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Phosphorylation of p70s6 kinase is implicated in androgen-
induced levator ani muscle anabolism in castrated rats
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Abstract

Androgens are known to increase muscle mass, strength and muscle protein synthesis. However, the molecular mechanisms by which
androgens regulate skeletal muscle development remain poorly understood. The ribosomal protein kinase p70s6k is a regulator of ribosome
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iogenesis and plays an important role in the regulation of growth-related protein synthesis. The phosphorylation of p70has been implicate
n load-induced skeletal muscle hypertrophy. In the current study, we determined the effect of DHT on the phosphorylation of p7s6k in the
ndrogen-sensitive levator ani muscle of castrated rats. DHT induced a rapid increase in the phosphorylation of p70s6k, which was detectab
ithin 6 h after a single injection. Interestingly, DHT-induced phosphorylation of p70s6k occurred only in androgen-sensitive muscles, bu
rostate and seminal vesicle. Co-administration of flutamide, an AR antagonist, inhibited DHT-induced p70s6k phosphorylation. While seru

GF-I levels were not changed by DHT treatment, IGF-I gene expression levels increased and the mRNA levels of IGFBP3 and IGF
uppressed in the LA muscle after DHT replacement in castrated rats. These results suggest that the phosphorylation of p70s6k, likely via the
GF-I pathway, may play an important role in androgen-induced skeletal muscle hypertrophy.

2004 Elsevier Ltd. All rights reserved.
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. Introduction

Androgens are essential for the development and mainte-
ance of male sex characteristics and other tissue and organs
uch as bone, muscle, brain, liver and kidney[1]. Andro-
en deficiency is associated with loss of fat-free mass and
decrease in fractional muscle protein synthesis[2]. Con-

ersely, administration of replacement doses of testosterone
o hypogonadal men[3–5] and of supraphysiological doses
o eugonadal men[6,7] increased fat-free mass, muscle size
nd strength. These anabolic effects are associated with in-
reases in muscle protein synthesis rates[4,7–10]and accre-
ion [11–13] as well as increased satellite cell proliferation
nd DNA accumulation[14–16]. The effects of androgens
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are believed to be mediated through the androgen rec
(AR), a 110 kDa nuclear receptor that regulates the ex
sion of target genes through binding to an androgen resp
element[17]. However, the molecular mechanisms un
ling androgen-mediated muscle hypertrophy remain po
understood.

Recent studies have demonstrated that testosteron
ministration increased muscle protein synthesis with a
comitant increase in IGF-I mRNA levels in elderly men[8].
Conversely, androgen deficiency caused a decrease in m
IGF-I expression[2]. These findings suggest the possib
that the IGF-I pathway may play a role in androgen-medi
anabolic effect in muscle. The 70 kDa S6 ribosomal pro
kinase is a down-stream effector of the insulin/IGF-I path
[18], and is known to phosphorylate the S6 ribosomal pro
on a number of residues. Phosphorylation of these res
results in a selective increase in the translation of mR
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containing a terminus of polypyrimidine tract (TOP)[19].
Most of these TOP-containing transcripts are known to en-
code components of the translational apparatus such as elon-
gation factors and ribosomal proteins[20] and therefore may
play an important role in translational regulation and protein
synthesis.

Indeed, increasing evidence indicates that p70s6k is an im-
portant regulator of cellular growth. p70s6k knockout mice
exhibited a reduced body and organ size[21]. Several recent
reports have shown that agents that induce muscle hypertro-
phy can cause acute activation of p70s6k [22–24]. The activa-
tion of p70s6k has been shown to participate in the regulation
of protein synthesis in skeletal muscle by insulin and IGF-I
[25]. In L6 myoblast culture, rapamycin, a drug that blocks
the phosphorylation of p70s6k through mammalian target of
rapamycin (mTOR) kinase, eliminated insulin-stimulated in-
crease in protein synthesis[26]. Furthermore, a recent study
has demonstrated that a single bout of growth-inducing elec-
trical stimulus caused a prolonged increase in p70s6k phos-
phorylation, which correlates closely with skeletal muscle
hypertrophy[27]. Taken together, these findings lead to an
attractive speculation that p70s6k may play a key role in mus-
cle growth.

In the present study, we addressed the question whether
phosphorylation of p70s6k is involved in mediating the effect
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2.2. Animals

Male Sprague–Dawley orchidectomized (ORX) or sham-
operated immature rats weighing around 150 g were pur-
chased from Charles River. Animals were kept under con-
trolled environmental conditions with 12 h light–dark cycle
and free access of food and water and were treated accord-
ing to IACUC regulations. The ORX animals were randomly
divided into three groups. They began to receive daily sub-
cutaneous injections (2 ml/kg bodyweight) at 10 days after
the surgery with the following treatments: (1) vehicle; (2)
0.3 mg/kg DHT; (3) 3.0 mg/kg DHT. The sham-operated an-
imals received vehicle only. Animals were euthanized by
CO2 at 6, 24 or 96 h after the first injection. Blood sam-
ples were collected at necropsy. Serum IGF-I levels were de-
termined using a rat IGF-I ELISA kit (DRG International).
After necropsy, perineal muscles (levator ani and bulbocaver-
nosus), ventral prostate, and seminal vesicle were removed.
The weights of the excised tissues were measured imme-
diately after necropsy. In some experiments, castrated rats
were injected subcutaneously with DHT (3 mg/kg), flutamide
(120 mg/kg) alone or flutamide plus 3.0 mg/kg DHT and lev-
ator ani was collected at 24 h after the treatment. Wet tissues
were immediately frozen in liquid nitrogen after weight mea-
surement.
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f androgens on muscle hypertrophy. We investigated th
ect of dihydrotestosterone (DHT) on p70s6kphosphorylation
n the levator ani muscle of castrated rats. The results
his study have demonstrated that androgens induced
hosphorylation of p70s6k in levator ani in a dose-depende
anner. In addition, we have shown that DHT increased
mRNA levels and inhibited the expression of IGF bind
roteins in the LA muscle. These results suggest tha
rogens may induce muscle hypertrophy in part throug

GF-I/p70s6k signaling pathway.

. Materials and methods

.1. Materials

DHT, flutamide,N,N-dimethylacetamide (DMAC), 0.2%
ween 80 and 0.25% carboxymethyl cellulose were
hased from Sigma. The following reagents were f
CN: sodium fluoride, EDTA, EGTA, benzamidine, phen
ethylsulfonyl fluoride (PMSF) and leupeptin hemisulf
CA reagent was purchased from Pierce. Polyvinylid
ifluoride (PVDF) membranes and 7.5% polyacrylam
els were from Bio-Rad. The p70s6k antibodies were from
anta Cruz and peroxidase-conjugated donkey anti-r

gG antibody was from Jackson ImmunoResearch.
lus kit was purchased from Amersham. DHT was
ared in a solution containing 10% DMAC, 0.2% Twe
0, 0.25% carboxymethyl cellulose. Flutamide was prep

n a solution containing 8% ethanol, 1% gelatin and 0
aCl.
.3. p70s6kWestern blot analysis

The excised tissues were homogenized with Polytron
ysis buffer containing 50 mM Tris–HCl (pH 7.4), 100 m
odium fluoride, 10 mM EDTA, 2 mM EGTA, 1 mM be
amidine, 0.2 mM PMSF, and 10�g/ml leupeptin hemisu
ate. The homogenate was centrifuged at 500×g for 30 min.
he supernatant containing p70s6k was centrifuged for ad
itional 30 min at 5000×g. BCA reagent kit (Pierce) wa
sed for protein assay and 15�g protein was separated
7.5% polyacrylamide/Tris–HCl gel (Bio-Rad) at 70 V

–3 h. After electrophoretic separation, the proteins w
ransferred to a polyvinylidene difluoride (PVDF) membr
Bio-Rad) at 200 mA for 2 h at 4◦C. The membrane was i
ubated in a 10% Blotto (10% powdered milk in 1× Tris-
uffered saline) solution for 1 h at room temperature (R
he p70s6k antibodies (Santa Cruz) were diluted in 1% m
t 1:200 (p70, p-p70 T424/S421) and incubated for 1 h a
fter wash, peroxidase-conjugated donkey anti-rabbit
econdary antibody (1:10,000) (Jackson ImmunoRese
as added and incubated for 45 min at RT. Antibody bin
as detected using an ECL plus kit (Amersham). The
f p70s6k phosphorylation was quantified using a Bio-R
luor-s MultiImager and Quantity One software.

.4. Quantitative RT-PCR

Total RNA was extracted from levator ani and bul
avernosus muscles using RNeasy mini kit (QIAGEN)
owing the instructions provided by the manufacturer,
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then treated with DNase I (Ambion). cDNA was synthe-
sized from 2�g of total RNA using a high capacity cDNA
archive kit (ABI). An aliquot of cDNA preparation contain-
ing 50 ng cDNA was mixed with Sybr green PCR master
mix (ABI) and gene-specific primers (300 nM) in a 50�l
volume. Gene-specific forward (F) and reverse (R) primers
(Biosource) were: IGF-I (F, GCTGTGCAGTTCGCC-
CATT; R, GGTATGCTAGGAGCCTGGGTAAA); IGFBP3
(F, CGTGGAGCTCAAATACGCCTTA; R, AGCCAGCT-
GCTGATCACGTT); IGFBP5 (F, TTCACAGGCTCTGAC-
CTCCTC; R, TGACTAGGGACCAGAGAAGTGGG); 18S
(F, CATTCTTGGCAAATGCTTTCG; R, CGCCGCTA-
GAGGTGAAATTCT). Real-time PRC was performed and
analyzed using an ABI Prism 7000 sequence detection sys-
tem. The mRNA levels were calculated as: 10−(Ct−40)/3.35,
and normalized with 18S rRNA from the same cDNA prepa-
ration. Gene expression levels were expressed as ratio of
DHT-treated or sham vehicle versus castrated vehicle con-
trol samples.

2.5. Statistical analysis

Results were expressed as the means± S.E. One-way
ANOVA was performed followed by Dunnetts’s tests using
JMP software. The level of statistical significance was set at
P< 0.05.
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Fig. 1. Effect of castration and administration of DHT on the wet weights of
levator ani, bulbocavernosus, ventral prostate and seminal vesicle. Rats were
orchidectomized (ORX) or sham-operated and daily subcutaneous injections
of vehicle or DHT started 10 days later. Animals were sacrificed after 4 days
of treatment and wet tissue weights were recorded. Data are expressed as
means± S.E.,n= 8. Significantly different from ORX animals treated with
vehicle:*P< 0.05,** P< 0.01.

growth by inducing p70s6k phosphorylation. Phosphoryla-
tion of p70s6k occurs in a hierarchical manner commenc-
ing with phosphorylation of carboxyl-terminal sites local-
ized within the presumptive autoinhibitory pseudosubstrate
domain[30]. These phosphorylation events have been sug-
gested to transform the conformation of the protein so
as to disrupt a putative interaction between the autoin-
hibitory region and the substrate recognition pocket. As
a result, additional internal phosphorylation sites are ex-
posed to activating kinases. In this study, the phosphoryla-
tion sites threonine-421 (T421) and serine-424 (S424) lo-
cated within the autoinhibitory domain were examined us-
ing antibodies specific for these sites. The phosphorylation
of p70s6k was significantly decreased in the levator ani af-
ter castration (Fig. 2). Administration of DHT to the cas-
trated rats induced a rapid increase in p70s6k phosphory-
lation within 6 h. The p70s6k phosphorylation continued to
increase at 24 h after a single injection of DHT with lev-
els reaching above the sham control. These increases in
p70s6k phosphorylation were maintained over a 4-day pe-
riod when daily administration of DHT to the castrated
rats continued. Interestingly, the total p70s6k protein lev-
els were not changed over the entire 4-day experiment
period, indicating that the increases in p70s6k phospho-
rylation occurred independently of changes in the total
p le-
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c ent
(

-
r , the
p mi-
n rats
t tion
o , but
n t
t

. Results

.1. Anabolic and androgenic activities of DHT

An assay for anabolic activity of androgens was develo
y Eisenberg and Gordan[28] and later modified by Hers
erger et al[29]. The levator ani muscle was selected as
nabolic target tissue and prostate or seminal vesicle a
rogenic target tissues because they were almost comp
trophied after castration and restored on administratio
ndrogen. This assay, with minor modifications, has
sed extensively. In the present study, the androgen adm

ration was begun 10 days after castration and continue
days. As expected, castration induced significant atro
f the perineal muscles, ventral prostate and seminal ve
Fig. 1). Administration of DHT increased the wet weight
he levator ani and bulbocavernosus as well as ventral pro
nd seminal vesicle in a dose-dependant manner. Whe
igh dose of DHT was given to castrated rats, the atrop

evator ani underwent rapid growth and the wet weight
estored to levels similar to the sham control after 4 day
reatment (Fig. 1). Similarly, ventral prostate wet weight w
estored to the sham level in the high DHT-dose group.

.2. DHT-induced p70s6kphosphorylation in perineal
uscles

Since p70s6k is an important regulator of cellular grow
e hypothesized that androgens may stimulate mu
70s6k levels. Similar to the changes in wet weight of
ator ani in response to different doses of DHT, the
reases in p70s6k phosphorylation were also dose-depend
Fig. 3).

To determine if this androgen-induced p70s6k phospho
ylation also occurs in other androgen-sensitive tissues
hosphorylated p70s6k was measured in prostate and se
al vesicle as well as perineal muscles from castrated

reated with 3 mg/kg DHT for 4 days. The phosphoryla
f p70s6k was induced in the androgen-sensitive muscles
ot in prostate and seminal vesicle (Fig. 4), indicating tha

his effect is tissue-specific.
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Fig. 2. Phosphorylation of p70s6k in the levator ani muscle. Animals were treated with DHT (3 mg/kg) and sacrificed at the time point as indicated in the figure.
Total and phosphorylated p70s6k was detected by Western blot and the levels were quantified using Bio-Rad Fluor-s MultiImager as described in Section2. (a)
Representative autoradiogram of a Western blot. (b) Graphs of the densities of p-p70s6k and total p70s6k (means± S.E.,n= 4). Significant difference between
castrated (ORX) controls and treatment group or sham animals:*P< 0.01.

3.3. AR antagonist blocks DHT-induced p70s6k

phosphorylation

To determine if the effect of DHT on p70s6k phosphoryla-
tion was mediated through AR, flutamide, an AR antagonist,
which has been shown to effectively ablate testosterone-

F ats trea or DHT
( orylates tion
T S show adiogram of
W nt incr ups:
*

induced growth of levator ani and prostate in immature
rats [31], was used in the subsequent study. Flutamide
(120 mg/kg) was co-administered with DHT (3 mg/kg) to
rats through subcutaneous injections. Phosphorylated p70s6k

levels were determined 24 h post-injection. As shown in
Fig. 5, castrated rats had very low levels of phosphorylated
ig. 3. Dose-dependent response of p70s6k phosphorylation in castrated r
0.3 and 3.0 mg/kg) and sacrificed at 24 h post-injection. The phosph
he 45 kDa protein bands after staining the membrane with Ponceu
estern blot. (b) Graph of p-p70s6k density (means± S.E.,n= 3). Significa
P< 0.05.
ted with DHT. Animals received subcutaneous injections with vehicle
d p706k was detected by Western blot and quantified as described in Sec2.
ed the equal loading of proteins on the gel. (a) Representative autora
eases in p70s6k phosphorylation between vehicle control and treated gro
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Fig. 4. Effect of DHT on p70s6k phosphorylation in perineal muscles, ventral prostate and seminal vesicle. Castrated animals were treated with DHT (3 mg/kg)
for 4 days and androgen-sensitive muscle (levator ani and bulbocavernosus) and non-muscle tissues (ventral prostate and seminal vesicle) were collected for
Western analysis for total and phosphorylated p70s6k as described in Section2. Representative autoradiograms of Western blots obtained from different tissues
are shown.

p70s6k as compared to the sham group. Administration of
flutamide alone to castrated rats did not have any effect
on p70s6k phosphorylation. When co-administrated with
DHT, flutamide completely blocked the increase in p70s6k

phosphorylation induced by the AR agonist.

3.4. Coordinated regulation of IGF-I and IGFBPs by
DHT in perineal muscles

The p70s6k has been identified as a down-stream effec-
tor of the IGF-I/PI3K signaling pathway[18]. To investigate
if IGF-I systems may be involved in the androgen-induced
p70s6k phosphorylation in the perineal muscles, serum IGF-I
levels and the mRNA levels of IGF-I, IGFBP3 and IGFBP5
in the perineal muscles were determined in rats treated with
DHT for 4 days. There were no significant differences in
serum IGF-I concentrations among different groups (sham,
1219± 88; ORX, 987± 80; 0.3 mg DHT, 1023± 57; 3.0 mg
DHT, 1038± 70 ng/ml; data are means± S.E.,n= 8). How-
ever, the expression levels of IGF-I in both muscles were
decreased after castration (Fig. 6). Administration of DHT

F e. Cas utamide
( uscle w y
W utorad
S and tre

to the castrated rats increased IGF-I mRNA levels by two-
fold in both muscles. Interestingly, there were concomitant
changes in the expression levels of IGFBP3 and IGFBP5.
In comparison with the sham, castration caused a 30% and
170% increase in IGFBP5 mRNA levels in the levator ani
and bulbocavernosus, respectively. Administration of DHT
to the castrated rats led to dramatic suppression of IGFBP5
expression in both muscles. Similarly, androgen deficiency
induced a 170% and 470% increase in IGFBP3 expression
in levator ani and bulbocavernosus, respectively. DHT treat-
ment reduced their expression to 3% of the control levels in
both muscles.

4. Discussion

The androgen-dependent levator ani muscle of the rat pro-
vides a suitable model to explore the molecular mechanism
of steroid hormone action in the target tissue. As expected,
androgen replacement caused rapid growth of LA muscle. A
chief component of the cell growth response is the genera-
ig. 5. Inhibition of DHT-induced p70s6k phosphorylation by flutamid
120 mg/kg), DHT (3.0 mg/kg), or DTH plus flutamide. Levator ani m
estern blot and quantified as described in Section2. (a) Representative a
ignificant increases in p70s6k phosphorylation between vehicle control
trated rats received a single subcutaneous injection with vehicle, fl
as collected 24 h later and phosphorylated p70s6k levels were determined b

iogram of a Western blot. (b) Graph of p-p70s6k density (means± S.E.,n= 3).
ated groups:*P< 0.05.
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Fig. 6. Coordinated regulation of IGF-I and IGFBPs by androgens in the
perineal muscles. Castrated animals received once daily injection of either
vehicle or 3 mg/kg DHT for 4 days. Total RNA was isolated from the perineal
muscles and gene expression levels were determined as described in the
material and methods. Data are means± S.E.,n= 4. Significant difference
between ORX and sham or DHT:*P< 0.05,** P< 0.01.

tion of new translational machinery, which is essential for
the increased demand of the cell to perform an immense ar-
ray of distinct anabolic processes. In light of the findings
from recent studies that the p70s6k signaling pathway plays
a critical role in cell growth by modulating the translation of
TOP mRNA, we hypothesized that androgens may regulate
muscle growth through the p70s6k pathway. We have demon-
strated here that DHT induced p70s6k phosphorylation, a
process essential for its activation. Thus, androgens might
cause increases in p70s6k activity with subsequent changes
in protein synthesis in skeletal muscle. Interestingly, this ef-
fect seems to be perineal muscle-specific as p70s6k phospho-
rylation was not induced by DHT in prostate and seminal
vesicle. Thus, it appears that the androgenic activity of DHT
may be independent of p70s6k activation. The increases in
p70s6k phosphorylation have been noted in skeletal muscle
in response to a variety of other myotrophic stimuli[23,27].
Under those conditions, the phenotypic changes are associ-
ated with increased protein synthesis or rate of translation
initiation. Boissonneault et al.[32] have shown that protein
synthesis was decreased in androgen-deficient rats due to re
pressed translation capacity. This condition was associated
with a 20% decrease in the LA polyribosome yield follow-
ing castration[33], indicating that ribosome biogenesis might
be altered in response to androgen deficiency. Our findings
t s6k mals
a 70
p for
t on-
c nesis

through the p70s6k pathway and consequently increase pro-
tein synthesis in levator ani muscle.

It remains unclear how androgens regulate p70s6kactivity.
One possibility is that AR exerts transcriptional regulation of
relevant genes that modulate p70s6k activity. Since p70s6k

is a down-stream effector of IGF-I signaling pathways, we
further investigated whether the IGF-I system is activated in
response to androgen treatment. In this study, we did not find
significant changes in the circulating IGF-I levels between
sham and castrated rats. Administration of a high dose of
DHT for 4 days also did not change serum IGF-I concentra-
tions though levator ani mass was restored to sham levels,
suggesting that circulating IGF-I does not play any signifi-
cant role in the anabolic effect of androgens on the androgen-
sensitive muscles. However, the muscle IGF-I mRNA levels
were significantly elevated in response to androgen treatment.
Interestingly, the muscle mRNA levels of both IGFBP3 and
IGFBP5 were dramatically suppressed by DHT in the cas-
trated rats. Alterations in the expressions of IGF-I and its
binding proteins have also been reported previously in the
skeletal muscle of hypogonadal men or healthy elderly men
treated with testosterone[2,8,13]. The IGFBPs function not
only as carrier proteins for the IGFs, but also modulators of
IGF action. Recent studies have demonstrated that IGFBP5
secreted by C2 myoblasts inhibited IGF-I induced muscle
d n
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nd androgen replacement induced rapid increase in ps6k

hosphorylation may provide a mechanistic explanation
he reduction in LA polyribosome in castrated rats. It is c
eivable that androgen may stimulate ribosome bioge
-

ifferentiation[34,35]. IGFBP5 also inhibited proliferatio
nd differentiation of L6A1 myoblasts when added in
resence of IGF-II[36]. IGFBP3, the most abundant IGFB

n the circulation, is also active in the cellular environm
s a potent antiproliferative agent[37]. This coordinated up
egulation of IGF-I and suppression of IGFBPs by andro
s likely to lead to the activation of the IGF-I signaling pa
ay and induction of p70s6k phosphorylation in the perine
uscles. Interestingly, the muscle hypertrophy induce

lenbuterol was also associated with local increases in
le IGF content and p70s6k phosphorylation[23,38]. Thus,
GF-I/p70s6k may be a common signaling pathway activa
y myotrophic agents.

Another hypothesis to explain the DHT-induced p7s6k

hosphorylation is that androgens may interfere with
nhibitory effect of glucocoticoids on p70s6k activity. Gluco-
orticoids have been shown to inhibit insulin-induced p7s6k

hosphorylation in rat skeletal muscle[39]. The T421/S42
esidues located in the autoinhibitory pseudosubstrate
ain of p70s6k are the primary targets of glucocorticoid

ion. This autoregulatory region has been speculated to c
lucocorticoid sensitivity[40]. The finding from the curren
tudy that androgens induce phosphorylation at the sam
s glucocorticoids, raised the possibility that androgens

ncrease p70s6k phosphorylation by acting as glucocortic
ntagonists. There is some indirect evidence that the ana
ffects of testosterone and other androgenic–anabolic a
n skeletal muscle may be mediated through antigluco

icoid action[41,42]. In vitro study has demonstrated t
estosterone can bind, albeit at low affinity, to glucocortic
eceptors[43]. Such low-affinity binding would not b
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effective unless extremely high doses of androgens were
used. In the current study, however, a low dose of DHT
(0.3 mg/kg) was able to induce p70s6k phosphorylation.
Thus, it is unlikely that DHT-induced p70s6k phosphoryla-
tion is mediated through direct binding of androgen to GR.
This notion is further strengthened by the observation that
AR antagonist blocked the DHT-induced p70s6k phospho-
rylation, indicating this effect is mediated through binding
to AR. However, it is still possible that androgens inhibit
glucocorticoid activity at the gene levels by interfering with
the binding of GR to GREs in the glucocorticoid-responsive
target genes[44], because DNA binding and transcriptional
activation are essential for GR-mediated p70s6k inactivation
[40].

Androgens may also regulate p70s6k activity through AR-
mediated protein-to-protein interactions. AR has been found
to interact with a number of transcription factors including
AP-1, Smad3, NF�B, and the Ets family of transcription fac-
tors. AR also interacts with cdk7, a catalytic subunit of TFIIH,
and PITALRE, a kinase subunit of positive elongation factor
b [45]. These interactions may be important for the transcrip-
tional activity of AR. Members of the SRC family of coacti-
vators (SRC-1, SRC-3, and TIF-2) typically interact with the
ligand binding domain of nuclear receptors through LXXLL
motifs. The LXXLL domains of the coactivators interact with
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