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Androgen-deprivation therapy (ADT) is a systemic therapy administered for the management of advanced prostate cancer
(PCa). Although ADT may improve survival, long-term use reduces bone mass density (BMD), posing an increased risk of
fracture. Considering the long natural history of PCa, it is essential to preserve bone health and quality-of-life in patients
on long-term ADT. As an alternative to pharmacological interventions targeted at preserving BMD, current evidence
recommends lifestyle modifications, including individualized exercise and nutritional interventions. Exercise interventions
include resistance training, aerobic exercise, and weight-bearing impact exercise, and have shown efficacy in preserving
BMD. At the same time, it is important to take into account that PCa is a progressive and debilitating disease in which a
substantial proportion of patients on long-term ADT are older individuals who harbor axial bone metastases. Smoking
cessation and limited alcohol consumption are commonly recommended lifestyle measures in patients receiving ADT.
Contemporary guidelines regarding lifestyle modifications vary by country, organization, and expert opinion.
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| 1. Introduction

Prostate cancer (PCa) is the second most commonly diagnosed of all male cancers worldwide and is the fifth leading
cause of cancer death in men . Treatment options for PCa patients include surgical procedures, radiation therapy,
androgen-deprivation therapy (ADT), and chemotherapy, depending on the stage and course of the disease. Androgen
receptor (AR) signaling actively promotes growth, proliferation, and invasiveness of PCa. ADT is most commonly
administered as a gonadotrophin-releasing hormone (GnRH) analog, which induces downregulation of the pituitary-
gonadal axis and subsequent suppression of the testicular production of testosterone, resulting in chemical castration or
the reduction in androgen activity to castration levels. ADT is a standard therapy for patients with aggressive and
systematic disease, in which the suppression of androgen activity to castration levels reduces disease-related morbidity
and prolongs survival .

PCa is an androgen-dependent disease; therefore, ADT is a keystone in the treatment for hormone-sensitive metastatic or
advanced disease [3]. Docetaxel chemotherapy and androgen receptor axis-targeted agents, including abiraterone or
enzalutamide, have shown clinical efficacy in patients with castration-resistant PCa (CRPC) [4]. Still, ADT is the mainstay
treatment for patients with advanced disease or CRPC and should be continuously maintained [4]. Despite the oncological
benefits of ADT, long-term administration induces clinical sequelae of reduced quality of life (QoL), sexual dysfunction,
and adverse metabolic effects, such as the development of insulin resistance, reduced muscle mass, increased fat mass,
and loss of bone mineral density (BMD) BIEIBIE The decline in BMD is a devastating adverse effect of ADT that increases
the risks of skeletal-related events (SREs) such as pathological fractures and spinal cord compression. The need for bone
surgery or adjunctive treatments for these patients is known to reduce QoL and survival 4.

Loss of BMD in patients on ADT is a commonly overlooked and undertreated condition. Considering the long natural
history of PCa, appropriate monitoring and management are essential in preserving bone health and health-related QoL in
patients with PCa on long-term ADT. This article will review current guidelines available for the monitoring and
management of ADT-induced bone loss in patients with PCa and will explore the effects of current lifestyle modifications
and interventions, particularly on dietary supplementation and physical exercise in managing ADT-related alterations to
bone health.

| 2. Pathophysiology Underlying Prostate Cancer Bone Metastasis

The skeletal system is the most common site of PCa metastasis, with 90% of patients with advanced PCa having bone
involvement &, The most common sites are the vertebral column, pelvic bone, ribs, long bones, and the skull. Bone
metastases are associated with SREs, such as pathological fracture, spinal cord compression, and surgical or radiation



intervention of the bone. SREs are known to increase morbidity and to negatively impact QoL [&. The aim of treatment for
SREs is focused on delaying the onset of adverse events and maintaining QoL and functional status in patients with bone
metastatic PCa 19,

The underlying pathogenesis of bone metastases in patients with PCa remains unclear, and studies are ongoing to
elucidate the mechanisms of this entity. High levels of biochemical markers of bone turnover in patients with PCa with
bone metastases indicate increased rates of osteoblast and osteoclast activity 1 Moreover, researchers have
hypothesized that interactions between the bone microenvironment and cancer cells may induce a vicious cycle of bone
destruction and metastasis of the tumor 2. Circulating tumor cells secrete interleukins, a gradient of chemokines, and
parathyroid hormone-related protein (PTH-rP), which initiates osteolysis and results in the release of cytokines and factors
by the bone marrow. The receptor activator of nuclear factor-kp ligand (RANKL) is a mediator of bone remodeling and
binds to its receptor on the surface of osteoclast progenitors, which leads to bone resorption. Tumor cells increase RANKL
expression on osteoblasts by secreting PTH-rP, which leads to the proliferation of osteoclasts and increased bone
resorption. In turn, osteoclast precursors, such as bone morphogenetic proteins, fibroblast growth factor, platelet-derived
growth factor, and transforming growth factor-, are activated. This stimulates tumor cell proliferation and the production
of resorptive factors, completing the vicious cycle of tumor metastasis and osteolysis (Figure 1) 18l Further studies
focusing on the underlying pathophysiology directing the progression of bone metastases in patients with PCa would be
crucial to broadening the horizon of novel therapeutic strategies 241,
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Figure 1. The vicious cycle of bone metastasis. Bone resorption releases and reactivates PCa cells into the bone, leading
to metastatic outgrowth in the bone microenvironment. Production of factors by PCa cells that increase bone resorption
through enhanced interaction between RANKL expressing osteoblasts and RANK expressing osteoclasts mediates the
vicious cycle of PCa bone metastasis. Production of PTHrP and growth factors increases the interaction between RANKL-
expressing osteoblasts and RANK-expressing osteoclasts, which further increases bone resorption. The release of BMPs
and TGF-B by bone resorption further aggravates the vicious cycle. ADT: androgen-deprivation therapy, BMPs: bone
morphogenetic proteins, PCa: prostate cancer, PTHrP: parathyroid hormone-related protein, RANK: receptor activator of
nuclear factor-k3, RANKL: receptor activator of nuclear factor-« ligand, TGF-[3: transforming growth factor-f3.

| 3. Pathophysiology of Cancer Treatment-Induced Bone Loss

The progression of PCa is an androgen-dependent process. After the administration of ADT, sex steroid levels rapidly
decrease and reach a nadir within four weeks of therapy 5. The interactions between bone homeostasis and sex
steroids have been widely explored RIS | the skeletal system, androgens directly stimulate growth plate
chondrocytes and influence the longitudinal growth of bone 2%, AR signaling in osteoblasts promotes differentiation and
increases the protective effects of androgens on trabecular bone mass, which in turn decreases bone resorption and
osteoclast numbers 2. The role of estrogens in bone is to protect against endocortical resorption, which is regulated by
estrogen receptors (ERa, ERP) that are expressed by mesenchymal or stromal cells [22. Estrogens play an essential role
in osteoblast proliferation along with the inhibition of osteoclast precursors and in the regulation of osteoclast apoptosis!22
(231 Accumulating evidence supports the hypothesis that compared to testosterone, estrogen plays a more influential role
in the regulation of bone metabolism in males [24(251(26],

Following the administration of ADT, serum levels of testosterone and estradiol show a substantial and rapid decrease,
which leads to disruptions of skeletal homeostasis and bone rigidity. A prospective trial conducted by Greenspan et al.
evaluated the rate of bone loss after ADT administration in patients with PCa and observed that the reduction in BMD was
most rapid during the first year of ADT initiation, suggesting that preventive measures should be considered during this
early period [15]. The duration of ADT and the harmful side effects on bone health show a direct relationship. In a



separate cross-sectional study reported by Kiratli et al., a constant reduction in BMD was observed in patients with PCa
who received long-term ADT. This effect was more prominent in patients who underwent continuous ADT and surgical
castration in comparison to those who received intermittent ADT 22,

Bone loss induced by glucocorticoids is caused by enhanced rates of osteoblast and osteocyte apoptosis, impaired
osteoblast differentiation, and prolonged osteoclast activity 28, Glucocorticoids play a distinctive role in the management
of CRPC, where they are used in combination with chemotherapy or administered as low dosage monotherapy [2E%,
Future investigations are warranted to explore management strategies to reduce the adverse effects of glucocorticoids on
skeletal health when co-administered with ADT or adjuvant chemotherapy.

Androgen receptor axis targeted agents, including enzalutamide and abiraterone acetate in combination with prednisone,
have gained FDA approval for their survival benefit in patients with advanced disease. In addition to their survival benefits,
pooled analysis investigating the impact of both agents on skeletal endpoints has demonstrated an advantage in terms of
SREs B, It is unclear whether this effect is secondary to the systemic control of bone metastasis or a direct effect on the
bone microenvironment. In need of reducing the adverse metabolic effects of ADT, several studies have investigated the
effect of these agents on bone metabolism. A single-arm, phase Il trial investigated the potential of enzalutamide as a
monotherapy for patients with hormone-naive PCa eligible for ADT 22, Bone turnover and metabolic outcomes were
included in the exploratory outcomes, which indicated a stable BMD, with only small changes comparable to those
achieved with bicalutamide and in contrast to those for leuprolide. Increased levels of estrogen and bone turnover
markers of bone resorption with enzalutamide monotherapy were suggested as the pathophysiological mechanism of
BMD maintenance 231, Considering that enzalutamide is administered without the need for glucocorticoids, future trials
would be warranted to investigate the long-term efficacy and safety of enzalutamide as monotherapy in terms of survival
and cancer treatment-induced bone loss (CTIBL). For abiraterone acetate, the results from an in vitro study suggest a
direct bone anabolic and an anti-resorptive effect 4. Furthermore, abiraterone acetate was found to exhibit an inhibitory
effect on human primary osteoclast function and to promote osteoblast differentiation and bone matrix deposition in
patients with mCRPC 1. Future studies are warranted to investigate how abiraterone acetate and enzalutamide may be
utilized to exert additional positive effects on CTIBL due to ADT.

The increased adaptive exposure of ARs results in an incremental resistance to ADT. Evidence has demonstrated that this
increase produces a therapeutic vulnerability, which leads to cellular apoptosis induced by supraphysiologic levels of
androgens 321381 Bipolar androgen therapy has been proposed as an alternative therapeutic approach, in which rapid
hormonal cycling between supraphysiologic and castrate levels of testosterone is performed to disrupt adaptive regulation
of AR levels BZl. The BATMAN study was a phase |l trial that investigated the feasibility of bipolar androgen therapy in
terms of prostate-specific antigen response and metabolic effects in patients with hormone-sensitive PCa 28, BMD was
measured using dual-energy X-ray absorptiometry (DXA) at baseline and 6 and 15 months. As expected, there was no
decline in BMD throughout the study period. Of note, the relatively small sample size and a short follow-up period of the
study may have limited the ability to detect changes in bone metabolism.

Apalutamide is another competitive inhibitor of the AR. SPARTAN was a phase Il trial that demonstrated prolonged
metastatic-free survival and time to symptomatic progression in patients with non-metastatic CPRC B2, Despite the
survival benefit, the results indicate that treatment with apalutamide increased the risk of non-pathological bone fractures.
The exact pathophysiology underlying non-pathological fractures is unclear; however, it may be presumable that more
potent inhibition of testosterone activity may have accelerated bone turnover and subsequent fragility of the bone matrix.
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