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Male mice with androgen receptor knock-out (ARKO) show significant bone loss at a young age. However,
the lasting effect of AR inactivation on bone in aging male mice remains unclear. We designed this study
to evaluate the effect of AR on bone quality in aging male mice and to find the possible causes of AR inac-
tivation contributing to the bone loss. The mice were grouped according to their ages and AR status and
their trabecular bones were examined by micro-CT analysis at 6, 12, 18, and 30 weeks old. We found that
bone mass consistently decreased and the bone microarchitectures continuously deteriorated in male
ARKO mice at designated time points. To determine the cause of the bone loss in ARKO mice, we further
examined the role of AR in bone cell fate decision and differentiation and we conducted experiments on
bone marrow stromal cells (BMSC) obtained from wild type (WT) and AR knockout (KO) mice. We found
that ARKO mice had higher numbers of colony formation unit-fibroblast (CFU-F), and CD44 and CD34
positive cells in bone marrow than WT mice. Our Q-RT-PCR results showed lower expression of genes
linked to osteogenesis in BMSCs isolated from ARKO mice. In conclusion, AR nullification disrupted bone
microarchitecture and caused trabecular bone mass loss in male ARKO mice. And the fate of BMSCs was
impacted by the loss of AR. Therefore, these findings suggest that AR may accelerate the use of progenitor
cells and direct them into osteogenic differentiation to affect bone metabolism.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Osteoporosis characterized by the loss of bone microarchitec-
ture increases the risk of bone fractures. Men with either congen-
ital or acquired hypogonadism suffer from osteoporosis [1–3]. Two
clinical studies suggest that the combined use of estrogens and
androgens might have synergistic effects in the prevention of oste-
oporosis in the elderly women, suggesting the protective role of
androgen/androgen receptor (androgen/AR) signaling on bone
[4,5]. However, the role of androgen/AR signaling in osteoporosis
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is relatively unclear. Since bone fractures have become a heavy
burden in global public health [6,7], studying the role of andro-
gen/AR signaling is critical.

The bone metabolism involves two types of cells: osteoblasts
derived from bone marrow mesenchymal cells for bone formation
and osteoclasts derived from hematopoietic progenitor cells for
bone resorption [8]. Androgens have been reported to affect osteo-
blast function by influencing the secretion of cytokines and growth
factors [9]. AR was also shown to affect myogenic differentiation
and adipogenic differentiation of mesenchymal pluripotent cells
[10]. During rat calvarial osteoblasts differentiation, AR levels were
lowest during proliferation, increased in the matrix maturation
stage, and reached the highest levels in the most mature cultures,
indicating that AR differentially modulated osteoblasts during the
differentiation [11].

Previously, we studied the effects of AR on bone physiology
using our own ARKO model. Our results showed significant bone
loss in ARKO male mice [12]. A similar phenomenon has also been
observed in other ARKO models [13]. The ARKO mice exhibit
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abnormal number and size of adipocytes [12] and late onset obes-
ity in male ARKO mice because of increased adipocytes [13].
These results showing the disrupted adipogenesis and osteogene-
sis due to the loss of AR suggest that AR affects the process of
osteoblastic and adipocytic differentiation, which could take place
in bone marrow stroma cells (BMSCs) to affect bone metabolism.
BMSCs are able to self-renew to produce daughter cells, but can
also differentiate into a variety of cell types [14,15]. Because of
the capability of BMSCs to turn into multiple mesenchymal cell
lineages such as osteoblasts, condrocytes, and adipocytes, these
cells are also referred to as mesenchymal stem cells [16,17].
BMSCs were found to exist in colony-forming units-fibroblasts
(CFU-F) detected in the bone marrow by using in vitro colony
assay [18].

To determine the role of AR in bone metabolism throughout
the lifespan and whether it involves BMSCs, we compared the
microarchitecture of trabecular bones of ARKO and WT mouse
femurs and isolated BMSCs from the bone marrow of both WT
and ARKO mice. Our results demonstrated that the loss of AR
caused the deterioration of bone structures and the BMSCs to
change their intrinsic self-renewal/differentiation potential. In
summary, the loss of AR caused the increased progenitor cell
numbers with less cells differentiating to bone cells, resulting in
consistent bone loss. Therefore, AR acts in favoring the progenitor
cell differentiation decision for osteogenesis. This study could
help us understand the pathophysiological role and cellular
mechanisms of androgen/AR signaling on bone metabolism.
2. Materials and methods

2.1. Animals

The detailed procedures for the generation of floxAR mice and
genotyping confirmation have been described in our previous
paper [12]. All study mice had a C57BL/6-129/SEVE background.
All animal procedures followed the Guide for the Care and
Use of Laboratory Animal of the Institute of Laboratory Animal
Resources, National Research Council, National Academy of
Sciences, USA and were approved by the animal care and use
committee of the Chang Gung Memorial Hospital, Kaohsiung.
Construction of targeting vectors and generation of chimera
founder mice and subsequent ARKO mice have been described
previously [12]. Animals were housed in specific pathogen-free
facilities and maintained on a 12-h light/dark schedule (light on
at 0600).
2.2. Micro-CT analysis

Micro-CT analysis was done on the right femur using a
Skyscan 1076 scanner (Skyscan, Belgium). The mice were off-
springs of mice we previously studied [12]. We scanned the right
femur of the mice. The scanning images were developed
using an X-ray tube voltage of 45 kV and current 100 lA,
with a 0.5 mm aluminum filter. The image slices were recon-
structed using the NRecon (v.1.4.4; Skyscan) software system.
The 3-dimensional parameters of bone microarchitecture were
calculated using CTAn (v.1.7.0.0; Skyscan) software. For trabecu-
lar bone, the distal femur was selected for analysis within a
conforming volume of interest commencing at the growth plate
and extending a further longitudinal distance of 0.9 mm in the
proximal direction. A total of 100 image slices were analyzed
for each femur. The parameters measured included the percent-
age of bone volume versus total volume (BV/TV%), trabecular
thickness (Tb. Th), trabecular number (Tb. N), and trabecular
separation (Tb. Sp).
2.3. Cell culture

The bone marrow cells (5 � 105 cells/well) flushed from femurs
of 8–12 week old WT or ARKO mice were cultured in 35 mm colla-
gen type I coated dish (Falcon) with aMEM containing 15% FBS
(Invitrogen), 100 U/mL penicillin/streptomycin (Invitrogen),
2 mM L-glutamine (Invitrogen), and 10 mM b-glycerol phosphate
(Sigma) for 48 h. After washing out non-adherent haematopoietic
cells, total stromal cells were cultured for 14 days in 5% CO2 at
37 �C. The cells were fixed with 100% methanol for 10 min at
�20 �C and stained with 0.1% methylene blue (Riedel-deHaën)
for 10 min at RT. The colonies showing more than 50 aggregate
cells were counted as colony-forming units-Fibroblasts (CFU-Fs).

For osteogenic differentiation, we treated cells with 10 mM b-
glycerol phosphate (Sigma), 1 � 10�6 M dexamethasone (TOCRIS)
and 50 lg/mL ascorbate 2-phosphate (sigma) cultured for 5, 10,
and 15 days in 5% CO2 at 37 �C. The cells were then collected for
RNA extraction for real-time quantitative RT-PCR experiments.

2.4. Immuno-cytochemical staining and Western blotting

The cells were fixed in 100% methanol in �20 �C and blocked
with blocking solution with 10% FBS in PBS and incubated at room
temperature for 1 h, and then incubated with a 1:100 dilution of
primary antibody (Anti-AR antibodies, Santa Cruz Biotechnology,
Inc.) overnight at 4 �C. We then incubated the samples with a
1:200 dilution of peroxidase-conjugated anti-rabbit IgG (Vector
Laboratories, Burlingame, CA). The cells were washed with PBS
for further color development by using 3,30-diaminobenzidine
tetra-hydrochloride as chromogenic substrate for conjugated per-
oxidases (K3468, liquid DAB+ kit; Dako). Cells were then counter-
stained with hematoxylin.

2.5. FACS analysis

The antibodies CD44-FITC (fluorescein isothiocyanate) and
CD34-PE (phycoerythrin) were obtained from eBioscience: BMSCs
cultured in aMEM were released with trypsin/EDTA and counted.
About 5 � 105 cells were divided into aliquots in amber-tinted
1.5-mL centrifuge tubes and pelleted by centrifugation for 5 min
at 2000 rpm. The cells were resuspended in 0.2 mL PBS. FITC-con-
jugated antibodies were added at a concentration of 0.5 lg, and PE-
conjugated antibodies at 1 lg. The samples were incubated at 4 �C
for 40 min in the dark. The cells were pelleted, washed twice with
PBS, and analyzed by flow cytometry.

2.6. RNA isolation and real-time quantitative RT-PCR

TRIzol reagent (Invitrogen, Carlsbad, CA) was used to extract to-
tal RNA from the cells following the manufacturer’s instructions.
After checking the RNA quality by spectrophotometer, 2 lg of
RNA was used for cDNA synthesis using the Thermoscript first
strand cDNA synthesis reverse transcription-PCR System (Promega,
USA) with procedures suggested by the manufacturer.

Real time quantitative RT-PCR was performed for bone mark-
ers, including Runx2/Cbfa1, collagen 1a1(Col1a1), and osteocalcin
(Ocn) for osteoblast formation. The sequences of the primers for
AR, b-actin, Col1a1, Runx2/Cbfa1, and Ocn were used as described
in our previous paper [19]. The reactions were carried out in an
Applied Biosystems 7700 system using Power SYBR Green PCR
Master Mix (Applied Biosystems,). The sequential reaction condi-
tions for all markers were 95 �C for 10 min, followed by 40 cycles
of 95 �C for 20 s, 60 �C for 30 s and 72 �C for 30 s. Gene expression
was quantified using the sequence detection software of the sys-
tem (Applied Biosystems). b-actin was used as the housekeeping
gene for data normalization. Data were obtained from at least
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three separate experiments. Every marker gene was assayed in
triplicate for each experiment.
2.7. Statistical analysis

All data were analyzed by the independent-samples t test. For
all statistical analyses, a value of p < 0.05 was considered signifi-
cant. Data are presented as means ± SD.
3. Results and discussion

3.1. The osteoporotic phenotypes of young androgen receptor knockout
(ARKO) mice

AR has been demonstrated to link to the development and
maintenance of bones. So to further examine the role of AR in
the microarchitectures of trabecular bones as mice aged, we used
micro-CT scanner to obtain 3D images of trabecular bones and
measured the bone histomorphometric parameters of the distal
metaphysic of the femur. First, 6 weeks old WT and ARKO male
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Fig. 1. Micro-CT images and computer-aided analysis of the trabecular femoral
bones of 6 and 12 week-old mice. ARKO and WT male mice at 6 and 12 weeks old
were used for imaging studies, evaluating trabecular bone in the metaphysis of the
distal femur. (A) Representative 3D lCT images of trabecular bone in the distal
femurs of 6 and 12 weeks old mice, (B) percent bone volume (BV/TV,%), (C)
trabecular thickness (Tb. Th., mm), (D) trabecular number (Tb. N., 1/mm), and (E)
trabecular separation (Tb. Sp., mm) in male and female WT and ARKO mice at 6 and
12 weeks old. Values are given as means ± SD. ⁄p < 0.05, ⁄⁄p < 0.01; significantly
different between WT and ARKO (n = 4–5) mice as assessed by independent-
samples t-test.
mice were analyzed. The results are displayed in Fig. 1A–E. ARKO
mice showed a reduction in trabecular bone volume (�17%)
(Fig. 1B) and number (�12%) (Fig. 1D), but the similar thickness
of trabecular bone, when compared to WT control mice
(Fig. 1C). Furthermore, the male ARKO mice had significantly
wider trabecular separation (20%) than male WT mice (Fig. 1E).
At 12 weeks of age, micro-CT analyses also showed significant dif-
ferences in the trabecular bone composition between the
12 weeks old WT and ARKO male mice (Fig. 1A–E, right panels).
The bones in the WT mice were more compact and had more tra-
beculae than those in the ARKO mice. The percentage of bone vol-
ume (BV) versus total volume (TV) (BV/TV%) was significantly
lower in ARKO mice (�32%) (Fig. 1B). The decrease was due to
a decreased number (�34%) of trabeculae (Fig. 1D) and increased
distance between intertrabeculae (+85%) (Fig. 1E) in the ARKO
mice. These data indicate that AR plays a role in bone microstruc-
ture and this effect is greater in males at 12 weeks old than
6 weeks old. And the decreased BV/TV% in ARKO mice was be-
cause of decreased trabecular number and increased trabecular
separation, because the trabecular thickness was similar between
the WT and ARKO mice.
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Fig. 2. Micro-CT images and computer-aided analysis of the trabecular femoral
bones of 18 and 30 weeks old mice. ARKO and WT male mice at 18 and 30 weeks old
were used for imaging studies, evaluating trabecular bone in the metaphysis of the
distal femur. (A) Representative 3D lCT images, (B) percent bone volume (BV/TV,%),
(C) trabecular thickness (Tb. Th., mm), (D) trabecular number (Tb. N., 1/mm), and
(E) trabecular separation (Tb. Sp., mm). Values are given as means ± SD. ⁄p < 0.05,
⁄⁄p < 0.01; significantly different between WT and ARKO (n = 4–5) mice as assessed
by independent-samples t-test.
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Fig. 3. The change of cell population in BMSCs from ARKO mice. The expression of AR on BMSC was demonstrated by Immunostaining, RT-PCR and Western blotting. (A)
Immuno-cytochemical staining of ARKO BMSC with anti-AR (C19) antibody, as indicated. (B). Expression of AR in WT and ARKO BMSCs was detected after 3 weeks of culture
by RT-PCR of total RNA extract from parallel culture with b-actin as an internal control for RNA abundance. (C) Immunoblot of protein extract from WT and ARKO BMSC with
anti-AR (C19) and GAPDH was blotted for protein loading control. (D) The CFU-F assay of bone marrow cells isolated from ARKO and WT mice. (E) The comparison of cell
epitopes between WT and ARKO by FACS. Primary cultured BMSCs from WT and ARKO were stained with antibodies for CD44-FITC, and CD34-PE and determined by FACS.
Data are presented as means ± SD (n = 3–8 individual mice.). ⁄p < 0.05, ⁄⁄p < 0.01; significantly different from WT control as assessed by independent-samples t-test.
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3.2. The osteoporotic phenotypes of adult and aging androgen receptor
knockout (ARKO) mice

To observe the continuous effects of ARKO on bone, we exam-
ined the adult 18 weeks old and aged 30 weeks old mice. We also
compared the trabecular bones from ARKO or WT mice. The results
of micro-CT analysis of 18 week-old mice are displayed in Fig. 2A–E
and the three dimensional (3D) micro-CT pictures clearly displayed
that the bone mass was significantly decreased in male ARKO. The
ARKO mice had lower bone volume (�34%) (Fig. 3B), fewer trabec-
ulae (�41%) (Fig. 2D), but wider separations (143%) (Fig. 2E) than
WT mice. At age of 30 weeks (Fig. 2A–E), ARKO mice showed a
reduction in trabecular bone volume (�30%) (Fig. 2B) and number
(�36%) (Fig. 2D), but similar thickness of trabecular bone, when
compared to WT control mice (Fig. 2C). Furthermore, the male
ARKO mice had significantly wider trabecular separation (102%)
than male WT mice (Fig. 2E). Therefore the decrease of bone mass
was mainly due to the decreased numbers of trabeculae and in-
creased trabecular separation (Figs. 1 and 2), indicating the bone
failed to rebuild after loss due to high bone turnover. Previous
studies only reported the trabecular bone loss of global ARKO mice
up to 8 weeks old mice. Whether the bone loss of ARKO mice could
be recovered after maturation was not further examined
[12,13,20].

Therefore in this study, we examined the effect of the loss of AR
on trabecular bone in up to 30 weeks old mice and observed that
the osteoporotic phenotypes were consistently found in ARKO
mice (Fig. 2A–E). The osteoblast-specific ARKO mice with second
zinc finger-deficient AR showed that femur trabecular bone vol-
ume (�24%) and numbers (�3%) were reduced at 30 weeks of
age, but not overtly different at 6 and 12 weeks old compared to
control mice [21]. The trabecular bone changes of osteoblast-spe-
cific ARKO mice were less than those of global ARKO mice of
30 weeks old reported in the present study, indicating that osteo-
blasts are not the sole AR target cells to affect bone development
and metabolism. In addition to the proposed suppressive function
of AR in osteoblasts to repress osteoclastogenesis by down-regulat-
ing the expression of the receptor activator of NF-kappaB ligand
(Rankl) gene, which encodes a major osteoclastogenesis inducer
[13], our results indicate another possible role of AR in increasing
progenitor cell differentiation into bone cells to affect bone
metabolism.

3.3. AR affects the number of progenitor cells in bone marrow stromal
cells

We found that ARKO mice had trabecular bone loss and deteri-
orated bone microarchitecture throughout the lifespan and the
destructive effect of AR loss on bone was peaked at 18 weeks old,
suggesting a lasting effect of AR loss. To study the role of AR in
osteogenesis and answer the possible causes of the osteopenic
phenotypes in ARKO mice, we further investigated the action of
AR on the osteogenic differentiation of BMSCs. To prove that AR
plays a role in BMSCs, we first examined the expression of AR on
BMSCS isolated by their ability to adhere on plastic tissue culture
plates. Using immunostaining methods, we saw the expression of
AR in BMSCs (Fig. 3A). RT-PCR and Western blotting experiments
also demonstrated the presence of AR protein and RNA in BMSCs,
but for ARKO BMSCs, we observed the absence of the AR
(Fig. 3B–C). And we further determined the effect of the loss of
AR on the progenitor cell number of BMSCs. To investigate whether
AR loss affects the progenitor number in BMSCs, we used colony
formation unit assay to measure the number of these progenitor
cells. The CFU-F is formed when marrow cells are cultured
in vitro as a cluster of cells, which has a high ability for self-renewal
and multipotentiality [16]. After isolating bone marrow cells from
8 to 12-week-old WT or ARKO mice, equal numbers of nucleated
bone marrow cells were cultured. The number of CFU-Fs, a mea-
surement of total mesenchymal precursors including stem cells
and committed progenitors, formed in ARKO compared with WT
cultures was increased by 4 folds (Fig. 3D). To determine whether
the proportion of cell population in BMSC culture will be changed
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due to the loss of AR, we used monoclonal antibodies against sev-
eral cell surface markers to characterize the cell population by flow
cytometry. WT primary cultured marrow stromal cells were
stained 43.4% for CD44 positive cells and 43.2% for CD34 positive
cells. But cells from ARKO primary marrow stromal cell culture
were stained 62.7% for CD44 positive cells and 68.7% for CD34 po-
sitive cells (Fig. 3E). These data demonstrate that mesenchymal
progenitors (potential stem cells) were increased in ARKO BMSCs
compared with those in WT mice. Therefore, we inferred that
androgen/AR signaling could consistently affect the bone metabo-
lism from development to maintenance by regulating BMSCs, the
progenitor cells of osteoblasts, with ability to affect their self-re-
newal and differentiation ability. Although AR is expressed in oste-
oblasts and affects their growth and differentiation [19,22], here
we further reported that the progenitor cells of osteoblasts in
BMSCs are also the targets of androgen/AR signaling.

3.4. The effects of AR on BMSC differentiation into osteoblastic or
adipogenic lineage

To examine the molecular mechanism by which AR exerts to af-
fect the osteogenic differentiation of BMSCs, we measured the
osteogenesis-related marker genes (Ocn, Col1a1 and Runx2/Cbfa1)
at different time points when BMSCs were induced to differentiate
into osteoblasts. The results (Fig. 4) showed that the expression of
different marker genes increased as cells were induced into osteo-
genic lineage cells in WT BMSCs. But for ARKO BMSCs, the
expression of different marker genes was lower than that of WT
BMSCs. These results suggest that ARKO BMSCs remain in more
primitive state. The loss of AR caused the decrease of driving po-
tential to differentiation. AR has the capacity to promote cell differ-
entiation because previous studies have linked AR role in cell
differentiation, such as myocyte, osteoblast, and adipocyte differ-
entiation [10,11,23], indicating that AR is a critical factor in decid-
ing the cell fates for the progenitor cells in response to the
differentiating stimuli to the cells. Therefore, the loss of AR caused
life-long osteoporosis since the defect in mesenchymal stem or
progenitor cells was linked to age-dependent osteoporosis [24].
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