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1. Introduction

Androgens are well-known for their positive effects on both skeletal muscle size and strength.
Skeletal muscle size is determined by the delicate balance between protein synthesis and breakdown.
An increase in skeletal muscle size can be achieved by an increase in protein synthesis and/or a
decrease in protein breakdown. Androgens influence pathways which coordinate protein synthesis
and breakdown and hence regulate skeletal muscle size. In general, androgens increase muscle
protein synthesis whereas they decrease breakdown.

In recent years, the molecular mechanisms through which skeletal muscle protein synthesis
and breakdown is coordinated have been elucidated. In particular, the protein kinase mam-
malian/mechanistic target of rapamycin (mTOR) has received a lot of attention as a master regu-
lator of protein synthesis [1, 2]. mTOR forms the catalytic center of the two signaling complexes
mTORC1 and mTORC2 [3], of which the first is primarily involved in regulation of protein synthe-
sis. mTORC1 is structurally composed out of the three core subunits mTOR, Raptor and mLST8
[4]. Activation of the complex leads to phosphorylation of its two important sets of substrates which
are involved in mRNA translation. One being the eukaryotic initiation factor 4E (eIF4E)-binding
proteins 4E-BP1 and 2. 4E-BPs inhibit the formation of the eIF4F complex which facilitates
recruitment of the small (40S) ribosomal subunit to the 5′ end of mRNA [5]. Therefore, 4E-BPs
inhibit mRNA translation initiation and phosphorylation by mTORC1 relieves this inhibition. The
other important set of substrates of mTORC1 are the ribosomal S6 kinases S6K1 and 2. Phospho-
rylation of the S6Ks by mTORC1 activates them and resultingly modulate functions of translation
initiation factors [6]. Additionally, S6Ks are thought to promote ribosome biogenesis [7].

This paper summarizes the body of literature reporting on androgen-regulation of these path-
ways which orchestrate skeletal muscle size.
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2. Akt/protein kinase B (PKB)

Akt (also known as protein kinase B [PKB]) is a family of serine/threonine-specific protein
kinases which play a central role in both anabolic and catabolic pathways [8]. Akt consists of
three isoforms, namely: Akt1, Akt2 and Akt3. The first two are expressed in skeletal muscle,
whereas the latter is not. Phosphorylation of Akt activates the kinase. Akt can be phosphorylated
on two positions, namely at: Ser473 or Ser474 (in Akt1 and Akt2, respectively) [9], and Thr308
or Thr309 (in Akt1 and Akt2, respectively) [10]. Phosphorylation of both residues is necessary
for full activation of Akt kinase activity [10, 11]. The threonine residue is phosphorylated by 3-
phosphoinositide-dependent protein kinase 1 (PDK1) and the serine residue is likely phosphorylated
by mammalian target of rapamycin complex 2 (mTORC2).
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Figure 1: Caption.

When Akt is activated, it phosphorylates several molecules involved in both anabolic and
catabolic conditions. Its targets include glycogen synthase kinase 3β (GSK3β) [12], proline-rich
Akt substrate of 40 kDa (PRAS40) [13], tuberous sclerosis complex 2 (TSC2) [14] and forkhead
box class O (FoxO) family member proteins [15].

GSK3β is a negative regulator of the Wnt/β-catenin signaling pathway as it forms a complex
with other proteins and phosphorylates β-catenin leading to degradation of the molecule [16].
Akt phosphorylates GSK3β, which inactivates the enzyme and thereby stimulates Wnt/β-catenin
signaling through removal of its inhibiton. β-catenin seems to play an important role in skeletal
muscle hypertrophy by functioning as a transcription factor [17] and inhibition of GSK3β stimulates
hypertrophy in C2C12 myotubes [18].

PRAS40 is associated with mTORC1 by binding to the substrate binding site of raptor, one of
the proteins forming the complex. PRAS40 inhibits mTORC1 and inhibition can be relieved by
phosphorylation of the protein [19]. Its two main phosphorylation sites are at Ser183 and Thr246.
The latter being phosphorylated by Akt, whereas the first is phosphorylated by mTORC1 itself.
After phosphorylation, PRAS40 dissociates from mTORC1 and thus relieving inhibition of the
complex.

TSC2 can form a complex with TSC1 and TBC1D7 which inhibits mTORC1 by inhibiting
Rheb [20]. In its active GTP-bound state, Rheb activates mTORC1 by unknown mechanisms,
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although interaction with the mTOR kinase domain appears to be involved [21]. TSC2 hydrolyzes
Rheb-GTP to the inactive Rheb-GDP by virtue of its GTPase activating protein (GAP) domain,
and therefore inhibits mTORC1 [22]. Akt phosphorylates TSC2 at multiple sites (Ser939, Ser981,
Ser1130, Ser1132 and Thr1462) in order to inhibit the GAP activity of the TSC complex, possibly
by moving TSC2 away from the lysosomal surface where mTORC1 is activated by Rheb [23], and
therefore stimulates mTORC1 activation through increased Rheb-GTP.

FoxO proteins are key regulators of protein breakdown by modulating ubiquitin-proteasome,
as well as autophagy-lysosomal proteolytic pathways [24]. Especially the first seems important in
muscle protein breakdown and two E3 ubiquitin ligases, muscle atrophy F-box (MAFbx/atrogin-1)
and muscle ring finger 1 (MuRF1) [25, 26], appear to be the two main downstream effectors of
FoxO signaling concerning protein breakdown. FoxO proteins are phosphorylated, and thereby
inhibited, by Akt [27].

Clearly, Akt plays a central role in both muscle hypertrophy and atrophy due to its regulation
of both anabolic and catabolic pathways. Several studies suggest Akt also plays a role in androgen-
modulation of these pathways [28, 29, 30, 31], whereas others do not [32, 33, 34].

Author(s) Androgen (dose[s] and duration[s]) Model Findings

White et al.
(2013) [28]

Nandrolone (6 mg/kg bw/wk for 28 d) Orchidectomized
C57BL/6 mice gas-
trocnemius muscle

p-Akt (Ser473) ↑

White et al.
(2013) [28]

Testosterone (5, 50 and 500 nM for 24 h) C2C12 myoblasts p-Akt (Ser473) ↔
(5, 50 nM)

p-Akt (Ser473) ↑
(500 nM)

White et al.
(2009) [29]

Nandrolone (6 mg/kg bw/wk for 5 and 14
d)

Orchidectomized
C57BL/6 mice tibialis
anterior muscle

p-Akt (Ser 473) ↑ (all
time points)

White et al.
(2009) [29]

Nandrolone (6 mg/kg bw/wk for 5 and 14
d)

Orchidectomized
bupivacaine-injured
C57BL/6 mice tibialis
anterior muscle

p-Akt (Ser 473) ↑ (all
time points)

Basualto-
alarcón et al.
(2013) [30]

Testosterone (100 nM for 1, 5, 15, 30 and
60 m)

Cultured rat hindlimb
muscles myotubes

p-Akt (Ser473) ↔
(1, 5, 30 and 60 m)

p-Akt (Ser473) ↑
(15 m)

Wu et al.
(2013) [34]

Testosterone (100 nM for 20 m, 2 h or 20
h)

L6AR myoblasts p-Akt (Thr308) ↔
(all time points)

Ma et al.
(2014) [33]

Testosterone (single 20 mg 15-d release pel-
let for 1, 4, 7 and 14 d)

Burn-injured male Wister
rats tibialis anterior mus-
cle

p-Akt (Thr308) ↔
(all time points)

Hourdé et al.
(2009) [32]

Nandrolone (3 mg/kg bw/d for 3 mo) Orchidectomized male
Wister rats soleus muscle

p-Akt (Ser473) ↔

Hourdé et al.
(2009) [32]

Dihydrotestosterone (single 150 mg 90-d
release pellet for 3 mo)

Orchidectomized male
Wister rats soleus muscle

p-Akt (Ser473) ↔

Jones et al.
(2010) [31]

Testosterone (0.1, 1, 10 nM, 100 nM and
1000 nM for 24 h)

C2C12 myoblasts treated
with 100 nM dexametha-
son

p-Akt (Ser473) ↑
(all concentrations)

Jones et al.
(2010) [31]

Testosterone (25 mg/kg bw/d for 8 d) Sprague Dawley rats re-
ceiving 600 µg/kg bw/d
dexamethason

p-Akt (Ser473) ↑

Table 1: Caption.
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Adult male rats receiving near-physiological doses of either nandrolone or dihydrotestosterone
(DHT) for 3 months after orchidectomy, did not show differences among total Akt content, nor
p-Akt (Ser473), compared to orchidectomized rats treated with vehicle or sham operated rats [32].
Notably, protein measurements were taken from a biopt of the soleus muscle and orchidectomy did
not result in significant atrophy of soleus muscle and muscle fibers. However, lean mass significantly
differed from sham operated rats in all three treatment groups. In contrast with these results,
adult male orchidectomized mice did show a significant reduction of soleus muscle mass 30 d post-
intervention [35]. This effect was attenuated by testosterone administration at a physiological rate.
Unfortunately, the researchers did not assess Akt status. The contrasting results might be due to
the different animal models used (rats vs. mice) or because of the time at which the measurements
were taken (3 mo vs. 30 d post-intervention).

A different experimental setup examing testosterone’s effect on severe burn injury in male
Wister rats also examined the role of Akt [33]. Measurements were taken at 1 d, 4 d, 7 d and
14 d post-treatment. Testosterone treatment had no effect on total Akt protein content nor p-
Akt (Thr308) in the tibialis anterior (TA) at any of the time points. Remarkably, testosterone
administration did increase p-FoxO3a (Residue???) compared to vehicle. Moreover, testosterone
administration significantly attenuated the burn-induced increase in atrogin-1 mRNA at all time
points, but not that of MuRF1. These results suggest androgens can suppress atrogin-1 expression
via its effect on FoxO3a in an Akt-independent manner. A line of rat L6 myoblasts stably expressing
human androgen receptor (AR) under a retroviral transgene also showed no change in p-Akt
(Thr308) after short-term (20 m, 2 h and 20 h) incubation with testosterone or DHT, despite an
increase of protein content and cell diameter [34].

In contrast with these results which do not implicate Akt in androgen-modulation of anabolic
and catabolic pathways, White et al. reported an increased ratio of p-Akt (Ser473) to total Akt (p-
Akt/Akt) after nandrolone decanoate (6 mg/kg bw/wk) administration for 42 d to orchidectomized
C57BL/6 mice [28]. Gastrocnemius muscles were used for analysis and the ratio was 4.5 fold
higher (p = 0.004) compared to castrated mice treated with vehicle and 2 fold higher (p = 0.012)
compared to sham operated mice. Additionally, the researchers examined the effects of incremental
concentrations (5, 50 and 500 nM) of testosterone for 24 h in C2C12 myoblasts. Interestingly,
incubation with 5 and 50 nM testosterone did not affect p-Akt, whereas 500 nM led to a significant
increase. Moreover, the two Akt-targets GSK3β and FoxO3a showed an increased phosphorylation
state at 500 nM, as well as 50 nM. An increase in FoxO3a and GSK3β phosphorylation was also
observed in the nandrolone treated mice. However, PRAS40 phosphorylation was not increased in
the C2C12 myoblasts, whereas it was in the nandrolone treated mice.

White et al. had also examined the effect of nandrolone decanoate (6 mg kg bw/wk) adminis-
tration for 5 and 14 d to orchidectomized C57BL/6 mice with bupivacaine-induced muscle injury
[29]. The researchers randomized mice to four groups: 1) uninjured; 2) nandrolone only (uninjured
+ nandrolone); 3) bupivacaine (injured); and 4) bupivacaine + nandrolone (injured + nandrolone).
Nandrolone treatment led to a significant increase of p-Akt (Ser473) in both uninjured and injured
mice at 14 d after injury. The p-Akt/Akt ratio was nearly 8-fold higher in the injured + nan-
drolone group compared to the injured group. Moreover, the p-Akt/Akt ratio was also slightly
higher in the injured + nandrolone group compared to the injured group at 5 d after injury, as well
as in the nandrolone + uninjured group compared to the uninjured group. As would be expected
from the increase in p-Akt, the p-GSK3β (Ser9)/GSK3β ratio was also increased in the injured
+ nandrolone group compared to the injured group as well as the nandrolone + uninjured group
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compared to the uninjured group at both 5 and 14 d.
Similar results to that of White et al. of testosterone administration on p-Akt (Ser473) where

found in a rat model of dexamethasone-induced atrophy [31]. Rats treated with dexamethasone
(600 µg/kg bw/d) for 8 d showed a strong decrease in p-Akt. Administration of testosterone
propionate (25 mg/kg bw/d) maintained phosphorylated status of Akt in the levator ani. Moreover,
the authors measured several downstream effectors of Akt and found decreases in p-GSK3β, p-
p70S6K and p-FoxO3A after dexamethason administration, of which the down-regulation of the
first two was blocked by testosterone and attenuated for the latter. The two ubiquitin ligases
MuRF-1 and Atrogin-1 also showed a strong increase in mRNA expression after dexamethasone
administration in the levator ani, gastrocnemius, extensor digitorum longus and soleus muscles.
Testosterone completely inhibited this up-regulation in the levator ani and attenuated it in the
gastrocnemius, extensor digitorum longus and soleus muscles. Remarkably, while the decrease in
levator ani size was blocked by testosterone, its administration did not attenuate the decrease
in gastrocnemius, extensor digitorum longus and soleus size. This might be due to timing of
the administration of testosterone. In a rat model of denervation-induced atrophy, nandrolone
regulated almost entirely different genes when administered directly after deneveration compared
to 4 weeks after denervation [36]. Administration of nandrolone for 7 d slows down denervation
atrophy when begun 4 weeks after nerve transaction, whereas it does not when administration
is started at the day of transection. The same might apply to a model dexamethasone-induced
atrophy.

In addition, similar effects were found by Jones et al. in C2C12 myoblasts expressing the
AR incubated with 100 nM dexamethasone, in which they examined increasing concentrations of
testosterone (0.1, 1, 10, 100 and 1000 nM) incubation for 24 h [31]. Notably, testosterone already
exhibited marked effects at 0.1 nM on Atrogin-1 mRNA expression, with a near-maximal effect at
1 nM. Moreover, the dexamethasone-induced decrease in p-Akt was already completely blocked at
10 nM of testosterone.

In order to examine the rapid effects exerted by androgens, Basualto-Alarcón et al. incubated
cultured rat skeletal muscle myotubes with 100 nM testosterone [30]. Measurements of total Akt
and p-Akt (Ser473) were taken 1, 5, 15, 30 and 60 m after incubation. At 15 m, p-Akt was
significantly increased. Measurements of α-actin mRNA and protein were taken 6 and 12 h af-
ter testosterone incubation and both were significantly increased, thus indicating an increase in
contractile protein synthesis. Indeed, the cross-sectional area (CSA) was significantly increased
after 12 h. An interesting finding was that, prior to the increase in p-Akt, extracellular signal-
regulated kinases 1/2 (ERK1/2) phosphorylation (Thr202/Tyr204) was significantly increased at
5 m. Nevertheless, ERK1/2 inhibition had no effect on α-actin protein levels, although it did
seem to attenuate the increase in p-S6K1/S6K1 ratio. However, inhibition of phosphoinositide
3-kinase (PI3K), Akt or mTOR did block the effect on α-actin. As such, it appears likely that
androgens exert rapid effects by activation of the PI3K/Akt/mTOR pathway. PI3K is a fam-
ily of membrane-localized serine/threonine kinases which phosphorylate phosphatidylinositol 4,5-
bisphosphate (PIP2) to produce phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Interaction of
PIP3 with the pleckstrin-homology (PH) domain of Akt aids in recruitment of the kinase to the cell
membrane where it can be phosphorylated (and therefore activated) [37]. Due to the rapid effect
observed, as well as the localization of PI3K, it appears highly likely that the increase in p-Akt after
15 m of incubation with testosterone is mediated by a cell membrane receptor. Indeed, multiple
lines of evidence implicate a cell membrane-localized receptor in the rapid effects of androgens [38],

5



and the G-protein coupled receptor (GPCR) GPRC6A has been shown to mediate a rapid signaling
response to testosterone, including involvement of PI3K and ERK [39]. Nevertheless, when the
AR antagonist bicalutamide was added, the increase in CSA was blocked, despite an increase in
α-actin protein level. This indicates crosstalk between the intracellular AR and the PI3K pathway
activated by testosterone. Strikingly, the intracellular AR has been shown to interact with the
p85α regulatory subunit of PI3K in androgen-sensitive epithelial cells, enhancing its activity [40].
However, the addition of bicalutamide in that experiment blocked, rather than attenuated, the
androgen-induced Akt (Ser473) phosphorylation. Since p-Akt inhibition blocked the increase in
α-actin protein level in the experiment of Basualto-Alarcón et al., but bicalutamide did not, there
appears to be a discrependancy in the data. This might be due to the differences in cell lines
and AR ligands used. Nevertheless, AR-PI3K crosstalk might (partly) underlie the absence of an
increase in CSA with the addition of bicalutamide in the experiment of Basualto-Alarcón et al.,
despite an increase in α-actin. Additionally, activation of the PI3K/Akt pathway can, in turn,
regulate AR activity due to phosphorylation by Akt [41]. It is, however, unclear what the effect
would be on AR transcriptional activity in skeletal muscle, since no study has evaluated this yet.
Highlighting its dependency on cellular context is that the passage number of cells can already
influence the effect it has on AR transcriptional activity. Low passage and high passage LNCaP
cells have been shown to have opposite effects on Akt-phosphorylated AR transcriptional activity
[42].

Concluding, the effect of androgens on p-Akt in skeletal muscle is dependent on several factors.
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