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Abstract

Background Androgens are anabolic steroid hormones that exert their function by binding to the androgen receptor
(AR). We have previously established that AR deficiency in limb muscles impairs sarcomere myofibrillar organization
and decreases muscle strength in male mice. However, despite numerous studies performed in men and rodents, the
signalling pathways controlled by androgens via their receptor in skeletal muscles remain poorly understood.
Methods Male ARskm�/y (n= 7–12) and female ARskm�/� mice (n= 9), in which AR is selectively ablated in myofibres
of musculoskeletal tissue, and male AR(i)skm�/y, in which AR is selectively ablated in post-mitotic skeletal muscle
myofibres (n = 6), were generated. Longitudinal monitoring of body weight, blood glucose, insulin, lipids and lipopro-
teins was performed, alongside metabolomic analyses. Glucose metabolism was evaluated in C2C12 cells treated with
5α-dihydrotestosterone (DHT) and the anti-androgen flutamide (n = 6). Histological analyses on macroscopic and ultra-
structural levels of longitudinal and transversal muscle sections were conducted. The transcriptome of gastrocnemius
muscles from control and ARskm�/y mice was analysed at the age of 9 weeks (P < 0.05, 2138 differentially expressed
genes) and validated by RT-qPCR analysis. The AR (4691 peaks with false discovery rate [FDR] < 0.1) and H3K4me2
(47 225 peaks with FDR < 0.05) cistromes in limb muscles were determined in 11-week-old wild-type mice.
Results We show that disrupting the androgen/AR axis impairs in vivo glycolytic activity and fastens the development
of type 2 diabetes in male, but not in female mice. In agreement, treatment with DHT increases glycolysis in C2C12 myo-
tubes by 30%, whereas flutamide has an opposite effect. Fatty acids are less efficiently metabolized in skeletal muscles of
ARskm�/y mice and accumulate in cytoplasm, despite increased transcript levels of genes encoding key enzymes of
beta-oxidation and mitochondrial content. Impaired glucose and fatty acid metabolism in AR-deficient muscle fibres is
associated with 30% increased lysine and branched-chain amino acid catabolism, decreased polyamine biosynthesis
and disrupted glutamate transamination. This metabolic switch generates ammonia (2-fold increase) and oxidative stress
(30% increased H2O2 levels), which impacts mitochondrial functions and causes necrosis in <1% fibres. We unravel that
AR directly activates the transcription of genes involved in glycolysis, oxidative metabolism and muscle contraction.
Conclusions Our study provides important insights into diseases caused by impaired AR function in musculoskeletal
system and delivers a deeper understanding of skeletal muscle pathophysiological dynamics that is instrumental to
develop effective treatment for muscle disorders.
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Introduction

Skeletal muscle is a dynamic tissue essential for posture, lo-
comotion and energy balance in mammals. It is composed
of myofibres with different contractile and metabolic proper-
ties. Slow-twitch muscles preferentially use fatty acids that
are metabolized by beta-oxidation for ATP production,
whereas fast-twitch ones mainly generate energy via
glycolysis.1 Most limb muscles (e.g., gastrocnemius, tibialis
and quadriceps) are composed of both oxidative and glyco-
lytic fibres and have the capacity to switch between oxidative
and glycolytic metabolism in response to environmental
demands. For instance, endurance exercise induces fibre type
switching from fast glycolytic to slow oxidative,2 whereas
sedentariness decreases muscle oxidative capacities,3 associ-
ated with oxidative stress,4 as well as obesity and type 2
diabetes.5

Hormones, such as thyroid hormones, glucocorticoids and
sex hormones, also play an important role in muscle function
and metabolic plasticity.6–9 In particular, increased testoster-
one levels at puberty in males promote muscle mass and
strength6,10 and stimulate glucose metabolism in skeletal
muscle.11 Androgen effects are mediated by the androgen re-
ceptor (AR; NR3C4), which belongs to the nuclear receptor
superfamily.12 Even though AR is expressed in both males
and females,13 the later produce low testosterone levels.14

AR overexpression in skeletal muscles of male mice increases
lean and reduces fat mass. This shift in body composition is
associated with fast myofibre hypertrophy and enhanced
muscle mitochondrial activity.15 Conversely, AR inhibition
impairs fat metabolism in skeletal muscle by reducing the
expression of the fatty acid transporter CD36.16 Our previous
study showed that the androgen-dependent postnatal
growth of perineal muscles is mediated by myofibre AR,
whereas that of limb muscles is myofibre AR independent.17

However, AR deficiency in limb muscles impairs myofibrillar
organization and decreases muscle strength, demonstrating
that AR controls critical pathways required for force
production.17,18 Nevertheless, despite numerous studies per-
formed in humans19 and rodents,11,15–18,20 the molecular and
cellular mechanisms by which androgens via their receptor
affect limb myofibre homeostasis remain poorly
understood. Here, we show that myofibre AR controls the ex-
pression of numerous genes encoding key proteins involved
in muscle contraction and metabolic enzymes. Myofibre AR
depletion impairs glucose and fatty acid oxidation and pro-
motes amino acid catabolism, resulting in oxidative stress,
mitochondria dysfunction and myofibre necrosis in the most
affected fibres, and it hastens the development of type 2
diabetes.

Materials and methods

Study approval

All mouse experiments were done in an accredited
animal house, in compliance with French and EU regula-
tions on the use of laboratory animals for research.
Intended manipulations were submitted to the ethics
committee (Com’Eth, Strasbourg, France) and to the French
Research Ministry (MESR) for ethical evaluation and
authorization according to the 2010/63/EU directive under
the APAFIS numbers 2012-025, 2012-027, 2012-028 and
23910.

Mouse studies

ARskm�/y mice were previously described.17 In brief, ARL2/y

mice21 were intercrossed with HSA-Cre mice that express
the Cre recombinase selectively in skeletal muscle
myofibres,22 to generate control (ARL2/y) and ARskm�/y

mutant male mice, as well as control (ARL2/L2) and ARskm�/�

mutant female mice. Alternatively, ARL2/y mice were
intercrossed with HSA-CreERT2 mice that express the tamoxi-
fen-dependent CreERT2 recombinase in myofibres.23

Seven-week-old ARL2/y control male mice and sex-matched
HSA-Cre-ERT2/ARL2/y somatic pre-mutant littermates were
intraperitoneally injected with tamoxifen (1 mg/day) for
5 days to generate control and AR(i)skm�/y mutant mice, re-
spectively, as described.17 All mice were on a C57BL/6J
background.

Mice were maintained in a temperature- and
humidity-controlled animal facility, with a 12-h light/dark
cycle. Water and standard rodent chow (2800 kcal/kg,
Usine d’Alimentation Rationnelle, Villemoisson-sur-Orge,
France) were provided ad libitum. Breeding and
maintenance of mice were performed according to institu-
tional guidelines.

Body weight was determined every week. Food and
water consumption were measured with a Labmaster sys-
tem (TSE, www.TSE-Systems.com) at 26-min intervals for
24 h. The data presented are the 24-h average. Body lean
and fat content were recorded in anaesthetized mice by
qNMR (PIXIMUS, GE Medical Systems) according to the
manufacturer’s instructions.5 Animals were sacrificed be-
tween 9 and 11 AM by cervical dislocation, and tissues
were immediately collected, weighed and frozen in liquid
nitrogen or processed for biochemical and histological
analyses.
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Statistics

Significance was calculated with GraphPad Prism (www.
graphpad.com, GraphPad Software) using the two-tailed
Mann–Whitney test and Student’s t-test, one-way analysis
of variance (ANOVA) or two-way ANOVA.

Data availability

RNA-seq (GSE216372) and ChIP-seq (GSE216373) data
reported in this study are available on Gene Expression
Omnibus (GEO) database.

See supporting information for histological, blood and
serum analyses, metabolic enzyme activity and ammonium
content measurements, quantification of mitochondrial and
nuclear DNA content, metabolomics analysis, cell culture,
protein analysis, mitochondria respiration and H2O2 produc-
tion analysis, RNA extraction and quantification, and chroma-
tin immunoprecipitation.

Results

Myofibre androgen receptor deficiency impairs
glycolysis in limb muscles and promotes type 2
diabetes in male mice

To provide insights on androgen signalling in skeletal muscle,
we first determined AR levels in gastrocnemius of sedentary
male mice. Western blot analysis revealed that they
culminate between 11 and 15 weeks of age (Figure 1A,B). In-
terestingly, after 15 weeks, limb muscles undergo an oxida-
tive-to-glycolytic switch,5 associated with glucose intolerance
and insulin resistance (Figure S1A,B). To determine the role of
AR in muscle metabolism, we analysed ARskm�/y mice, in
which AR is selectively knocked out in myofibres.17 In agree-
ment with our previous results,17 western blot and immuno-
fluorescent analyses revealed that AR was efficiently ablated
in skeletal muscle fibres, but not in satellite cells (Figure
S1C–E). Water and food intake (Figure S1F), and lean and fat
content (Figure S1G) were similar in ARskm�/y and control
mice at the age of 15 weeks. Moreover, even though AR abla-
tion in myofibres did not affect the body weight over a
30-week period (Figure S1H), blood glucose levels were higher
in ARskm�/y mice than those in control littermates between 10
and 25 weeks (Figure 1C), and intraperitoneal glucose toler-
ance tests (IPGTTs) showed that mice lacking myofibre AR
became glucose intolerant at 15 weeks of age (Figure 1D). In
addition, blood insulin levels were higher in ARskm�/y mice
than those in controls at 15 and 25 weeks (Figure 1E), and
intraperitoneal insulin sensitivity tests (IPISTs) revealed that

ARskm�/y mice became insulin resistant earlier than their con-
trol littermates (Figure 1F), indicating that muscle glycolytic
pathways are impaired in the absence of myofibre AR in
males. Note that glucose metabolism was also impaired in
AR(i)skm�/y mice, in which AR was selectively ablated in skele-
tal myofibres at adulthood (Figure S2A–D), despite a similar
body weight (Figure S2E). In contrast, ARskm�/� female mice
had similar body weight and blood glucose levels compared
with controls between 7 and 20 weeks (Figure S3A–C) and
were not glucose intolerant at 20 weeks (Figure S3D). Thus,
AR controls key metabolic functions in mature myofibres after
puberty selectively in males.

Interestingly, the activity of hexokinase (HK), the
rate-limiting enzyme of glycolysis, was decreased by 20% in
quadriceps muscles of 15-week-old ARskm�/y male mice
(Figure 2A), and western blot analysis showed that protein
levels of HK2 follow those of AR with age, reaching a peak
between 11 and 13 weeks (Figure 1A,B). To provide further
insights on the role of androgens in glucose metabolism,
we evaluated its uptake in C2C12 myotubes. 5α-Dihydrotes-
tosterone (DHT) induced AR levels (Figure S4) and enhanced
the incorporation of 2-deoxyglucose (2-DG), a glucose ana-
logue that cannot be metabolized (Figure 2B). Conversely,
the AR-selective non-steroidal anti-androgen flutamide
lowered 2-DG uptake by 20% (Figure 2B). Extracellular acid-
ification rate (ECAR) measurements revealed that glycolysis,
maximal glycolytic capacities and glycolytic reserve were de-
creased by flutamide (Figure 2C,D), whereas DHT had an op-
posite effect (Figure 2E,F), demonstrating that androgens via
AR stimulate the glycolytic activity in C2C12 myotubes. Alto-
gether, these data show that AR deficiency in myofibres im-
pairs glucose uptake and glycolytic capacities and leads to
the development of type 2 diabetes at earlier time in
ARskm�/y mice than in control male mice, without impacting
adiposity.

Oxidative metabolism is impaired in skeletal
muscles of ARskm�/y mice

Even though glucose metabolism was altered in ARskm�/y

mice after 15 weeks, their cholesterol and triglyceride blood
levels were similar to those of control mice at 15 and
25 weeks (Figure S5A,B). Free fatty acid (FFA) levels were also
alike in control and ARskm�/y mice at 15 weeks and increased
with age in controls but not in mutants (Figure 3A). Transcript
levels of the fatty acid transporter Cd36 were 30% higher in
gastrocnemius muscles of 15-week-old ARskm�/y mice than
in those of age-matched control mice (Figure 3B), indicating
that FFA uptake might be increased in muscles of ARskm�/y

mice. Furthermore, the transcript levels of genes encoding
key enzymes of beta-oxidation (Acox1, Acads, Acadl, Echs1
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and Hadhb; Figure 3B) were enhanced in mutant mice. In
addition, mitochondrial content, determined by qPCR analy-
sis conducted on mitochondrial and genomic DNA, was
slightly higher in quadriceps and tibialis of mutant mice
(Figures 3C and S5C). Moreover, ultrastructural analysis
revealed that interfibrillar mitochondrial cross-section area
was higher in tibialis of ARskm�/y mice than that of control
ones (Figure 3D–F).

To be processed by beta-oxidation, fatty acids are cleaved
by lipases to generate fatty-acyl CoA (FA-CoA), which is com-
plexed with carnitine in the cytoplasm and imported in the
mitochondria by CPT1A, the activity of which is inhibited by
malonyl-CoA. Malonyl-CoA is produced from acetyl-CoA by
the acetyl-CoA carboxylase (ACC) that is inhibited by
phosphorylation.24 Our analyses revealed that the expression
and activity of the triglyceride hydrolase lipoprotein lipase

Figure 1 Role of myofibre androgen receptor (AR) in glucose metabolism of male mice (see also Figures S1–S3). (A, B) Representative western blot
analysis (A) and quantification (B) of AR and hexokinase 2 (HK2) protein levels in gastrocnemius muscle of 9- to 35-week-old C57BL/6J male mice.
GAPDH was used as a loading control. n = 2–3 mice per time point. Western blot performed in duplicate. (B) Mean + SEM. (C–F) Basal blood glucose
levels (C), intraperitoneal glucose tolerance test (IPGTT) (D), blood insulin levels (E) and intraperitoneal insulin sensitivity test (IPIST) (F) of control (Ctrl)
and AR

skm�/y
mice at indicated ages. The areas under the curve (AUCs) of IPGTT and IPIST experiments are presented next to each panel. (C) n = 8 Ctrl

and 12 ARskm�/y mice. (D, F) n = 7 Ctrl and ARskm�/y mice. (E) n = 7 Ctrl and 12 ARskm�/y mice at 15 weeks, and n = 12 Ctrl and 8 ARskm�/y mice at
25 weeks. (C, E) Mean + SEM. (D, F) Mean ± SEM. (C, E) Two-tailed t-test. (D, F) Two-way ANOVA with Sidak’s correction. *P < 0.05, **P < 0.01
and ***P < 0.001.
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(LPL) were decreased in quadriceps muscle of ARskm�/y mice
(Figure 4A,B) and that the transcripts levels of Pnpla2,
encoding the lipase adipose triglyceride lipase (ATGL) that ca-
talyses the conversion of triacylglycerides to diacylglycerides
and FA-CoA, were lower in the absence of myofibre AR
(Figure 4A), indicating decreased lipolysis and FA-CoA pro-
duction. Moreover, metabolomic analysis revealed increased
levels of free carnitine (i.e., not complexed with FA-CoA) in
myofibres lacking AR (Figure 4C). In addition, western blot

analysis unveiled that the ratio between phosphorylated
and total ACCs was decreased by two-fold in gastrocnemius
muscle of ARskm�/y mice (Figure 4D,E), indicating that CPT1A
activity is impaired and that FA-CoA import to the mitochon-
dria might be reduced. In agreement with these results, ultra-
structural analyses revealed the presence of a higher number
of lipid droplets in myofibres of ARskm�/y mice than in
controls (Figures 4F and S5D). Together, these data show that
the uptake of FA is enhanced in skeletal muscles of ARskm�/y

Figure 2 Role of androgen receptor (AR) in myofibre glycolytic activity (see also Figure S4). (A) Hexokinase activity in quadriceps muscles of control
and ARskm�/y mice at 15 weeks of age. n = 4. Mean + SEM. Two-tailed Mann–Whitney test. ***P < 0.001. (B–F) 2-Deoxyglucose (2-DG) uptake (B),
representative extracellular acidification rate (ECAR) (C, E) and maximal glycolytic capacity, glycolysis and glycolytic reserve deduced from ECAR (D,
F) in C2C12 myotubes treated with 1 μM of flutamide (Flu), 1 μM of 5α-dihydrotestosterone (DHT) or with vehicle (Vhc). (B) n = 3, (C–F) n = 6. (B,
D, F) Mean + SEM. (C, E) Mean ± SEM. (B) One-way ANOVA with Dunnett’s correction. (C, E) Two-way ANOVA with Sidak’s correction. (D, F)
Two-tailed t-test. *P < 0.05, **P < 0.01 and ***P < 0.001.
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mice, whereas their metabolism is impaired, despite
enhanced transcript levels of genes encoding beta-oxidation
enzymes, resulting in their accumulation in cytoplasm.

Loss of myofibre androgen receptor promotes
amino acid catabolism and oxidative stress

Amino acids constitute an alternative source of energy in
muscles. Indeed, branched-chain amino acids (BCAAs; leu-
cine, isoleucine and valine) can be converted to acetyl-CoA,
and asparagine, aspartate and glutamate can be catabolized
into intermediates of the tricarboxylic acid (TCA) cycle.25 Be-
cause both glucose and fatty acid processing were impaired
upon AR loss, we investigated whether amino acid metabo-
lism was affected in muscles. Metabolomic analysis of the
amino acid content in gastrocnemius muscles of 15-week-
old mice revealed decreased levels of lysine, leucine, isoleu-
cine and valine in ARskm�/y mice, even though those of the
latter did not reach statistical significance (Figures 5A and
S6A). In agreement with these results, transcript levels of
the rate-limiting enzyme of BCAA catabolism Bcat2, as well
as those of Echs1, Acads and Hadhb, encoding enzymes in-

volved in BCAA and lysine degradation, as well as in beta-ox-
idation, were increased in mutant muscles (Figures 3B and
5B). BCAT2 converts alpha-glutamate into glutamate, which
can be metabolized into ornithine via ALDH18A1 and OAT
to integrate the polyamine pathway,26 or can be
interconverted into alpha-ketoglutarate by glutamate dehy-
drogenase (GLUD1), with the production of NH3

27

(Figure S6B). Even though Aldh18a1 transcript levels were
similar in gastrocnemius of ARskm�/y and control mice, those
of Oat and those encoding key enzymes involved in poly-
amine interconversion (i.e., Odc1, Smox and Amd1) were de-
creased in the absence of myofibre AR (Figure 5B), indicating
that glutamate might less efficiently integrate the polyamine
pathway. In agreement, our metabolomic analyses revealed
that glutamate amounts rose by 1.8-fold in muscles of
ARskm�/y mice (Figure 5C), even though the transcript levels
of Glud1 were increased in the absence of myofibre AR
(Figure 5B). As expected, higher Glud1 expression was accom-
panied by a two-fold increase in NH3 content in quadriceps
muscle of ARskm�/y mice (Figure 5D). Because previous
studies showed that ammonia excess impairs skeletal muscle
mitochondrial activity,28 we determined ammonia levels in
saponin-skinned fibres of gastrocnemius from 15-week-old

Figure 3 Role of myofibre androgen receptor (AR) in fatty acid metabolism (see also Figure S5). (A) Blood free fatty acid (FFA) content in control (Ctrl)
and ARskm�/y mice at indicated ages. n = 7 Ctrl and 12 ARskm�/y mice at 15 weeks, and n = 12 Ctrl and 8 ARskm�/y mice at 25 weeks. Mean + SEM. Two-
way ANOVA with Sidak’s correction. #Non-significant, **P < 0.01 and ***P < 0.001. (B) Relative transcript levels of indicated genes in gastrocnemius
muscles of 15-week-old Ctrl and ARskm�/y mice. n = 6 mice, mean + SEM, two-tailed t-test. *P < 0.05 and ***P < 0.001. (C) Quantification of mito-
chondrial content in quadriceps muscles of 15-week-old Ctrl and ARskm�/y mice by qPCR amplification of the Cox2 mitochondrial-encoded gene and
the Myog nuclear-encoded gene. n = 6 mice. Mean + SEM. Two-tailed t-test. *P < 0.05. (D) Representative ultrastructure of tibialis muscles of 15-
week-old Ctrl and ARskm�/y mice. White arrowheads show lipid accumulation and black arrowheads point to mitochondria. Scale bar: 2 μm. n = 10
mice, 10 fields per mouse. (E, F) Distribution (E) and average (F) of mitochondrial cross-section area in tibialis muscles of 15-week-old Ctrl and
ARskm�/y mice. n = 4 mice, 4 fields per mouse. (E, F) Mean + SEM. (E) Two-way ANOVA with Sidak’s correction. (F) Two-tailed Mann–Whitney test.
*P < 0.05 and **P < 0.01.
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mice. In the presence of the mitochondrial substrates’ pyru-
vate/malate and ADP (complex I, III, IV and V activities), oxy-
gen (O2) consumption was 33% lower in fibres of ARskm�/y

mice than that of control mice (Figure 5E, Vadp). Moreover,
the maximal speed of respiration assessed by succinate sup-
plementation (Vsucc) and Vrot (complexes II–V), determined
after blocking complex I with rotenone, was lower in
myofibres lacking AR (Figure 5E), indicating that the activity
of terminal complexes might be affected. In accordance,
staining for Cox activity (complex IV) in quadriceps muscle re-
vealed that the percentage of dark oxidative fibres was de-
creased in the absence of myofibre AR (Figure 5F), showing
that the activity of oxidative phosphorylation terminal com-
plexes is lower. As impaired mitochondrial activity might re-
sult in increased reactive oxygen species (ROS) production,
we recorded H2O2 flux during mitochondrial respiration and
found higher levels in myofibres in the absence of AR (Figure
6A). These results were corroborated by enhanced fluores-
cence intensity of dihydroethidium (DHE; a probe that de-
tects ROS) (Figure 6B), showing that oxidative stress is in-
creased in muscles of ARskm�/y mice.

Metabolomics studies also uncovered that levels of
carnosine, a dipeptide of beta-alanine and histidine that
scavenges ROS and buffers pH in muscle cells, were de-

creased in gastrocnemius muscles of ARskm�/y mice
(Figure 6C), whereas those of methionine sulfoxide (MetO),
the oxidized form of the amino acid methionine, were in-
creased (Figure 6D). Of note, transcript levels of Msrb3,
which encodes the most abundant isoform of the methionine
sulfoxide reductase (MSR) in skeletal muscle that catalyses
the reduction of toxic oxidized methionine residues, thereby
scavenging ROS, were decreased in the absence of AR
(Figure 6E). Thus, these data show that ROS production is en-
hanced in muscles of ARskm�/y mice, whereas their scaveng-
ing is reduced, thereby resulting in increased oxidative stress.

Ultrastructural analyses revealed mitochondrial abnormal-
ities in 10–20% of AR-deficient myofibres (Figure S6C), includ-
ing megamitochondria with normal cristae density (Figure 6F,
red arrow), swollen mitochondria with reduced cristae con-
tent (Figure 6F, blue arrow) and mitochondria devoid of ma-
terial (Figure 6F, white arrow), which might contribute to re-
duced respiration capacities. Of note, myofibres in which
most of the mitochondria were swollen presented nuclear
condensation, as well as chromatin clumps and marginaliza-
tion (Figures 6F and S6C), which are characteristic of cell
necrosis. Histological analyses of transversal muscle sections
revealed the presence of <1% of necrotic myofibres
(Figures 6G and S6D), characterized by the expression of

Figure 4 Role of myofibre androgen receptor (AR) in oxidative metabolism (see also Figure S5). (A) Relative transcript levels of indicated genes in gas-
trocnemius muscles of 15-week-old control (Ctrl) and ARskm�/y mice. n = 6 mice. Mean + SEM. Two-tailed t-test. *P < 0.05 and **P < 0.01. (B) Lipo-
protein lipase (LPL) activity in quadriceps muscles of Ctrl and ARskm�/y mice at 15 weeks of age. n = 4 mice. Mean + SEM. Two-tailed Mann–Whitney
test. ***P < 0.001. (C) Free carnitine levels in gastrocnemius muscles of 15-week-old Ctrl and ARskm�/y mice. n = 3 mice. Mean + SEM. Two-tailed
Mann–Whitney test. *P < 0.05. (D, E) Representative western blot analysis of total and phosphorylated acetyl-CoA carboxylases (ACCs) (D), corre-
sponding protein quantification and ratio between the phosphorylated and total ACC protein contents (E) in gastrocnemius muscle of 15-week-old Ctrl
and ARskm�/� mice. GAPDH was used as a loading control. n = 7 mice. Mean + SEM. Two-tailed t-test. *P < 0.05 and ***P < 0.001. (F) Representative
ultrastructure of gastrocnemius muscles of 15-week-old Ctrl and AR

skm�/y
mice. White arrowheads show lipid accumulation and black arrowheads

point to mitochondria. Scale bar: 2 μm. n = 10 mice, 10 fields per mouse.
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the necrosis markers PUMA, FADD and RIPK3, associated with
infiltration of F4/80-positive macrophages (Figure 6G). Vari-
ous stages of metabolic necrosis were observed: (i) fibres
with a pale cytoplasm, (ii) sarcolemma membrane disruptions
and (iii) phagocytic necrosis where myofibres are infiltrated
by macrophages (Figures 6G and S6D). DNA fragmentation
detection by TUNEL assay confirmed the presence of dying
myofibres (Figure S6E), but no apoptotic cleaved caspase 3
(CASP3)-positive cells were observed (Figure S6E). Note that
necrotic fibres and swollen mitochondria were also observed
in muscles of AR(i)skm�/y mice lacking AR at adulthood
(Figure S6F,G), but not in those of ARskm�/� females
(Figure S6H). Together, these data show that AR loss in mus-
cle fibres leads to increased lysine and BCAA catabolism and
decreased polyamine biosynthesis, as well as glutamate, am-
monia and ROS accumulation, mitochondrial damages and
necrosis of highly affected fibres in male mice.

Androgen receptor controls the expression of
numerous transcription factors, metabolic enzymes
and structural proteins in myofibres of male mice

To characterize the molecular players that account for the
phenotype of ARskm�/y mice, we performed a transcriptomic
analysis of gastrocnemius muscles from control and mutant
mice at the age of 9 weeks. Our data unravelled 1092

down-regulated and 1046 up-regulated genes in ARskm�/y

mice compared with control mice. Pathway analysis revealed
that up-regulated genes are involved in amino acid and nitro-
gen metabolism and in fatty acid beta-oxidation (Figure 7A).
In agreement with our RT-qPCR and metabolomic analyses,
the transcript levels of numerous genes encoding enzymes in-
volved in BCAA and lysine degradation (e.g., Acaa2, Acads,
Acadsb, Aldh7a1, Bcat2, Bckdhb, Dbt, Echs1, Gcdh, Hadha,
Hadhb and Ivd) and in fatty acid beta-oxidation (e.g., Acox1,
Acadl, Acads and Hadha) were increased after AR loss in
myofibres (Figures 7B,C and S7A–D). Transcriptomic analysis
also confirmed the up-regulation of transcripts encoding en-
zymes involved in nitrogen metabolism, such as Glud1 and
the glutamate-ammonia ligase Glul, as well as the decrease
in those encoding enzymes involved the polyamine pathway,
such as Oat, Azin2, Odc1, Amd1, Amd2 and Smox (Figures 7D,
S6B and S7E). These results also unveiled that the transcript
levels of the glucocorticoid receptor (GR; Nr3c1) were in-
creased in muscles in the absence of AR, which was con-
firmed by RT-qPCR (Figure S8A). Pathway analysis revealed
that genes down-regulated in ARskm�/y mice are involved in
energy metabolism, such as insulin signalling, glycolysis and
fatty acid biosynthesis (Figure 7E). Transcript levels of the glu-
cose transporter Glut3 (Slc2a3), the main isoform involved in
insulin-independent basal glucose uptake into muscles,29 of
various genes involved in anaerobic glycolysis, including
Hk2, and as well as Pcx, which converts pyruvate to oxaloac-

Figure 5 Impact of myofibre androgen receptor (AR) deficiency on amino acid metabolism and mitochondrial functions (see also Figure S6). (A) Level of
indicated amino acids in gastrocnemius muscles of 15-week-old control (Ctrl) and ARskm�/y mice. n = 3 mice. Mean + SEM. Two-tailed Mann–Whitney
test. *P < 0.05 and #P = 0.1. (B) Relative transcript levels of the indicated genes in gastrocnemius muscles of 15-week-old Ctrl and ARskm�/y mice. n = 6
mice. Mean + SEM. Two-tailed t-test. *P < 0.05, **P < 0.01 and ***P < 0.001. (C, D) Level of glutamic acid (C) and ammonium (D) in gastrocnemius
muscles of 15-week-old Ctrl and ARskm�/y mice. (C) n = 3 mice, (D) n = 6 mice. Mean + SEM. (C) Two-tailed Mann–Whitney test. (D) Two-tailed t-test.
*P < 0.05. (E) Oxygen consumption in saponin-skinned gastrocnemius fibres of 15-week-old Ctrl and AR

skm�/y
mice in the presence of ADP (Vadp),

succinate (Vsucc, maximal respiration) and rotenone (Vrot, respiration via complex II). n = 6 mice. Mean + SEM. Two-tailed t-test. *P < 0.05,
**P < 0.01 and ***P < 0.001. (F) Representative histochemical staining of COX activity in quadriceps muscle of 15-week-old Ctrl and ARskm�/y mice.
Oxidative and intermediate fibres are darkly and moderately stained, respectively; glycolytic fibres are lightly stained. Scale bar: 500 μm. n = 6 mice,
3 fields per mouse.
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Figure 6 Impact of androgen receptor (AR) deficiency in myofibres on oxidative stress and fibre viability (see also Figure S6). (A, B) Measurement of
H2O2 production relative to oxygen consumption determined in the presence of ADP (A) and fluorescent detection of reactive oxygen species (ROS)
production by quantification of dihydroethidium (DHE) staining intensity (B) on gastrocnemius fibres of 15-week-old control (Ctrl) and AR

skm�/y
mice.

n = 6 mice. Mean + SEM. (B) Thirty fields per mouse. Two-tailed t-test. **P < 0.01. (C, D) Level of carnosine (C) and methionine sulfoxide (D) in gas-
trocnemius muscles of 15-week-old Ctrl and ARskm�/y mice. n = 3 mice. Mean + SEM. Two-tailed Mann–Whitney test. *P < 0.05 and ***P < 0.001. (E)
Relative Msrb3 transcript levels in gastrocnemius muscles of 15-week-old Ctrl and ARskm�/y mice. n = 6 mice. Mean + SEM. Two-tailed t-test.
***P < 0.001. (F) Representative ultrastructure of quadriceps muscle of 15-week-old Ctrl and ARskm�/y mice. Black, red, blue and white arrowheads
show normal mitochondria, megamitochondria, mitochondria swelling and cristae loss, respectively; white arrow shows necrotic nucleus. Scale bar:
500 nm and 2 μm, as indicated. n = 10 mice, 10 fields per mouse. (G) Representative haematoxylin and eosin (H&E) staining, and PUMA, FADD, RIPK1
and F4/80 immunofluorescent detection with DAPI-stained nuclei of quadriceps muscles of 15-week-old Ctrl and ARskm�/y mice. Scale bars: 75 and
150 μm, as indicated. n = 5 mice, 10 fields per mouse.
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etate, were decreased (Figures 7C,F and S8A,B), thereby
showing that AR is instrumental for pyruvate entry in the
TCA cycle. Furthermore, transcript levels of genes encoding
enzymes promoting de novo fatty acid synthesis, including
Acly, Scd1 and Fasn, were decreased in the absence of
myofibre AR (Figures 7C and S8C).

Importantly, transcriptomic data also revealed that Lmod1,
Lmod3, Tcap and Tnni2, encoding proteins of the contractile
cytoskeleton, and numerous genes involved in muscle
non-contractile cytoskeleton were down-regulated in
ARskm�/y mice, including the ryanodine receptor 1 (Ryr1),
dystrophin (Dmd), desmin (Des), myozenin 1 (Myoz1), gamma
filamin (Flnc), misshapen-like kinase 1 (Mink1), myopodin
(Synpo2), dystrobrevin beta (Dtnb) and caveolin 3 (Cav3)
(Figure S8D), whereas the transcript levels of titin (Ttn),
myosins (Myh), troponins (Tnnt) and tropomyosins (Tpm)

encoding structural muscle proteins were not affected
(Figure S8E). These results were corroborated by
RT-qPCR analyses in gastrocnemius of 15-week-old ARskm�/y

and AR(i)skm�/y mice (Figure S8F,G).
To identify direct AR targets, hind limb muscle chromatin

from 11-week-old mice was immunoprecipitated with anti-
bodies directed against AR, followed by massive parallel se-
quencing (ChIP-seq), together with a characterization of
dimethylated lysine 4 from histone H3 (H3K4me2) chromatin
occupancy as a hallmark of active promoters and enhancers.
Bioinformatics analysis uncovered 4691 AR peaks, mainly lo-
cated at intronic and intergenic regions, and 47 225
H3K4me2 peaks (Figures 8A and S9A). An analysis of AR geno-
mic distribution revealed that peaks were present in far up-
stream and downstream regions (�100 to �50 kb and 50
to 100 kb), intermediate locations (�50 to �20 kb and 20

Figure 7 Analysis of androgen receptor (AR) functional targets in skeletal muscle (see also Figures S7 and S8). (A) Pathway analysis of genes
up-regulated in gastrocnemius muscle of 9-week-old ARskm�/y mice. (B–D) Heatmap depicting the mean centred normalized expression of genes in-
volved in branched-chained amino acid (BCAA) and lysine metabolism (B), fatty acid synthesis and beta-oxidation (C), glutamine and polyamine me-
tabolism (D), obtained by RNA-seq analysis performed on gastrocnemius muscle of 9-week-old control (Ctrl) and AR

skm�/y
mice. Genes significantly

up-regulated and down-regulated in ARskm�/y mice are marked in red and green, respectively. (E) Pathway analysis of genes down-regulated in gas-
trocnemius muscle of 9-week-old AR

skm�/y
mice. (F) Heatmaps depicting the mean centred normalized expression of genes involved in glycolysis ob-

tained by RNA-seq analysis performed on gastrocnemius muscle of 9-week-old Ctrl and ARskm�/y mice. Genes significantly down-regulated in ARskm�/y

mice are marked in green.
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to 50 kb) and DNA segments in the vicinity of the transcrip-
tion start site (TSS) (�10 to �2 kb, �2 to 2 kb and 2 to
10 kb) (Figure S9B). HOMER motif search unveiled that AR
is recruited to DNA via androgen response elements (AREs;
2.5%, P = 1e-11), AR half-sites (37.6%, P = 1e-24) and
oxosteroid response elements identified as progesterone re-
sponse elements (PREs; 23.3%, P = 1e-40) (Figure 8B). The list
of AR peaks containing the oxosteroid response element 5′-
RGRACAnnnTGTYCY-3′ and cognate target genes (e.g., Acat1,
Adcy8, Igf1, Lamb1, Mmd, Nrf1, Phkb, Serpina3a, Serpinb9d,
Slc4a2 and Tlr4) is provided in Table S2. Approximately 15%
of the genes down-regulated in muscles of ARskm�/y mice
were bound by AR as determined by a nearest TSS analysis
(Figure S9C), including Dmd and Odc1 (Table S2). A gene cen-
tric analysis using TSS coordinates showed that AR is re-
cruited to 88 out of 1092 genes down-regulated in ARskm�/y

mice within a 2-kb window and to 657 within a 200-kb win-
dow (Figure 8C and Table S2), indicating that AR modulates
target gene expression mainly via enhancers located at far
upstream or downstream regions. We found that AR directly
controls numerous genes involved in metabolic processes, in-
cluding glycolysis (e.g., Fbp2, Gpi1, Mpc1, Pcx and Pfkfb3),
lipid metabolism (e.g., Aacs, Acat1, Acbd4, Acly, Acot7,
Adcy8, Dagla, Fasn, Mfn2 and Scd1) and polyamine biosyn-
thesis (e.g., Amd1, Amd2, Odc1 and Smox) (Figures 8D and
S9D and Table S2). Our analysis also unveiled that AR controls
the expression of many genes involved in muscle contraction,
including Lmod1, Lmod3, Tcap and Tnni2 of the contractile
cytoskeleton; Cav3, Col17a1 and Dtnb of the non-contractile
cytoskeleton; Itgb4, Itgb5 and Itgb7 of the extracellular ma-
trix; Mylk4 and Myom1 that contribute to muscle strength;
and Cacnai and Cacng7 encoding subunits of calcium
voltage-gated channels, also known as dihydropyridine recep-
tors (DHPRs) (Table S2). Immunofluorescent analysis on longi-
tudinal tibialis sections revealed that DHPR beta (DHPRB) and
the sarcoplasmic reticulum Ca2+ transport ATPase SERCA1
were expressed in both control and ARskm�/y mice, whereas
DHPR alpha (DHPRA) and RYR1 were hardly detectable in
the absence of myofibre AR (Figures 8E and S9E). Moreover,
this analysis unveiled structural alterations in the sarcoplas-
mic reticulum (Figures 8E and S9E). Ultrastructural analyses
revealed T-tubules dilatation and misalignment to the Z-lines
in 10–20% of AR-null myofibres (Figure 8F), indicating an al-
tered connection between sarcolemma and endoplasmic re-
ticulum that might affect calcium signalling.

In addition, we identified various transcription factors and
co-regulators as direct targets of AR in skeletal muscle, which
were down-regulated in AR-deficient myofibres (e.g., Atf4,
Cux2, Irx3, Nrf1, Pgc1a, Trp53, Trp63, Smyd2, Med25 and
Smarca2; the nuclear receptors Nr1d1 [Rev-ErbAlpha], Rarb,
Rorc and Thra; and Myod1, Naca, Tcf15 and Tead4, which
modulate muscle development) (Figure S9D and Table S2).

Altogether, these combined cistromic and transcriptomic
analyses show that myofibre AR directly controls the expres-

sion of a number of transcription factors and numerous genes
involved in glycolysis, fatty acid processing, polyamine bio-
synthesis and ROS scavenging, as well as various components
of skeletal muscle cytoskeleton (Figure S10).

Discussion

To date, the molecular and cellular mechanisms underlying
androgen tissue-selective effects remain elusive. By analysing
ARskm�/y mice, we demonstrate that AR modulates metabolic
characteristics of male skeletal muscles. Our combined
mouse and tissue culture studies show that AR loss in
myofibres leads to decreased glucose uptake and glycolytic
activity, and to premature development of type 2 diabetes.

Previous studies showed that DHT promotes the expres-
sion of glycolytic genes in various cell types, including Hk2
and Pfk2 in cardiomyocytes,30 increases GLUT4 (SLC2A4) pro-
tein expression and translocation, as well as PFK and HK
activities in muscle cell lines,11 and stimulates Slc2a3 and
Hk2 expression in skeletal muscles of female mice.31

However, none of the corresponding genes was identified
as a direct AR target in muscles to our knowledge. Our
cistromic analysis uncovered that numerous genes involved
in glucose metabolism, including Fbp2, Pcx and Pfkfb3, are di-
rect AR targets. Because AR ablation in myofibres of adult
male mice also impaired glucose homeostasis, AR promotes
glucose usage in mature myofibres. In addition to impaired
glucose metabolism, fatty acids were less efficiently metabo-
lized in skeletal muscles of ARskm�/y mice. Indeed, notwith-
standing increased transcript levels of the fatty acid
transporter Cd36 and of genes encoding key enzymes of
beta-oxidation, as well as mitochondrial content in ARskm�/y

mice, LPL activity and mitochondrial respiration were strongly
diminished, and lipid droplets accumulated in AR-depleted
muscles. Interestingly, we identified Pgc1a and Nrf1, two
major coordinators of muscle oxidative metabolism and
mitochondrial activity,32 as direct AR targets. Their reduced
expression might contribute to decreased oxidative
phosphorylation in AR-deficient fibres. However, whereas
fatty acid oxidation is androgen dependent in prostate cancer
cells,33 the expression of genes encoding enzymes of
beta-oxidation was enhanced in the absence of AR in
myofibres, which highlights cell-specific androgen activities.

In addition, our various molecular analyses show that the
expression of numerous genes encoding enzymes involved
in BCAA and lysine degradation was up-regulated in skeletal
muscles of ARskm�/y mice, in accordance with previous
results,31 resulting in decreased levels of these amino acids
in their myofibres. As these genes have been shown to be ac-
tivated by glucocorticoid pathways,34 and as GR transcript
levels were enhanced in ARskm�/y mice, GR-dependent tran-
scription might contribute to increased levels of BCAA degra-

AR is instrumental for muscle homeostasis 1717

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 1707–1720
DOI: 10.1002/jcsm.13251

 1353921906009, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13251 by C
ochrane France, W

iley O
nline L

ibrary on [04/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



dation enzymes in ARskm�/y mice, and it is therefore unlikely
that AR directly represses the expression of enzymes involved
in BCAA catabolism. Thus, our results show that glycolytic flux
and fatty acid usage are reduced in AR-deficient myofibres of
male mice. In contrast, catabolism of BCAA and lysine, which
reside as a pool of consumable amino acids in myofibres, is
enhanced to produce acetyl-CoA that fuels the TCA cycle,
probably as a compensatory mechanism that is sufficient to
sustain basal muscle activities, without impacting muscle
proteins.

In addition to the metabolic defects, our combined immu-
nofluorescent and ultrastructural analyses revealed sarco-
plasmic reticulum abnormalities in ARskm�/y muscles. We
and others previously showed that limb muscle strength

was reduced in skeletal muscle-specific AR knockout
mice.17,18,35,36 We also demonstrated that myofibrils were
disrupted in ~10% of the sarcomeres from ARskm�/y mice,
with loss of myofilaments, rupture of Z-lines and enlarged
sarcoplasm.17 Our omics data now unveil that AR directly
controls the expression of numerous genes of the contractile
cytoskeleton and the calcium channel subunits. As calcium
flux stimulates aerobic metabolism and ATP production,37 im-
paired calcium conduction caused by decreased expression of
calcium channel subunits and triad disorganization might
contribute to mitochondrial dysfunction in ARskm�/y mice.
Furthermore, in concordance with others,10,31 we identified
several genes involved in polyamine synthesis as AR targets
in skeletal muscles. Even though polyamines were proposed

Figure 8 Characterization of androgen receptor (AR) cistrome in skeletal muscle (see also Figure S9). (A) Pie chart depicting the AR peak distribution in
the genome of skeletal muscles. TSS, transcription start site; TTS, transcription termination site; UTR, untranslated region. (B) HOMER known motif
analysis of AR-bound DNA sequences in skeletal muscles. (C) Cumulative number of genes down-regulated in AR

skm�/y
mice with an AR peak at indi-

cated distances from their TSS. (D) Localization of AR and H3K4me2 at the Acat1 locus. The AR-response element is shown in red. (E) Representative
immunofluorescent detection of the RYR1 (red) and DHPRB (green) in tibialis muscles of 15-week-old control (Ctrl) and ARskm�/y mice. Nuclei are
stained with DAPI. Scale bar: 10 μm. n = 4 mice, 3 fields per mouse. (F) Representative ultrastructure of tibialis sarcomeres from 15-week-old Ctrl
and ARskm�/y mice. White arrow points to a T-tubule. Black arrows show the Z-line. Scale bar: 500 nm. n = 10 mice, 10 fields per mouse.
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as androgen-induced anabolic agents,38 spermidine supple-
mentation in orchiectomized mice was not sufficient to im-
prove their muscle mass and strength.39 Our data indicate
that decreased levels of enzymes interconverting polyamines
and increased transcript levels of Glud1 in skeletal muscles of
ARskm�/y mice lead to higher glutamate levels. Moreover, en-
hanced ammonia levels in ARskm�/y skeletal muscles,
resulting from increased BCAA catabolism, might
contribute to impaired skeletal muscle mitochondrial
respiration and oxidative stress. Therefore, impaired calcium
conduction, increased ammonia production and
decreased Pgc1a and Nrf1 levels altogether lead to the mito-
chondrial alterations of ARskm�/y myofibres, which, along
with decreased expression and disorganization of the cyto-
skeleton elements, impacts muscle function. In contrast,
myofibre integrity and glucose homeostasis were not af-
fected in female mice lacking myofibre AR at endogenous an-
drogen levels.

Our findings also provide important insights in diseases
caused by impaired AR function. Indeed, patients with
Kennedy’s disease (KD), also known as spinal and bulbar
muscular atrophy (SBMA), an X-linked recessive neuromus-
cular disease induced by glutamine expansions in the AR
N-terminal region, suffer from metabolic alterations (e.g.,
glucose intolerance),40 reduced muscle force, associated
with disrupted muscle striation, and altered calcium dynam-
ics in response to muscle contraction.41,42 Corresponding
poly-Q expansions in mice impaired glycolysis with de-
creased HK2 expression and altered mitochondrial functions
in their muscles,43 as in ARskm�/y mice. Thus, defects in-
duced by the poly-Q-AR might be due to impaired AR tran-
scriptional activity in skeletal muscle rather than toxicity of
the misfolded protein. Because liver and adipose tissues
are also important metabolic organs, impaired AR activity
in these tissues might contribute to the phenotype of KD
patients.

In summary, our comprehensive study delineates the
mechanisms by which androgens, via their receptor in
myofibres, control male muscle mechanical and energetic
functions, as well as whole-body glucose metabolism.
Unravelling androgen signalling in additional target tissues
will open new avenues to develop AR ligands with
increased selective activities for the treatment of various
diseases.
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