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Acute testosterone administration does not

. Crsaten,
affect muscle anabolism
David D. Church', Stefan M. Pasiakos?, Robert R. Wolfe' and Arny A. Ferrando'

Abstract

We previously demonstrated that improved net muscle protein balance, via enhanced protein synthetic efficiency,
occurs 5 days after testosterone (T) administration. Whether the effects of T on muscle protein kinetics occur

immediately upon exposure is not known. We investigated the effects of acute T exposure on leg muscle protein
kinetics and selected amino acid (AA) transport using the arteriovenous balance model, and direct calculations of
mixed-muscle protein fractional synthesis (FSR) and breakdown (FBR) rates. Four healthy men were studied over a

kinetics after initial administration.

breakdown

5h period with and without T (infusion rate, 0.25 mgmin”). Muscle protein FSR, FBR, and net protein balance
(direct measures and model derived) were not affected by T, despite a significant increases in arterial (p = 0.009)
and venous (p =0.064) free T area under the curve during T infusion. T infusion had minimal effects on AA
transport kinetics, affecting only the outward transport and total intracellular rate of appearance of leucine. These
data indicate that exposing skeletal muscle to T does not confer immediate effects on AA kinetics or muscle
anabolism. There remains an uncertainty as to the earliest discernable effects of T on skeletal muscle protein
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Introduction

The effects of exogenous testosterone (T) administration
on muscle protein anabolism and lean body mass ac-
crual are well established. The muscle protein kinetic
mechanisms through which T administration improves
anabolism are less appreciated. Fasted net muscle pro-
tein balance is improved in healthy males following a 5d
treatment with an oral T analogue [1] or T injection [2].
Muscle protein synthesis (PS) improves with T in fasted
muscle of healthy males [1, 2], in part by improving syn-
thetic efficiency, where synthetic efficiency refers to the
rate of PS relative to the availablilty of amino acid (AA)
precursors. In the post-absorptive state, the essential AA
precursors for PS at the whole body level are derived en-
tirely from protein breakdown (PB). In certain tissues and
organs, the precursors for PS can be derived from uptake
of circulating AA. Improved synthetic efficiency of muscle
protein in the post-absorptive state in response to T refers
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to an increase in the rate of PS relative to the rates of PB
and inward AA transport [1, 2]. Greater anabolism is
achieved when hyperaminoacidemia accompanies T ad-
ministration through greater increases in inward AA
transport, intracellular AA appearance, and subsequently
PS [3]. Enhanced muscle protein synthetic efficiency has
also been observed in a severely injured clinical popula-
tion, as administering T for 2 weeks to severely burned
patients improves the synthesis/breakdown ratio. How-
ever, unlike healthy adults, synthesis and breakdown are
both dramatically upregulated in burn patients [4], thus
the increase in protein synthetic efficiency secondary to T
administration is due to a maintenance of the rate of PS
and a reduction in the rate of PB [5]. As such, our work
utilizing T for 5days or longer demonstrates effects on
muscle protein kinetics. Whether the effects of exogenous
T on muscle protein kinetics occur acutely upon exposure
is not known.

We sought to discern the effects of acute T administra-
tion on muscle protein kinetics. The investigation cen-
tered on the concept of a potential hormonal-induced
change in protein kinetics. For example, muscle anabolism
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and inward AA transport were upregulated with acute in-
sulin infusion [6]. Whether an analogous response was
present with T is not known. Although the primary mech-
anism of T in skeletal muscle is genomic via the androgen
receptor, Estrada and colleagues [7] demonstrated T can
stimulate extracellular signal-related kinase 1 and 2, which
are involved in cellular growth, within a minute in cul-
tured myotubes. Furthermore, the G-coupled protein re-
ceptor GPRC6A, a widely expressed calcium and amino
acid sensor, has been implicated in the non-genomic ac-
tion of T [8]. This question may be relevant to populations
who are not generally considered for clinical T treatment
and are routinely exposed to acute catabolic stress. More
specifically, T may be a viable option to conserve muscle
mass and ultimately function in healthy poplutations ex-
posed to extreme stress, such as military personnel, in-
cluding light infantry and special operations forces, who
can experience high energy expenditures, severe energy
deficits, sleep deprivation, and environmental stress dur-
ing trainings and combat operations. These exposures typ-
ically last ~3-60days and elicit a marked hypogonadal
state and catabolism of lean mass [9-11]. In this context,
delineating the acute effects of T on skeletal muscle will
help refine future efforts to minimize muscle loss in mili-
tary personnel [12]. Therefore, the purpose of this study,
which was conducted in 1995, was to detail the results of
a 5h (hr) T infusion on muscle protein turnover and AA
transport in young males using stable isotope method-
ology and cross-limb modelling kinetics. We hypothesized
that exposure to 5 h of T would confer anabolic effects on
skeletal muscle. It is important to note that while we pre-
viously referred to the results of this study in a brief review
[13], the data were never published. Therefore, the effects
of acute exposure to T on muscle protein turnover are
undetermined.

Methods

Subjects

Four healthy males (28.0+3.6 [SD] yr; 71.2 +4.5kg;
172.9 £ 8.2 cm) participated in this study. Written con-
sent was obtained on all subjects, and the protocol was
approved by the Institutional Review Board at the Uni-
versity of Texas Medical Branch at Galveston (UTMB).

Infusion protocol

Subjects reported to the Clinical Research Center at the
UTMB, Galveston, TX after an overnight fast. Proce-
dures for the cross-limb balance model, and derived
kinetic parameters (see Fig. 1), have been outlined in de-
tail previously [2, 14]. Briefly, a 3-Fr 8-cm polyethylene
catheter (Cook, Bloomington, IN) was inserted into the
femoral vein and another into the femoral artery under
local anesthesia. Both femoral catheters were used for
blood sampling; however, the femoral arterial catheter

Page 2 of 7

Fig. 1 Three-compartmental model of leg amino acid (AA) kinetics.
Free AA pools in the femoral artery (A), femoral vein (V), and muscle
(M) are connected by arrows indicating unidirectional flow between
each compartment. Fin, AA inflow into leg from systemic circulation
via femoral artery; Fout, AA outflow from leg via femoral vein; Fv,a,
direct AA outflow from artery to vein without entering intracellular
fluid; Fm,a, inward AA transport from femoral artery into free muscle
AA pool; Fv,m, outward AA transport from intracellular pool into
femoral vein; Fm,o, intracellular AA appearance from endogenous

sources; Fo,m, intracellular AA utilization
- J

was also used for indocyanine green infusion for the
determination of leg blood flow. A 20-gauge polyethylene
catheter (Insyte-W, Benton-Dickinson, Sandy, UT) was
placed in an antecubital vein for infusion of labelled AAs. A
second 20-gauge polyethylene catheter was placed in the
contralateral wrist and surrounded by a heating pad
maintained at ~65°C for measurement of systemic
concentration of indocyanine green. Sample analysis
and gas chromatography-mass spectrometry (GC-MS)
of blood and muscle isotope enrichment was also previ-
ously described [15]. Subjects were studied in a cross-
over fashion with treatment order (T, intralipid [IL])
randomized.

The infusion study to determine protein kinetics is
outlined in Fig. 2. Participants received both an infusion
of T and IL, separated by at least five days. For the T in-
fusion, T (Schein Pharmaceutical, Florham Park, NJ) was
dissolved into IL (Baxter Healthcare, Deerfield, IL) and
infused at a rate of 0.25 mg:min~'; providing 30 mg of T
over the 5h study period. IL alone was infused at the
same rate. Considering healthy adult men produce
3.8-9.1 mg T/day [16], the T infusion was devised to
expose tissue to supra-physiological amount of bioactive
free T concentrations.

Baseline blood samples were obtained for the measure-
ment of background AA enrichment, indocyanine green
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| Ring-*Hs-PHE, 1-3C-LEU, 1-13C-ALA, 2-N-LYS = Testosterone |

| Leg Blood Flow |

I5N-PHE |
| Tame (k) | 0 1 2 3 4 5
| AV Blood | = x x x x x oxx
| Muscle Biopsy | X X X X

Fig. 2 Isotope infusion protocol with or without (+) Testosterone. Ring-°Hs-PHE, L-[ring->Hs] phenylalanine; 1-"*C-LEU, L-[1-'3C] leucine; 1-'*C-ALA,
L-[1-"3C] alanine: 2-"> N-LYS, L-[2-"° N] lysine; ">N-PHE, L-["°N] phenylalanine

concentration, and free T concentration. Stable iso-
topes were concomitantly infused at the following
primed (PD) continuous infusion rates (IR) through-
out the 5-h study: L-[ring->Hs] phenylalanine, IR =
0.05 umolkg™ “min~!, PD =2 pumol/kg; L-[2-'>N] lysine,
IR = 0.08 umol-kg™ “min~', PD=7.2umol/kg; L-[1-3C]
leucine, IR = 0.08 pmol-kg'-min-1, PD = 4.8 umol/kg; L-
[1-'*C] alanine, IR=0.35pmolkg "min~', PD=
35 umol/kg. After 2h of infusion (Fig. 2), a PD
(2 umol/kg) continuous (0.05 umol-kg™ ' min~"') infu-
sion of L-['°N] phenylalanine was initiated and main-
tained until the 4th h. The arterial and intracellular L-
['°N] phenylalanine enrichments at plateau and during
the decay were utilized to determine fractional break-
down rate (FBR) [17]. Biopsies of the vastus lateralis
were performed at 2h, 4h 30 min, 4 h 45 min, and 5h
of infusion. Fractional synthetic rate (FSR) of skeletal
muscle protein was determined by the incorporation
of L-[ring-*H;] phenylalanine into protein from 2 to 4
h 45 min and also from 2 to 5h (values averaged). The
biopsies at 4h 45min and 5h were utilized to mea-
sured intracellular '°N-phenylanine enrichment for
the determination of FBR.

Free testosterone concentration

Free testosterone concentrations in serum were deter-
mined by a double antibody method with commercial
radio immunoassays (Diagnostic Products, Los Angeles,
CA), which were standard at that time. The intra-assay
CV was 2.9%. The area under the curve (AUC) through-
out the entire infusion protocol (0 to 5h) was calculated
using the trapezoidal method.

Statistical analysis

Data are presented as means + SEM. All variables were
compared by paired samples ¢-test with statistical signifi-
cance designated at a < 0.05.

Results

AA Kkinetics are presented in Table 1. The temporal ar-
terial and venous free T responses to T and IL infusion
can be seen in Fig. 3. During the T infusion protocol the
arterial free T AUC (121.7 + 19.4 ng/dl/hr) was signifi-
cantly (p=0.009) greater than IL (8.4 * 1.3 ng/dl/hr),
whereas the venous free T AUC (T =171.3 + 57.7 ng/dl/
hr,; IL =10.5 + 2.2 ng/dl/hr) was not different (p = 0.064)
between trials. As a comparison, the clinical reference
range for free T concentrations is 5-9 ng/dl in young
men [18]. Thus, tissue was exposed to approximately 12
times the normal biologically active form of T.

No significant differences (p >0.05) were observed
(Fig. 4) for FSR (T =1.72+0.27; IL =1.54 + 0.48%/day),
FBR (T =2.53+0.27; IL = 2.25 + 0.42%/day), fractional net
balance (FSR-FBR; T =-0.81+0.21; IL=-0.72 +0.12%/
day), or leg blood flow (T =0.23 + 0.04; IL =0.23 +0.02L/
min). Protein synthetic efficiency (model-derived Fo,m/Ra,
m; ie., synthesis/intracellular AA appearance) was not
significantly altered when measured with either Phe (p =
0.256; IL =37.4+9.6%; T =42.3 £7.0%) or Lys (p =0.365;
IL=45.0+3.7%; T =36.9 + 4.6%). There were no demon-
strated changes in the PS/PB (Fo,m/Fm,0) ratio when
measured with Phe (p =0.977; IL=82.0+52%; T =821 +
6.8%) or Lys (p = 0.424; IL =89.9 + 2.1%; T = 82.3 + 9.0%).

There were some demonstrated changes in AA kinetics.
The outward transport of leucine from skeletal muscle
(p =0.046; IL: 417 £ 37; T: 250 + 17 nmol - min~ 1. 100 ml
leg™!) as well as the total intracellular rate of appearance
of leucine (p = 0.041; IL: 523 + 39; T: 356 + 20 nmol - min~
1. 100 ml leg™') were significantly decreased during T.
Intracellular lysine utilization rate was also significantly
(p=0.041) increased during IL (317 + 25 nmol - min~*
100 ml leg™ ') as compared to T (217 + 26 nmol - min~* -
100 ml leg™'). No other significant differences were noted.

Discussion
These results indicate that, unlike insulin [6], acute
tissue exposure to supra-physiological free T does not
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Table 1 Leg muscle amino acid kinetics
Factor Phe LEU LYS ALA

T IL T IL T IL T IL
Fin 188 + 39 194 + 29 400 + 86 413 £ 60 855 + 241 760 + 118 657 + 102 686 £ 71
Fout 205 + 47 210+ 29 445 + 112 449 + 65 932 £+ 299 799 £ 131 807 = 160 786 = 62
Fva 76 + 38 57 £ 22 195+ 79 32+ 21 552 + 208 384 £ 120 273 + 45 342 + 65
Fm.a 113 £ 38 137 £ 32 205+ 19 381 + 69 302 + 43 376 £ 102 384 + 64 345 + 20
Fv,m 130 = 41 153 + 34 250 + 34 417 £ 73 380 = 104 414 £ 109 533+ 118 444 £ 11
Fm,o 88 + 14 99 + 15 151 + 37 142 + 19 295+ 111 355+ 61 760 + 67 715+ 112
Fom 71 +£10 83+ 17 106 £ 9 106 £ 10 217 £ 52 317 £ 49 611 + 49 616 + 108
Ram 201 + 44 236 = 35 356 + 40 523 +77 597 £ 150 731 £ 148 1144 £ 125 1060 £ 116
NB -17+9 -16+3 —46 £ 30 -36£ 15 —78 £ 63 -38£13 —150 £ 65 -99 £ 22
DNS 2114 £ 186 1988 + 312

Values are means = SE and are expressed as nmol - min™" - 100 ml leg™". DNS de novo synthesis. Bolded values indicate significant differences (p < 0.05) between
T (testosterone) and IL (intralipid) infusion. Fin, amino acid (AA) inflow into leg from systemic circulation via femoral artery; Fout, AA outflow from leg via femoral
vein; Fv,a, direct AA outflow from artery to vein without entering intracellular fluid; Fm,a, inward AA transport from femoral artery into free muscle AA pool; Fv,m,
outward AA transport from intracellular pool into femoral vein; Fm,o, intracellular AA appearance from endogenous sources; Fo,m, intracellular AA utilization;

Ram =Fm,o + Fm,a, total intracellular AA rate of appearance; NB, net AA balance

affect muscle protein and AA kinetics. There were
only minor indications of initial action of T that were
afforded by the use of several essential AA tracers.
The reduction in intracellular leucine appearance,
along with a reduction in outward transport from the
muscle are consistent with increased muscle oxidation
of leucine; however, oxidation was not directly mea-
sured. The rationale for the reduction in intracellular
AA utilization (PS) of lysine is not clear, as the
changes in kinetic parameters or ratios with T were
not significantly different. Thus, the novel findings of
this study is that only minor alterations in AA kinet-
ics occur during acute T exposure.

Alterations in muscle protein kinetics require multiple
events such as changes in translation, inhibition of
catabolic signaling, and activation of anabolic signaling
pathways to occur [19]. Increased anabolic signaling
through mTORC1 via upstream effectors such as IGF-1/
Akt and/or ERK1/2 have been hypothesized to contribute
to T-mediated increases in protein synthesis [20-22]. A
role for the E3 ligases (MuRF1 and MAFbx), TGFp/myos-
tatin/activin/Smad signaling, and autophagy have all been
demonstrated for T-mediated decreases in protein catab-
olism (Rossetti, 2018). The androgen receptor carries out
the genomic actions of T. We observed a significant in-
crease in systemic free T concentrations; however, the

IL Venous IL Arterial

Time (Hours)

testosterone (black line) and intralipid (grey line) infusion

Fig. 3 Values are means + SEM. Temporal (a) and Area under the curve (b) of arterial and venous free testosterone concentrations during
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B
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Fig. 4 Values are means + SEM. Fractional synthetic (FSR) and breakdown (FBR) rate as well as net balance (NB) direct incorporation values during

H

absence of T uptake by the muscle most likely prevented
the activation of the androgen receptor. This acute expos-
ure of skeletal muscle, as opposed to the prolonged expos-
ure of days, provides a reasonable explanation of our
results. It is plausible that the extension of our metabolic
measurements to incorporate a longer period after T ad-
ministration would have demonstrated a net uptake of T,
as the free was roughly in balance at the end of the study
infusion period. This may also have realized an activation
of the androgen receptor’s hypertrophic gene program.
The broad action of T and lack of molecular measure-
ments in the present study prevent definitive conclusions
about the molecular mechanisms of acute T exposure.

It is interesting to note that the increase in arterial free T
was significant, while venous concentrations approached
significance. This indicates that skeletal muscle was ex-
posed to supraphysiological free T concentrations. How-
ever, the absence of a “net” free T uptake by skeletal
muscle may partially explain the absence of anabolic effect.
These data may lead to speculation that the chosen study
period may have not have been sufficient; however, subject
safety concerns regarding this type of administration, now
generally thought to be minimal, were given considerable
weight at that time. In retrospect, it may have been worth-
while to conduct these kinetic measurements 24 h after T
administration to ascertain potential effects.

While the small sample size may seem disconcerting,
the study design (paired testing) and proven method-
ology has the potential sensitivity to discern kinetic ef-
fects in studies with small sample sizes [23]. At the time,
these results were deemed unremarkable and we subse-
quently pursued other administration routes (injection,
oral) of T. Our results utilizing T injection demonstrated

that the fasted ratio of PS/PB improved significantly to
virtually 100% after 5 days, indicating that most all the
phenylalanine and lysine derived from PB was reincorpo-
rated into PS [2]. These data indicate that when T effects
manifest, it can effect muscle protein kinetics in the
fasted state through an improved synthetic ratio. More
specifically, this entails a preferential routing of essential
AAs derived from PB to PS.

Conclusion

The most important aspect highlighted by this research,
is that there exists a gap in our experimental knowledge
of T effects on muscle protein kinetics. We now know
that there are no acute T effects; however, we also know
that the earliest demonstrated effects, due to a lack of
experimental data, are 5 days after administration [1, 2].
Thus, we have a knowledge gap in terms of the initiation
of protein kinetic effects that spans from the time point
of administration until 5 days post-administration. This
gap has never been of clinical significance, since T ad-
ministration is normally given for extended periods of
time to correct hypogonadal states, or more recently,
during hypocaloric states in obese populations [24-26].
Even when utilized in severe burn injury [5], intensive
care treatment of this populations entails administration
for 1 month or longer [27]. However, the efficacy of T
administration in healthy populations exposed to severe
catabolic stress for short durations highlights a need to
close this knowledge gap. In particular, special opera-
tions forces combat training results in a hypogonadal
state [11, 28, 29], a loss of lean mass [10, 11, 30], and de-
creased performance outcomes due to a convergence of
many different physiological and environmental stressors
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[29, 31-34]. Thus, the ability to discern the short-term
anabolic potential of T may be of substantial benefit to
certain military populations whose occupational de-
mands often include exposure to extreme catabolic
stress. The current study indicates that within hours of
administration, there are no remarkable effects of T on
protein kinetics. What remains is the elucidation and
magnitude of T effects on protein kinetics between the
time of administration and the 5day period that has
been reported [1-3].

Abbreviations

A: Femoral artery; AA: Amino acid; Ala: Alanine; AUC: Area under the curve;
DNS: de novo synthesis; FBR: Fractional breakdown rate; Fin: Amino acid
inflow into leg from systemic circulation via femoral artery; Fm,a: Inward
amino acid transport from femoral artery info free muscle; Fm,o: Intrecellular
amino acid appearance from endogenous sources; Fo,m: Intracellular amino
acid utilization; Fout: Amino acid outflow from leg via femoral vein;

FSR: Fractional synthesis rate; Fv,a: Direct amino acid ouflow from artery to
vein without entering intracellular fluid; Fv,m: Outward amino acid transport
from intracellular pool into femoral vein; GC-MS: Gas chromatography-mass
spectrometry; IL: Intralipid; IR: Infusion rate; Leu: Leucine; Lys: Lysine;

M: Muscle; NB: Net balance; PB: Protein breakdown; PD: Primed:;

Phe: Phenylalanine; PS: Protein synthesis; SD: Standard deviation;

SEM: Standard error of measurement; T: Testosterone; UTMB: University of
Texas Medical Branch at Galveston; V: Femoral vein

Acknowledgements

The opinions or assertions contained herein are the private views of the
authors and are not to be construed as official or as reflecting the views of
the Army or the Department of Defense. Any citations of commercial
organizations and trade names in this report do not constitute an official
Department of the Army endorsement of approval of the products or
services of these organizations.

Author’s contributions

Conceived and designed the experiments: AAF, RRW. Performed the
experiments: AAF. Analyzed the data: DDC, AAF. Contributed reagents/
materials/analysis tools: AAF, RRW. Wrote the paper: DDC, AAF, SMP, AAF. All
authors read and approved the final manuscript.

Funding
Project funded by the National Institutes of Health grant ROT AG15780 (RRW-PI).
DDC is supported by a Department of Defense grant W81XWH1820021 (AAF-PI).

Availability of data and materials
The datasets used and analyzed during the current study available from the
corresponding author on reasonable request.

Ethics approval and consent to participate

The study was performed according to the Declaration of Helsinki, approved
by the IRB committee of the University of Texas Medical Branch at Galveston.
All participants gave written informed consent before inclusion in the study.

Consent for publication
All authors have seen and approved the manuscript being submitted.

Competing interests
The authors declare they have no competing interests.

Author details

'Department of Geriatrics, Donald W. Reynolds Institute on Aging, Center for
Translational Research in Aging & Longevity, University of Arkansas for
Medical Sciences, Little Rock, AR 72205, USA. 2l\/lilitary Nutrition Division, U.S.
Army Research Institute of Environmental Medicine, Natick, MA, USA.

Page 6 of 7

Received: 1 April 2019 Accepted: 12 August 2019
Published online: 22 August 2019

References

1. Sheffield-Moore M, Urban RJ, Wolf SE, Jiang J, Catlin DH, Herndon DN, et al.
Short-term oxandrolone administration stimulates net muscle protein
synthesis in young men. J Clin Endocrinol Metab. 1999;84(8):2705-11.

2. Ferrando AA, Tipton KD, Doyle D, Phillips SM, Cortiella J, Wolfe RR.
Testosterone injection stimulates net protein synthesis but not tissue amino
acid transport. Am J Phys 1998,275(5 Pt 1):E864-E871.

3. Sheffield-Moore M, Wolfe RR, Gore DC, Wolf SE, Ferrer DM, Ferrando
AA. Combined effects of hyperaminoacidemia and oxandrolone on
skeletal muscle protein synthesis. Am J Physiol Endocrinol Metab. 2000
Feb;278(2):E273-9.

4. Biolo G, Fleming RYD, Maggi SP, Nguyen TT, Herndon DN, Wolfe RR. Inverse
regulation of protein turnover and amino acid transport in skeletal muscle
of hypercatabolic patients. J Clin Endocrinol Metab. 2002 Jul;87(7):3378-84.

5. Ferrando AA, Sheffield-Moore M, Wolf SE, Herndon DN, Wolfe RR.
Testosterone administration in severe burns ameliorates muscle catabolism.
Crit Care Med. 2001 Oct;29(10):1936-42.

6. Biolo G, Declan Fleming RY, Wolfe RR. Physiologic hyperinsulinemia
stimulates protein synthesis and enhances transport of selected amino acids
in human skeletal muscle. J Clin Invest. 1995 Feb;95(2):811-9.

7. Estrada M, Espinosa A, Muller M, Jaimovich E. Testosterone stimulates
intracellular calcium release and mitogen-activated protein kinases via a G
protein-coupled receptor in skeletal muscle cells. Endocrinology. 2003 Aug;
144(8):3586-97.

8. Pi M, Parrill AL, Quarles LD. GPRC6A mediates the non-genomic effects of
steroids. J Biol Chem. 2010 Dec 17;285(51):39953-64.

9. Berryman CE, Sepowitz JJ, McClung HL, Lieberman HR, Farina EK, McClung
JP, et al. Supplementing an energy adequate, higher protein diet with
protein does not enhance fat-free mass restoration after short-term severe
negative energy balance. J Appl Physiol. 2017;122(6):1485-93.

10.  Friedl KE, Moore RJ, Hoyt RW, Marchitelli LJ, Martinez-Lopez LE, Askew EW.
Endocrine markers of semistarvation in healthy lean men in a multistressor
environment. J Appl Physiol. 2000 May;88(5):1820-30.

11. Nindl BC, Barnes BR, Alemany JA, Frykman PN, Shippee RL, Fried! KE.
Physiological consequences of U.S. Army ranger training. Med Sci Sports
Exerc. 2007 Aug;39(8):1380-7.

12.  Pasiakos SM, Berryman CE, Karl JP, Lieberman HR, Orr JS, Margolis LM, et al.
Physiological and psychological effects of testosterone during severe
energy deficit and recovery: a study protocol for a randomized, placebo-
controlled trial for optimizing performance for soldiers (OPS). Contemp Clin
Trials. 2017,58:47-57.

13. Wolfe R, Ferrando A, Sheffield-Moore M, Urban R. Testosterone and
muscle protein metabolism. Mayo Clin Proc. 2000 Jan;75 Suppl:S55-59;
discussion S59-60.

14.  Biolo G, Chinkes D, Zhang XJ, Wolfe RR. A new model to determine in vivo
the relationship between amino acid transmembrane transport and protein
kinetics in muscle. JPEN J Parenter Enteral Nutr. 1992;16(4):305-15.

15.  Biolo G, Fleming RY, Maggi SP, Wolfe RR. Transmembrane transport and
intracellular kinetics of amino acids in human skeletal muscle. Am J Phys
1995;268(1 Pt 1):E75-E84.

16. Wang C, Catlin DH, Starcevic B, Leung A, DiStefano E, Lucas G, et al.
Testosterone metabolic clearance and production rates determined by
stable isotope dilution/tandem mass spectrometry in normal men: influence
of ethnicity and age. J Clin Endocrinol Metab. 2004 Jun;89(6):2936-41.

17. Zhang XJ, Chinkes DL, Sakurai Y, Wolfe RR. An isotopic method for
measurement of muscle protein fractional breakdown rate in vivo. Am J
Phys. 1996;270(5 Pt 1):E759-67.

18. Bhasin S, Cunningham GR, Hayes FJ, Matsumoto AM, Snyder PJ, Swerdloff
RS, et al. Testosterone therapy in men with androgen deficiency syndromes:
an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab.
2010 Jun;95(6):2536-59.

19.  Rossetti ML, Steiner JL, Gordon BS. Androgen-mediated regulation of
skeletal muscle protein balance. Mol Cell Endocrinol. 2017 15;447:35-44.

20. Ferrando AA, Sheffield-Moore M, Yeckel CW, Gilkison C, Jiang J, Achacosa A,
et al. Testosterone administration to older men improves muscle function:
molecular and physiological mechanisms. Am J Physiol Endocrinol Metab.
2002 Mar;282(3):E601-7.



Church et al. Nutrition & Metabolism

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

(2019) 16:56

White JP, Gao S, Puppa MJ, Sato S, Welle SL, Carson JA. Testosterone
regulation of Akt/mTORC1/FoxO3a signaling in skeletal muscle. Mol Cell
Endocrinol. 2013 Jan 30;365(2):174-86.

Basualto-Alarcén C, Jorquera G, Altamirano F, Jaimovich E, Estrada M.
Testosterone signals through mTOR and androgen receptor to induce
muscle hypertrophy. Med Sci Sports Exerc. 2013 Sep;45(9):1712-20.
Ferrando AA, Williams BD, Stuart CA, Lane HW, Wolfe RR. Oral branched-
chain amino acids decrease whole-body proteolysis. JPEN J Parenter Enteral
Nutr. 1995;19(1):47-54.

Francomano D, Bruzziches R, Barbaro G, Lenzi A, Aversa A. Effects of
testosterone undecanoate replacement and withdrawal on cardio-metabolic,
hormonal and body composition outcomes in severely obese hypogonadal
men: a pilot study. J Endocrinol Investig. 2014 Apr;37(4)401-11.

Ng Tang Fui M, Prendergast LA, Dupuis P, Raval M, Strauss BJ, Zajac JD,

et al. Effects of testosterone treatment on body fat and lean mass in obese
men on a hypocaloric diet: a randomised controlled trial. BMC Med. 2016
Oct 7;14(1):153.

Ng Tang Fui M, Hoermann R, Prendergast LA, Zajac JD, Grossmann M.
Symptomatic response to testosterone treatment in dieting obese men
with low testosterone levels in a randomized, placebo-controlled clinical
trial. Int J Obes. 2017;41(3):420-6.

Hart DW, Wolf SE, Ramzy PI, Chinkes DL, Beauford RB, Ferrando AA, et al.
Anabolic effects of oxandrolone after severe burn. Ann Surg. 2001 Apr;
233(4):556-64.

Henning PC, Scofield DE, Spiering BA, Staab JS, Matheny RW, Smith MA,

et al. Recovery of endocrine and inflammatory mediators following an
extended energy deficit. J Clin Endocrinol Metab. 2014 Mar,99(3):956-64.
Margolis LM, Murphy NE, Martini S, Gundersen Y, Castellani JW, Karl JP, et al.
Effects of supplemental energy on protein balance during 4-d Arctic military
training. Med Sci Sports Exerc. 2016;48(8):1604-12.

Hoyt RW, Opstad PK, Haugen A-H, DeLany JP, Cymerman A, Fried! KE.
Negative energy balance in male and female rangers: effects of 7 d of
sustained exercise and food deprivation. Am J Clin Nutr. 2006;83(5):1068-75.
Berryman CE, Young AJ, Karl JP, Kenefick RW, Margolis LM, Cole RE, et al.
Severe negative energy balance during 21 d at high altitude decreases fat-
free mass regardless of dietary protein intake: a randomized controlled trial.
FASEB J. 2018;32(2):894-905.

Margolis LM, Murphy NE, Martini S, Spitz MG, Thrane |, McGraw SM, et al.
Effects of winter military training on energy balance, whole-body protein
balance, muscle damage, soreness, and physical performance. Appl Physiol
Nutr Metab. 2014;39(12):1395-401.

Margolis LM, Carbone JW, Berryman CE, Carrigan CT, Murphy NE, Ferrando
AA, et al. Severe energy deficit at high altitude inhibits skeletal muscle
mTORC1-mediated anabolic signaling without increased ubiquitin
proteasome activity. FASEB J. 2018 Jun 7,j201800163RR.

Pasiakos SM, Berryman CE, Carrigan CT, Young AJ, Carbone JW. Muscle
protein turnover and the molecular regulation of muscle mass during
hypoxia. Med Sci Sports Exerc. 2017;49(7):1340-50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 7 of 7

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Introduction
	Methods
	Subjects
	Infusion protocol
	Free testosterone concentration
	Statistical analysis

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Author’s contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

