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Androgens act in almost all tissues throughout the lifetime 

and have important roles in skeletal muscles. The levels of 

androgens increase during puberty and remain sustained at 

high levels in adulthood. Because androgens have an anabolic 

effect on skeletal muscles and muscle stem cells, these in-

creased levels of androgens after puberty should lead to 

spontaneous muscle hypertrophy and hyperplasia in adult-

hood. However, the maintenance of muscle volume, myonu-

clei number per myofiber, and quiescent state of satellite cells 

in adulthood despite the high levels of androgens produces 

paradoxical outcomes. Our recent study revealed that the 

physiological increase of androgens at puberty initiates the 

transition of muscle stem cells from proliferation to quies-

cence by the androgen-Mindbomb1-Notch signaling axis. 

This newly discovered androgen action on skeletal muscles 

underscores the physiological importance of androgens on 

muscle homeostasis throughout life. This review will provide 

an overview of the new androgen action on skeletal muscles 

and discuss the paradoxical effects of androgens suggested in 

previous studies. 
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INTRODUCTION 
 

Skeletal muscles composed of multinucleated, post-mitotic 

fibers account for approximately 40% of the total body  

weight (Frontera and Ochala, 2015). Founder muscle stem 

cells derived from mesodermal cells of the dermomyotome 

express the paired-box/homeodomain transcription factors 

Pax3 and Pax7, expand their populations, and undergo my-

ogenic commitment through the sequential expression of 

Myogenic Regulatory Factors (MRFs), Myf5, Mrf4, Myod, 

and Myogenin (Tajbakhsh, 2009). The committed embryonic 

and foetal myocytes fuse to generate multinucleated myofi-

bers during primary and secondary myogenesis (Chal and 

Pourquie, 2017). During the perinatal period, muscle stem 

cells continue to proliferate extensively and incorporate into 

pre-existing myofibers, which result in muscle growth. At 

puberty, however, juvenile muscle stem cells cease their 

proliferation, and a portion of the muscle stem cells be-

comes adult-type quiescent muscle stem cells. The quiescent 

muscle stem cells then reside between the basal lamina of 

myofibers and the sarcolemma of skeletal muscles under 

homeostatic condition and retain their stemness (Yin et al., 

2013). 

In skeletal muscles, androgens have been widely used for 

clinical and therapeutic purposes. Clinically, testosterone 

administration to hypogonadal men or eugonadal old men 

induces muscle growth associated with a decreased fat mass 

and increased muscle strength (Bhasin et al., 1996; 2001; 

2005; Brodsky et al., 1996; Katznelson et al., 1996; Sih et al., 

1997; Storer et al., 2003). When androgen is supplemented 

to aged people, age-associated muscle atrophy is ameliorat-

ed (Basualto-Alarcon et al., 2014; Janssen et al., 2000), sug-

gesting that androgen treatment can rescue age-associated  
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muscle atrophy (Bhasin et al., 2005; Serra et al., 2013; Sih et 

al., 1997; Urban et al., 1995; Wilkinson et al., 2018). Conse-

quently, these therapeutic and clinical effects of testosterone 

have drawn the attention of many researchers who have 

identified signaling pathways operating within fibers and 

muscle stem cells that contribute to muscle hypertrophy and 

muscle stem cell proliferation. However, paradoxical effects 

of androgens exist in skeletal muscles, which appear to be 

due to the differential dose effects of androgens on muscle 

stem cells. Moreover, several studies using mouse genetic 

models have reported opposing views on the previous stud-

ies on androgen-sensitive sexually dimorphic perineal mus-

cles. As such, in this review, we will discuss the bona fide 

physiological role of androgens on skeletal muscles during 

puberty and underscore the paradoxical anabolic effects of 

androgens reported in previous studies. 

 

ANDROGEN ACTIONS ON SKELETAL MUSCLES 
 

The anabolic effects of androgens occur in myofibers and 

directly regulate muscle protein synthesis which leads to 

muscle hypertrophy. Recent studies have shown that andro-

gen-mediated activation of the IGF-1, PI3K/Akt and follistat-

in pathways stimulates protein synthesis, inhibits protein 

degradation and consequently increases skeletal muscle 

mass. Moreover, several studies have revealed that andro-

gens can offset the catabolic effects of both the myostatin 

and glucocorticoid receptors (Chen et al., 2005; Dubois et al., 

2012). In addition to myofibers, androgens also promote 

muscle stem cell proliferation (Fig. 1)(Fu et al., 2012; Joubert 

and Tobin, 1989; 1995; Sinha-Hikim et al., 2004). However, 

there appears to be some discrepancies according to other 

studies that reported no direct action of androgens in mus-

cle stem cell proliferation in vitro (Chen et al., 2008; Doumit 

et al., 1996). In addition to the anabolic effects of androgens 

on muscle hypertrophy, whether androgens activate muscle 

stem cells still remains controversial. 

The most unexpected and surprising results would be 

from studies using genetic mouse models including global 

androgen receptor knockout (ARKO), muscle stem cell-

specific (MyoD-iCre;AR f/y
) and muscle-specific (MCK-

Cre;Ar f/y
 or HSA-Cre;ARf/y

) mice. Either global or tissue-

specific deletion of AR results in severe loss of perineal mus-

cles but not limb muscles although there is a slight alteration 

in muscle strength and fiber-type composition (Chambon et 

al., 2010; Dubois et al., 2014; MacLean et al., 2008; Ophoff 

et al., 2009). The perineal muscles, such as bulbocavernosus 
(BC) and levator ani (LA) muscles, are derived from the ven-

tral muscle mass at the ventrocaudal edge, which migrates 

toward the cloaca, particularly the genital tubercle, and 

forms the perineal muscles (Buckingham et al., 2003; Vala-

sek et al., 2005). Although both limb and perineal muscles 

express AR, its expression in perineal muscle is about 3- to 4-

fold higher than in skeletal muscles, implying that perineal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. A schematic diagram of androgen signaling pathways associated with muscle hypertrophy and hyperplasia in skeletal muscles. Up-

on supraphysiological levels of androgen treatment, androgens activate anabolic effects via the IGF-1, PI3K/Akt and follistatin pathways 

and counteract the catabolic effects by inhibiting the myostatin/SMAD and Foxo3 pathways. Besides the crosstalk between androgens 

and other signaling pathways in skeletal muscles, androgens also can induce the expressions of IGF1, follistatin and sarcomeric proteins 

which lead to muscle protein synthesis and hypertrophy. Although the role of androgens in muscle stem cells is still debated, there are 

some studies that have reported that androgens also can activate muscle stem cells to proliferate and stimulate myonuclei accretion in 

pre-existing myofibers via muscle stem cell recruitment. 
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Fig. 2. Different androgen actions on limb and perineal muscles. (A) Action of supra-physiological levels of androgen on limb muscles in 

adults. Androgens can induce limb muscle hypertrophy. Although myofiber hyperplasia via androgens is still controversial, some reports 

have suggested that androgens can induce hyperplasia by the activation of muscle stem cells. (B) Physiological or supra-physiological 

androgen action on perineal muscles at puberty or adulthood, respectively. During puberty, increased levels of androgens can induce 

muscle hypertrophy and hyperplasia. Moreover, in adults, androgens can activate and increase muscle stem cell numbers in a dose-

dependent manner. (C) Schematic diagram of the conversion of proliferative juvenile muscle stem cells into quiescent adult muscle stem 

cells via the androgen-Mib1-Notch signaling axis in limb muscles during puberty (modified from Kim et al., 2016). 

 

 

 

muscles are more sensitive to androgens (Dube et al., 1976; 

MacLean et al., 2008). 

The perineal muscles are sexually dimorphic; perineal mus-

cles only exist in males and naturally degenerate in females 

due to the lack of androgens (Cihak et al., 1970; Tobin and 

Joubert, 1988). The administration of testosterone to pre-

pubertal female rats results in the masculinization of LA 

muscles associated with muscle fiber hypertrophy and an 

increase in myonuclei numbers (Gori et al., 1969; Joubert 

and Tobin, 1989). The gradual increase of testosterone in 

males markedly increases muscle stem cells in LA muscles 

(Joubert et al., 1994; Tobin and Joubert, 1991; Tobin et al., 

1993), suggesting that pubertal testosterone regulates mus-

cle hypertrophy and increases myonuclei numbers via muscle 

stem cell activation in LA muscles (Fig. 2B)(Joubert and Tobin, 

1989, 1995; Joubert et al., 1994; Tobin et al., 1993). Alt-

hough perineal muscles have been regarded as an ideal sys-

tem to study the action of androgens, accumulated discrep-

ancies have consequently raised questions about the validity 

of LA muscles as a physiological model of skeletal muscles. 

Consequently, the effects of androgens in general skeletal 

muscles should be precisely re-evaluated using limb muscles. 

 

CONTROVERSIAL EFFECTS OF ANDROGENS ON 
MUSCLE STEM CELLS 
 

Most studies that have shown androgen-induced muscle 

stem cell proliferation have used supraphysiologic doses of 

androgens. When testosterone with graded doses was used, 

there was no change in the serum total testosterone con-

centration up to 125 mg and no change in the limb muscle 

mass as well as in the numbers of muscle stem cells. Howev-

er, when higher doses of testosterone were used (300- and 

600-mg), the serum total testosterone concentration in-

creased by 2- to 4-folds, and muscle stem cell numbers in-

creased (Bhasin, 2003; Sinha-Hikim et al., 2002; 2003), indi-

cating that at least a high dose of testosterone is required to 

activate muscle stem cells. Even in animal models, testos-

terone supplementation with a higher dose of testosterone 

resulted in about a 10-fold increase in the serum total testos-

terone concentration and muscle stem cell proliferation in 

both young and old limb muscles (Serra et al., 2013). More-

over, AR expression in isolated muscle stem cells increases 

when incubated with supraphysiological testosterone and/or 

DHT concentrations, indicating that the proliferation of mus-

cle stem cells is promoted by androgens in a dose-

dependent manner (Doumit et al., 1996; Sinha-Hikim et al., 

2004). The increase in AR expression in muscle stem cells 

might enable muscle stem cells to sensitively respond to AR 

signaling and would be crucial to enhance the proliferation 

of muscle stem cells. 

If androgens stimulate muscle stem cell proliferation in a 

dose-dependent manner, muscle stem cells should sponta-

neously proliferate until sustained high levels of endogenous 

androgens begin to decrease with age. Contrary to this as-

sumption, muscle stem cells no longer proliferate after pu-

berty and are maintained in a quiescent state until required 

for regeneration upon injury. As such that, we can speculate 
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that muscle stem cells in vivo become quiescence upon the 

surge of androgens at puberty, while muscle stem cells in 
vitro acquire proliferation potency upon supraphysiological 

levels of androgen treatment in adults (Fig. 2A). 

 

A NOVEL ANDROGEN FUNCTION ON SKELETAL 
MUSCLES AT PUBERTY 
 

Based on previous studies, muscle hypertrophy and muscle 

stem cell proliferation should continuously occur in adult-

hood due to the high levels of androgens after puberty. 

However, intriguingly, in adulthood, the skeletal muscles 

reach maturity, and the proliferative juvenile muscle stem 

cells become quiescence (Allen et al., 1979; White et al., 

2010). The lineage tracing of Pax7-descendant cells with X-

gal labeling has revealed that the incorporation of X-gal
+
 

cells into myofibers sharply declines at the onset of puberty 

(postnatal day (P) 21 in mouse (Piekarski et al., 2017; Rich-

man et al., 2001; Sangiao-Alvarellos et al., 2013)) and ceas-

es at P31 (Lepper et al., 2009). Moreover, muscle stem cell 

kinetics during postnatal growth has shown that myonuclei 

accretion ceases, and the number of muscle stem cells be-

comes steady state at P21 (Bachman et al., 2018; White et 

al., 2010), indicating that endogenously elevated androgens 

at puberty might have a role in muscle stem cell conversion 

rather than anabolism. 

To rationalize the physiological role of endogenous andro-

gens on muscle stem cell conversion during puberty in skele-

tal muscles, muscle stem cell kinetics during puberty was 

examined. Recent work from our lab proposed that a quies-

cent muscle stem cell population is established during pu-

berty with Notch activation which has an important role in 

the maintenance of adult quiescent muscle stem cells in 

skeletal muscles (Bjornson et al., 2012; Mourikis et al., 

2012a; 2012b). When the pubertal process is mimicked by 

injecting a physiological level of dihydrotestosterone (DHT) 

into 10-day-old pre-pubertal mice, Notch signaling is activat-

ed, and proliferative juvenile muscle stem cells become qui-

escence. In accordance with muscle stem cell kinetics during 

puberty, the muscle stem cell pool is depleted at 8 weeks of 

age when the sex hormone is surgically (orchiectomy at 2 

weeks of age), pharmacologically (a Nal-Lys gonadotrophin 

releasing-hormone antagonist (antide)(Edelstein et al., 

1990) treatment at 1 week of age) or genetically (hy-

pogonadal mice (Gnrh1hpg/hpg
)(Cattanach et al., 1977)) in-

hibited. Moreover, the expressions of Mib1, Notch-ligand 

regulating E3 ubiquitin ligase, and Notch target genes are 

down-regulated in all sex hormone inhibited myofibers at 4 

weeks of age. When Mib1 is specifically deficient in myofi-

bers (MCK-Cre; Mib1f/f
), there is no conversion of prolifera-

tive muscle stem cells into quiescent muscle stem cells in 

adults and even after DHT treatment in pre-pubertal mice, 

demonstrating that a reserve pool of quiescent muscle stem 

cells is established by the androgen-Mib1-Notch signaling 

pathway at puberty (Kim et al., 2016)(Fig. 2C). This finding 

sheds light on the biological mechanisms of androgens im-

plicated in the regulation and maintenance of quiescent 

muscle stem cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Dynamics of muscle stem cells and physiological role of androgens in limb muscles. During puberty, androgens surge via the hypo-

thalamic-pituitary-gonadal axis. These high levels of androgens promote muscle growth and increase the myonuclei number per myofi-

ber leading to an increase in muscle mass during puberty. However, after puberty, muscle mass and myonuclei number per myofiber 

reach a steady state and remain stable during adulthood. The maintenance of the limb muscle mass during adulthood is generally 

achieved by the conversion of proliferative juvenile muscle stem cells into quiescent adult muscle stem cells during the pubertal period. 

Intriguingly, the physiological increase of androgens induces the Mib1-Notch signaling axis to initiate muscle stem cell conversion and 

consequently establishes the pool of quiescent adult muscle stem cells throughout their lifetime. In summary, physiological androgens 

have a critical role in muscle stem cell conversion and muscle maintenance rather than anabolic effects on limb muscles.
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CONCLUSION AND PERSPECTIVES 
 

For a few decades, much effort has been given to under-

standing the role of androgens on skeletal muscles in adult 

homeostasis, disease and sarcopenic conditions for clinical 

purposes rather than for normal development including the 

pubertal period. Previously, the anabolic effects of andro-

gens on skeletal muscles drew the attention of many re-

searchers to focus mostly on muscle hypertrophy as well as 

SC proliferation. However, the apparent muscle growth dur-

ing puberty somehow gets less attention. Recently, the ac-

tion of androgens on skeletal muscles during puberty was 

revealed. The appearance of a quiescent adult SC pool 

through an androgen-Mib1-Notch signaling axis provides 

further molecular insights into the actions of androgens on 

skeletal muscles during puberty (Fig. 3). 

Among the different types of muscles, the androgen-

sensitive perineal muscles have been widely studied until ge-

netic dissection in a mouse model revealed critical differences 

between limb and perineal muscles. Although both perineal 

and limb muscles express AR, AR in perineal muscles is more 

sensitive to androgens, demonstrating that perineal muscles 

have more potential to have an enhanced response to andro-

gens. A recent study on the action of androgens on skeletal 

muscles revealed that androgens can act on skeletal muscles 

by myofiber to muscle stem cell communication. Because 

androgens can regulate various gene expressions, it would be 

possible that other genes like Mib1, which exist in myofibers, 

can be induced by androgens and could provide cues to mus-

cle stem cells in a cell-autonomous manner. Further studies 

are required whether androgen-mediated genes are involved 

in the functions of muscle stem cells. 

Perturbation of puberty leads to the inactivation of Notch 

signaling and consequently the depletion of the adult quies-

cent muscle stem cell pool due to the loss of quiescence and 

premature differentiation of muscle stem cells. Moreover, 

the muscle stem cell depletion and regeneration failure with 

age suggest a close relationship between muscle stem cell 

status and age-associated androgen levels. Recent studies 

have suggested the possibilities that aging with low andro-

gen levels may result in systemic aging (Zhang et al., 2013) 

and dysfunctional muscle stem cells (Carlson and Conboy, 

2007; Conboy et al., 2005). With age, the androgen level 

declines as well as Notch signaling. Activation of Notch sig-

naling in aged mice results in an improved regenerative po-

tential. In addition, when old mice were exposed to the cir-

culatory system of young mice by parabiotic paring between 

young and old mice, not only the activation of Notch signal-

ing but also the regenerative capacity of aged SCs is amelio-

rated (Conboy et al., 2003; 2005). This suggests that sys-

temic factors change with age, particularly androgens, 

which might contribute to the loss of Notch signaling and 

impaired function of muscle stem cells in aged muscles. 

Consequently, the androgen-Mib1-Notch signaling axis may 

have a significant role in skeletal muscle development, qui-

escence and maintenance throughout an individual’s lifetime. 
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