Open Access

https://www.jparathyroid.com

B;Ffathyroid Journal of Parathyroid Disease 2026,14, e13312 Review
D_ DOI:10.341 72/jpd.2025.13312
isease
When tumors break bones; emerging paradigms in
the pathogenesis and prevention of oncologic skeletal =~ <5

fractures

Sina Salem Ahim' ™, Zahra Ganjali? ', Reyhaneh Hassanshahi®* ", Zahed Karimi* ™, Mobin Forghan®"~, Amir
Alilou*>™, Amin Norouzbeygi® ", Hojjat Eghbali Jelodar>

Abstract

Oncologic skeletal fractures or pathologic fractures resulting from tumor-induced bone destruction represent a devastating complication
of both primary bone cancers and metastatic disease, profoundly impairing patient quality of life and survival. Traditionally viewed as
mechanical failures secondary to osteolytic or osteoblastic lesions, emerging paradigms now recognize these fractures as the culmination
of complex, dynamic interactions between tumor cells and the bone microenvironment. Recent advances highlight the role of tumor-
secreted factors, which dysregulate normal bone remodeling by takeover of osteoclast and osteoblast activity, leading to structural
weakening long before radiographic changes appear. Moreover, the concept of the vicious cycle between tumor growth and bone
resorption has been expanded to include immune modulation, angiogenesis, and neural signaling within the skeletal niche. Novel imaging
modalities and biomechanical modeling now enable earlier detection of at-risk bone, while biomarkers offer promise for risk stratification.
Therapeutically, beyond bisphosphonates and denosumab, emerging strategies target specific molecular pathways like TGF-K, Wnt, CXCR4
to disrupt tumor-bone crosstalk and preserve skeletal integrity. Additionally, prophylactic stabilization guided by fracture risk assessment
tools is increasingly personalized. Meanwhile, prevention, rather than reaction, is becoming the cornerstone of management, emphasizing
collaboration among oncologists, orthopedic surgeons, radiologists, and bone biologists.
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Introduction

Tumors frequently interact with bone tissue, promoting
excessive bone formation or leading to significant
bone resorption, both of which weaken the bone and
increasing the risk of fractures. These fractures, known as
pathological fractures, occur when a bone breaks due to a
weakened state rather than typical trauma (1). The process
of cancer spreading to bone, known as bone metastasis, is
a complex, multi-stage event that can become evident in
later stages of tumor progression (2). Bone metastases are
a more frequent complication of malignancy than primary
bone tumors, appearing in up to 70% of advanced breast
and prostate cancer cases (3). The presence of skeletal
metastases significantly increases the risk for skeletal-
related events, including pathological fractures, spinal cord

compression, and the need for palliative radiation therapy
or surgery. Pathological fractures are a serious issue in
the clinical course of tumor diseases due to their frequent
occurrence and severe clinical presentation (4). These
fractures can result from even minor injuries that would
not normally cause significant damage to healthy bones.
Bones that are typically strong and resistant to breaking,
such as those in the arms and legs, can fracture easily if
weakened by an underlying health condition like cancer
(5). Pain in the bone can even precede a fracture, indicating
an impending pathological fracture. While almost all
types of cancer can metastasize to the bones, some, like
breast cancer and prostate cancer, are particularly prone
to metastasis (3). Bone metastasis can occur in any bone;
however, is most commonly found in the spine, pelvis,
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According to the tumor type, bone metastases are osteolytic,
osteoblastic, or mixed. Osteolytic metastases, common in breast
cancer, involve increased osteoclast activation stimulated by tumor-
secreted factors such as RANKL, PTHrP, IL-6, IL-11, and others. These
factors promote bone resorption, releasing growth factors stored in
the bone matrix like transforming growth factor-beta, which further
stimulate tumor growth, creating a vicious cycle of bone destruction
and tumor expansion. Osteolytic lesions lead to significant bone
weakening and fracture susceptibility..

and thigh (6). In some cases, bone metastasis can be the
initial sign of cancer, or it may appear years after initial
cancer treatment. The underlying mechanism of bone
weakening by cancer involves a disruption of the natural
bone remodeling process (3). Healthy bone is constantly
repairing and renewing itself through the balanced activity
of osteoblasts, which form new bone, and osteoclasts,
which break down old bone. Cancer cells can accelerate or
block the actions of these cells, leading to either too much
bone formation or too much bone breakdown, both of
which compromise bone strength and can lead to fractures
or hypercalcemia (7). Then, the physiological remodeling
process of bone is disrupted by malignant cells using the
same molecular mechanisms employed by native bone
cells. This process involves molecular crosstalk amongst
osteocytes, osteoblasts, and osteoclasts (8). Several studies
demonstrated that the molecular crosstalk between tumor
cells and bone cells contains numerous signaling pathways
and regulatory proteins, including osteoprotegerin,
sclerostin, and Dickkopf-1 (DKK1), which modulate the
Wnt signaling pathway essential for bone cell function (9).
It is postulated that tumor cells manipulate this signaling
network to favor a microenvironment conducive to their
survival and expansion. Small RNAs such as microRNAs
also modulate gene expression in tumor and bone cells,
influencing metastatic potential and bone destruction
(10).

Search strategy

For this narrative review, we conducted a literature
search across multiple databases, including PubMed,
Google Scholar, the Directory of Open Access Journals
(DOAJ), Web of Science, EBSCO, Scopus, and Embase,
using a variety of relevant keywords like; Neoplasm, bone
fractures, pathologic, bone neoplasm, bone remodeling,
osteolysis, bone density conservation, bone resorption.
Mechanistic impact of bone destruction following
tumor metastasis

Under normal conditions, a balanced coupling of
osteoclast-mediated resorption and osteoblast-mediated
formation preserves structural integrity and repairs
microdamage (11). Tumor cells that colonize bone either
directly or by systemic factors hijack this coupling to favor
net bone loss or aberrant bone formation, depending

on tumor type and molecular phenotype (12). Breast,
lung, kidney, and thyroid carcinomas frequently produce
osteolytic metastases characterized by heightened
osteoclast activation, increased local production of
proteolytic enzymes and acid, and suppression of
osteoblast differentiation, leading to trabecular thinning,
cortical porosity, and focal collapse (3). Multiple myeloma
represents a prototypical marrow-based malignancy
where malignant plasma cells secrete osteoclast-activating
cytokines and concomitantly produce powerful inhibitors
of osteoblastogenesis, producing diffuse osteolysis and
high risk of collapse even with small tumor volumes
(13). Prostate cancer often takes the opposite histologic
appearance on imaging, osteoblastic or sclerotic lesions,
but these are structurally abnormal bone deposits that
are brittle, poorly organized, and paradoxically at risk
for fracture as the new bone lacks the biomechanical
properties of healthy lamellar bone (14). Central to these
divergent phenotypes is the tumor’s capacity to manipulate
key molecular pathways, including RANK/RANKL/OPG,
Wnt/p-catenin signaling, TGF-{ release from bone matrix,
PTHrP production, and a host of inflammatory and
proteolytic mediators that reshape the microenvironment
and alter both the quantity and quality of bone matrix
(15). It should be remembered that the vicious cycle
hypothesis has long dominated the conceptual framework
for bone metastasis and fracture pathogenesis. Tumor
cells release soluble factors such as parathyroid hormone-
related peptide (PTHrP), interleukins, and prostaglandins
that upregulate the expression of receptor activator of
nuclear factor-kappaB ligand (RANKL) by osteoblasts and
marrow stromal cells (16). RANKL, in turn, stimulates the
differentiation and activity of osteoclasts, the principal
mediators of bone resorption. As osteoclasts degrade bone,
they release sequestered growth factors, most prominently
TGF-B (transforming growth factor-beta) and insulin-
like growth factors (IGFs), from the bone matrix, further
fueling tumor proliferation and metastasis (16). In lytic
lesions, this self-amplifying loop leads to profound bone
loss, microarchitectural disruption, and fracture (17).

Types of bone metastasis

Bone metastases are generally categorized as osteoblastic,
where new bone is formed, or osteolytic, where bone
is broken down, although most cancers exhibit a
spectrum between these two extremes (3). Osteolytic
bone metastasis, which is frequently detected in breast
malignancy is considered by increased osteoclast
differentiation and function and reduced osteoblast
function. Likewise, tumor cells exploit factors released
by bone tissue resorption, creating a vicious cycle that
stimulates metastasis (8). In contrast, osteoblastic
metastasis, commonly associated with prostate cancer,
involves promoted osteoblast function and differentiation
and reduced osteoclast activity, resulting in a net gain of
poor-quality bone tissue (18). The molecular mechanisms
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involving parathyroid hormone-related protein (PTHrP)
and transforming growth factor-p (TGF-p) play a role
in osteolytic metastasis, with increased local PTHrP
concentration leading to increased RANKL expression
and subsequent osteoclast activation (19). Endothelin-1
(ET-1) and dickkopf homolog-1 (DKK-1), produced by
tumors, are involved in osteoblastic metastasis, with DKK-
1 being a central regulator of osteoblastic activity (20).
The main cause of bone tissue resorption is strengthened
osteoclast activity, but tumor cells also diminish osteoblast
activity by secreting factors and utilizing bone tissue
mechanisms for their progression, to establish a positive
feedback system. This disruption of the communication
among osteoblasts and osteoclasts, mediated by Ephrin
(Eph) B2 and EphB4 membrane receptors, reduces the
contact between bone tissue cells (21). In osteoblastic
metastasis, primarily seen in prostate malignancy, tumor
cells secrete factors that increase osteoblast count and
activity (22). Furthermore, platelet-derived growth factor
induces osteoblast differentiation and activity. Fibroblast
growth factors and vascular endothelial growth factor
also increase osteoblast activity (23). Bone morphogenetic
proteins (BMPs), particularly BMPs 6, 7, and 4, secreted
by tumor cells, stimulate bone formation and angiogenesis
(24). Meanwhile, prostate cancer cells expressing Wnt
3a, 7b, and 10b modulate Wnt signaling pathways,
influencing osteoblast differentiation and proliferation
(25). Endothelin 1 secreted by tumor cells also stimulates
osteoblast activity (26). Prostate cancer bone metastases
are also characterized by PTHrP secretion, which
may interact with endothelin receptors after protein
modification. Urokinase plasminogen activator and
prostate-specific antigen secreted by prostate cancer cells
enhance osteoblast activity and the release of active growth
factors (27). In the preliminary stages of metastatic disease
in bone, tumor cells secrete substances that stimulate
osteoblast activity, leading to new bone tissue formation.
However, this is not a self-limiting process, as increased
osteoblast activity also strengthens osteoclast activity, and
bone matrix degradation releases growth factors, creating
a positive feedback loop (8).

Focus on the inflammation milieu

Inflammation and the immune milieu are central to
the pathogenesis of tumor-associated bone destruction
and are promising targets for prevention (28). Tumor-
derived TNF-a, IL-1, IL-6, and other cytokines amplify
osteoclastogenesis and suppress osteoblasts (29); while
immune cells within the bone microenvironment
macrophages, T cells, and neutrophils, can be co-opted
to support tumor growth and bone resorption (30).
The recognition that immune and skeletal systems are
deeply interwoven suggests opportunities to leverage
immunomodulatory strategies to protect bone. For
instance, therapies that inhibit key inflammatory
mediators or reposition macrophage phenotypes could

reduce osteoclast activation and preserve bone formation
(31). Likewise, interventions that block the release or
activity of latent growth factors stored in bone matrix,
such as TGF-f released during resorption, may interrupt
feed-forward cycles that enhance tumor progression and
bone degradation (32).

Role of RANKL in osteoclast stimulation by tumor cells
A key player in humoral stimulation of osteoclast function
by tumor cells is RANKL, whose activity is mediated by
RANK on osteoclast precursors (33). RANKL binding
to RANK initiates an intracellular cascade that activates
multiple TNF receptor-associated factors and downstream
signaling pathways, leading to the transcription of effectors
that promote bone resorption (16). Osteoprotegerin,
secreted by osteoblasts and bone marrow stromal cells,
binds to RANKL to impair its interaction with RANK,
thus influencing the extent of bone resorption. PTHrP
secretion increases RANKL secretion, and its action is
mediated by the PTH receptor (PTHR1) (34). Increased
secretion of IL-1, IL-6, IL-8, and IL-18 also promotes the
differentiation of osteoclast precursors into osteoclasts.
Additionally, macrophage inflammatory protein la acts as
a chemotactic factor for osteoclast precursors and induces
osteoclast differentiation through a RANKL-independent
mechanism (35). Cyclooxygenase type 2 expression in
osteoblasts, induced by MAP kinase activity, leads to
increased PGE2 concentration, which in turn enhances
RANKL production and osteoclast differentiation
(36). TNF-q, secreted by tumor cells and bone marrow
stromal cells, plays a dual role by promoting osteoclast
differentiation and inhibiting osteoblast function (37).

Role of DKK1in osteolytic bone metastases
DKKI1,aninhibitor of the Wnt/B-catenin signaling pathway,
plays a role in osteolytic bone metastases, particularly in
multiple myeloma, by reducing RUNX2 expression (a
key transcription factor in osteoblast differentiation)
and stimulating osteoclast activity through reduced
osteoprotegerin expression and enhanced RANKL
expression (38). Other Wnt inhibitors like sclerostin and
sFRP2, along with IL-7 and TNF-q, also inhibit osteoblast
function (39). Tumor cells exploit the communication
pathways between osteoblasts and osteoclasts, leading to
bone resorption that releases factors stimulating tumor
cells, thus establishing a positive feedback mechanism that
spreads bone metastatic disease (7). Growth factors such
as TGF-f, IGF-1, BMPs, INF-y, and various ILs, released
from the bone matrix during osteoclast activity, stimulate
tumor cell growth (40). Tumor cells also respond to
calcium ions released during bone resorption (41).

Impact of tumor-associated macrophages

The role of the immune system in cancer-induced bone
disease is also gaining attention. Tumor-associated
macrophages and myeloid-derived suppressor cells not
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only promote tumor growth and immune evasion but also
secrete pro-osteoclastogenic cytokines (42). In this regard,
immune checkpoint inhibitors, while revolutionizing
cancer treatment, can have paradoxical effects on bone;
since some studies suggest immune checkpoint inhibitors
may enhance anti-tumor immunity within the bone
marrow (43); while others report increased fracture
risk, possibly due to immune-mediated inflammation or
accelerated tumor lysis in bone (44).

Impact of cancer therapy on skeletal integrity

Beyond direct tumor-bone interactions, systemic cancer
therapies have emerged as major determinants of skeletal
integrity (45). Endocrine therapies used in breast and
prostate cancer, such as aromatase inhibitors and androgen
deprivation therapy, remove critical sex-hormone support
for bone, accelerating trabecular thinning and cortical
thinning that elevates fracture risk over months to years
(46). Cytotoxic chemotherapy may induce hypogonadism,
accelerate senescence of osteoprogenitor cells, and impair
microvascular supply that supports bone remodeling (47,
48). Radiation therapy, while local and often curative,
causes dose-dependent damage to bone cells and
vasculature, increases marrow adiposity, and fosters local
fibrosis and osteonecrosis that predispose to pathologic
fractures within the irradiated field (49). Newer targeted
agents and immune therapies carry their own skeletal
effects; for example, agents that modulate the PI3K/AKT/
mTOR axis or VEGF pathways can influence osteoblast
function and bone repair, and immune checkpoint
blockade may alter inflammatory networks relevant to
bone turnover (50). The interplay between tumor control
and skeletal toxicity demands that oncologists weigh
fracture risk as an integral part of long-term survivorship
planning rather than an afterthought once fractures occur
(51).

Prevention of oncologic fractures

Fractures in cancer patients are associated with increased
morbidity, mortality, and reduced quality of life (5).
Risk factors include tumor-induced bone destruction,
treatment-related bone loss, comorbidities such as
osteoporosis and diabetes, malnutrition, and increased
incidence of falls (5). The anatomical distribution of
metastases frequently involves the spine, pelvis, ribs,
and long bones, sites prone to pathological fractures
(52, 53). Accurate fracture risk assessment in cancer
patients involves clinical history, bone mineral density
measurement by dual-energy X-ray absorptiometry
(DXA), imaging modalities including X-rays, CT, MRI,
PET/CT, and laboratory evaluation of bone turnover
markers (54). Specific scoring systems such as Mirel’s
Score and the Spinal Instability Neoplastic Score (SINS)
assist in predicting fracture risk and guiding management
(55). Strategies to prevent oncologic fractures encompass
lifestyle modifications like adequate calcium and vitamin

D intake, and weight-bearing exercise to improve
bone strength (56). Pharmacologic therapies include
bisphosphonates, which induce osteoclast apoptosis, and
denosumab, a monoclonal antibody that inhibits RANKL,
effectively reducing skeletal-related events and delaying
fracture onset (57). Novel therapeutic agents targeting
molecular pathways involved in tumor-bone interactions,
such as mTOR inhibitors, cathepsin K inhibitors, and
monoclonal antibodies against sclerostin and DKKI,
are under investigation (48). Minimally invasive
interventional techniques like percutaneous ablation,
cement augmentation, and stabilization procedures
provide effective pain relief and structural support
in patients with metastatic bone disease, improving
functionality and fracture prevention (58). Radiation
therapy, both external beam and radionuclide-based,
alleviates symptoms and reduces tumor burden in bone
(59). In spite of advances, therapeutic options remain
limited given the complexity of tumor-bone interactions
and incomplete understanding of cancer cell dormancy
mechanisms. Early detection of disseminated tumor cells
and interventions targeting dormancy and metastatic
niche disruption may offer future avenues for preventing
skeletal complications (60).

Conclusion

In summary, oncologic skeletal fractures result from the
complex interplay between metastatic tumor cells and the
bone microenvironment, disrupting normal remodeling
and compromising bone integrity. Prevention requires a
multi-modal approach involving fracture risk assessment,
supportive care, pharmacological intervention, and
targeted therapies founded on emerging molecular
insights into the pathogenesis of bone metastases.

Authors’ contribution

Conceptualization: Amir Alilou and Zahed Karimi.

Data curation: Sina Salem Ahim and Hojjat Eghbali Jelodar.
Investigation: Reyhaneh Hassanshahi and Mobin Forghan.
Supervision: All authors.

Validation: Zahra Ganjali and Amin Norouzbeygi.
Writing-original draft: All authors.

Writing-review and editing: All authors.

Ethical issues
Ethical issues (including plagiarism, data fabrication, and double
publication) have been completely observed by the authors.

Declaration of generative Al and Al-assisted technologies in the
writing process

During the preparation of this work, the authors utilized Perplexity to
refine grammar points and language style in writing. Subsequently,
the authors thoroughly reviewed and edited the content as
necessary, assuming full responsibility for the publication’s content.

Conflicts of interest
The authors declare that they have no competing interests.

Funding/Support
None.

4 | Journal of Parathyroid Disease, Volume 14, 2026


https://www.perplexity.ai/

Cancer-associated bone fracture

References

1.

CConfavreux CB, Follet H, Mitton D, Pialat JB, Clézardin P.
Fracture Risk Evaluation of Bone Metastases: A Burning Issue.
Cancers. 2021;13:5711. doi:10.3390/cancers13225711.
Arakil N, Akhund SA, Elaasser B, Mohammad KS. Intersecting
Paths: Unraveling the Complex Journey of Cancer to Bone
Metastasis.  Biomedicines. 2024;12:1075. doi:10.3390/
biomedicines12051075.

Macedo F, Ladeira K, Pinho F, et al. Bone metastases:
an overview. Oncol Rev. 2017;11:321. doi:10.4081/
oncol.2017.321.

Shimizu MR, van de Langerijt ON, Torres D, de Groot T, Groot
OQ. Incidence, Risk Factors, and Survival of Bone Metastases
and Skeletal-Related Events in Melanoma Patients: A Systematic
Review and Quality Assessment of 29 Studies. J Bone Oncol.
2024;46:100603. doi:10.1016/j.jb0.2024.100603.

Kourtis E, Zygogiannis K, Fanourgiakis I, Koulalis D,
Stathopoulos KD. Understanding and Managing Fracture
Risk in Patients With Cancer: A Literature Review. Cureus.
2025;17:€83082. doi:10.7759/cureus.83082.

Kakhki VR, Anvari K, Sadeghi R, Mahmoudian AS, Torabian-
Kakhki M. Pattern and distribution of bone metastases in
common malignant tumors. Nucl Med Rev. 2013;16:66-69.
doi:10.5603/NMR.2013.0037.

Shupp AB, Kolb AD, Mukhopadhyay D, Bussard KM. Cancer
Metastases to Bone: Concepts, Mechanisms, and Interactions
with Bone Osteoblasts. Cancers (Basel). 2018;10:182.
doi:10.3390/cancers10060182.

Vigi¢ |, Belev B. The pathogenesis of bone metastasis in solid
tumors: a review. Croat Med J. 2021;62:270-282. doi:10.3325/
cmj.2021.62.270.

Pinzone JJ, Heuck B, Thudi NK, Renner TJ, Vyas M, Qiang
YW, Shaughnessy JD. Dickkopf-1: a master regulator of
bone development and disease. Blood. 2009;113:5173-81.
doi:10.1182/blood-2008-03-145169.

Zoni E, van der Pluijm G. The role of microRNAs in bone
metastasis. ] Bone Oncol. 2016;5:104-8. doi:10.1016/j.
jb0.2016.04.002.

Sims NA, Martin TJ. Coupling the activities of bone formation
and resorption: a multitude of signals within the basic
multicellular unit. BoneKEy Reports. 2014;3:480. doi:10.1038/
bonekey.2013.215.

Zhang W, Bado IL, Wang H, Lo HC, Zhang XH. Evolving
cancer—niche interactions and therapeutic targets during bone
metastasis. Nat Rev Cancer. 2022;22:141-156. doi:10.1038/
s41568-021-00406-5.

Gau YC, Yeh TJ, Hsu CM, Hsiao SY, Hsiao HH. Pathogenesis
and Treatment of Myeloma-Related Bone Disease. Int ] Mol
Sci. 2022;23:3112. doi:10.3390/ijms23063112.

Eltit F, Wang Q, Jung N, Munshan S, Xie D, Xu S, et al.
Sclerotic prostate cancer bone metastasis: woven bone lesions
with a twist. JBMR Plus. 2024;8:ziae091. doi:10.1093/jbmrpl/
ziae091.

Ban J, Fock V, Aryee DNT, Kovar H. Mechanisms, Diagnosis
and Treatment of Bone Metastases. Cells. 2021;10:2944.
doi:10.3390/cells10112944.

Li B, Wang P, Jiao J, Wei H, Xu W, Zhou P. Roles of the RANKL-
RANK Axis in Immunity—Implications for Pathogenesis
and Treatment of Bone Metastasis. Front Immunol.
2022;13:824117. doi:10.3389/fimmu.2022.824117.
Roodman GD, Silbermann R. Mechanisms of osteolytic and
osteoblastic skeletal lesions. BoneKEy Reports. 2015;4:article
122. doi:10.1038/bonekey.2015.122.

Rucci N, Angelucci A. Prostate cancer and bone: the
elective affinities. Biomed Res Int. 2014;2014:167035.
doi:10.1155/2014/167035.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wang Y, Zhang X, Li J, Chen Y, Chen J, Li X, et al. Bone
metastasis: the seed and soil mechanism and related
treatments. Bone Res. 2020;8:20. doi:10.1038/s41413-020-
00105-1.

Clines GA, Mohammad KS, Bao Y, Stephens OW, Suva LJ,
Shaughnessy JD, Jr., et al. Dickkopf homolog 1 mediates
endothelin-1-stimulated new bone formation. Mol Endocrinol.
2007;21:486-98. doi:10.1210/me.2006-0346.

Zhao C, Irie N, Takada Y, Shimoda K, Miyamoto T, Nishiwaki
T, et al. Bidirectional ephrinB2-EphB4 signaling controls bone
homeostasis. Cell Metab. 2006;4:111-21. doi:10.1016/j.
cmet.2006.05.012.

Lin SC, Yu-Lee LY, Lin SH. Osteoblastic Factors in Prostate
Cancer Bone Metastasis. Curr Osteoporos Rep. 2018;16:642-
647. doi:10.1007/s11914-018-0480-6.

Hu K, Olsen BR. The roles of vascular endothelial growth
factor in bone repair and regeneration. Bone. 2016;91:30-8.
doi:10.1016/j.bone.2016.06.013.

Watabe T, Katagiri T. Bone Morphogenetic Proteins. Cold
Spring Harb Perspect Biol. 2016;8:a021899. doi:10.1101/
cshperspect.a021899.

Keller ET, Zhang ], Dai J, et al. Wnts mediate prostate
cancer-induced osteoblastic bone metastases. Cancer Res.
2005;65:10237-42. doi:10.1158/0008-5472.Can-05-1317.
Guise TA, Yin JJ, Mohammad KS. Role of endothelin-1 in
osteoblastic bone metastases. Cancer. 2003;97:779-84.
doi:10.1002/cncr.11129.

Archer Goode E, Wang N, Munkley J. Prostate cancer bone
metastases biology and clinical management (Review). Oncol
Lett. 2023;25:163. doi:10.3892/01.2023.13749.

Tang D, Chen X, LiY, etal. Inflammation and tumor progression:
signaling pathways and targeted intervention. Signal Transduct
Target Ther. 2021;6:284. doi:10.1038/s41392-021-00658-5.
Xu J, Yu L, Liu F, Wan L, Deng Z. The effect of cytokines on
osteoblasts and osteoclasts in bone remodeling in osteoporosis:
a review. Front Immunol. 2023;14:1222129. doi:10.3389/
fimmu.2023.1222129.

Massy E, Confavreux CB, Point M, Bonnelye E, Clézardin P.
Contribution of the immune bone marrow microenvironment
to tumor growth and bone deconstruction: implications
for improving immunotherapeutic strategies in bone
metastasis. Neoplasia. 2025;69:101224.  doi:10.1016/j.
neo.2025.101224.

HuY, Huang J, Chen C, Wang Y, Hao Z, Chen T, Wang J, Li J.
Strategies of Macrophages to Maintain Bone Homeostasis and
Promote Bone Repair: A Narrative Review. ] Funct Biomater.
2023;14:18. doi:10.3390/jfb14010018.

Buijs JT, Stayrook KR, Guise TA. The role of TGF- in bone
metastasis: novel therapeutic perspectives. BoneKEy Reports.
2012;1:96. doi:10.1038/bonekey.2012.96.

Cheng ML, Fong L. Effects of RANKL-targeted therapy in
immunity and cancer. Front Oncol. 2013;3:329. doi:10.3389/
fonc.2013.00329.

Kohli SS, Kohli VS. Role of RANKL-RANK/osteoprotegerin

molecular complex in  bone remodeling and its
immunopathologic  implications.  Indian  Journal  of
Endocrinology ~ and ~ Metabolism.  2011;15:175-181.

doi:10.4103/2230-8210.83401.

Amarasekara DS, Yun H, Kim S, Lee N, Kim H, RhoJ. Regulation
of Osteoclast Differentiation by Cytokine Networks. Immune
Netw. 2018;18:e8. doi:10.4110/in.2018.18.e8.

Park HJ, Baek K, Baek JH, Kim HR. TNFa Increases RANKL
Expression via PGE2-Induced Activation of NFATc1. Int ] Mol
Sci. 2017;18:495. doi:10.3390/ijms18030495.

Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami
M, Kotake S, et al. Tumor necrosis factor alpha stimulates

Journal of Parathyroid Disease, Volume 14, 2026 |5



Salem Ahim S et al

osteoclast differentiation by a mechanism independent of the

Ther. 2023;8:320. doi:10.1038/s41392-023-01467-8.

ODF/RANKL-RANK interaction. J Exp Med. 2000;191:275-86. 49. Costa S, Reagan MR. Therapeutic Irradiation: Consequences
doi:10.1084/jem.191.2.275. for Bone and Bone Marrow Adipose Tissue. Front Endocrinol.

38. Heath DJ, Chantry AD, Buckle CH, Coulton L, Shaughnessy 2019;10:587. doi:10.3389/fendo.2019.00587.

D, Jr., Evans HR, et al. Inhibiting Dickkopf-1 (Dkk1) removes 50. Liu C, Zhang J, Ye Z, Luo ], Peng B, Wang Z. Research on
suppression of bone formation and prevents the development the role and mechanism of the PI3K/Ak/mTOR signalling
of osteolytic bone disease in multiple myeloma. ] Bone Miner pathway in osteoporosis. Front Endocrinol (Lausanne).
Res. 2009;24:425-36. doi:10.1359/jbmr.081104. 2025;16:1541714. doi:10.3389/fendo.2025.1541714.

39. Vlashi R, Zhang X, Wu M, Chen G. Wnt signaling: Essential 51. BrennanM, KalsiT. Management of Bone Health Considerations
roles in osteoblast differentiation, bone metabolism and in Patients with Cancer. Cancers. 2025;17:2878. doi:10.3390/
therapeutic implications for bone and skeletal disorders. Genes cancers17172878.

Dis. 2023;10:1291-317. doi:10.1016/j.gendis.2022.07.011. 52. Rizzo SE, Kenan S. Pathologic Fractures. StatPearls. Treasure

40. Trivedi T, Pagnotti GM, Guise TA, Mohammad KS. The Role Island (FL): StatPearls Publishing; 2023.
of TGF-B in Bone Metastases. Biomolecules. 2021;11:1643. 53. Soares do Brito J, Lopes-Bras R, Abrunhosa-Branquinho A,
doi:10.3390/biom11111643. Fernandes I, Gomes I, Casimiro S, Costa L. ATailored Approach

41. XieT, Chen S, Hao J, Wu P, Gu X, Wei H, Li Z, Xiao J. Roles for Appendicular Impending and Pathologic Fractures in Solid
of calcium signaling in cancer metastasis to bone. Explor Cancer Metastases. Cancers. 2022;14:893. doi:10.3390/
Target Antitumor Ther. 2022;3:445-462. doi:10.37349/ cancers14040893.
etat.2022.00094. 54. Coleman R, Hadji P, Body JJ, Santini D, Chow E, Terpos

42. Ma Y, Zhang L, Liu W. Immunosuppressive tumor E, et al. Bone health in cancer: ESMO Clinical Practice
microenvironment and advance in immunotherapy in Guidelines. Ann Oncol. 2020;31:1650-63. doi:10.1016/j.
melanoma bone metastasis. FrontImmunol. 2025;16:1608215. annonc.2020.07.019.
doi:10.3389/fimmu.2025.1608215. 55. Damron TA, Mann KA. Fracture risk assessment and clinical

43. Hamza FN, Mohammad KS. Immunotherapy in the Battle decision making for patients with metastatic bone disease. |
Against Bone Metastases: Mechanisms and Emerging Orthop Res. 2020;38:1175-90. doi:10.1002/jor.24660.
Treatments. Pharmaceuticals. 2024;17:1591. doi:10.3390/ 56. Guise TA. Bone loss and fracture risk associated with
ph17121591. cancer therapy. Oncologist. 2006;11:1121-31. doi:10.1634/

44. Sun L, Kuang S, LiY, Wang G, Sun J, Zhou F, et al. Fracture- theoncologist.11-10-1121.

Induced Immunological Cascades Trigger Rapid Systemic 57. Lu J, Hu D, Zhang Y, Ma C, Shen L, Shuai B. Current
Bone Loss via Osteocyte-Regulated Osteoclastogenesis. Invest comprehensive understanding of denosumab (the RANKL
Target Ther. 2025;14:849-875. doi:10.2147/ITT.S533552. neutralizing antibody) in the treatment of bone metastasis of

45. Badila AE, Radulescu DM, Niculescu A-G, Grumezescu malignant tumors, including pharmacological mechanism and
AM, Radulescu M, Radulescu AR. Recent Advances in the clinical trials. Front Oncol. 2023;13:1133828. doi:10.3389/
Treatment of Bone Metastases and Primary Bone Tumors: An fonc.2023.1133828.

Up-to-Date Review. Cancers. 2021;13:4229. doi:10.3390/ 58. Facchini G, Pedrazzi A, Spinnato P, et al. Minimally Invasive
cancers13164229. Interventional Procedures for Metastatic Bone Disease: A

46. Rachner TD, Coleman R, Hadji P, Hofbauer LC. Bone Comprehensive Review. Curr Oncol. 2022;29:3323-3342.
health during endocrine therapy for cancer. Lancet doi:10.3390/curroncol29060332.

Diabetes Endocrinol. 2018;6:901-10. doi:10.1016/s2213- 59. Sierko E, Hempel D, Zuzda K, Wojtukiewicz MZ. Personalized
8587(18)30047-0. Radiation Therapy in Cancer Pain Management. Cancers

47. Brown SA, Guise TA. Cancer treatment-related bone disease. (Basel). 2019;11:390. doi:10.3390/cancers11030390.

Crit Rev Eukaryot Gene Expr. 2009;19:47-60. doi:10.1615/ 60. GreenA. Cancer cell dormancy in the bone microenvironment:
critreveukargeneexpr.v19.i1.20. mechanisms and therapeutic opportunities. Curr Osteoporos

48. Wang Y, Li Y, Zhang Y, et al. Bone-targeted therapy: from Rep. 2025;23:1-15. doi:10.1007/s11914-025-00934-1.
mechanisms to clinical translation. Signal Transduct Target

6 | Journal of Parathyroid Disease, Volume 14, 2026



