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ABSTRACT For many years it has been recognized that
sex steroids have profound effects on bone metabolism. The
current perception is that estrogen decreases bone resorption
and androgen increases bone deposition. To investigate the
potential for androgens to directly modulate bone resorption,
we have examined avian osteoclast and human and mouse
osteoclast-like cells for androgen responsiveness. There was a
dose-dependent decrease in resorption activity in response to
a-dihydrotestosterone (a-DHT), 3-DHT, testosterone, or the
synthetic androgen RU1881. This decrease was blocked by
cotreatment with the specific androgen antagonist hydroxy-
flutamide. Further examination of avian osteoclasts revealed
that the cells exhibited specific and saturable nuclear binding
of tritiated RU1881 and that a-DHT stimulated the activity of
the androgen response element as measured by using a
chloramphenicol acetyltransferase reporter plasmid. In ad-
dition, avian osteoclasts responded to androgen treatment
with elevated production and secretion of transforming
growth factor 3, a well documented response to androgen
exposure in other cell systems. Treatment with either a-DHT
or B-DHT for 24 hours resulted in a significant dose-
dependent decrease in secretion of cathepsin B and tartrate-
resistant acid phosphatase. This response to B-DHT, a ste-
reoisomer of a-DHT that is inactive in other androgen recep-
tor-dependent systems, supports the hypothesis that the
osteoclast androgen receptor has unusual ligand-binding
properties. Taken together, these results confirm the presence
of functional androgen receptors in these cells and support the
conclusion that osteoclasts are able to respond directly to
androgens in vitro and thus are potential androgen target cells
in vivo.

Androgens have long been recognized to play an important
role in the normal development and physiology of bone and
have profound influences on bone development and metabo-
lism (1). The evidence published to date suggests that andro-
gens exert their effects on bone metabolism through stimula-
tion of bone formation by both indirect and direct effects on
bone-forming osteoblasts derived from both males and females
(2-4). Although the incidence of hip fractures in elderly men
is less than in elderly women (17% in men versus 32% in
women), osteoporosis in men is still a significant health
problem with an aging population (5). Decreased androgen
levels have been linked to lower bone density in men, yet there
has been no definitive proof that there is a link between lower
androgen levels and the increase in the incidence of hip
fracture (6). There is, however, a strong correlation between
hypogonadism in elderly men and hip fracture and spinal
osteoporosis (5, 6). Although one study of males matched for
age, race, and lifestyle has shown a direct correlation between
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hip fracture incidences and lower gonadal steroid levels (7), it
has proven difficult in other studies to correlate serum andro-
gen levels and risk for osteoporosis in elderly men, and it is
likely that there are many other factors such as those of age,
race, and lifestyles which are involved (8, 9). In support of the
role of androgens in maintaining skeletal mass in adults,
clinical studies have shown that castration and decreased
testicular function result in osteoporosis in men and treatment
with androgens prevents its occurrence (10). Moreover, an-
drogen treatment of osteoporotic women has demonstrated
that androgen therapy is effective in increasing bone density
(10). This finding is not surprising given that androgen recep-
tors and responses to nonaromatizable androgens have been
reported in both males and females, and it has been well
established that there are significant circulating levels of
androgens in both men and women (11-14).

Mizuno et al. (15) have demonstrated androgen receptors in
mouse osteoclast-like cells by using immunochemical localiza-
tion, supporting that osteoclasts are targets for direct androgen
action in vivo as well. We have therefore explored the influ-
ences of androgen on osteoclasts in vitro.

METHODS

Isolation of Cells. Isolation of osteoclasts for resorption, gene
expression, and lysosomal protein-secretion studies. Osteoclasts
were isolated from the long bone of the chickens as described
(16). An osteoclast-directed mAb, 121F (a gift from Philip
Osdoby, Washington University, St. Louis), coupled to immu-
nomagnetic beads obtained from Dynal (Great Neck, NY), was
used to obtain cell populations that consist of at least 90% pure
osteoclasts and 10% or less unidentified mononuclear cells
(16). The purified osteoclasts exhibit all of the phenotypic
attributes of osteoclasts, including multinucleation, attach-
ment, and ruffled-border formation when cultured with bone
particles and the ability to form resorption pits when cultured
on slices of cortical bone.

Generation of mouse osteoclast-like cells. Osteoclast precur-
sors were co-cultured with ST2 support cells as by the tech-
nique of Udagawa et al. (17) and were purified as outlined by
Wesolowski et al. (18).

Isolation of human osteoclast-like cells for resorption studies.
Multinucleated cells that similarly form resorption pits on
cortical bone slices within 18 hr of culture were obtained from
giant cell tumors of the bone as described (19). For all studies,
cultures were carried out in phenol red-free a-modified min-
imal essential media («MEM; GIBCO/BRL).
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Quantitative Pit-Formation Assay. Isolated osteoclasts or
human or mouse osteoclast-like cells were resuspended in
aMEM supplemented with 10% (vol/vol) charcoal-stripped
fetal bovine serum (culture media) and plated on 1 mm? slices
of bovine cortical bone. Samples were treated with vehicle or
the indicated steroid at the dose detailed in the figure legend.
After 24 hr of culture, the slices were placed in 1% (vol/vol)
paraformaldehyde in PBS. The number of osteoclasts per mm?
slice was determined for each slice as follows: the fixed slices
were rinsed with water and stained for tartrate-resistant acid
phosphatase (TRAP) activity by using a Sigma histochemical
kit. Osteoclasts were identified as stained multinucleated cells.
The number of pits per osteoclast was determined after
removal of the cells. The pits, resulting from osteoclast activity,
were stained with toluidine blue, counted by reflected light
microscopy, and expressed as the number of pits per osteoclast
as described (20).

Nuclear Binding Assay. A sensitive nuclear binding assay
was used to estimate the number of androgen receptors, i.e.,
those capable of being activated and bound to the nuclear sites.
Because a-dihydrotestosterone (a-DHT) binds at low affinity
to the estrogen receptor, we blocked with a 10-fold excess of
cold 17B-estradiol for these binding studies. The nuclear
binding assay for the cells has been detailed (21). Specific
nuclear binding was calculated as fmol of receptor per mg of
DNA to standardize for the variable number of nuclei in
osteoclasts (22).

Transient Transfection and Analysis of Androgen Response
Element Activity. Isolated osteoclasts were transiently trans-
fected with 10 pg of the reporter construct ARE-TK chlor-
amphenicol acetyltransferase (CAT) (a gift from Ming Tsai,
Baylor College of Medicine, Houston, TX) containing a
progesterone/glucocorticoid/androgen response eclement
linked to the CAT expression reporter by using Lipofectamine
(GIBCO/BRL) according to the manufacturer’s instructions
and as described (23). After transfection for 20 hr, cells were
maintained in culture media in the presence of vehicle or 1078
M «-DHT for 24 hr. Cells were harvested and whole-cell
extracts were prepared by three freeze-thaw cycles in 0.04 M
TrissHCl (pH 7.4), 1 mM EDTA, and 0.15 M NaCl. To
standardize for the cell number, aliquots of the cell pellet
extracts were analyzed for protein content by using the meth-
ods of Bradford (Bio-Rad) with 100 mg of protein adjusted to
equal volume used in each assay. CAT activity in cell extracts
was determined after heat treatment at 60°C for 10 min to
inactivate cellular deacetylation activity. The final reaction
mixture was composed of 0.1 mCi (1 Ci = 37 GBq) [*C]chlor-
amphenicol (New England Nuclear), 1 mM acetyl CoA (Sig-
ma) in a final volume of 100 ml; incubation was for 150 min at
37°C. Acetylated ['"*C]chloramphenicol was separated from
unacetylated chloramphenicol by using xylene extraction, and
the B emissions were determined by scintillation counting
using the method of Seed and Sheen (24). To normalize the
transfection efficiency in each plate, 5 mg of a plasmid
containing cytomegalovirus promoter enhancer sequences
linked to a luciferase reporter system was cotransfected in each
experiment. The luciferase activity was measured by using a
substrate kit (Promega) and a Turner (Palo Alto, CA) lumi-
nometer. Values obtained for CAT activity (with background
subtracted) were normalized for luciferase activity and are
described in the figure legend and expressed as the ratio of
androgen treated to control.

Analysis of the Secretion and Activation of TGF-f. Isolated
avian osteoclasts were cultured with 1 mg/10° cells of bone
particles in medium in the presence of either vehicle or the
indicated concentration of « DHT as detailed in the figure
legend. Conditioned media were harvested following 24 hours
of culture and analyzed for either total or active transforming
growth factor-B8 (TGF-B) as described (25).
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Lysosomal Enzyme Assays. Conditioned media were as-
sayed for secreted lysosomal enzyme levels. To standardize for
cell number, aliquots of cell pellet extracts were analyzed for
protein content by using the methods of Bradford (Bio-Rad
protein detection system). TRAP activity was measured by
using an assay based on the work of Brandenberger and
Hanson (26) and Hofstee (27). The initial rate of hydrolysis of
o-carboxyphenyl phosphate was determined by following the
increase in absorbance at 300 nM resulting from the liberation
of salicylic acid. One unit hydrolyzes one pmol of o-
carboxyphenyl phosphate per minute at 24°C, pH 5.0. The
assay was performed in the presence of 1 mM tartrate.
Cathepsin B levels were measured by N*-Cbz-Arg-Arg-4-
methoxy-B-napthylamide hydrolysis as measured by 520 nM
absorbance substrate as outlined by Barrett and Kirschke (28).

Statistical Analysis. Unless otherwise indicated in the figure
legends, the results represent the mean = SEM of three
separate experiments. The effect of treatment was compared
with control values by one-way ANOVA; significant treatment
effects were further evaluated by the Fisher’s least significant
difference method of multiple comparisons in a one-way
ANOVA. Tests were carried out by using Apple STATVIEW II,
Abacus Concepts (Berkeley, CA).

RESULTS

Effects of Androgens on Resorption Activity. Isolated avian
osteoclasts (Fig. 14), human osteoclast-like cells (Fig. 1B), and
mouse osteoclast-like cells (Fig. 1C) were cultured with either
vehicle or with a broad range of «-DHT, 8-DHT, testosterone,
or R1881 (a synthetic, nonmetabolizable androgen analog)
concentrations (10711 M to 1078 M) for 24 hr, and the level of
resorption activity was monitored by using the quantitative
pit-resorption assay. Treatment resulted in a steroid dose-
dependent decrease in osteoclast resorption activity, which was
detected at 10719 M steroid. To examine the specificity of this
response, isolated avian osteoclasts (Fig. 24), human oste-
oclast-like cells (Fig. 2B), and mouse osteoclast-like cells (Fig.
2C) were treated for 24 hr with either 1 nM «-DHT, 100 nM
hydroxyflutamide, or a combination of the two, and resorption
activities were measured. As expected, treatment with a-DHT
resulted in depression of resorption activity. Cultures that were
treated with either hydroxyflutamide alone or «-DHT and
hydroxyflutamide combined exhibited resorption activity com-
parable with control cultures.

Functional Androgen Receptor Protein in Avian Oste-
oclasts. Steroid receptor nuclear binding in avian osteoclasts
was examined by a well documented procedure that is able to
detect the levels of functional nuclear bound steroid receptors
from a small number of intact cells. By using this assay, isolated
avian osteoclasts exhibited high levels of saturable specific
binding of [*H]R1881 (a synthetic androgen) to the nucleus
(Fig. 34). These data demonstrate that osteoclasts exhibit
saturable binding of this synthetic androgen. The data also
show that saturation of the osteoclast receptor occurs at a
significantly higher concentration than expected. To examine
the steroid specificity of nuclear binding, osteoclasts were
incubated with 10 nM [*H]R1881 alone or with 100-fold excess
of unlabeled estrogen, dexamethasone, R1881, o-DHT, or
B-DHT (Fig. 3B). Nonradiolabeled androgens R1881, a-DHT,
and B-DHT compete with [PH]R1881 for nuclear binding
whereas other steroids did not. To determine whether there
were sufficient functional androgen receptors present in oste-
oclasts to modulate gene-transcription activity, we have exam-
ined the ability of endogenous androgen receptors to respond
to a-DHT and regulate CAT expression, which is driven by an
androgen response element in the reporter system ARE-TK
CAT (Fig. 4). These data clearly demonstrate that there is
sufficient functional androgen receptor present in avian oste-
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FiG. 1. Effects of androgens on resorption activity. Isolated avian
osteoclasts (4 ), human osteoclast-like cells (B), and mouse osteoclast-
like cells (C) were cultured for 24 hr with either vehicle or the
indicated concentration of a-DHT, B-DHT, or R1881 and analyzed for
effects as detailed in Methods. *, P < 0.05; **, P < 0.01.

oclasts to respond to androgen treatment and modulate gene
expression.

Osteoclasts produce, secrete, and activate TGF-B (25).
Moreover, androgen modulates the production and secretion
of TGF-B in many cell types (29, 30). To examine whether
osteoclasts respond similarly to androgen, we have examined
androgen effects on osteoclast TGF-f production. As shown in
Fig. 5, although there was no detectable influence of 10712 M
a-DHT on either secretion or activation of TGF-B in these
cultures, the amount of total TGF-f present in the conditioned
media was significantly higher than control at 10~ M. Higher
a-DHT concentrations had no further effect. Although there
was more “activated” TGF-f present with increasing a-DHT
concentrations, the rate of increase of activation of TGF-
occurred at a slower pace than the rate of increase in the total
concentration of TGF-f present.

Androgen Effects on Secretion of Lysosomal Enzymes.
Osteoclast resorption activity can be inhibited by treatment of
isolated osteoclasts with inhibitors of cathepsin B or TRAP,
supporting that these lysosomal enzymes are likely to be
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Fi1G. 2. Specificity of resorption response. Isolated avian osteoclast
(A), human osteoclast-like cells (B), and mouse osteoclast-like cells
(C) were cultured for 24 hr with either vehicle, 107° M «-DHT, 10~
M hydroxyflutamide (HF), or with a combination of 10 M «-DHT
and 1077 M HF. #, P < 0.05.

involved in the process of bone resorption (31, 32). Because
osteoclast resorption activity was inhibited by androgen treat-
ment, we have investigated the influences of androgen on
osteoclast lysosomal enzyme secretion (Fig. 6). Conditioned
media from avian osteoclasts cultured with either vehicle or a
broad range of a-DHT concentrations (10712 M to 1078 M)
were analyzed for the levels of cathepsin B and TRAP activity.
There was a significant decrease in the activity of these
lysosomal enzymes present in the conditioned media detect-
able at 1072 M o-DHT.

DISCUSSION

Studies in animal models have suggested an essential role for
androgens in both skeletal growth and bone maintenance.
Androgen deficiency in both young and old rats causes in-
creased bone turnover and results in loss of both cancellous
and cortical bone (33, 34). Although aromatization of andro-
gen to estrogen may be responsible for some of these effects,
«-DHT, which cannot be aromatized, has been shown to
prevent bone loss in both young and aged orchidectomized
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FiG. 3. Androgen nuclear binding. (4) Isolated avian osteoclasts
were incubated with 1-150 nM [*H]R 1881 alone or in the presence of
a 100-fold excess of unlabeled R1881 for total and nonspecific binding,
respectively. (B) Isolated avian osteoclasts were incubated with 100
nM [3H]R1881 alone or with a 100-fold excess of unlabeled dexa-
methasone (Dex), estrogen (Est), R1881, «-DHT, or B-DHT.

male rats (33, 35). In vivo studies of androgen action have
shown increased calcium and phosphate content of bone,
increased alkaline phosphatase activity, and increased bone
mineralization (34, 35). Additional actions on bone-forming
osteoblasts may involve mitogenic action and increased dif-
ferentiation from precursors (35).

Androgen effects on maintaining bone mass are thought to
be both indirect through maintenance of muscle mass (and,
therefore, loading on bone) and direct through action on
bone-forming osteoblasts and on chondrocytes (6). Many
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F1G. 4. Androgen regulation of ARE-TK CAT expression. Iso-
lated avian osteoclasts were cotransfected with a CAT reporter
construct driven by androgen response elements and a cytomegalo-
virus promoter enhancer sequence with a luciferase reporter system to
normalize for transfection efficiency. Cells were treated and harvested
as described in Methods before assaying for reporter activity.
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F16.5. Androgen influences on secretion and activation of TGF-.
Isolated avian osteoclasts were cultured for 24 hr with either vehicle
or the indicated concentration of a-DHT. The amount of active TGF-3
(ACTIVE) and the total amount of TGF-B (TOTAL) in the condi-
tioned media was determined as described. **, P < 0.01

studies have confirmed the presence of androgen receptors in
osteoblasts and the ability of these cells to respond to andro-
gens (36—41). It has been presumed that the androgen target
cell involved in this alteration in bone metabolism is the
osteoblast, but little is known concerning the potential for
androgen action on osteoclast activity. The observation that
mouse osteoclast-like cells contain androgen receptors (15)
has led us to examine isolated avian osteoclasts and human and
mouse osteoclast-like cells for androgen effects on activity. In
this paper, osteoclasts are shown to have androgen receptors
by demonstrating that isolated cells exhibit saturable and
specific binding of a synthetic androgen and respond to
androgen exposure by activation of a reporter system driven by
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FiG. 6. Influence of androgen on secreted lysosomal enzyme
activity levels. Isolated avian osteoclasts were cultured for 24 hr with
either vehicle or the indicated a-DHT concentration. The levels of
cathepsin B (4) and TRAP (B) activity released into the media were
determined as described. *, P < 0.05; **, P < 0.01.
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androgen response elements. In addition, androgen was shown
to modulate osteoclast TGF-$ production. These are recog-
nized classical androgen responses that have been observed in
other cell types. Overall, these studies present data supporting
that androgens are potent and specific bone-resorption inhib-
itors. Decreased secretion of cathepsin B and TRAP suggest
that it is possible that this effect on resorption may be the result
of repression of lysosomal enzyme secretion. It is possible that
a substance that lowers activity level acts by decreasing via-
bility of the target cell. Because androgen treatment elevated
TGF-B secretion in these cultures, it is unlikely that androgen
treatment lowered cell viability. Interestingly, androgen de-
creased the extent of osteoclast-mediated TGF-pB activation.
On the basis of enzyme inhibitor studies, we have shown that
osteoclast-mediated activation of TGF- in vitro is likely to be
the result of lysosomal enzyme activity (25). It is possible that
the lower level of TGF-B activation observed with androgen
treatment was the result of the lower levels of lysosomal
enzyme secretion, which we show here to result from androgen
treatment. As with any primary culture system in which the
cells are not clonally expanded, there is concern whether the
effects are direct or mediated by a contaminating cell in low
abundance. Because many of the responses reported herein
were measured after up to 24 hr of treatment, it is possible that
these responses may be indirect ones mediated by low-
abundance contaminating cells. Until 100% pure cultures of
osteoclasts are available, the issue of direct vs. indirect effects
cannot be definitively answered, but the observation that
mouse osteoclast-like cells contain androgen receptors in-
creases the likelihood that at least some of the observed effects
reported here are the result of direct effects on osteoclasts.
This is an active area of investigation by many laboratories and,
hopefully, will be resolved soon.

Although the predominant circulating sex steroid in men is
testosterone and the predominant circulating sex steroids in
women are estradiol and estrogen, androgens and estrogens
circulate in both sexes (42). Thus, androgens may influence
skeletal homeostasis in women, but estrogens are likely to be
the more important factor in premenopausal bone mainte-
nance when estrogen levels fall. When estrogen levels drop
after menopause, it is possible that circulating androgens may
become a significant influence on bone metabolism. In clinical
studies of women, data have suggested that serum androgens
may influence bone density in pre-, peri-, and postmenopausal
women (11-13, 43-45). It is likely that aromatization of
androgens to estrogens is an important component of this
response. However, based on individual correlation of circu-
lating steroid levels with bone density, androgen may play a
direct role in maintenance of bone mass because normal
physiological levels of endogenous androstenedione, estrogen,
and testosterone protect the bone mass of young women (45).
Further supporting this hypothesis, the specific antiandrogen
hydroxyflutamide (a nonsteroidal competitive inhibitor) in-
duces bone loss in female rats, thus indicating a direct influ-
ence of androgen in maintenance of skeletal mass in females
(42). Both androgen and estrogen receptors have been dem-
onstrated in cultures of normal human osteoblast-like cells
obtained from both males and females (32). Biological re-
sponses to both of these steroids have confirmed that bone is
a target tissue in both men and women for both androgens and
estrogens (46). Moreover, we have shown that multinucleated
cells from human giant cell tumors of the bone cells from both
men and women respond to estrogen treatment by decreased
bone resorption in vitro (19). Thus, in vivo and in vitro data
strongly suggest that both men and women are capable of
responding to both androgens and estrogens. There have been
multiple studies that examined the influence of the loss of
androgen on bone resorption rates in both animal models and
humans. These have clearly shown that cessation of circulating
androgen results in increased bone resorption (43, 44). More-
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over, histomorphometric studies using the rat model have
demonstrated an elevation in osteoclasts and bone-resorption
surfaces following androgen withdrawal (33, 35, 46, 49-51).
None of these types of studies are able to differentiate among
androgen effects on osteoclasts formation, activity, or survival.
Thus, this manuscript presents data that supports that oste-
oclasts are direct androgen targets and decrease bone-
resorption activity.

It was unexpected that B-DHT was biologically indistin-
guishable from o-DHT and successfully competed for binding
with [*H]R1881 because B-DHT has been shown clinically to
not elicit the classical a-DHT physiological responses in re-
productive tissues. Our observations could be the result of
contaminating «-DHT in the B-DHT reagent. We have exam-
ined this possibility by testing the effects of our B-DHT on fetal
human osteoblast-like cells that have been stably transfected
with an androgen receptor cDNA and are a-DHT responsive.
Treatment of these cells has resulted in no detectable re-
sponses to B-DHT (S. Khosla, personal communication). This
is an unexpected finding and suggests several possibilities: (i)
the osteoclast androgen receptor differs from the classical
androgen receptor found in other target tissues, (if) osteoclasts
are capable of converting B-DHT to «-DHT, or (iii) B-DHT
cross-reacts with other steroid receptors in these tissues.
Understanding how androgens influence osteoclast activity
should help us develop new strategies for the prevention and
treatment of osteoporosis in both males and females. It is
hoped that a better understanding of these processes will
greatly facilitate prevention and treatment of metabolic dis-
orders of bone.
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