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A B S T R A C T

Previous studies evaluating the role of the androgen receptor (AR) for bone mass have used mouse models with
global or tissue-specific lifelong inactivation of the AR. However, these mouse models have the AR inactivated
already early in life and the relative roles of the AR during development, sexual maturation and in adult mice
cannot be evaluated separately. The aim of the present study was to determine the specific roles of the AR in
bone during sexual maturation and in adult mice. The AR was conditionally ablated at four (pre-pubertal) or ten
(post-pubertal) weeks of age in male mice using tamoxifen-inducible Cre-mediated recombination. Both the pre-
pubertal and the post-pubertal AR inactivation were efficient demonstrated by substantially lower AR mRNA
levels in seminal vesicle, bone and white adipose tissue as well as markedly reduced weights of reproductive
tissues when comparing inducible ARKO mice and control mice at 14 weeks of age. Total body BMD, as analyzed
by DXA, as well as tibia diaphyseal cortical bone thickness and proximal metaphyseal trabecular bone volume
fraction, as analyzed by μCT, were significantly reduced by both pre-pubertal and post-pubertal AR inactivation.
These bone effects were associated with an increased bone turnover, indicating a high bone turnover osteo-
porosis. Pre-pubertal but not post-pubertal AR inactivation resulted in substantially increased fat mass. In
conclusion, the AR is required for maintenance of both trabecular and cortical bone in adult male mice while AR
expression during puberty is crucial for normal fat mass homeostasis in adult male mice.

1. Introduction

Androgens are crucial for male bone health (Callewaert et al., 2009;
Falahati-Nini et al., 2000; Kawano et al., 2003; Leder et al., 2003;
Orwoll, 2001; Vanderschueren et al., 2014). Although a substantial part
of the effects of androgens on the skeleton is mediated via conversion of
testosterone to estradiol, direct effects of androgens on the androgen
receptor (AR) clearly contribute to male bone homeostasis (Almeida
et al., 2017; Khosla and Monroe, 2017; Mellström et al., 2008;
Vanderschueren et al., 2014). This notion is supported by the fact that
male mice with global deletion of the AR have reduced trabecular and
cortical bone mass (Callewaert et al., 2009; Kawano et al., 2003). The
skeleton of male mice with global deletion of the AR exhibits low bone
mass and high bone turnover, consistent with the effects of androgen
deficiency (Almeida et al., 2017; Kawano et al., 2003).

Studies using cell-specific AR inactivation have evaluated the pri-
mary target cell(s) for the effect of androgens on trabecular and cortical

bone mass. Genetic evidence from mice with osteoclast-specific AR
deletion indicates that androgen signaling in osteoclasts plays no role in
the bone sparing effect of androgens on the trabecular or cortical bone
compartments (Määttä et al., 2013). In contrast, direct actions in cells
of the osteoblast-lineage are responsible for the effects of androgens on
trabecular bone (Almeida et al., 2017). Indeed, mice lacking AR in
osteoblasts exhibit high bone turnover as a result of increased osteoclast
activity, indicating that androgens attenuate osteoclast numbers in
trabecular bone indirectly (Almeida et al., 2017; Määttä et al., 2013;
Ucer et al., 2015). Thus, AR signaling in osteoblasts is responsible for
the protective effects of androgens on trabecular bone mass. In contrast,
the target cell(s) of the actions of androgens on cortical bone mass in
males remains unknown (Almeida et al., 2017; Vanderschueren et al.,
2014).

Although the male mouse models with lifelong global or tissue
specific AR inactivation have been informative; the relative roles of the
AR during development, sexual maturation and in adult mice cannot be
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evaluated separately. Lack of AR expression during early development
might result in imprinting effects with health consequences later in life
as well as development of redundant mechanisms, confounding the
interpretation of the role of AR during adult life (Liu et al., 2003).
Furthermore, mouse models using global lifelong AR inactivation have
been described to have affected testicular development associated with
sex steroid deficiency, confounding the results (Bourghardt et al.,
2010). It is well established that sexual maturation is a clearly defined
period with a major impact of androgens in males (Richmond and
Rogol, 2007). Androgens are believed to be crucial for the skeleton both
during puberty and after puberty but the relative importance of the AR
during puberty and after puberty for the skeleton and other AR-re-
sponsive tissues is unclear (Vanderschueren et al., 2014). To be able to
separate the role of the AR during puberty from the role of the AR after
puberty, we inactivated the AR either directly before (pre-pubertal AR
inactivation) or directly after puberty (post-pubertal AR inactivation).

2. Materials and methods

2.1. Animal models

In order to generate the tamoxifen-inducible AR knockout mice,
ARflox/+ female mice (De Gendt et al., 2004), having exon 2 of the AR
flanked by loxP sites, were bred with B6.Cg-Tg (CAG-cre/Esr1*) 5Amc/
J transgenic mice (CAG-CreER, Jackson Laboratories) (Hayashi and
McMahon, 2002). The male littermates were used in this study. After
tamoxifen was administrated, tamoxifen could bind to the recombinase
and translocate into the nucleus, resulting the induced site-specific re-
combination at the loxP sites (Fig. 1A). ARflox/y mice did not have a
bone phenotype (Supplemental Table 1) and in the experiments, CAG-
CreER;ARflox/y male mice (inducible ARKO) were compared to CAG-
CreER;AR+/y male mice (control).

The mice had free access to fresh water and soyfree food pellets R70
(Lantmännen AB, Stockholm, Sweden). Tamoxifen (1mg/mice/day;
T5648, Sigma-Aldrich, St. Louis, USA) was injected i.p. either before
sexual maturation at 4 weeks of age for 3 consecutive days (pre-pub-
ertal AR inactivation) or after sexual maturation at 10 weeks of age for
4 consecutive days (post-pubertal AR inactivation) to all the groups. At
14 weeks of age, the blood was collected from the axillary vein under
anesthesia with Ketanest/Dexdomitor (Pfizer/Orion Pharma AB; 1.5/1)
and mice were euthanized by cervical dislocation. All the animal ex-
perimental procedures were approved by the Ethics Committee at the
University of Gothenburg and carried out in accordance with relevant
guidelines.

2.2. Dual-energy X-ray absorptiometry (DXA)

Analyses of the whole-body areal bone mineral density (aBMD) and
fat mass were performed using the Lunar PIXImus mouse densitometer
(WiproGEHealthcare).

2.3. High-resolution micro-computed tomography (μCT)

High-resolution μCT analyses were performed on the tibia using
micro-CT (Skyscan 1172, Bruker micro-CT, Aartselaar, Belgium). The
tibia was imaged with an X-ray tube voltage of 50 kV and a current of
200 μA, with a 0.5-mm aluminium filter. The scanning angular rotation
was 180°, and the angular increment was 0.70°. The voxel size was
4.49 μm isotropically. NRecon (version 1.6.9) was employed to perform
the reconstruction after scans. Metaphyseal trabecular bone distal to the
proximal growth plate in tibia was selected for analyses within a con-
forming volume of interest (cortical bone excluded) commencing at a
distance of 650 μm from the growth plate and extending a further
longitudinal 135 μm in the distal direction. Cortical bone measurements
were performed in the diaphyseal region of the tibia starting at a dis-
tance of 5.2 mm from the proximal growth plate and extending a

further longitudinal 135 μm in the distal direction. For volumetric BMD
analysis, the equipment was calibrated with ceramic standard samples
(Bruker, Aartselaar, Belgium).

2.4. Histomorphometric analyses

For dynamic histomorphometry, the mice were labeled with calcein
(i.p. 50mg/kg, Sigma-Aldrich Sweden AB, Stockholm, Sweden) and
alizarin (i.p. 50mg/kg, Sigma-Aldrich Sweden AB) 8 and 1 days before
termination, respectively. The tibias were fixated in 4% formaldehyde,
dehydrated in 70% EtOH, and embedded in methyl methacrylate. To
analyze the metaphyseal trabecular bone, the tibias were sectioned
longitudinally using a fully motorized rotary microtome and a tungsten-
carbide knife. Static parameters were determined in a 4-μm-thick sec-
tion stained in Masson-Goldner's Trichrome and dynamic parameters in
an unstained 8-μm-thick section. All parameters were analyzed using
OsteoMeasure histomorphometry system (OsteoMetrics, Atlanta, GA,
USA), following the guidelines of the American Society for Bone and
Mineral Research (Dempster et al., 2013).

2.5. Biomechanical strength analyses

Humerus was loaded by three-point bending test (span length
5.5 mm). Loading speed for humerus was 0.155mm/s with a mechan-
ical testing machine (Instron 3366, Instron, Norwood, MA, USA). Based
on the computer recorded load deformation raw data curves, produced
by Bluehill 2 software v2.6 (Instron), the results were calculated with
custom-made Excel macros.

2.6. Serum analyses

Blood samples were allowed to clot and were then centrifuged
(10000×g, 10min, 4 °C). Serum levels of testosterone (T), dihy-
drotestosterone (DHT) and estradiol were measured in a single run by
GC-MS/MS (Nilsson et al., 2015).

As a marker of bone resorption, serum levels of C-terminal type I
collagen fragments (CTX) were assessed using an ELISA RatLaps kit
(Immunodiagnostic Systems, Tyne and Wear, UK) according to the
manufacturer's instructions. Serum levels of osteocalcin (OCN), a
marker of bone formation, were determined with a mouse osteocalcin
immunosorbent assay kit (Immutopics, Athens, USA). Serum leptin le-
vels were analyzed using a mouse leptin ELISA kit (Crystal Chem,
Zaandam, Netherlands) followed the assay protocol from the manu-
facture.

2.7. Quantitative real-time PCR analysis

Total mRNA was prepared from the tibia shaft (cortical bone) and
the vertebral body of vertebrae L6 (enriched in trabecular bone), using
TRIzol reagent (Life Technologies, Carlsbad, USA) followed by the
RNeasy Mini Kit (Qiagen, Hilden, Germany). Total mRNA from seminal
vesicle and gonadal fat was prepared using the RNeasy Mini Kit
(Qiagen). The mRNA was reverse transcribed into cDNA, and real-time
PCR analysis was performed on the StepOnePlus Real-Time PCR system
(Applied Biosystems, Carlsbad, USA) using predesigned real-time PCR
assay for AR (Mm00442688_m1), Cathepsin K (Mm00484036_m1),
Collagen 1 alpha 1 (Col1a1; Mm00801666_g1), 5α-reductase type 1
(Srd5a1; Mm00614213_m1), and 5α-reductase type 2 (Srd5a2;
Mm01237407_m1). The mRNA levels were adjusted for the expression
of 18S (Catalog No. 43010893E) using predesigned qPCR assays.

2.8. Statistical analyses

Values are given as mean ± SEM. The statistical differences be-
tween inducible ARKO and control mice were calculated using Student's
t-test. A difference was considered statistically significant with
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Fig. 1. Inducible androgen receptor inactivation in inducible ARKO mice. (A) Schematic illustration of the strategy for inducible androgen receptor (AR)
inactivation. Nuclear translocation of the fusion protein CreER and subsequent deletion of exon 2 of the AR gene are induced by tamoxifen. AR mRNA levels in (B)
seminal vesicle, (C) cortical diaphyseal bone, (D) vertebral body (enriched in trabecular bone) and (D) white adipose tissue in inducible ARKO and control mice.
Weight of (F) seminal vesicle and (G) muscle levator ani expressed as percentage of body weight. Values are given as means ± SEM. Pre-pubertal = induced AR
inactivation at 4 weeks of age. Post-pubertal = induced AR inactivation at 10 weeks of age. Animals were evaluated at 14 weeks of age. BW = body weight.
***p < 0.001 inducible ARKO vs control. Number of mice: pre-pubertal control = 9, pre-pubertal inducible ARKO = 8, post-pubertal control = 11, post-pubertal
inducible ARKO = 9.
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p < 0.05. When planning the animal breeding we aimed for 10 mice in
each animal group. A study using 10 mice in each group will have 80%
statistical power (p < 0.05) to identify 1.33 SD difference in a con-
tinuous normally distributed parameter.

3. Results

3.1. Induction of androgen receptor inactivation in inducible ARKO mice

To determine the role of the AR mainly for bone metabolism but
also for some other major putative androgen responsive parameters in
male mice and avoid confounding developmental effects, we in-
activated the AR either before sexual maturation (at 4 weeks of age;
pre-pubertal AR inactivation) or after sexual maturation (at 10 weeks of
age; post-pubertal AR inactivation) and all mice were analyzed at 14
weeks of age. The efficiency of AR-inactivation was evaluated in some
major AR-responsive tissues, including seminal vesicle (Fig. 1B), cor-
tical bone (Fig. 1C), vertebral body enriched in trabecular bone
(Fig. 1D) and white adipose tissue (Fig. 1E). For all these tissues, the
efficiency of the AR inactivation was high both by pre-pubertal and
post-pubertal AR inactivation, demonstrated by substantially reduced
AR mRNA levels in inducible ARKO mice compared with control mice
(Fig. 1B–E). The reductions of AR mRNA levels in cortical bone (pre-
pubertal −91.4 ± 1.2%, post-pubertal −63.6 ± 4.4%; p < 0.05)
and trabecular bone (pre-pubertal −92.7 ± 0.9%, post-pubertal
−76.1 ± 3.4%; p < 0.05) but not in adipose tissue (pre-pubertal
−75.9 ± 10.8%, post-pubertal −74.6 ± 2.2%; non-significant)
compared with respectively control mice were slightly more pro-
nounced for the mice with pre-pubertal AR inactivation compared with
the mice with post-pubertal AR inactivation. The weights of the two
reproductive tissues seminal vesicle (Fig. 1F) and muscle levator ani
(Fig. 1G) were reduced both by pre-pubertal and post-pubertal AR-in-
activation. Neither the body weight nor the lengths of the long bones
were affected by inducible AR inactivation (Table 1).

Serum testosterone levels were not affected by post-pubertal AR
inactivation while pre-pubertal AR inactivation resulted in increased
serum testosterone levels (Fig. 2A). Interestingly, both pre-pubertal and
post-pubertal AR inactivation increased serum dihydrotestosterone
(DHT) levels (Fig. 2B), resulting in significantly increased serum DHT/
testosterone ratios (Fig. 2C). 5α-reductase type 2, encoded by Srd5a2, is
the main enzyme converting testosterone into DHT in reproductive
tissues in males. Srd5a2 mRNA levels were significantly increased in
seminal vesicles of inducible ARKO mice compared with control mice
(Fig. 2D), demonstrating that the synthesis of the potent androgen DHT
by 5α-reductase type 2 is subjected to a local negative feed-back reg-
ulation mediated by the AR. Not only Srd5a2 but also Srd5a1, coding
for 5α-reductase type 1, mRNA levels were also increased by inducible
AR inactivation (Fig. 2E). Since the seminal vesicle was only available

in one of the pre-pubertal AR inactivation mice, mRNA analyses in
seminal vesicle can only be performed in post-pubertal mice. Serum
estradiol levels of these male mice were below the limit of quantifica-
tion (0.5 pg/ml) of the sensitive GC-MS/MS assay used.

3.2. Inducible androgen receptor inactivation revealed an essential role of
the androgen receptor for both trabecular and cortical bone

DXA analysis revealed that both pre-pubertal (−7.6 ± 0.9%,
p < 0.01) and post-pubertal AR inactivation (−3.1 ± 1.0%,
p < 0.05) reduced total body BMD when comparing inducible ARKO
mice with control mice (Fig. 3A).

Since the DXA technique cannot distinguish between the cortical
and the trabecular bone compartments, detailed analyses using μCT
were performed on tibia. Both mid-diaphyseal cortical area (Fig. 3B)
and cortical thickness (Fig. 3C) in tibia were significantly decreased by
both pre-pubertal and post-pubertal AR inactivation. In contrast, cor-
tical porosity and periosteal circumferences were not influenced by
inducible AR inactivation (Fig. 3D, Table 2). Trabecular bone volume
fraction (BV/TV) in the proximal metaphyseal region of the tibia was
significantly reduced by both pre-pubertal (−49.2 ± 2.8%,
p < 0.001) and post-pubertal (−23.7 ± 8.0%, p < 0.05) AR in-
activation (Fig. 3E). The reduced trabecular BV/TV was mainly caused
by decreased trabecular number after both pre-pubertal and post-pub-
ertal AR inactivation (Fig. 3F). Pre-pubertal but not post-pubertal AR
inactivation decreased trabecular thickness significantly (Fig. 3G).
Static histomorphometry of the trabecular bone in the proximal meta-
physeal area of tibia further confirmed that both pre-pubertal
(−50.8 ± 5.3%, p < 0.01) and post-pubertal (−24.1 ± 3.9%,
p < 0.05) AR inactivation reduced trabecular bone volume fraction
when comparing inducible ARKO mice with control mice (Table 2).

Mechanical strength of humerus were evaluated using three-point
bending test, revealing that pre-pubertal but not post-pubertal AR in-
activation significantly reduced maximum load at failure when com-
paring inducible ARKO mice with control mice (Fig. 3H).

3.3. Inducible androgen receptor inactivation is associated with increased
bone turnover

In order to evaluate the role of inducible AR inactivation on bone
turnover, serum markers of bone resorption and bone formation were
analyzed. Serum levels of the bone resorption marker C-terminal type I
collagen fragments (CTX) were substantially increased by both pre-
pubertal (+81 ± 10%, p < 0.01) and post-pubertal (+36 ± 9%,
p < 0.01) AR inactivation when comparing inducible ARKO mice with
control mice (Fig. 4A). Serum levels of the bone formation marker os-
teocalcin were significantly increased by pre-pubertal but not by post-
pubertal AR inactivation (Fig. 4B). These data suggest that the reduced
bone mass as a result of inducible AR inactivation is caused by high
bone turnover with bone resorption exceeding bone formation. Ele-
vated bone turnover was supported by dynamic histomorphometry
data, demonstrating that both pre-pubertal and post-pubertal AR in-
activation increased trabecular bone formation rate (Fig. 4C) as a result
of increased mineralized apposition rate (Fig. 4D) but unchanged mi-
neralized surface per bone surface (Fig. 4E). In addition, both pre-
pubertal and post-pubertal AR inactivation increased the number of
osteoblasts per bone perimeter when evaluated using static histomor-
phometry in the proximal metaphyseal region of tibia comparing in-
ducible ARKO mice with control mice (Table 2). Increased bone turn-
over was also supported by the finding that both pre-pubertal and post-
pubertal AR inactivation increased mRNA levels of the osteoclast-spe-
cific gene Cathepsin K in cortical bone (Fig. 4F). The mRNA levels of the
osteoblast-specific gene Col1a1 were increased by pre-pubertal but not
post-pubertal AR inactivation in cortical bone (Fig. 4G).

Table 1
Body characteristics.

Pre-pubertal Post-pubertal

Control Inducible ARKO Control Inducible ARKO

Body weight (g) 25.8 ± 0.6 26.1 ± 1.0 27.6 ± 0.6 27.3 ± 0.5
Tibia length

(mm)
18.5 ± 0.1 18.8 ± 0.1 18.9 ± 0.1 18.7 ± 0.1

Femur length
(mm)

16.1 ± 0.2 16.1 ± 0.2 16.2 ± 0.1 16.2 ± 0.1

Lean mass (g) 19.9 ± 0.3 18.8 ± 0.5 21.1 ± 0.4 21.0 ± 0.4

Values are given as means ± SEM. Pre-pubertal= induced AR inactivation at
4 weeks of age. Post-pubertal= induced AR inactivation at 10 weeks of age.
Body characteristics were evaluated at 14 weeks of age. Number of mice: pre-
pubertal control= 9, pre-pubertal inducible ARKO=8, post-pubertal con-
trol= 11, post-pubertal inducible ARKO=9.
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3.4. Effect of inducible androgen receptor inactivation on fat mass and
thymus weight

We also evaluated the effect of inducible AR inactivation on two
other putative AR responsive parameters: fat mass and thymus weight.
DXA analyses revealed that fat percentage was substantially increased
by pre-pubertal (+43 ± 9%, p < 0.01) but not post-pubertal
(−2±4%, non-significant) AR inactivation (Fig. 5A) when comparing
inducible ARKO mice with control mice. In a similar manner, pre-
pubertal but not post-pubertal AR inactivation increased the weight of
dissected retroperitoneal fat (Fig. 5B) and elevated serum levels of
leptin (Fig. 5C). It is important to note that AR mRNA levels in white
adipose tissue were decreased to a similar extent in pre-pubertal and
post-pubertal inducible ARKO mice compared with corresponding
control mice (Fig. 1E), excluding inefficient AR inactivation in the post-
pubertal group. Total body lean mass, as measured by DXA, was not
influenced by inducible AR inactivation (Table 1).

The relative thymus weight was increased both by pre-pubertal
(+121 ± 13%, p < 0.001) and post-pubertal (+82 ± 8%,
p < 0.001) AR inactivation (Fig. 5D).

3.5. Comparison of the tissue specificity of the difference between pre-
pubertal and post-pubertal AR inactivation

In the present study, we demonstrated that pre-pubertal AR in-
activation reduced bone mass and the weights of male reproductive
tissues while it increased fat mass and relative thymus weight. Overall,
pre-pubertal AR inactivation resulted in more severe phenotypes than
post-pubertal AR-inactivation but it varied substantially between tis-
sues. To illustrate the possible tissue-specificity of the unique role of the
AR during the pubertal period, we normalized the effect of post-pub-
ertal AR inactivation to the effect of pre-pubertal AR inactivation. The
effect of pre-pubertal AR inactivation was set to 100% and, in Fig. 5E,
the effects of post-pubertal AR inactivation divided by the effect by pre-
pubertal AR inactivation on different AR responsive parameters are
given in percentage. 100% (=dotted horizontal line) denotes that the
effect is not unique for the pubertal period while 0% indicates that AR
inactivation during puberty is essential for this effect. The effects of AR
inactivation on reproductive tissues (muscle levator ani weight and
seminal vesicle weight), relative thymus weight and cortical bone
parameters (cortical area and cortical thickness) were essentially

Fig. 2. Sex hormone levels in mice with inducible androgen receptor inactivation. (A) Serum levels of testosterone (T), and (B) dihydrotestosterone (DHT), (C)
serum DHT/T ratio and mRNA level of (D) Srd5a2 and (E) Srd5a1 in seminal vesicle in inducible ARKO and control mice. Values are given as means ± SEM. Pre-
pubertal = induced AR inactivation at 4 weeks of age. Post-pubertal = induced AR inactivation at 10 weeks of age. Animals were evaluated at 14 weeks of age.
BW= body weight. ns = not significant, *p < 0.05, **p< 0.01, ***p < 0.001 inducible ARKO vs control. Number of mice: pre-pubertal control = 9, pre-pubertal
inducible ARKO = 8, post-pubertal control = 11, post-pubertal inducible ARKO = 9.

J. Wu et al. Molecular and Cellular Endocrinology 479 (2019) 159–169

163



Fig. 3. Inducible androgen receptor inactivation reveals an essential role of the androgen receptor for both trabecular and cortical bone. (A) Total areal
bone mineral density (aBMD) as analyzed by DXA. (B–G) μCT analyses of the tibia. (B) Cortical area, (C) cortical thickness, and (D) cortical porosity in the mid-
diaphyseal region of tibia. (E) Trabecular bone volume per tissue volume (BV/TV), (F) trabecular number and (G) trabecular thickness in the proximal metaphyseal
region of tibia. (H) Maximal load at failure (Fmax) of humerus as analyzed by 3-point-bending test in inducible ARKO and control mice. Values are given as
means ± SEM. Pre-pubertal = induced AR inactivation at 4 weeks of age. Post-pubertal = induced AR inactivation at 10 weeks of age. Bone parameters were
evaluated at 14 weeks of age. ns = not significant. *p < 0.05, **p < 0.01, ***p < 0.001 inducible ARKO vs control. Number of mice: pre-pubertal control = 9,
pre-pubertal inducible ARKO = 8, post-pubertal control = 11, post-pubertal inducible ARKO = 9.
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independent of AR expression during puberty (all ratios > 60%;
Fig. 5E). In contrast, the effects on fat mass parameters required AR
inactivation during puberty (all ratios< 10%). The effects on trabe-
cular bone volume fraction were intermediately dependent on AR in-
activation during puberty (≈50%; Fig. 5E).

4. Discussion

Testosterone is a crucial regulator of the skeleton in males, as sup-
ported by elegant studies using global or tissue specific AR inactivation
(Callewaert et al., 2009; Falahati-Nini et al., 2000; Kawano et al., 2003;
Leder et al., 2003; Orwoll, 2001; Vanderschueren et al., 2014). How-
ever, developmental effects may have confounded the results from
these previous studies inactivating the AR already early in life.

In the present study we developed an inducible model with either
AR inactivation shortly before or after sexual maturation and demon-
strated that adult AR expression is crucial for bone mass maintenance
while specifically AR expression during puberty is crucial for normal
adult fat mass homeostasis.

To achieve an inducible AR inactivation, we used an established
method of tamoxifen-inducible Cre-mediated recombination (Hayashi
and McMahon, 2002). Efficient recombination was demonstrated by
substantially lowered AR mRNA levels in seminal vesicle, bone and
white adipose tissue and substantially reduced weights of male re-
productive tissues by both pre-pubertal and post-pubertal AR in-
activation. However, we cannot fully exclude that the present study
might have slightly underestimated the role of the AR as approximately
20% of AR mRNA expression remained after inducible AR inactivation.
It is a limitation with the present study that the reduction of AR mRNA
levels in bone but not in adipose tissue was slightly more pronounced
for the mice with pre-pubertal AR inactivation compared with the mice
with post-pubertal AR inactivation. It is possible that this might have
resulted in a slightly attenuated skeletal phenotype in the mice with
post-pubertal AR-inactivation.

The main finding in the present study was that both pre-pubertal
and post-pubertal AR inactivation resulted in reduced adult cortical and
trabecular bone mass, essentially mimicking the skeletal results from
life-long global AR inactivation (Almeida et al., 2017). In contrast to
previous studies, the present findings are not confounded by possible
early developmental effects and clearly demonstrate that adult AR ex-
pression is crucial for trabecular and cortical bone mass maintenance.
Both pre-pubertal and post-pubertal AR inactivation reduced the tra-
becular bone volume fraction mainly via reduced number of trabeculae
and the cortical bone mass was reduced by a decreased cortical bone
thickness, while cortical porosity was not affected.

The reduced bone mass by inducible AR inactivation was associated
with increased bone turnover with bone resorption most likely ex-
ceeding bone formation. This notion was supported by increased adult
serum levels of the bone resorption marker C-terminal type I collagen

fragments and increased mRNA levels of the osteoclastic gene
Cathepsin K in bone after both pre-pubertal and post-pubertal AR in-
activation. The augmented bone resorption was accompanied by an
increased trabecular bone formation rate as determined by dynamic
histomorphometry. Similarly, high bone turnover osteopenia in the
trabecular bone has previously been described for some mouse models
with lifelong AR inactivation in the osteoblast-lineage (Chiang et al.,
2009; Määttä et al., 2013; Notini et al., 2007; Ucer et al., 2015;
Wilhelmson et al., 2015). This was suggested to be due to the AR ac-
tivation in osteoblasts, which is required to reduce the osteoclast-
mediated bone resorption in trabecular bone of male mice (Almeida
et al., 2017). The reduced cortical bone thickness in mice with adult AR
inactivation was a phenocopy of mouse models with lifelong global AR
inactivation (Almeida et al., 2017), suggesting that this androgen-de-
pendent action is largely independent of early developmental effects of
androgens. This finding is of particular interest as studies using dif-
ferent cell-specific AR inactivation models not yet have identified the
primary AR target cell for the effects of androgens on cortical bone mass
(Almeida et al., 2017; Sinnesael et al., 2012). Thus, further studies are
clearly warranted to identify the primary AR target cell for the adult
effect of androgens on cortical bone mass.

Pre-pubertal but not post-pubertal AR inactivation decreased the
mechanical strength of the humerus in 14-week-old mice. It is possible
that the longer duration of the AR inactivation in the pre-pubertal AR
inactivated mice compared with the post-pubertal AR-inactivation may
have contributed to this difference.

Longitudinal bone growth during sexual maturation in males is
dependent on sex steroid actions (Almeida et al., 2017). The finding in
the present study that longitudinal bone growth was not affected by
pre-pubertal AR inactivation supports previous human and animal
studies, demonstrating that longitudinal bone growth during sexual
maturation in males mainly is regulated by estrogen acting on estrogen
receptor-α (Börjesson et al., 2010, 2012; Morishima et al., 1995; Smith
et al., 1994).

A previous report demonstrated that replacement of the AR in
proliferating osteoblasts of global AR deleted mice partially, but not
fully, restored the periosteal circumference at six weeks but not at
twelve weeks of age (Russell et al., 2015). In the present study, no
significant reduction of the periosteal circumference at 14 weeks of age
was observed by pre-pubertal AR inactivation. However, we cannot
exclude that the present study was underpowered to detect a minor
effect on cortical periosteal circumference or that a transient effect was
present at an earlier time-point.

The age evaluated for the post-pubertal AR inactivation, 10–14
weeks of age, is an age when the mouse skeleton still is growing slowly
(Brommage and Ohlsson, 2018). Thus, the observed effects on the
skeleton in the used mouse model with post-pubertal AR inactivation
might not only be on adult bone metabolism but also on skeletal
growth. The rather early time point for the post-pubertal AR

Table 2
Micro-CT analyses of cortical bone in the diaphyseal region of tibia and static histomorphometry of trabecular bone in the proximal metaphyseal region of tibia.

Pre-pubertal Post-pubertal

Control Inducible ARKO Control Inducible ARKO

Periosteal circumference (mm) 4.0 ± 0.06 3.9 ± 0.05 4.3 ± 0.06 4.2 ± 0.07
Trabecular BV/TV (%) 12.1 ± 1.3 5.9 ± 0.6** 15.7 ± 1.3 11.9 ± 0.6*
N.Oc/B.Pm (mm−1) 1.5 ± 0.2 1.9 ± 0.4 2.0 ± 0.2 1.5 ± 0.3
Oc.S/BS (%) 2.9 ± 0.4 3.8 ± 0.7 4.2 ± 0.4 3.2 ± 0.6
N.Ob/B.Pm (mm−1) 4.7 ± 0.6 9.3 ± 0.5*** 6.8 ± 0.8 9.4 ± 1.0*
Ob.S/BS (%) 5.5 ± 0.8 11.6 ± 0.6*** 9.5 ± 1.3 13.3 ± 1.5

Values are given as means ± SEM. Pre-pubertal= induced AR inactivation at 4 weeks of age. Post-pubertal= induced AR inactivation at 10 weeks of age.
Trabecular bone parameters were evaluated at 14 weeks of age. BV/TV=bone volume per total volume, N.Oc/B.Pm = number of osteoclasts per bone perimeter,
Oc.S/BS = osteoclast surface per bone surface, N.Ob/B.Pm = number of osteoblasts per bone perimeter, Ob.S/BS = osteoblast surface per bone surface. *p < 0.05
vs control; **p < 0.01 vs control; ***p < 0.001 vs control. Number of mice: pre-pubertal control = 9, pre-pubertal inducible ARKO = 8, post-pubertal con-
trol = 11, post-pubertal inducible ARKO = 9.
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inactivation was chosen to be able to with a high precision discriminate
between the role of the AR during puberty from the role of the AR after
puberty.

Male mouse models using global lifelong AR inactivation have been
described to affect testicular development associated with sex steroid
deficiency, confounding the results (Bourghardt et al., 2010). In con-
trast, the described phenotypes in the present study, resembling hy-
pogonadism (Kaufman and Vermeulen, 2005), were not confounded by
reduced serum androgen levels. Both pre-pubertal and post-pubertal AR
inactivation increased serum DHT levels, resulting in significantly in-
creased serum DHT/testosterone ratios as a result of enhanced ex-
pression of 5α-reductase type 1 and 5α-reductase type 2, the main

enzymes involved in the conversion of testosterone into DHT. This
finding demonstrates that the synthesis of the potent androgen DHT by
5α-reductase type 1 and 2 is subjected to a local negative feedback
regulation mediated by the AR.

It is previously demonstrated that male mice with global lifelong AR
inactivation develop adult obesity associated with elevated serum
leptin levels when given high fat diet but not when given regular diet
(Dubois et al., 2016). In the present study, pre-pubertal but not post-
pubertal AR inactivation resulted in increased fat mass associated with
elevated serum leptin levels in male mice on regular diet. Collectively,
these findings indicate that AR expression during puberty is crucial for
normal fat mass homeostasis in adult male mice.

Fig. 4. Inducible androgen receptor inactivation is associated with increased bone turnover. Serum levels of (A) C-terminal type I collagen fragments (CTX)
and (B) osteocalcin (OCN) in inducible ARKO and control mice. (C–E) Dynamic histomorphometry analyses in the proximal metaphyseal region of tibia. (C) Bone
formation rate (BFR), (D) mineral apposition rate (MAR), and (E) mineral surface per bone surface (MS/BS) in inducible ARKO and control mice. (F) Cathepsin K and
(G) Col1a1 mRNA levels in cortical diaphyseal bone. Values are given as means ± SEM. Pre-pubertal = induced AR inactivation at 4 weeks of age. Post-pub-
ertal = induced AR inactivation at 10 weeks of age. Bone parameters were evaluated at 14 weeks of age. ns = not significant, *p < 0.05, **p < 0.01,
***p < 0.001 inducible ARKO vs control. Number of mice: pre-pubertal control = 9, pre-pubertal inducible ARKO = 8, post-pubertal control = 11, post-pubertal
inducible ARKO = 9.
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Fig. 5. Comparison of the tissue specificity of the difference between pre-pubertal and post-pubertal AR inactivation. (A) Body fat percentage as measured by
DXA, (B) retroperitoneal fat weight (expressed as percentage of body weight), (C) serum leptin levels, and (D) thymus weight (expressed as percentage of body
weight) in inducible ARKO and control mice. Values are given as means ± SEM. Pre-pubertal = induced AR inactivation at 4 weeks of age. Post-pubertal = induced
AR inactivation at 10 weeks of age. The mice were evaluated at 14 weeks of age. BW = body weight. ns = not significant, **p < 0.01, ***p < 0.001 inducible
ARKO vs control. Number of mice: pre-pubertal control = 9, pre-pubertal inducible ARKO = 8, post-pubertal control = 11, post-pubertal inducible ARKO = 9. (E)
To illustrate the possible tissue-specificity of the unique role of the AR during the pubertal period, we normalized the effect of post-pubertal AR inactivation to the
effect of pre-pubertal AR inactivation. The effect of pre-pubertal AR inactivation was set to 100% and the effect of post-pubertal AR inactivation divided by the effect
by pre-pubertal AR inactivation on different AR responsive parameters is given in percentage. 100% (=dotted horizontal line) denotes that the effect is not unique for
the pubertal period while 0% indicates that AR inactivation during puberty is essential for this effect.
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Pre-pubertal AR inactivation resulted in increased fat mass and re-
duced cortical and trabecular bone mass and it is well established that
osteoblasts and adipocytes may differentiate from the same mesench-
ymal stem cell (Horowitz et al., 2017). Therefore, it is possible that AR
inactivation during puberty will result in increased adipocyte differ-
entiation and reduced osteoblast differentiation. However, at 14 weeks
of age the number of osteoblasts per trabecular bone perimeter were
actually increased in the mice with pre-pubertal AR inactivation, in-
dicating a high bone turnover osteoporosis. A limitation with the pre-
sent study is that we did not analyze the amount of fat in the bone
marrow.

As we in the present study inactivated the AR either directly before
or shortly after sexual maturation, we could determine the tissue spe-
cific role of the AR specifically during sexual maturation in male mice
(Fig. 5E). We demonstrated that the effects of AR inactivation on re-
productive tissues, relative thymus weight and cortical bone mass
parameters were essentially independent of AR expression during
puberty (Fig. 5E). In contrast the effects on fat mass parameters re-
quired AR inactivation during puberty. The effects on trabecular bone
were intermediately dependent on AR inactivation during puberty
(Fig. 5E).

In conclusion, the AR is required for maintenance of both the tra-
becular and cortical bone in adult male mice. By comparing pre-pub-
ertal and post-pubertal AR inactivation, we conclude that adult AR
expression is crucial for trabecular and cortical bone mass maintenance
while pubertal AR expression is crucial for normal fat mass homeostasis
in adult male mice.

Declaration of interest

All authors state that they have no conflicts of interest.

Funding

This study was supported by Swedish Research Council, Swedish
Foundation for Strategic Research, ALF/LUA research grant from the
Sahlgrenska University Hospital, Lundberg Foundation, European
Calcified Tissue Society, Torsten and Ragnar Söderberg's Foundation,
Novo Nordisk Foundation, and Kunt and Alice Wallenberg Foundation.

Acknowledgements

We are grateful to C. Uggla, A. Hansevi, B. Aleskic for technical
assistance.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mce.2018.10.008.

References

Almeida, M., Laurent, M.R., Dubois, V., Claessens, F., O'Brien, C.A., Bouillon, R.,
Vanderschueren, D., Manolagas, S.C., 2017. Estrogens and androgens in skeletal
physiology and pathophysiology. Physiol. Rev. 97, 135–187. https://doi.org/10.
1152/physrev.00033.2015.

Börjesson, A.E., Lagerquist, M.K., Liu, C., Shao, R., Windahl, S.H., Karlsson, C., Sjögren,
K., Moverare-Skrtic, S., Antal, M.C., Krust, A., Mohan, S., Chambon, P., Savendahl, L.,
Ohlsson, C., 2010. The role of estrogen receptor alpha in growth plate cartilage for
longitudinal bone growth. J. Bone Miner. Res. 25, 2690–2700. https://doi.org/10.
1002/jbmr.156.

Börjesson, A.E., Windahl, S.H., Karimian, E., Eriksson, E.E., Lagerquist, M.K., Engdahl, C.,
Antal, M.C., Krust, A., Chambon, P., Savendahl, L., Ohlsson, C., 2012. The role of
estrogen receptor-alpha and its activation function-1 for growth plate closure in fe-
male mice. Am. J. Physiol. Endocrinol. Metab. 302, E1381–E1389. https://doi.org/
10.1152/ajpendo.00646.2011.

Bourghardt, J., Wilhelmson, A.S., Alexanderson, C., De Gendt, K., Verhoeven, G., Krettek,
A., Ohlsson, C., Tivesten, A., 2010. Androgen receptor-dependent and independent
atheroprotection by testosterone in male mice. Endocrinology 151, 5428–5437.
https://doi.org/10.1210/en.2010-0663.

Brommage, R., Ohlsson, C., 2018. Translational studies provide insights for the etiology
and treatment of cortical bone osteoporosis. Best Pract. Res. Clin. Endocrinol.
Metabol. 32, 329–340. https://doi.org/10.1016/j.beem.2018.02.006.

Callewaert, F., Venken, K., Ophoff, J., De Gendt, K., Torcasio, A., van Lenthe, G.H., Van
Oosterwyck, H., Boonen, S., Bouillon, R., Verhoeven, G., Vanderschueren, D., 2009.
Differential regulation of bone and body composition in male mice with combined
inactivation of androgen and estrogen receptor-alpha. Faseb. J. 23, 232–240. https://
doi.org/10.1096/fj.08-113456.

Chiang, C., Chiu, M., Moore, A.J., Anderson, P.H., Ghasem-Zadeh, A., McManus, J.F., Ma,
C., Seeman, E., Clemens, T.L., Morris, H.A., Zajac, J.D., Davey, R.A., 2009.
Mineralization and bone resorption are regulated by the androgen receptor in male
mice. J. Bone Miner. Res. 24, 621–631. https://doi.org/10.1359/jbmr.081217.

De Gendt, K., Swinnen, J.V., Saunders, P.T., Schoonjans, L., Dewerchin, M., Devos, A.,
Tan, K., Atanassova, N., Claessens, F., Lecureuil, C., Heyns, W., Carmeliet, P., Guillou,
F., Sharpe, R.M., Verhoeven, G., 2004. A Sertoli cell-selective knockout of the an-
drogen receptor causes spermatogenic arrest in meiosis. Proc. Natl. Acad. Sci. U. S. A.
101, 1327–1332. https://doi.org/10.1073/pnas.0308114100.

Dempster, D.W., Compston, J.E., Drezner, M.K., Glorieux, F.H., Kanis, J.A., Malluche, H.,
Meunier, P.J., Ott, S.M., Recker, R.R., Parfitt, A.M., 2013. Standardized nomen-
clature, symbols, and units for bone histomorphometry: a 2012 update of the report
of the ASBMR Histomorphometry Nomenclature Committee. J. Bone Miner. Res. 28,
2–17. https://doi.org/10.1002/jbmr.1805.

Dubois, V., Laurent, M.R., Jardi, F., Antonio, L., Lemaire, K., Goyvaerts, L., Deldicque, L.,
Carmeliet, G., Decallonne, B., Vanderschueren, D., Claessens, F., 2016. Androgen
deficiency exacerbates high-fat diet-induced metabolic alterations in male mice.
Endocrinology 157, 648–665. https://doi.org/10.1210/en.2015-1713.

Falahati-Nini, A., Riggs, B.L., Atkinson, E.J., O'Fallon, W.M., Eastell, R., Khosla, S., 2000.
Relative contributions of testosterone and estrogen in regulating bone resorption and
formation in normal elderly men. J. Clin. Invest. 106, 1553–1560. https://doi.org/
10.1172/JCI10942.

Hayashi, S., McMahon, A.P., 2002. Efficient recombination in diverse tissues by a ta-
moxifen-inducible form of Cre: a tool for temporally regulated gene activation/in-
activation in the mouse. Dev. Biol. 244, 305–318. https://doi.org/10.1006/dbio.
2002.0597.

Horowitz, M.C., Berry, R., Holtrup, B., Sebo, Z., Nelson, T., Fretz, J.A., Lindskog, D.,
Kaplan, J.L., Ables, G., Rodeheffer, M.S., Rosen, C.J., 2017. Bone marrow adipocytes.
Adipocyte 6, 193–204. https://doi.org/10.1080/21623945.2017.1367881.

Kaufman, J.M., Vermeulen, A., 2005. The decline of androgen levels in elderly men and
its clinical and therapeutic implications. Endocr. Rev. 26, 833–876. https://doi.org/
10.1210/er.2004-0013.

Kawano, H., Sato, T., Yamada, T., Matsumoto, T., Sekine, K., Watanabe, T., Nakamura, T.,
Fukuda, T., Yoshimura, K., Yoshizawa, T., Aihara, K., Yamamoto, Y., Nakamichi, Y.,
Metzger, D., Chambon, P., Nakamura, K., Kawaguchi, H., Kato, S., 2003. Suppressive
function of androgen receptor in bone resorption. Proc. Natl. Acad. Sci. U. S. A. 100,
9416–9421. https://doi.org/10.1073/pnas.1533500100.

Khosla, S., Monroe, D.G., 2017. Regulation of bone metabolism by sex steroids. Cold
Spring Harb Perspect Med. https://doi.org/10.1101/cshperspect.a031211.

Leder, B.Z., LeBlanc, K.M., Schoenfeld, D.A., Eastell, R., Finkelstein, J.S., 2003.
Differential effects of androgens and estrogens on bone turnover in normal men. J.
Clin. Endocrinol. Metab. 88, 204–210. https://doi.org/10.1210/jc.2002-021036.

Liu, P.Y., Death, A.K., Handelsman, D.J., 2003. Androgens and cardiovascular disease.
Endocr. Rev. 24, 313–340. https://doi.org/10.1210/er.2003-0005.

Määttä, J.A., Buki, K.G., Ivaska, K.K., Nieminen-Pihala, V., Elo, T.D., Kahkonen, T.,
Poutanen, M., Harkonen, P., Vaananen, K., 2013. Inactivation of the androgen re-
ceptor in bone-forming cells leads to trabecular bone loss in adult female mice.
BoneKEy Rep. 2, 440. https://doi.org/10.1038/bonekey.2013.174.

Mellström, D., Vandenput, L., Mallmin, H., Holmberg, A.H., Lorentzon, M., Oden, A.,
Johansson, H., Orwoll, E.S., Labrie, F., Karlsson, M.K., Ljunggren, O., Ohlsson, C.,
2008. Older men with low serum estradiol and high serum SHBG have an increased
risk of fractures. J. Bone Miner. Res. 23, 1552–1560. https://doi.org/10.1359/jbmr.
080518.

Morishima, A., Grumbach, M.M., Simpson, E.R., Fisher, C., Qin, K., 1995. Aromatase
deficiency in male and female siblings caused by a novel mutation and the physio-
logical role of estrogens. J. Clin. Endocrinol. Metab. 80, 3689–3698. https://doi.org/
10.1210/jcem.80.12.8530621.

Nilsson, M.E., Vandenput, L., Tivesten, A., Norlen, A.K., Lagerquist, M.K., Windahl, S.H.,
Borjesson, A.E., Farman, H.H., Poutanen, M., Benrick, A., Maliqueo, M., Stener-
Victorin, E., Ryberg, H., Ohlsson, C., 2015. Measurement of a comprehensive sex
steroid profile in rodent serum by high-sensitive gas chromatography-tandem mass
spectrometry. Endocrinology 156, 2492–2502. https://doi.org/10.1210/en.2014-
1890.

Notini, A.J., McManus, J.F., Moore, A., Bouxsein, M., Jimenez, M., Chiu, W.S., Glatt, V.,
Kream, B.E., Handelsman, D.J., Morris, H.A., Zajac, J.D., Davey, R.A., 2007.
Osteoblast deletion of exon 3 of the androgen receptor gene results in trabecular bone
loss in adult male mice. J. Bone Miner. Res. 22, 347–356. https://doi.org/10.1359/
jbmr.061117.

Orwoll, E.S., 2001. Androgens: basic biology and clinical implication. Calcif. Tissue Int.
69, 185–188.

Richmond, E.J., Rogol, A.D., 2007. Male pubertal development and the role of androgen
therapy. Nat. Clin. Pract. Endocrinol. Metabol. 3, 338–344. https://doi.org/10.1038/
ncpendmet0450.

Russell, P.K., Clarke, M.V., Cheong, K., Anderson, P.H., Morris, H.A., Wiren, K.M., Zajac,
J.D., Davey, R.A., 2015. Androgen receptor action in osteoblasts in male mice is
dependent on their stage of maturation. J. Bone Miner. Res. 30, 809–823. https://doi.
org/10.1002/jbmr.2413.

Sinnesael, M., Claessens, F., Laurent, M., Dubois, V., Boonen, S., Deboel, L.,

J. Wu et al. Molecular and Cellular Endocrinology 479 (2019) 159–169

168

https://doi.org/10.1016/j.mce.2018.10.008
https://doi.org/10.1016/j.mce.2018.10.008
https://doi.org/10.1152/physrev.00033.2015
https://doi.org/10.1152/physrev.00033.2015
https://doi.org/10.1002/jbmr.156
https://doi.org/10.1002/jbmr.156
https://doi.org/10.1152/ajpendo.00646.2011
https://doi.org/10.1152/ajpendo.00646.2011
https://doi.org/10.1210/en.2010-0663
https://doi.org/10.1016/j.beem.2018.02.006
https://doi.org/10.1096/fj.08-113456
https://doi.org/10.1096/fj.08-113456
https://doi.org/10.1359/jbmr.081217
https://doi.org/10.1073/pnas.0308114100
https://doi.org/10.1002/jbmr.1805
https://doi.org/10.1210/en.2015-1713
https://doi.org/10.1172/JCI10942
https://doi.org/10.1172/JCI10942
https://doi.org/10.1006/dbio.2002.0597
https://doi.org/10.1006/dbio.2002.0597
https://doi.org/10.1080/21623945.2017.1367881
https://doi.org/10.1210/er.2004-0013
https://doi.org/10.1210/er.2004-0013
https://doi.org/10.1073/pnas.1533500100
https://doi.org/10.1101/cshperspect.a031211
https://doi.org/10.1210/jc.2002-021036
https://doi.org/10.1210/er.2003-0005
https://doi.org/10.1038/bonekey.2013.174
https://doi.org/10.1359/jbmr.080518
https://doi.org/10.1359/jbmr.080518
https://doi.org/10.1210/jcem.80.12.8530621
https://doi.org/10.1210/jcem.80.12.8530621
https://doi.org/10.1210/en.2014-1890
https://doi.org/10.1210/en.2014-1890
https://doi.org/10.1359/jbmr.061117
https://doi.org/10.1359/jbmr.061117
http://refhub.elsevier.com/S0303-7207(18)30289-2/sref24
http://refhub.elsevier.com/S0303-7207(18)30289-2/sref24
https://doi.org/10.1038/ncpendmet0450
https://doi.org/10.1038/ncpendmet0450
https://doi.org/10.1002/jbmr.2413
https://doi.org/10.1002/jbmr.2413


Vanderschueren, D., 2012. Androgen receptor (AR) in osteocytes is important for the
maintenance of male skeletal integrity: evidence from targeted AR disruption in
mouse osteocytes. J. Bone Miner. Res. 27, 2535–2543. https://doi.org/10.1002/
jbmr.1713.

Smith, E.P., Boyd, J., Frank, G.R., Takahashi, H., Cohen, R.M., Specker, B., Williams, T.C.,
Lubahn, D.B., Korach, K.S., 1994. Estrogen resistance caused by a mutation in the
estrogen-receptor gene in a man. N. Engl. J. Med. 331, 1056–1061. https://doi.org/
10.1056/NEJM199410203311604.

Ucer, S., Iyer, S., Bartell, S.M., Martin-Millan, M., Han, L., Kim, H.N., Weinstein, R.S.,
Jilka, R.L., O'Brien, C.A., Almeida, M., Manolagas, S.C., 2015. The effects of

androgens on murine cortical bone do not require AR or ERalpha signaling in os-
teoblasts and osteoclasts. J. Bone Miner. Res. 30, 1138–1149. https://doi.org/10.
1002/jbmr.2485.

Vanderschueren, D., Laurent, M.R., Claessens, F., Gielen, E., Lagerquist, M.K., Vandenput,
L., Börjesson, A.E., Ohlsson, C., 2014. Sex steroid actions in male bone. Endocr. Rev.
35, 906–960. https://doi.org/10.1210/er.2014-1024.

Wilhelmson, A.S., Stubelius, A., Börjesson, A.E., Wu, J., Stern, A., Malin, S., Martensson,
I.L., Ohlsson, C., Carlsten, H., Tivesten, A., 2015. Androgens regulate bone marrow B
lymphopoiesis in male mice by targeting osteoblast-lineage cells. Endocrinology 156,
1228–1236. https://doi.org/10.1210/en.2014-1822.

J. Wu et al. Molecular and Cellular Endocrinology 479 (2019) 159–169

169

https://doi.org/10.1002/jbmr.1713
https://doi.org/10.1002/jbmr.1713
https://doi.org/10.1056/NEJM199410203311604
https://doi.org/10.1056/NEJM199410203311604
https://doi.org/10.1002/jbmr.2485
https://doi.org/10.1002/jbmr.2485
https://doi.org/10.1210/er.2014-1024
https://doi.org/10.1210/en.2014-1822

	The androgen receptor is required for maintenance of bone mass in adult male mice
	Introduction
	Materials and methods
	Animal models
	Dual-energy X-ray absorptiometry (DXA)
	High-resolution micro-computed tomography (μCT)
	Histomorphometric analyses
	Biomechanical strength analyses
	Serum analyses
	Quantitative real-time PCR analysis
	Statistical analyses

	Results
	Induction of androgen receptor inactivation in inducible ARKO mice
	Inducible androgen receptor inactivation revealed an essential role of the androgen receptor for both trabecular and cortical bone
	Inducible androgen receptor inactivation is associated with increased bone turnover
	Effect of inducible androgen receptor inactivation on fat mass and thymus weight
	Comparison of the tissue specificity of the difference between pre-pubertal and post-pubertal AR inactivation

	Discussion
	Declaration of interest
	Funding
	Acknowledgements
	Supplementary data
	References




