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Abstract

Testosterone is considered a potent anabolic agent in skeletal muscle with a well-estab-

lished role in adolescent growth and development in males. However, the role of testoster-

one in the regulation of skeletal muscle mass and function throughout the lifespan has yet to

be fully established. While some studies suggest that testosterone is important for the main-

tenance of skeletal muscle mass, an understanding of the role this hormone plays in young,

adult, and old males with normal and low serum testosterone levels is lacking. We investi-

gated the role testosterone plays in the maintenance of muscle mass by examining the

effect of orchiectomy-induced testosterone depletion in C57Bl6 male mice at ages ranging

from early postnatal through old age (1.5-, 5-, 12-, and 24-month old mice). Following 28

days of testosterone depletion, we assessed mass and fiber cross-sectional-area (CSA) of

the tibialis anterior, gastrocnemius, and quadriceps muscles. In addition, we measured

global rates of protein synthesis and degradation using the SuNSET method, western blots,

and enzyme activity assays. Twenty-eight days of testosterone depletion resulted in

reduced muscle mass in the two youngest cohorts, but had no effect in the two oldest

cohorts. Mean CSA decreased only in the youngest cohort and only in the tibialis anterior

muscle. Testosterone depletion resulted in a general increase in proteasome activity at all

ages. No change in protein synthesis was detected at the terminal time point. These data

suggest that within physiological serum concentrations, testosterone may not be critical for

the maintenance of muscle mass in mature male mice; however, in young mice testosterone

is crucial for normal growth.

Introduction

Skeletal muscle is a critical tissue for movement and posture, as well as, other bodily functions

that impact quality of life and independence including serving as a protein reservoir, aiding

with blood glucose homeostasis, contributing to heat generation, and regulating metabolism

[1]. Skeletal muscle mass is often used as a marker of skeletal muscle health throughout life [2];
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however, the cumulative processes and mechanisms that are important for skeletal muscle mass

accretion and maintenance are incompletely understood. Moreover, we do not fully understand

the mechanisms responsible for the loss of skeletal muscle mass and function with age.

Skeletal muscle mass is governed by the delicate balance between myofibrillar protein syn-

thesis and degradation [3], and many factors influence this balance including external loading,

neural activity, nutrition and hormones. Testosterone is a steroid hormone derived from cho-

lesterol that is linked to a variety of physiological functions including sexual function and

development, systemic metabolism, cognitive function, as well as bone and muscle growth and

maintenance [4,5]. Because of its presumed role in muscle growth, there is much interest in

the potential role testosterone might have in maintenance of muscle mass in adults, adaptive

growth in response to anabolic signals such as increased load, recovery of muscle mass follow-

ing injury, and prevention of muscle mass loss during disuse and aging [6,7]. Testosterone is

thought to affect both myofibrillar protein degradation and protein synthesis pathways [8].

Currently, testosterone is hypothesized to promote protein synthesis via activation of Akt and

mTORC1 [9–11], as well as inhibition of protein degradation through the ubiquitin-protea-

some-system [10,12,13], possibly through its antagonistic actions of the glucocorticoid recep-

tor [14–16]. However, the specific mechanisms that mediate the effects of testosterone on

skeletal muscle are still unclear.

In skeletal muscle, testosterone is thought to be highly anabolic. However, the degree to

which testosterone exerts its influence on skeletal muscle mass throughout the lifespan is

unclear. Many studies that investigate the effects of testosterone depletion use either young

growing animals [11,17,18] or old animals [9]. Studies that examine the actions of testosterone

on skeletal muscle at more than two life stages are uncommon. Those studies that examine the

effect of testosterone in either young or old animals often contradict one another and may not

accurately reflect the role of testosterone in fully mature adult animals. Two weeks of testoster-

one depletion by orchiectomy in young (8-week old) C57Bl6/6J male mice as well as young

adult (10-month old) Fischer 344 male rats has been shown to result in ~50% reduction in

muscle mass [11,19]. In contrast, another study in 8-weeks old juvenile male Sprague-Dawley

rats showed no change in lean body mass following 2 and 4 weeks of castration [20]. Moreover,

mice castrated at 20 weeks of age for 16 weeks demonstrated no difference in lean mass com-

pared to age-matched sham controls [21]. Clearly, there is a need to understand how testoster-

one contributes to skeletal muscle health and function throughout the lifespan, i.e., juvenile,

adult, and old animals. Therefore, the primary objective of this study was to investigate the

role testosterone plays in the regulation of muscle mass by examining the effect of orchiec-

tomy-induced testosterone depletion in male mice at ages ranging from early postnatal to old

age. We hypothesized that phenotypic outcomes in skeletal muscle following testosterone

depletion would differ between male mice of different ages and maturity, and be related to

alterations to protein degradation.

Materials and methods

Animals and ethical approval

Male C57Bl6 mice were obtained from Charles River Laboratories at four different age groups

(1-, 3.5-, 4.5-, and 11.5-months old) and from the National Institute of Health (NIA Rodent

Colony) at 23.5-months of age. All animals were allowed two weeks of acclimatization prior to

the start of experimentation. Three to four animals were housed together in ventilated cages at

a temperature of 25˚C and fed ad libitum. Animals were subjected to a 12-hour light and

12-hour dark cycle. Animal procedures were approved by the Institutional Animal Care and

Use Committee at the University of California, Davis.
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Castration

To deplete testosterone, animals from each age group were randomized to either a sham cas-

tration group (Sham) or Castration (Cast), resulting in the following eight groups: 1.5-months

old Sham and Cast (n = 8 and n = 12 respectfully), 5-months old Sham and Cast (n = 6 for

both), 12-months old Sham and Cast (n = 7 for both), and 24-months old Sham and Cast

(n = 8 and n = 4 respectfully). In addition, a 4-month old control group was subjected to sham

castration. At day 0, animals were sedated with 2–3% inhaled isoflurane and placed in a sterile

surgical field. Using aseptic surgical procedures, an incision (~2cm) was made to the skin in

the lower abdomen followed by blunt dissection and an incision to the lower abdominal mus-

cles. The left testicle was pulled out of the abdominal cavity and was removed following an

occlusion of the spermatic cord. The teste-less spermatic cord was returned into the abdominal

cavity and the procedure was repeated on the right side. The abdominal muscle was closed

with an interrupted suture and the cutaneous incision was closed with a continuous subcuticu-

lar suture. Mice were given an analgesic (buprenorphine, 0.1mg/kg) immediately following the

surgery and returned to their cages. Animals were returned to their cage and fed ad libitum for

28 days prior to euthanasia. Sham operation were identical, excluding the occlusion of the

spermatic cord and the removal of the testes. If needed, additional analgesic was given for 48

hours following the surgery.

Tissue collection

Following completion of the treatment period, mice were anesthetized with 2.5% inhaled iso-

flurane. Under anesthesia, hindlimb muscles were excised bilaterally, along with the right peri-

renal fat pad. All tissues were weighed and frozen in liquid nitrogen for biochemical analyses.

Muscles used for histological analysis were pinned on cork at a length approximating Lo (rest-

ing length) and frozen in liquid nitrogen-cooled isopentane. Mice were euthanized following

tissue collection by exsanguination.

Serum T measurement

Blood samples were centrifuged at 2,000 RPM for 10 minutes at 4˚C. Supernatant was collected

and frozen. Samples were analyzed for total serum testosterone levels using a mouse/rat testos-

terone ELISA kit from Calbiotech Inc. (Spring Valley, CA # Cat. # TE187S-100) as indicated

by the company. Samples were analyzed in duplicates.

Rate of protein synthesis measurements

Protein synthesis was measured in mice using the SUnSET method as previously described

[22]. Exactly 30 min before the muscles were excised, mice were given an intraperitoneal injec-

tion of 0.04μmol puromycin per gram of body weight dissolved in 100μl of sterile phosphate

buffered saline (PBS). The amount of incorporated puromycin was analyzed by western blot as

described below.

Immunoblotting

Frozen muscles were powdered and homogenized in sucrose lysis buffer (50mM Tris at pH

7.5, 250mM sucrose, 1 mM EDTA, 1mM EGTA, 1% Triton, 50mM NaF, 5mM Na2(PO4)2,

and protease inhibitor). The supernatant was collected following centrifugation at 8,000g for

10 min and protein concentrations were determined in triplicate using the Bradford method

(Bio-Rad). Ten micrograms of protein were subjected to SDS-PAGE on 4–20% Criterion TGX

Stain-Free Protein Gel (Bio-Rad) and transferred to polyvinylidene diflouride (PVDF)
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membrane, which was previously activated for 10 minutes with 100% ethanol. Membranes

were blocked in 1% skim milk dissolved in Tris-buffered saline with 0.1% Tween-20 (TBST)

for one hour and then probed with primary antibodies overnight at 4˚C. The following day,

membranes were washed and incubated with HRP conjugated secondary antibodies at

1:10,000 for one hour at room temperature. Immobilon Western Chemiluminescent HRP sub-

strate (Millipore) was then applied to the membranes for protein band visualization by chemi-

luminescence. Image acquisition and band quantification was performed using the ChemiDoc

MP System and Image Lab 5.0 software (Bio-Rad). Total protein staining (whole lane) of the

membrane was used as the normalization control for all blots. The following primary antibod-

ies were used in this study at a concentration of 1:1000: Puromycin (Millipore, catalog

#MABE343), Phospho-4E-BP1 (Cell Signaling, #2855), LC3B (Cell Signaling, #2775), and P62

(Sigma-Aldrich, #P0067).

Proteasome activity

20S and 26S β5 proteasome activity were measured as described previously [23]. Briefly, pro-

teasome activity was measured in the supernatant after 30 min centrifugation at 12,000 g fol-

lowing homogenization in 300μl of buffer containing 50mM Tris, 150mMNaCl, 5mMMgCl2,

1mMEDTA, and 0.5mMDTT at pH 7.5. The chymotrypsin (β5)-like activities were assayed

using 10μg of protein and the fluorescently tagged substrate SUC-LLVY-AMC (Bachem). Both

assays were carried out in a total volume of 100μl. The 26S ATP-dependent assay was per-

formed in homogenization buffer with the addition of 100μM ATP. The 20S ATP-independent

assay was carried out in assay buffer containing 25mM HEPES, 0.5mM EDTA, and 0.001%

SDS (pH 7.5). Each assay was conducted in the absence or presence of the proteasome inhibi-

tor Bortezomib at a final concentration of 2mM. The activity of the 20S and 26S proteasome

was measured by calculating the difference between fluorescence units recorded with or with-

out the inhibitor in the reaction medium. Released 7-Amino-4-Methylcoumarin (AMC) was

measured using a Fluoroscan Ascent fluorometer (Thermo Electron) at an excitation wave-

length of 390nm and an emission wavelength of 460 nm. Fluorescence was measured at

15-min intervals for 75 minutes and the last time point was used for analysis. All assays were

linear in this range and each sample was assayed in triplicate and all samples for a single analy-

sis were on the same plate.

Immunohistochemistry

Serial cross sections (10 μm) were cut from the TA and GA muscles using a Leica CM 3050S

cryostat (Leica Microsystems). Muscle sections were fixed in cold acetone for 5 minutes at −-

20˚C, followed by 3- and 5-minute phosphate-buffered saline washes. Sections were then incu-

bated with Alexa Fluor1 488 conjugated goat anti-rat immunoglobulin G (IgG; [H+L]; 1:100,

Life Technologies) for 1 hour at room temperature. After 3 five-minute phosphate-buffered

saline washes, slides were coverslipped using ProLong Gold Antifade reagent with DAPI (Life

Technologies). Slides were imaged on a Zeiss Axio Imager.M1 fluorescent microscope using

the EC Plan-Neofluar 20× objective. Images were analyzed using FIJI software.

Fiber cross-sectional area

Serial cross sections (10 μm) were cut from the plantaris using a Leica CM 3050S cryostat. To

determine fiber-type-specific cross-sectional area (CSA), plantaris muscle sections were fixed

in cold acetone for 5 min at −20˚C, followed by three 5-min washes with phosphate-buffered

saline with 0.1% Tween 20. Sections were blocked in 5% normal goat serum in phosphate-buff-

ered saline with 0.1% Tween-20 for 30 min at room temperature. After three washes, sections
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were blocked in Mouse on Mouse blocking buffer made of 2.5ml PBS and 60μl of M.O.M.

blocking Reagent (Vector Laboratories, #BMK2202) and then incubated in primary antibody

overnight at 4˚C; BA-F8 (myosin heavy chain slow type, Mm, IgG2B), SC-71 (myosin heavy

chain 2A, Mm, IgG1), and BF-F3 (myosin heavy chain 2B, Mm, immunoglobulin M) were

diluted 1:250 in blocking buffer. All anti-myosin heavy chain antibodies were deposited to the

Developmental Studies Hybridoma Bank (Iowa City, IA) by Stefano Schiaffino. A polyclonal

laminin antibody (1:500, Sigma, #L9393) was included for the determination of CSA. After

incubation in primary antibody, sections were incubated in secondary antibody for an hour at

room temperature and then coverslipped using ProLong Gold Antifade reagent (Life Technol-

ogies, #P36930). For simultaneous detection of multiple mouse primary antibodies, fluores-

cently conjugated goat-anti-mouse immunoglobulin-specific secondary antibodies were used

(Alexa Fluor 350, 488, and 555, Life Technologies). Goat-anti-rabbit AlexaFluor 647 secondary

was used to detect laminin. Slides were imaged using a Leica DMi8 inverted microscope using

×10 objective, processed using the Leica LAS X software, and analyzed using the FIJI software.

For each animal, all fibers from a cross section were analyzed. For the tibialis anterior muscles,

the total number of fibers analyzed was >2000 per muscle. For the gastrocnemius sections the

total number of fibers analyzed was >4000 per muscle.

Muscle torque

To measure muscle function in vivo, six isometric contractions were used to determine the

baseline in vivo isometric torque–frequency profile of the ankle plantar flexor muscles (gas-

trocnemius, plantaris, and soleus) as previously described [24]. Briefly, while anaesthetized

with isoflurane, the left hindfoot of each rat was shaved using electric clippers, and later

cleaned with alcohol swabs. The foot was secured to a footplate attached to an Aurora Scien-

tific 300C servomotor, and the plantar flexor muscles were stimulated by two needle electrodes

inserted proximally to the peroneal nerve. Torque was measured at stimulation frequencies of

20, 40, 60, 80, 100, and 125 Hz. Each contraction was 200ms in duration with 15s of rest

between contractions. For twitch measurement, a single electric impulse was delivered 3 times

with 20 seconds between contraction. The peak response was used for the analysis. Data acqui-

sition and analysis were completed using Dynamic Muscle Control and Dynamic Muscle

Analysis software (Aurora Scientific).

RNA analysis

Aliquots of frozen and powdered quadriceps muscles were weighed in precooled RNase free

1.5 mL Eppendorf tubes to calculate the amount of RNA per milligram of wet muscle tissue.

Total RNA was extracted using RNAzol RT in accordance with the manufacturer’s instruc-

tions. RNA concentration was quantified using BioTek Epoch Microplate Spectrophotometer

(BioTek Instruments Inc.). cDNA was synthesized using MultiScribe reverse Transcriptase

and oligo (DT) primers from 1μg of total RNA according to the manufacturer’s instructions.

Gene expression was analyed via quantitative PCR (qPCR) using SYBR Green Supermix

(#172–5121, Bio-Rad Laboratories) on a CFX384 Touch Real-Time PCR Detection system

(Bio-Rad Laboratories). Gene expression was calculated using the delta-delta threshold cycle

method and then normalized to GAPDH (fwd-TGGAAAGCTGTGGCGTGAT-; rev-TGCTTC
ACCACCTTCTTGAT). qPCR reactions were performed with the following primers: Myogenin

(fwd-CAAGTGTGCACATCTGTTCG-; rev-TTCCCAATATCCACTGCAAA-), MuRF1 (fwd-GCT
GGTGGAAAACATCATTGACAT-; rev-CATCGGGTGGCAGCCTTT-), REDD1 (fwd-GGAAGAC
TCCTCATACCTGGAATG-; rev-ACACAGGTGCTCATCCTCCGG-), MyoD1 (fwd-TGCTGTAA
CCTTCCCAGGACCA-; rev-GTGAGGGGGTAGAGACAGCAC-).
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Statistical analysis

All data were analyzed using two-way ANOVA using GraphPad Prism software (GraphPad

Software, Inc., La Jolla, CA) with Factor 1 being testosterone and Factor 2 being age. Prior to

any comparison, Grubbs’ analysis was performed to detect outliers with Alpha = 0.05. Tukey’s

post hoc analysis was used to determine differences when interactions existed. Statistical sig-

nificance (alpha) was set at p<0.05. Statistical significance is presented as following in all Fig-

ures; � indicates P< 0.05 for a comparison between age matched experimental and sham

groups. ^ indicates P< 0.05 for a comparison between 4-month old and 5-month old groups.

Data are presented as mean ± standard error mean (SEM).

Results

Effect of testosterone depletion on body and muscle mass throughout

lifespan in male mice

Testosterone is thought to contribute to the maintenance of muscle mass in males; therefore,

we investigated the effect of 28 days of testosterone depletion on muscle mass in male mice at

multiple ages across the lifespan. Serum testosterone levels peak at 5-months and decrease

thereafter (Fig 1B). Orchiectomy decreased serum testosterone levels in all age groups but this

was only significant (two-way ANOVA) in the 1.5- and 5-month-old cohorts (Fig 1A),

although there was a trend towards significance in the 12-month-old cohort (multiple T-test

showed significance). A significant interaction between treatment and age (P = 0.004) was

Fig 1. 28 days of testosterone depletion selectively decrease muscle mass in young mice and have no effect in older

mice. (A) body mass following one month of castration or sham castration surgery. (B) Serum total testosterone

measures using an ELISA kit following one month of castration or sham castration surgery. Wet mass of the right

perirenal fat pad (C), tibialis anterior (D), gastrocnemius (E), and quadriceps (F) following one month of castration or

sham castration surgery. � indicates p< 0.05 between treatment groups of the same age.

https://doi.org/10.1371/journal.pone.0240278.g001
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observed for body weight (Fig 1A), with testosterone depletion resulting in a significant

decrease in the body mass of 12-month-old animals and having no effect in other age groups

(Fig 1B). Testosterone depletion significantly decreased perirenal fat pad mass in 12-month-

old animals and had no effect in other cohorts (Fig 1C).

Mass of the tibialis anterior, gastrocnemius, and quadriceps muscles was lower in 1.5- and

5-month-old mice following one month of testosterone depletion (Fig 1D–1F). Muscle mass

was not affected by testosterone depletion in 12- and 24-month-old animals (Fig 1D–1F). The

mass of all muscles was significantly higher in 5-month-old sham animals compared to

4-month-old animals sham animals. The interaction between age and treatment in determin-

ing muscle mass was greatest in the tibialis anterior muscle (p = 0.011) and weakest in the gas-

trocnemius muscle (p = 0.24). Measurement of isometric torque of the ankle extensors at 5

and 12 months showed no effect of castration (S4 Fig).

Effect of testosterone depletion on mean and distribution of fiber cross

sectional area in male mice

Mean fiber cross sectional area (CSA) of the tibialis anterior was largest in the 5-month-old

sham cohort (Fig 2A and 2B). Testosterone depletion significantly decreased the tibialis ante-

rior mean fiber CSA in 1.5-month-old mice but had no significant effect in other age groups

(Fig 2A and 2B). The gastrocnemius mean fiber CSA was not affected by treatment. The distri-

bution of fiber cross-sectional areas is shown in Fig 3 for the tibialis anterior and gastrocnemius

muscles. The distribution of fiber CSA significantly shifted towards smaller fibers following one

month of testosterone depletion in 1.5-month-old animals, an effect that was not seen in any of

the other age groups (Fig 3A). In the gastrocnemius muscle, no significant shift in CSA was

measured in any age group following 30 days of testosterone depletion (Fig 3B).

Protein degradation via the ubiquitin-proteasome system following on

month of castration in male mice

As protein degradation plays an important role in muscle proteostasis we measured the activity

of the 20S and 26S β5 proteasome subunits. The ATP dependent, 26S subunit, decreased with

age in the tibialis anterior, gastrocnemius, and quadriceps muscles, with the age-effect being

significant in all muscles (Fig 4A–4C). Castration significantly increased the activity of this

subunit in the tibialis anterior and the quadriceps muscles. In the gastrocnemius, the 20S, ATP

independent, subunit activity decreased as a consequence of age and significantly increased

following castration only in the of 5-month-old animals (Fig 4D–4F). Generally, the effects of

testosterone depletion across muscles were most apparent at 1.5- and 5-months of age (Fig 4).

Castration did not change the level of autophagy cargo tagging, assessed by levels of P62 (Fig

4G), or autophagosome formation, assessed by LC3BII to LC3BII ratio (Fig 4H).

Protein synthesis following one month of castration in male mice

Protein synthesis also plays an important role in determining protein balance. We therefore

measured global rates of protein synthesis and estimated mTORC1 activity. The rate of protein

synthesis, measured using the SUnSET method, was not affected in the three muscles following

one month of testosterone depletion (Fig 5A, 5D and 5G). Interestingly, the rate of protein

synthesis increased in the gastrocnemius muscle of 5-month-old mice, regardless of testoster-

one levels, before decreasing back to a lower level (Fig 5G). 4E-BP1 phosphorylation by

mTORC1 was also not affected by testosterone depletion (Fig 5B, 5E and 5H). Generally,
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starting at the age of 5-months, 4E-BP1 phosphorylation decreased with age in sham animals

(Fig 5B, 5E and 5H).

Discussion

The present work supports our hypothesis that the effects of testosterone depletion on skeletal

muscle mass change across the lifespan. These data suggest that testosterone is of minor

importance for the maintenance of skeletal muscle mass in adult male mice, but is critically

important for early postnatal muscle growth. Testosterone depletion resulted in no change to

muscle mass in 12- and 24- month-old animals. Moreover, sham animals exhibited a sarcope-

nic phenotype at 24 months in all muscles, a process that began at 12-months of age in the

tibialis anterior muscle, and was not exacerbated by testosterone depletion. It is possible that

the natural decline in testosterone that began at 5 months of age predetermined what will be

the mass of skeletal muscle seen at older age. However, testosterone levels were similar

between 5- and 12-moths old animal, suggesting that this possibility is unlikely. On the other

hand, testosterone depletion halted natural growth in young juvenile male mice. Normal tes-

tosterone levels are crucial for early postnatal growth and development of skeletal muscle in-

vivo [25]. Our data demonstrate that testosterone serum concentrations rise in young mice,

Fig 2. 28 days of testosterone depletion decreases fiber CSA only in the TA muscle and only at 1.5-month-old mice. (A) Tibialis anterior CSA following one month of

castration or sham castration surgery. (B) Representative images from tibialis anterior histological section stained for laminin. (C) Gastrocnemius CSA following one

month of castration or sham castration surgery. (D) Representative images from gastrocnemius histological sections stained for laminin. � indicates p< 0.05 between

treatment groups of the same age.

https://doi.org/10.1371/journal.pone.0240278.g002
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peaking around the age at which muscle mass peaks (Fig 1B and 1D–1F). This dynamic

between the levels of serum testosterone and skeletal muscle mass mirrors the trend in human

males [25,26]. It is therefore possible that the rise in testosterone serum concentrations sup-

ports musculoskeletal growth, a role that tappers-off following musculoskeletal maturity. This

anabolic role of testosterone throughout postnatal growth may also be reflected in experiments

conducted in-vitro, which routinely show positive effects of testosterone supplementation on

myoblasts and myotubes [27]. Cells used in in-vitro are in a developmental and high growth

state, and therefore are more similar to skeletal muscle fibers in early postnatal animals

[28,29]. Interestingly, unlike the effect testosterone depletion had on muscle mass in young

animal, we detected no effect on muscle torque or muscle specific force in both 5- and

12-month old animals (S4 Fig). Taken together, our data highlights the need to carefully evalu-

ate previous data suggesting that testosterone is important for normal skeletal muscle mass

throughout the entire lifespan, as well as, the need to consider the age of the animal when

designing future experiments that aim to explore the roles of testosterone in skeletal muscle.

Although testosterone may have a minor role in the maintenance of muscle mass in adult

animals (Fig 1D–1F), our data suggest that testosterone might be important in determining

overall metabolism or the fate of adipose tissue (Fig 1A and 1C). Castration resulted in a signif-

icant increase in perirenal fat-pad mass at the same age. Although we do not have data avail-

able for other fat pads, we noticed a general increase in adiposity in 12-month-old sham

animals compared to younger animals and this is reflected in their body weight (Fig 1A). As

skeletal muscle mass was not higher in 12-month-old animals compared to 5-month-old ani-

mals, the increase in fat mass is likely the main contributor to the large increase in body weight

we recorded between these groups. Moreover, both body weight and perirenal fat-mass signifi-

cantly decreased in 12-month old animals following testosterone depletion. This suggests that

following musculoskeletal maturity, testosterone may shift its role from an anabolic agent in

skeletal muscle to regulator of fat accumulation and/or distribution. In fact, testosterone has

been shown to effect adipose tissue in humans and in rats, with age being an important co-fac-

tor that modulates the effects [30–32]. However, similar to its role in skeletal muscle, data

regarding testosterone’s role in adipose tissue are inconclusive [32], and data from this study

are limited, and therefore, preclude us from making a definitive statement regarding the role

of testosterone in adipose tissue.

Fig 3. One month of testosterone depletion has no effect on fiber CSA distribution in older mice. (A) Distribution

of the tibialis anterior fiber cross section area per animal and group. (B) Distribution of the gastrocnemius fiber cross

section area per animal and group. � indicates p< 0.05 between treatment groups of the same age.

https://doi.org/10.1371/journal.pone.0240278.g003
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Fig 4. Protein degradation via the ubiquitin proteasome activity decreases with age and castration tends to increase the activity

of this system. Proteasome activity of the 26S β-5 subunit in the tibialis anterior (A), quadriceps (C), and gastrocnemius (E).

Proteasome activity of the 20S β-5 subunit in the tibialis anterior (B), and quadriceps (D), and gastrocnemius (F). LC3BII/LC3BI ratio

(G) and protein level of P62 (H). Representative images for LC3B (I) and P62 (J) blots. � indicates p< 0.05 between treatment groups

of the same age.

https://doi.org/10.1371/journal.pone.0240278.g004
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In contrast to the limited role testosterone plays in mature and aged skeletal muscle, this

work clearly shows that low testosterone levels result in lower skeletal muscle mass in develop-

ing animals (Fig 1D–1F). The differences in muscle mass between sham and testosterone

depleted animals may be due to either blunted growth or muscle mass loss in castrated ani-

mals. To address this question, we added a 4-month-old sham group. These animals are simi-

lar in size and muscle mass to the castrated 5-month cohort suggesting that testosterone

depletion blunted growth, as opposed to inducing muscle atrophy. Although we do not have

similar data for the younger cohort, we believe that testosterone depletion affected the

1.5-month-old mice similarly, essentially preventing further development. In past studies, tes-

tosterone depletion resulted in similar blunting of skeletal muscle growth in 2-month-old mice

[18] and 3–6 month-old [33], but differences were interpreted to be related to atrophy. By

including an additional control group, we suggest that the outcome of testosterone depletion

was not atrophy. Interestingly, we detected changes in fiber cross sectional area only in the TA

muscle of 1.5-month-old animals (Figs 2A and 3A). This demonstrates the significant and crit-

ical role that testosterone has in early postnatal growth and development of skeletal muscle.

Much of early postnatal growth is axial and testosterone has been shown to determine muscle

fiber length in fish [34]. Thus, testosterone may be important for axial growth in murine mod-

els as well. The greater effect on fiber CSA in 1.5-month-old animals following castration may

be a result of testosterone playing a role in mediating axial lengthening of the tibialis anterior

myofibers. The causative relationship between muscle length and fiber CSA were recently

highlighted by Jorgenson and Hornberger [35]. Additionally, testosterone administration is

associated with increased addition of myoblasts [36,37], which is a key part of secondary fiber

formation [38]. Thus, it is possible that the decrease circulating testosterone levels in young

animals results in dampened myoblasts addition and ultimately a decrease in fiber CSA. All in

all, it is clear that age should be considered heavily in studies aimed at investigating the role

testosterone plays in skeletal muscle growth and hypertrophy. The attention to age and ade-

quate controls is crucial for interpretation of outcomes.

Fig 5. Basal levels of protein synthesis protein synthesis are not affected by testosterone depletion across life span

and in different muscles. Quantification of protein synthesis rate using SUnSET in the tibialis anterior (A),

quadriceps (D) and gastrocnemius (G) and quantification of 4E-BP1The37/46 phosphorylation in the tibialis anterior (B)

quadriceps (E) and gastrocnemius (H) muscles. Representative SUnSET blots are shown to the right (C, F, I). �

indicates p< 0.05 between treatment groups of the same age.

https://doi.org/10.1371/journal.pone.0240278.g005
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Testosterone depletion decreased muscle mass and fiber cross sectional area only in young

animals, yet the treatment increased ubiquitin proteasome activity in all age groups. Specifi-

cally, testosterone depletion increased ATP dependent, 26S, ß5 subunit activity of the TA mus-

cle (Fig 4A). This data supports a previous hypothesis suggesting that testosterone acts as a

glucocorticoid receptor antagonist and therefore protects skeletal muscle from loss of mass

[14–16]. However, because the activity of this system increased in all age groups, the probable

antagonistic effect on the glucocorticoid receptor does not explain the phenotypic differences

between young and old animals following castration (Fig 1); we detected no interaction

between age and treatment in determining basal proteasome activity, which further suggests

that the effect on basal activity of the proteasome system is not the cause of the different

response to testosterone depletion between age groups. Additionally, we detected no consistent

changes in expression of genes shown to be regulated by the glucocorticoid and androgen

receptors following 28 days of testosterone depletion (S5 Fig). It is possible that changes in

gene expression occurred at an earlier time point following castration and were undetectable

at the time of the terminal experiment. Moreover, neither resting protein synthesis, as mea-

sured by puromycin for 30 minutes prior to euthanasia, nor estimated mTORC1 activity indi-

cate major differences in response to testosterone depletion across the mouse lifespan (Fig 5).

This lack of difference also fails to explain the different effects of testosterone depletion

throughout the mouse lifespan. Lastly, we detected no changes in markers of autophagy, fol-

lowing a month of testosterone depletion at all ages (Fig 4G and 4H). Hence, the study does

not support our second hypothesis which predicted that possible age differences would be a

result of age specific differences in protein degradation following testosterone depletion.

The established paradigm regarding skeletal muscle mass suggests that muscle mass is

determined by the closely regulated balance between myofibrillar protein synthesis and pro-

tein degradation [39]. The outcomes we observed following testosterone depletion could not

be explained by the measurements we made to assess baseline protein synthesis and protein

degradation, as determined by ubiquitin proteasome activity. A clear limitation to our study is

that measurements were taken after 30 days of testosterone depletion and it is possible that

changes occurred earlier as has been shown previously [11]. Additionally, our measurement of

protein synthesis using puromycin has limitations in that it only detects proteins that are rap-

idly turning over. Measurement of protein synthesis over a longer time period using other

methods such as the incorporation of a stable isotope (e.g. deuterated water) into the diet

might be more informative [40]. Finally, because our animals were fed at libitum and were not

anabolically or catabolically stimulated prior to tissue collection, we may have missed peak dif-

ferences in response between our young and old groups. This is a major limitation in our

study design and methods, and future work should address this shortcoming.

Aside from supporting the important role of testosterone in early postnatal growth of mus-

cle and the diminished role of testosterone in the maintenance of muscle mass in adult ani-

mals; this study highlights interesting differences between muscle groups in response to

testosterone depletion. While growth of all muscles tested was impaired in testosterone-

depleted young animals, the tibialis anterior was the most affected muscle (Figs 1D and 2A)

followed by the quadriceps muscle (Fig 1E), and the gastrocnemius muscle (Fig 1F). These

data suggest that the effects of testosterone on skeletal muscle may be modulated by other fac-

tors such as external load or fiber type. In C57Bl6 mice, the tibialis anterior muscle receives

less load during normal locomotion and has a greater proportion of the faster fiber types (IIb

and IIx) compared to the gastrocnemius muscle [41]. Because the tibialis anterior was more

responsive to testosterone depletion compared to the gastrocnemius muscle, two possible

hypotheses can be drawn. The first is that more oxidative muscles are less responsive to testos-

terone depletion. The second is that loaded muscles are less responsive to testosterone
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depletion. Another skeletal muscle that is routinely used to investigate the effects of testoster-

one supplementation and depletion on muscle mass, and is highly responsive to these treat-

ments is the levator ani [42]. The levator ani is not subjected to high loads and is a

homogenously fast, type IIB muscle. The levator ani muscle has been shown to be more

responsive to both testosterone depletion and supplementation compared to both the EDL

(phenotypically faster), and soleus (phenotypically slower) [43]. Additionally, previous data

suggest that expression of the E3 ligases, MuRF-1 and MAFbx, was lower in loaded soleus and

EDL muscles compared to the less loaded levator ani muscle in castrated c57Bl/6JOla mice

that were supplemented with testosterone [12].Thus these data suggest that the effects of tes-

tosterone on adult muscle is not uniform and that factors such as muscle type and physiologi-

cal loading need to be considered when evaluating the impact of testosterone depletion and

supplementation.

Conclusions

Our data suggest that testosterone is unlikely to play a major role in the maintenance of skele-

tal muscle mass in adult mice following musculoskeletal maturity. In contrast, testosterone is

crucial for normal skeletal muscle growth in developing male mice. Additionally, the question

regarding testosterone role in maintenance of muscle mass in very old mice is still unanswered

and requires additional study. Normal testosterone function in male mice clearly involves an

inhibition of the proteasome system. Yet, the effect on basal activity of this system may not be

the cause for the difference in skeletal muscle phenotype following testosterone depletion

between young and aging animals. Additionally, the role of testosterone in skeletal muscle

growth is minimized with increased habitual load. Future studies should further investigate

how testosterone depletion modulates proteostasis over long periods of time. In addition, the

relationship between changes in loading activity of specific muscles should be further

explored.
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