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Removal of the androgen receptor (AR) from bone-forming cells has been shown to reduce trabecular bone volume in

male mice. In female mice, the role of AR in the regulation of bone homeostasis has been poorly understood. We

generated a mouse strain in which the AR is completely inactivated only in mineralizing osteoblasts and osteocytes by

breeding mice carrying osteocalcin promoter-regulated Cre-recombinase with mice possessing loxP recombination

sites flanking exon 2 of the AR gene (ARDOB/DOB mice). In female ARDOB/DOB mice, the trabecular bone volume was

reduced owing to a smaller number of trabeculae at 6 months of age compared with the control ARfl/fl animals. In male

ARDOB/DOB mice, an increase in trabecular bone separation could already be detected at 3.5 months of age, and at 6

months, the trabecular bone volume was significantly reduced compared with that of male ARfl/fl mice. No AR-dependent

changes were observed in the cortical bone of either sex. On the basis of micro-computed tomography and

histomorphometry, we conclude that in male mice, the AR is involved in the regulation of osteoclast number by

osteoblasts, whereas in female mice, the lack of the AR in the bone-forming cells leads to a decreased number of

trabeculae upon aging.
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Introduction

Androgens are known to affect bone development, growth and

maintenance in men.1,2 Reduction of serum androgen levels in

aging men or in patients treated with anti-androgen therapy has

been shown to be associated with the reduced bone mineral

density (BMD) of the skeleton.3 In mice, the androgen receptor

(AR) is expressed in osteoblasts, osteocytes4–6 and osteo-

clasts.7 Androgens have been suggested to regulate the

periosteal expansion of long bones and to inhibit endosteal

bone growth.6,8 The inhibition of endosteal bone growth has

been considered to be due to androgen-mediated osteoblast

apoptosis.8 Overexpression of the AR in premature osteoblasts

of male mice using the 3.6 kb type I collagen promoter has been

shown to lead to an increase in periosteal bone formation and a

reduction in endosteal bone formation,9 whereas use of the

2.3 kb type I collagen promoter, expressed in mature osteo-

blasts, only reduced endosteal bone formation with no effect on

the periosteum.10 These different effects can be attributed, in

addition to different stages of osteoblast maturation at which
these promoters are active, to various patterns of their
expression in bone tissue. The 2.3 kb type I collagen promoter is
strongly expressed in endosteal osteoblasts and osteocytes,
but not in the periosteum,10,11 whereas the 3.6 kb type I collagen
promoter has been shown to be active in the periosteum.9,12

A full AR knockout has been shown to exhibit increased bone
turnover and reduced trabecular and cortical bone volume in
male mice.13–16 Further elimination of estrogen receptor a (ERa)
caused an additional reduction in cortical bone mass.14 In
another full AR knockout model, the bone growth and com-
position of knockout female mice were indistinguishable from
those of wild-type (WT) mice at 8 weeks of age,17 suggesting
that the AR is not important during the early development or
rapid growth phase of the female skeleton. In the study by
MacLean et al.,18 using mice devoid of the AR DNA-binding
capacity, trabecular bone structure, but not volume, was altered
in 9-week-old female mice, with increased trabecular thickness
and decreased trabecular number.
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Inactivation of the AR DNA-binding activity in osteocalcin-
expressing cells19 and in collagen-1-synthesizing osteoblasts20

has been shown to reduce trabecular bone volume in male
mice. In cortical bone various effects have been reported. Some
results have indicated a reduction in cortical bone thickness but
no change in periosteal circumference when the osteocalcin
promoter was used to target the exon 3 of the AR gene,19

whereas no effect on the cortical bone was observed in another
study utilizing the type I collagen 2.3 promoter.20

In a recent study by Sinnesael et al.,21 osteocytic AR was
shown to be crucial for the maintenance of trabecular bone
volume in male mice. The role of AR in the regulation of the
female skeleton is currently incompletely characterized. In this
research, we show, for the first time, that the lack of AR in
mineralizing osteoblast and osteocytes leads to a reduction of
trabecular bone volume in mature female mice.

Results

Analysis of the general phenotype. Both ARfl/fl and
ARDOB/DOB mice were fertile and healthy in appearance. The
average body weights and lengths of the tibiae of the two mouse
lines did not differ significantly (Table 1). No histological
abnormalities were observed in any of the soft tissues analyzed,
including the lung, heart, spleen, kidney, striated muscle,
reproductive organs and brain (data not shown). In a recent
study, we analyzed the expression of the Cre protein in the same
parental mice used for breeding, and the osteocalcin-promoter-
regulated expression of Cre itself was not found to affect the
bone phenotype.22

Expression of AR and ERamRNA in cortical bone. Total RNA
was isolated from the purified tibial and femoral cortical bone of
7-week-old male mice and subjected to quantitative real-time
polymerase chain reaction (RT-qPCR). The level of AR mRNA
was reduced by 79% in ARDOB/DOB mice (Figure 1a; P¼ 0.016).
There was no difference in the expression of ERa mRNA
between the genotypes (Figure 1b), ruling out any possible
compensatory upregulation of ERa upon AR inactivation.

Analysis of the bone phenotypes at the age of 3.5 and
6 months. The lengths of the tibiae of ARfl/fl and ARDOB/DOB did
not differ significantly in either gender, but the tibial ash weights

of ARDOB/DOB mice were reduced compared with those of
ARfl/fl mice at 6 months of age in both genders (Table 1).
Imaging and volumetric analysis with micro-computed
tomography (mCT) revealed an increase in the trabecular bone
separation (Tb.Sp, P¼ 0.02) and thickness (Tb.Th, P¼ 0.02) in
male ARDOB/DOB mice compared with ARfl/fl males at the age of
3.5 months (Figure 2). The differences in the trabecular bone
became larger with age, as the trabecular number (Tb.N)
became smaller (Po0.001) and the Tb.Sp became wider
(Po0.001) in ARDOB/DOB male mice compared with the ARfl/fl

male mice. Thus, a statistically significant difference in tra-
becular bone volume (Tb.BV) between these mice (Po0.001)
was identified. However, the difference in the Tb.Th did not
continue to demonstrate further changes. In female mice, there
was no difference in the measured trabecular bone parameters
at the age of 3.5 months (Figure 2). However, at the age of 6
months, the tibial Tb.N and Tb.BV were significantly reduced
(P¼ 0.002 and 0.036, respectively) and the mean Tb.Sp was
increased (P¼ 0.049) in ARDOB/DOB female mice compared
with the ARfl/fl mice. The Tb.Th was slightly but significantly
increased in ARDOB/DOB female mice (Figure 2; P¼ 0.028). In
contrast to the trabecular bone, no significant differences could
be demonstrated in the mCTanalysis of the cortical bone of tibial
diaphysis in either males or females (Table 2).

Determined with histomorphometry, the trabecular BV of the
L3 lumbar vertebra of 3-month-old ARDOB/DOB male mice
was significantly reduced compared with that of ARfl/fl mice
(Figure 3a). This change was accompanied by a reduced
Tb.Th (P¼ 0.007), reduced Tb.N (P¼ 0.012) and increased
Tb.Sp (P¼ 0.005) (Figure 3a). The number of osteoblasts/bone
perimeter (N.Ob/B.Pm) and osteoblast surface/bone surface
(Ob.S/BS) did not differ significantly between the groups
(Figure 3a). However, the number of osteoclasts/bone
perimeter (N.Oc/B.Pm) and osteoclast surface/bone surface
(Oc.S/BS) were significantly increased in ARDOB/DOB male
mice (Figure 3a; P¼ 0.003 and 0.011, respectively). In
female mice, no significant differences were detected
(Figure 3a).

Differences in the trabecular bone phenotype of 6-month-old
female mice were also found with the mCT analysis of the
vertebral body. The marked reduction of Tb.N in ARDOB/DOB

mice compared with controls (P¼ 0.010) was accompanied

Table 1 Length and ash weight of tibiae, body weight

N: fl/fl,
DOB/DOB

Age, gender

3 months # 6 months # 3 months ~ 6 months ~

8,9 8,10 6,9 6,12

Body
weight (g)

ARfl/fl 27.5±1.1 32.2±0.6 23.1±0.9 24.8±1.4

ARDOB/DOB 29.1±0.6 33.8±0.7 22.5±0.2 26.0±0.5

Tibia
length (mm)

ARfl/fl 17.96±0.10 18.33±0.08 17.67±0.17 18.08±0.07

ARDOB/DOB 17.94±0.07 18.32±0.07 17.29±0.24 18.15±0.05

Ash
weight (mg)

ARfl/fl 20.66±0.72 24.31±0.67* 19.80±0.59 21.70±0.48*

ARDOB/DOB 20.66±0.72 21.67±0.62 18.87±0.27 20.12±0.51

Abbreviations: AR, androgen receptor. Lengths and ash weights of tibiae and
body weight of mice. *Po0.05: At 6 months of age, the ash weight of the tibia was
significantly reduced in the ARDOB/DOB mice compared with the ARfl/fl mice of the
same gender. Data represented as means±s.e.m.
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Figure 1 qPCR analysis of cortical bone. Messenger RNA levels of AR and ERa in
the cortical bone of 7-week-old male mice analyzed with RT-qPCR. (a) The AR mRNA
levels were reduced by 79% in ARDOB/DOB mice compared with ARfl/fl mice. (b) There
were no differences in the ERamRNA levels (n¼ 4 per group). Data are represented as
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by a wider Tb.Sp (P¼ 0.021), leading to a significantly
reduced Tb.BV and BV/TV ratio (Figure 3b; P¼ 0.005
and 0.004, respectively). There was no difference in Tb.Th
(Figure 3b).

Serum markers. In 3-month-old male ARDOB/DOB mice, the
serum tartrate-resistant acidic phosphatase 5b (TRAcP5b)
activity was significantly increased compared with male ARfl/fl

mice (Table 3; P¼ 0.001); this increase was accompanied by an
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Figure 2 Modeling and volumetric analysis of the tibial metaphyses. Three-dimensional modeling of the tibial metaphysis and volumetric analysis of the trabecular bone with
mCT. At the age of 3.5 months, no differences were detected between any of the parameters measured in female ARDOB/DOB (n¼ 8) and ARfl/fl (n¼ 6) mice, whereas the Tb.Sp and
Tb.Th were higher in ARDOB/DOB males (n¼ 8) compared with ARfl/fl males (n¼ 9). At 6 months of age, the Tb.N was highly reduced, leading to a wider Tb.Sp and reduced Tb.BV in
ARDOB/DOB mice of both sexes (males: n¼ 8; females: n¼ 8) compared with ARfl/fl mice (males: n¼ 7; females: n¼ 6). *Po0.05; **Po0.01; ***Po0.001. Data are represented
as means±s.e.m.
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increase in the serum procollagen 1 N-terminal peptide (PINP)
concentration (Table 3; P¼ 0.036). In 6-month-old male mice,
no significant difference was found in the serum TRAcP5b
activity or PINP concentration (Table 3). In females, the
differences did not reach statistical significance.

Discussion

Our study demonstrates a reduction in trabecular bone in male
and female mice after deletion of the AR by osteocalcin
promoter-driven Cre-recombinase. As a novel finding, we
observed that, similarly to results in males, the Tb.BV and Tb.N
were significantly reduced in 6-month-old female mice. Similar
to the findings in the tibial metaphysis, trabecular bone volume
was found to be reduced in the vertebral bodies of 6-month-old
female ARDOB/DOB mice. This observation indicates that the AR
also has a substantial role in trabecular bone regulation in
female mice. The genome-wide inactivation of the capacity of
the AR to bind DNA has been shown to decrease the Tb.N
(but not Tb.BV) in female mice.18 The total genome-wide
inactivation of the AR did not have any effect on female bone
during the rapid growth phase of young mice.17

In female mice, no significant differences were detected in
histomorphometry or the serum markers analyzed. This result
suggests that AR inactivation-induced differences in osteoblast
and osteocyte function and possibly in osteoblast-regulated
osteoclast function are more subtle in females than in males.
However, even small changes, effected over a long period of
time, can lead to an altered phenotype, such as the decreased
trabecular bone volume observed in 6-month-old female mice.
In the recent study by Sinnesael et al.,21 osteocytic AR
expression was found to be pivotal for the maintenance of
trabecular, but not cortical, bone volume in male mice upon

aging.21 Our study shows that the AR is also involved in the
maintenance of trabecular bone volume of female mice. This
result has to be viewed in the light that although low levels of
testosterone have been reported in fetal23 and neonate24

female mice, the serum testosterone concentration in adult
female mice is actually 10-fold higher than the estradiol
concentration,25 which suggests that testosterone can act as a
ligand, driving AR-mediated effects in the trabecular bone
maintenance of female mice.

Our results in male mice were in line with those of Chiang
et al.,19 who also reported a reduction in Tb.BV in male mice with
osteoblast-targeted AR inactivation. However, differing from
their results, we did not detect significant differences in cortical
bone thickness in male mice. In the work by Chiang et al.19 and
Notini et al.20 exon 3 of the AR was excised upon osteocalcin
promoter-regulated Cre activity. This deletion has been shown
to retain the DNA-binding-independent activities of the AR.26–28

In our study, exon 2 was deleted instead; this change has been
reported to lead to the complete abolition of AR activity,29

including DNA-binding-independent signaling.30 This distinc-
tion may have had a role in the small differences in the cortical
bone phenotype reported by Chiang et al.,19 and us, but there is
no clear evidence for this possibility. As the genetic background
of mice has been shown to affect the bone response to the
hormonal effects of gonadectomy,31 the different genetic
backgrounds of mice used might also cause some variation to
the results observed. In our study, the exon 2-targeted ARfl/fl

mice used for breeding carried a 129 Sv� 129 cx/Sv back-
ground, whereas in the study by Chiang et al.,19 the exon
3-targeted ARfl/fl mice carried a C57BL/6J background.32

Finally, the recombination efficacy was not estimated in the
study by Chiang et al.,19 leaving it unknown whether that value
was better than ours due to the use of different loxP sites.

The deletion of the AR in mineralizing osteoblasts did not alter
the number of osteoblasts in the bone, as determined by
histomorphometry. Unfortunately, the use of decalcified bone
samples did not allow measurement of osteoids or use of
fluorochromes for dynamic histomorphometry in our study, thus
limiting comparability of our results to those in the study by
Chiang et al.,19 where the osteoid surface was shown to be
increased in male mice devoid of functional AR in osteoblasts
and osteocytes. However, an elevation of serum PINP in
male ARDOB/DOB mice may be an indication for recombination-
related alteration of osteoblast function. More strikingly,
N.Oc/B.Pm, Oc.S/BS values and serum TRAcP5b activity were
remarkably elevated in male ARDOB/DOB mice, suggesting an
increased osteoclast number and accelerated bone turnover in
these mice.

The trabecular bone phenotype of ARDOB/DOB mice was
largely complementary to the phenotype we recently reported
for ERaDOB/DOB mice.22 In young female ERaDOB/DOB mice,
Tb.BV was greatly reduced compared with ERafl/fl mice,
whereas the bone phenotype of young male mice was indis-
tinguishable between the different genotypes. Instead, in
6-month-old male ERaDOB/DOB mice, the Tb.BV was sig-
nificantly reduced compared with ERafl/fl mice.22 Taken
together, these findings suggest that, for bone-forming cells in
male mice, the AR is essential for trabecular bone formation
during rapid growth, whereas in female mice, the same is true
for ERa. However, with age, the AR becomes required to
maintain Tb.BV in female mice, and ERa become required in

Table 2 mCT analysis of cortical bone of tibiae

Age, gender

3 months # 6 months # 3 months ~ 6 months ~
N: fl/fl,
DOB/DOB

8, 9 8, 8 6, 10 6, 12

BV (mm3) ARfl/fl 0.24±0.007 0.26±0.007 0.24±0.005 0.23±0.006
ARDOB/DOB 0.26±0.004 0.24±0.009 0.23±0.005 0.23±0.004

TV (mm3) ARfl/fl 0.48±0.01 0.50±0.02 0.42±0.01 0.39±0.01
ARDOB/DOB 0.51±0.01 0.46±0.02 0.43±0.01 0.40±0.01

B.Pm
(mm)

ARfl/fl 13.33±0.53 12.95±0.32 11.27±0.24 10.34±0.27

ARDOB/DOB 13.77±0.28 12.24±0.41 11.83±0.37 10.71±0.14

B.Ar
(mm2)

ARfl/fl 0.89±0.03 0.95±0.02 0.90±0.02 0.86±0.02

ARDOB/DOB 0.95±0.02 0.89±0.03 0.86±0.02 0.86±0.01

Ec.Ar
(mm2)

ARfl/fl 0.86±0.02 0.90±0.04 0.64±0.03 0.57±0.02

ARDOB/DOB 0.92±0.03 0.82±0.03 0.72±0.03 0.59±0.01

BMD
(g cm� 3)

ARfl/fl 1.11±0.02 1.15±0.02 1.13±0.04 1.14±0.02

ARDOB/DOB 1.17±0.03 1.17±0.02 1.09±0.02 1.14±0.02

Abbreviations: AR, androgen receptor; BMD, bone mineral density; CT, computed
tomography. Analysis of the cortical bone of tibia with mCT. No differences were
detected between the two genotypes within the same age group and a gender in
BMD or in any of the volumetric (BV, TV) or two-dimensional (bone perimeter,
B. Pm, bone area, B.Ar, and endocortical area, Ec.Ar) parameters analyzed.
Data are represented as means±s.e.m.
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male mice. Furthermore, at least in male mice, the AR signaling
in osteoblasts seems to affect the capability of osteoblasts to
regulate the osteoclast number, as Oc.N/B.Pm was elevated in
male ARDOB/DOB mice. The molecular mechanisms behind this
difference remain to be studied.

Osteocalcin has been shown to be expressed in osteoblasts,
osteocytes and hypertrophic chondrocytes.33,34 The osteo-
calcin promoter-regulated expression of Cre and the resulting
recombination of the ARfl/fl allele were sufficient to alter the bone
phenotype of the mice. It is unlikely that the phenotypic

differences can be attributed to the toxicity of the Cre itself,35 as
no bone phenotype has been demonstrated in this particular
parental osteocalcin-Cre mouse used by us22 or others.36 No
AR activity has been shown after the deletion of the exon 229

used in our mice, whereas the residual activity of the AR after
exon 3 deletion complicates the analysis of other mice. The
recombination efficacy measured as AR mRNA expression in
the bone-forming cells of our mouse model was good (79% as
determined in male mice), which is in line with the previous
reports utilizing the osteocalcin-Cre construct.36 The remaining
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residual activity (which indicates full activity in a small subset of
cells and none in the rest of them in this model) may have
ameliorated the phenotypes observed to some extent.

In mouse models, the role of the AR in the regulation of
cortical bone thickness and perimeter has been somewhat
controversial. The expression of the AR has been reported to be
higher in cortical bone osteocytes compared with those in the
trabecular bone.6 Further, the removal of the DNA-binding-
dependent activity of the AR in osteoblasts and osteocytes
using the osteocalcin promoter19 has been shown to lead to a
reduction in cortical bone thickness, but not perimeter among
male mice. However, in the study by Notini et al.,20 in which an
artificial 2.3-kb-long collagen-1 promoter was used to induce
the Cre-mediated deletion of exon 3 of the AR gene in
osteoblasts before mineralization, no changes in the cortical
bone thickness could be detected, either. The use of the 3.6 kb
type I collagen promoter to overexpress AR leads to the
overexpression of the receptor in periosteal osteoblast pre-
cursors and an increase in cortical bone perimeter.9

However, in our mouse model, no significant effects were
observed in tibial cortical bone or in the femoral cortical bone
(not shown). This outcome differs from the results reported by
Chiang et al.,19 who observed a small reduction in the femoral
cortical bone thickness in mice in which the exon 3 of the AR
gene was deleted by similar osteocalcin promoter-activated
Cre recombination. Taken together, the osteoblast targeted
models by Notini et al.,20 Chiang et al.19 and us as well as the
overexpression models by Wiren et al.,9,10 indicate that
osteoblast precursors, but not mature osteoblasts or osteo-
cytes, are the cells implementing the AR-mediated effects on
periosteal apposition.

Studies on male mice in which the AR, either alone or together
with ERa, was inactivated in all tissues have shown that the
complete abolition of the AR reduces cortical bone area and
density, whereas the inactivation of ERa had an additional effect
on these parameters.14 However, in these models, the circu-
lating sex steroid levels and the growth hormone–insulin-like
growth factor 1 axis were also affected, limiting their com-
parability to the targeted mouse models.

However, we propose that the model described in the present
study provides a tool to identify the specific role of AR in bone-
forming cells. Our results demonstrate that the AR has a role in

the regulation of the trabecular bone volume not only in male but
also in female mice. In human studies, serum testosterone, but
not estradiol, has been shown to be positively correlated to
lumbar BMD in elderly women.37 Further, women with polycystic
ovary syndrome have varying degrees of hyperandrogenism,
which is associated with increased body weight-adjusted
BMD.38 Moreover, the combined treatment of androgen excess
in women with antiandrogens spironolactone and lynestrenol
leads to a decrease of the lumbar spine BMD.39 Taken together,
these data suggest that AR-mediated signaling is essential for
the maintenance of trabecular bone in adult female mice.

Materials and Methods

Generation of the ARDOB/DOB mouse strain. Mice carrying
loxP (locus of crossing over in P1 bacteriophage) sequences
flanking the second exon of the AR gene (ARfl/fl mice, genetic
background 129 Sv� 129 cx/Sv)29 were provided by Professor
Guido Verhoeven (Catholic University of Leuven, Leuven,
Belgium). Removal of exon 2 in the AR gene has been shown to
completely abolish AR activity.29 Osteocalcin-Cre mice (genetic
background FVB-N) expressing the Cre-recombinase under the
control of the human osteocalcin promoter36 were provided by
Professor Thomas L Clemens (Johns Hopkins University School
of Medicine, Baltimore, MD, USA). ARDOB/DOB (ARfl/fl mice
carrying an osteocalcin-Cre gene construct) and ARfl/fl mice
were generated by breeding.

Analysis of the presence of the Cre transgene and the floxed
AR allele was carried out by PCR as follows. Genomic DNA was
isolated from lysed ear marks by silica adsorption (DNAeasy;
Qiagen, Germantown, MD, USA), and the PCR primers for AR
allele detection were as follows: AR-forward, 50-AGCCTGTATA
CTCAGTTGGGG-30; AR-reverse, 50-AATGCATCACATTAAGTT
GATACC-30. This primer pair produces an 856 bp long fragment
from the WTAR gene, an approximately 1000 bp fragment from
the targeted AR gene with the two loxP sites and a 450 bp
fragment from the recombined AR gene with one of the loxP
sites. The PCR cycles were as follows: 2 min at 95 1C for initial
denaturation; 35 cycles of 94 1C for 20 s, 58 1C for 20 s and 72 1C
for 30 s; and final polymerization for 2 min at 72 1C using Phire
polymerase (Finnzymes, Vantaa, Finland). The presence of the
Cre transgene was detected using the following primers: Cre-
forward, 50-GCGGCATGGTGCAAGTTGAAT-30, Cre-reverse; 50-
ACCCCCAGGCTAAGTGCCTT-30. The PCR conditions using
Dynazyme II polymerase (Finnzymes) were as follows: 2 min at
95 1C for initial denaturation; 31 cycles of 94 1C for 30 s, 57 1C
for 30 s and 73 1C for 30 s; and final polymerization for 2 min
at 72 1C.

Mice from the F1 and F2 generations were used in the
experiments. As the AR is X-linked, two steps of breeding were
required to generate female mice homozygous for the AR allele
and heterozygous for Cre. Male mice hemizygous for the AR
allele and heterozygous for Cre were obtained from the F1
generation. The mice were maintained at the Central Animal
Laboratory of University of Turku (Turku, Finland). Animal
studies were approved by the Finnish Animal Ethics Committee
of the State Provincial Office. The experimental criteria fully
meet the requirements defined in the NIH guide on animal
experimentation. All the experiments were covered by the State
Provincial Office permission nos. 30007/06, 1552/05, 1677/06
and 2008-06083.

Table 3 Serum TRAcP5b activity and PINP concentration

Age
N: fl/fl,
DOB/DOB

Male mice Female mice

3 months 6 months 3 months 6 months
8,8 8,7 6,9 6,12

TRAcP
(U ml� 1)

ARfl/fl 2.54±0.22 3.51±0.62 4.36±0.36 4.14±0.51

ARDOB/DOB 3.84±0.24** 2.49±0.33 5.07±0.72 3.31±0.43

PINP
(ng ml� 1)

ARfl/fl 49.79±5.68 40.10±3.52 61.52±6.59 32.55±3.18

ARDOB/DOB 65.62±3.45* 35.90±2.03 50.73±5.44 25.71±2.27

Abbreviations: AR, androgen receptor; PINP, procollagen 1 N-terminal peptide;
TRAcP5b, tartrate-resistant acidic phosphatase 5b. Analysis of serum TRAcP5b
and PINP. In 3-month-old ARDOB/DOB male mice the serum TRAcP5b activity was
significantly elevated when compared with ARfl/fl mice. In addition, serum PINP
concentrations were elevated in these mice. *Po0.05, **Po0.01 when the values
of the same age group were compared between the genotypes. Data represent
means±s.e.m.
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lCTanalysis and statistics. Left tibiae were used for analysis
with Skyscan 1070 X-ray computed tomography (Bruker-
microCT, Kontich, Belgium). Plastic tubes were used to seal the
sample to ensure immobilization and constant positioning. The
following parameters were applied for scanning (in air): pixel
resolution of 5.33 mm, X-ray tube voltage 70 kV, tube current
200mA and integration time 3.9 s. The tibiae were rotated in
0.451 degree steps (total angle, 182.451) and an internal
0.25 mm aluminum filter was applied for beam hardening.
Cross-sectional images were reconstructed with NRecon 1.4
software (Bruker-microCT) as follows: dynamic range 0.0025–
0.130 attenuation coefficient units, smoothing level 3, beam
hardening reduction 85% and ring artifact reduction level 7.
CTan 1.10.10 software (Bruker-microCT) was used for analysis
and 3D image generation. For the analysis of the trabecular
bone in the tibia, a volumetric region of interest (VOI) excluding
the cortical bone was defined at the metaphysis of the tibia
starting 20 layers (106.6 mm) below the lower surface of the
growth plate and extending 150 layers deep (800mm). For the
analysis of the cortical bone, a slice at the diaphysis of the tibia
starting 4100mm below the growth plate and extending for 51
layers (272 mm) was defined. For the analysis of the trabecular
bone in L3 lumbar vertebra, a VOI excluding the cortical bone
height of 0.53 mm was defined using detectable anatomic
markers above the distal growth plate of the vertebral body.

Histomorphometry, serum markers and determination of
ash weight. The L3 lumbar vertebra was fixed with 10%
neutral formalin, decalcified with 14% ethylenediaminete-
traacetic acid for 2 weeks and embedded in paraffin. Sections
(5mm thick) were histochemically stained for TRAcP using an
Acid Phosphatase Leukocyte kit (Sigma-Aldrich, St Louis, MO,
USA), according to the manufacturer’s instructions. Histo-
morphometry was performed using light microscopy and the
OsteomeasureXP 3.1.0.1 program (Osteometrics, Decatur, GA,
USA). The lengths of left tibiae were measured with a caliper,
and the ash weight was determined with analytical scales after
20 h of heating at 600 1C with a Thermolyne 62700 furnace
(Thermo Scientific, West Palm Beach, FL, USA). Serum
TRAcP5b activity was determined using an in-house assay as
described previously.40 The PINP concentration was deter-
mined with a rat/mouse PINP ELISA assay (Immunodiagnostic
Systems, Bolton, UK) according to the manufacturer’s
instructions.

RT-qPCR of cortical bone. Cortical bone was dissected
from the diaphyses of tibiae and femora of 7-week-old male
ARDOB/DOB mice. The bone marrow was carefully removed, and
the samples were stored immersed in RNA-Later (Qiagen) at
� 70 1C. For RNA isolation, the samples were pulverized by
hammering in a steel piston/cylinder cooled with liquid nitrogen.
The powdered bone was immediately suspended in RNA Lysis
Buffer (Qigen). The viscosity of the suspension was reduced by
pipette extrusion. After brief centrifugation, the RNA was
purified with the RNAEasy kit (Qiagen) according to the
manufacturer’s instructions. The cDNA was synthesized using
12 ml of total RNA as the starting material, with SuperScript III
Reverse Transcriptase (Invitrogen, Grand Island, NY, USA)
according to the manufacturer’s instructions. Quantification of
the ERa and AR mRNA was performed by DyNAmo HS SYBR
Green qPCR Kit (Finnzymes) using Bio-Rad’s CFX96 qPCR

device (Bio-Rad, Hercules, CA, USA). Messenger RNA levels
were normalized to b-actin expression and the results were
analyzed by the 2�DDCT method. The primers used were as
follows: ERa forward, 50-CCGTGTGCAATGACTATGCC-30; ERa
reverse, 50-GTGCTTCAACATTCTCCCTCCTC-30; ERb forward,
50-GCCCTCCCAGCATGCCCTTC-30; ERb reverse, 50-GAGCG
CCACATCAGCCCCAC-30; AR forward, 50-GTCTCCGGAAATG
TTATGAA-30; AR reverse, 50-AAGCTGCCTCTCTCCAAG-30;
b-actin forward, 50-CGTGGGCCGCCCTAGGCACCA-30; and
b-actin reverse, 50-TTGGCCTTAGGGTTCAGGGGG-30

Statistical analysis. The data are presented as means and
standard errors of means. The equality of variances was
analyzed with Levene’s test. Based on the results from Levene’s
test, independent samples t-tests with the unequal variances
assumption were used to reveal the differences between
groups. P-values o0.05 were considered statistically
significant. All analyses were performed with IBM SPSS Sta-
tistics for Windows, version 21 (IBM Corp., Armonk, NY, USA).
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BoneKEy Reports | NOVEMBER 2013 7



11. Kalajzic Z, Liu P, Kalajzic I, Du Z, Braut A, Mina M et al. Directing the expression of a green
fluorescent protein transgene in differentiated osteoblasts: comparison between rat type i
collagen and rat osteocalcin promoters. Bone 2002;31:654–660.

12. Kalajzic I, Kalajzic Z, Kaliterna M, Gronowicz G, Clark SH, Lichtler AC et al. Use of type I
collagen green fluorescent protein transgenes to identify subpopulations of cells at different
stages of the osteoblast lineage. J Bone Miner Res 2002;17:15–25.

13. Venken K, De Gendt K, Boonen S, Ophoff J, Bouillon R, Swinnen JV et al. Relative impact of
androgen and estrogen receptor activation in the effects of androgens on trabecular and cortical
bone in growing male mice: a study in the androgen receptor knockout mouse model. J Bone
Miner Res 2006;21:576–585.

14. Callewaert F, Venken K, Ophoff J, De Gendt K, Torcasio A, van Lenthe GH et al. Differential
regulation of bone and body composition in male mice with combined inactivation of androgen
and estrogen receptor-a. FASEB J 2009;23:232–240.

15. Callewaert F, Venken K, Kopchick J, Torcasio A, van Lenthe GH, Boonen S et al. Sexual
dimorphism in cortical bone size and strength but not density is determinated by independent
and time-specific actions of sex steroids and IGF-I: evidence from pubertal mouse models.
J Bone Miner Res 2010;25:617–626.

16. Callewaert F, Sinnesael M, Gielen E, Boonen S, Vanderschueren D. Skeletal sexual
dimorphism: relative contribution of sex steroids, GH-IGF1, and mechanical loading.
J Endocrinol 2010;207:127–134.

17. Kawano H, Sato T, Yamada T, Matsumoto T, Sekine K, Watanabe T et al. Suppressive
function of androgen receptor in bone resorption. Proc Natl Acad Sci USA 2003;100:
9416–9421.

18. MacLean HE, Moore AJ, Sastra SA, Morris HA, Ghasem-Zadeh A, Rana K et al. DNA-binding-
dependent androgen receptor signaling contributes to gender differences and has physiological
actions in males and females. J Endocrinol 2010;206:93–103.

19. Chiang C, Chiu M, Moore AJ, Anderson PH, Ghasem-Zadeh A, McManus JF et al.
Mineralization and bone resorption are regulated by the androgen receptor in male mice.
J Bone Miner Res 2008;24:621–631.

20. Notini AJ, McManus JF, Moore A, Bouxsein M, Jimenez M, Chiu WSM et al. Osteoblast deletion
of Exon 3 of the androgen receptor gene results in trabelular bone loss in adult male mice.
J Bone Miner Res 2007;22:347–356.

21. Sinnesael M, Claessens F, Laurent M, Dubois V, Boonen S, Deboel L et al. 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 2012;27:
2535–2543.
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