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Abstract: We assessed androgen receptor (AR) expression in osteoclasts in vitro and in situ. Rat multinucleated osteo-

clasts expressed detectable AR protein in situ, and AR mRNA was detected in mouse and human derived osteoclast-like 

cells in vitro. Dihydrotestosterone treatment did not affect human osteoclast-like cell formation or resorption in vitro. 
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INTRODUCTION  

 It is well accepted that androgens are essential for skele-
tal growth and bone accrual during puberty and for bone 
maintenance post-puberty in males. Hypogonadism in men 
results in bone loss [1] and orchidectomy of male rats results 
in cortical and trabecular bone loss in the vertebrae, tibia and 
femur [2, 3] due to an imbalance between bone formation 
and bone resorption. This bone loss, associated with andro-
gen deficiency in men and rodents can be prevented by 
treatment with either aromatizable or nonaromatizable an-
drogens [3-5]. There is evidence that androgens mediate their 
effect via direct activation of the androgen receptor (AR) in 
osteoblasts. In support of this, the AR has been identified in 
human and rat osteoblast-like cells [6, 7], normal human 
osteoblasts in vitro [8] and human and rat bone in situ [9-11]. 
Moreover, we have previously generated genetically modi-
fied mice in which the AR is specifically deleted within ma-
ture osteoblasts [12]. Inactivation of the AR specifically in 
mature osteoblasts of male mice led to increased bone re-
sorption resulting in a reduction in trabecular bone volume 
of 17% compared to controls [12]. However it is also possi-
ble that androgens may inhibit bone resorption by inhibiting 
the formation and/or function of osteoclasts [13-15]. 
Whether this is achieved via direct actions of androgens on 
osteoclasts however remains controversial.  

 To date, AR expression in osteoclasts has been putatively 
identified using binding assays in 90% pure osteoclasts iso-
lated from avian long bones [13] and by immunohistochemi-
cal localisation of AR protein in rat bone sections [11] and 
mouse osteoclast-like cells in vitro [16]. However the AR 
protein has not been detected in human osteoclasts in situ [9, 
10]. 

 A number of previous studies have attempted to investi-
gate a potential role of androgens in regulating bone resorp-
tion by assessing androgen affects on osteoclast formation 
and activity. However these studies have generated conflict- 
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ing findings of either no effect [17, 18] or inhibition of os-
teoclast formation and bone resorption [13, 15, 19] following 
androgen treatment. Testosterone and/or DHT treatment 
have been shown to inhibit the formation of osteoclasts de-
rived from bone marrow macrophages [15], RAW264.7 cells 
[15], peripheral blood mononuclear cells [14] and mouse 
bone osteoclast and osteoblast co-cultures [19] in vitro. 

 Non-aromatisable androgens have also been shown to 
inhibit the resorptive activity of isolated avian osteoclasts 
and human and mouse osteoclast-like cells in vitro [13, 14], 
an effect which must be via the AR. Furthermore, treatment 
of mouse osteoclast and osteoblast co-cultures in vitro with 
flutamide, a non-steroidal AR antagonist, reverses the inhibi-
tory effect of testosterone on osteoclastic bone resorption 
[19], providing further supportive evidence for a direct ac-
tion of androgens via the AR in osteoclasts. In contrast, a 
study by Tobias and Chambers [17] found that DHT had no 
effect on bone resorption activity of osteoclasts isolated from 
neonatal rats, cultured with or without osteoblast or os-
teoblast-like cells [17]. Interpretation of the previous studies 
investigating a direct action of androgens on bone resorption 
is complicated by the fact that many different models of os-
teoclastogenesis have been used, often involving a mixed 
population of cells that include osteoblasts, which are direct 
targets for androgen action. Furthermore, many studies have 
treated cells with testosterone which can potentially be aro-
matized to estradiol, a potent inhibitor of bone resorption in 
humans [20] and rodents [21]. 

 In order to ascertain whether androgens act directly via 
the AR in osteoclasts to regulate bone resorption, the aim of 
this study was to firstly determine whether rat osteoclasts in 
situ express AR mRNA and protein. For this purpose, osteo-
clasts were defined as large, multinucleated cells, found 
within resorption pits in bone that had both tartrate-resistant 
acid phosphatase (TRAP) enzyme activity and calcitonin 
receptor (CTR) expression. Although technically simple to 
detect, TRAP, unlike the CTR, can not definitively identify 
mature osteoclasts as it is also expressed in activated macro-
phages [22]. The second aim of the study was to determine 
whether osteoclast-like cells derived from mouse and human 
precursors express AR mRNA in vitro and whether DHT 
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treatment of these cells affects their formation and/ or func-
tion.  

MATERIALS AND METHODS 

Animals  

 Three-month old female Sprague-Dawley rats and 
C57BL/6J mice were obtained from the Animal Resource 
Centre, Canning Vale, WA, Australia. The animals were fed 
commercial mouse chow containing 0.7% calcium and 0.6% 
phosphorus (Ridley Agriproducts Pty. Ltd., Australia) and 
tap water was supplied ad libitum. The animals were housed 
at 24°C with a 12 hour light-dark cycle. The Austin Health 
Animal Ethics Committee approved all procedures. 

Specimen Preparation 

 Rats were sacrificed by CO2 asphyxiation and femora and 
testes removed. All specimens were fixed in 4% paraformal-
dehyde at 4°C overnight. The femora were decalcified in 
15% EDTA in 0.5% paraformaldehyde/DEPC-PBS, pH 8.0, 
for 6-13 days, with fresh solution every 2-3 days. All speci-
mens were processed, embedded in paraffin and 4 m mid-
sagittal serial sections were cut. 

In Situ Hybridisation  

 PCR primers to amplify a 578bp fragment of rat AR 
cDNA, containing the N-terminal region of the AR and part 
of the DNA-binding domain, were designed based on a pre-
viously published rat AR cDNA probe [23]. PCR was per-
formed using rat kidney cDNA template, a high fidelity 
DNA polymerase with proofreading activity (Pfu DNA po-
lymerase, Promega, Australia) and rat AR specific primers; 
Fwd: 5’-TCGCGACTACTACAACTTTCCG-3’ and Rev: 
5’AAGCTTCATCTCCACAG ATCAG-3’. The resulting 
product was subcloned into the host plasmid, pGEM-T 
(Promega, USA) using standard cloning techniques. Plasmid 
DNA was purified, sequenced and linearized by NcoI and 
NotI for antisense and sense control probes, respectively. [ -
35

S-rCTP] labelled, single-stranded antisense and sense RNA 
probes were prepared and hydrolysed to 200bp. Hybridisa-
tion using 5  10

5
c.p.m/ L 

35
S-labelled riboprobe to his-

tological sections and detection was performed as previously 
described [24].  

TRAP Staining 

 TRAP enzyme activity was detected in paraffin-tissue 
sections and osteoclast cultures using an Acid Phosphatase 
Leukocyte Kit (Sigma Diagnostics, USA) according to the 
manufacturer’s instructions. 

Immunohistochemistry 

 Primary antibodies used for the immunohistochemistry 
studies are as follows: C-19 (Santa Cruz Biotechnology, 
USA): a specific polyclonal rabbit anti-human AR antibody 
which recognises the carboxyl terminus of the human AR 
and cross-reacts with the mouse AR and Anti-rat CTR (a 
kind gift from Dr Peter Wookey, Department of Medicine, 
Austin Health, The University of Melbourne, Australia): a 
specific polyclonal rabbit anti-rat CTR antibody. The CTR 
antibody was raised to a synthetic peptide corresponding to 
an epitope on the rat CTR, located in the cytoplasm and after 
the seventh transmembrane domain [25]. Immunohistochem-

istry for AR and CTR was based on the method previously 
described by Kask et al. [26] using a horseradish peroxidase 
detection system. Sections were counter-stained with haema-
toxylin. 

Generation of Mouse Osteoclast-Like Cells 

 Osteoclasts were derived from bone marrow isolated 
from the femora of C57BL/6J mice as previously described 
[27]. Isolated bone marrow cells were cultured in -
minimum essential medium ( -MEM) containing 10% fetal 
calf serum (FCS) and recombinant human macrophage col-
ony-stimulating factor (M-CSF) (100 ng/mL). Cells were 
cultured for 3 days at 37°C in 5% CO2, after which all non-
adherent cells were removed by rinsing with PBS. Media 
was replaced with the addition of recombinant human recep-
tor activator of nuclear factor B-ligand (RANKL) (100 
ng/mL) and MCSF at 50 ng/mL, and the cells cultured for a 
further 4 days. 

Generation of Human Osteoclast-Like Cells 

 Human umbilical cord blood was obtained from healthy 
donors using a procedure approved by Barwon Health Re-
search and Ethics Advisory Committee. A mononuclear cell 
fraction containing monocytes and lymphocytes from cord 
blood was isolated and cultured for osteoclast precursor cells 
(colony forming unit-granulocyte macrophages (CFU-GM)) 
as described previously [28]. CFU-GM were seeded on 
4mm

2
 sperm whale dentine slices at concentration of 4  10

4
 

per slice per well in 96-well plates and cultured for 14 days 
[28] except FCS was substituted with FCS that had been 
charcoal-stripped to reduce the concentration of endogenous 
steroids. During the 14 day-culture, cells were treated with 
10

8
, 10

9
, 10

10 
or 10

11
M DHT or vehicle, with six repli-

cates per treatment group. At day 14, the cells were fixed and 
stained to determine osteoclast formation and resorptive ac-
tivity as previously described [28]. 

RNA Isolation and RT-PCR  

 Total RNA isolated from mouse and human osteoclast-
like cells, as well as mouse kidney, was extracted as de-
scribed previously [29]. Contaminating genomic DNA was 
removed from RNA preparations by treatment with DNase 
(DNA-Free Kit; Ambion, USA) and cDNA synthesised us-
ing random hexamers and Moloney Murine Leukemia Virus 
reverse transcriptase (MMLV-RT) according to manufactur-
ers’ instructions. Primer sequences and conditions for RT-
PCR analyses are detailed in Table 1. Quantitative real-time 
PCR (Q-PCR) was performed in duplicate using 10ng cDNA 
per 25 μL reaction on an Applied Biosystems 7500 Real 
Time PCR system, using Applied Biosystems Taqman gene 
expression assays (60 cycles of Q-PCR). A no template con-
trol was included in all Q-PCR reactions. Gene expression 
was determined using the CT method with CT values for 
the gene of interest normalized to ß-actin, and expressed 
relative to a kidney positive control.  

Statistical Analyses 

 The effect of DHT treatment on osteoclast formation and 
resorption area was analysed by one-way analysis of vari-
ance and specific differences were identified by Tukey’s 
Post Hoc Test. A value of P < 0.05 was considered signifi-
cant. 



30    The Open Physiology Journal, 2008, Volume 1 Turner et al. 

RESULTS  

AR mRNA and Protein Expression in Rat Bone  

 We used in situ hybridisation and immunohistochemistry 
to detect expression of AR mRNA and protein respectively. 
Both AR mRNA and protein were detected in the testes and 
were predominantly located in the Sertoli cells and peritubu-
lar myoid cells (Fig. 1A, 1C). AR mRNA expression how-
ever, was not detected in any cell types within bone by in 
situ hybridisation (Fig. 1B). In contrast, expression of AR 
protein was detected by immunohistochemistry in the cyto-
plasm and nucleus of large, multinucleated cells found 
within resorption pits of trabecular bone (Fig. 2B, 2E). These 
cells were confirmed to be mature osteoclasts following 
staining of serial sections for TRAP activity (Fig. 2A, 2D) 
and CTR expression (Fig. 2C, 2F). AR protein was also ob-
served in other bone cell types, such as osteocytes (Fig. 2B, 
2E), osteoblasts and chondrocytes (data not shown) by im-
munohistochemistry.  

AR mRNA Expression in Osteoclast-Like Cells 

 As we were unable to detect AR mRNA using in situ 
hybridisation in rat bone sections, we applied an in vitro ap-
proach of generating osteoclast-like cells from the bone mar-
rows of wild-type mice, extracting RNA and performing RT-
PCR. After 7 days in culture large, multinucleated cells that 
stained positively for TRAP activity (referred to as mouse 
osteoclast-like cells) were generated (Fig. 3A, 3B). These 
cells were confirmed to be osteoclast-like cells as they ex-
pressed both TRAP and CTR mRNA (Fig. 3C). AR mRNA 
was also detected in in RNA isolated from 6 independent 
osteoclast-like cell cultures by Q-PCR (Fig. 3C). Having 
detected AR expression in mouse osteoclast-like cells, we 
extended these studies to address whether human osteoclast-
like cells expressed AR mRNA. TRAP positive, CTR 
mRNA positive osteoclast-like cells derived from RANKL 
and M-CSF treatment of human cord blood mononuclear 
cells expressed AR mRNA (Fig. 4A).  

Effect of Androgens on Osteoclastogenesis and Bone Re-
sorption  

 The effect of androgens on osteoclast formation and 
function was investigated using human cord blood derived 
osteoclast-like cells grown on dentine. Osteoclast formation 
was assessed by counting the number of TRAP positive, 
multinucleated cells per dentine slice. The addition of DHT 

Table 1. Primer Sequences and Annealing Temperatures (TA) for RT-PCR of cDNA Isolated from Mouse and Human Osteoclast-

Like Cells In Vitro. Nucleotide Position Indicated for cDNA Sequence. Each Primer Pair Flanks an Intron/s 

Gene Primer Pairs Nucleotide position Length (bp) TA (˚C) 

Fwd: 5’-GCATACTCTCTTCACAGCTGAA-3’ 
Mouse AR 

Rev: 5’-CTCCCAGAGTCATCCCTGCT-3’ 

1404-1942 539 56 

Fwd: 5’-CCGATAGTGCCAACCATTA-3’ 
Mouse CTR 

Rev: 5’-CACCAGAGCCACCATGA-3’ 
1459-1580 122 54 

Fwd: 5’-CAATGCCAAAGAGATCGCCA-3’ 
Mouse TRAP 

Rev: 5’-GCTCGGCGATGGACCAGA-3’  
285-778 494 54 

Fwd: 5’-CCAGAGTCGCGACTACTACAA-3’ 
Human AR 

Rev: 5’-CCACATGTGAGAGCTCCATAG-3’ 
1433-2092 660 54 

Fwd: 5’-GCTCTGTGAAGGGATCTATCTT-3’ 
Human CTR 

Rev: 5’-AGCCCTGGAAATGAATCAGAGA-3’ 
1025-1467 443 54 

Fwd: 5’-CCATGGAGAAGGCTGGGG-3’ 
Human GAPDH 

Rev: 5’-CAAAGTTGTCATGGATGACC-3’ 
371-565 195 64 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). AR mRNA and protein expression. All bright field sec-

tions are stained with haematoxylin. (A) Cellular localisation of 

AR mRNA by in situ hybridisation in rat testis. (i) brightfield, 

100x; (ii) darkfield, 100x; (iii) brightfield, 200x; (iv) darkfield 

200x. (B) (i and iii) Localisation of osteoclasts by CTR immuno-

histochemistry in rat femur, arrows indicate CTR positive osteo-

clasts (brown staining), 200x; (ii and iv) Cellular localisation of 

AR mRNA by in situ hybridisation in rat femur, serial sections of (i 

and iii) respectively, 200x. (C) Cellular localisation of AR protein 

by immunohistochemistry in rat testis. (i) AR protein (brown stain-

ing) in Sertoli cells (green arrowheads), 400x; (ii) immunohisto-

chemistry negative control (no primary AR antibody), 400x. (D) In 

situ hybridisation negative control (AR sense probe) in testis sec-

tions. (i) brightfield, 200x; (ii) darkfield, 200x. 
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(10
-11

M to 10
-8

M) to the culture medium did not affect the 
number of TRAP positive, multinucleated cells that formed 
(Fig. 4C). Similarly, DHT treatment did not affect the area 
of dentine that was resorbed by the osteoclast-like cells (Fig. 
4D).  

DISCUSSION  

 We have recently demonstrated that androgens act di-
rectly via the AR in osteoblasts to regulate bone resorption 
[12], but whether they have a direct action via the AR on 
osteoclasts remains to be determined. In vitro data suggest 
that androgens mediate their effects on osteoclast formation 
and function via direct activation of ARs in osteoclasts [13] 
or their progenitors [14, 15]. However the data remain con-
troversial and whether this mechanism of action is also true 
of osteoclasts in vivo, remains to be determined.  

 Many studies have reported that osteoclast precursors, 
osteoclasts or osteoclast-like cells express the AR [11, 13, 
15, 16]. However some studies have defined osteoclasts on 
the basis of morphology alone [11], or have used osteoclast 
populations that were only 90% pure [13]. In the present 
study osteoclasts in situ were defined as multinucleated cells 
within resorption pits that stained positively for both TRAP 
activity and CTR expression, while osteoclast-like cells in 
vitro were assessed for TRAP activity and CTR mRNA.  

 The present work adds to the evidence that the AR pro-
tein is expressed by osteoclasts. Specifically, we performed 
immunohistochemistry on sections of rat femur to detect AR 
protein in osteoclasts as well as other bone cell types known 
to express the AR (i.e. osteoblasts, osteocytes, megakaryo-

cytes [9-11, 30]). We were unable however, to detect AR 
mRNA expression in bone cells of the rat femur using in situ 
hybridisation This is most likely due to the sensitivity of the 
assay as AR mRNA was detected by in situ hybridisation in 
the positive control tissue, the testes, which is known to ex-
press high levels of AR mRNA while in contrast, the level of 
AR mRNA in bone is much lower [31].  

 To further investigate the role of androgens acting via the 
AR in osteoclasts, we employed an in vitro system. The ad-
vantage of this approach was that a more pure population of 
osteoclast cells, that did not require co-culture with os-
teoblasts or stromal cells that are known to express the AR 
[11, 32]. The cells produced are termed “osteoclast-like” 
because they exhibit many of the characteristics of osteo-
clasts in vivo, such as expression of osteoclast markers (eg., 
TRAP enzyme activity and CTR protein) and the ability to 
form resorption pits on calcified substrates such as dentine. 
We were able to show expression of AR mRNA in osteo-
clast-like cells derived from both mouse bone marrow and 
human cord blood. 

 We then used the human osteoclast-like cells to test 
whether androgens could affect osteoclast formation and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Localisation of AR protein in rat femur sections. (A-C) 

and (D-F) represent serial sections respectively. (B, E) AR protein 

(brown staining) in multinucleated osteoclasts (arrowheads), and 

osteocytes (orange arrowhead). (A, D) TRAP (maroon staining) 

and (C, F) CTR protein (brown staining) in the same AR protein 

positive osteoclasts shown in B and E. (G) Immunohistochemistry 

negative control (no primary antibody). (H) Immunohistochemistry 

AR positive (brown staining) control in rat testis. Original magnifi-

cations (A-G) 400 , (H) 200 .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). AR mRNA expression in mouse osteoclastlike cells in 

vitro. Wild-type mouse bone marrow extracts were treated for 3 

days with 100ng/mL MCSF, then a further 4 days with 100ng/mL 

RANKL and 50ng/mL MCSF. (A) TRAP activity in mouse osteo-

clast-like cells. Arrows indicate multinucleated, TRAP positive 

osteoclast-like cells. Original magnification 200 . (B) Six inde-

pendent RNA isolations were performed on osteoclast-like cells. 

RNA was reverse transcribed to allow RT-PCR analysis of (i) 

mouse TRAP and (ii) mouse CTR mRNA. M =Molecular weight 

marker, N = PCR negative control. (C) Quantitative Real Time 

PCR analysis of AR expression in mouse osteoclast-like cells was 

performed in duplicate on the six cDNA preparations derived from 

the osteoclast-like cells (OCL 1-6) described in B), as well as 

cDNA derived from a wild-type mouse kidney. Gene expression 

was determined using the DDCT method with CT values for AR 

normalized to ß-actin, and expressed as a percentage relative to the 

kidney positive control.  
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function in vitro. We have used this approach previously to 
successfully demonstrate modulation of osteoclast formation 
and activity [33]. Despite expressing the AR, there was no 
effect of the non-aromatisable androgen, DHT on the forma-
tion or function of the human osteoclast-like cells in vitro. 
Therefore these findings do not support the hypothesis that 
androgens act directly on osteoclasts via the AR to regulate 
their formation or resorptive activity. An alternate view is 
that the action of androgens on osteoclasts is mediated indi-
rectly by the AR in stromal cells and/or osteoblasts. We have 
previously demonstrated that specific deletion of the AR in 
mature osteoblasts results in increased bone resorption in 
male mice [12]. This increased bone resorption in osteoblast-
specific ARKO mice may, at least in part, be mediated by 
osteoprotegerin (OPG), a potent inhibitor of osteoclasto-
genesis [34] as OPG mRNA expression is increased by an-
drogens [35]. Androgens have also been shown to inhibit the 
production of IL-6 in murine bone marrow stromal cells, an 
essential mediator of bone loss in estrogen deficiency [36]. 

Furthermore, Kawano et al. [37] have shown that RANKL 
mRNA expression is upregulated in cultured primary os-
teoblasts derived from global ARKO male mice, suggesting 
that the role of androgens is to inhibit osteoclast formation 
and subsequent bone resorption via its suppression of 
RANKL expression in osteoblasts. This may also explain, at 
least in part, the conflicting data regarding the effect of an-
drogens in previous studies which used a mixed population 
of bone cells [13, 17, 19]. In contrast, preliminary data pub-
lished in abstract form from a mouse model in which the AR 
is deleted specifically within osteoclasts suggest that andro-
gens can act directly via the AR in osteoclasts. Osteoclast-
specific ARKO male mice exhibit trabecular bone loss due 
to increased osteoclastogenesis and bone resorption [38]. 
Complete characterisation of the osteoclast-specific ARKOs 
may advance our understanding of the role of androgens in 
osteoclastic bone resorption. 

 In summary, we have demonstrated that osteoclasts 
within the rat femur express AR protein in situ, and that hu-
man and mouse osteoclast-like cells, express AR mRNA in 
vitro. DHT treatment however, of human osteoclast-like 
cells had no effect on osteoclast formation or resorptive 
function in vitro, thereby supporting the hypothesis that the 
actions of androgens on bone resorption require the presence 
of other bone cells such as osteoblasts or are mediated indi-
rectly via the AR in stromal cells and/or osteoblasts.  
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