
Prostate cancer is a major public health problem world-
wide, still remaining the most common cancer among el-
der males in both Europe and USA, being responsible for 
approximately 30,000 deaths in USA in 2014. Nowadays, 
after decades of basic research, novel treatment options 
have emerged focusing on men suffering from metastat-
ic castration-resistant prostate cancer improving overall 
survival. It is also estimated that more than 90% of such 
patients develop bone metastasis, resulting in a signifi-

cant increase in morbidity and mortality. The purpose of 
this review was to discuss the treatment options targeting 
bone metastasis in castration-resistant prostate cancer 
patients by examining the available literature focusing 
primarily in the role of zoledronic acid, denosumab and 
radium 223.
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Prostate cancer is a major public health prob-
lem worldwide, still remaining the most common 
cancer among elder males in both Europe and 
USA, being responsible for approximately 30,000 
deaths in USA in 2014 [1,2]. Although non-palpa-
ble prostate cancer now represents about 60-75% 
of newly diagnosed cases, it is estimated that 
10-20% of prostate cancer patients initially pres-
ent with metastatic disease [3]. Moreover, up to 
one-third of patients who initially presented at an 
early stage will eventually develop disease recur-
rence despite early definite treatment [3]. Primary 
androgen deprivation therapy achieved either by 
surgical castration or by pharmaceutical agents is 
the standard of care in patients initially diagnosed 
with metastatic disease leading in over 80% of the 
cases to clinical improvement and reduction of 
serum prostate specific antigen (PSA) levels [4]. 
However, almost all advanced metastatic cancers 
treated with androgen deprivation will eventually 
develop into castration-resistant prostate cancer 

(CRPC) with more than 90% of the patients with 
metastatic castration-resistant prostate cancer 
(mCRPC) developing bone metastasis which re-
sults in a significant increase in morbidity and 
mortality [5]. Patients at this stage of disease may 
be clinically asymptomatic or may present with 
bone pain or even skeletal-related events (SRE) 
which include manifestations of spinal cord com-
pression, pathological fractures, hypercalcemia of 
malignancy, requirement for interventions such 
as bone surgery, or need for bone radiation [6]. 
More specifically in the absence of bone targeted 
therapy the rate of SRE at 15 months was reported 
to be 44%, including a 22% rate of bone fracture 
[7]. Traditionally, the bone lesions in mCRPC have 
been described mostly as osteoblastic but increas-
ing evidence lends credence to the importance of 
osteolytic factors in prostate cancer metastasis. 
It is now proved fact that in an osteoblastic me-
tastasis as well as the adjacent bone there is an 
increase in osteoclast number and activity which 
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brings evidence of both an osteolytic and an osteo-
blastic component with increased bone formation 
and resorption [8,9]. From 2004 until 2010 only 
docetaxel was approved as therapeutic option for 
mCRPC as it was the sole treatment demonstrat-
ing a survival advantage, with cabazitaxel being 
a second line option when primary treatment 
with docetaxel failed [10]. Nowadays new drugs 
are approved for mCRPC such as sipuleucel-T, abi-
raterone acetate [29] and enzalutamide as well as 
bone targeted therapies such as the radioactive 
radium 223 dichloride, denosumab and zoledronic 
acid (Table 1) [11,12]. 

This review discusses the role of these bone 
targeted therapies in the everyday practice in the 
current treatment of bone metastasis in mCRPC 
and the benefits in patients’ morbidity and mor-
tality.

Zoledronic acid

Zoledronic acid is a nitrogen-containing bi-
pshosphonate, currently used for the prevention 
of SREs in patients suffering from mCRPC. Its ap-
proval by FDA in 2002 was made after the con-
clusion of an international phase III randomized 
placebo-controlled trial of zoledronic acid in pa-
tients with hormone refractory metastatic pros-
tate carcinoma [7] (Table 2). The trial enrolled a 
total of 643 asymptomatic patients not receiv-
ing chemotherapy during the time of the enrol-
ment but eligible to be treated with such therapy 
during the study. All patients were randomly as-
signed to receive treatment either with zoledronic 
acid in a dose of 4 or 8 mg, or placebo once every 
3 weeks for 20 cycles lasting 15 months. The pri-
mary endpoint of the study was the diagnosis of 
at least one SRE. Patients were monitored by bone 
scans performed at 6 and 15 months after the en-
rollment. Moreover, follow-up bone surveys were 
conducted every 3 months. As a result, at least 
one SRE was diagnosed in 44.2% of the patients in 
the placebo group vs 33.2% in the zoledronic acid 

group receiving 4 mg dose (95% confidence inter-
val -20.3 to -1.8; p=0.021) and in 38.5% of patients 
receiving zoledronic acid initially 8 mg followed 
by reduction at 4 mg due to an observed later re-
nal toxicity (95% confidence interval -15.1 to 3.6; 
p=0.222). On the other hand, no statistically sig-
nificant difference was noted between the groups 
in terms of analgesic scores, overall quality of life, 
disease progression and performance status. As 
for side effects, the most commonly observed in 
the zoledronic group arm were fatigue, anemia, 
myalgia, fever and lower limb edema although no 
difference in discontinuation of the treatment was 
noted between the groups [7]. In 2004 Saad et al. 
published the long term results of their original 
trial which showed that zoledronic acid managed 
to reduce SREs by 36% compared with placebo 
at 24 months of follow up with the median time 
to first SRE being 488 days in the zoledronic acid 
arm vs 321 days in the placebo arm (p=0.002) [13] 
(Table 2). Although zoledronic acid is well toler-
ated, 1% of the patients present with osteonecro-
sis of the jaw with poor dental hygiene, dental 
interventions and frequency and duration of use 
described as risk factors [14]. Length of exposure 
seems to be the most important risk factor for this 
complication [15]. It is therefore very important 
that all patients scheduled to receive zoledronic 
acid to obtain a baseline dental evaluation prior 

Table 1. Approved therapeutic options for  
metastatic, castration-resistant prostate cancer 

Chemotherapy Docetaxel
Cabazitaxel 

CYP17A Inhibitor Abiraterone 

Androgen Receptor Inhibitor Enzalutamide 

Immunotherapy Sipuleucel-T

α Particle Emitter Radium 223

Biphosphonate Zoledronic Acid

Monoclonal Antibody Denosumab

Table 2. Major trials for current bone targeted 
therapies

Reference Intervention Results 
Saad et al 
[7]

Zoledronic acid 
8 or 4 mg vs 

placebo

SRE at 15 months: 
38.5% ZA vs 44.2% placebo

Time to first SRE: 
363 days ZA vs 321 days 

placebo

Saad et al 
[13]

(follow up) 

Zoledronic 
acid 4 mg vs 

placebo

SRE at 24 months:
ZA 38% vs 49% placebo

Time to first SRE:
ZA 488 days vs 321 days 

placebo

Fizazi et al 
[18]

Denosumab 
120mg vs 

zoledronic acid 
4 mg

Time to first SRE was 
reduced by 3.6 months in 

the denosumab arm

Smith et al  
[20]

Denosumab 
120 mg vs 

placebo

Denosumab has increased 
bone metastasis free sur-

vival by 4.2 months 

Parker et al 
[23]

Radium 223 vs 
placebo

Median survival:
14 months RA vs 11.2 

months placebo
Median time to first SRE:

13.6 months RA vs 8.4 
placebo

SRE: skeletal related events, ZA: zoledronic acid, RA: radium 223
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to the initiation of therapy and avoid major dental 
procedures if possible.

Denosumab

Denosumab is a fully humanized monoclonal 
antibody which suppresses the formation of os-
teoclast by binding to receptor activator of nucle-
ar factor κB ligand (RANK-L) [16]. More specifical-
ly, receptor activator of nuclear factor κB (RANK) 
is an important molecule in bone homeostasis. It 
is activated by RANK-L, a member of the tumor 
necrosis factors family, and therefore stimulates 
osteoclast formation, differentiation, activation, 
adherence and survival eventually leading to 
bone resorption [17] (Figure 1). Denosumab was 
FDA-approved in 2010 as a therapeutic option 
for prevention of SREs in patients suffering from 
bone metastasis from solid tumors including 
prostate cancer. 

Denosumab proved its superiority over zole-
dronic acid in terms of preventing SREs in men 
with mCRPC suffering from bone metastasis after 
the completion of a phase III randomized double 
blind study including a total of 1904 patients [18] 
(Table 2). Patients were 1:1 randomized to receive 
either 120 mg denosumab or 4mg zoledronic acid 
every 4 weeks with primary endpoint of the study 
the time to first SRE. Median time to first SRE was 
20.7 months in the denosumab arm compared to 
17.1 months in the zoledronic acid arm (p=0.008 
for superiority). No differences were noted be-
tween the two groups in terms of overall survival 
or disease progression. In addition, the adverse 
effect profile was similar with most common 
adverse events being anemia, decreased apetite, 
nausea, bone pain fatigue and back pain. Osteone-
crosis of the jaw was reported in 2% in the denos-
umab arm compared to 1% in the zoledronic acid 
arm [18]. This trial led to the FDA approval of de-
nosumab with the indication of preventing SREs 
in men suffering from metastatic prostate cancer. 
In a further analysis of this phase III study by 
Smith et al., denosumab reduced the risk of skel-
etal complications vs zoledronic acid regardless 
of whether the endpoint of the study was defined 
as time to first SRE or incidence of symptomatic 
skeletal events (SSE) which include symptomatic 
pathologic fractures, surgery to bone, radiation 
to bone or symptomatic spinal cord compression 
(p=0.004) [19]. 

Furthermore, a phase III randomized place-
bo-controlled trial evaluated the efficacy of deno-
sumab in improving metastasis-free survival in 
mCRPC patients. Patients were randomly assigned 

(1:1) via an interactive voice response system to 
receive subcutaneous denosumab 120 mg or sub-
cutaneous placebo every 4 weeks. Randomization 
was stratified by PSA eligibility criteria and previ-
ous or ongoing chemotherapy for prostate cancer. 
The primary endpoint was bone metastasis-free 
survival, determined by time to first occurrence of 
bone metastasis or death from any cause. Therapy 
with denosumab was associated with an increase 
of bone metastasis-free survival by 4.2 months 
compared to placebo. No statistically significant 
difference was noted in prostate cancer progres-
sion, overall survival, progression-free survival 
and adverse events between the two groups [20] 
(Table 2). In addition, Smith et al. in a follow up 
study evaluated the results of denosumab ad-
ministration in bone metastasis-free survival by 
explanatory analyses by baseline PSA doubling 
time and as a result denosumab was associated 
with an improvement in bone metastasis-free 
survival in patients with shorter PSA doubling 
time [21]. 

As both zoledronic acid and denosumab treat-
ment reduces SREs there is a need of determin-
ing the safety of prolonged therapy. The results 
of extended denosumab therapy in patients with 
bone metastases are described from the open-la-
bel extension phase of two phase 3 trials. During 
the blinded treatment phase, exposure-adjusted 
incidences of osteonecrosis of the jaw were 1.9 % 
and 1.2 % in the denosumab and zoledronic acid 
groups respectively. Moreover, the vast majority 
of osteonecrosis of the jaw cases was associated 
with the already established risk factors such as 
major dental procedures, poor oral hygiene and 
prolonged duration of therapy. As a result, these 
data from the open-label extension phase of two 
pivotal trials in metastatic breast and prostate 
cancer confirm the known safety profile of denos-
umab with long-term administration for a median 
12.0 months (up to 5.6 years) in metastatic pros-
tate cancer. Additionally, there were no new safety 
signals among patients who underwent treatment 
with denosumab after previous zoledronic acid 
therapy, suggesting that changing from bisphos-
phonate to denosumab is a feasible and safe op-
tion. Patients should continue to be counseled on 
the importance of dental hygiene as well as adher-
ence to calcium and vitamin D supplements while 
receiving bone-targeted therapy [22,23]. As far as 
hypocalcemia associated with denosumad use is 
concerned, it has been noted that severe hypocal-
cemia is observed in patients with high levels of 
baseline alkaline phosphatase (ALP) and high per-
formance status [24].
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Radium 223 dichloride (Alpharadin)

Radium 223 is an α particle emitter admin-
istered intravenously with high affinity for the 
bone matrix. As alpha particles can be stopped by 
a sheet of paper, radium 223 requires no radia-
tion safety precautions such as particular sleep-
ing arrangements, limited time or specified dis-
tance from children or pregnant women. Radium 
223 was recently approved by the FDA in 2013 
for the management of men with mCRPC after the 
conclusion of a randomized phase III trial show-
ing an overall survival benefit [25,26]. In this tri-
al, 922 men with symptomatic bone-metastatic 
CRPC were randomized in a 2:1 ratio to receive 
either six injections every 4 weeks of radium 223 
or placebo [25] (Table 2). The primary endpoint 
was overall survival, with secondary endpoints 
the time to first SRE, time to alkaline phospha-
tase progression, alkaline-phosphatase response, 
alkaline-phosphatase normalization, time to PSA 
progression, safety, and quality of life. Median 
survival was significantly increased in the radium 
223 arm (11.2 vs 14.0 months). Furthermore, an 
improvement in median time to SRE (13.6 vs 8.4 
months), time to alkaline phosphatase progres-
sion, and time to PSA progression was recorded, 

also favoring the radium 223 arm. Adverse events 
were detected in 88% of the radium 223 patients 
and 94% of the placebo-treated patients. More-
over, higher serious adverse events were reported 
in the placebo group (43 vs 55%) and treatment 
discontinuation due to them was also higher in 
the placebo group [24]. Moreover, Alpharadin was 
associated with significant and meaningful quali-
ty of life improvement as well as lower quality of 
life decline [27]. Given that radium 223 is excreted 
via the intestinal system, which can manifest as 
diarrhea, nausea or vomiting, careful monitoring 
of the patient’s oral intake and fluid status is cru-
cial to prevent dehydration [28]. The safety pro-
file of radium 223 is encouraging in comparison 
to the β emitters, which may allow for increased 
dosing or combination with docetaxel chemother-
apy or novel agents such as enzalutamide or abi-
raterone acetate [29]. 

Conclusion

Denosumab has proved superiority over zole-
dronic acic in terms of preventing SRE in mCRPC 
patients, has an easy way of administration by 
subcutaneous injection and can also be adminis-
tered to patients with impaired renal function. In 
all cases where a patient is treated with denosum-
ab, vitamin D supplements and calcium should be 
also administered in order to prevent hypocalce-
mia and patients should be advised to avoid major 
dental operations. Zoledronic acid still remains an 
alternative choice especially in cases where ade-
quate insurance coverage is unavailable. Radium 
223 is the first radiopharmaceutical to provide 
a prolongation in overall survival in men with 
CRPC cancer. It also prolongs the median time to 
first SRE when compared to placebo. Moreover, 
the safety profile is encouraging thus it becomes 
a valid option for symptomatic mCRPC patients 
with bone metastasis [30].
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Figure 1. Mechanism of denosumab action: denosumab 
binds to RANK –L inhibiting RANK activation.
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