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Aim of Review: Therefore, the current review highlights the latest progress in basic research on the field
and proposes potential therapeutic targets, representative drugs and upcoming therapies.

Key Scientific Concepts of Review: Notably, factors such as central sensitization, neuroinflammation, glial
cell activation and an acidic environment are considered to be related to neuropathic pain in CIBP.
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Nonetheless, further research is needed to ascertain the mechanism of CIBP in order to develop highly
effective drugs. Moreover, more attention needs to be paid to the care of patients with advanced cancer.
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Introduction

Cancer-induced Bone Pain (CIBP) refers to the pain caused by
bone metastases or severe and common pain caused by primary
bone tumors. It is a complex state of pain that is usually persistent,
sudden, spontaneous and often accompanied by hyperalgesia. In
addition, it is not only the biggest source of pain in patients with
advanced cancer but also the most important reason for reduced
quality of life as well as self-confidence in cancer survivors.

Although different rates of CIBP are reported around the world,
it is generally believed to occur in one-third of patients. However,
given the current advances in cancer treatment, the prevalence of
CIBP among cancer survivors may be greater than the reported
numbers. This therefore suggests that the urgent problem of
cancer-related pain should be the focus of more studies.

In addition, CIBP may run through the entire cancer diagnosis
and treatment process and is therefore not only related to the dis-
ease itself but also closely associated with the treatment. A
prospective study on patients with bone metastases and receiving
radiation therapy showed that 25.8% of them had significant neu-
ropathic pain [1]. Moreover, Chemotherapy Induced Peripheral
Neuropathy (CIPN) has become important in the study of CIBP
although it is not the main subject of the current review. Nonethe-
less, further details and related progress on CIPN have been high-
lighted [2].

The mechanisms underlying CIBP are largely unclear although a
few have been proposed. Such include elements commonly associ-
ated with neuropathic, traumatic and inflammatory pain. Among
these, neuropathic pain is the most important and serious cause.
In 2008, the Neuropathic Pain Special Interest Group (NeuPSIG)
of the International Association for the Study of Pain (IASP) defined
neuropathic pain as that caused by a lesion or disease of the
somatosensory system. Under the combined effects of various fac-
tors, the tissues and nerves around the area of pain often undergo
unique modifications and neurochemical changes at the spinal
cord level. These changes often occur in more than one site.

Furthermore, an effective grading system for neuropathic pain
was established in 2008 [3] and has been continuously updated
ever since [4]. However, diagnosis of neuropathic pain mainly
relies on a detailed medical history (including the cause of disease,
location and the nature of pain as well as the factors that induce
and reduce it), a comprehensive and detailed physical examination
(especially examination of the sensory system) and the necessary
auxiliary examination which is sometimes also based on the
patients’ response to treatment. There are also guidelines that
effective pain management requires algorithmic screening of
patients as well as reliable and repeatable assessments of sus-
pected patients using comprehensive and effective tools to provide
tailored treatments.

Among the numerous auxiliary inspection and evaluation
methods, a careful examination of the nervous system should
include a detailed investigation of sensory, motor and autonomic
functions. The evaluation of sensory nerve function is important,
and quantitative analysis is recommended as an optimal choice.
In addition, the painful and abnormal sensory areas in neuropathic
pain should conform to the anatomical distribution of somatosen-
sory nerves, consistent with the identified lesions. Necessary aux-
iliary  examinations, including  neuroelectrophysiological
examination, Positron Emission Tomography (PET) and Functional
Magnetic Resonance (fMRI) can reveal the mechanisms of neuro-
pathic pain [5,6]. Notably, in the presence of complex diseases or
when neuropathic and nociceptive pain coexist (for example, bone
metastases caused by cancer) the bias caused by grading system
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dependence on clinical experience and physical examination can
be avoided.

Therefore, the importance of CIBP-related scientific research is
increasingly evident with improvements in clinical diagnosis and
treatment of the condition. Furthermore, it is crucial to elucidate
the pathogenesis, preventive measures and comprehensive treat-
ment plans against CIBP in cancer patients.

Given this background, the current review aimed to;

1. Summarize the latest progress in basic research on CIBP.

2. Describe and explain the mechanism of CIBP at the cellular and
molecular levels.

. Identify potential therapeutic targets and possible drugs for
future use.

Bone resorption and formation
Bone homeostasis

CIBP is related to imbalances in the bone microenvironment.
Bone homeostasis is maintained by the synergistic actions of
bone-resorbing osteoclasts and bone-forming osteoblasts [7].
Osteoclasts are for the key regulators of bone resorption which
modulate bone development, bone growth, repair and reconstruc-
tion. They are often abnormally activated in bone-destructive dis-
eases such as osteoporosis, rheumatoid arthritis, bone tumors, and
bone metastases. The main markers of osteoclasts are tartrate
resistant acid phosphatase and cathepsin K. RANKL is considered
the most important contributor to the pathological process of bone
resorption. In addition, MCP-1 [8], macrophage-inducible C-type
lectin (Mincle)[9], MADS box transcription enhancer factor 2,
polypeptide C (MEF2C),[10] have also been implicated in the regu-
lation of bone microenvironment. When bone tumors or bone
metastases occur, local tumor-related molecules interact with res-
ident cells in the bone marrow, causing abnormal differentiation of
osteoclasts and osteoblasts (especially abnormalities in the activity
of osteoclasts). This in turn leads to increased bone absorption. In
addition, calcium ions and growth factors released during bone
resorption are fed back to tumor cells and promote their growth
[11].

Different type of CIBP

Generally, osteogenic bone tumors are characterized by pain
emanating from sores and swelling. For example, osteosarcoma
often damages the bone cortex due to the expanded tumor tissue,
stimulating the nerve endings of the periosteum and causing sev-
ere pain. This type of pain can gradually progress from intermittent
model in the early stage to continuous model after several weeks,
and the degree of pain increases accordingly. In addition, pain-
avoidance claudication may accompany lower limb pain. It has
been reported that the severe pain osteolytic type is mainly gener-
ated by the tumor itself, i.e., pain in the nerve endings of the bone
tissue caused by the invading tumor. For example, Ewing’s sarcoma
is characterized by extensive osteolytic destruction, generating
worm-eaten-like structural changes in medical images. Ewing sar-
coma in the sacrum is more painful and may be accompanied by
neurological symptoms. Furthermore, pain associated with bone
metastasis is caused by osteolytic lesions or osteolytic invasion,
especially in patients with lung cancer or breast cancer bone
metastasis. Although the degree of pain may be vary, the nature
of the pain is similar and is often worse at night.
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Other mechanism

Moreover, it was confirmed that the major sensory afferent and
sympathetic neurons are densely distributed in the periosteum
and bone marrow. Therefore, in the case of bone resorption, large
amounts of inflammatory factors are secreted hence stimulating
the sensitized nerve fibers, resulting to intolerable pain.

In addition to imbalances in the bone microenvironment, there
exists a series of local acidic surroundings, inflammatory factors
and destruction of the anatomical structure of tissues or nerves
that promote and affect each other. Moreover, this is exacerbated
by bone destruction and in turn also accelerates bone destruction.
Therefore, a “vicious circle” which affects the normal function of
the nervous system is formed between the primary tumor, osteo-
clasts and growth factors. Consequently, methods of effectively
interrupting the cycle and stabilizing the bone microenvironment
to maintain the normal function of the body should be explored.

Furthermore, based on this theory, anti-bone resorption drugs
(such as bisphosphonates and denosumab as well as anti-RANKL
humanized neutralizing antibodies) will significantly reduce bone
complications and reduce bone pain.

Peripheral sensitization & central sensitization

The pathogenesis of neuropathic pain is complex as it is often a
combination of anatomical changes and impaired function. The
possible pathological changes include; nerve damage, neuroin-
flammation, abnormalities in peripheral nerve excitability, anoma-
lies in the sympathetic nervous system and changes in
neuroplasticity. Additionally, current research shows that the
specific pathological mechanisms include peripheral sensitization,
central sensitization, abnormalities in the descending inhibitory
system, activation of spinal glial cells and changes in ion channels.
However, peripheral and central sensitization are the principal
mechanisms of pathogenesis in neuropathic pain (Fig. 1).

Peripheral sensitization refers to increased sensitivity of noci-
ceptive neurons to incoming signals. After peripheral nerve injury,
damaged as well as inflammatory cells (such as mast cells and lym-
phocytes) release chemicals, such as norepinephrine, bradykinin,
histamine, prostaglandins, potassium ions, cytokines, serotonin
and neuropeptides. These cellular mediators can in turn sensitize
nociceptors and amplify their incoming nerve signals.

Central sensitization is a state of hypersensitivity to pain or itch,
defined as excessive somatosensory and increased excitability or
enhanced synaptic transmission of neurons in the dorsal horn of
the spinal cord after intense stimulation, severe tissue damage,
or continuous noxious input (for example, C-fiber activation)
[12,13] Specifically, this includes increased spontaneous discharge
activity of neurons, enlarged receptive fields, a lowered threshold
for external stimulation and increased pathological changes,
thereby amplifying the transmission of pain signals. It is worth
noting that CIBP often manifests as persistent chronic pain and
recent studies support the relationship between chronic pain and
the cingulate cortex, prefrontal cortex and ventral striatum [6]. In
addition, the main feature of chronic pain is hyperalgesia and
maintenance of neuropathic pain mainly depends on central sensi-
tization. Therefore, central and peripheral sensitization both exhi-
bit unique characteristics and play different roles in the various
periods and mechanisms of CIBP.

DRG activation

The sensory neuroblasts in the spinal ganglion derived from the
neural crest generate bundle-shaped axons, which enter from the
back of the neural tube symmetrically. These axons receive all
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nerve impulses from body receptors, including general somatosen-
sory and visceral sensation. The spinal ganglion is called Dorsal
Root Ganglion (DRG). The DRG is the primary neuron for sensory
conduction and has become an important target for research and
treatment of neuropathic pain [14,15]. DRG neurons not only con-
tain neurotransmitters and modulators that transmit nociceptive
sensations but also have receptors that play a role in presynaptic
modulation. Such receptors include the Gamma Aminobutyric Acid
(GABA), opioids, purines and some ion channels. These substances
not only play an important role in the mechanism of pain but some
may also become effective targets for pain treatment.

Additionally, the SCN7A/Nax channel, a sodium-level sensor in
body fluids, was found to be associated with the excitability of
DRG neurons [16]. In addition, electrophysiological changes hap-
pened in SCN7A | Nax positive neurons (including sub-threshold
oscillations, depolarized resting membrane potential and more
negative action potential thresholds) hence increasing ectopic peak
discharge, which is considered to be an important cause of chronic
pain[16]. The SCN7A [ Nax channel also controls sodium intake by
changing the excitability of neurons [17,18]. Another crucial
sodium channel is Na)1.7 although it has various links to the pain
process. In addition, given the many specific mechanisms involved
in pain regulation, the theory has constantly been updated.
Recently, immunohistochemistry results showed that Nag,1.7
was present in both the presynaptic terminals of sensory afferents
and the postsynaptic terminals of interneurons [19]. Moreover, it
was shown that Na,y1.7 located in dorsal horn neurons originated
from sensory neurons. As a result, excitability changes in sensory
neurons and the dorsal horn can be attributed to Na(,)1.7. Further-
more, pain was significantly alleviated after treatment with speci-
fic Na(1.7 inhibitors.

Moreover, expression of IL-6 and its soluble receptor sIL-6R is
significantly increased in DRG neurons. It was reported that IL-6
combined with sIL-6R could induce the dimerization of gp130 on
the DRG neuron cell membrane. This subsequently activated the
function of TRPV1 by activating the JAK/PI3K/AKT signalling path-
way, which in turn led to an increase in calcium influx and sensi-
tivity of DRG [20].

WNT is a key protein found in the brain and is thought to be
involved in the development of the nervous system. Additionally,
it was discovered that nerve damage as well as bone cancer could
cause rapid and sustained expression of WNT[21]. In the spinal
cord, the WNT signaling pathway was found to be involved in
the activation of astrocytes and microglia. The pathway was also
reported to enhance the sensitivity of DRG through NR2B activa-
tion and subsequent Ca? *-dependent signaling in the dorsal horn
neurons. Moreover, a recent study on the rat bone cancer pain
model confirmed that intrathecal injection of recombinant IL-18
induced phosphorylation of the NR2B receptor and mechanical
allodynia. On the contrary, blocking the IL-18 signaling pathway
could inhibit the activation of GIuN2B and subsequent Ca? * -
dependent signaling as well as glial cell over activity [22]. Further-
more, the proinflammatory cytokines IL-18 and TNF were shown to
be generated through the WNT/frizzled/B-catenin pathway [21].

Additionally, Protocadherin20 was found to be associated with
enhanced synaptic plasticity, which is considered to be one of
the important mechanisms of central sensitization. Moreover, sup-
pression of Protocadherin20 was reported to inhibit neurite out-
growth and formation of excitatory synapses in dorsal neurons,
resulting to bone pain relief [23].

DRG is the primary sensory neuron of sensory afferents. There-
fore, knowledge on receptors and ion channels that are unique or
mainly expressed on DRG will be helpful in exploring the mecha-
nism of pain and providing new insights on the choice of targets
for pain medication. Consequently, there is increasing research
on these receptors and ion channels as targets for drug
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Fig. 1. Schematic diagram showing the mechanism of cancer-induced bone pain. The cell body of the primary afferent neurons innervating the body is in the dorsal root
ganglia and it transports sensory information from the periphery to the spinal cord and brain. Unmyelinated C fibers are involved in the detection of a variety of harmful
stimuli. When bone tumors occur, or when bone destruction occurs, sensory neurons will behave as sprout and produce toxic irritants. Besides, DRG activation, microglia
activation, acidic environment production, inflammatory factor expression, ion channel changes and many other factors participate in the generation and maintenance of

cancer pain.

development. In addition, several studies exist with regard to
many aspects of CIBP and will be explained in the subsequent
sections.

The activity of microglia

Microglia are important immune and defense cells in the ner-
vous system. They quickly turn into a polarized state in response
to external stimuli and injuries. Recent research also showed that
microglia play an important role in central hyperactive states as
well as in multiple alterations in dorsal horn neurons following
nerve injury during the pathophysiological process of CIBP [24-
26].

A large number of neuroactive and inflammatory factors are
released when tumor-related biomolecules cause neuronal dam-
age or inflammation and after microglia are activated. Such include
Reactive Oxygen Species (ROS), IL-1B, IL-6, TNF-a, MMPs, chemoki-
nes, ATP and NO. On one hand, these active substances act on their
corresponding receptors on neurons, resulting to pain. On the other
hand, they activate more microglia and astrocytes resulting to a
positive feedback and ultimately participate in the induction as
well as maintenance of chronic pain. Among the substances, ATP
is released from damaged cells and affects the surrounding cells
(especially neuronal cells) with the cell surface P2 receptor as an
intercellular mediator [27]. Moreover, some studies showed that
ROS can maintain pain (not initiate) by participating in the
activation of microglia. As a result, ROS scavengers (N-tert-Butyl-
o-phenylnitrone, PBN and 4-hydroxy-2,2,6,6-tetramethylpiperi
dine-1-oxyl, Tempol) were shown to significantly relieve CIBP
[28]. Additionally, it was reported that the occurrence of tactile
allodynia after nerve injury was related to p38 mitogen-activated
protein kinase (p38 MAPK), one of the four subgroups of the MAPK
family [29,30]. Besides, alendronate was found to be able to inhibit
the activation of microglia and p-p38, thus preventing the
development of hyperalgesia [31].
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Furthermore, the Brain-derived Neurotrophic Factor (BDNF)
was confirmed to be widely present in the nervous system [32]
and nourish nerves in a paracrine or autocrine fashion. It was also
shown to increase the sensitivity of the nervous system by activat-
ing microglia. Moreover, Wang et al. found that BDNF enhances the
T-type Ca?* currents by stimulating TrkB coupled to the PI3K-p38-
PKA signal, thereby inducing excessive excitability of sensory neu-
rons [33]. Zhou et al. also reported that CSF1 activates microglial
cells to release BDNF through the CSFIR | p38 MAPK signaling
pathway, then BDNF leads to an increase in CGRP terminals
through TrkB/CREB signaling [34]. This can explain why chronic
primary pain occurs without injury or illness.

The P38 MAPK pathway

The above-mentioned members of the MAPK family, especially
ERK (p42 | 44), p38 and JNK were shown to be able to participate in
the development of inflammation and pain during neuropathy
through different signaling mechanisms. Notably, research on
P38 has been on the rise in the past decade. P38MAPK is a protein
with a molecular weight of 38kD and is made up of 360 amino
acids. In addition, it has 6 subtypes including; p38al, p38a2,
p38B1, p38B2, p38y and p385. P38a is mainly distributed in the
dorsal root ganglia while p38f is mainly present in brain tissue
particularly in the microglia. The P38-related MAPK cascades are
the central links to multiple signaling pathways. When the cell is
externally stimulated, the P38MAPK signaling pathway can be acti-
vated after which it enters the nucleus and regulates the activation
of multiple transcription factors or the switching or growth of ion
channels. Additionally, the factors are produced to regulate a vari-
ety of important physiological functions in cells including prolifer-
ation, autophagy, apoptosis and inflammatory responses.

Under certain circumstances, P38MAPK in DRG is phosphory-
lated and phosphorylated P38 then activates the Na () 1.8 particle
channels, resulting to an increase in neuron current density, caus-
ing neuron excitement or pain sensitization. Such circumstances
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include when bone tumors invade nerves or inflammation causes
nociceptors to generate pain signals and transmit them to the
spinal dorsal root ganglion sensory neurons through axons.

P38MAPK is also involved in the central mechanism of neuro-
pathic pain, mainly through changes in plasticity and central sen-
sitization of neurons. Fan et al. reported that increased levels of
phosphorylated cAMP Response Element Binding protein (CREB)
was observed in the prelimbic cortex (PL) of rats experiencing
chronic inflammatory pain. In addition, inhibition of p38 phospho-
rylation in PL was able to down-regulate phosphorylated CREB in
PL with increased expression of serotonin, thereby reversing the
nociceptive response aggravated by the formalin test [35].

The role of p38 in the process of inflammation-involved micro-
glia activation and hyperalgesia has been the focus of many stud-
ies. Zhao et al. pointed out that IL-33/ST2 signaling plays a vital
role in cancer related pain. Additionally, they showed that levels
of phosphorylated p38MAPK increased in the spinal cord and inhi-
bition of p38 phosphorylation could reduce pain in a CIBP rat
model. However, whether IL-33 mediates CIBP through activation
of MAPKs remains largely unknown [36].

Most experimental results indicate that the ERK/MAPK, JNK/
MAPK and P38MAPK pathways are involved in the process of cen-
tral sensitization. However, it is possible that continuous activation
of the p38 mitogen in chronic neuronal changes caused by inflam-
matory Protein kinases (MAPK; p38) is the cause of central sensiti-
zation and not over-phosphorylation of extracellularly regulated
protein kinases (ERK) or c-JunN-terminal kinase (JNK).

Consequently, accurately inhibiting the continued activation of
p38 MAPK can prevent abnormal signal transduction in neurons
thus reducing the sensitivity of the central nervous system and
minimizing pain in patients. This might therefore be a promising
therapeutic target.

Acidic environment

Hyperalgesia is usually accompanied by an acidic microenvi-
ronment. Decreased local tissue pH was previously associated with
musculoskeletal pain [37]. Additionally, the pH value of synovial
fluid harvested from patients with rheumatoid arthritis was
reported to be lower than that of normal individuals [38]. An acidic
microenvironment also plays an important role in the process of
CIBP. Two acidic environments are extremely active during the
progression of CIBP namely; the primary tumor acidic microenvi-
ronment and secondary acidic environment produced by
osteoclasts.

Primary acidic microenvironment

Tumor tissues produce the primary acidic microenvironment.
Tumor cells will convert energy metabolism into glycolysis, and
try to use this abnormal metabolism behavior to escape the apop-
tosis process and enhance the proliferation and migration ability.
This unique metabolic pattern in tumor tissues is known as the
“Warburg effect” [39]. However, excessive metabolites of glycoly-
sis in cells make the intracellular environment acidic and this is
not conducive for the growth of cancer cells. Therefore, cancer cells
actively expel protons and lactic acid out of cells through Monocar-
boxylate transporters 1 and 4 (MCT1 and MCT4), the carbonic
anhydrase and protons pump (VH + -ATPase) and TRPV. This is
the origin of the pathological acidity of the bone metastasis
microenvironment. [40]. Moreover, hypoxia in the bone microenvi-
ronment leads to high expression of HIF-1 in cancer cells, which
upregulates the plasma membrane proton/lactate transporters
and exacerbates pathological acidosis in bone metastases[41]. A
recent study showed that JJN3 human multiple myeloma cells
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injected in mice tibiae could cause CIBP with acidosis. However,
the inhibitor of V-H*-ATPase was able to reverse acidosis and alle-
viate CIBP [42]. These results suggested that proton release via the
VH*-ATPase pathway on JJN3 cells is critical to the induction of
CIBP.

Secondary acidic microenvironment

Moreover, the secondary acidic microenvironment produced by
activated osteoclasts is a principal element to the development and
progression of bone metastasis [11,43]. In healthy adults, there is
often a balance between osteoclast-mediated bone resorption
and osteoblast-mediated osteogenesis. However, during bone can-
cer, tumor cells and their associated stromal cells express the
Receptor Activator of Nuclear Factor j-B ligand (RANKL), which
binds to its receptor RANK, expressed by osteoclasts[44,45].
Activation of the RANKL/RANK pathway in turn promotes the pro-
liferation and hypertrophy of osteoclasts which secrete elevated
levels of protons into the resorption lacunae to degrade bone min-
erals through the a3 isoform V-H'-ATPase (a3V-H + -ATPase) on
plasma membrane clustered in the ruffled border[46]. Conse-
quently, sensory nerves are activated and CIBP is triggered by
increased secretion of protons and decreased pH in the resorption
lacuna [47]. Therefore, interfering with the binding of RANKL to
RANK which will reduce the number of osteoclasts there reducing
tumor-induced osteoclast bone resorption. This can not only
reduce osteoclast-induced acidosis but also maintain the mechan-
ical strength of bones against bone resorption [48]. In addition, a
previous study reported that application of specific inhibitors of
osteoclasts, bisphosphonates and denosumab in clinical treatment
could relieve CIBP in patients with bone metastases in solid can-
cers and bone disease in multiple myeloma. This also demon-
strated that osteoclasts are responsible for inducing CIBP [49].

All in all, the pathological acid microenvironment created by
bone-resorbing osteoclasts and bone-colonizing cancer cells jointly
contribute to the activation of sensory nerves and CIBP.

Additionally, an acidic microenvironment can evoke multiple
currents in primary afferent neurons, mediated by several acid-
sensitive ion channels. Among these, acid-sensitive ion channels
and receptors including the TRPV ion channels, Acid-sensing Ion
Channels (ASICs) and P2x are the most widely studied.

Trpv

TRPV1 is an acid sensing nociceptor widely expressed in mam-
malian sensory nerve fibers, especially unmyelinated C-fiber noci-
ceptive afferent sensory nerves [50]. At the same time, it is a highly
Ca%*-permeable non-selective cation channel that is excited by the
vanilloid capsaicin, acid (<pH 6.0) and noxious heat (greater
than43 °C)[51] and this kind of activation will be sensitized by
inflammatory mediators.[52].

Notably, TRPV1 is the bridge between the acidic microenviron-
ment and CIBP. Its calcium channel activity was shown to be acti-
vated at low pH levels and this allowed calcium ions to flow into
sensory cells with the subsequent initiation of an action potential.
Through this, pain signals were generated before being transmitted
to the brain by excited sensory nerves through DRG [53]. More-
over, the slow proton-activated conductance in DRG is similar to
the TRPV1-mediated current stimulated by acidosis. In preclinical
models, TRPV1-knockout mice suffered from cancer-induced aci-
dosis although they could successfully avoid CIBP [50,54].

Furthermore, treatment with selective TRPV1 antagonists, 5-
iodo-resiniferatoxin (I-RTX) [54] and SB366791 [55], effectively
reduced sensory nerve activation and induction of CIBP in mice.
CIBP could also be exacerbated by the upregulation and activation
of TRPV1 on sensory nerves with increased osteoclastic bone
resorption by several growth factors and cytokines such as
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interlukin-6 (IL-6), IGF-1, PTHrP and TGF-B1. Moreover, IL-6 and
PTHrP produced in bone metastases are reported to stimulate can-
cer growth in the bone and activated TRPV1 on sensory nerves
causing mechanical hypersensitivity [56,57]. Additional research
also found that growth factors such as TGF-B and IGF-1 are
released during bone resorption [20,58]. Therefore, activation of
TRPV1 in the acidic bone microenvironment increases the
excitability of sensory nerves and induces CIBP. Given the acidic
nature of the bone environment and exacerbation of acidosis dur-
ing bone metastases, inhibition of the acid-sensing nociceptor
TRPV1 on sensory nerves innervating the bone may be a potential
mechanism-based therapy for CIBP. Based on this theory, multi-
target compounds with MOR ligand and TRPV1 antagonist activi-
ties were investigated. They were found to potentially block pain
transmission and minimize the side effects associated with single
targeting [59]. Besides, specific TRPV inhibition through the precise
removal of the unique PKC phosphorylation site (TRPV1 S801) with
CRISPR/Cas9 editing provided the same effect as the overall inhibi-
tor of TRPV1 but without its side effects [60]. Furthermore, bispho-
sphonates which relieve bone pain by decreasing osteoclast-
induced acidosis, in turn decrease the activation of the ion-
sensing TRPV1 or ASIC3 receptors that are expressed by sensory
nerve fibers [61]. Interestingly, the latest research found that acti-
vating TRPV1 can prevent B arrestin2-biased signaling via MOR,
and thus enhance analgesia. Moreover, TRPV1 deficiency promoted
peripheral opioid receptor desensitization. In other words, TRPV1
interacts with MOR, indicating that TRPV1 agonists can be effective
analgesics for preventing opioid tolerance.

Asics

ASICs belong to the voltage-insensitive, amiloride-sensitive
epithelial Na* channel family of cation channels and are among
the molecular acid sensors [62]. According to previous reports,
there was no slow and non-desensitizing proton gating current
in DRG neurons in TPRV1 knockout mice, compared to the control
group. However, the fast and rapid inactivation of proton gating
mediated by ASICs was maintained [51,63]. Therefore, compared
to TRPV1, currents through ASICs have more similarities with the
rapidly inactivating inward Na* currents aroused by mild acidosis
in DRG neurons [62,64]. In addition, ASIC-related currents are also
discovered on both DRG neurons with myelinated axons and those
with unmyelinated axons. On the contrary, acidification related
TRPV1-mediated currents are largely confined within unmyeli-
nated fibers, consistent with the predominant expression of TRPV1
in unmyelinated primary afferent nerve fibers [64,65].

ASICs including ASIC1a, ASIC1b, ASIC2a, ASIC2b and ASIC3 are
directly gated by protons. However, ASIC2b does not respond to
acidosis when expressed as a homomultimer although it forms
functional heteromultimers with ASIC3. Additionally, it was
reported that ASICs could only be activated by a limited range of
stimuli, that is, an extracellular pH value of less than 7.2. The
pH-sensitive subunits are located in multiple regions of the ASIC
protein, particularly with His-72 and Gly-430 in the extracellular
loop [65]. After being activated, ASICs start selecting cations and
preferentially penetrate Na*, although the different groups can also
carry other cations such as Ca®* (ASIC1a) and K" (ASIC1b). More-
over, ASIC3 homomultimers and ASIC2a/ASIC3 as well as ASIC2b/
ASIC3 heteromultimers can generate two types of currents; one
current is produced under mild acidic microenvironment or even
neutral pH and another emerges only at pH values below 5 [66].
Although ASIC currents are usually fast-present and fast-
inactivating, there is evidence that they can also monitor long-
term acidosis.

In CIBP, ASIC3 on Calcitonin Gene-related Peptide-positive
(CGRP*) sensory nerves that show pathologic sprouting in the pres-
ence of tumors are activated by the pathologic acidic microenvi-
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ronment which in turn excites sensory nerves and evokes CIBP
[27,67-69]. In addition, it was shown that the selective V-ATPase
inhibitor, BafA1, which deters the release of protons can alleviate
the acidic environment and decrease the sprouting of CGRP* sen-
sory nerves innervating the bone in a murine model of multiple
myeloma. This in turn led to inhibition of sensory nerve excitation
and reduction of CIBP [42]. The above results therefore indicate
that the following factors are critical to the pathophysiology of
CIBP; (a) creation of an acidic extracellular bone microenvironment
by osteoclasts and multiple myeloma cells by secreting protons
through the plasma membrane V-ATPase and (b) responses of sen-
sory nerves innervating the bone to the acidic microenvironment
through ASIC3. Consequently, these could be considered as
mechanism-based targets for the treatment of CIBP. Moreover,
non-steroidal anti-inflammatory drugs and ASIC antagonists, regu-
lating the expression and function of ASICs can also be potential
treatments.

The P2X family

P2X Receptors (P2XR) are purinergic and ligand-gated mem-
brane ion channels that are preferably permeable to sodium, potas-
sium and calcium. They are commonly expressed on cells including
primary afferent neurons and neuroglial cells especially on micro-
glia, and open within milliseconds when binding to ATP. In addi-
tion, they are assembled as homomultimers or heteromultimers
of P2X subunits, seven of which (P2X1-P2X7) have been identified.
The P2X family is also involved in CIBP through acidification of the
acidic microenvironment thus reducing the potency of ATP to gate
homomultimeric P2X1, P2X3, P2X4 and P2X7 receptors. However,
this sensitizes homomultimeric P2X2 receptors to the excitatory
effect of ATP [70]. Among the subunits, the P2X3 and P2X4 recep-
tors are involved in chronic pain while P2X7 plays a key role in the
release of inflammatory cytokines [71,72].

P2X receptors are preferentially expressed on DRG neurons and
have been implicated in neuropathic, inflammatory and cancer
pain [69]. Notably, P2X1, P2X2, P2X3, P2X4, P2X5 and P2X7 are
modulated by alterations in the extracellular pH. In addition, His-
319 is particularly important for the effect of protons in potentiat-
ing the agonist effect of ATP on P2X2, while the protonation of His-
206 and His-286 explains the inhibitory effects on the current of
P2X3 and P2X4 induced by low concentrations agonists, respec-
tively for the reason of dual effect of acid PH on P2X receptors.
[73]. Moreover, the resulting heteromultimers show pH sensitivity
that is different from that of P2X homomers when different P2X
subunits are co-expressed. Additionally, the P2X receptors on
DRG neurons comprise of more homomultimeric P2X3 than
heteromultimeric P2X2/3 receptors, whose inward currents
evoked by ATP exhibit transient, persistent or biphasic compo-
nents. The monitoring of acidification depends on the concomitant
release and presence of ATP or related purines whose agonist
action is enhanced by a decrease in extracellular pH.

Furthermore, previous studies reported the upregulation of the
P2X3 receptor (P2X3R) on primary sensory afferents induced by
tumor cell injection [71,74]. In addition, it was shown that activa-
tion of P2X3Rs involved in the development of CIBP was closely
related to the p65 of NF-kB. Notably, the NF-xB inhibitor, PDTC
and LV-p65 shRNA which suppressed the expression of p65 could
reverse the development of mechanical hypersensitivity in CIBP
rats [69].

Other studies also revealed that P2X4R on activated spinal
microglia is required for the expression of neuropathic pain
[27,75]. Moreover, tactile allodynia caused by ATP-stimulated
microglia is connected to P2X4Rs and was relieved by the P2X4R
antagonist, TNP-ATP.

P2X7R was also found to be upregulated in the Ventral Medulla
Oblongata (RVM) of rats with bone cancer and was believed to be
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associated with abnormal mechanical pain. Additionally, injecting
Brilliant Blue G (a non-competitive P2X7R antagonist) or interfer-
ing RNA into the RVM significantly reduced CIBP [76,77]. It was
also shown that P2X7R antagonism can suppress peripheral-
induced neuronal responses in the dorsal horn neurons of rats with
cancer. This was achieved by the attenuation of both mechanical
hypersensitivity, movement and non-evoked pain behavior
[76,78]. Moreover, this therapeutic potential may be enhanced by
the additional analgesic effects from both spinal and supraspinal
modulation [67,78]. In short, P2X7R antagonism has shown strong
analgesic effects, and may be one of the potential options for the
treatment of CIBP.

Anti-GM-CSF treatment

The Granulocyte-macrophage Colony Stimulating Factor (GM-
CSF) also known as Sargramostim, is a colony stimulating compo-
nent in blood that induces the production of granulocyte and
macrophage populations from hematopoietic progenitor cells.

Nerve remodeling & sensitization

It is well known that GM-CSF is involved in multiple pain-
related mechanisms associated with inflammation, arthritis, neu-
ralgia and CIBP [79,80]. Notably, GM-CSF is secreted from the can-
cer cells in CIBP. It regulates the interaction between tumors and
nerves, remodeling of peripheral nerves and sensitization of
damage-sensitive (nociceptive) nerves. It also plays an important
role in the development of cancer pain [79]. A recent study showed
that GM-CSF signaling is involved in pain-related behaviors that
are not associated with glial and/or astrocyte responses, suggesting
that it may directly activate sensory neurons [81]. Additionally,
in vivo studies showed that interruption of GM-CSF signaling
reduced tumor growth as well as neural remodeling and elimi-
nated bone cancer pain, indicating the role for GM-CSF in tumor
and pain.

Moreover, the GM-CSF Receptor (GM-CSFR) and signaling medi-
ators were found to be functionally expressed on the sensory
nerves next to the surface of mature granulocyte and monocyte
macrophage lineages [82]. In addition, GM-CSF sensitizes nerves
to mechanical stimuli in vivo and in vitro through these receptors,
leading to sensory nerve sprouting. The GM-CSFR was also shown
to be expressed on DRG and peripheral nerves distributed in the
periosteum of mice. Additionally, these nerves had the ability to
activate signaling pathways in DRG neurons, thereby enhancing
neuropeptides [79].

Signaling pathways

It is reported that GM-CSFR works directly through three main
signaling pathways namely; the Janus Kinase Signaling (JAK-STAT)
pathway, the Phosphoinositide 3 Kinase (PI3K) pathway and the
Mitogen-activated Protein Kinase (MAPK) pathway, all of which
are directly or indirectly related to pain regulation.

In the complex network of mechanisms that cause hyperalgesia
associated with high levels of GM-CSF in bone cancer patients, JAK-
STAT 3 is considered to be the main signaling pathway for GM-CSF
to exert its effect on DRG neurons. In the JAK-STAT signaling path-
way, Jak activated by GM-CSFR leads to the activation of Stat fam-
ily transcription factors, which dimerize, move to the nucleus and
regulate gene expression [83]. In addition, recent studies showed
that Jak2 and Stat3 were selectively phosphorylated in DRG after
GM-CSF treatment. Additionally, although phosphorylated Jak1
was unaffected, phosphorylated Jak3 and Stat5 were not found
[84]. Coincidentally, according to data from iBrain, the Jak3 and
Stat5 mRNA levels in DRG neurons were very low [85]. This evi-
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dence therefore highlights the importance of Jak2 and Stat3 in
the JAK-STAT signaling pathway during bone cancer. Moreover,
some targeted drugs have been discovered or developed based
on these studies. Sinomenine was also reported to inhibit the acti-
vation of microglia to interrupt the process of increasing pain by
suppressing the JAK2/STAT3 pathway and neuronal CAMKII/CREB
cascades [86].

Additional studies also showed that GM-CSF selectively
increases the expression of three voltage-gated sodium channels
in DRG neurons, namely; Na1.7, Na(y1.8 and Na,,1.9. This pro-
vides further clarification on the mechanism of CIBP [84]. Although
there is no clear evidence that Na()1.9 can cause pain, Nag)1.7
[19,87,88] and Na,1.8 [88-90] can be considered as potential tar-
gets for analgesics.

Immunomodulatory

Furthermore, GM-CSF indirectly exerts its effect by regulating
immune function [91]. GM-CSF released by inflamed tissues [92]
and tumor tissues can recruit and stimulate inflammatory cells
such as monocytes and macrophages [93]. These cells then sensi-
tize peripheral nerve fibers and contribute to nerve remodeling
through the release of inflammatory cytokines such as TNF-a,
Interleukin-1 (IL-1), Interferon (IFN) and endothelin-1[91].

Moreover, it was reported that GM-CSF enhances monocyte
secretion of TNF-oo while GM-CSF and TNF-a jointly increase the
secretion IL-1 [94,95]. Additionally, TNF-a and IL-1 can in turn
strongly stimulate the release of many growth factors including
G-CSF and GM-CSF. In addition, GM-CSF can increase the produc-
tion and release of endothelin 1 in human monocytes, thereby
exacerbating pain [96]. Therefore, the above findings indicate that
GM-CSF signaling is functionally related to excessive pain in bone
cancer.

Currently, GM-CSF is extensively used in clinical practice for the
treatment of myelodysplastic syndromes, aplastic anemia, tumor
radiotherapy and chemotherapy-induced neutropenia [97]. Nota-
bly, the most common side effect to these GM-CSF therapies is
bone pain with an incidence of up to 90% [79]. Consequently, keep-
ing the concentration of GM-CSF in blood can be a potential ther-
apeutic strategy for alleviating CIBP or bone pain caused by
clinical GM-CSF doses.

Anti-NGF treatment

In most cancer tissues, tumor cells and associated inflammatory
(immune) cells including macrophages, T lymphocytes, mast cells
and endothelial cells produce a variety of chemical mediators. Such
include Prostaglandin (PGE2), the Nerve Growth Factor (NGF),
Endothelin (ET), bradykinin and extracellular adenosine triphos-
phate. Normally, the limitation of endogenous NGF and the contin-
uous competition between nerves for NGF are the reasons for
maintaining the normal density of nerve terminals. However,
treatment with exogenous NGF will stimulate nerve sprouting,
partly through stimulating the TrkA + nerve fibers, which will in
turn trigger hyperalgesia due to bone metastases and induced bone
pain.

The pathophysiological basis of hyperalgesia involves the prolif-
eration of nerve fibers within the bone marrow, bone and perios-
teum. Cancer cells induced sensory in sympathetic nerve fibers
reorganization and proliferation in the periosteum. In addition,
an abundance of nerve fibers in the bone marrow, bone and perios-
teum and cancer cells can induce sensory and sympathetic nerve
fibers in the periosteum to produce and reorganize.
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Moreover, neurofibromatous structures caused by the highly
disordered growth of sensory and sympathetic neurons under cer-
tain conditions lead to spontaneous metastatic pain.

NGF is mainly derived from cancer tissues, tumor cells and
related inflammatory (immune) cells (including macrophages, T
lymphocytes, mast cells and endothelial cells). It has a high
affinity to its main molecular target, Trk A, which is highly
expressed in the nerve fibers of bones. According to previous
studies, more than 80% of osteosensory nerves are Trk
A + nerve fibers [98,99]. Therefore, this is considered to be the
reason why anti-NGF therapy gives significant relief from bone
pain.

In recent studies, NGF was shown to bind p75NTR and form
homodimers present in Trk A [100,101]. Additionally, formation
of heterodimers leads to activation of the secondary messenger
cascade which regulates the expression of receptors and ion chan-
nels on peripheral nerve endings and causes sensitization through
a variety of neurotransmitters.

In a rat spinal cord injury model, anti-NGF antibodies were
shown to successfully inhibit mechanical hyperalgesia and
enhance the response of neurons with a wide dynamic range
[102]. In addition, the expression of NGF protein and its recep-
tors and mRNA level was found to be upregulated in the DRG
and spinal dorsal horn, whereas the expression of MOR was
downregulated. In vivo and in vitro experiments have proved
that anti-NGF agents can inhibit hyperalgesia by reversing the
down-regulation of MOR expression [103]. Additional studies
also reported that therapies that block NGF/TrkA can effectively
alleviate neuralgia and inflammatory pain by inhibiting tumor-
induced nerve sprouting and formation of neuroma [104,105].
Furthermore, a recent study reported that through the intended
mode of administration (Monoclonal anti-NGF antibody
(mAb911)), changes in functional connectivity between the cen-
tral hubs of the major pain channels caused by developing
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cancer pain, can successfully be prevented. Such include the gray
matter around the catheter, amygdala, somatosensory area of
thalamus and cortex [106].

Comprehensive treatment

There is no doubt that CIBP is extremely painful, fortunately,
treatment with opioids for pain relief is effective in more than
70% of CIBP patients. Additionally, routine medication includes
the use of acetaminophen, Nonsteroidal Anti-Inflammatory Drugs
(NSAIDS) and opioids. Adjuvant drugs also include corticosteroids,
bisphosphonates, radiopharmaceuticals, N-methyl-D-aspartate
receptor antagonists, local anesthetics and o-adrenergic agonists.
Moreover, chronic pain is often accompanied by painful psycholog-
ical conditions, including depression. Therefore, antidepressants,
such as tricyclic antidepressants and noradrenaline/serotonin
reuptake inhibitors may be used. Nonetheless, radiotherapy is
the main intervention for the treatment of CIBP and can effectively
relieve pain. Further details on the use of radiotherapy have been
highlighted [107,108].

In summary, both physicians and families need to work
together on strategies that help patients accept their condition
and ease the pain that comes with cancer through effective pain
management [109,110]. Timely and professional psychological
intervention is also necessary.

Conclusion and future directions

The complex mechanism underlying CIBP is concluded in Fig. 2
and extensive research on the field is currently ongoing. Existing
evidence indicates that neuroinflammation plays an important role
in the induction and maintenance of chronic pain. This especially
occurs through the activation of glial cells and production of
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Fig. 2. Schematic representation of the roles of the acidic environment and inflammatory response related pathway in the mechanism of cancer-induced bone pain.
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inflammatory mediators in the peripheral and central nervous sys-
tem. In addition, the complexity of CIBP is not only due to the intri-
cate crosstalk between key molecules or signaling pathways but
also because of the pathological changes arising from the cancer
itself. Moreover, there is an overlap between the advantages and
disadvantages of existing pain relief methods. However, there is
still a challenge on how to maximize the therapeutic effect of exist-
ing interventions. Therefore, although the targeted high-efficiency
small molecule drugs are ideal, drugs that suppress the generation
and persistence of neuropathic pain and accompanying neuro-
chemical changes without affecting normal pain sensitivity and
exercise ability are urgently needed.

Fig. 2. Schematic representation of the roles of the acidic envi-
ronment and inflammatory response related pathway in the mech-
anism of cancer-induced bone pain.
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