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Abstract

Pain is one of the most common and feared complications in patients with any disease. Pain causes
discomfort, depression and anxiety and occasionally induces secondary diseases due to its
immunosuppressive effects, making quality of life and prognosis worse. Pain is triggered following the
recognition of local noxious stimuli by specialized afferent sensory neurons called nociceptors. The
nociceptors can sense diverse noxious stimuli including thermal, mechanical and chemical agents that are
released from inflammatory cells, immune cells, cancer cells and/or bone-destroying osteoclasts invading
disease sites and injured tissues. Protons are one of these noxious stimuli and have long been known as a
cause of pain. Sensory neurons innervating peripheral tissues can sense protons via acid-sensing
nociceptors such as transient receptor potential channel vanilloid subfamily members. Noxious acid stimulus
received by these nociceptors subsequently activates intracellular signaling pathways and transcription
factors, leading to the release of neurotransmitters, including calcitonin gene-related peptide, in sensory
neuronal cells. This Perspective describes intracellular molecular events propagated in sensory neurons as a
consequence of acid activation of nociceptors, with a special emphasis on bone pain. Understanding the
molecular events underlying acid-induced bone pain may lead to the design of novel mechanism-based
approaches for the management of bone pain associated with inflammation and cancer metastasis. IBMS
BoneKEy. 2011 April;8(4):195-204.
©2011 International Bone & Mineral Society

Introduction

By definition, pain is “an unpleasant sensory
and emotional experience associated with
actual or potential tissue damage” (as
defined by the International Association for
the Study of Pain) and serves as a warning
to detect and avoid harmful stimuli. Children
with congenital insensitivity to pain due to
loss-of-function mutations of pain-sensing

receptors do not survive long (1). On the
other hand, pain is one of the most common
and feared complications in patients with any
disease. It has been estimated that more
than one-third of people in the world
experience persistent or recurrent pain (2).
Pain causes discomfort, depression and
anxiety and has a significant influence on
quality of life (QOL) and prognosis of
patients. Of note, patients occasionally
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become susceptible to secondary diseases
due to the immunosuppressive effects of
pain. It is estimated that 100 million people in
the U.S. suffer from chronic pain, costing the
U.S. approximately $79 billion each year due
to caring for patients and loss in work
productivity (3). Patients with advanced
cardiopulmonary diseases, infection or renal
failure suffer from deleterious acute pain,
while individuals with back injuries, migraine
headaches, arthritis, osteoporosis, herpes
zoster, diabetic neuropathy, and
temporomandibular joint syndrome suffer
from chronic pain.

converted into electrochemical signals by
specialized afferent sensory neurons called
“nociceptors.” The nociceptors can sense
diverse noxious stimuli including thermal,
mechanical and chemical agents that are
released by injured tissues or inflammatory
cells and immune cells. In the case of bone
pain associated with bone metastases,
bone-destroying osteoclasts and metastatic
cancer cells produce a variety of noxious
stimuli as well. These peripheral algesic
signals are finally transmitted to the central
nervous system (CNS) and brain via the
dorsal root ganglia (DRG, primary afferent
neurons) and subsequently the spinal cord

Transduction of Pain (secondary afferent neurons) (Fig. 1) (4;5).

Noxious stimuli are recognized and
Inflammatory ®
Cancer cells ®
cells p . @

Noxious factors l /
*Bradykinins
*Prostaglandins

Tissue *Nerve growth factor

injury *Serotonin Brain

J QI_P Dorsal root ganglion
L . ) (1° afferent neuron)

l Sensory

Osteolysis Nociceptors neuron

4/ cor
Inflammation CGRP

Substance P

Spinal cord
(2° afferent neuron)

Fig. 1. Transduction of pain signals. Noxious factors released from cancer cells, inflammatory cells and
bone-resorbing osteoclasts or injured soft tissues at peripheral local sites are sensed by nociceptors
expressed on sensory neurons and are converted into electrochemical signals. Noxious signals are
subsequently transmitted to the spinal cord (secondary afferent neurons) via the sensory neuron cell body
dorsal root ganglia (DRG, primary afferent neurons) and finally reach the brain. Concomitantly, DRG produce
neurotransmitters such as calcitonin gene-related peptide (CGRP) and substance P, which are released at
peripheral sites via efferent sensory neurons and exacerbate inflammation. Adapted and modified from (4),
with permission from Macmillan Publishers Ltd.

DRG are cell bodies that bi-directionally
develop afferent and efferent sensory
neuronal fibers and play a role as the
gateway for peripheral noxious signals,
relaying those signals to central neurons.

Accordingly, DRG can represent noxious
events taking place at peripheral sites. In
response to peripheral noxious stimuli, DRG
produce neurotransmitters including
calcitonin gene-related peptide (CGRP) and
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substance P, which in turn enhance
transduction of pain signals to the CNS via
afferent neurons and exacerbate
inflammation at peripheral sites via efferent
neurons.

Calcitonin gene-related peptide

CGRP is a neuropeptide that is widely
distributed in the peripheral and central
nervous systems. It has been proposed that
the release of CGRP from perivascular
nerves causes vasodilatation resulting in
neurogenic inflammation. CGRP released
into the dorsal spinal cord is associated with
nociceptive transmission (6). CGRP levels in
the circulation are elevated during migraines
and cluster headache attacks (7;8), as well
as in myocardial infarction (9). Interestingly,
recent studies have demonstrated that
CGRP knockout mice show an attenuated
response to chemical pain and inflammation
(10). Collectively, these results indicate the
important role of CGRP in the regulation of
pain. Consequently, CGRP has been used
as a marker of pain. We have examined
CGRP expression and production in sensory
neurons following noxious agent stimulation
of nociceptors as an indicator of pain.

Bone Pain

Bone pain is most frequently associated with
bone metastases. Over 80% of cancer
patients with bone metastases experience
intolerable bone pain during the clinical
course of the illness (5;11-13). Bone pain is
most frequently seen in lumbar bones, the
pelvis and femoral bones that bear
mechanical or physical load. Of note, the
anatomical location, size and number of
tumors and the extent of bone destruction
are not necessarily correlated with the
severity of bone pain. Bone pain seriously
and devastatingly affects QOL, causing
diverse and complex problems in the
management of cancer patients. Moreover, a
recent study has reported that survival is
worse in breast cancer patients with skeletal
metastases and bone pain than in those
without bone pain (14). However, our
understanding of the molecular mechanisms
underlying bone pain is still very poor. More
importantly, therapies currently available for

bone pain are inadequate and ineffective or
cause uncomfortable adverse effects.
Elucidation of the mechanisms underlying
bone pain is therefore of pressing
importance.

There have been several classical
mechanisms of cancer-associated bone pain.
Microfractures resulting from decreased
bone density and/or disrupted bone
architecture due to increased osteoclastic
bone resorption; stretching of the periosteum
by tumor expansion in the bone marrow
cavity that in turn irritates the nociceptive
sensory neurons innervating periosteal
surfaces; and direct nerve injury by cancer
invasion have all been proposed (11).
However, the observations that the severity
of bone pain is not correlated with clinical
and pathological features of cancer and the
extent of osteolysis, and that not all bone
cancers cause bone pain, indicate the
heterogeneity and complexity of underlying
mechanisms of bone pain. Furthermore,
bone pain in patients with prostate cancers
who develop osteosclerotic bone metastases
(15) suggests a mechanism(s) other than
cancer-associated osteolysis.

In addition to these classical mechanisms,
excitement or sensitization of nociceptors by
increased production of noxious substances
by cancer cells and inflammatory cells has
also been implicated in bone pain. We are
particularly interested in protons as a
noxious stimulus involved in bone pain
associated with bone metastases.

The Acidic Microenvironment in Bone
Metastases

One condition that progresses in bone
metastases is local acidosis. Bone-resorbing
osteoclasts (16), metastatic cancer cells
(17-19) and inflammatory cells (4;20) all
produce protons, making the bone
microenvironment acidic. In fact, using
acridine orange staining, we have found that
the bone in which cancer cells progressively
grew and osteoclastic bone destruction
progressed was acidic (Fig. 2). Local
acidosis is a well-known cause of pain (4;5).
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Fig. 2. The acidic microenvironment in bone colonized by cancer cells. B16-F10 melanoma cells were
injected into the left cardiac ventricle in C57BL/6 mice. Two weeks after cell inoculation, acridine orange (1.0
mg/kg) was injected intravenously via the tail vein. Animals were sacrificed after 2 hours and excised bones
were examined by fluorescence stereoscopic microscopy. Bone with cancer cell colonization (right side) and
osteoclastic bone destruction shows green fluorescence indicating local acidosis, whereas control bone (left

side) shows no fluorescence.

Generation of an acidic microenvironment by
osteoclasts

Osteoclasts are increased in number in bone
metastases and are activated to destroy
bone under the influence of metastatic
cancer cells. Increased bone resorption, in
turn, stimulates the growth, survival and
metabolic activity of metastatic cancer cells,
leading to the progression of bone
metastases (an interactive process referred
to as “the vicious cycle”) (21-23). Honore et
al. (24) have reported that bone cancer pain
is different from inflammatory pain or
neuropathic pain at the molecular level. The
involvement of osteoclasts may be a reason
why bone cancer pain is unique, difficult to
treat and more deleterious than cancer pain
in soft tissues (13).

Osteoclastic bone resorption consists of two
steps including dissolution of bone mineral
and degradation of bone matrix proteins
(25;26). Dissolution of bone mineral is
mediated by acidification of the resorption
compartment (16). The decrease in pH is
caused by active proton secretion into the
extracellular space that is driven by the a3
isoform of vacuolar-H*-ATPase
(a3V-ATPase) localized in the ruffled border
of osteoclasts (27). Suppression of
a3V-ATPase by bafilomycin A1, a
non-selective inhibitor of V-ATPase,
impaired local acidosis and inhibited bone
resorption in vitro (28). Furthermore, specific

inhibitors of V-ATPase including SB242784
(29) and FR167356 (30) were also shown to
inhibit local acidosis and prevent bone loss
through inhibition of bone resorption in vivo.
These results indicate that local acidosis due
to proton secretion through V-ATPase is
critical for osteoclasts to resorb bone.

Many clinical studies have demonstrated
that a variety of structurally and
mechanistically  distinct  inhibitors  of
osteoclasts such as bisphosphonates (BPs)
(31-34) and calcitonin (35) significantly
reduce bone pain in patients with cancer and
osteoporosis. Moreover, experimental
studies have reported that osteoprotegerin
(OPG), a specific natural inhibitor of
osteoclasts, also reduces bone cancer pain
in vivo (36;37). Together these results
suggest a potential role for osteoclasts in the
pathophysiology of bone pain.

We have reported that zoledronic acid,
alendronate and OPG decrease bone pain in
chemical-induced inflammation (38).
Zoledronic acid also inhibited bone pain
caused by the presence of cancer cells in
bone (39). Inflammation-associated pain was
reduced in c-Src-deficient mice in which
osteoclasts were  dysfunctional  (38).
Furthermore, stimulation of osteoclastic
bone resorption by parathyroid
hormone-related peptide increased
hyperalgesia and this increase was reduced
by zoledronic acid (manuscript in
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preparation). More recently, we have found
that bafilomycin A1 (38) and FR167356
(manuscript in preparation) significantly
reduced inflammatory bone pain and bone
cancer pain. Collectively, these results
suggest that the a3V-ATPase in osteoclasts
is a critical player in the pathophysiology of
inflammatory bone pain and bone cancer
pain.

Generation of an acidic microenvironment by
cancer cells

Cancer cells express V-ATPase in the
plasma membrane (40) and the extracellular
pH of various human cancers is acidic
(17-19). Highly metastatic human breast
cancer cells displayed greater V-ATPase
activity (41) and lower extracellular pH (42)
than that of low-metastatic human breast
cancer cells. Inhibition of V-ATPase activity
by small interfering RNA suppressed growth
and metastasis of human hepatocellular
carcinoma (43).

We have recently demonstrated that
metastatic B16-F10 melanoma cells show
increased expression of a3V-ATPase
compared with non-metastatic parental B16
cells (manuscript in preparation). The
extracellular pH of metastatic B16 melanoma
cells is acidic and knock-down of
a3V-ATPase significantly inhibited distant
metastases, suggesting that an acidic
condition due to increased proton pump
expression facilitates distant metastases. It
needs to be shown whether the local
acidosis created by bone-colonizing cancer
cells plays a role in bone pain.

Generation of an acidic microenvironment by
inflammatory cells

Accumulated lines of evidence indicate that
there are close links between cancer and
inflammation (44). Cancers frequently
develop at the site of chronic inflammation
and inflammatory cells are always present in
cancers. Non-steroidal anti-inflammatory
drugs decrease the risk of and mortality from
some types of cancers.

Inflammatory cells, including neutrophils,
express vacuolar H'ATPase and pump

protons, creating acidic conditions (20).
Consistent with these earlier reports, using a
mouse model of  chemical-induced
inflammatory bone pain, we recently
observed that legs with inflammation were
acidic by acridine orange staining.
Furthermore, bafilomycin A1 inhibited bone
pain in these legs (38). These results
suggest that inflammatory cells are also
involved in bone pain through creation of an
acidic microenvironment by producing
protons.

Transient Receptor Potential Channel
Vanilloid Subfamily Members

The nociceptors that sense local acidosis are
the acid-sensing nociceptors (ASNs). An
ASN that may be involved in sensing acid in
bone metastases is the transient receptor
potential channel vanilloid subfamily member
1 (TRPV1)/capsaicin receptor (45) that was
originally identified by Caterina et al. (46). It
is one of six subfamily members and a
putative six-transmembrane-spanning
protein with a pore loop and three ankyrin
repeats in the N-terminal region. TRPV1 is a
non-selective  calcium-preferential cation
channel that is activated by acid (pH < 6.0)
and heat (> 42°C) and is the only channel
that is excited by the vanilloid capsaicin (46).

TRPV1 expression in bone

CGRP-positive sensory neurons innervating
bone co-expressed TRPV1 as assessed by
immunohistochemistry (47). Similarly,
co-expression of CGRP and TRPV1 was
found in DRG in organ culture (47).

TRPV1 activation by acid

TRPV1 activation via phosphorylation by
acid induces Ca** influx into neurons,
leading to activation of Ca**-mediated
signaling pathways including
Ca**/calmodulin-dependent protein kinase
(CaMK) (48) and protein kinase C (PKC)
isoenzymes (49). We have found recently
that acidic stimulation elevated the activity of
CaMK Il and the transcription factor cAMP
response element binding protein (CREB),
followed by increased production of CGRP in
DRG in organ culture (Fig. 3) (47). The
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selective  TRPV1 antagonist |-RTX and
non-selective antagonist capsazepine
significantly inhibited the increase in CGRP
mMmRNA expression and protein production
caused by acid stimulation (47). These
results suggest that cascades of events

including acid activation of TRPV1, ca®
influx into the cytoplasm, CaMK Il activation,
stimulation of CREB transcription activity
and increased CGRP production are critical
in pain caused by acidic conditions such as
bone metastases and inflammation.

Inflammation === Osteoclasts
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Fig. 3. Intracellular noxious events following acid stimulation. Activation of the TRPV1 acid-sensing
nociceptor induces Ca®* influx causing activation of CaMK Il by phosphorylation, followed by increased
transcriptional activity of CREB, leading to up-regulation of CGRP production in DRG sensory neurons.
CGRP is a neurotransmitter involved in nociceptive transmission via afferent sensory neurons and
exacerbation of inflammation at peripheral sites via efferent sensory neurons.

TRPV1 up-regulation
growth factors

by  bone-derived

TRPV1 mRNA expression in DRG was
up-regulated in the presence of cancer cells
in bone (39). The mechanism of this
up-regulation is unknown. Of interest,
however, we have shown recently that
conditioned  medium  harvested from
resorbing calvarial bone increased TRPV1
mRNA expression in DRG in organ culture.
This increase was diminished by treatment
with AG1024, a specific inhibitor of IGF
tyrosine kinase. Recombinant IGF-1, but not
TGFp, augmented TRPV1 mRNA

expression in DRG (manuscript in
preparation). These results raise the
possibility that TRPV1 expression is
increased by growth factors such as IGF-1
that are released from bone as a
consequence of increased osteoclastic bone
resorption. Up-regulation  of TRPV1
expression by bone-derived growth factors
might be a reason why bone pain is
progressive, sustained and intolerable in
some cancer patients.
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Conclusion

The breakthrough discovery of TRPV1
acid-sensing nociceptors in 1997 (46)
enabled investigators for the first time to
study the role of protons/acid in the
pathophysiology of pain at cellular and
molecular levels. Protons/acid are of
particular importance in causing bone pain
associated with bone metastases, since
osteoclasts produce large amounts of
protons during bone destruction and it has
long been known that inhibitors of
osteoclasts reduce bone pain. In addition,
cancer cells metastasizing to bone and
accompanying inflammatory cells also
release protons. Thus, the study of bone
pain associated with bone metastases will
provide an opportunity to analyze the
interactions between protons/acid and
TRPV1 activation at the molecular level. The
combination of suitable animal models of
pain (50) with these molecular studies will
enable investigators to establish a unique
translational research field in cancer-related
bone diseases. Moreover, it is also intriguing
to study the role of protons/acid produced by
bone-resorbing osteoclasts in the regulation
of bone metabolism, since extracellular
acidification has been shown to be essential
for normal bone remodeling (51) and bone
cell function (52).

Acknowledgments

This work was supported in part by
Grant-in-Aid for Scientific Research on
Priority Areas (TY) and Grant-in-Aid for
Young Scientists B (MN) from the Ministry of
Education, Culture, Sports, Science and
Technology of Japan, by the 21st Century
COE Program (TY), and by the Research
Grant of the Naito Memorial Foundation
(Grant #0808030024) and the Princess
Takamatsu Cancer Research Fund (Grant #
08-24020).

Conflict of Interest: None reported.

Peer Review: This article has been peer-reviewed.
References

1. Bonkowsky JL, Johnson J, Carey JC,
Smith AG, Swoboda KJ. An infant with

10.

primary tooth loss and palmar
hyperkeratosis: a novel mutation in the
NTRK1 gene causing congenital
insensitivity to pain with anhidrosis.

Pediatrics. 2003 Sep;112(3 Pt
1):e237-41.
Stucky CL, Gold MS, Zhang X

Mechanisms of pain. Proc Natl Acad Sci
US A. 2001 Oct 9;98(21):11845-6.

Max MB. How to move pain and
symptom research from the margin to
the mainstream. J Pain. 2003
Sep;4(7):355-60.

Molecular
Nature.

Julius D, Basbaum Al
mechanisms of nociception.
2001 Sep 13;413 (6852):203-10.

Mantyh PW, Clohisy DR, Koltzenburg M,
Hunt SP. Molecular mechanisms of
cancer pain. Nat Rev Cancer. 2002
Mar;2(3):201-9.

Benemei S, Nicoletti P, Capone JG,
Geppetti P. CGRP receptors in the
control of pain and inflammation. Curr
Opin Pharmacol. 2009 Feb;9(1):9-14.

Goadsby PJ, Edvinsson L, Ekman R.
Vasoactive peptide release in the
extracerebral circulation of humans
during migraine headache. Ann Neurol.
1990 Aug;28(2):183-7.

Fanciullacci M, Alessandri M, Figini M,
Geppetti P, Michelacci S. Increase in
plasma calcitonin gene-related peptide
from the extracerebral circulation during
nitroglycerin-induced cluster headache
attack. Pain. 1995 Feb;60(2):119-23.

Preibisz JJ. Calcitonin gene-related
peptide and regulation of human
cardiovascular homeostasis. Am J

Hypertens. 1993 May;6(5 Pt 1):434-50.

Salmon AM, Damaj MI, Marubio LM,
Epping-dJordan MP, Merlo-Pich E,
Changeux JP. Altered neuroadaptation
in opiate dependence and neurogenic
inflammatory nociception in alpha

201

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 April;8(4):195-204
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/4/195
doi: 10.1138/20110507

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

CGRP-deficient mice.
2001 Apr;4(4):357-8.

Nat Neurosci.

Mercadante S. Malignant bone pain:
pathophysiology and treatment. Pain.
1997 Jan;69(1-2):1-18.

Bruera E, Kim HN. Cancer pain. JAMA.
2003 Nov 12;290(18):2476-9.

Clohisy DR, Mantyh PW. Bone cancer
pain. Cancer. 2003 Feb 1;97(3
Suppl):866-73.

Koizumi M, Yoshimoto M, Kasumi F,
Iwase T, Ogata E. Post-operative breast
cancer patients diagnosed with skeletal
metastasis without bone pain had fewer
skeletal-related events and deaths than
those with bone pain. BMC Cancer.
2010 Aug 13;10:423.

Saylor PJ, Smith MR. Bone health and
prostate cancer. Prostate Cancer
Prostatic Dis. 2010 Mar;13(1):20-7.

Rousselle AV, Heymann D. Osteoclastic
acidification pathways during bone
resorption. Bone. 2002
Apr;30(4):533-40.

Gatenby RA, Gawlinski ET, Gmitro AF,
Kaylor B, Gillies RJ. Acid-mediated
tumor invasion: a multidisciplinary study.
Cancer Res. 2006 May
15;66(10):5216-23.

Griffiths JR. Are cancer cells acidic? Br J
Cancer. 1991 Sep;64(3):425-7.

Spugnini EP, Citro G, Fais S. Proton
pump inhibitors as anti
vacuolar-ATPases drugs: a novel
anticancer strategy. J Exp Clin Cancer
Res. 2010 May 8;29:44.

Kedika RR, Souza RF, Spechler SJ.
Potential anti-inflammatory effects of
proton pump inhibitors: a review and
discussion of the clinical implications.
Dig Dis Sci. 2009 Nov;54(11):2312-7.

Mundy GR. Metastasis to bone: causes,
consequences and therapeutic

22.

23.

24,

25.

26.

27.

28.

20.

30.

opportunities. Nat Rev Cancer. 2002
Aug;2(8):584-93.

Roodman GD. Mechanisms of bone
metastasis. N Engl J Med. 2004 Apr
15;350(16):1655-64.

Yoneda T, Hiraga T. Crosstalk between
cancer cells and bone microenvironment
in bone metastasis. Biochem Biophys
Res Commun. 2005 Mar
18;328(3):679-87.

Honore P, Rogers SD, Schwei MJ,
Salak-Johnson JL, Luger NM, Sabino
MC, Clohisy DR, Mantyh PW. Murine
models of inflammatory, neuropathic and
cancer pain each generates a unique set
of neurochemical changes in the spinal
cord and sensory neurons.
Neuroscience. 2000;98(3):585-98.

Boyle WJ, Simonet WS, Lacey DL.
Osteoclast differentiation and activation.
Nature. 2003 May 15;423(6937):337-42.

Teitelbaum SL. Bone
osteoclasts. Science.
1;289(5484):1504-8.

resorption by
2000 Sep

Toyomura T, Murata Y, Yamamoto A,
Oka T, Sun-Wada GH, Wada Y, Futai M.
From lysosomes to the plasma
membrane: localization of vacuolar-type
H+-ATPase with the a3 isoform during
osteoclast differentiation. J Biol Chem.
2003 Jun 13;278(24):22023-30.

Laitala T, Vaananen K. Proton channel
part of vacuolar H(+)-ATPase and
carbonic anhydrase Il expression is
stimulated in resorbing osteoclasts. J
Bone Miner Res. 1993 Jan;8(1):119-26.

Visentin L, Dodds RA, Valente M,
Misiano P, Bradbeer JN, Oneta S, Liang
X, Gowen M, Farina C. A selective
inhibitor of the osteoclastic
V-H(+)-ATPase prevents bone loss in
both  thyroparathyroidectomized and
ovariectomized rats. J Clin Invest. 2000
Jul;106(2):309-18.

Niikura K, Takano M, Sawada M. A

202

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 April;8(4):195-204
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/4/195
doi: 10.1138/20110507

31.

32.

33.

34.

35.

36.

novel inhibitor of vacuolar ATPase,
FR167356, which can discriminate
between osteoclast vacuolar ATPase
and lysosomal vacuolar ATPase. Br J
Pharmacol. 2004 Jun;142(3):558-66.

Fulfaro F, Casuccio A, Ticozzi C,
Ripamonti C. The role of
bisphosphonates in the treatment of
painful metastatic bone disease: a
review of phase Il trials. Pain. 1998
Dec;78(3):157-69.

Hortobagyi GN, Theriault RL, Porter L,
Blayney D, Lipton A, Sinoff C, Wheeler H,
Simeone JF, Seaman J, Knight RD,
Heffernan M, Reitsma DJ; for the
Protocol 19 Aredia Breast Cancer Study
Group. Efficacy of pamidronate in
reducing skeletal complications in
patients with breast cancer and lytic
bone metastases. N Engl J Med. 1996
Dec 12;335(24):1785-91.

Kohno N, Aogi K, Minami H, Nakamura
S, Asaga T, lino Y, Watanabe T, Goessl
C, Ohashi Y, Takashima S. Zoledronic
acid significantly reduces skeletal
complications compared with placebo in
Japanese women with bone metastases
from breast cancer: a randomized,
placebo-controlled trial. J Clin Oncol.
2005 May 20;23(15):3314-21.

Lipton A, Theriault RL, Hortobagyi GN,
Simeone J, Knight RD, Mellars K,
Reitsma DJ, Heffernan M, Seaman JJ.
Pamidronate prevents skeletal
complications and is effective palliative
treatment in women with breast
carcinoma and  osteolytic  bone
metastases: long term follow-up of two
randomized, placebo-controlled trials.
Cancer. 2000 Mar 1;88(5):1082-90.

Francis RM, Aspray TJ, Hide G, Sutcliffe
AM, Wilkinson P. Back pain in
osteoporotic vertebral fractures.
Osteoporos Int. 2008 Jul;19(7):895-903.

Honore P, Luger NM, Sabino MA,
Schwei MJ, Rogers SD, Mach DB,
O'Keefe PF, Ramnaraine ML, Clohisy
DR, Mantyh PW. Osteoprotegerin blocks

37.

38.

39.

40.

41.

42.

43.

bone cancer-induced skeletal
destruction, skeletal pain and
pain-related neurochemical

reorganization of the spinal cord. Nat
Med. 2000 May;6(5):521-8.

Luger NM, Honore P, Sabino MA,
Schwei MJ, Rogers SD, Mach DB,
Clohisy DR, Mantyh PW.

Osteoprotegerin diminishes advanced
bone cancer pain. Cancer Res. 2001
May 15;61(10):4038-47.

Nagae M, Hiraga T, Wakabayashi H,
Wang L, lwata K, Yoneda T. Osteoclasts
play a part in pain due to the
inflammation adjacent to bone. Bone.
2006 Nov;39(5):1107-15.

Nagae M, Hiraga T, Yoneda T. Acidic
microenvironment created by
osteoclasts causes bone pain
associated with tumor colonization. J
Bone Miner Metab. 2007;25(2):99-104.

Martinez-Zaguilan R, Lynch RM,
Martinez GM, Gillies RJ. Vacuolar-type
H(+)-ATPases are functionally
expressed in plasma membranes of
human tumor cells. Am J Physiol. 1993
Oct;265(4 Pt 1):C1015-29.

Sennoune SR, Bakunts K, Martinez GM,
Chua-Tuan JL, Kebir Y, Attaya MN,
Martinez-Zaguilan R. Vacuolar
H+-ATPase in human breast cancer
cells with distinct metastatic potential:
distribution and functional activity. Am J
Physiol Cell Physiol. 2004
Jun;286(6):C1443-52.

Gillies RJ, Raghunand N, Karczmar GS,
Bhujwalla ZM. MRI of the tumor
microenvironment. J Magn Reson
Imaging. 2002 Oct;16(4):430-50.

Lu X, Qin W, Li J, Tan N, Pan D, Zhang
H, Xie L, Yao G, Shu H, Yao M, Wan D,
Gu J, Yang S. The growth and
metastasis of human hepatocellular
carcinoma xenografts are inhibited by
small interfering RNA targeting to the
subunit ATP6L of proton pump. Cancer
Res. 2005 Aug 1;65(15):6843-9.

203

Copyright 2011 International Bone & Mineral Society



IBMS BoneKEy. 2011 April;8(4):195-204

http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/4/195
doi:

44.

45.

46.

47.

48.

49.

50.

51.

10.1138/20110507

Mantovani A, Allavena P, Sica A,
Balkwill F. Cancer-related inflammation.
Nature. 2008 Jul 24;454(7203):436-44.

Jara-Oseguera A, Simon SA,
Rosenbaum T. TRPV1: on the road to
pain relief. Curr Mol Pharmacol. 2008
Nov;1(3):255-69.

Caterina MJ, Schumacher MA,
Tominaga M, Rosen TA, Levine JD,
Julius D. The capsaicin receptor: a
heat-activated ion channel in the pain
pathway. Nature. 1997 Oct
23;389(6653):816-24.

Nakanishi M, Hata K, Nagayama T,
Sakurai T, Nishisho T, Wakabayashi H,
Hiraga T, Ebisu S, Yoneda T. Acid
activation of Trpvl leads to an
up-regulation of calcitonin gene-related
peptide expression in dorsal root
ganglion neurons via the CaMK-CREB
cascade: a potential mechanism of
inflammatory pain. Mol Biol Cell. 2010
Aug 1;21(15):2568-77.

Means AR. Regulatory cascades
involving calmodulin-dependent protein
kinases. Mol Endocrinol. 2000
Jan;14(1):4-13.

Mellstrom B, Savignac M,
Gomez-Villafuertes R, Naranjo JR.
Ca2+-operated transcriptional networks:
molecular mechanisms and in vivo
models. Physiol Rev. 2008
Apr;88(2):421-49.

Yoneda T, Hata K, Nakanishi M, Nagae
M, Nagayama T, Wakabayashi H,
Nishisho T, Sakurai T, Hiraga T.
Involvement of acidic microenvironment
in the pathophysiology of
cancer-associated bone pain. Bone.
2011 Jan 1;48(1):100-5.

Karsdal MA, Henriksen K, Sgrensen MG,
Gram J, Schaller S, Dziegiel MH,
Heegaard AM, Christophersen P, Martin
TJ, Christiansen C, Bollerslev J.

Acidification of  the osteoclastic
resorption compartment provides insight
into the coupling of bone formation to
bone resorption. Am J Pathol. 2005
Feb;166(2):467-76.

52. Arnett TR. Extracellular pH regulates

bone cell function. J Nutr. 2008
Feb;138(2):415S-4188S.

204

Copyright 2011 International Bone & Mineral Society



