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Abstract

Androgens are anabolic hormones that affect many tissues, including bone. However, an anabolic
effect of androgen treatment on bone in eugonadal subjects has not been observed and clinical trials
have been disappointing. The androgen receptor (AR) mediates biological responses to androgens.
In bone tissue, both AR and the estrogen receptor (ER) are expressed. Since androgens can be
converted into estrogen, the specific role of the AR in maintenance of skeletal homoeostasis remains
controversial. The goal of this study was to use skeletally targeted overexpression of AR in
differentiated osteoblasts as a means of elucidating the specific role(s) for AR transactivation in the
mature bone compartment. Transgenic mice overexpressing AR under the control of the 2.3-kb a1
(I)-collagen promoter fragment showed no difference in body composition, testosterone, or 17p-
estradiol levels. However, transgenic males have reduced serum osteocalcin, CTx and TRAPC5b
levels, and a bone phenotype was observed. In cortical bone, high-resolution micro-computed
tomography revealed no difference in periosteal perimeter but a significant reduction in cortical bone
area due to an enlarged marrow cavity. Endocortical bone formation rate was also significantly
inhibited. Biomechanical analyses showed decreased whole bone strength and quality, with
significant reductions in all parameters tested. Trabecular morphology was altered, with increased
bone volume comprised of more trabeculae that were closer together but not thicker. Expression of
genes involved in bone formation and bone resorption was significantly reduced. The consequences
of androgen action are compartment-specific; anabolic effects are exhibited exclusively at periosteal
surfaces, but in mature osteoblasts androgens inhibited osteogenesis with detrimental effects on
matrix quality, bone fragility and whole bone strength. Thus, the present data demonstrate that
enhanced androgen signaling targeted to bone results in low bone turnover and inhibition of bone
formation by differentiated osteoblasts. These results indicate that direct androgen action in mature
osteoblasts is not anabolic, and raise concerns regarding anabolic steroid abuse in the developing
skeleton or high-dose treatment in eugonadal adults.

* Corresponding author. Portland VA Medical Center P3-R&D39, 3710 SW Veterans Hospital Road, Portland, Oregon 97239, USA.
Fax: +1 503 273 5351. E-mail address: wirenk@ohsu.edu (K.M. Wiren).
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Introduction

Androgens are steroids that are generally characterized as anabolic hormones, with effects on
many tissues including the brain, the immune system, the cardiovasculature, muscle, adipose
tissue, liver and bone. Given the large increase in drug sales for testosterone (the major
androgen metabolite), estimated at over 500% in the last fifteen years, analysis of the biological
consequences of androgen signaling should receive considerable research attention. However,
the specific effects of androgen on the skeleton remain poorly characterized and understudied.
Since osteoporosis is often coupled with a hypogonadal state in both men and women, sex
steroids are implicated in the maintenance of skeletal health. Although both estrogen and
androgen circulate in men and women, albeit at different levels, the influence of each on the
remodeling skeleton is distinct [34,55]. Consistent with this, combination therapy with both
estrogen and androgen provides an improved response in post-menopausal women compared
to estrogen alone [2,47]. Estrogens are thought to act to maintain adult bone mass
predominantly through an inhibition of bone resorption by the osteoclast, i.e. as anti-resorptive
agents, which protects the skeleton from further loss of bone. Non-aromatizable androgens
such as 5a-dihydrotestosterone (DHT), on the other hand, have been proposed as possible bone
anabolic agents that increase bone formation and bone mass [30,35].

In support of an anabolic effect of androgen on the skeleton, free testosterone concentrations
have been shown to correlate with bone mineral density (BMD) in elderly men [56], however
testosterone levels also correlated with muscle mass and strength. Testosterone treatment is
effective at ameliorating bone loss during aging, but only in men with low testosterone levels
[8,61]. Conversely, men undergoing androgen deprivation therapy for prostate cancer show
significantly decreased BMD [49] and an increase in clinical fractures [32]. During growth,
there are gender differences in skeletal morphology that develop with puberty particularly in
cortical bone, with radial expansion that is predominantly observed in boys [31]. Combined,
these findings suggest that androgens serve important functions to both maintain bone mass in
the adult and to influence the growing, modeling skeleton (see[63]).

Nevertheless, a controversy exists regarding the consequences and/or importance of androgen
signaling on skeletal homeostasis. Whether the observed effects of circulating testosterone are
due to direct effects on bone is complicated by the fact that androgens influence a variety of
tissues known to be associated with bone health, most importantly muscle. Nonetheless, bone
isadirecttarget tissue with respect to androgen action. AR is expressed in the cell types required
for skeletal formation and homeostasis, including mesenchymal stromal precursors [4],
osteoblasts [1], osteocytes [1,64] and osteoclasts [57]. An additional complication for
interpretation of the direct effects of testosterone results from the consequences of its
metabolism. Since testosterone serves as the substrate for estradiol synthesis through the action
of the enzyme aromatase, systemic testosterone may have effects mediated predominantly or
exclusively through activation of estrogen receptor (ER) signaling. Therefore, a specific role
for AR signaling cannot be inferred with simple testosterone therapy.

In addition, not all of the studies examining the association of testosterone levels with BMD
in adults have actually shown a positive correlation. In general, correlations between bone mass
and serum androgen concentrations in adult men have been either weak or insignificant [17,
42,48]. Furthermore, many of the various clinical trials examining androgen therapy have been
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unable to demonstrate robust effects on bone mass, including treatment with anabolic steroids
[11]. In most studies that do show an increase in BMD, the most marked improvement is
observed only in men with the lowest testosterone levels [61]. Notably, an anabolic effect of
androgen treatment on bone in eugonadal men (or in women) has not been observed, in contrast
to known anabolic dose-dependent effects to increase muscle mass [5]. For these reasons and
because of concerns about safety, androgen replacement even in hypogonadal men remains a
controversial issue [20]. Given the modest therapeutic benefit observed with androgen therapy
[33], speculation has arisen that a portion of the positive effect of androgens on bone mass may
be mediated indirectly through known effects to increase muscle mass and strength. An increase
in lean mass would have beneficial effects on BMD though biomechanical linkage and skeletal
adaptation. Consistent with this suggestion, Murphy et al [39] have shown that administration
of the synthetic anabolic androgen oxandrolone to severely burned children increases lean body
mass three to six months before an increase in bone mineral content is observed.

Not surprisingly given the complex nature of bone tissue, systemic androgen administration
has shown distinct responses in different skeletal compartments, i.e., cortical, trabecular
(cancellous) or intramembranous bone. In hypogonadal settings, a beneficial response to
androgen therapy is observed in the trabecular compartment, the more active surface in bone,
with an increase in bone mass. However, this relative increase in bone mass occurs with
suppression of bone resorption, with micro-architectural changes demonstrating an increase in
trabecular number but not thickness. For example, histomorphometric analysis of androgen
replacement in hypogonadal male mice has shown that AR activation preserves the number of
trabeculae but does not maintain thickness, volumetric density or mechanical strength [38].
Notably, these studies also demonstrated that the bone-sparing effect of AR activation is
distinct from the bone-sparing effect of ERo. In addition, androgen appears to play an important
role in intramembranous bone formation [16]. Finally, there are reports of increased cortical
bone mass, as a consequence of increased bone width and surface periosteal expansion (see
[59,63]). High-dose testosterone therapy over 2 years in (genetic female) female-to-male
transsexuals resulted in increased areal BMD at the femoral neck, in a setting where estradiol
declined to post-menopausal levels [54]. In men with constitutional delay of puberty, impaired
periosteal expansion is observed [68]. Taken together, these reports indicate that androgens in
vivo act to maintain trabecular bone mass through inhibition of osteoclast activity and to expand
cortical bone at the periosteal surface. While these findings argue that androgen positively
affects cortical bone at the periosteal surface (see[67]), what is lacking is clear documentation
of an anabolic effect to increase bone formation in mature osteoblasts and osteocytes. Thus,
the direct consequences of androgen action on differentiated osteoblasts in vivo remain unclear,
and mechanisms underlying potential positive outcomes on bone formation and bone mass
remain uncharacterized.

Concentrations of estrogen and androgen receptors vary during osteoblast differentiation, with
AR levels highest in mature osteoblasts and osteocytes [64]. Since osteocytes are the most
abundant cell type in bone [50], these cells are likely an important target cell for androgen
action, and may represent a central mediator for skeletal responses to testosterone therapy in
vivo. The goal of this study was to use skeletally targeted overexpression of AR as a means of
elucidating the specific role(s) for AR transactivation in the mature differentiated osteoblast.
AR overexpression was targeted by the col2.3 promoterand was chosen for several reasons:
the skeletal expression patterns for this promoter are bone-selective and well-characterized
(see[24-26,36,37]); with strong col2.3 promoter activity in differentiated osteoblasts/
osteocytes and mineralizing nodules [25,26,36] but not in osteoclasts [7]. Promoter activity
varies in different bone compartments. In intramembraneous bone, strong expression was seen
in cells at osteogenic fronts of parietal bones but not in the suture [36]. In long bones, strong
transgene expression was observed in most osteoblasts on endocortical surfaces, and in a large
proportion of osteocytes in femurs throughout cortical bone but with no expression in periosteal

Bone. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wiren et al.

Page 4

fibroblasts [25,26]. In the trabecular area of metaphyseal bone, strong expression was observed
at all developmental stages [26].

A distinct advantage of employing a transgenic model is the enhancement of androgen
signaling in a specific target in vivo, e.g., mature osteoblasts and osteocytes, as a consequence
of increased AR abundance. The AR2.3-transgenic model allows for characterization of
skeletal responses in the absence of changes in circulating hormone (testosterone or 17p-
estradiol) that occurs with global genetic manipulations, to take advantage of increased
sensitivity to androgen in distinct skeletal sites for analysis of compartment-specific effects.
At the same time, manipulation of androgen action through AR overexpression, rather than
systemic administration, gonadectomy or global knockout, excludes effects that would occur
at other androgen target tissues in vivo including muscle and fat. Here we describe the skeletal
consequences of enhanced androgen signaling that is restricted to mature osteoblasts and
osteocytes, employing the 2.3-kb type I collagen promoter to control AR overexpression.

Materials and methods

Cloning of expression plasmids

The pBR327-based plasmid col2.3-Bgal-ClaPa contains the basic rat collagen lal promoter
sequence — 2293 to + 115 (provided by Dr. David Rowe, University of Connecticut Health
Center), which served as the starting vector. BamHI sites were added to the rat AR cDNA
(provided by Dr. Shutsung Liao, University of Chicago) with PCR primers. The PCR product
was T/A cloned in pCR 2.1-TOPO vector (Invitrogen Corp., Carlshad, CA, USA). Finally the
BamHI-rAR fragment was cloned into the BamHI site in the col2.3-Bgal-ClaPa (after removal
of the pgal cDNA sequences), to give the expression construct referred to as the AR2.3-
transgene. The correct sequence and orientation of the AR insert was verified by direct DNA
sequencing.

Generation of AR2.3-transgenic mice

Animals

AR2.3-transgenic mice were produced using standard technology by the Oregon Health and
Science University (OHSU) Transgenic Mouse Facility, following methodology previously
described [67]. Embryos were obtained from matings of C57BL/6 malesxDBA/2J females
(B6D2F1). Founder mice were identified by PCR genotyping and mated with B6D2F1
(Jackson Labs, Bar Harbor, ME, USA) to produce F2 litters. Transgenic mice were healthy
and transmitted the transgene at the expected frequency. The generation and use of transgenic
mice were performed according to institutional, local, state, federal and NIH guidelines for the
use of animals in research under an Institutional Animal Use and Care Committee-approved
protocol.

AR2.3-transgenic mice were bred to B6D2F1 mice (Jackson Labs); both genders were
employed. The mice had free access to tap water and were fed a diet containing 1.14% calcium,
0.8% phosphorous, 2200 1U/kg vitamin D3, 6.2% fat and 25% protein (Purina PMI Nutrition
International, St. Louis, MO, USA). All animals were weighed weekly, and body length (nose
to rump) was determined at monthly intervals over six months (n=4-5). For analysis, the
animals were sacrificed under CO, narcosis by decapitation. The right femur was used for
measurement of cortical and trabecular volumetric density and geometry by ex vivo micro-
computed tomography (uCT), followed by destructive analysis of whole bone biomechanical
properties. The left femur was used for dynamic histomorphometric analysis. The length of
the femur was measured from the femoral head to the distal condyles. In addition, a variety of
tissues/organs were collected for RNA isolation or histological and immunohistochemical
analyses. For RNA isolation, tibia was cleaned of muscle tissue and aseptically dissected. After
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removal of the epiphyseal area, marrow was briefly flushed with sterile phosphate buffered
saline and the bone was frozen in liquid nitrogen and stored at —80 °C until RNA isolation as
described below.

Primary calvarial osteoblast culture and western blot analysis

Primary osteoblastic cells were isolated after collagenase digestion from fetal calvaria from
both wild-type and AR2.3-transgenic fetal mice. Calvariae were isolated from 3-6 day old
mice after genotyping and subjected to four sequential 15-min digestions in a mixture
containing 0.05% trypsin and 0.1% collagenase-P at 37 °C. Cell fractions 2—4 were pooled and
plated at 8000 cells/cm? in MEM supplemented with 10% FBS. Beginning at confluence
around day 7, cultures were switched to differentiation medium in phenol-red free BGJb
(Fitton-Jackson modification) containing 50 ug/ml ascorbic acid. From day 14 on, 5 mM (-
glycerophosphate was added to the differentiation media. Whole cell lysates were prepared
with lysis buffer. Equal amounts of cell extract were electrophoresed on a 10% SDS-
polyacrylamide gel, and the separated proteins were transferred to an Immobilon-P
polyvinylidene-difluoride transfer membrane (Millipore, Bedford, MA, USA). AR abundance
was determined by immunoblotting with polyclonal rabbit AR antibodies (ARN-20) purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and used at 1:300 dilution. The
a-tubulin antibody (T9026) was a mouse monoclonal antibody purchased from Sigma and was
used at 1:1000 dilution. Bound antibodies were visualized by enhanced chemiluminescence
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) on Kodak X-AR5 autoradiographic
film. The analysis of a-tubulin was used for protein loading control.

Real-time quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analysis

Total RNA was extracted and the concentration was measured at 260 nm using a
spectrophotometer, with purity assessed by the Asgo/go ratio. RNA integrity was confirmed
ona 1% agarose gel after SYBR Gold staining (Invitrogen Corp), and qRT-PCR was performed
as previously described [19]. Intron-spanning primers for tibial RNA analysis were purchased
pre-designed from Qiagen (Valencia, CA, USA). Transgene-specific RT primers were forward
5-GCATGAGCCGAAGCTAAC-3' and reverse 5-GAACGCTCCTCGATAGGTCTTG-3'
designed using Oligo Software (Molecular Biology Insights, Inc. Cascade CO, USA), and
specifically amplified col AR using sites in the collagen untranslated region and AR near to
those used for genotyping. Fold regulation was determined by normalizing all values to the
mean of the value in calvaria.

Serum biochemistry and hormone analysis

Serum specimens from 2-month-old female and male mice of both genotypes were collected
and stored at —20 °C until analysis was performed (n=6-17). Blood samples were obtained
under anesthesia by cardiac puncture. Serum analysis was as previously described [67], with
17B-estradiol measured by radioimmunoassay (RIA) using Immuchem Double Antibody
17p-Estradiol RIA (ICN Biomedicals Inc., Costa Mesa, CA, USA); testosterone measured by
enzyme linked immunoassay from Diagnostic Automation Inc. (Calabasas, CA, USA);
osteocalcin quantitated by ELISA (Biomedical Technologies Inc., Stoughton, MA, USA); and
OPG determined by immunoassay kit (R&D systems, Minneapolis, MN, USA). Indices of
bone resorption in vivo were quantitated using the serum biochemical marker C-terminal
telopeptide of collagen (CTx) analyzed by a RatLaps ELISA kit (Nordic Bioscience
Diagnostics A/S, Herlev, Denmark). Assays were performed using 20 pl serum aliquots in
duplicate following the manufacture’s recommendations. Intraassay variation was 5.6%, and
interassay variation was 10.5%. Serum TRAPCS5Db activity was determined using
MouseBoneTRAP Assay (Immunodiagnostic Systems Inc., Fountain Hills, AZ, USA) using
25 ul serum aliquots in duplicate following the manufacturer’s protocol.
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Histochemical analysis of calvaria

Immunohistochemical analysis was performed on representative calvaria from 2-month-old
mice. Calvaria were fixed, decalcificied in Immunocal (Decal Corp., Tallman, NY, USA), and
sections were processed by dehydration, paraffin infiltration and embedding. Tissue sections
(5-6 um) were cut, processed and subjected to immunohistochemical staining after incubation
in a primary antibody directed against AR N-terminus (ab3510, 4 ug/ml; Abcam Inc,
Cambridge, MA, USA) at 4 °C overnight. For AR detection, sections were incubated for 1 h
in a biotinylated goat antirabbit secondary antibody (1:200; Vector Laboratories, Burlingame,
CA, USA). Following rinses, sections were incubated for 60 min in avidin-biotin complex (1:
1000; Vectastain Elite; Vector Laboratories). After 30 min of rinsing, sections were incubated
for 10 min with a diaminobenzidine (DAB) solution (0.05% DAB) activated by 0.001%
hydrogen peroxide. Slides were counterstained with hematoxylin.

Dynamic histomorphometry

Bone formation and resorption during the last week of growth was assessed by dynamic
histomorphometric measures after fluorochrome labeling (h=8-20 males; 10-15 females).
Prior to sacrifice, 2-month-old mice received two fluorochrome labels by intraperitoneal (ip)
injection [oxytetracycline hydrochloride (Sigma, St. Louis, MO, USA) at 30 mg/kg and calcein
green (Sigma) at 10 mg/kg], given 10 days and 3 days before death, respectively. Left femora
were dissected and processed non-decalcified for plastic embedding as previously described
[23]. Cross-sections (100 um) through mid-diaphysis were prepared using a diamond-wafering
saw (Buhler, Lake Bluff, IL, USA), thenpolished to a thickness of 30 um. Sections were left
unstained and dynamic histomorphometry was carried out using a light/epifluorescent
microscope and a semiautomatic image analysis system (OsteoMetrics, Inc., Decatur,
GAUSA). Standard measures of bone formation and resorption were determined for both the
periosteum and endocortex, including mineral apposition rate (MAR, um/day), mineralizing
perimeter ([dL.Pm + sL.Pm/2]/B.Pm, %), bone formation rate (BRF/B.Pm, um%/um/day), and
eroded perimeter (%). Bone formation rate (perimeter referent) was calculated by multiplying
mineralizing perimeter by mineral apposition rate. In addition, the cross-sectional area and
cortical area were measured on cortical cross-sections and cortical thickness calculated. The
terminology and units used were those recommended by the Histomorphometry Nomenclature
Committee of the American Society for Bone and Mineral Research [44].

Bone morphology and microstructure

The morphological consequences of increased AR expression in osteoblastic/osteocytic cells
in AR2.3-transgenic animals were evaluated in 2-month-old male and female mice by dual
energy X-ray absorptiometry (DXA) and quantitative uCT. Areal BMD, bone mineral content
(BMC) and body composition was measured by whole body DXA using a mouse densitometer
(PIXImus2, Lunar, Madison WI, USA). Right femurs from each genotype (n=10-21 males;
13-19 females) were examined for diaphyseal cross-sectional morphology and tissue mineral
density (TMD) using an eXplore Locus SP Pre-Clinical Specimen MicroComputed
Tomography system (GE Medical Systems, London, Ontario) as described previously [22].
Area measures were body weight adjusted to reduce variability. Three-dimensional images of
the entire femur were obtained at an 8.7 um voxel size and individually thresholded using a
standard segmentation algorithm [43]. A 3 mm region of the reconstructed mid-diaphysis,
corresponding to the typical failure region for 4-point bending (see below), was examined.
Determination of cross-sectional morphology was performed using custom analysis program
(MathWorks, v. 6.5; The MathWorks, Inc., Natick MA, USA) [22]. Trabecular morphometry
of the distal metaphysis, including bone volume fraction (BV/TV) and trabecular thickness
(Th.Th), trabecular number (Th.N) and trabecular separation (Tb.Sp), was assessed using
Microview Advanced Bone Analysis (GE Medical Systems, v. 1.23).
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Images from the uCT analysis were also used to quantify TMD as described previously [22].
TMD is the average mineral value of the bone voxels alone, expressed in hydroxyapatite (HA)
density equivalents. TMD was calculated by converting the grayscale output of bone voxels
in Hounsfield units (HU) to mineral values (mg/cc of HA) through the use of a calibration
phantom hydroxyapatite (SB3: Gamex RMI, Middleton, WI, USA) [TMD=average bone voxel
HU/average HA phantom HU*1130 mg/cm?3 (HA physical density)] [22]. The same calibration
phantom was used for all scans to normalize mineral density measurements and to account for
possible variability among scan sessions.

Mechanical testing

Following DXA and uCT analysis, the right femurs were subjected to destructive testing to
establish whole bone mechanical properties. Femurs were loaded to failure in 4-point bending.
All whole bone-bending tests were conducted by loading the femurs in the posterior to anterior
direction. The load-deflection curves were analyzed for stiffness (the slope of the initial portion
of the curve), maximum load, post-yield deflection (PYD), and work-to-failure as described
previously [23]. Stiffness and maximum load were adjusted for body weight.

Statistical analysis

Results

All data were analyzed using Prism software v4 (GraphPad Software, Inc., San Diego, CA,
USA). Significance of difference between wild-type and AR2.3-transgenic mice was assessed
by an unpaired two-tailed t-test using Welch’s correction. Body lengths and weights were
analyzed by repeated measures two-way ANOVA for the effects of gender and genotype. All
data are shown as meanzstandard error of the mean (SEM).

Generation of transgenic mice with enhanced androgen signaling in mature osteoblasts and

osteocytes

Confusion exists regarding the in vivo action of androgens in bone due to metabolism to
estrogen, because androgen influences many tissues in the body, and many months of treatment
arerequired to observe improvement in BMD. The AR2.3-transgenic animal model was created
to determine the specific physiologic relevance of androgen action in the mature osteoblast/
osteocyte population in bone, through tissue-specific overexpression of AR. This line is distinct
from our previously described AR3.6-transgenic model, with AR overexpression in stromal
precursors, periosteal fibroblasts and throughout the osteoblast lineage directed by the col3.6
promoter [67]. A transgene cassette (AR2.3) was cloned as described in Materials and methods
and AR2.3-transgenic mice were created following standard procedures. Positive founders
were identified by PCR genotyping and were bred to wild-type B6D2F1 mice; two AR2.3-
transgenic lines (lines 219 and 223) derived from independent founders have been retained.
Southern analysis confirmed a single insertion site for the AR2.3-transgene (data not shown).
Table 1 lists the qRT-PCR analysis of expression of the AR2.3-transgene in various tissues,
showing the expected bone targeting with highest levels in calvaria but ~100-3000-fold lower
levels in muscle, skin, heart, intestine, kidney, liver, lung and spleen.

Phenotype in AR2.3-transgenic mice with bone-targeted AR overexpression

To begin to characterize the phenotype of AR2.3-transgenic mice, we first determined body
weight gain and nose—rump length over a 6-month period. At birth, animals were
indistinguishable and as the mice aged, AR2.3-transgenic males and females gained length and
weight similar to wild-type controls (Figs. 1a, b). Body composition and bone density were
evaluated by DXA at 2 months in male and female AR2.3-transgenic mice and wild-type
littermate controls. While systemic androgen treatment is known to affect body compositional
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changes, no difference was noted in either lean mass (Fig. 1c) or fat mass (Fig. 1d) in either
males or females, consistent with skeletal targeting of the AR transgene. In addition, areal
BMD (Fig. 1e) and BMC (Fig. 1f) were not significantly different in males or females,
indicating a lack of effect on periosteal surfaces as expected.

AR2.3-transgenic mice were next evaluated for serum biochemistry and hormone levels at 2
months of age. As expected with bone targeting of AR overexpression, serum testosterone and
estradiol levels were not significantly different between littermate controls and transgenic
animals in either sex (Figs. 2a, b). There were also no significant differences in serum calcium
levels between transgenic mice and littermate controls (Fig. 2c). Interestingly, there was a
significant ~50% decrease in serum osteocalcin levels in male AR2.3-transgenic animals
(P<0.01, Fig. 2d), but not in females. Serum OPG showed little difference between genotypes
(Fig. 2e), but bone resorption markers TRAPC5b and CTx (that mostly reflect cortical bone
properties) were significantly reduced in male AR2.3-transgenic mice (P<0.05, Figs. 2f, g).

To further evaluate the phenotype of AR2.3-transgenic mice, we characterized AR protein
expression in vivo by immunohistochemical analysis in calvarial sections from both sexes (Fig.
2h). The antibody used does not distinguish between endogenous AR and the product of the
AR2.3-transgene, so immunostaining represents combined levels for both proteins. AR
expression is seen in osteocytes in wild-type mice (brown color combined with blue color from
hematoxylin counterstaining), in sections from the middle of the calvaria (bottom panels for
each sex). Consistent with increased AR2.3-transgene expression, robust AR expression is
seen in osteocytes in both male and female transgenic mice (bottom panels for each sex). AR
isalso seen in differentiating osteoblasts at the innermost layer at the bone surface (upper panels
for each sex). Thus, increased AR expression in osteocytes and the most differentiated
osteoblasts is seen in both male and female transgenic animals, consistent with previous
characterization of promoter activity [25,26]. There was no notable difference between the
sexes or between independent families (data not shown). Morphological changes were
evaluated by H&E staining (data not shown); there was no difference in calvarial width between
wild-type and AR2.3-transgenic mice of either gender, nor between the independent AR2.3-
transgenic families 219 and 223. In contrast, calvaria from male AR3.6-transgenic mice, with
AR overexpression in periosteal fibroblasts and throughout the lineage, demonstrated
substantial calvarial thickening [67]. Finally, we examined AR levels by Western analysis in
ex vivo studies using primary calvarial osteoblast cultures derived from wild-type vs. transgenic
mice. As shown in Fig. 2i, increased AR levels are seen in mature osteoblasts/osteocytes at
day 30 in differentiating cultures from transgenic mice.

Enhanced androgen signaling results in altered bone morphology and reduced cortical area
in male transgenic mice

Overall cortical bone morphology and femoral structure were quantified from high-resolution
uCT images. Measures obtained for morphological assessment from uCT analysis are
described in Fig. 3a. No effect of AR2.3-transgene expression on total cross-sectional area or
surface periosteal perimeter was observed in either males or females (Figs. 3b, e). However,
marrow cavity area was significantly increased in transgenic males (i.e., reduced infilling
occurred; P<0.01, Fig. 3c). Given no compensatory changes in the periosteal layer, this
inhibition resulted in a modest but significant reduction in cortical bone area in male transgenic
mice (P<0.05, Fig. 3d). Thus, enhanced AR signaling in mature osteoblasts has significant
inhibitory effects on overall femoral cortical bone area. This morphological difference at the
diaphysis was not observed in female transgenic mice. We also evaluated polar moment of
inertia and tissue mineral density (TMD) at the mid-diaphysis. While there was no significant
effect on polar moment of inertia (Fig. 3f), transgenic males show a significant reduction in
TMD (P<0.001; Fig. 3g).
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Reduced endocortical bone formation with bone-targeted AR overexpression

Because of the changes observed with the uCT analysis in cortical bone area in transgenic
males, dynamic histomorphometric analysis was carried out at the femoral diaphysis using
fluorescent imaging. Fluorochromes were administered (oxytetracycline followed by calcein)
to label new mineral deposition. Fig. 3h shows patterns of bone formation in images of
fluorochrome labeling from femoral cross-sections. The AR2.3-transgenic males (upper panel)
show a dramatic lack of labeling at the endocortical surface compared with wild-type controls
(lower panel). Consistent with these fluorescent images, quantitative dynamic
histomorphometric analysis revealed inhibitory responses at the endocortex in transgenic
males, with strong inhibition (~70%) of BFR/B.Pm (P<0.001; Fig. 3i) and ~50% reduction in
MAR, the latter being a measure of osteoblast vigor (P<0.001; Fig. 3j). Eroded perimeter was
reduced at the periosteum (P <0.001; Fig. 3k), while mineralizing perimeter (M.Pm/B.Pm)
showed inhibition at the endocortex (P<0.01) but stimulation at the periosteum (P<0.01) in
Fig. 3l. The modest increase in periosteal activity seen does not parallel a change in cortical
bone morphology characterized by pCT analysis, likely since the labeling is representative of
mineralization patterns only for the period of time that the labels are present.

Ability to resist fracture is impaired in male AR2.3-transgenic mice

To analyze whole bone biomechanical and failure properties, femurs from 2-month-old wild-
type and AR2.3-transgenic animals were loaded to failure in 4-point bending at 0.05 mm/s.
Although overall geometry of the femur showed no obvious differences between wild-type and
transgenic mice (Fig. 4a), failure properties were significantly impaired. Diaphyseal strength
assessed as both maximum load (P<0.05, Fig. 4b) and stiffness (P<0.05, Fig. 4c) was decreased
slightly by about 10% in male transgenics (with no change in females), consistent with the
decreased cortical bone area (see Fig. 3c). However, a dramatic impairment was seen in male
transgenic bones in their ability to resist fracture. They were more brittle (less ductile), with
an approximately 40% decrease in post-yield deflection (P<0.05, Fig. 4d). Work-to-failure was
reduced by nearly 30% compared to wild-type control bones (P<0.05, Fig. 4e). Male AR2.3-
transgenic mice in this cohort showed no difference in femoral length or weight (Figs. 4f, g).

AR overexpression in bone results in increased trabecular bone volume in male transgenic

mice

We also used puCT analysis to evaluate the consequences of AR overexpression on the
trabecular bone compartment. Visualization of trabecular bone in the metaphysis after manual
subtraction of the cortical shell shows an increase in trabecular bone volume in male AR2.3-
transgenic mice (Fig. 5a). To better characterize trabecular micro-anatomy and architecture,
static histomorphometric analysis was performed from images of the metaphyseal trabecular
region (Figs. 5b-e). Male AR2.3-transgenic mice showed an ~35% increase in trabecular bone
volume asa percent of tissue volume (BV/TV; P<0.05; Fig. 5b), consistent with the pCT image.
The increase in trabecular bone volume was associated with an ~25% increase in trabecular
number (Th.N; P<0.01; Fig. 5¢), with no effect on trabecular thickness (Th.Th; Fig. 5d), and
thus an ~30% decrease in spacing (Th.Sp; P<0.01; Fig. 5e).

Enhanced androgen signaling in mature osteoblasts leads to reduced expression of
molecular markers of bone formation and osteoclast activation in cortical bone

Lastly, we analyzed gene expression in long bone from wild-type and AR2.3-transgenic mice
of both genders. Differences in gene expression in RNA isolated from tibial mid-diaphysis for
sets of genes that play a significant role in either bone formation or bone resorption (Fig. 6).
Osteoblastic marker genes evaluated were cyclin D1, osterix, type | collagen (col), osteocalcin
(OC) and ssclerostin (SOST). Levels of osteoblastic marker genes are listed in an order reflecting
their temporal expression patterns during osteoblast differentiation, e.g., osteocalcin is
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expressed late in osteoblast differentiation. Significant reductions were noted in transgenic
males in levels of osterix, collagen, osteocalcin and SOST (Fig. 6a, left panel). The reduction
in osteocalcin gene expression mirrors the reduction in serum concentrations (Fig. 2d).
Interestingly, expression of osteoblastic markers in mid-diaphyseal tissue from male transgenic
mice was inversely correlated with the differentiation stage, with increased inhibition for genes
representative of more mature differentiated osteoblasts, suggesting alteration of the organic
matrix consistent with reduced osteoblast vigor shown in Fig. 3j. For example, SOST is
produced by mature osteocytes [46], and SOST mRNA levels were significantly inhibited in
male transgenic bones. This pattern mirrors the expected increase in col2.3 promoter activity
during osteoblast differentiation [12]. Osteoclastic marker genes analyzed were OPG, receptor
activator of NF-«xB ligand (RANKL), tartrate-resistant acid phosphatase (TRAP), cathepsin K
(CatK) and calcitonin receptor (CTR). Similar to the osteoblastic marker genes, inhibition of
gene expression was also observed in osteoclastic marker genes CTR, CatK, and TRAP again
only in male AR2.3-transgenic mice (Fig. 6a, right panel). The reduction osteoclastic gene
expression is consistent with reduced serum levels of bone resorption markers (TRACP5b and
CTx; Figs. 2e, f). This gRT-PCR analysis represents changes observed in cortical bone, and
may not reflect similar changes in trabecular bone. Consistent with the lack of a bone phenotype
in females, there was little difference in expression in female transgenics compared to control
mice for any of the osteoblastic or osteoclastic marker genes analyzed (Fig. 6b).

Discussion

The specific role of androgen signaling though transactivation of the AR in maintenance of
skeletal homoeostasis remains controversial. To determine the specific physiologic relevance
of androgen action in the mature osteoblast/osteocyte population in bone, mice with targeted
AR overexpression in mature osteoblasts were developed. Characterization of the
consequences of bone-targeted overexpression revealed a skeletal phenotype in male
transgenic mice vs. littermate controls, with little difference between the females. Collectively,
the phenotype observed in male transgenic mice is likely dependent on the higher serum levels
of testosterone (~10-fold) in males vs. females. In this study we have found that AR
overexpression in the mature osteoblast population in vivo results in a low turnover state, with
increased trabecular bone volume but a significant reduction in cortical bone area due to
inhibition of bone formation at the endocortical surface and a lack of marrow infilling.
Combined, our results indicate that AR overexpression in mature osteoblasts/osteocytes
inhibits endocortical bone formation, and results in changes that are detrimental to matrix
quality, biomechanical competence and whole bone strength.

Among the most striking biomechanical characteristics of the bone from male AR2.3-
transgenic mice was its markedly impaired fracture resistance. Brittleness is a measure of the
amount of deformation a structure undergoes prior to failure, and long bones were significantly
more brittle and consequently showed large decreases in work-to-failure. The observed
inhibition in bone quality appears to be principally determined by changes in the organic matrix
of bone, through the ~50% reduction in MAR at the endocortical surface (which reflects
osteoblast vigor or work). Such a robust reduction would lead to detrimental changes in the
composition of the material properties of the organic matrix, and thus a worsening in post-yield
deflection and work-to-failure. Brittleness, and its opposite, ductility, are functional attributes
that in bone derive principally from matrix composition and collagen organization rather than
bone geometry and mass, which are the major determinants of bone stiffness and strength. The
increased brittleness (i.e., decreased post-yield deflection or ductility) of cortical bone is not
likely due to over-mineralization, since TMD was reduced in transgenic males, not increased.
Thus, reduced ductility observed in these AR-transgenic mouse bones points to a defect in bone
matrix quality. This in turn suggests a defect in osteoblast production of a functionally
appropriate bone matrix in the presence of enhanced androgen signaling in mature osteoblasts/
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osteocytes. Indeed, our molecular analysis of expression differences from the AR-transgenic
mice show dramatically reduced collagen and osteocalcin production, consistent with the
impaired matrix quality in these mice.

It is instructive to compare the skeletal phenotypes that develop in the two distinct lines that
we have generated, the AR2.3-transgenic mice described in these studies and the previously
characterized AR3.6-transgenic model [67]. In broad terms, the skeletal phenotype
characterized in AR2.3-transgenic mice mirrors that described previously for AR3.6-
transgenic males, indicating the reproducibility of the phenotypic consequences of bone-
targeted androgen signaling. In common between the two models, we have shown increased
trabecular bone volume, reduced formation at endocortical surfaces, reduced bone turnover
and compromised biomechanical strength in male transgenic mice. With the exception of
enhanced periosteal activity in AR3.6-transgenic males, neither model exhibits anabolic bone
formation responses in the cortical bone compartment and instead both show inhibition of bone
formation at the endocortical surface. Both also demonstrate significantly compromised
biomechanical properties. By comparing and contrasting the two AR-transgenic models, we
propose that the commonalities in the bone phenotype between AR2.3-transgenic and AR3.6-
transgenic mice arise from AR overexpression in mature osteoblasts and osteocytes, since both
promoters are active in these cells. Thus, bone phenotypic changes likely to be mediated at
least in part by enhanced androgen signaling in mature osteoblasts/osteocytes include reduced
bone turnover, increased trabecular bone volume, reduced endocortical bone formation with
decreased osteoblast vigor at endocortical surfaces, and compromised biomechanical strength
with increased bone fragility.

The most striking contrast between the two AR-transgenic models is observed at periosteal
surfaces in AR3.6-transgenic males, which show increased cortical bone formation in the
periosteum and dramatic intramembranous calvarial thickening. This finding was expected,
given col3.6 transgene targeting to the periosteum and, conversely, the lack of expression at
the same compartment with col2.3 transgene expression [25,26]. The specificity of the
periosteal anabolic effect on bone formation in AR3.6-transgenic males is consistent with
previous reports documenting the importance of androgen signaling in periosteal expansion
[60]. During development, girls and boys build mechanically functional structures (i.e., the
size, shape and quality of the bone appears to be well-matched for the size of the individual),
but by different means [51]. During/after puberty, an increase in estrogen in girls leads to
reduced periosteal expansion and then a reversal on the endosteum, from expansion to infilling.
In boys, testosterone levels increase, which in contrast to girls is associated with further growth
of the periosteum but also continued expansion of the endocortical cavity. Consequently, the
outer diameter of girls’ bones tends to be smaller than that of boys’ bones and greater cross-
sectional area is observed in males [13], yet cortical thickness is similar between males and
females (but see[41,62]) because of adaptive infilling in females. Thus, we propose that
androgen inhibition of medullary bone formation at the endocortical surface in males may
subserve an important physiological adaptive function, being the key for appropriate spatial
distribution and maintenance of the total amount/weight of bone in the cortical envelope. A
reasonable hypothesis is that androgens strongly promote the addition of cortical width through
periosteal growth, but balance that growth with inhibition in the marrow cavity so that the
skeleton does not become too heavy (see [9]). Based on our characterization of AR-transgenic
mouse models and other published reports, we propose a model for the consequences of
androgen signaling where the effects of AR activation are distinct in different skeletal
compartments (Fig. 7). In trabecular bone, androgens reduce bone formation [58] and suppress
resorption to increase trabecular volume through an increase in trabecular number. In cortical
bone, androgens inhibit osteogenesis at endocortical surfaces but increase bone formation at
periosteal sites [67], to maintain cortical thickness yet displace bone further away from the
neutral axis in males. Androgens also positively influence bone growth at intramembranous
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sites [16,67]. In addition to actions directly in bone, androgen administration also increases
muscle mass, partially mediated by effects on mesenchymal stem cell lineage commitment
[52]. This increase in muscle mass may indirectly influence bone density through
biomechanical linkage. Additional studies will be needed to more fully test these hypotheses.

Male AR-transgenic mice also demonstrate a phenotype consistent with reduced osteoclast
resorptive activity. In cortical bone, both TRAP and RANKL gene expression is inhibited, and
serum levels of both TRAPC5b and CTx are also significantly reduced in transgenic males. In
addition, the observed increase in trabecular bone volume with a decrease in trabecular
separation is a hallmark of antiresorptive activity. However, future studies employing dynamic
histomorphometric analysis will be needed to verify these results. Potential modulation of
osteoclast action by DHT is incompletely characterized, although there are reports of AR
expression in the osteoclast [57]. Androgen may be a less significant determinant of bone
resorption in vivo than estrogen [14], but this remains controversial [34]. The bone phenotype
that develops in a global AR null male mouse model, a high-turnover osteopenia with reduced
trabecular bone volume and a stimulatory effect on osteoclast activity [28,29,69], also supports
the importance of androgen signaling through the AR to influence resorption, and is generally
opposite to the phenotype we observe with skeletally targeted AR overexpression.
Interestingly, the global AR null model also develops late onset obesity [15]. Finally, recent
publications document that androgen can directly reduce bone resorption of isolated osteoclasts
[45], inhibits osteoclast formation stimulated by PTH [10], and may play adirect role regulating
aspects of osteoclast activity in conditional AR null mice [40]. Our results suggest that at least
some component of inhibition of osteoclastic resorptive activity as a consequence of androgen
administration is mediated indirectly through effects on mature osteoblasts and osteocytes.

Some of the negative consequences of AR overexpression in mature osteoblasts we have
observed in vivo may reflect previously documented in vitro analyses. For example, there are
reports, some in clonal osteoblastic cell lines, of effects of gonadal androgen treatment on
differentiation, matrix production and mineral accumulation mediated by AR signaling [3,
27,53]. These findings are variable however, with other reports of no effect or even inhibition
of osteoblast markers [6,18,21], consistent with our gene expression analysis in AR-transgenic
mice. In addition, the effect of androgens on osteoblast proliferation is controversial. We have
previously demonstrated that either stimulation or inhibition of osteoblast viability by androgen
can be observed, and these effects are dependent on the length of treatment. Transient
administration of nonaromatizable DHT can enhance transcription factor activation and
osteoblast proliferation, while chronic treatment inhibits both mitogenic signaling and MAP
kinase activity [66]. Chronic DHT treatment in vitro can also enhance osteoblast apoptosis
[65]. Combined, these in vitro reports are consistent with the detrimental changes in matrix
quality and osteoblast vigor we observe in the AR-transgenic model in vivo.

In summary, complex skeletal analysis using morphological characterization by uCT, dynamic
and static histomorphometric analysis, DXA, biomechanical testing and gene expression
studies all indicate that AR overexpression in mature osteoblasts inhibits osteogenesis at
endocortical surfaces and produces a low turnover state. Importantly, these changes are
detrimental to overall matrix quality, biomechanical competence, bone fragility and whole
bone strength. It is possible that the observed inhibition of endocortical osteogenesis and lack
of anabolic response, as a consequence of enhanced androgen signaling in mature bone cells,
underscores an important physiological function for androgen in the skeleton: to maintain an
appropriate spatial distribution of bone in the cortical envelope. Androgens are able to maintain
trabecular bone mass and are effective in the treatment of bone loss associated with
hypogonadism. Nevertheless, the strong inhibition of bone formation at the endocortical
surface and increased bone fragility observed here highlight compartment-specific responses
that might underlie the limited therapeutic benefits observed with androgen therapy. Because

Bone. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 13

of the detrimental consequences of bone-targeted androgen signaling on bone fragility and
whole bone strength, these results raise concerns regarding anabolic steroid abuse or high-dose
androgen therapy during growth and in healthy eugonadal adults.
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Fig. 1.

Weight changes and body composition analysis in AR2.3-transgenic mice. Body weight and
nose—rump-length determinations were carried out weekly or monthly, respectively, over six
months in both genders in both wild-type (wt) and AR2.3-transgenic (AR2.3-tg) mice. a.
Weight gain in growing male (left) and female (right) mice. Analysis for the effects of time
and genotype by repeated measures two-way ANOVA in males revealed an extremely
significant effect of time (F=218.36; P<0.0001) but not genotype, and with no interaction;
females were similar (F=114.80; P<0.0001). b. Nose—-rump length in male (left) and female
(right) mice. Analysis by repeated measures in males revealed an extremely significant effect
of time (F=228.54; P<0.0001) and an effect of genotype (F=15.87; P<0.01) with no interaction;
females only showed an effect of time (F=149.48; P<0.0001). Data is shown as mean+SEM,
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n=4-5. DXA was performed on 6-month-old AR2.3-transgenic and littermate control mice to
assess bone mineral, lean mass and fat mass. c. Lean mass adjusted for total tissue mass. d. Fat
mass adjusted for total tissue mass. e. Areal BMD (minus head). f. BMC. Values are expressed
as mean+SEM, n=4-10.
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Fig. 2.

Phenotypic characterization of serum markers and AR overexpression in AR2.3-transgenic
animals. Comparisons were performed between wild-type littermate control (wt) and AR2.3-
transgenic (AR2.3-tg) animals. Serum from 2-month-old mice was analyzed to determine
levels of hormones and markers of calcium metabolism. Assays were performed in duplicate
by RIA for 17B-estradiol or EIA for testosterone, OPG and intact mouse osteocalcin, and for
calcium by the colorimetric cresolphthalein-binding method. a. Testosterone. b. 17p-estradiol.
c. Calcium. There were no statistical differences between the genotypes for 17p-estradiol,
testosterone or calcium levels. Values are expressed as mean+SEM, n=6-17. d. Osteocalcin.
e. OPG. f. TRAPC5b. g. CTx. Osteocalcin, TRAPC5b and CTx were all significantly reduced
in male AR2.3-transgenic mice. Values are expressed as mean+SEM, n=3-8. *P<0.05;
**P<0.01 (vs. gender-appropriate wild-type control). h. Immunohistochemical analysis of AR
levels in calvaria isolated from 2-month-old mice. Sections were subjected to
immunohistochemical staining after demineralization and paraffin embedding. For each sex,
the top panel represents a section at the calvarial surface to focus on osteoblasts (arrowheads)
while the bottom panel represents a section through the center of the bone to show osteocytes
(arrow). Representative sections are shown. AR abundance was visualized with rabbit
polyclonal antisera for male and female mice from wt and AR2.3-tg mice. AR is brown and
the nucleus is purple after DAB incubation and counterstaining with hematoxylin. Scale bar=50
um. i. AR levels by Western blot analysis during ex vivo differentiation of calvarial osteoblasts
derived by collagenase digestion from wild-type or AR2.3-transgenic mice. Analysis was
performed at day 30 in mineralizing cultures. Control for loading was characterized by a-
tubulin levels. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3.

Cortical morphology, structural analysis and bone formation rates in AR2.3-transgenic mice.
Femurs were isolated from 2-month-old male and female wild-type (wt) or AR2.3-transgenic
mice (tg) and subjected to high-resolution uCT imaging at mid-diaphysis. a. Parameters for
morphological characterization by pCT. b. Total cross-sectional area. c. Marrow cavity area.
d. Cortical bone area. e. Periosteal perimeter. f. Polar moment of inertia. g. Tissue mineral
density. Values are shown as mean+SEM, n=10-21 males; 13-19 females. Differences
between genotypes were determined by Student’s unpaired t-test with Welch’s correction.
*P<0.05; **P<0.01; ***P<0.001 (vs. gender-appropriate wt controls). For dynamic
histomorphometric analysis, male femurs were sectioned at the mid-diaphysis; rates were
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determined at both the endocortex and periosteum. h. Fluorescent images of femur after double-
label administration. Representative photomicrographs are shown with higher power insets
demonstrating labeling on the endocortex. Bands were photographed at comparable anatomic
positions for each bone. i. Bone formation rate (BFR). j. Mineral apposition rate (MAR). k.
Percent eroded perimeter. I. Percent mineralizing perimeter (M.Pm/B.Pmx100). Values are
shown as mean+SEM; n=8-20 males; 10-15 females. **P<0.01; ***P<0.001 (vs. wt controls).
Scale bar=200 pm in figure; scale bar=100 um in insets as indicated.
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Whole bone strength and failure properties determined from biomechanical analyses. Femurs
from 2-month-old male and female wild-type (wt) and AR2.3-transgenic (tg) mice were loaded
to failure in 4-point bending analysis. Stiffness, maximum load, and post-yield deflection were
calculated from the load-deflection curves. Stiffness and maximum load are adjusted for body
weight differences. a. Whole bone morphology from pCT imaging. b. Stiffness adjusted. c.
Maximum load adjusted. d. Post-yield deflection. e. Work-to-failure. f. Femoral length. g. Body
weight in cohort. Whole bone biomechanical properties are shown as mean+SEM, n=10-21
males; 13-19 females. Differences between genotypes were determined by Student’s unpaired
t-test with Welch’s correction. *P<0.05 (vs. gender-appropriate wt controls).
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Fig. 5.

Trabecular morphology and micro-architecture in AR2.3-transgenic mice. Computer-aided
analysis of uCT images was used to derive measures of trabecular bone microarchitecture in
the metaphysis of 2-month-old male and female wild-type (wt) or AR2.3-transgenic (tg) mice.
Measurements included trabecular bone volume as a percent of tissue volume (BV/TV);
trabecular number, spacing, and thickness (Tb.N, Tb.Sp, Th.Th). a. Reconstructed images were
evaluated for trabecular morphology in the distal metaphysis. b. BV/TV. c. Th.N. d. Th.Th. e.
Th.Sp. Values are expressed as mean+SEM, n=10-21 males; 13-19 females. Differences
between genotypes were determined by Student’s unpaired t-test with Welch’s correction.
*P<0.05; **P<0.01 (vs. gender-appropriate wt controls).
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Fig. 6.

Cortical bone gene expression in AR2.3-transgenic mice. Analysis of steady-state mMRNA
expression for genes involved in bone formation or bone resorption was determined by real-
time qRT-PCR analysis using tibial RNA isolated from male and female wild-type (wt) or
AR2.3-transgenic mice (tg). Osteoblastic marker genes involved in bone formation and matrix
production examined included cyclin D1, osterix, type | o4 collagen (Col), osteocalcin (OC)
and sclerostin (SOST). Osteoclastic marker genes involved bone resorption and osteoclastic
activity were osteoprotegerin (OPG), RANK ligand (RANKL), tartrate-resistant acid
phosphatase (TRAP), calcitonin receptor (CTR) and cathepsin K (CatK). a. Examination of
osteoblastic and osteoclastic marker gene expression in male mice. b. Analysis in females.
n=3-8 males; 4-7 females. Values are expressed as mean+SEM. *P<0.05, **P<0.01.
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Fig. 7.

Model for androgen action in the skeleton mediated by AR transactivation. Androgen
activation of AR influences a variety of target organs and skeletal sites, including marrow
stromal cells, and trabecular, cortical and intramembranous bone compartments. Arrows
indicate the changes associated with androgen action. In trabecular bone, androgen action
preserves or increases trabecular number, has little effect on trabecular thickness, and thus
reduces trabecular spacing. In cortical bone, AR activation results in reduced bone formation
at the endocortical surface but stimulation of bone formation at the periosteal surface. Summary
based on results presented here and references cited in the text. In the transgenic model, AR
activation in mature bone cells in vivo results in a low turnover phenotype, with inhibition of
bone formation and inhibition of gene expression in both osteoblasts and osteoclasts. In the
absence of compensatory changes at the periosteal surface, these changes are detrimental to
overall matrix quality, biomechanics and whole bone strength.
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Analysis of transgene expression in a variety of tissues from AR2.3-transgenic mice
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Tissue AR2.3-tg level Fold difference
Calvaria 1.0000£0.2373 n.a.
Thymus 0.0066+0.0011 —-152
Lung 0.0054+0.0005 -185
Heart 0.0047+0.0019 -213
Kidney 0.0044+0.0006 -227
Fat 0.0027+0.0007 =370
Spleen 0.0025+0.0004 —400
Muscle 0.0006+0.0000 —-1667
Skin 0.0006+0.0002 -1667
Ear 0.0004+0.0001 —2500
Liver 0.0004+0.0002 —2500
Tendon 0.0003+0.0000 —3333
Intestine 0.0000+0.0000 n.d.

Tissues listed were harvested from male AR2.3-transgenic mice and total RNA was isolated (n=5). Expression of the transgene was evaluated by real-
time gRT-PCR analysis after normalization to the total RNA concentration using RiboGreen [19]. Data are expressed relative to the expression level in
calvaria as mean+SEM. n.a., not applicable; n.d., not detectable.
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