
Abstract. Background/Aim: The in vivo effect of
abiraterone on bone mineral density (BMD) in addition to
androgen deprivation therapy was examined using a murine
model. Materials and Methods: The mice were separated
into the following groups: control, abiraterone, castration,
and castration+abiraterone. The percentage change in the
ratio of bone to tissue volume (BV/TV), number of
osteoblasts and osteoclasts, and the serum level of bone
markers were compared on day 21. Results: The BV/TV ratio
of the abiraterone, castration, and castration+abiraterone
groups was lower than that of the control group. However,
the change in the BV/TV ratio in the castration+abiraterone
group was not significantly different from that in the
castration group. There was no significant difference in the
serum TRAP5b level and the number of osteoclasts and
osteoblasts between the castration+abiraterone and the
castration groups. Conclusion: The addition of abiraterone
to castration did not affect BMD in the murine model.

The recent development of antitumor drugs has been
contributing to the improvement of survival in prostate
cancer patients. The management of skeletal-related events
(SREs) is crucial in patients with prostate cancer due to the

high frequency of bone metastasis and the effect of androgen
deprivation therapy (ADT) in reducing bone mineral density
(BMD). Bone metastasis appears frequently in prostate
cancer patients, and the occurrence of SREs can greatly
affect both their quality of life and prognosis. ADT is
effective in about 80% of patients with hormone naïve
prostate cancer (1). However, the treatment causes a variety
of adverse events, including BMD reduction (2).
Approximately 45% of prostate cancer patients who receive
ADT are reported to have osteoporosis (3).

ADT increases RANK/RANKL signaling, leading to
stimulated osteoblasts (4). Increased RANKL signaling
activates osteoclasts, which promote bone resorption and
reduce BMD (5). In a murine castration model, the use of
osteoprotegerin (OPG) has been shown to prevent the
RANKL-enhanced activation of osteoclasts and the ADT-
induced acceleration of bone metastasis (6). A similar effect
has been reported using zoledronic acid (7). Although ADT
suppresses the growth of cancer cells, it may potentially
promote bone metastasis in castration-resistant prostate
cancer (CRPC) by reducing BMD.

There are currently several options available for the
initial treatment of metastatic hormone-sensitive prostate
cancer (HNPC), including luteinizing hormone-releasing
hormone (LH-RH) or castration monotherapy (8), LH-
RH+docetaxel (9), and LH-RH+abiraterone+PSL (10). The
LATITUDE study recently showed that administering
abiraterone to HNPC patients significantly increased the
time to symptomatic skeletal events (10). On the other
hand, the STAMPEDE study showed that the time to SRE
in the abiraterone and docetaxel groups was almost similar
to that in the LATITUDE study (11). In the COU-AA-301
and 302 studies of patients with mCRPC before and after
docetaxel, the time to SRE was significantly prolonged in
the abiraterone-treated group, compared with the placebo
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group. Moreover, the addition of bone modifying agents
(BMA) further extended the time to SRE and overall
survival (12).

A previous in vitro study that observed the direct effect of
abiraterone on osteoclasts and osteoblasts indicated that
hormone therapy inhibits osteoclasts and promotes osteoblast
differentiation and bone matrix deposition (13). This in vitro
study may support the superiority of abiraterone therapy for
bone metastasis. However, ADT activates osteoclasts and
promotes bone resorption (6) and abiraterone may reduce
adrenal androgens and further activate osteoclasts by
lowering androgen levels. It has not yet been elucidated in
clinical studies whether the effect of abiraterone on
improving the time to SREs is due only to its inhibitory
effect on the cancer cells, or if this also comprises a direct
effect on osteoblasts and osteoclasts. In this study, we
investigated the additional in vivo effect of abiraterone to
ADT in the bone microenvironment using both non-tumor-
bearing castrated and non-castrated mice.

Materials and Methods
Animal. This animal research was performed with the approval of
the institutional review board and animal research ethics committee,
based on the Akita University Animal Research Ethics Guidelines
(Approval number: a-1-3022). Male retired breeder (24 weeks or
older) Balb/c nu/nu mice were purchased from Japan SLC, Inc.
(Shizuoka, Japan). These were kept in individual cages with food
available ad libitum. The mice were divided into a control group, an
abiraterone group, a castration group, and a castration+abiraterone
group. Abiraterone was administered to each mouse five times a
week before being suspended for two days. Micro-computed
tomography imaging was performed once weekly (days 0, 7, 14, and
21). All mice were euthanized on day 21 by cervical dislocation,
after blood had been collected from the ventricle under anesthesia
using isoflurane. After euthanasia, the lower limbs of the mice were
frozen in liquid nitrogen and stored at −80˚C.

Abiraterone. In oral gavage administration, abiraterone acetate 400
mg/kg body weight/day was dissolved in a solvent of 13 ml/kg body
weight of 95% peanut oil and 5% benzyl benzoate at 37˚C for 24
h. In this way, 30 mg/ml of abiraterone acetate solution was
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administrated. In the group that did not receive abiraterone, only a
solvent of 95% peanut oil and 5% benzyl benzoate was
administered (14). 

Bone mineral density measurement. Both tibias in each mouse were
scanned using a micro-CT (CT: CosmoScanGXII, Rigaku Co.,
Tokyo, Japan). The mean cancellous bone volume (BV) and tissue
volume (TV) were measured, and the bone volume fraction
(BV/TV) was calculated in a range of 100 slices (9 μm/slice)
perpendicular to the long axis from the proximal edge of the tibia

below the epiphyseal line (Figure 1). The bone analysis was
performed using software (Bone Analysis software; Rigaku Co.,
Tokyo, Japan) attached to the micro-CT. The cancellous BV/TV was
divided by each day 0 value to calculate a relative BV/TV change
ratio. Moreover, the difference in cancellous bone BV/TV between
day 0 and day 21 (Δday 0-21 BV/TV) was calculated.

Castration. The mice in the castrated group underwent bilateral
orchiectomy one day before the initiation of abiraterone. For
castration, the mice were anesthetized with isoflurane, and bilateral
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Figure 1. Effect of oral administration of abiraterone on cancellous bone in mice. A) Comparison of the ratio of bone to tissue volume (BV/TV) of
cancellous bone over time relative to day 0 using bone density analysis by micro-CT. The BV/TV ratio of the abiraterone, castration, and
castration+abiraterone groups decreased significantly, compared to the control group (p=0.04, p=0.03, p<0.001). B) Comparison of the difference
in cancellous bone BV/TV absolute value between days 0 and 21. Δday 0-21 BV/TV of the abiraterone, castration, and castration+abiraterone
groups decreased significantly, compared to the control group (p=0.02, p<0.001, p<0.001). C) Comparison of mouse testosterone blood levels.
Testosterone levels in the castration and the castration+abiraterone groups were significantly lower than those in the control group (p<0.001,
p<0.001). Testosterone levels in the castration and the castration+abiraterone groups were significantly lower than those in the abiraterone group
(p=0.001, p=0.03). D) Comparison of mouse RANKL blood levels. E) Comparison of mouse TRAP5b blood levels. The TRAP5b concentration was
significantly higher in the castration and castration+abiraterone groups than in the control group (p<0.001, p<0.001). F) Comparison of mouse
OPG blood levels. OPG concentration in the castration+abiraterone group was significantly higher than that in the control group (p=0.002). G)
Comparison of mouse abiraterone trough blood levels.



testes were removed through midline abdominal incision. The fascia
and skin were continuously sutured with 5-0 vicryl®.

Measurement of the serum levels. At euthanasia, a blood sample was
collected from the left ventricle using a 26-gauge needle with a 1
ml syringe under general anesthesia. Blood samples were
centrifuged at 3,000 revolutions per min for 10 min, and serum was
stored at –80˚C until analysis. Serum testosterone, receptor activator
of nuclear factor kappa-B ligand (RANKL), TRAP5b, and OPG
were measured using a testosterone (mouse/rat) enzyme-linked
immunosorbent assay (ELISA) kit (# K7418-100; Bio Vision
Incorporated, Milpitas, CA, USA) mouse TRANCE/RANK
L/TNFSF11 Quantikine ELISA Kit (# MTR00; R & D Systems,
Inc., Minneapolis, MN, USA), mouseTRAP™ Assay (TRACP 5b
ELISA) kit (# DS-SBTR103; Immunodiagnostic Systems, Boldon,
UK), and mouse Osteoprotegerin/TNFRSF11B Quantikine ELISA
Kit (# MOP00; R & D Systems, Inc.).

The other group of mice was prepared for the measurement of
plasma abiraterone level. The blood sample for the measurement of
the plasma trough level of abiraterone was collected in the morning
before the administration of abiraterone on the third day after the
initiation of oral gavage. The plasma level of abiraterone was
measured by high-performance liquid chromatography (HPLC).

Briefly, following the addition of sorafenib as an internal standard
for a 400 μl plasma sample (10 ng/10 μl methanol), the plasma
sample was diluted with 600 μl of water. The mixture was applied
to an Oasis HLB extraction cartridge (Nihon Waters, Tokyo, Japan)
that had been activated with methanol and water (1.0 ml each). The
cartridge was washed with 1.0 ml of water and 1.0 ml of 20%
aqueous methanol, and eluted with 1.0 ml of 100% methanol. The
eluate was evaporated to dryness in a vacuum at 40˚C using a rotary
evaporator (Iwaki, Tokyo, Japan). The residue was dissolved in 20
μl methanol, and 20 μl of the mobile phase was added to the sample.
A 20 μl aliquot of the sample was processed by HPLC. The HPLC
system comprised a PU-2080 plus chromatography pump (JASCO,
Tokyo, Japan) equipped with a CAPCELL PAK C18 MG П HPLC
column (250 mm×4.6 mm I.D.; Shiseido, Tokyo, Japan), a UV-2075
light source, and an ultraviolet detector (JASCO). The mobile phase
was water-acetonitrile (45:55, v/v), which was degassed in an
ultrasonic bath before use. The flow rate was 0.8 ml/min at ambient
temperature and sample detection was performed at 260 nm.

Immunohistochemistry. The lower leg, including the femur, patella,
and tibia, was obtained from the mice after euthanasia. Specimens
were fixed with 4% paraformaldehyde and decalcified using 12%
ethylenediaminetetraacetic acid for 72 h. Thereafter, the specimen
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Figure 2. Effect of oral administration of abiraterone on the bone tissue of mice. A) Images of representative osteoclasts in a femur specimen of
the control, abiraterone, castration, and castration+abiraterone groups. B) A photograph of a representative osteoblast in a femur specimen. C)
Comparison of the number of TRAP-staining positive osteoclasts in the femoral cross section. This was significantly higher in the castration and
castration+abiraterone groups than the control group (p<0.001, p<0.001). D) Comparison of the number of RANKL-positive osteoblasts in femoral
cross-sections. The abiraterone, castration and castration+abiraterone groups had significantly more than the control group (p=0.01, p<0.001,
p=0.001).



was paraffin-embedded and sliced into 5 μm thick sections
perpendicular to the long axis of the femur at the level of 2 mm
proximal to the distal edge. The specimen was stained using a rabbit
polyclonal primary antibody against TRAP at 100X dilution
(Abcam: ab185716), which is a marker for osteoclasts, and a rabbit
polyclonal primary antibody against RANKL at 100X dilution
(Bioss: bs-0747R), which is a marker for osteoblasts, followed by
counterstaining with hematoxylin. TRAP-positive, multinucleated
(>3 nuclei) cells present on the surface of the bone tissue were
defined as osteoclasts. RANKL-positive, mononuclear cells present
on the surface of the bone tissue were defined as osteoblasts.

Statistical analysis. The Mann-Whitney U-test was performed
between each group. All statistical analyses were performed with
SPSS version 24.0 (IBM Corp., Armonk, NY, USA). All p-values   
<0.05 were considered statistically significant.

Results

Effect of abiraterone in addition to androgen deprivation
therapy on cancellous bone in mice. In oral gavage
administration, the BV/TV ratio of the abiraterone group,
castration group, and castration+abiraterone group was
significantly lower than that in the control group on day 21
(p=0.04, p=0.03, and p<0.001; Figure 1A). The BV/TV ratio
in the castration+abiraterone group was not significantly
different from that in the castration group (Figure 1A).

The Δday 0-21 BV/TV of the abiraterone, castration, and
castration+abiraterone groups significantly decreased
compared to that in the control group (p=0.02, p<0.001, and
p<0.001; Figure 1B). The Δday 0-21 BV/TV in the
castration+abiraterone group was not significantly different
from that in the castration group (Figure 1B).

The serum testosterone levels in the castration and the
castration+abiraterone groups were significantly lower than
those in the control group (p<0.001, p<0.001; Figure 1C).
The testosterone level in the castration+abiraterone group
was significantly lower than that in the castration group
(p=0.03, Mann-Whitney U-test; Figure 1C).

The serum RANKL level did not significantly differ
between groups (Figure 1D). The serum TRAP5b level in the
abiraterone group was not significantly different from that in
the control group (Figure 1E). The serum TRAP5b level in
the castration and the castration+abiraterone groups was
significantly higher than those in the control group (p<0.001
and p<0.001; Figure 1E). There was no significant difference
in the serum TRAP5b level in the castration+abiraterone
group compared to that in the castration group. The serum
OPG level in the castration group was not significantly
different from that in the control group. The serum OPG
level of the castration+abiraterone group was significantly
higher than that in the control group (p=0.002; Figure 1F).

The mean plasma abiraterone level was 7.0 ng/ml in all
mice and 11.6 ng/ml in the measurable mice which could be
sufficient physiological blood level by the 400 mg/kg/day

oral gavage administration (15). There were two mice where
plasma abiraterone levels were not measurable for unknown
reason. In contrast, the mean plasma level was as low as 5.5
ng/ml in the 200 mg/kg/day administration (14) (Figure 1G).

The number of osteoclasts and osteoblasts in the lower limbs
in mice. The number of osteoclasts in the murine femur
cross-section specimens in the abiraterone, castration, and
castration+abiraterone groups was significantly higher than
those in the control group (p<0.001, p<0.001, and p<0.001,
Mann-Whitney U-test; Figures 2A and C). However, no
significant difference was observed in the number of
osteoclasts in the castration+abiraterone group, compared to
the castration group (Figures 2A and C).

The number of osteoblasts in the murine femur cross-
section specimens in the abiraterone, castration, and
castration+abiraterone groups was significantly higher than
those in the control group (p=0.01, p<0.001, and p=0.001;
Figures 2B and D). However, no significant difference was
observed in the number of osteoblasts in the
castration+abiraterone group, compared to the castration
group (Figures 2B and D).

Discussion

This study demonstrated that castration in the murine model
stimulated osteoclast proliferation and reduced BMD due to
the increased activity of osteoblasts and osteoclasts, and
revealed the same results as previous reports (6). However,
the obvious additional effects of abiraterone on castration,
which directly inhibit or stimulate osteoclasts, leading to a
reduction or increase in BMD, were not observed in this
study.

Some studies have shown an effective reduction in
testosterone levels with 75 mg/kg oral administration of
abiraterone (16). However, even 200 mg/kg abiraterone did
not provide sufficient trough levels, as has been reported in
humans (14). We therefore increased the concentration of
abiraterone solvent to 400 mg/kg, which made a sufficient
trough level (15). In the oral gavage study, no BMD
reduction was observed in the control group. The castration
increased the number of RANKL-positive osteoblasts,
TRAP-positive osteoclasts, and serum TRAP5b level, and
reduced BMD. The abiraterone monotherapy increased
RANKL-positive osteoblasts and reduced BMD. However,
no significant additional effect of abiraterone on the BMD,
bone markers, and the number of osteoblasts and osteoclasts
was observed in the castration+abiraterone group, compared
with the castration group.

In the beginning, the assumption of this study was that the
mice had been previously believed to be deficient in the
secretion of adrenal androgens (17). Unexpectedly, the serum
testosterone level in the castration+abiraterone group was
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found to be significantly lower than that in the castration
group, although the difference was very small. A recent report
showed that a small amount of androgen was produced from
the adrenal gland in the murine castration model, the addition
of adrenalectomy to castration lowered serum testosterone
levels, and the adrenalectomy inhibited CRPC xenograft (18).
The proportion of adrenal testosterone in mice was calculated
to be less than 5% in the results of this experiment. In clinical
practice, the serum testosterone levels in healthy humans, at
an average of 383 ng/dl (19), decreased to an average of 7.6
ng/dl after castration in the COU-AA-301 study of patients
with CRPC (20). Moreover, serum testosterone levels
averaged 7 ng/dl after castration and before abiraterone,
decreasing to less than 1 ng/dl after abiraterone in the phase
I study of abiraterone therapy (21). Therefore, the ratio of
human adrenal testosterone was also calculated to be 5% or
less. Although serum testosterone levels alone cannot explain
the androgen-induced microenvironment in osteoblasts and
osteoclasts, the human bone microenvironment was affected
by testosterone levels in this mice experiment. From these
results, it can be concluded that androgen-dependent
osteoclast stimulation is already fully saturated by the
castration, and no additional effects of abiraterone could be
observed in murine osteoblasts and osteoclasts.

In the previous in vitro study by Iluniani et al., the
expression of CYP17A1 in human osteoblasts suggested that
at least some androgen-independent non-canonical
mechanisms of abiraterone, unrelated to CYP17A1, were
present in the bone microenvironment and suppressed
osteoblasts and osteoclasts in an androgen-independent
manner (13). Although the direct effect of abiraterone in the
bone microenvironment could be subtracted by the deprivation
of adrenal androgen in mice, the present in vivo study showed
no obvious androgen-independent non-canonical mechanisms
after addition of abiraterone to castration. Considered in line
with the result of androgen-dependent mechanisms, it is
possible that the androgen-dependent small osteoclast-
stimulating effect and the androgen-independent small
osteoclast-inhibiting effect canceled each other out.

In the ERA223 trial, it was reported that the use of radium
223 in patients treated with abiraterone+ADT increased the
frequency of fractures (22). It is considered that the use of
radium 223 in combination with abiraterone causes excessive
suppression of osteoclasts. Previous studies have reported
that radium 223 suppresses the vicious cycle of prostate
cancer bone metastasis in the bone microenvironment by
breaking double-stranded DNA in osteoblasts, osteoclasts,
and prostate cancer cells (14). However, the results in this
study did not explain the increased fractures in the ERA223
trial. The results in this study support the almost similar
results, in respect to SREs, obtained from the LATITUDE
(10) and STAMPEDE trials (11) for administering
abiraterone to patients with HNPC, which suggests that the

effects of abiraterone to improve the time to SREs could be
due to its inhibitory effect on cancer cells and not affected
by its direct effect to the bone microenvironment. 

The limitations of this research are as follows. First, the
mice testosterone levels did not reach a level that was lower
than the limit with abiraterone treatment, with or without
castration, as previously reported in mice and humans (19).
We used an intraperitoneal administration of abiraterone in
this study, however, the results are not shown because of a
BMD reduction in the control group. In experiments of oral
administration in humans, a previous report showed that
testosterone levels were different depending on the dose of
abiraterone (23). The reason for this could be in the varied
serum abiraterone level due to the varied ability of absorption
in the oral gavage model (24). Second, a significant increase
in serum RANKL levels induced by castration was not
observed in this study (6). The large basal difference in the
serum RANKL level might be one of the reasons for this.
Third, corticosteroids were not co-administered, preventing
adrenal insufficiency in this murine study, which made it
unlike a real-world clinical study. Regarding the effect of
corticosteroids on the onset of SREs, it has been reported that
the combined use of prednisolone over 10 mg/day increases
the frequency of fractures in humans (25).

Taken together, in this murine study, the androgen-
independent non-canonical direct suppression of osteoclasts
leading to the inhibition of BMD reduction was not
obviously observed after the addition of abiraterone to ADT.
The androgen-dependent stimulation of the osteoclasts
leading to the reduction of BMD was observed after a single
treatment of abiraterone, but not after the addition of
abiraterone to ADT. Although the administration of
zoledronic acid or denosumab at the begging of ADT in
clinical practice is essential for preventing the stimulation of
osteoclasts, this murine study suggests that clinicians do not
have to consider an additional BMD reduction when adding
abiraterone to ADT.

Conclusion

The addition of abiraterone to castration did not alter the
osteoclast activity and did not affect the BMD in the murine
model.
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