informed consent and the study is reg-
istered with ClinicalTrials.gov as NCT02734238.

Experimental design. This study involved 14 days of weight maintenance (WM) followed by 28
days of a highly controlled exercise- and diet-induced energy de�icit (ED) (Fig. 1). Skeletal mus-
cle in�lammatory, myogenic, synthetic, and proteolytic signaling pathways were assessed in vas-
tus lateralis biopsies following WM (day	14) and ED (day	42) at rest and after exercise and a
protein-containing mixed meal. Before WM, participants wore an accelerometer for 7 days,
recorded physical activity for 3 days, and completed a 3-day food log to assess habitual diet
and physical activity patterns. Participants subsequently maintained their habitual physical ac-
tivity during the 14-day free-living WM phase as veri�ied by daily activity records and ac-
celerometry. Participants also began a controlled eucaloric diet providing 1.6 g
protein·kg ·day , 30% energy intake from fat, and remaining calories from carbohydrates−1 −1
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during WM. This macronutrient distribution was maintained throughout the study. Energy re-
quirements for WM were individualized using the Mif�lin St. Jeor Equation with an activity fac-
tor of 1.3, as well as the 7-day accelerometer and 3-day activity log data obtained during
screening visits (42, 43). Compliance with diet instructions during WM was veri�ied by re-
search dietitians and by measuring seminude body weight daily with a calibrated digital scale
(GSE Inc. model 450; GSE Scale Systems, Novi, MI) after an overnight fast and morning void
(43). Caloric adjustments were made if necessary to maintain body mass within ±2%.

Participants were admitted to an inpatient unit at PBRC at the end of WM to begin the 28-day
(days	15–42) exercise- and diet-induced ED. They were randomized (1:1 ratio) at the beginning
of this phase to receive weekly intramuscular injections of 200 mg of testosterone enanthate
(TEST) or 1 mL of sesame oil placebo (PLA). Participants were allocated to groups using a
computer-generated randomization plan (version 9.4; SAS Institute, Cary, NC) with a permuted-
block method (n = 4/block) and age strati�ication (<29 or ≥29 yr; see Ref. 43). The dose of
testosterone administered on days	15, 21, 28, and 35 was chosen based on previous dose-re-
sponse studies (9, 14, 30) to maintain normal testosterone concentrations during the severe
energy de�icit while minimizing the potential for secondary health effects (42). As previously
described (43), participants performed ∼3.5 sessions of varied-intensity (40–85% of predeter-
mined V� � ) aerobic-type exercise per day to increase exercise-induced energy expenditure
(EIEE) from habitual levels and elevate total daily energy expenditure (TDEE) by 50% from
WM [i.e., ED EIEE = WM EIEE + (0.5 × WM TDEE)]. The 55% energy de�icit was established by
setting energy intake at 45% of the elevated TDEE. TDEE was increased during ED using dis-
crete bouts of steady-state aerobic-type exercise in an effort to re�lect the aerobic-type physi-
cal work performed during strenuous military training and operations. Exercise modalities
used to increase EIEE have been reported previously (43) and included elliptical, stationary
bike, and treadmill or outdoor walking, running, and load carriage (weighted backpack ∼30%
of body mass). Exercise intensity was veri�ied biweekly using open circuit indirect calorimetry
(ParvoMedics TruOne 2400, East Sandy, UT) and adjusted when needed to maintain the pre-
scribed EIEE (43). Light calisthenics were also incorporated every 3–4 days during ED to de-
crease the monotony of the prescribed aerobic exercise and better simulate �ield operations.
Calisthenics were not performed within 48 h of exercise testing and muscle biopsies and inte-
grated into individual exercise prescriptions to meet target energy expenditure.

Body composition. Body composition was determined using a three-compartment model (lean
body mass, fat mass, bone mineral content) derived from dual-energy X-ray absorptiometry
(DXA; Lunar iDXA, GE Healthcare, Madison, WI). Scans were analyzed using the Lunar Encore
software (version 13.6). Total body mass, lean body mass, and fat mass were primary out-
comes of the parent study (43) and are reported in this manuscript for the involved partici-
pants as a change from WM to ED. Lean body mass was calculated as total body mass minus fat
mass and bone mineral content. DXA scans were conducted by trained personnel on days	11
and 39 after an overnight fast and morning void using the participant positioning standards re-
ported previously (43). Water intake was monitored, and conditions for the DXA were con-
trolled across time and participants.

Endocrine profile. Endocrine pro�iles were analyzed from fasted blood samples collected be-
fore the �irst muscle biopsy procedure on days	14 and 42 and have been presented previously
for all 50 participants (43). In brief, an Immulite 2000 system (Siemens, Llanberis, UK) was
used to analyze blood samples for follicle-stimulating hormone [FSH, analytical range of 0.1–
170 mIU/mL, and intra-assay coef�icient of variation (CV) of 3.2%], luteinizing hormone (LH,

2peak



0.05–200 mIU/mL and 3.2%), total testosterone (20–1,600 ng/dL and 8.3%), estradiol (E ; 20–
2,000 pg/mL and 6.4%), sex-hormone binding globulin (SHBG; 0.02–180 nmol/L and 2.5%),
and insulin (2–150 μIU/mL and 3.8%). Glucose (10–600 mg/dL and 2.0%) was analyzed on a
Beckman DXC 600 Pro (Brea, CA). An enzyme-linked immunoassay (ALPCO, Salem, NH) with an
analytical sensitivity of 0.09 ng/mL and intra-assay CV of 6.65% was used to analyze IGF-I. All
samples were analyzed in duplicate. Blood was sampled between 0600 and 0900 h given the
diurnal variation of total testosterone in young men (56). Hormone data in the current manu-
script are presented for the involved participants as a change from WM to ED.

Participant stratification. Changes in leg lean mass and total testosterone from WM to ED were
positively associated for all 50 participants (r = 0.541, P < 0.001, Fig. 2). These changes re-
mained close to zero for several individuals in both groups, however, suggesting intramuscular
adaptations in TEST participants with substantial increases in both total testosterone and leg
lean mass, and PLA participants whose total testosterone and leg lean mass markedly de-
creased, may best explain the mechanisms driving differences in lean mass with testosterone
vs. placebo administration during energy de�icit (43). Therefore, muscle biopsies from a subset
of participants exhibiting substantial increases in leg lean mass and total testosterone (TEST, n
= 10) or decreases in both of these measures (PLA, n = 10) were assayed to assess phosphory-
lation status, total protein and gene expression. This method of participant strati�ication al-
lowed exclusion of individuals who, for example, had large increases in total testosterone but
no change in leg lean mass during the intervention (i.e., nonresponders), as well as those with
minimal changes in both of these parameters. This approach has been implemented previously
by studies investigating differences in high vs. low responders to resistance exercise (16, 39,
41), which allocate participants who fall into extremes for study outcomes (i.e., greatest in-
crease or decrease in muscle cross-sectional area, muscle mass, etc.) into subsets and evaluate
group differences. Available muscle tissue was also a consideration when selecting individuals
for analysis. A TEST participant with large increases in total testosterone (474 ng/dL) and leg
lean mass (0.70 kg) was excluded, since there was insuf�icient muscle tissue for multiple mus-
cle biopsy time points.

Experimental exercise bout and muscle biopsies. Percutaneous muscle biopsies of the vastus
lateralis were collected at rest and after a steady-state aerobic exercise bout on day	14 of WM
and following the 28-day ED on day	42. The exercise bout included 60 min of cycle ergometry
(Lode Excalibur Sport, Lode B.V., Groningen, the Netherlands) with exercise intensity matched
between ED and WM for each participant based on power output (124 ± 22 W) and total work
performed (448 ± 77 kJ). An absolute intensity was used to limit the confounding effects of
weight loss on relative exercise intensity and standardize the absolute stress. Workloads for
the experimental exercise bouts were determined during the 1st wk of WM using intermittent
indirect calorimetry assessment of oxygen kinetics throughout a familiarization ride on the cy-
cle ergometer. A total of three muscle biopsies were collected from one incision on one leg per
biopsy protocol day using a 5-mm Bergström needle with manual suction (22) and under local
anesthesia (1% lidocaine). The biopsy needle was inserted at different angles to separate sam-
ple sites by ∼5 cm and limit excessive trauma or in�lammation. Muscle biopsies were snap-
frozen in liquid nitrogen and stored at −80°C until further analysis. Muscle biopsies were col-
lected under fasted rested conditions (Resting) and again after the cycle ergometry bout at 1 h
(Post) and 6 h (Recovery) postexercise. Participants also consumed a standardized meal after
the 1-h postexercise biopsy providing 25% of daily energy intake, 40 g of protein from animal
sources, and 30% of kcal from fat (Table 1). The high protein content of the meal (∼40 g) was
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chosen to ensure maximal stimulation of the postexercise synthetic response (59), especially
since a portion of dietary protein may be oxidized for fuel rather than support protein synthe-
sis under energy de�icit conditions (5).

mRNA expression and total RNA content. Total RNA was extracted from ∼15 mg of muscle us-
ing a TRIzol/ethanol precipitation method. The resulting RNA pellet was resuspended in 50 µL
of nuclease-free water and assessed for quality and quantity using a Nanodrop ND-2000 spec-
trophotometer (NanoDrop, Wilmington, DE). The muscle total RNA concentration (µg RNA/mg
muscle) was assessed to provide insights on muscle translational capacity, since ribosomal
RNA comprises the majority of cellular RNA (>85%; see Ref. 63). This was calculated based on
the total RNA yield and the weight of the analyzed muscle sample [RNA concentration (µg/µL)
× solution volume (50 µL) × muscle weight (mg) ]. Equal amounts of total RNA (500 µg) were
reverse-transcribed into cDNA using High-Capacity cDNA RT Kits (Applied Biosystems, Foster
City, CA) and a T100 Thermal Cycler (Bio-Rad, Hercules, CA). Transcript levels of select genes
linked to skeletal muscle in�lammation [IL-6, IL-6 receptor (IL-6R), TNF-α, TNF-α receptor
(TNFα-R), TNF-like weak inducer of apoptosis (TWEAK), and �ibroblast growth factor-inducible
14 (Fn14)], myogenesis [MyoD, myogenin, Pax7, Myf5, and Myf6], and protein breakdown
[muscle atrophy F-box (MAFbx) and muscle ring-�inger protein-1 (MuRF1)] were determined
using commercially available TaqMan probes (Applied Biosystems). Samples were run in 10-µL
reactions in duplicate using TaqMan fast advanced master mix with a Step One Plus Real-Time
PCR system (Applied Biosystems). Data were normalized to the geometric mean of glu-
curonidase-beta (GUSB) and tubulin beta class I (TUBB) mRNA, and fold changes were calcu-
lated using the ΔΔC  method (45). Resting gene expression during energy de�icit was ex-
pressed as a fold change relative to WM for TEST and PLA. Gene data were also expressed as a
fold change from resting values within each treatment (TEST and PLA) and phase (WM and
ED) to evaluate the response to exercise and feeding. There was insuf�icient sample for one
PLA participant at Post during WM and one TEST participant at Resting and one PLA partici-
pant at Post during ED (n = 9 for these time points). One Fn14 and IL-6 data point for a PLA
participant at Post and Recovery during WM, and at Resting during ED, were considered out-
liers and removed given their values were greater than 3 SDs from the mean.

Intracellular signaling. Total protein content of AR and the relative abundance and phosphory-
lation state of proteins involved in mTOR-mediated anabolic signaling were determined using
standard SDS-PAGE and Western blot analysis. Approximately 15 mg of muscle were homoge-
nized in ice-cold lysis buffer with protease and phosphatase inhibitors. Homogenized samples
were snap-frozen in liquid nitrogen, thawed on ice, and centrifuged for 15 min at 10,000 g
(4°C). Supernatant (lysate) was subsequently collected, and protein concentrations were deter-
mined using a 660-nm Protein Assay (ThermoScienti�ic, Rockford, IL). Muscle lysates were sol-
ubilized in Laemmli buffer and loaded in equal amounts (i.e., 15 µg/lane) in precast Tris·HCl
gels (Bio-Rad). Proteins were then separated by SDS-PAGE and transferred to polyvinylidene
�luoride membranes (Bio-Rad) that were incubated overnight at 4°C with commercially avail-
able primary antibodies speci�ic to total ribosomal protein S6 (rpS6; Abcam, Cambridge, MA),
p-rpS6 , total mTOR, p-mTOR , total p70 ribosomal protein S6 kinase (p70S6K),
p-p70S6K , and total AR (Cell Signaling Technology, Danvers, MA). Labeling was
performed using horseradish peroxidase-conjugated secondary antibody (Cell Signaling
Technology), and signals were detected using a ChemiDoc XRS system (Bio-Rad) with Image
Laboratory software (Bio-Rad) following application of chemiluminescent reagent (Pierce,
Rockford, IL). Heat-shock protein 90 (HSP90) was used to con�irm that equal amounts of pro-
tein were loaded per well. Phosphorylation status was expressed relative to totals of each pro-
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tein, and total protein content was expressed relative to HSP90. Resting phosphorylation status
and total protein content during ED are displayed as a fold change from WM for TEST and PLA.
Protein phosphorylation status was also expressed as a fold change from resting values within
each treatment (TEST and PLA) and phase (WM and ED) to evaluate the response to exercise
and feeding. There was insuf�icient sample for one TEST participant at Recovery during WM
and at Resting during ED (n = 9), one PLA participant at Resting and Post during WM (n = 9),
and two PLA participants at Post during ED (n = 8).

Statistical analysis. Differences between TEST and PLA in the composition of the postexercise
meal and dietary intake during WM and ED, change (ED − WM) in body composition and en-
docrine pro�ile, and participant characteristics were analyzed using unpaired t tests. We were
also interested in the intramuscular molecular response to exercise and recovery feeding in
TEST vs. PLA within WM and ED phases. Mixed-model repeated-measures ANOVA was there-
fore used to examine changes in phosphorylation status and mRNA expression following exer-
cise and a high-protein mixed meal (Resting, Post, and Recovery) within each treatment (TEST
and PLA) and phase (WM and ED). Bonferroni adjustments were performed for multiple com-
parisons if signi�icant main effects or interactions were observed. This analysis did not exam-
ine the effect of treatment on molecular outcomes at rest, since the Resting time points were
used as the control within each phase. Therefore, differences between TEST and PLA for fold
change relative to WM in phosphorylation status, total protein content, and gene expression
were evaluated at Resting time points using unpaired t tests. We have used similar methods
previously to separately examine molecular adaptations at rest and changes in the response to
exercise and recovery feeding (35). Associations between changes in Resting AR total protein
content, total RNA, Fn14, IL-6R, and MuRF1 gene expression were examined using Pearson’s
correlation. Normality was assessed using Shapiro-Wilk tests for dependent variables, and
mRNA data were log  transformed given several mRNA end points were not normally distrib-
uted. These data were presented as fold change means ± SD in Figs. 3 and 4 and Table 3 for
clarity. Gene and protein data in correlations were log  transformed and presented as such,
since negative fold change means are on a scale of 0–1 while positive data are >1, resulting in
uneven scales. All data within text, Figs. 1–5 and Tables 1–3 are presented as means ± SD. The
α level of signi�icance for all statistical tests was two-tailed and set at P < 0.05. Data were ana-
lyzed using IBM SPSS Statistics for Windows version 26 (IBM, Armonk, NY).

RESULTS

Participants in the TEST and PLA groups did not differ in age (22 ± 3 vs. 25 ± 6 y), body mass
index (25 ± 3 vs. 23 ± 2 kg/m ), or dietary intake during WM [energy (33.5 ± 3.1 vs. 36.5 ± 5.3
kcal·kg ·day ), carbohydrate (4.4 ± 0.5 vs. 4.9 ± 0.9 g·kg ·day ), protein (1.7 ± 0.1 vs. 1.7 ± 
0.1 g·kg ·day ), and fat (1.1 ± 0.1 vs. 1.2 ± 0.1 g·kg ·day )] and ED [energy (25.0 ± 4.0 vs.
24.0 ± 4.0 kcal·kg ·day ), carbohydrate (2.7 ± 0.5 vs. 2.6 ± 0.6 g·kg ·day ), protein (1.8 ± 0.3
vs. 1.6 ± 0.2 g·kg ·day ), and fat (0.8 ± 0.1 vs. 0.8 ± 0.1 g·kg ·day )] (TEST vs. PLA, P > 0.05).
Absolute energy and macronutrient content of the postexercise meal were also similar for
TEST and PLA within WM and ED phases (Table 1). Adverse events were reported previously
and not different between treatment groups (43).

Body composition and endocrine pro�ile changes during the 28-day ED differed between
groups (Table 2). Loss of total body mass and total leg mass was less for TEST than PLA (P <
0.05). Lean body mass and leg lean mass changes were more positive for TEST than PLA (P <
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0.05). Changes in total testosterone, free testosterone, and E  were more positive and changes
in FSH and LH were more negative in TEST than PLA (P < 0.05). Change in SHBG was also
lower for TEST than PLA following ED relative to WM (P < 0.05).

Resting AR total protein content was higher for TEST than PLA during ED relative to WM (P <
0.05, Fig. 3A). Change in Resting total RNA was higher for TEST than PLA (P < 0.05, Fig. 3B).
Resting Fn14, IL-6R, and MuRF1 gene expression was lower for TEST than PLA during ED rela-
tive to WM (P < 0.05, Fig. 3, C–E). Additional markers of in�lammation, myogenesis, and prote-
olysis were not different between groups at rest (Table 3). Changes in Resting AR total protein
were positively associated with changes in Resting total RNA (r = 0.467, P < 0.05, Fig. 3F), and
negatively associated with Fn14 and IL-6R (r = −0.643 and −0.616, P < 0.05, Fig. 3, G and H).
Changes in Resting IL-6R and MuRF1 were also positively associated (r = 0.838, P < 0.05,
Fig. 3I).

Fn14 was greater than Resting at Post and Recovery independent of phase in both groups,
with differences between Post and Recovery evident only in PLA (P < 0.05, time-by-treatment
interaction; Fig. 4A). TWEAK and MAFbx were lower than Resting and Post at Recovery inde-
pendent of phase and treatment (P < 0.05, time main effect, Fig. 4, Band M). TNFα-R, IL-6R,
MyoD, and Myf6 were greater than Resting at Post and greater than Resting and Post at
Recovery independent of phase and treatment (P < 0.05, time main effect, Fig. 4, C,	E,	and G,
and K). IL-6R expression was also greater during ED in TEST vs. PLA independent of time (P <
0.05, phase-by-treatment interaction, Fig. 4E). Myf5 was greater during ED vs. WM indepen-
dent of time and treatment (P < 0.05, phase main effect), greater than Resting at Post, and
lower than Resting and Post at Recovery independent of phase and treatment (P < 0.05, time
main effect, Fig. 4J). TNF-α was lower during ED than WM independent of time and treatment
(P < 0.05, phase main effect) and greater than Resting at Post and Recovery independent of
treatment and phase (P < 0.05, time main effect, Fig. 4D). IL-6 was greater than Resting at Post
and Recovery and greater in TEST vs. PLA at Post independent of phase (P < 0.05, time-by-
treatment interaction, Fig. 4F). MuRF1 was greater than Resting at Post and Recovery in both
groups, with lower expression at Recovery than Post in TEST, and greater expression at Post in
TEST vs. PLA independent of phase (P < 0.05, time-by-treatment interaction, Fig. 4L). Pax7 was
lower than Resting at Post during WM and lower than Resting and Post at Recovery during
WM and ED independent of treatment (P < 0.05, time-by-phase interaction, Fig. 4I). Myogenin
was not different at any time point (Fig. 4H).

Phosphorylation status and total protein of mTOR, p70S6K, and rpS6 were not different during
ED relative to WM under fasted rested conditions (Fig. 3). Post and Recovery p-mTOR
and p-rpS6  were greater than Resting independent of treatment and phase (P < 0.05,
time main effect; Fig. 5, A and C), whereas p-p70S6K  was similar at all time points (
Fig. 5B).

DISCUSSION

The primary observation of this study is that AR protein content was higher and Fn14, IL-6R,
and MuRF1 gene expression was lower at rest in TEST compared with PLA during ED relative
to WM. Levels of mTOR-mediated anabolic signaling (i.e., translational ef�iciency) did not differ
between groups at any time point; however, the greater increase in muscle total RNA content
for TEST than PLA during ED supports an enhanced translational capacity. Molecular re-
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sponses to an exercise bout and high-protein mixed meal were also similar in TEST and PLA.
These novel �indings suggest that, in addition to altered translational capacity, testosterone ad-
ministration during a severe exercise- and diet-induced energy de�icit attenuates proteolytic
gene expression at rest, possibly via upstream AR, Fn14, and IL-6R signaling.

The anabolic effect of supplemental testosterone during energy de�icit may be mediated by AR
signaling and its downstream effect on proteolytic activity. Higher AR total protein content was
observed at rest in TEST vs. PLA during ED relative to WM. This is consistent with previous
work showing increases in skeletal muscle AR gene expression and protein abundance with
testosterone administration in older men (23, 27). Likewise, castration-induced testosterone
de�iciency was shown to increase muscle proteolytic gene expression in mice (48, 58), whereas
testosterone administration in C C  cells represses MAFbx expression through AR-dependent
signaling (64). Recent work from Muta et al. (40) also showed that a selective AR agonist de-
creased expression of MAFbx and MuRF1 in cultured C C  myotubes. Although MAFbx did
not differ between groups at rest, these �indings are consistent with lower abundance of
Resting MuRF1 in TEST than PLA during ED relative to WM, which may result from upstream
changes in AR abundance.

Lower expression of the in�lammatory markers Fn14 and IL-6R at rest in TEST vs. PLA during
ED relative to WM may also mediate changes in proteolytic activity. Levels of Fn14 are gener-
ally low in healthy tissues, and therefore the induction of Fn14 expression is tied to
TWEAK/Fn14 pathway activity (21). Fn14 expression is substantially increased under several
catabolic conditions in mice (i.e., denervation, starvation), leading to muscle loss through
downstream activation of MuRF1 (38, 44). Heightened activation of this pathway following
TWEAK administration to cultured myotubes similarly increased MuRF1 and MAFbx expres-
sion (19). Likewise, inhibiting IL-6R decreased MuRF1 but not MAFbx expression and pre-
vented disuse-induced muscle atrophy in mice subjected to hindlimb unloading (60). This po-
tential relationship between IL-6R and MuRF1 is consistent with the highly associated changes
in IL-6R and MuRF1 expression during ED relative to WM in the current study (r = 0.838, P <
0.0001). These data collectively indicate that greater AR protein content and lower Fn14 and
IL-6R expression at rest in TEST vs. PLA during ED relative to WM may be tied to decreased
MuRF1 expression in these individuals.

Lower Resting Fn14 expression in TEST vs. PLA during ED relative to WM may be regulated by
AR activity. Yin et al. (62) reported an inverse relationship between Fn14 expression and AR
signaling output (i.e., mRNA signature of AR target genes) in a microarray data set composed
of 131 primary and 19 metastatic prostate cancer samples. Predicting androgen response ele-
ments in Fn14 promoter regions and subsequent analyses revealed that AR binding to the
Fn14 enhancer decreased its expression (62). An inverse association between Fn14 expres-
sion and AR protein content in the current study supports a similar mechanism of action in hu-
man skeletal muscle. Participants with greater changes in AR protein content also had lower
IL-6R. Although a potential mechanism underlying this relationship is less clear, Maggio et al.
(34) similarly reported an inverse association between total testosterone and soluble IL-6R in
a population of older men, suggesting increases in testosterone may act to suppress produc-
tion of the receptor. The possibility exists that AR-induced attenuation of Fn14 expression and
decreases in IL-6R expression downstream of AR signaling mediate the lower MuRF1 expres-
sion under resting fasted conditions with testosterone supplementation during ED relative to
WM. These �indings suggest testosterone supplementation may protect muscle mass by attenu-
ating proteolysis at rest. It must be noted, however, that changes in proteolytic gene expression
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do not always translate to changes in protein abundance or rates of muscle protein breakdown
(28), suggesting dynamic measures of proteolysis (i.e., stable isotope methodology) may be
necessary to con�irm this effect.

Markers of myogenesis were not different between TEST and PLA at rest or following exercise
and recovery feeding despite the hypothesized effect of testosterone administration on the
myogenesis. While exogenous testosterone administration in vitro and in humans enhanced
proliferation and differentiation of myogenic progenitor cells (26, 51) and increased commit-
ment of muscle pluripotent stem cells to the myogenic lineage (49), Englund et al. (20) recently
challenged whether the consequent fusion of activated satellite cells to existing muscle �ibers
(i.e., myonuclear accretion) drives testosterone-induced skeletal muscle hypertrophy. Muscle
�iber cross-sectional area was increased with testosterone administration in satellite cell-de-
pleted mice, suggesting muscle hypertrophy following testosterone administration does not re-
quire an increase in satellite cell abundance or myonuclear accretion (20). Although it is un-
clear if these �indings extend to humans, our work suggests increases in muscle mass with
testosterone supplementation during energy de�icit also occur independent of changes in the
myogenesis.

Interestingly, we observed no differences in mTOR signaling between groups at rest or in re-
sponse to exercise, suggesting changes in translation initiation had a limited role, at the se-
lected sampling time points, in mediating the anabolic effect of supplemental testosterone dur-
ing ED. These results are contrary to in vitro studies implicating the mTOR pathway in testos-
terone-induced increases in myotube hypertrophy (3, 58), as well as literature reporting al-
tered synthetic rates with testosterone administration and androgen withdrawal in humans
and mice, respectively (24, 53, 58). This apparent discrepancy may be attributed to energy sta-
tus (i.e., energy balance vs. energy de�icit) and differences in timing of biopsies and metabolic
state (i.e., fed vs. fasted). The 6-h postexercise biopsy (5 h postfeeding) may have occurred too
late to determine whether maximal activation of mTOR signaling during ED differed in TEST vs.
PLA relative to WM, since peak stimulation of this pathway has been observed 1–2 h after
feeding (2, 57). Additionally, while testosterone-mediated changes in protein synthetic rates
have been observed in humans in the postabsorptive state (24, 53), the role of mTOR signaling
in regulating protein synthesis under these conditions remains unclear (17). Reidy et al. (46)
found that increased postabsorptive muscle protein synthesis following resistance exercise oc-
curred with concomitant increases in translational capacity, whereas mTOR-dependent and -in-
dependent regulation of translation initiation (i.e., translational ef�iciency) did not change. We
therefore measured total RNA content of skeletal muscle (µg RNA/mg muscle) during ED rela-
tive to WM to examine changes in translational capacity, since ribosomal RNA comprises the
majority of cellular RNA (>85%; see Ref. 63). A more positive change in total RNA from WM to
ED was observed in TEST vs. PLA. These �indings are consistent with work in older men
demonstrating increases in muscle total RNA content with testosterone vs. placebo administra-
tion during a resistance exercise training program (27). Positive associations between changes
in total RNA and AR protein content suggest alterations in translational capacity may occur
downstream of AR activity.

Testosterone treatment during ED had limited effects on changes in molecular markers of in-
�lammation, myogenesis, and proteolysis following exercise and recovery feeding. Although
MuRF1 and IL-6 were greater in TEST than PLA at Post, and Fn14 was greater at Recovery
than Post in PLA but not TEST, these treatment effects occurred independent of phase (WM or
ED) and are likely the result of baseline (WM) participant differences in the molecular re-



sponse to exercise that persisted during ED rather than an effect of the TEST vs. PLA treat-
ment. Increases in IL-6R expression with exercise and recovery feeding were also greater in
TEST vs. PLA during ED. However, the physiological relevance of this �inding is unclear, since
there do not appear to be related effects on other markers of in�lammation, myogenesis, or
proteolysis (i.e., TWEAK, TNFα-R, TNF-α, MyoD, myogenin, Pax7, Myf5, Myf6, and MAFbx).
Greater increases in IL-6R expression may also be a compensatory response resulting from
lower baseline IL-6R mRNA in TEST vs. PLA. These �indings collectively suggest that, despite
the hypothesized effect of testosterone on the molecular response to an exercise bout and
high-protein mixed meal, lean mass differences in TEST vs. PLA appear predominantly driven
by adaptations under resting conditions rather than changes in the acute response to exercise
and recovery feeding.

Some limitations must be acknowledged when interpreting these �indings and their potential
implications. First is the dichotomization of individuals into groups characterized by substan-
tial increases in leg lean mass and total testosterone (TEST) or decreases in both of these mea-
sures (PLA). The analysis was conducted in this manner given observed differences in the an-
abolic response to supplemental testosterone during energy de�icit (i.e., no change in leg lean
mass or total testosterone for some individuals) and to understand the in�luence of molecular
adaptations in two distinct groups of volunteers. The possibility exists that molecular adapta-
tions (i.e., changes in resting AR, total RNA content, Fn14, IL-6R, and MuRF1) during ED rela-
tive to WM may have been similar in all individuals receiving testosterone regardless of
whether they were included or excluded from the analysis. However, excluding individuals
whose leg lean mass or total testosterone did not change was preferable to optimally evaluate
potential mechanisms of testosterone-mediated lean mass accretion during energy de�icit.
Similar approaches have been effectively used to identify intracellular mechanisms underlying
low vs. high muscle hypertrophic responses to resistance exercise training (16, 39, 41). Our
study design and muscle biopsy time points also precluded us from examining nongenomic ac-
tions of testosterone in muscle. This signaling occurs within seconds to minutes of testosterone
administration in vitro, although the physiological relevance is humans has not been fully eluci-
dated. Nongenomic actions of testosterone may in�luence gene expression and cellular pro-
cesses, as testosterone promotes myogenesis independent of AR via G protein-coupled recep-
tors in L6 cells (26). Whether nongenomic actions of testosterone contributed to changes in
gene expression observed in the current study is unknown and should be an area of future
work.

In conclusion, the current study presents novel data re�lecting skeletal muscle molecular adap-
tations to supplemental testosterone during a severe exercise- and diet-induced energy de�icit.
Given the similar molecular responses to an exercise bout and protein-containing mixed meal,
lean mass differences in TEST vs. PLA appear predominantly driven by adaptations under rest-
ing fasted conditions. Testosterone vs. placebo administration during ED increased AR protein
content and attenuated Fn14, IL-6R, and MuRF1 gene expression at rest. These �indings sug-
gest that AR, Fn14, and IL-6R signaling and subsequent alterations in downstream proteolytic
activity may contribute to changes in lean mass. Additionally, mTOR pathway activation did not
differ between groups at rest or in response to exercise; however, a more positive change in
skeletal muscle total RNA content at rest in TEST compared with PLA suggests increased trans-
lational capacity, not ef�iciency, drives lean mass accretion in response to testosterone supple-
mentation during ED.
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Figures and Tables

Fig. 1.

Experimental design. The current analysis was part of a larger study assessing the effects of exogenous testosterone ad-
ministration on changes in body composition after a 28-day exercise- and diet-induced energy de�icit (ED) designed to
be 45% of total energy needs (43). Biopsies were collected at the end of weight maintenance (WM) and ED before

(Resting) and 1 (Post) and 6 (Recovery) h after exercise (1 h cycle ergometry), with a mixed meal (40 g protein) con-
sumed following the �irst postexercise biopsy. Steady-state aerobic exercise bouts were matched between WM and ED
for each participant based on power output (124 ± 22 W) and total work performed (448 ± 77 kJ). DXA, dual-energy X-

ray absorptiometry.

Fig. 2.

Participant strati�ication according to leg lean mass and total testosterone. Changes in leg lean mass (kg) and total
testosterone (ng/dL) were positively associated for all 50 participants. A subset of individuals exhibiting marked in-
creases (TEST, n = 10) or decreases (PLA, n = 10) in both leg lean mass and total testosterone were included in all

analyses.



Table 1.

Macronutrient composition of the postexercise meal in TEST vs. PLA at weight maintenance and energy de�icit

Absolute	Intake

WM ED

TEST PLA P	Value TEST PLA P	Value

Energy, kcal 675 ± 122 640 ± 101 0.498 390 ± 58 376 ± 45 0.545

Carbohydrate, g 81 ± 23 75 ± 19 0.511 29 ± 11 26 ± 8 0.533

Protein, g 40 ± 0 40 ± 0 0.821 40 ± 0 40 ± 0 0.780

Fat, g 23 ± 4 21 ± 3 0.483 13 ± 2 13 ± 1 0.522

Values are means ± SD. Unpaired t tests were used to compare testosterone (TEST, n = 10) and placebo (PLA, n = 10)
within weight maintenance (WM) and energy de�icit (ED) phases.



Table 2.

Body composition and endocrine pro�ile changes in TEST and PLA following energy de�icit

ED	–	WM,	Δ

TEST PLA P	Value

Body composition

 Body mass, kg

  Total −0.9 ± 1.9 −5.1 ± 1.4 <0.0001

  Lean 3.8 ± 1.2 −0.9 ± 1.0 <0.0001

  Fat −4.7 ± 1.6 −4.1 ± 1.2 0.348

 Leg mass, kg

  Total −0.3 ± 0.7 −1.8 ± 0.6 <0.0001

  Lean 1.2 ± 0.7 −0.7 ± 0.4 <0.0001

  Fat −1.5 ± 0.4 −1.3 ± 0.3 0.063

 Trunk mass, kg

  Total −0.3 ± 1.4 −2.2 ± 0.9 0.003

  Lean 2.4 ± 0.8 0.4 ± 0.7 <0.0001

  Fat −2.7 ± 1.1 −2.6 ± 1.0 0.798

Endocrine pro�ile

 TT, ng/dL 711.9 ± 159.3 −193.4 ± 77.8 <0.0001

 FT, ng/dL 19.0 ± 3.7 −6.0 ± 1.7 <0.0001

 FSH, mIU/mL −3.2 ± 1.2 −0.6 ± 1.0 0.007

 E , pg/mL 39.7 ± 17 −9.1 ± 8.8 <0.0001

 SHBG, µg/mL 3.7 ± 9.3 18.3 ± 9.7 0.003

 LH, mIU/L −2.8 ± 1.0 −1.1 ± 1.5 0.009

 IGF-I, ng/mL −82.7 ± 85.6 −120.8 ± 77.3 0.310

 Glucose, mg/dL −10.2 ± 8.8 −8.5 ± 14.7 0.757

 Insulin, µIU/mL −7.4 ± 8.5 −7.0 ± 11.3 0.925

 Cortisol, µg/dL 4.7 ± 4.3 6.0 ± 4.5 0.494

Values are means ± SD. Data were expressed as energy de�icit (ED) minus weight maintenance (WM), and differences

between subjects receiving 200 mg testosterone enanthate/wk (TEST, n = 10) or placebo (PLA, n = 10) were analyzed
using unpaired t tests. TT, total testosterone; FT, free testosterone; FSH, follicle-stimulating hormone; E , estradiol;
SHBG, sex-hormone binding globulin; LH, luteinizing hormone.
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Fig. 3.

Resting androgen receptor (AR) protein content (A), muscle total RNA content (B), �ibroblast growth factor-inducible 14

(Fn14, C), IL-6 receptor (IL-6R, D), and muscle ring-�inger protein-1 (MuRF1, E) gene expression during energy de�icit
(ED) relative to weight maintenance (WM) and associations between AR, total RNA, Fn14, IL-6R, and MuRF1 changes
relative to WM (F–I) in subjects receiving 200 mg testosterone enanthate/wk (TEST) or placebo (PLA). Total AR was

normalized to heat shock protein 90 (HSP90), and muscle total RNA concentrations (µg RNA/mg muscle) were calcu-
lated based on muscle sample total RNA yield relative to muscle weight. Gene data were normalized to the geometric
mean of GUSB and TUBB, and fold changes were calculated using the ΔΔC  method (45). Differences between TEST and

PLA were examined at each time point using unpaired t tests, and associations were examined using Pearson’s correla-
tion. Values are means ± SD [TEST, n = 9 and PLA, n = 10 (n = 9 for Fn14)]. *TEST different from PLA, P < 0.05.
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Table 3.

In�lammatory, myogenic, proteolytic, and anabolic signaling under fasted rested conditions during ED relative to WM

PLA TEST P	Value

TNF-α 1.21 ± 1.78 1.13 ± 0.36 0.303

TNFα-R 1.00 ± 0.90 0.80 ± 0.34 0.550

TWEAK 0.98 ± 0.26 0.99 ± 0.33 0.993

IL-6 0.87 ± 0.59 1.21 ± 0.78 0.413

Myf5 0.66 ± 0.24 0.72 ± 0.41 0.963

Myf6 0.99 ± 0.47 0.68 ± 0.26 0.125

Myogenin 0.98 ± 0.41 0.75 ± 0.25 0.173

Pax7 0.54 ± 0.21 0.57 ± 0.18 0.519

MAFbx 0.92 ± 0.47 0.75 ± 0.29 0.911

p-mTOR 1.09 ± 0.80 1.27 ± 0.77 0.613

Total mTOR 0.96 ± 0.51 1.41 ± 0.46 0.062

p-p70S6K 0.74 ± 0.55 1.17 ± 0.68 0.146

Total p70S6K 0.83 ± 0.33 0.88 ± 0.39 0.780

p-rpS6 0.89 ± 1.09 0.73 ± 0.29 0.655

Total rpS6 1.12 ± 0.48 1.40 ± 0.88 0.402

Values are fold change means ± SD; n = 9 for testosterone (TEST) and n = 10 for placebo (PLA) (n = 9 for PLA IL-6). ED,
energy de�icit; MAFbx, muscle atrophy F-box; mTOR, mechanistic target of rapamycin; Myf5, myogenic factor 5; Myf6,

myogenic factor 6; Pax7, paired box 7; p70S6K, p70 ribosomal protein S6 kinase; TNFα-R, TNF-α-receptor; TWEAK,
TNF-like weak inducer of apoptosis; rpS6, ribosomal protein S6; WM, weight maintenance. ED data are expressed as a
fold change relative to WM under fasted rested conditions (Resting) in TEST and PLA. Gene data were normalized to the

geometric mean of GUSB and TUBB, and fold changes were calculated using the ΔΔC  method (45). Protein phosphory-
lation status expressed relative to totals of each protein and total protein content normalized to heat shock protein 90.
Differences between TEST and PLA were examined at each time point using unpaired t tests.
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Fig. 4.

Within [Resting (black bars), Post (gray bars), and Recovery (white bars)]- and between [weight maintenance (WM)
and energy de�icit (ED)]-study phase responses to exercise and a high-protein mixed meal for �ibroblast growth factor-

inducible 14 (Fn14, A), TNF-like weak inducer of apoptosis (TWEAK, B), TNF-α receptor (TNFα-R, C), TNF-α (D), IL-6
receptor (IL-6R, E), IL-6 (F), myogenic differentiation-1 (MyoD, G), myogenin (H), paired box 7 (Pax7, I), myogenic fac-
tor 5 (Myf5, J), myogenic factor 6 (Myf6, K), muscle ring-�inger protein-1 (MuRF1, L), and muscle atrophy F-box

(MAFbx, M) in subjects receiving 200 mg testosterone enanthate/wk (TEST) or placebo (PLA). Data were normalized to
the geometric mean of GUSB and TUBB, and fold changes were calculated using the ΔΔC  method (45). Changes in gene
expression were evaluated using mixed-model repeated-measure ANOVA [n = 10 except Post for PLA during WM and ED

(n = 9) and Resting for TEST during ED (n = 9); Fn14 and IL-6 Post for PLA during WM (n = 8), Recovery for PLA during
WM (n = 9) and Resting for PLA during ED (n = 9). *Different from Resting, time main effect, P < 0.05. Different from
Post, time main effect, P < 0.05. **Different from Resting, time-by-treatment interaction, P < 0.05. Different from Post,

time-by-treatment interaction, P < 0.05. #Different from WM, phase main effect, P < 0.05. ††Different from PLA, phase-
by-treatment interaction, P < 0.05. ##Different from PLA, time-by-treatment interaction, P < 0.05. ‡Different from
Resting, time-by-phase interaction, P < 0.05. ◊Different from Post, time-by-phase interaction, P < 0.05.
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Fig. 5.

Within [Resting (black bars), Post (gray bars), and Recovery (white bars)]- and between [weight maintenance (WM)
and energy de�icit (ED)]-study phase responses to exercise and a high-protein mixed meal for phosphorylated (p)

mechanistic target of rapamycin (mTOR)  (A), p-p70 ribosomal protein S6 kinase (p70S6K)  (B), and
p-ribosomal protein S6 (rpS6)  (C) in subjects receiving 200 mg testosterone enanthate/wk (TEST) or placebo
(PLA). For A–C, a representative band for the target phosphorylation site is on top and a representative band for total

protein is on bottom. Protein phosphorylation status was expressed relative to totals of each protein, and changes were
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examined using mixed-model repeated-measure ANOVA. [n = 10 except WM Recovery (n = 9) and ED Resting (n = 9) for
TEST and WM Resting (n = 9), WM Post (n = 9), and ED Post (n = 8) for PLA]. *Different from Resting, time main effect,

P < 0.05.


