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Abstract

At late stages, many common malignancies, such as breast, prostate, and lung cancer spread to the bones, causing
significant discomfort and functional impairment. Currently existing pharmacotherapies for bone cancer pain are
insufficient to offer pain relief that is both safe and effective. The methods employed by cancer cells inside the
bone tumour microenvironment (TME) to cause bone cancer pain are discussed in this narrative review.

We focus on the reciprocal interactions that generate bone cancer pain between tumour cells, bone-resorbing
osteoclasts, and pain-sensing sensory neurons (nociceptors). We also discuss about how tumour cells in the bone
TME speed up osteoclastogenesis and change osteoclast activity and function. Furthermore, we discuss how
osteoclast’s over-activation contributes to bone cancer pain via -

(1) Direct mechanisms, such as the production of pronociceptive factors that act directly on sensory afferents, and
(2) Indirect mechanisms, such as osteoclast-driven bone resorption that weakens tumor-bearing bones and
predisposes them to skeletal-related events, resulting in bone cancer pain and functional impairment.

Finally, we address the impact of possible therapeutic drugs such as denosumab, bisphosphonates, and nivolumab
on bone cancer pain, osteoclast overactivity, and tumour development inside the bone TME.

1. Introduction

Cancer is the second biggest cause of mortality in the United States, and it Keywords: Nociceptor,
affects millions of people worldwide each year [25]. Cancer typically presents Neuroimmune

with multiple neurological comorbidities, such as pain, sadness, and anxiety, interactions,

in addition to being a life-threatening condition in and of itself, all of which Osteoclast, Bone
result in a significantly diminished quality of life. Approximately 75% of cancer, Cancer pain
patients with late-stage cancer feel moderate or severe pain, [21, 23, 31],

and at least half of all patients with metastatic cancer indicate that present DOI:
pharmacotherapies do not provide adequate pain relief [82]. Despite these 10.5455/jemr.2023.14.05.3

staggering figures, the treatment choices for cancer pain remain restricted,
with considerable effectiveness and long-term safety concerns [31, 82]. Given
the current opioid crisis, healthcare practitioners are cautious to administer
opioid analgesics because of the risk of addiction, abuse, and misuse,
especially when cancer patients' long-term prognosis improves [71].
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Breast, prostate, and lung cancers are not only
among the most frequent malignancies, but they also
have a significant risk of metastasizing to the bones,
resulting in severe bone cancer pain and other
complications [22, 84]. Furthermore, bone
metastases are difficult to treat and have a bad
prognosis in the long run [84, 92, 93]. Because of its
sluggish blood flow and high vascularization, the
bone marrow is a good place for cancer to spread
[22, 60]. Furthermore, the bone marrow is thought
to be an immunosuppressive tumour
microenvironment (TME), [67] potentially providing a
haven for cancer cells to hide from immune
monitoring and antitumor response. Locally invasive
cancer cells penetrate and fill the bone marrow,
producing mediators that modify the phenotypic and
function of resident cells in this niche, such as bone-
forming osteoblasts (OBs), bone-resorbing
osteoclasts (OCLs), and nerve fibres from pain-
sensing sensory neurons (nociceptors). [58] Skeletal-
related events (SREs) are consequences that might
include skeletal fractures, spinal cord
compression/instability, and systemic hypercalcemia
and anaemia as the bone malignancy advances. SREs
have been linked to discomfort, functional
impairment, decreased mobility, a worse quality of
life, and a lower overall survival rate. [84, 92, 93]
Importantly, sensory neurons whose cell bodies are
situated in the dorsal root ganglion (DRG) or
trigeminal ganglion extend central projections to the
spinal cord or brainstem to send this sensory
information to the central nervous system innervate
bones widely. DRG nociceptors, in particular, are
highly innervated on both the exterior and interior
surfaces of long bones, allowing them to detect
potentially dangerous stimuli such as fractures or
neoplasms. Bone cancer pain is commonly described
as a polymodal pain disease, presenting with
features of inflammatory, neuropathic, compressive,
and ischemia pain, and is thus often treated as a
separate entity. [31]
We explore the molecular pathways through which
cancer cells, osteoclasts, and sensory nerve fibres
interact inside the bone marrow TME to cause bone
cancer pain in this narrative review.
We focus on how tumour cells disrupt and hijack the
bone marrow microenvironment, as well as how
osteoclasts use direct (e.g., production of
pronociceptive mediators that act directly on nearby
sensory nerve fibres) and indirect (e.g., bone
resorption leading to increased SREs) mechanisms to
drive bone cancer pain. The discussion of potential
treatment targets for bone cancer pain comes to a
close.
2. Osteoclasts: specialized bone-resident
phagocytes with many functions
OCLs are specialised myeloid-derived phagocytes
that live on the surface of bones and are responsible
for bone resorption. They help maintain homeostatic
bone turnover under steady-state settings. [94] OCLs

are huge multinucleated cells with a diameter of
more than 100 m. Macrophage-colony stimulating
factor (M-CSF) and receptor activator of nuclear
factor kappa-ligand (RANKL) signalling are both
important in the differentiation of OCLs from
monocyte/macrophage cells. [7,54,64] Nearby
stromal cells and OBs generate receptor activator of
nuclear factor kappa-ligand and M-CSF, which are
required for osteoclastogenesis by stimulating the
overexpression of osteoclast-specific genes and the
fusing of precursor cells to become mature,
multinucleated osteoclasts. [7, 87] RANKL signalling
enhances the survival and activation states of
mature osteoclasts even after they have been
produced, making it a significant target for
controlling osteoclast activity. [7,39,87] Under
steady-state conditions, skeletal maintenance and
homeostasis necessitate a delicate balance between
OB-mediated bone production and OCL-mediated
bone resorption. Bone diseases can result from
pathological overactivation or underactivation of
either component. [32] OCLs establish a local acidic
and lytic environment at the bone-OCL interface
within resorption lacunae (Howship lacunae) to
execute bone resorption, resulting to the collapse of
the bone mineral structure. [59] The proton pump
vacuolar-ATPase (V-ATPase) on the osteoclast
boundary, in conjunction with a chloride ion/HCO3
exchanger, provides a proton and hydrochloric acid-
rich milieu in which the inorganic bone matrix is
dissolved. The collagen fibres are broken down by
lysosomal enzymes such as acid hydrolases released
into the lacuna by the osteoclast, and the degraded
components are phagocytosed by OCLs. [13] Given
their origins in the monocyte/macrophage innate
immune cell lineage, it's not unexpected that OCLs
are now recognised as highly malleable cells that
play crucial roles in immunosuppression or
immunoactivation, depending on the cellular
environment. OCLs release immunosuppressive
cytokines such as interleukin-10 (IL-10) and
transforming growth factor-, which activate
immunosuppressive regulatory T-cells (Treg), which
also limit OCL development under steady-state
circumstances. Osteoclasts, like macrophages, can
detect and respond to infection, tissue injury, and
local inflammation, and they have comparable
phagocytic and antigen-presenting capacities.
Pathological inflammation causes macrophages to
release  proinflammatory  cytokines such as
interleukin-1, interleukin-6, and tumour necrosis
factor, both directly and indirectly through the
activation of proinflammatory T lymphocytes.
[26,49,54,62] As a result, OCLs are uniquely
positioned, both physically and functionally, to
participate in both bone resorption and
immunoregulation depending on the state of the
surrounding microenvironment, and they use both of
these capabilities simultaneously in a variety of bone
diseases, including bone cancer. [59]
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3. Cancer cells drive osteoclast overactivation,
leading to “the vicious cycle” of bone
destruction

Many studies have found that osteoclasts play an

important role in the growth of bone cancer and the

pain associated with it. Bone is turned over in a

balanced cycle of bone resorption and bone

production under steady-state circumstances, thanks
to the reciprocal activities of OCLs and OBs.

However, when tumour cells proliferate in the bone

marrow microenvironment, they disrupt the normal

bone remodelling cycle, shifting the balance toward
osteoclast-mediated bone resorption and thereby
allowing additional cancer cell invasion of bone

tissue, a paradigm known as the "vicious cycle.” [1,

59, 75] Proinflammatory cytokines including IL-1, IL-

6, and TNF, as well as chemokines like chemokine C-

C motif ligand 2 (CCL2), which act directly on

osteoclasts, boost osteoclast activity in osteolytic

tumour cells (those that induce bone degradation).

Furthermore, tumour cells promote

osteoclastogenesis by  secreting  parathyroid

hormone-related protein, a paracrine regulator of
osteoclastogenesis that triggers the production of

RANKL, a key regulator of osteoclast differentiation.

[10,50,61,89,98] In fact, osteolytic cancer cells

imitate OBs, the typical positive regulator of OCLs

under homeostatic settings, in a variety of ways.

[4,45,68] In turn, increasing numbers and activation

of osteoclasts damage the bone matrix and

encourage local invasion of cancer cells into bone
tissue, while simultaneously releasing growth
factors, chemokines, and cytokines that promote
tumour development, completing "the vicious cycle.”
[4, 10, 59] At the bone-tumor interface, osteolytic
cancer cells drive a self-serving loop of osteoclast
proliferation and hypertrophy, resulting in increased
bone degradation. [43, 59] In contrast to direct
engagement of nociceptive nerve fibres by
osteoclasts through the production of pronociceptive
mediator, this accelerated bone destruction leads to
decreased bone mass and increased fragility,
increasing the likelihood of subsequent nerve
compression and SREs like fractures, thereby
indirectly producing bone cancer pain

[1,22,44,56,97] OCL dysregulation has also been

reported in osteoblastic tumours (eg, those involving

ectopic or excessive bone formation). Osteoblastic
cancer cells, in contrast to osteolytic malignancies,
enhance OB activity while decreasing OCL production

and/or activity. [90] Endothelin-1 (ET-1) is a 21-

amino-acid peptide that is produced by endothelial

cells under steady-state settings and hypersecreted
by tumour cells. It is a well-known regulator of OB
function and a significant contributor to cancer-
induced nociception. [33,66,99] Osteoclastic bone
resorption is dramatically reduced in cocultures of
human osteoblastic prostate cancer cells with bone
slices, a result that can be reversed with the
administration of an ET-1 neutralising antibody. ET-1
has also been demonstrated to have a concentration-
dependent effect on osteoclast motility and bone

resorption. [2,19,96] ET-1 may thus adversely
control  osteoclast  function while directly
contributing to cancer-induced nociceptor
sensitization in predominantly osteoblastic
malignancies, such as metastatic prostate cancer.
[90]

4. Osteoclasts produce pronociceptive mediators
to drive bone cancer pain

4.1. Extracellular acidity as an activator of
nociceptors

Osteoclasts actively contact nerve fibres from
nociceptive sensory neurons to cause pain through
several pathways, in addition to indirectly creating
bone cancer pain through faster bone breakdown
and higher risk of painful SREs. Overactivation of
osteoclasts and local tumour growth produce a
highly acidic extracellular TME that extends far
beyond the resorbing lacunae, activating acid-
sensing channels such as transient receptor potential
channel-vanilloid subfamily-1 (TRPV1) and acid-
sensing ion channels (ASICs), including ASIC1a, 1b,
and 3. [31,31,53,97] In mice, blocking the osteoclast
proton pump (V-ATPase) with bafilomycin A1, an
inhibitor of H+ secretion, decreased pain behaviours
in animals injected with intratibial multiple
myeloma cells or Lewis lung cancer (LLC) cells,
indicating that the V-ATPase plays a role in bone
cancer pain. [36,88] Furthermore, as compared to
WT mice, animals missing TRPV1, a nonselective
cation channel expressed in nociceptive neurons and
triggered by heat, capsaicin, and protons [80],
showed less LLC-induced bone cancer pain. [88]
Acid-sensing ion channels are proton-gated cation
channels found in neurons that have been linked to
the detection of extracellular acidosis in bone
cancer patients. [101] The ASIC1a and ASIC2 subunits
are typically found in the central nervous system,
but ASIC1b and ASIC3 are abundant in peripheral
sensory neurons, including nociceptors. [97] ASIC3 is
located in peripheral nociceptive nerve fibres in the
bone TME and is activated in bone malighancy.
[3,97] ASIC1a, 1b, and 3 subunit mRNA and protein
expression were all elevated in mouse bone cancer
models [63,97,104] indicating a role in bone cancer
pain. ASIC3 antagonist APETx2 was able to
significantly diminish bone pain in a mouse
intratibial multiple myeloma model and lowered
excitability of DRG neurons cocultured with human
multiple myeloma cells, giving functional evidence
for ASIC3's participation [36].

4.2 Nociceptor sensitization in bone cancer pain
CCL2, a chemokine released by osteoclasts,
stimulates C-C chemokine receptor type 2 (CCR2)
receptors on peripheral nociceptor terminals. [89]
Tumor cells also emit a number of proinflammatory
cytokines, such as interleukin 1 (IL-1) and tumour
necrosis factor (TNF), which bind to receptors on
peripheral nociceptor terminals. [5] Continuous
activation of nociceptor afferents within the bone
TME causes spontaneous pain and sensitization of
both peripheral and central nociceptors (termed
peripheral sensitization and central sensitization,
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respectively), resulting in increased sensitivity to
sensory stimuli and neuropathic pain hallmarks like
mechanical allodynia (eg, pain evoked by a normally
innocuous stimulus such as light touch). [24,46,56] In
the early phases of fibrosarcoma cell implantation
into and around the calcaneus bone in mice, a
subpopulation of C-nociceptors develops
spontaneous activity and enhanced firing in response
to heat stimuli. [11] This study also found a time-
dependent change in nerve fibre sprouting, with
increasing epidermal nerve fibre density in the skin
overlaying the implanted tumour in the early stages
but a sudden loss of epidermal nerve fibres in the
later stages, indicating neuropathy. [11]

ET-1 has been found in several human malignancies
with a high risk of bone metastasis, such as prostate,
lung, and breast tumours, and has been shown to
contribute to C-nociceptor sensitization. ET-1 is
increased in animal models of cancer-induced
hyperalgesia and allodynia [65,72,86], and ETA
antagonists have been demonstrated to reduce
cancer pain in mice [66,72,86] and humans. [14]

In mouse bone cancer models, ET-1 has also been
demonstrated to contribute to  peripheral
sensitization. ET-1 injected into the receptive fields
of C-nociceptors innervating the hind paw increased
firing rate in both control and tumor-bearing
animals, but the ETA receptor antagonist BQ-123
decreased tumor-evoked spontaneous activity and
sensitization to heat in tumor-bearing mice. [33]

As a result, ET-1 appears to have a role in peripheral
sensitization in a wide range of malighancies,
including bone cancer. Activation of the ETB
receptor has also been found to have a local
analgesic effect. [47]

VEGF-A, VEGF-B, and PLGF-2, as well as other
ligands of the vascular endothelial growth factor
(VEGF) receptor 1 (VEGFR1), have been found to be
released by osteolytic tumour cells. Intraosseous
implantation of osteolytic sarcoma cells in mice
resulted in significant discomfort, peripheral nerve
remodelling, and nociceptor sensitization, as well as
enhanced TRPV1 expression in the sciatic nerve's
distal branches. This was related to cancer cells
secreting VEGF ligands that bind to VEGFR1 on
sensory afferent fibres, since sensory neuron-specific
VEGFR1 deletion and pharmacological blockage of
VEGFR1/VEGF signalling lowered cancer pain and
decreased peripheral nerve sprouting into the
tumour stroma. [74] Furthermore, bone cancer cells
secrete granulocyte-colony-stimulating factor (G-
CSF) and granulocyte-macrophage colony-stimulating
factor (GM-CSF), both of which have receptors on
local peripheral nociceptor afferents, which sensitise
nerve fibres and cause peripheral sprouting. The
activation of receptors for granulocyte-colony-
stimulating factor and GM-CSF resulted in peripheral
sensitization and pain behaviours, as well as
enhanced nerve sprouting and tumour development.
Loss of this signalling axis in mice was caused by
pharmacologic suppression of G-CSF or GM-CSF
signalling, which resulted in decreased bone cancer

pain, peripheral nerve sprouting, and tumour
development. Furthermore, RNA interference-
mediated suppression of GM-CSFR in sensory neurons
reduced bone cancer pain and intratumoral nerve
sprouting, demonstrating a tumor-nerve signalling
pathway. [73] Although it was not investigated if this
affected osteoclast numbers, activity, or bone
degradation, it is probable that G-CSF or GM-CSF
affects osteoclastogenesis, as proven in a noncancer
mouse model. [48] It's worth noting that nociceptive
sensory neurons have been demonstrated to
contribute to tumour development and progression
in a number of preclinical cancer models, in addition
to understanding nerve sprouting in the context of
cancer pain. [55,69,70,103] As a result, nerve
sprouting has significant consequences for cancer
pain and progression. Cancer-induced sensory nerve
sprouting has been seen in a range of preclinical
models [6,41,42,51] and is regulated by a number of
variables, including bradykinins, endothelins, and
growth factors, which also contribute to peripheral
sensitization and pain. [42,57] Neuron growth factor
(NGF) generated by macrophages and cancer cells,
in particular, appears to play a key role in nerve
sprouting by binding to the tropomyosin receptor
kinase A receptor found on sympathetic and
nociceptive sensory nerve fibres. [41,42] In a mouse
model of prostate cancer-induced bone discomfort,
preemptive (before nerve sprouting) or late-stage
injection of an anti-NGF neutralising antibody
reduced nerve sprouting and cancer pain. [42] In
patients with metastatic cancer who were also
taking daily opioids, phase 2 clinical trials with
intravenous administration of tanezumab, an anti-
NGF monoclonal antibody, resulted in significantly
improved pain scores over a 16-week period,
validating efforts to further develop anti-NGF
therapies. [77]

Surprisingly, central sensitization caused by
peripheral bone cancer also results in the activation
of spinal microglia and astrocytes, which maintain
central sensitization and aid in the pathogenesis of
bone cancer pain [91,95,102], as well as chronic pain
in a range of other injury situations. [17,40] The
receptive field size and ratio of wide dynamic range
(WDR) and nociceptive-specific neurons were
significantly increased in a rat model of CIPB in
which  MRMT-1  mammary tumour cells were
administered via intratibial injection, a change that
reflects local plasticity indicative of central
sensitization. [81]

Tumor-bearing rats had more WDR neurons in the
superficial dorsal horn (SDH), which enhanced the
likelihood of responding to low-threshold peripheral
inputs and likely contributed to allodynia's clinical
characteristics. [81] The onset of cancer-induced
behavioural hypersensitivity in rats is tightly linked
to changes in surface SDH plasticity. [27,95]
Sustained treatment with gabapentin, a potent
modulator of spinal calcium channel activity that
leads to decreased neurotransmitter release from
afferents, was shown to reverse these pathological
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changes in plasticity, implying that gabapentin could
be useful in the treatment of cancer-induced bone
pain. [28]

Therapeutics that target osteoclasts, nociceptors,
cancer cells, or any other cell type that reduces
peripheral afferent input are likely to help attenuate
pathological alterations in central sensitization, such
as glial cell activation and neuronal plasticity in the
superficial SDH. Intrafemoral injection of 2472
osteolytic sarcoma cells into mice resulted in
significant bone loss, spontaneous discomfort, and
astrocyte activation. Osteoclastogenesis, bone
degradation, cancer-induced pain behaviours, and
spinal astrocyte activation were all significantly
decreased when osteoprotegerin (OPG), a soluble
decoy receptor of RANKL, was given. [37]

This study also shows how difficult it is to distinguish
between the relative contributions of tumour cells,
osteoclasts, and activated spinal glial cells to
nociceptor activation and pain in bone cancer
because each of these components is intricately
linked, making it difficult to change one without
affecting the others.

Microglia and macrophages, both members of the
myeloid cell lineage, have been shown in preclinical
investigations to have a role in pain aetiology, albeit
in a sexually dimorphic way (eg, differently in males
and females). [17,18,52,78]

In male but not female mice, intrathecal (spinal)
treatment of microglial inhibitors such minocycline
and propentofylline, or microglial ablation with MAC-
1-saporin toxin, is sufficient to reduce nerve injury-
induced pain. [78] Female mice adopt an adaptive
immune cell-driven strategy in the absence of
microglia. [78] Microglia have been discovered to
contribute to bone cancer pain, hence sex
dimorphism may be depending on the pathological
pain state in issue. Intra-tibial injection of Walker
256 mammary gland cancer cells in female rats
resulted in strong mechanical and thermal
hypersensitivity as well as spontaneous pain, which
was associated by strong spinal microglia activation.
Microglia suppression with intrathecal minocycline
dramatically reduced mechanical and thermal
hypersensitivity in this paradigm, suggesting that
microglia may play a role in bone cancer pain in both
males and females. [95] Similarly, macrophages
appear to play a role in the development of
pathological pain in numerous animals [18], although
males and females may use different signalling
systems. [52] At this time, no evidence of sexual
dimorphism in osteoclast contribution to cancer pain
has been found, and no male- or female-specific
pronociceptive osteoclast signalling pathways have
been revealed. As a result, it will be fascinating to
observe if osteoclasts, like microglia and
macrophages, contribute to bone cancer pain or
other chronic pain syndromes in a sexually dimorphic
manner.

5. Therapeutic targets for bone cancer pain:
effects on cancer pain, bone destruction, and
tumor growth

5.1. Food and drug administration (FDA) FDA-
approved treatments for bone cancer pain

To prevent bone deterioration and alleviate bone
cancer pain, a small number of treatment options
directly targeting osteoclasts have been developed
for primary or metastatic bone cancer. The clinical
gold-standard therapy for metastatic bone cancer
pain is bisphosphonates such as pamidronate,
clodronate, and  zoledronic  acid. [22,29]
Bisphosphonates are taken up selectively by active
osteoclasts and interfere with cellular metabolism,
resulting in osteoclast death and a decrease in
osteoclast-mediated bone resorption and tissue
acidosis. [29]

Bisphosphonates diminish both bone cancer-induced
SREs and pain when they are successful, although
efficacy varies greatly between tumour types [85],
with only 50% of patients displaying reduced SREs.
Bisphosphonates also have limited anticancer
effects, with 30 to 50 percent of patients who take
them developing further metastases. [92,100] Long-
term use of bisphosphonates has been linked to
major consequences such as renal insufficiency and
bisphosphonate-related osteonecrosis of the jaw,
hence it is suggested that they not be taken for
more than 2 years. [83,100]

Apart from bisphosphonates, denosumab is the only
other clinically licenced biological therapy for bone
cancer metastases and pain that targets osteoclasts.
[100] Denosumab is a monoclonal antibody that
prevents osteoclastogenesis and subsequent bone
resorption by decreasing RANKL signalling, which is
needed for osteoclastogenesis and maintaining
osteoclast activity. [35]

In compared to zoledronic acid, denosumab delayed
the beginning of SREs and the development of
moderate/severe pain by roughly 1 month in phase
Il clinical trials of patients with bone metastases
(regarded as the most effective bisphosphonate).
[20,76] These results were accompanied by improved
quality of life and a decrease in the usage of opioids
for pain relief. Denosumab will likely continue to
gain appeal as an osteoclast-targeting therapy for
metastatic bone cancer because it has been shown
to have superior results in pain and SREs when
compared to bisphosphonates.

5.2. Prospective bone cancer pain therapeutics
emerging from preclinical studies

Several intriguing ways to manage bone cancer pain
and/or SREs have emerged from preclinical
investigations in addition to the already utilised
medicines with shown clinical effectiveness. Some
potential therapeutic targets have focused on
targeting nociceptors as a step toward providing
palliative care (e.g., pain reduction) for patients
with a poor long-term prognosis. Intrathecal
injection of the TRPV1 super agonist resiniferatoxin
(RTX) decreased pain, lameness, and needed
treatment unblinding and/or analgesic protocol
adjustment substantially later in dogs with bone
cancer than in control animals. [8,9] Intra-articular
injections of RTX have also been proven to reduce
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pain and functional impairment in dogs with
osteoarthritis, suggesting that delivery into the bone
TME in dogs with bone cancer might be justified.
[38] Although these studies focused on cancer pain
and functional impairment as their endpoints,
nociceptors have been shown to contribute to
tumour progression in a variety of preclinical models
[55,69,70,103], suggesting that RTX or other
nociceptor ablation approaches could have
antitumor properties as well. However, because it is
currently uncertain whether RTX affects tumour
development or osteoclast resorption, its efficacy
must be considered in the context of palliative
treatment. Selective techniques targeting peripheral
terminals within the bone TME have been developed
in addition to ablative treatments. In a mouse model
of multiple myeloma bone pain, APETx2, a specific
antagonist for the ASIC3 receptor, decreased bone
pain, indicating that more research is needed. [36]
Osteoclasts have also been shown to upregulate the
checkpoint inhibitory molecule programmed cell
death ligand-1 (PD-L1), which signals through its
receptor programmed cell death protein-1, in the
presence of a pro-osteoclastogenic milieu (PD-1).
PD-L1/PD-1 signalling, in particular, promotes an
immunosuppressive environment by inhibiting the
activation of T-cell subsets necessary for anticancer
immune responses. As a result, medicines that target
checkpoint inhibitory pathways like the PD-L1/PD-1
signalling axis have emerged as the gold standard in
cancer immunotherapy. [30,54] In a mouse model of
bone cancer, anti-PD-1 treatment with the widely
utilised monoclonal antibody nivolumab was recently
shown to diminish bone cancer pain and osteoclast
development. [89] After intrafemoral injection with
LLC cells, animals missing PD-1 showed decreased
bone cancer pain. Pd1/ mice had pain
hypersensitivity and lower osteoclast levels at
baseline, which is interesting. [16,89] Through JNK
activation and CCL2 release inside the bone TME,
PD-L1 increased RANKL-induced osteoclastogenesis.
Furthermore, CCL2 directly stimulated CCR2-
expressing DRG nociceptors, as indicated by the
CCR2 antagonist RS504393's ability to reduce bone
cancer pain. [89] Given that anti-PD-1 medicines are
currently being utilised in clinical trials for a variety
of tumours, this might be a promising new treatment
option for patients with primary or metastatic bone
cancer who are experiencing pain and bone
degradation.

Inhibitors of CSF1 and its receptors have
demonstrated therapeutic potential in the same way
as denosumab targets OCL regulatory molecules.
Pexidartinib (PX3397), a CSF1R inhibitor, has
demonstrated clinical effectiveness in various soft
tissue cancer clinical studies and has been proven to
alleviate pain in mouse and rat cancer-induced bone
pain models. There was a significant reduction in
pain as well as tumour development, creation of new
tumour colonies, and tumor-induced bone resorption
by osteoclasts in the mouse and rat prostate cancer-
induced bone pain paradigm. [79] Pexidartinib has

progressed to phase 2 clinical trials in patients with
metastatic prostate cancer in the bone, although
findings are still pending. [12] Given the promising
outcomes of preclinical and early clinical studies,
more study into the therapeutic potential of CSFR1
inhibitors for primary or metastatic bone cancer pain
is needed.

Conclusions

As cancer treatments extend people's lives,
providing increasingly safe and effective long-term
cancer pain treatments becomes increasingly
important. The capacity to give palliative care to
patients suffering from severely painful bone cancer
pain is crucial to improving their quality of life, even
for patients with a poor long-term prognosis.
Through indirect pathways involving  bone
degradation and SREs, as well as direct ones
involving nociceptor activation by inflammatory
mediators and extracellular acidosis, osteoclasts
play a key role in the genesis and progression of
bone cancer pain. Overactivation of osteoclasts not
only contributes to the aetiology of bone cancer
pain, but it also promotes tumour development.
Thus, targeting osteoclasts in patients with bone
cancer has the potential to give synergistic pain
relief while also delaying tumour growth, and
several treatments have shown promise in this
regard. Bisphosphonates and denosumab are two
popular biologics approved to target osteoclasts in
the setting of bone cancer, although theyre only
used for palliative treatment. Other prospective
treatments, such as resiniferatoxin and APETX2,
directly target nociceptors and are in phase | clinical
studies or have demonstrated effectiveness in animal
models. Finally, PD-1 antagonists like nivolumab and
CSFR1 inhibitors like pexidartinib are relatively new
to the field of bone cancer pain, but preclinical
models indicate encouraging outcomes that justify
further exploration. Further studies aimed at
understanding reciprocal interactions between
cancer cells, osteoclasts, and nociceptors are likely
to generate new therapeutic targets and mechanistic
insights, and further studies aimed at understanding
reciprocal interactions between cancer cells,
osteoclasts, and nociceptors are likely to generate
new therapeutic targets and mechanistic insights.
References

[1] Aielli F, Ponzetti M, Rucci N. Bone metastasis
pain, from the bench to the bedside. Int J Mol
Sci 2019;20:280.

[2] Alam AS, Gallagher A, Shankar V, Ghatei MA,
Datta HK, Huang CL, Moonga BS, Chambers TJ,
Bloom SR, Zaidi M. Endothelin inhibits osteoclastic
bone resorption by a direct effect on cell motility:
implications for the vascular control of bone
resorption. Endocrinology 1992;130:3617-24.

[3] Alvarez de la Rosa D, Zhang P, Shao D, White F,
Canessa  CM. Functional implications of the
localization and activity of acid-sensitive channels in
rat peripheral nervous system. Proc Natl Acad Sci U S
A 2002;99:2326-31.

' Journal of Complementary Medicine Research | Volume 14 | Issue 5 | 2023




Udita et al: ROLE OF OSTEOCLASTS AND NOCICEPTIVE SENSORY NEURONS IN BONE CANCER PAIN — A REVIEW

[4] Awolaran O, Brooks SA, Lavender V. Breast
cancer osteomimicry and its role in bone specific
metastasis; an integrative, systematic review of
preclinical evidence. Breast 2016;30:156-71.

[5] Binshtok AM, Wang H, Zimmermann K, Amaya F,
Vardeh D, Shi L, Brenner GJ, Ji RR, Bean BP, Woolf
CJ, Samad TA. Nociceptors are interleukin-1beta
sensors. J Neurosci 2008;28:14062-73.

[6] Bloom AP, Jimenez-Andrade JM, Taylor RN,
Castaneda-Corral G, Kaczmarska MJ, Freeman KT,
Coughlin KA, Ghilardi JR, Kuskowski MA, Mantyh
PW. Breast cancer-induced bone remodeling,
skeletal pain, and sprouting of sensory nerve
fibers. J Pain 2011;12:698-711.

[7] Boyle WJ, Simonet WS, Lacey DL. Osteoclast
differentiation and activation. Nature 2003;423:337-
42.

[8] Brown DC, Agnello K, ladarola MJ. Intrathecal
resiniferatoxin in a dog model: efficacy in bone
cancer pain. PAIN 2015;156:1018-24.

[9] Brown DC, ladarola MJ, Perkowski SZ, Erin H,
Shofer F, Laszlo KJ, Olah Z, Mannes AJ. Physiologic
and antinociceptive effects of intrathecal
resiniferatoxin in a canine bone cancer
model. Anesthesiology 2005;103:1052-9.

[10] Buenrostro D, Mulcrone PL, Owens P, Sterling
JA. The bone microenvironment: a fertile soil for
tumor growth. Curr Osteoporos Rep 2016;14:151-8.
[11] Cain DM, Wacnik PW, Turner M, Wendelschafer-
Crabb G, Kennedy WR, Wilcox GL, Simone
DA. Functional interactions between tumor and
peripheral nerve: changes in excitability and
morphology of primary afferent fibers in a murine
model of cancer pain. J Neurosci 2001;21:9367-76.
[12] Cannarile MA, Weisser M, Jacob W, Jegg AM,
Ries CH, Ruttinger D. Colony-stimulating factor 1
receptor (CSF1R) inhibitors in cancer therapy. J
Immunother Cancer 2017;5:53.

[13] Cappariello A, Maurizi A, Veeriah V, Teti A. The
great beauty of the osteoclast. Arch Biochem
Biophys 2014;558:70-8.

[14] Carducci MA, Nelson JB, Bowling MK, Rogers T,
Eisenberger MA, Sinibaldi V, Donehower R, Leahy TL,
Carr RA, lIsaacson JD, Janus TJ, Andre A, Hosmane
BS, Padley RJ. Atrasentan, an endothelin-receptor
antagonist for refractory adenocarcinomas: safety
and pharmacokinetics. J Clin Oncol 2002;20:2171-80.
[15] Chen F, Pu F. Safety of denosumab versus
zoledronic acid in patients with bone metastases: a
meta-analysis of randomized controlled trials. Oncol
Res Treat 2016;39:453-9.

[16] Chen G, Kim YH, Li H, Luo H, Liu DL, Zhang ZJ,
Lay M, Chang W, Zhang YQ, Ji RR. PD-L1 inhibits
acute and chronic pain by suppressing nociceptive
neuron activity via PD-1. Nat Neurosci 2017;20:917-
26.

[17] Chen G, Zhang YQ, Qadri YJ, Serhan CN, Ji
RR. Microglia in pain: detrimental and protective
roles in  pathogenesis and resolution  of
pain. Neuron 2018;100:1292-311.

[18] Chen O, Donnelly CR, Ji RR. Regulation of pain
by neuro-immune interactions between macrophages

and nociceptor sensory neurons. Curr  Opin
Neurobiol 2020;62:17-25.

[19] Chiao JW, Moonga BS, Yang YM, Kancherla R,
Mittelman A, Wu-Wong JR, Ahmed T. Endothelin-1
from prostate cancer cells is enhanced by bone
contact which blocks osteoclastic bone
resorption. Br J Cancer 2000;83:360-5.

[20] von Moos R, Body JJ, Egerdie B, Stopeck A,
Brown JE, Damyanov D, Fallowfield LJ, Marx G,
Cleeland CS, Patrick DL, Palazzo FG, Qian Y, Braun
A, Chung K. Pain outcomes in patients with advanced
breast cancer and bone metastases: results from a
randomized, double-blind study of denosumab and
zoledronic acid. Cancer 2013;21:3497-507.

[21] Cleeland CS, Portenoy RK, Rue M, Mendoza TR,
Weller E, Payne R, Kirshner J, Atkins JN, Johnson PA,
Marcus A. Does an oral analgesic protocol improve
pain control for patients with cancer? An intergroup
study coordinated by the Eastern Cooperative
Oncology Group. Ann Oncol 2005;16:972-80.

[22] Coleman RE. Metastatic bone disease: clinical
features, pathophysiology and treatment
strategies. Cancer Treat Rev 2001;27:165-76.

[23] Costantini M, Ripamonti C, Beccaro M, Montella
M, Borgia P, Casella C, Miccinesi G. Prevalence,
distress, management, and relief of pain during the
last 3 months of cancer patients' life. Results of an
Italian mortality follow-back survey. Ann
Oncol 2009;20:729-35.

[24] Costigan M, Scholz J, Woolf CJ. Neuropathic
pain: a maladaptive response of the nervous system
to damage. Annu Rev Neurosci 2009;32:1-32.

[25] Cronin KA, Lake AJ, Scott S, Sherman RL, Noone
A-M, Howlader N, Henley SJ, Anderson RN, Firth AU,
Ma J, Kohler BA, Jemal A. Annual report to the
nation on the status of cancer, part I: national
cancer statistics. Cancer 2018;124:2785-800.

[26] Del Fattore A, Teti A. The tight relationship
between osteoclasts and the immune
system. Inflamm Allergy Drug Targets 2012;11:181-
7.

[27] Donovan-Rodriguez T, Dickenson AH, Urch
CE. Superficial dorsal horn neuronal responses and
the emergence of behavioural hyperalgesia in a rat
model of cancer-induced bone pain. Neurosci
Lett 2004;360:29-32.

[28] Donovan-Rodriguez T, Dickenson AH, Urch
CE. Gabapentin normalizes spinal neuronal responses
that correlate with behavior in a rat model of
cancer-induced bone
pain. Anesthesiology 2005;102:132-40.

[29] Drake MT, Clarke BL, Khosla S. Bisphosphonates:
mechanism of action and role in clinical
practice. Mayo Clin Proc 2008;83:1032-45.

[30] Emens LA, Ascierto PA, Darcy PK, Demaria S,
Eggermont AMM, Redmond WL, Seliger B, Marincola
FM. Cancer immunotherapy: opportunities and
challenges in the rapidly evolving clinical
landscape. Eur J Cancer 2017;81:116-29.

[31] Falk S, Dickenson AH. Pain and nociception:
mechanisms of cancer-induced bone pain. J Clin
Oncol 2017;32:1647-54.

Journal of Complementary Medicine Research | Volume 14 | Issue 5 | 2023 .




Udita et al: ROLE OF OSTEOCLASTS AND NOCICEPTIVE SENSORY NEURONS IN BONE CANCER PAIN — A REVIEW

[32] Feng X, McDonald JM. Disorders of bone
remodeling. Annu Rev Pathol 2011;6:121-45.

[33] Hamamoto DT, Khasabov SG, Cain DM, Simone
DA. Tumor-evoked sensitization of C nociceptors: a
role for endothelin. J Neurophysiol 2008;100:2300-
11.

[34] Hanaka M, Iba K, Dohke T, Kanaya K, Okazaki S,
Yamashita T. Antagonists to TRPV1, ASICs and P2X
have a potential role to prevent the triggering of
regional bone metabolic disorder and pain-like
behavior in tail-suspended mice. Bone 2018;110:284-
94,

[35] Hanley DA, Adachi JD, Bell A, Brown
V. Denosumab: mechanism of action and clinical
outcomes. Int J Clin Pract 2012;66:1139-46.

[36] Hiasa M, Okui T, Allette YM, Ripsch MS, Sun-
Wada GH, Wakabayashi H, Roodman GD, White FA,
Yoneda T. Bone pain induced by multiple myeloma is
reduced by targeting V-ATPase and ASIC3. Cancer
Res 2017;77:1283-95.

[37] Honore P, Luger NM, Sabino MA, Schwei MJ,
Rogers SD, Mach DB, Okeefe PF, Ramnaraine ML,
Clohisy DR, Mantyh PW. Osteoprotegerin blocks bone
cancer-induced skeletal destruction, skeletal pain
and pain-related neurochemical reorganization of
the spinal cord. NatMed 2000;6:521-8.

[38] ladarola MJ, Sapio MR, Raithel SJ, Mannes AJ,
Brown DC. Long-term pain relief in canine
osteoarthritis by a single intra-articular injection of
resiniferatoxin, a potent TRPV1
agonist. PAIN 2018;159:2105-14.

[39] Jacome-Galarza CE, Percin Gl, Muller JT, Mass
E, Lazarov T, Eitler J, Rauner M, Yadav VK, Crozet L,
Bohm M, Loyher PL, Karsenty G, Waskow C,
Geissmann F. Developmental origin, functional
maintenance and genetic rescue of
osteoclasts. Nature 2019;569:541-5.

[40] Ji RR, Donnelly CR, Nedergaard M. Astrocytes in
chronic pain and itch. Nat Rev Neurosci 2019;20:667-
85.

[41] Jimenez-Andrade JM, Bloom AP, Stake JI,
Mantyh WG, Taylor RN, Freeman KT, Ghilardi JR,
Kuskowski MA, Mantyh PW. Pathological sprouting of
adult nociceptors in chronic prostate cancer-induced
bone pain. J Neurosci 2010;30:14649-56.

[42] Jimenez-Andrade JM, Ghilardi JR, Castaneda-
Corral G, Kuskowski MA, Mantyh PW. Preventive or
late administration of anti-NGF therapy attenuates
tumor-induced nerve sprouting, neuroma formation,
and cancer pain. PAIN 2011;152:2564-74.

[43] Jimenez-Andrade JM, Mantyh WG, Bloom AP,
Ferng AS, Geffre CP, Mantyh PW. Bone cancer
pain. Ann N 'Y Acad Sci 2010;1198:173-81.

[44] Kato K, Morita I. Acidosis environment promotes
osteoclast formation by acting on the last phase of
preosteoclast differentiation: a study to elucidate
the action points of acidosis and search for putative
target molecules. Eur J Pharmacol 2011;663:27-39.
[45] Keller ET, Brown J. Prostate cancer bone
metastases promote both osteolytic and osteoblastic
activity. J Cell Biochem 2004;91-718-29.

[46] Khasabov SG, Hamamoto DT, Harding-Rose C,
Simone  DA. Tumor-evoked  hyperalgesia  and
sensitization of nociceptive dorsal horn neurons in a
murine model of cancer pain. Brain Res 2007;1180:7-
19.

[47] Khodorova A, Navarro B, Jouaville LS, Murphy
JE, Rice FL, Mazurkiewicz JE, Long-Woodward D,
Stoffel M, Strichartz GR, Yukhananov R, Davar
G. Endothelin-B receptor activation triggers an
endogenous analgesic cascade at sites of peripheral
injury. NatMed 2003;9:1055-61.

[48] Lee MS, Kim HS, Yeon JT, Choi SW, Chun CH,
Kwak HB, Oh J. GM-CSF regulates fusion of
mononuclear  osteoclasts into  bone-resorbing
osteoclasts by activating the Ras/ERK pathway. J
Immunol 2009;183:3390-9.

[49] Li H, Hong S, Qian J, Zheng Y, Yang J, Yi
Q. Cross talk between the bone and immune
systems: osteoclasts function as antigen-presenting
cells and activate CD4+ and CD8+ T
cells. Blood 2010;116:210-17.

[50] Li X, Ye JX, Xu MH, Zhao MD, Yuan FL. Evidence
that activation of ASIC1a by acidosis increases
osteoclast migration and adhesion by modulating
integrin/Pyk2/Src  signaling pathway. Osteoporos
Int 2017;28:2221-31.

[51] Lindsay TH, Jonas BM, Sevcik MA, Kubota K,
Halvorson KG, Ghilardi JR, Kuskowski MA, Stelow EB,
Mukherjee P, Gendler SJ, Wong GY, Mantyh
PW. Pancreatic cancer pain and its correlation with
changes in  tumor vasculature, macrophage
infiltration, neuronal innervation, body weight and
disease progression. PAIN 2005;119:233-46.

[52] Luo X, Huh Y, Bang S, He Q, Zhang L, Matsuda
M, Ji RR. Macrophage toll-like receptor 9 contributes
to chemotherapy-induced neuropathic pain in male
mice. J Neurosci 2019;39:6848-64.

[53] Mach DB, Rogers SD, Sabino MC, Luger NM,
Schwei MJ, Pomonis JD, Keyser CP, Clohisy DR,
Adams DJ, O'Leary P, Mantyh PW. Origins of skeletal
pain: sensory and sympathetic innervation of the
mouse femur. Neuroscience 2002;113:155-66.

[54] Madel MB, Ibanez L, Wakkach A, de Vries TJ,
Teti A, Apparailly F, Blin-Wakkach C. Immune
function and diversity of osteoclasts in normal and
pathological conditions. Front
Immunol 2019;10:1408.

[55] Magnon C, Hall SJ, Lin J, Xue X, Gerber L,
Freedland SJ, Frenette PS. Autonomic nerve
development contributes to prostate cancer
progression. Science 2013;341:1236361.

[56] Mantyh ~ P. Bone cancer pain: causes,
consequences, and therapeutic
opportunities. PAIN 2013;154:554-62.

[57] Mantyh PW. Cancer pain and its impact on
diagnosis, survival and quality of
life. NatRevNeurosci 2006;7:797-809.

[58] Mantyh PW, Clohisy DR, Koltzenburg M, Hunt
SP. Molecular mechanisms of cancer
pain. NatRevCancer 2002;2:201-9.

' Journal of Complementary Medicine Research | Volume 14 | Issue 5 | 2023




Udita et al: ROLE OF OSTEOCLASTS AND NOCICEPTIVE SENSORY NEURONS IN BONE CANCER PAIN — A REVIEW

[59] Maurizi A, Rucci N. The osteoclast in bone

metastasis: player and target. Cancers
(Basel) 2018;10:218.
[60] Mundy GR. Mechanisms of bone

metastasis. Cancer 1997;80:1546-56.

[61] Mundy  GR. Metastasis to bone: causes,
consequences and therapeutic opportunities. Nat
Rev Cancer 2002;2:584-93.

[62] Nagae M, Hiraga T, Wakabayashi H, Wang L,
Iwata K, Yoneda T. Osteoclasts play a part in pain
due to the inflammation adjacent to
bone. Bone 2006;39:1107-15.

[63] Nagae M, Hiraga T, Yoneda T. Acidic
microenvironment created by osteoclasts causes
bone pain associated with tumor colonization. J
Bone Mineral Metab 2007;25:99-104.

[64] Nakashima T, Takayanagi H. New regulation
mechanisms of osteoclast differentiation. Ann N Y
Acad Sci 2011;1240:E13-8.

[65] Peters CM, Lindsay TH, Pomonis JD, Luger NM,
Ghilardi JR, Sevcik MA, Mantyh PW. Endothelin and
the tumorigenic component of bone cancer
pain. Neuroscience 2004;126:1043-52.

[66] Pickering V, Jay Gupta R, Quang P, Jordan RC,
Schmidt BL. Effect of peripheral endothelin-1
concentration on carcinoma-induced pain in
mice. Eur J Pain 2008;12:293-300.

[67] Reinstein ZZ, Pamarthy S, Sagar V, Costa R,
Abdulkadir SA, Giles FJ, Carneiro BA. Overcoming
immunosuppression in bone metastases. Crit Rev
Oncol Hematol 2017;117:114-27.

[68] Rucci N, Teti A. Osteomimicry: how tumor cells
try to deceive the bone. Front Biosci 2010;2:907-15.

[69] Saloman JL, Albers KM, Li D, Hartman DJ,
Crawford HC, Muha EA, Rhim AD, Davis BM. Ablation
of sensory neurons in a genetic model of pancreatic
ductal adenocarcinoma slows initiation and
progression of cancer. Proc Natl Acad Sci U S
A 2016;113:3078-83.

[70] Saloman JL, Albers KM, Rhim AD, Davis BM. Can
stopping nerves, stop cancer? Trends
Neurosci 2016;39:880-9.

[71] Schmidt BL. The neurobiology of cancer
pain. Neuroscientist 2014;20:546-62.

[72] Schmidt BL, Pickering V, Liu S, Quang P, Dolan
J, Connelly ST, Jordan RC. Peripheral endothelin A
receptor antagonism attenuates carcinoma-induced
pain. Eur J Pain 2007;11:406-14.

[73] Schweizerhof M, Stosser S, Kurejova M, Njoo C,
Gangadharan V, Agarwal N, Schmelz M, Bali KK,
Michalski CW, Brugger S, Dickenson A, Simone DA,
Kuner R. Hematopoietic colony-stimulating factors
mediate tumor-nerve interactions and bone cancer
pain. Nat Med 2009;15:802-7.

[74] Selvaraj D, Gangadharan V, Michalski CW,
Kurejova M, Stosser S, Srivastava K, Schweizerhof M,
Waltenberger J, Ferrara N, Heppenstall P, Shibuya
M, Augustin HG, Kuner R. A functional role for
VEGFR1 expressed in peripheral sensory neurons in
cancer pain. Cancer Cell 2015;27:780-96.

[75] Sims NA, Martin TJ. Coupling the activities of
bone formation and resorption: a multitude of

signals within the basic multicellular unit. Bonekey
Rep 2014;3:481.

[76] Smith MR, Coleman RE, Klotz L, Pittman K,
Milecki P, Ng S, Chi KN, Balakumaran A, Wei R, Wang
H, Braun A, Fizazi K. Denosumab for the prevention
of skeletal complications in metastatic castration-
resistant prostate cancer: comparison of skeletal-
related events and symptomatic skeletal events. Ann
Oncol 2015;26:368-74.

[77] Sopata M, Katz N, Carey W, Smith MD, Keller D,
Verburg KM, West CR, Wolfram G, Brown
MT. Efficacy and safety of tanezumab in the
treatment of pain from bone
metastases. PAIN 2015;156:1703-13.

[78] Sorge RE, Mapplebeck JC, Rosen S, Beggs S,
Taves S, Alexander JK, Martin LJ, Austin JS,
Sotocinal SG, Chen D, Yang M, Shi XQ, Huang H,
Pillon NJ, Bilan PJ, Tu Y, Klip A, Ji RR, Zhang J,
Salter MW, Mogil JS. Different immune cells mediate
mechanical pain hypersensitivity in male and female
mice. Nat Neurosci 2015;18:1081-3.

[79] Thompson ML, Jimenez-Andrade JM, Chartier S,
Tsai J, Burton EA, Habets G, Lin PS, West BL, Mantyh
PW. Targeting cells of the myeloid lineage
attenuates pain and disease progression in a prostate
model of bone cancer. PAIN 2015;156:1692-702.

[80] Tominaga M, Caterina MJ, Malmberg AB, Rosen
TA, Gilbert H, Skinner K, Raumann BE, Basbaum Al,
Julius D. The cloned capsaicin receptor integrates
multiple pain-producing
stimuli. Neuron 1998;21:531-43.

[81] Urch CE, Donovan-Rodriguez T, Dickenson
AH. Alterations in dorsal horn neurones in a rat
model of cancer-induced bone
pain. PAIN 2003;106:347-56.

[82]van den  Beuken-van  Everdingen = MH,
Hochstenbach LM, Joosten EA, Tjan-Heijnen VC,
Janssen DJ. Update on prevalence of pain in patients
with cancer: systematic review and meta-analysis. J
Pain Symptom Manage 2016;51:1070-90.e1079.

[83] Van den Wyngaert T, Huizing Mt, Vermorken
JB. Osteonecrosis of the jaw related to the use of
bisphosphonates. Ann Oncol 2006;17:1512-16.

[84] von Moos R, Costa L, Ripamonti Cl, Niepel D,
Santini D. Improving quality of life in patients with
advanced cancer: targeting metastatic bone
pain. Eur J Cancer 2017;71:80-94.

[85] von Moos R, Strasser F, Gillessen S, Zaugg
K. Metastatic bone pain: treatment options with an
emphasis on  bisphosphonates. Support  Care
Cancer 2008;16:1105-15.

[86] Wacnik PW, Eikmeier LJ, Ruggles TR,
Ramnaraine ML, Walcheck BK, Beitz AJ, Wilcox
GL. Functional interactions between tumor and
peripheral nerve: morphology, algogen
identification, and behavioral characterization of a
new  murine model of  cancer  pain. J
Neurosci 2001;21:9355-66.

[87] Wada T, Nakashima T, Hiroshi N, Penninger
JM. RANKL-RANK signaling in osteoclastogenesis and
bone disease. Trends Mol Med 2006;12:17-25.

Journal of Complementary Medicine Research | Volume 14 | Issue 5 | 2023 .




Udita et al: ROLE OF OSTEOCLASTS AND NOCICEPTIVE SENSORY NEURONS IN BONE CANCER PAIN — A REVIEW

[88] Wakabayashi H, Wakisaka S, Hiraga T, Hata K,
Nishimura R, Tominaga M, Yoneda T. Decreased
sensory nerve excitation and bone pain associated
with mouse Lewis lung cancer in TRPV1-deficient
mice. J Bone Mineral Metab 2018;36:274-85.

[89] Wang K, Gu Y, Liao Y, Bang S, Donnelly CR,
Chen O, Tao X, Mirando AJ, Hilton MJ, Ji RR. PD-1
blockade inhibits osteoclast formation and murine
bone cancer pain. J Clin Invest 2020;130:3603-20.
[90] Wang M, Xia F, Wei Y, Wei X. Molecular
mechanisms and clinical management of cancer bone
metastasis. Bone Res 2020;8:30.

[91] Wang XW, Li TT, Zhao J, Mao-Ying QL, Zhang H,
Hu S, Li Q Mi WL, Wu GC, Zhang YQ, Wang
YQ. Extracellular signal-regulated kinase activation
in spinal astrocytes and microglia contributes to
cancer-induced bone pain in
rats. Neuroscience 2012;217:172-81.

[92] Weilbaecher KN, Guise TA, McCauley LK. Cancer
to bone: a fatal attraction. Nat Rev
Cancer 2011;11:411-25.

[93]. Manish  Kumar  Maity, Mamta Naagar,
"Autoimmune Neurogenic Dysphagia”, International
Journal of Science and Research (IJSR), Volume 11
Issue 7, July 2022, pp- 447-463,
https://www.ijsr.net/getabstract.php?paperid=SR22
630151732.

[94]. Manish Kumar Maity, Mamta Naagar, "A Review
on Headache: Epidemiology, Pathophysiology,
Classifications, Diagnosis, Clinical Management and
Treatment Modalities”, International Journal of
Science and Research (IJSR), Volume 11 Issue 7, July
2022, pp- 506-515,
https://www.ijsr.net/getabstract.php?paperid=SR22
703111804.

[95]. Md Shamshir Alam , Manish Kumar Maity , Abdul
Salam Nazmi , Md Sarfaraz Alam , Md Salahuddin
Ansari. Oral Health Issues And Preventive Measures
In Geriatric Populations. Journal of Pharmaceutical
Negative Results [Internet]. 2022 Dec. 31 [cited 2023
Jun. 24];:2647-55. Available from:
https://www.pnrjournal.com/index.php/home/artic
le/view/9175

[96]. Nikita Sharma , Md Shamshir Alam , Anubha
Sharma , Sanyam Garg , Manish Kumar Maity.
Colorectal Cancer In Young Adults: Epidemiology,
Risk Factors, Development, Symptoms, Traditional
Herbal Therapy And Prevention. Journal of
Pharmaceutical Negative Results [Internet]. 2022
Dec. 31 [cited 2023 Jun. 24];:1370-82. Available
from:
https://pnrjournal.com/index.php/home/article/vie
w/6991

[97]. Ehteshamul Haque , Faiz Ahmed , Priyanka
Chaurasiya , Neha Yadav , Nikita Dhiman , Manish
Kumar Maity. A REVIEW ON ANTIDEPRESSANT EFFECT
OF HERBAL DRUGS. Journal of Pharmaceutical

Negative Results [Internet]. 2023 Feb. 17 [cited 2023
Jun. 24];:2716-23. Available from:
https://www.pnrjournal.com/index.php/home/artic
le/view/8841

[98]. OmveerSingh,  Shailesh ~ Sharma, Mamta
Naagar, Manish Kumar Maity, Eletriptan As
Treatment Option For Acute Migraine,
International Journal Of Innovations & Research
Analysis (ljira),02, 03(ll), September, 2022, Pp 15-
24.

[99]. Priyanka Tanwar, Mamta Naagar, and Manish
Kumar Maity, “Relationship between Type 2 Diabetes
Mellitus and Osteoarthritis,”International Research
Journal of Pharmacy and Medical Sciences (IRJPMS),
Volume 6, Issue 2, pp. 59-70, 2023
(PDF) Relationship between Type 2 Diabetes Mellitus
and Osteoarthritis. Available from:
https://www.researchgate.net/publication/3690229
95 Relationship_between_Type 2 Diabetes_Mellitus
and_Osteoarthritis [accessed Jun 23 2023].

[100]. Omveer Singh, Shailesh Sharma, Mamta
Naagar, Manish  Kumar Maity, Oral And
Parenteral To Minimize The Nasal Delivery By
Thermoreversible ~ Mucoadhesive  -A  Review,
International Journal Of Creative Research Thoughts
(ljcrt), 09/2022,10(9) Pp.-356-371.

[101]. Md Shamshir Alam, Garima Malik, Priyanka
Tanwar, Mamta Naagar, Tarun Singh, Omveer Singh,
Manish Kumar Maity, A Review on Small-Cell Lung
Cancer: Epidemiology, Pathophysiology, RiskFactors,
Diagnosis, Clinical Management and Treatment
Modalities, International Journal of Current Science
Research and Review (ijcsrr), 06(01): 129-151.

[102]. Priyanka Tanwar, Mamta Naagar, and Manish
Kumar Maity, “Relationship between Diabetes
Mellitus and Bone Health - A Review,”International
Research Journal of Pharmacy and Medical Sciences
(IRJPMS), Volume 6, Issue 2, pp. 46-58, 2023.
(PDF) Relationship between Diabetes Mellitus and
Bone Health A Review. Available from:
https://www.researchgate.net/publication/3690229
10_Relationship_between_Diabetes_Mellitus_and_Bo
ne_Health_-_A Review [accessed Jun 23 2023].
[103]. Manish  Kumar Maity. A review on
Helicobacter pylori Infection. ijmsdr [Internet].
2022Sep.17 [cited 2023Jun.23];6(9). Available from:
https://www.ijmsdr.com/index.php/ijmsdr/article/
view/950

[104]. Md Shamshir Alam , Manish Kumar Maity ,
Abdul Salam Nazmi , Md Sarfaraz Alam , Md
Salahuddin Ansari (2022) “Oral Health Issues And

Preventive Measures In Geriatric
Populations”,Journal of Pharmaceutical Negative
Results, pp- 2647-2655. doi:

10.47750/pnr.2022.13.510.316.

' Journal of Complementary Medicine Research | Volume 14 | Issue 5 | 2023



https://www.ijsr.net/getabstract.php?paperid=SR22630151732
https://www.ijsr.net/getabstract.php?paperid=SR22630151732
https://www.ijsr.net/getabstract.php?paperid=SR22703111804
https://www.ijsr.net/getabstract.php?paperid=SR22703111804
https://www.pnrjournal.com/index.php/home/article/view/9175
https://www.pnrjournal.com/index.php/home/article/view/9175
https://pnrjournal.com/index.php/home/article/view/6991
https://pnrjournal.com/index.php/home/article/view/6991
https://www.pnrjournal.com/index.php/home/article/view/8841
https://www.pnrjournal.com/index.php/home/article/view/8841
https://www.researchgate.net/publication/369022995_Relationship_between_Type_2_Diabetes_Mellitus_and_Osteoarthritis
https://www.researchgate.net/publication/369022995_Relationship_between_Type_2_Diabetes_Mellitus_and_Osteoarthritis
https://www.researchgate.net/publication/369022995_Relationship_between_Type_2_Diabetes_Mellitus_and_Osteoarthritis
https://www.researchgate.net/publication/369022910_Relationship_between_Diabetes_Mellitus_and_Bone_Health_-_A_Review
https://www.researchgate.net/publication/369022910_Relationship_between_Diabetes_Mellitus_and_Bone_Health_-_A_Review
https://www.researchgate.net/publication/369022910_Relationship_between_Diabetes_Mellitus_and_Bone_Health_-_A_Review
https://www.ijmsdr.com/index.php/ijmsdr/article/view/950
https://www.ijmsdr.com/index.php/ijmsdr/article/view/950

