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Sarcopenia is distinct from normal muscle atrophy in that it is closely related to a shift in
the muscle fiber type. Deficiency of the anabolic action of androgen on skeletal muscles
is associated with sarcopenia; however, the function of the androgen receptor (AR) path-
way in sarcopenia remains poorly understood. We generated a mouse model (fast-twitch
muscle-specific AR knockout [fmARKO] mice) in which the AR was selectively deleted
in the fast-twitch muscle fibers. In young male mice, the deletion caused no change in
muscle mass, but it reduced muscle strength and fatigue resistance and induced a shift in
the soleus muscles from fast-twitch fibers to slow-twitch fibers (14% increase, P = 0.02).
After middle age, with the control mice, the male fmARKO mice showed much less muscle
function, accompanied by lower hindlimb muscle mass; this phenotype was similar to the
progression of sarcopenia. The bone mineral density of the femur was significantly reduced
in the fmARKO mice, indicating possible osteosarcopenia. Microarray and gene ontology
analyses revealed that in male fmARKO mice, there was downregulation of polyamine
biosynthesis-related geneswhich was confirmed by liquid chromatography—tandem mass
spectrometry assay and the primary cultured myofibers. None of the AR deletion-related
phenotypes were observed in female fmARKO mice. Our findings showed that the AR
pathway had essential muscle type- and sex-specific roles in the differentiation toward
fast-twitch fibers and in the maintenance of muscle composition and function. The AR
in fast-twitch muscles was the dominant regulator of muscle fiber-type composition and
muscle function, including the muscle-bone relationship.
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Maintenance of the musculoskeletal system is essential for elderly individuals to lead an
independent life. Sarcopenia is an age-related, progressive, and generalized skeletal muscle
disorder that involves accelerated loss of muscle mass and function (1, 2). Although loss
of muscle mass occurs in both slow-twitch (type I) and fast-twitch (type II) muscles,
accelerated loss of motor units and fiber atrophy are seen primarily in fast-twitch muscle,
and the proportion of total muscle cross-sectional area (CSA) occupied by type I fibers
tends to increase in patients with sarcopenia (3, 4). These changes result in loss of mobility
and increased risks of fall, fracture, physical disability, and frailty. It is important to elu-
cidate the pathological mechanism of sarcopenia in order to prevent or ameliorate its
debilitating effects on the growing elderly population.

Sarcopenia phenotypes have multifactorial causes beyond aging (2). We focused on the
androgen—AR signaling pathway, which is expected to have strong and direct anabolic
effects on skeletal muscle (5). With advancing age, men spend a significant proportion of
their lives with declining serum levels of testosterone, which is the principal circulating
androgen. Recent studies revealed the relationship between low serum testosterone levels
and loss of muscle mass and strength (6, 7). Interventional studies showed that testosterone
replacement therapy improved body composition and might be associated with modest
increases in muscle strength (7); since then, there had been clinical interest in testosterone
replacement as therapy for sarcopenia (8, 9). However, the mechanisms underlying the
beneficial effect of testosterone replacement remain largely unresolved.

Androgens belong to the steroid hormone family and have an essential role in male sexual
development and maintenance. They are mainly secreted from the testes, ovaries, and
adrenal glands and have a variety of effects on target organs, including the prostate, muscles,
bones, adipocyte tissues, and brain. The anabolic actions of androgens on skeletal muscle
are predominantly mediated through the AR, which is the specific receptor for androgens.
The AR is a ligand-dependent nuclear transcription factor that binds to DNA sequences
called androgen response elements (AREs) and interacts with many coregulators to control
the transcription of androgen target genes (10, 11). Androgen-signaling pathways are
complex and involve both genomic and nongenomic mechanisms, including crosstalk with
other signaling pathways (12).
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Significance

The beneficial effects of the
androgen-AR signaling pathway
on sarcopenia have been pointed
out, but the etiologic mechanism
remains unsolved. Sarcopenia
differs from usual muscle
atrophy in that it is closely
related to fiber-type shifts.

This was one of our strong
motivations to generate a new
original mouse model of fast-
twitch muscle-specific AR
knockout in order to better
understand the AR function in
skeletal muscles. The model
represented phenotypes of
sarcopenia with aging and
showed that the AR in fast-twitch
muscles was the dominant
regulator of muscle fiber-type
composition and function. We
also reported the importance of
polyamine biosynthesis, which
was regulated by AR, on muscle
metabolism. These insights may
pave the way for future drug
development for sarcopenia.
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In order to investigate the pathophysiologic roles of the AR in
skeletal muscle in vivo, we generated a fast-twitch muscle-specific
AR knockout (fmARKO) mouse model using Cre-loxP systems
(13-16). MacLean etal. previously found that AR knockout
(ARKO) caused decreased body mass and muscle mass and
reduced force production by fast-twitch muscles in male mice but
not in female mice (14). Subsequent studies using mice with myo-
cyte-specific ARKO shed some light on the function of the AR in
skeletal muscle, but they failed to distinguish the muscle fiber
type-, sex-, or age-related AR function (15, 16).

Sarcopenia differs from normal muscle atrophy in that it is
closely related to a shift in the muscle fiber type. By focusing on
the fiber-type specificity of the AR function, we hoped to gain
insight into the etiological basis of sarcopenia and, therefore, pro-
vide new avenues for therapeutic research. We generated a mouse
model using Cre under the control of the myosin light chain 1f
(Mlcl1f) promoter to delete the AR, specifically in type II fast-
twitch muscle fibers without affecting cardiac muscle (17, 18).
Using that system, we clarified the muscle fiber-type-specific func-
tion of the AR and identified the genes and pathways related to
the differentiation of fast-twitch and slow-twitch muscle fibers.

Results

fmARKO Was Validated in fmARKO Mice. To explore the AR
function in skeletal muscle, we generated an fmARKO mouse strain
by crossing two parental strains carrying Mlc1f-Cre and AR-flox,
respectively (Fig. 14). PCR analyses of tissues from male fmARKO
mice confirmed the presence of the ARKO allele (600 bp fragment),
specifically in skeletal muscle, which was quantitatively analyzed by
Image] software (NIH) (Fig. 1B). The expression of AR messenger
RNA (mRNA) in male fmARKQO mice was fourfold lower in the
soleus (SOL) muscle and 12-fold lower in the gastrocnemius (GAST)
muscle, compared with that in the control mice, whereas there
was no difference in AR mRNA expression in the cardiac muscle
(Fig. 1C). Slow-twitch and fast-twitch fibers were present in roughly
the same amount in the SOL muscles of both mouse strains, but
fast-twitch fibers were more abundant than slow-twitch fibers in the
GAST muscles; this might explain the lower rate of AR ablation in
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Fig. 1. Generation and characterization of fast muscle-specific androgen
receptor knockout (fmARKO) mice. (A) MIc1f-Cre+/+/AR-flox/Y mice were mated
with AR-flox/flox mice to produce Mic1f-Cre+/-/ARflox/Y mice (referred to as
male fmARKO mice). (B) PCR analysis of tissue-specific recombination at the
AR locus in different tissues from a 13-wk-old fmARKO mouse. The knockout
allele (AR) is present only in skeletal muscle. (C) AR mRNA levels in skeletal and
heart muscles of 13-wk-old control and fmARKO mice (n =5 to 6/group). (D)
Growth curves of control and fmARKO males (n = 6 to 13/group). Error bars
indicate SEM; **P < 0.01.
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the SOL muscles of the fmARKO mice (19). Both mouse strains
were capable of reproduction and grew normally with similar weight
trends (Fig. 1D). fmARKO females also grew normally and the
weight gain was similar in both mouse strains, although the average
body weight was slightly but significantly greater in fmARKO mice
than in control mice (87 Appendix, Fig. S1 A and B).

Muscle Strength Was Impaired Ahead of Muscle Mass in fmARKO
Mice. Whole-body, hindlimb muscle, heart, and testes weights were
examined in fmARKO and control mice. Compared with the control
mice, the 13-wk-old fmARKO mice had no significant difference in
the total body weight and hindlimb muscle/ heart weight, normalized
by the total body weight. However, fmARKO male mice showed
interesting changes as they aged and had lower hindlimb muscle mass
after middle age (12 to 13 mo) (Table 1). The extensor digitorum
longus (EDL) muscle mass was relatively unresponsive to androgens,
and our fast-twitch muscle-specific AR ablation showed a neutral
effect on EDL muscle mass (15, 16). To evaluate the effect of fast-
twitch muscle-specific AR ablation on muscle function, a grip
strength test, wire hang test, and treadmill running experiment were
set up. With aging, the muscle function decreased progressively in all
tests (Fig. 24). Compared with control mice, 13-wk-old fmARKO
mice showed less muscle strength and endurance capacity, based on
the 10% decline in grip strength (g/g) and 32% decline in total
work output (J) (P = 0.02, P = 0.03, respectively). The maximum
time to fall in the wire hang test was over 120 s in all 13-wk-old
mice, and no significant difference in the holding impulse (Ns) was
observed (Fig. 2B). Compared with control mice, fmARKO mice at
12 to 13 mo of age showed 33% lower grip strength (2 < 0.001),
74% lower holding impulse (2 = 0.03), and 64% lower total work
output (P = 0.01) (Fig. 20). In addition, less muscle function was
observed in 2-y-old fmARKO mice, although the muscle function
in aged mice was sufficiently impaired regardless of AR ablation,
and the difference became smaller (Fig. 2D). Moreover, although
these physical performance assessments were informative, the results
might have been confounded by systemic changes. Therefore, we also
set up an ex vivo functional assessment of muscle in insolation and
measured the maximal muscle contraction force (g) of the GAST
muscle using sciatic nerve stimulation. In 12- to 13-mo-old mice,
muscle contraction was significantly lower in fmARKO mice than
in control mice (P < 0.01) (Fig. 2E).

We also focused on the AR function in females and examined
fmARKO female mice, in comparison with control female litter-
mates; however, differences in muscle-related phenotypes were not
observed (SI Appendix, Table S1 and Fig. S1C). Taken together,
our results indicated that male fmARKO male mice had decreased
muscle strength and lower endurance capacity despite the main-
tenance of normal hindlimb muscle mass at a young age, suggest-
ing that the AR function might have affected muscle quality.
Moreover, impaired muscle mass was observed in male fmARKO
mice after middle age, suggesting that muscle strength was
impaired ahead of muscle mass.

Muscle-Bone Interaction Was Implied in the fmARKO Mice.
The fmARKO mice at 13 wk of age demonstrated an increase in
testicular mass by 11% (P < 0.001), although the difference reversed
as they aged (Table 1). We focused on the interaction between the
reproductive system and bone because the bone was reported to
be an endocrine regulator of reproduction through osteocalcin
(OCN), which is an osteoblast-specific secreted molecule (20).
Moreover, there is a crosstalk between sarcopenia and osteoporosis
(i.e., osteosarcopenia), and low muscle strength has been associated
with a more rapid decline in bone mineral density (BMD) (1, 21).
In this study, we confirmed the presence of impaired muscle strength
in fmARKO mice starting at 13 wk of age; therefore, we assumed a
relatively low BMD in this group.

The overall serum testosterone level was not different
between male fmARKO mice and control mice (Fig. 34).
Similarly, the serum OCN and tartrate-resistant acid phos-
phatase (TRAP) levels were not different, suggesting that
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Table 1. Total body weight and hind limb muscle, heart, and testis mass (mg) normalized by body weight (g) in
male mice

13 wk 12to 13 mo 2y

Control (n=12) fmARKO (n=11) Control(n=4) fmARKO (n=3) Control(n=7) fmARKO (n=3)
Total body weight (g) 25.2+0.7 24.3+0.6 28.6 + 1.1 322+1.8 32.2+04 324+ 2.1
Gastocnemius (mg/g) 5.7+0.1 5.8+0.1 5.3+0.1 4.5+ 0.2%* 43+0.1 3.7 £0.2*%*
Soleus (mg/g) 0.35+0.01 0.32+0.01 0.30 £ 0.01 0.26 £ 0.01* 0.26 £ 0.01 0.15 £ 0.03%**
EDL (mg/g) 0.46 + 0.03 0.44 +£0.02 0.37 £0.02 0.32+0.02 0.33+0.02 0.26 + 0.05
Tibialis (mg/g) 24+0.1 2.3+0.1 2.2+0.1 1.8+0.1%* 1.8+0.1 1.5+£0.1%
Hearts (mg/g) 5.8+0.2 5.6 £0.1 5.9+0.5 57+0.2 5.1+0.2 5.5+0.5
Testis (mg/g) 3.7+0.1 4.1 £ 0.1%*%* 3.6+0.2 3.0+ 0.1*%* 2.9+0.1 2.7+0.1

Data are expressed + SE.
*P <0.05, **P < 0.01, ***P < 0.001, fmARKO compared with control mice.
EDL, extensor digitorum longus.

deletion of the AR in muscles did not influence bone function ~ Fig. 3 Cand D), indicating the possibility of osteosarcopenia.
as an endocrine regulator of reproduction (Fig. 38). On the =~ Those phenotypes were not observed in female fmARKO mice
other hand, BMD in male fmARKO mice was significantly (Fig. 3 E and F). The reasons for these discrepancies were
decreased in both trabecular and cortical bone, compared with unknown, and further studies, such as bone morphometry
that in control mice (P = 0.01 and P = 0.04, respectively;  analysis, are needed.
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Fig. 2. fmARKO mice showed lower muscle strength and endurance capacity. (A) The results of grip test [forelimb maximal grip strength normalized for body
weight (g/g)], wire hang test [holding impulse (Ns)], and treadmill test [total work output (J)] in 13-wk-old, 12- to 13-mo-old, and 2-y-old control mice (n = 3 to 8/
group). (B-D) The results of grip test, wire hang test, and treadmill test were compared between control and fmARKO mice at (B) 13-wk-old, (C) 12- to 13-mo-old, and
(D) 2-y-old (n = 3 to 8/group). (E) In situ GAST muscle tetanic contraction during sciatic nerve stimulation and the maximal muscle contraction force (n =3 to 7/
group). Error bars indicate SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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The Proportion of Slow-Twitch Fibers Was Increased in the
Skeletal Muscles of Male fmARKO Mice. Hematoxylin and eosin
(H&E) and nicotinamideadenine dinucleotide dehydrogenase-
tetrazolium reductase (NADH-TR) staining of the SOL
specimens showed little morphological difference between the
13-wk-old control and fmARKO mice; however, Oil Red O
staining revealed lipid droplets in the muscle fibers of the male
fmARKO mice but not in those of the control mice, indicating
a difference in lipid metabolism (Fig. 44). Examination of

the blood levels of total cholesterol (TC), triglycerides (TG),
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low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), and adiponectin showed no
differences between fmARKO and control mice. This result
suggested that the difference in lipid metabolism was limited
in muscle tissue (SI Appendix, Fig. S2A). In addition, we
confirmed that the adiponectin level was significantly higher
in female mice than in male mice (P < 0.01), as previously
reported (22).

In mice, skeletal muscle fibers are classified into four different types
(i.e., I, IIa, IIx, and IIb). The slow type I fibers are aerobic and suited
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Fig.3. Muscle-bone interaction was indicated in the fmARKO mice. (A) Serum levels of testosterone presented as log10 (x + 0.01) values. The highest and lowest
values and the interquartile range from the first quartile to the third quartile are shown (n = 8/group). (B) Serum levels of OCN and TRAP (n = 5 to 13/group).
(C and D) Total (n = 3, 60 points/group), trabecular (24 points), and cortical (30 points) BMD were evaluated, and bone loss in the whole femurs of 13-wk-old
male fmARKO mice was shown. (E and F) Total (n = 3, 60 points/group), trabecular (24 points), and cortical (30 points) BMD were evaluated, and there were no
differences between the female fmARKO mice and controls. Error bars indicate SEM; *P < 0.05.
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for prolonged low-power work, whereas the fast-type IIx and IIb fibers
are anaerobic and adapted for brief and intense contractions. The type
IIa fibers are intermediate between the slow and fast fibers but are
most similar to the type I fibers. To investigate the function of the
AR in the regulation of muscle fiber type, we used immunostaining
of the SOL muscles to examine the fiber-type distribution. The stain-
ing for the slow-twitch and fast-twitch myofiber markers compen-
sated each other, and the SOL muscles of 13-wk-old mice were full
of muscle fibers without atrophy. This enabled us to focus on the
results from the fast-twitch myofiber marker myosin heavy chain
(MHC) type 2. The percentage of slow-twitch fibers was increased
by 14% in male fmARKO mice, compared with that in control mice
(P = 0.02; Fig. 4B), which is similar to what is often observed in
patients with sarcopenia. The mean CSA of slow-twitch fibers and
fast-twitch fibers tended to be lower in the fmARKO mice than in
the control mice, without reaching statistical significance (Fig. 4C).
In female fmARKO mice, there were no significant differences in
comparison with control mice (S] Appendix, Fig. S2 B-D).

Expression of Genes Related to Muscle Fiber Type and Muscle
Mass Was Altered in fmARKO Mice. To explore the cause of
the differences in muscle fiber composition, we examined the
mRNA levels of the genes related to muscle fiber type in 13-wk-
old mice. Myoglobin, slow troponin I (Tnl slow), sarcomeric
mitochondrial creatine kinase (sMtCK), and MHC type I are
expressed primarily in slow fibers, whereas parvalbumin, muscle
creatine kinase (MCK), MHC type I1A, and MHC type IIB are
expressed predominantly in fast fibers (23). Tnl slow and MHC
type I showed a 3.3- (2= 0.01) and 4.6-fold (< 0.01) increase
in expression, respectively, compared with those in control mice.
On the other hand, the expression levels of fast fiber-related genes
were not changed by the AR ablation (Fig. 4D). MyoD, which
belongs to the myogenic regulatory factor family of transcription
factors, is preferentially expressed in fast-twitch muscles, and is
related to muscle fiber-type plasticity (4). Inhibition of MyoD
activates slow fiber-related genes and leads to the transformation
of type II fibers to type I ﬁ%ers (24, 25). In fmARKO mice, the
mRNA level of MyoD decreased by 2.6-fold, compared with that
in control mice (P = 0.02; Fig. 4F). Taken together, the results
demonstrated that fast-twitch muscle-specific AR ablation caused
a shift in muscle fiber type by inhibiting MyoD expression and,
therefore, increasing the expression of slow fiber-specific genes.

In line with findings in other ARKO mouse models, the mRNA
level of myostatin, which is a member of the transforming growth
factor-f protein family, decreased by 2.3-fold in fmARKO mice,
compared with that in control mice (< 0.01; Fig. 4E) (14, 26).
Mpyostatin inhibits muscle growth, and its gene expression is reg-
ulated by androgens (26). Therefore, its downregulation in
fmARKO mice might have contributed to the maintenance of
muscle mass, CSA, and muscle fiber diameter.

The muscle-specific E3 ubiquitin ligases Muscle RING finger 1
(MuRF1) and muscle atrophy F-box protein-1 (MAFbx)/
Atrogin-1 are normally expressed in skeletal and heart muscles
and are upregulated in atrophying muscles. In fmARKO mice,
the mRNA levels of MuRF1 and MAFbx/Atrogin-1 were
decreased, compared with those in control mice (2 = 0.03 and
P = 0.03, respectively), which might have contributed to the
preservation of muscle mass after AR ablation (Fig. 4E). Although
MAFbx/Atrogin-1 was reported to interact with the MyoD for
its degradation (27, 28), there was no change in MyoD protein,
probably because of the suppressed MyoD mRNA level
(SI Appendix, Fig. S4C). In contrast to the results in male mice,
no changes in gene expression following ARKO were observed

in female mice (S/ Appendix, Fig. S3 A and B).

Shift in Muscle Fiber Type in fmARKO Mice Was Independent of the
Calcineurin A/ Nuclear Factor of Activated T Cells Cytoplasmic 1
(NFATc1) Pathway in the Translational Level. Calcineurin signaling
is one of the major pathways in muscle fiber-type plasticity related to
MyoD. Calcineurin A (CnA) is a calcium-regulated serine/ threonine
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phosphatase that was previously reported to be repressed by the AR
and to play a major role in mediating muscle fiber type (4, 14, 29).
Moreover, the mRNA level of CnA was found to increase in mice
with whole-body ARKO and in orchiectomized male mice (14).
CnA dephosphorylates and activates the NFATc] transcription
factor, which in turn activates the expression of slow muscle-specific
genes and inhibits MyoD activity (4, 24, 30). A transgenic mouse
model, in which CnA was activated in skeletal muscle, showed an
increase in slow muscle fibers with no change in skeletal muscle
mass (24); this was similar to the phenotype observed in the 13-wk-
old male fmARKO mice. Contrary to our expectations, however,
the mRNA and protein levels of CnA/NFATc] were not different
between male fmARKO mice and control mice (S Appendix,
Fig. S4 A and B). Although NFAT activation is also regulated by
posttranslational modification, these results indicated that the shift
in fiber type observed in fmARKO mice was independent of the
CnA/ NFAT pathway in the translational level.

Polyamine-Related Gene Expression Was Altered in Male
fmARKO Mice. AR is a ligand-inducible transcription factor with
many target genes. We performed microarray and quantitative
real-time PCR (qPCR) experiments to identify the AR target
%enes that accounted for the structural and functional differences
etween the muscles of male fmARKQO mice and control mice.
A suite of 195 genes showed twofold or greater differences in the
expression of genes (P < 0.05 for each), including 151 genes that
were downregulated and 44 genes that were upregulated in the
fmARKO mice, compared with the findings in the control mice
(Fig. 5 A and B). A gene ontology (GO) enrichment analysis
showed significant changes in the expression levels of polyamine
biosynthesis-related genes, including genes related to the polyamine
and spermine (SPM) metabolic processes (Fig. 5C and Dataset
S1). The mRNA expression levels of S—a(%enosylmethionine
decarboxylase (Amd1, 2), ornithine decarboxylase (Odcl), and
spermine oxidase (Smox) were 8.0-fold to 17.6-fold significantly
lower in male fmARKO mice than in control mice (Fig. 5D). These
results were partially supported by previous studies (16, 31, 32).
Like the genes related to muscle type, the polyamine biosynthesis-
related genes showed no changes in expression in female fmARKO
mice, in comparison with control mice (S Appendix, Fig. S3C).
'The principal examples of polyamines are putrescine (PUT), sper-
midine (SPD), and SPM, which are maintained at optimum con-
centrations. In 13-wk-old mice, we examined the polyamine levels
in the GAST muscle using LC-MS assay and found that SPM was
significantly decreased in fmARKO mice than in control mice, but
there were no differences in PUT and SPD (Fig. 5E). We also assessed
polyamine metabolism and polyamine levels in vitro using primary
myoblast cultures. In myoblasts derived from the control mice, pol-
yamines were present, albeit scarce, and increased in concentration
in response to 24 h of 5a-dihydrotestosterone (DHT) treatment
(Fig. 5F). On the other hand, myoblasts derived from male fmARKO
mice showed no signs of polyamines prior to DHT but had detectable
polyamine levels after DHT treatment. Decreased levels of polyam-
ines were previously observed in the skeletal muscles of aged mice,
and a strong association between polyamine levels and skeletal muscle
mass has been demonstrated (32-34). Our results revealed impaired
polyamine metabolism in male fmARKO skeletal muscle and the
possibility of its restoration after DHT treatment; this indicated a
strong association between androgens, polyamines, and sarcopenia.

There Was No Difference in Autophagy between fmARKO Mice
and Control Mice. Polyamines, especially SPD, are the inducers
of autophagy and promote longevity in an autophagy-dependent
manner (35, 36). Autophagy is a cellular process to maintain
homeostasis through self-digestion of unnecessary or dysfunctional
components via autophagosomes. Autophagy is also thought to
play a pivotal role in muscle maintenance (37, 38). We measured
the mRNA levels of the autophagy-related genes A24, 5, 7,
9A, 12, and 14; autophagy-adaptor protein p62; WD-repeat protein
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interacting with phosphoinositide 2 (WIPI2); Unc-51-like kinase 1
(ULK1); and the focal adhesion kinase family-interacting protein of
200 kD (FIP200). The expression levels of these genes tended to
decrease by 1.1-fold to 2.9-fold in male fmARKO mice, compared
with those in control mice, although none of the changes were
statistically significant (S] Appendix, Fig. S5A). Loss of autophagy
function was previously reported to induce p62 accumulation,
but we found no difference in the p62 protein levels between the
control mice and fmARKO male mice (S Appendix, Fig. S5B).
H&E staining of the SOL and GAST muscles showed no change
in the myofiber size and no features of degeneration, including
macrophage infiltration, foci of inflammation, and necrotic fibers.
Therefore, our mouse model showed no significant changes in
autophagy in relation to ARKO.

Discussion

As we age, we experience sarcopenia, which is loss of muscle mass
and strength. Sarcopenia has multiple causes, but one of the main
causes is thought to be age-related changes in anabolic hormone
levels. Androgen deficiency was reported to influence muscle mass
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and cause sarcopenia, partly by altering protein balance and can
be ameliorated by androgen replacement therapy (2, 7). In patients
with sarcopenia, fast-twitch muscle fibers, compared with slow-
twitch muscles, are typically more prone to atrophy and loss of
function. Therefore, we might expect a causal relationship between
androgens and muscle fiber type, although the underlying molecular
mechanisms remain poorly understood.

Although the androgen-signaling pathways are complex, most
of the effects of androgens occur through binding to the AR (12).
Muscle-specific ARKO mice models using the MCK promoter
(MCK-Cre) and the a-skeletal actin promoter (x-skeletal actin
(HSA)-Cre) have been developed to study the AR function in mus-
cles, and they showed different results (15, 16). Mice with both
types of ARKO showed little change in skeletal muscle mass. Mice
with the MCK-Cre knockout showed no change in muscle strength
or fatigue, whereas those with the HSA-Cre knockout showed
decreased muscle strength. In the SOL muscles of mice with the
MCK-Cre knockout, AR ablation was accompanied by conversion
of fast fibers to slow fibers, indicating that the myocytic AR func-
tioned to regulate the muscle fiber types. In addition, conversion
of fast fibers to slow fibers in the SOL muscles along with decreased
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grip strength was shown in satellite cell-specific ARKO (26).
Previous studies provided insights into the role of the AR in skeletal
muscle. However, their results were inconsistent; did not focus on
the fiber type-, sex-, or age-related roles of the AR function; or did
not exclude the impact of AR ablation on cardiac muscles. We used
Cre under the control of an Mlclf promoter in order to generate
a fast-twitch specific ARKO model; this is a well-designed model
with high selectivity so that we could advance the pathophysiolog-
ical studies of sarcopenia, characterized by fast-twitch dominant
atrophy (39). This model further enables us to examine the AR
regulation in fast-twitch muscles, compare the AR function in fast-
and slow-twitch muscles, and reveal the crosstalk between fast- and
slow-twitch muscles together with the muscle—bone relationship.

Analyzing this model, we found that the AR regulated multiple
pathways in skeletal muscles and bone. The fast-twitch muscle-spe-
cific deletion of the AR in male mice significantly affected muscle
function, fiber type, metabolism, and muscle-bone relationship by
regulating the transcription of androgen target genes (Fig. 5G). In
agreement with previous results, our results showed no differences
in the hindlimb muscle mass and the CSA of muscle fibers between
13-wk-old male fmARKO mice and control mice, supporting the
hypothesis that the AR in muscle does not control postnatal growth
or there were compensatory mechanisms (16). AR deletion in fast-
twitch muscle reduced muscle strength and fatigue resistance and
caused a shift from fast-twitch to slow-twitch fibers. Although AR
deletion was limited to fast-twitch muscles in the fmARKO mice,
the proportion of slow-twitch fibers in the SOL muscles of these
mice increased by 14%, along with a proportional decrease in fast-
twitch fibers. These results, in comparison with the results of previous
studies on muscle-specific ARKO mice (i.e., 10% more type I fibers
in SOL muscles), indicated that the AR in fast-twitch muscle, rather
than that in slow-twitch muscle, was the dominant regulator of fib-
er-type composition (15). Interestingly, fmARKO mice had lower
hindlimb muscle mass after middle age, suggesting a change in the
role of the AR over time. Muscle strength was impaired ahead of
muscle mass in fmARKO mice, similar to the progression of sarco-
penia, suggesting that sarcopenia might originate in fast-twitch
muscle.

Shifts in muscle fiber type between fast and slow varieties occur
in some muscle diseases and interventions. In many cases, MyoD
activity plays a central role in regulating muscle fiber-type differen-
tiation and plasticity (4, 40, 41). MyoD is assumed to be one of the
androgen target genes, and treatment of C2C12 myoblasts with an
AR agonist was reported to increase the messenger RNA (mRNA)
levels of MyoD (12, 42). Compared with control mice, male
fmARKO mice were found to have decreased mRNA level of MyoD
and increased number of slow fiber-related genes. An association
between the muscle fiber-type shift and the CnA/ NFAT pathway,
which was another major candidate for governing differential gene
expression, was not shown in male fmARKO mice (40). Taken
together, our results indicated that deletion of the AR directly down-
regulated MyoD expression, leading to the upregulation of slow
fiber-related genes and a shift in the fiber type in skeletal muscles.
Whether this difference in fiber-type composition was secondary to
myogenesis from undifferentiated myoblasts to differentiated fibers
(differentiation), fiber-type conversion (trans-differentiation), or
other processes is a subject for future analysis.

‘The association between the AR and polyamine was also a key
conclusion in this study. The loss of polyamines per se might be a
factor in sarcopenia or osteoporosis, as suggested by the observed
loss of polyamines in the muscles of older mice (33, 36, 43). Some
key enzymes that control polyamine biosynthesis contain AREs, and
this study confirmed that polyamine biosynthesis was regulated by
the AR signaling pathway (29). Moreover, as shown in the GO
analysis, among the polyamine biosynthesis processes, the SPM met-
abolic process was especially downregulated; this was supported by
the liquid chromatography-mass spectrometry (LC-MS) assay. SPM
was reported to be more effective than PUT or SPD in higher mam-
mals, and our results indicated that it played an important role in
this new mouse model (44). Skeletal muscle mitochondria are
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essential for muscle viability and function, and the functional linkage
between polyamine and mitochondrial metabolism is recently
reported (45). This linkage might be the potential mechanisms of
the sarcopenia phenotype observed in this study. The functional
linkage between polyamine and fatty acid metabolism is also known
(46), and our histological analysis of skeletal muscles with Oil Red
O staining suggested a certain change in lipid metabolism. A com-
bination of these changes in metabolism might result in poor muscle
quality. Japanese and Mediterranean diets, which are known as mac-
robiotic diets, are abundant in polyamines. Oral intake of these
polyamine-rich diets was reported to increase the blood SPM levels
in both mice and humans and resulted in multifaceted benefits on
survival (47, 48). Therefore, this study pointed out the possibility of
SPM as a future therapeutic agent for age-related pathologies, includ-
ing sarcopenia. Moreover, polyamine was suggested to be one of the
autophagy inducers, and low polyamine levels led to restrained auto-
phagy (35). Previous studies showed that autophagy preserved mus-
cle mass and function through muscle metabolic balance,
demonstrating a close relationship between autophagy and sarcope-
nia (37, 38, 49). In this study, after AR deletion, we found no
changes in the GO analysis and in the mRNA levels of autophagy-re-
lated genes, p62 protein levels, or myopathic phenotypes in the
morphological analyses. However, our study on the polyamine-auto-
phagy axis was limited, and further investigation, such as the use of
electron micrographs, is worth pursuing.

In summary, we generated a sarcopenia mouse model with
fast-twitch muscle-specific AR ablation; we found this model
to be a valuable in vivo model to study the AR function in a
muscle type-specific manner. Our results indicated that the AR
in fast-twitch muscles, rather than in slow-twitch muscles, was
the dominant regulator of muscle fiber-type composition and
function and that biosynthesis of polyamines played an impor-
tant role in muscle function. In addition, we found that andro-
gens played little or no role in determining muscle mass, muscle
function, or musculoskeletal linkage in females. Although the
cause of the differences in the AR function between muscle types
and sex remained unclear, our results suggested that selective
AR modulators, especially those affecting fiber-type-specific AR
functions, or polyamines, especially SPM, might be used as
therapeutic agents for sarcopenia, with fewer side effects, com-
pared with current treatments. Further studies, such as exam-
ining transgenic mice with muscle-specific over-expression of
AR, directly comparing the functional differences among mus-
cle-specific ARKO, slow-twitch-specific ARKO, and fmARKO
mice, or deleting AR function specifically in adult mice employ-
ing a tamoxifen-inducible Cre-loxP strategy, would provide
more insights into the muscle fiber-type-specific roles of the AR.

Materials and Methods

Mice. We generated fmARKO mice using the Cre-loxP strategy. AR-flox/flox mice
were created with exon 1 of the AR gene flanked by loxP sites and then were
crossed with a knock-in line carrying Cre recombinase under control of the Mic1f
promoter (50). The Mic1f-Cre transgenic mice were obtained with permission
from Steve Burden (Molecular Neurobiology, NYU/New York University School of
Medicine, New York, USA). The AR gene was located on the X chromosome, and
we obtained fmARKO mice at the expected frequencies (Fig. 14). Littermates of
AR-flox/Y males and AR-flox-flox females were used as controls in the subsequent
experiments. All mice were housed in a specific pathogen-free environment with
constant temperature (23 °C = 1°C), humidity (50% = 10%), and a 12-h light/dark
cycle and with standard feed and clean water. The study protocol was approved
by the Animal Care and Use Committee of the University of Tokyo.

Genotyping. The genotypes of the mice were determined by PCR
using the following primers: AR FW 5’-AAGTGAATGGICTTGGC-3’, AR RV
5'-TTACAGGTCTGGTGCAAGCC-3’, Mic1fCre FW 5’-ACATGTTCAGGGATCGCCAGG-3/,
and MIc1fCre RV 5’-CGCCGCATAACCAGTGAAAC-3". The AR primers were used
to detect the AR-flox allele (430 bp) and the AR wild-type allele (400 bp). The
MIcTfCre primers were used to detect the Mic1f promoter (250 bp).
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Grip Strength Test and Wire Hang Test. Forelimb grip strength was meas-
ured by the wire hang test using an MK-380CM/R (Muromachi Kikai) (51). Mice
holding a metal grid with their forelimbs were pulled backward by their tails.
The gripping force at the point of grip failure was recorded as the grip strength.
We measured the grip strength in each mouse in five sequential trials, with 30's
of restin between (52). All grip strengths were normalized to the mouse's body
weight, and the average of three values, excluding the maximum and minimum
values, was calculated. The trials were performed for two successive days, and the
average of six sets of trials was taken as the representative value for each mouse.

In the forelimb wire hang test, we assessed the ability of mice to exhibit sus-
tained limb tension to oppose gravitational force. Each mouse was placed on top
of a wire mesh cage, which was then gently inverted to encourage the mouse
to grip the wire; thereafter, the latency to fall (s) was measured. The maximum
time to fall among three sequential trials was selected and holding impulse (Ns)
was calculated by the following formula: mouse weight (g) x latency to fall (s) x
0.00980665 (gravitational force, N/g) (53, 54).

Treadmill Test. Physical endurance was evaluated using a treadmill for rats
and mice (MK-650; Muromachi Kikai). Before evaluation, the mice were made
to exercise periodically on the treadmill for 2 d in order for them to adapt to the
equipment and electrical stimulation. On the day of evaluation, the mice were
kept running on the treadmill at a speed of 10 m/min and an incline of 5%.The
treadmill speed was gradually increased by 2 m/min every 5 min (55). When the
mice quit running, they were encouraged to run using weak electric stimulation
or by gentle tapping or lifting of their hindquarters with a tongue depressor. The
cumulative running distance was recorded until the mice were exhausted and
continuously touched the shock grids; the power and total work output (J) was
calculated by the following formula: mouse weight (g) x vertical travel distance
(m) x 0.00980665 (gravitational force, N/g).

Ex Vivo Assessment of the GAST Muscle Contractile Force. Under 2% iso-
flurane anesthesia, the mouse was kept in prone position, with the temperature
maintained at 37 °C. As previously reported, the left GAST muscle was sutured
at the distal end and connected to a wide-range force transducer (MLTF500/ST;
AD Instruments). Electrical tetanus stimulation (10 V, 50 Hz, 0.1-ms pulse, 5-s
duration) was produced by a bipolar platinum electrode, which was placed on
the distal cut end of the sciatic nerve, in order to induce a tetanic contractile force
in the GAST muscle (56). Powerlab 2/26 Data Acquisition Systems with LabChart
V8 (AD Instruments) was used to record and analyze the muscle contractile force.

Tissue Collection, Histology, and Immunofluorescence Staining. For his-
tological and immunohistochemical analyses, muscle tissues and testes were
dissected and weighed to an accurate measure of 0.1 mg. The tissues were then
fixed with 4% paraformaldehyde for paraffin sections or directly embedded in
optimal cutting temperature compound for frozen sections. Transverse sections
were cut at 5 pm thickness, followed by H&E, Periodic Acid-Schiff, Oil Red O,
NADH-TR, and immunofluorescence staining. Muscle fiber type in the SOL mus-
cles was assessed using mouse monoclonal Anti-Myosin (Skeletal, Fast) antibody
(M4276,Thermo Fisher Scientific) and mouse monoclonal Anti-Myosin (Skeletal,
Slow) antibody (M8421, Thermo Fisher Scientific), followed by a secondary anti-
body solution containing Alexa Fluor 488 Goat anti-Mouse IgG (A-11001, Life
Technologies). All muscle fibers were examined using BZ-X800 (Keyence), and
captured images (10x and 40x views) were quantified using BZ-X800 Analyzer.
For quantitative analysis of lipid droplets, we calculated the red pixels in each
frame using Photoshop CC software (Adobe Inc.).

Biochemical Assays. Blood samples were collected by cardiac puncture. The
serum was separated by centrifugation at 4,500 x g and 4 °C for 10 min and
stored at —80 °C until use. The following biochemical parameters were assessed
using a 7180 Clinical Analyzer (Hitachi High-Tech Science Co.): testosterone, TC,
TG, HDL-C, LDL-C, and adiponectin. Gla-osteocalcin (MK-127, Takara) and TRAP
(Immunodiagnostic System) were estimated using enzyme-linked immuno-
sorbent assay (ELISA) kits, following the manufacturer's instructions (57).

Dual-Energy X-ray Absorptiometry (DXA). The BMD of the femur was meas-
ured in 13-wk-old mice (n = 3 per group) by DXA using a bone mineral analyzer
(DCS-600EX-II R, Aloka). Parameters were measured at 20 points along the long
axis, starting from the distal end of the femur, with a 0.75-mm distance between
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points. Parameters for the trabecular bone were measured at the metaphysis.
Parameters for the cortical bone were measured at the midshaft.

Western Blotting. Samples for Western blotting were collected and stored in T-PER
(Thermo Fisher Scientific) at —80 °C until use. The samples were homogenized
in ice-cold T-PER with Cell Destroyer (Bio Medical Science), and the total protein
concentration was determined using BCA protein assays (Thermo Fisher Scientific).
Equal amounts of protein (3 to 5 pg of protein sample per well) were loaded
on 10% sodium dodecyl sulfate-polyacrylamide electrophoresis gels (SuperSep
Ace) and transblotted to polyvinylidene fluoride membranes. The membranes
were incubated in blocking buffer (Blocking One, nacalai tesque) for 1 h and then
overnight with primary antibodies, including mouse anti-NFATc1 at 1:5,000 dilu-
tion (sc-7294, Santa Cruz); rabbit anticalcineurin at 1:5,000 dilution (GTX59619,
CST); mouse anti-MyoD at 1:1,000 dilution (sc-377460, Santa Cruz); guinea pig
anti-p62/SQSTM1 at 1:5,000 dilution (GP62-C, PROGEN); and mouse antifp-actin
at 1:5,000 dilution (A5441, Sigma-Aldrich). Primary antibodies were detected
by incubation with the appropriate secondary antibody for 1 h at room tempera-
ture and then with the ECL Prime Western Blotting Substrate (GE Healthcare) for
5 min. Protein expression was measured using WSE-6100LuminoGraph | (ATTO).
The densities were measured using ImageJ software (NIH).

Quantitative Real-Time PCR. Total RNA from the GAST muscles was extracted
using the RNeasy Fibrous Tissue kit (Qiagen) and reverse transcribed using
ReverTra ACE qPCR RT Master Mix (Toyobo). The resulting complementaryDNA
was subjected to qPCR analysis using the StepOnePlus™ Real-Time PCR System
(Applied Biosystems) with Fast SYBR™ Green Master Mix (Applied Biosystems).
Each reaction was run in triplicate using specific primer sets (S Appendix, Table
$2).The expression levels of each mRNA were normalized to that of acidic ribo-
somal phosphoprotein PO (36B4) and calculated using the comparative critical
threshold (Ct) method, as previously described (58).

Microarray Analysis. Total RNA was extracted from the GAST muscles of male
control and fmARKO mice (n = 4 per group) and analyzed using Affymetrix mouse
genome 430 2.0 array (Thermo Fisher Scientific). Probes with an absolute twofold
change and a corrected Pvalue of <0.05 were considered significantly different.
GO analysis was performed by DNA Chip Research Inc.

Lc-ms/ms. The levels of the polyamines PUT, SPD, and SPM in the GAST muscle were
measured using the liquid chromatography-tandem mass spectrometry (LC-MS/MS),
based on the method previously reported (59). Briefly, 30 to 50 mg of frozen muscle
samples were pulverized, extracted in 400 uL MeOH for 1 h, and mixed with the
following isotopically labeled internal standards: putrescine-d8 (D416027, Toronto
Research Chemicals); SPD-d6 (D367002, Toronto Research Chemicals); and SPM-d20
(S680512, Toronto Research Chemicals). For the removal of lipids, we followed the
Folch's extraction procedure (60). Specifically, we added 800 pL chloroform and 200
pLwater to the mixture, which was centrifuged at 15,000 rpm for 3 min before trans-
ferring the upper phase to a new tube for evaporation. Samples were resuspended
in 150 pLof 0.2 M carbonate-bicarbonate buffer (pH 9), 180 pL of acetone, and 120
pLof 10 mg/mL dansyl chloride (Wako), and incubated at 37° for 1 h. Then, 50 pL
of 100 mg/mLproline in water was added to quench the unreacted dansyl chloride
and incubated for 10 min.Then, derivatized samples were purified by liquid-liquid
extraction with 500 pL of ethyl acetate. LC-MS/MS analysis was performed using
an LCMS-8060 triple quadrupole mass spectrometer (Shimadzu Co.). The reversed-
phase chromatographic separation was performed on a Kinetex EVO C18 analytical
column (2.6 um, 2.1 mm x 150 mm) (Phenomenex) as previously reported (59).

Primary Culture of Myoblasts and Evaluation of Polyamine Levels.
Myoblasts were isolated from muscles and cultured on collagen-coated dishes
at 37 °C with 5% CO, until confluence (61, 62). The growth medium comprised
Ham's F-10 Nutrient Mix, 20% fetal bovine serum, 100 units/mL of penicillin,
100 pg/mL of streptomycin, and 2 ng/mL of basic fibroblast growth factor. We
treated the myotubes with vehicle alone or 100 nM of DHT, which is the most bio-
logically active form of endogenous androgen, for 24 h.Thereafter, the cells were
protected from light and incubated for 30 min at 37 °Cwith 20 uM PolyamineRED
(Funakoshi) and 8.1 uM Hoechst33342 (Thermo Fisher Scientific) (63). The pol-
yamine levels were evaluated by fluorescence microscopy, and the red pixels in
each frame were calculated using Photoshop CC software (Adobe Inc.).
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Statistical Analyses. All data were presented as mean = SE of the mean. Unless
otherwise specified, unpaired Student's t test was performed to evaluate the
differences between fmARKO and control mice. One-way ANOVA with the post
hoc Tukey test was used to determine the statistical significance for multigroup
comparisons. The significance level was set at a P value of <0.05. All statistical
analyses were performed with Microsoft Excel (Microsoft Corp.) and GraphPad
Prism 9 (GraphPad Software), except the GO analysis, which was performed using
the GeneSpring ver. 14.9.1 (Agilent Technologies).

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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