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Abstract: Background: Cancer-induced bone pain commonly occurs in patients with metastasized breast, prostate,
or lung cancer. Opioids are the first-line therapy, but opioid tolerance and addiction limit their usage and increase
the dosage. The aim of this study was to assess the efficacy of anti-monocyte protein-1 (MCP-1) neutralizing anti-
bodies in the control of cancer pain, as well as the mechanism, in rat models of breast cancer-induced bone pain
and morphine tolerance. Methods: The rat model of Walker 256 tumor cell injection-induced bone pain utilized 72
female Sprague-Dawley rats, which were randomly divided into six groups (n=12); while the rat model of morphine
tolerance included 48 rats. Pain in the rats was assessed by paw withdrawal threshold (PWT) and thermal with-
drawal latency (TWL) tests, and rat spinal cord tissues were also analyzed immunohistochemically with the OX-42
antibody against CH11b and enzyme-linked immunosorbent assay (ELISA) detection of interleukin (IL)-1, IL-6, and
tumor necrosis factor-alpha (TNF-a). Results: There were significant increases in the PWT and TWL duration after
intrathecal administration of morphine on day 12, but these values decreased between days 15 and 18, indicating
that morphine tolerance occurred in the animals. In contrast, treatment with the anti-MCP-1 neutralizing antibody
markedly reduced this morphine tolerance. At the protein level, there was low expression of CD11b, TNF-q, IL-1,
and IL-6 in the spinal cords of morphine-resistant rats after intrathecal injection of the MCP-1 neutralizing antibody,
compared to the control group. Conclusion: These findings suggest that MCP-1 may activate bone microglial cells to
trigger inflammation and pain as well as morphine tolerance in cancer-induced bone pain.
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Introduction ery of better agents and therapies for cancer
pain is urgently needed. Currently, the animal
model of morphine tolerance forms the basis
for research on the biological mechanisms of
drug tolerance and novel agents. Nevertheless,
this animal model does not closely mimic the
clinical scenario [8]. Cancer pain is one of the
most complex forms of chronic pain, as it
involves multiple mechanisms including both
inflammatory and neuropathic pain [5]. Pain is
the most common symptom in patients with
bone cancer [9]; thus, a rat model of bone can-

Mortality and morbidity due to cancer are con-
tinuously increasing throughout the world,
including China, for both men and women [1, 2].
Encouragingly, significant advancements in the
early detection of cancer and new therapies
have led to better survival of cancer patients
[3]. However, continuously improved survival
rates have led to an increasing number of
patients living with cancer-associated pain [4,
5]; which significantly impacts the quality of life
of these patients [4]. To date, opioids remain

the first-line treatment for cancer pain [6, 7],
although such medications have at least two
limitations, i.e., the development of drug toler-
ance and addiction [6, 7], which limit their
usage and increase the dosage to manage can-
cer-induced pain in patients. Thus, the discov-

cer pain could closely mimic the clinical scenar-
io, making it a better model for cancer pain
research [10]. Opioid tolerance has been well
documented with regard to morphine, which is
the most commonly prescribed drug in clinical
practice for cancer-associated pain [11].
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Previous studies have suggested that the
molecular mechanisms underlying neuropathic
pain may be analogous to that of morphine tol-
erance, both of which may be related to an
increase in hyperalgesia [12]. Morphine toler-
ance may result from microglial cell activation
[3, 13, 14]. In addition, inflammatory cytokines
play a central role in regulating chronic pain
[15, 16]. For example, interleukin (IL)-1 and
IL-6, well-known mediators in the neuroendo-
crine immune system, are sensitive indicators
of the acute inflammatory reaction; and noci-
ceptive stimuli may elicit heightened levels of
IL-1 and IL-6, which are associated with
increased pain [17]. Moreover, tumor necrosis
factor-alpha (TNF-&) causes hyperalgesia by
inducing cyclooxygenase-2-catalyzed prosta-
glandin E synthesis and also by stimulating the
release of bradykinin, substance P, and cate-
cholamines, as well as the activation of TNF-«,
IL-1, and IL-6 receptors on neurons and glial
cells, resulting in heightened nerve excitability,
which increases central sensitization and
hyperalgesia [18]. Furthermore, monocyte che-
moattractant protein-1 (MCP-1) is a chemokine
that binds to the C-C chemokine receptor type
2 (CCR2) [19]. Currently, there are multiple
phase I/l clinical trials that have assessed
selective MCP-1 antagonists for the treatment
of inflammatory diseases, atherosclerosis, and
cancer [20, 21]. The increased expression of
MCP-1 during inflammation along with the
reduced inflammatory hyperalgesia observed
after treatment with an anti-MCP-1 antibody
suggest that this chemokine likely plays a role
in inflammatory hypernociception. In addition,
upregulated MCP-1 expression has been dem-
onstrated in macrophages from paws of carra-
geenan- or complete Freund’s adjuvant-treated
mice, and the inflammatory hyperalgesia was
prevented using an anti-MCP-1 serum [22].

Therefore, in this study, we first established rat
models of tumor cell injection-induced bone
pain and morphine tolerance, and then
assessed the pain levels using the paw with-
drawal threshold (PWT) and thermal withdrawal
latency (TWL) tests after intrathecal injection of
an anti-MCP-1 antibody. We then analyzed the
expression of CD11b a microglia marker in the
brain using the 0X-42 antibody [3, 23], as well
as TNF-a, IL-1, and IL-6 in the spinal cords of
the rats.
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Materials and methods
Animals

This study was approved by the Animal
Protection Committee of Shandong University
(@approval number: SYXK (Lu) 2013 0009), and
the animal experiments were conducted in
accordance with the regulations of the
International Association of Pain Research
[24]. A total of 120 adult female Sprague
Dawley rats with a body weight of 150-180 g
were purchased from the Laboratory Animal
Center, Chinese Academy of Medical Science
(Beijing, China). The animals were housed at a
room temperature between 22°C and 24°C
with 40-60% relative humidity under a 12/12-h
light dark cycle with free access to food and
water ad libitum.

Animal model of tumor cell injection-induced
bone pain

A breast cancer cell-induced bone pain model
was established by injection of Walker 256
cells into the marrow cavity of the rat tibia,
according to previous studies [25, 26]. Briefly,
tumor cells originally obtained from the Chinese
Academy of Medical Sciences (Beijing, China)
were grown and harvested from the ascites of
rats to cultivate 20 million cells/mL in Hank’s
balanced salt solution (Sigma Aldrich, St. Louis,
MO, USA). Next, the rats were anesthetized by
an intraperitoneal injection of sodium pento-
barbital (Sigma Aldrich) at a dose of 40 mg/kg
and injected with 10 yL of Hank’s balanced salt
solution containing 1 x 10°% Walker 256 cells
into the marrow cavity of the rat tibia. A total of
72 rats were randomly divided into six groups
(n=12): bone cancer pain (B), morphine-resis-
tant bone cancer pain (BM), morphine-resistant
bone cancer pain receiving intrathecal injection
of the MCP-1 neutralizing antibody (BM-Ab),
morphine-resistant bone cancer pain receiving
intrathecal injection of IgG (BM-IgG), bone can-
cer pain receiving intrathecal injection of the
MCP-1 neutralizing antibody (B-Ab), and bone
cancer pain receiving intrathecal injection of
I1gG (B-1gG). Specifically, the animals in group B
were injected with tumor cells into the medul-
lary cavity of the tibia; and on day 9, 4 uL of
normal saline was intrathecally injected twice a
day for nine days. For the BM group, after
Walker 256 cell injection, the rats were also
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administered 20 ug/kg morphine intrathecally
twice a day from day 9 to day 18. The rats in the
BM-Ab group received Walker 256 cell injection
and an intrathecal injection of 20 pg/kg mor-
phine twice a day from day 9 to day 18 as well
as a daily intrathecal injection of 10 ug of the
MCP-1 neutralizing antibody starting on day 15,
for three days. Meanwhile, the rats in the BM-
IgG group underwent the same procedures as
the BM-Ab group but with nonspecific IgG injec-
tion to replace the anti-MCP-1 antibody. More-
over, the animals in the B-Ab group under-
went the same procedure as the BM-Ab group
but without morphine injection, and the B-IgG
group was used as a negative control, i.e., the
animals with tumor cell injection-induced bone
cancer pain were only treated with 4 L of nor-
mal saline twice a day to replace the morphine
and with nonspecific IgG to replace the anti-
MCP-1 antibody.

Rat model of morphine-tolerant cancer cell-
induced bone pain

We first established the breast cancer cell-
induced bone pain model by injection of 1 x
10° Walker 256 cells into the tibia, according
to previous studies [25, 26]. The morphine tol-
erance in the animals was then induced by
injection of 20 pg/kg morphine (Sigma Aldrich)
twice a day from day 9 to day 18. On day 18, all
animals were sacrificed, and the spinal cord
tissues were resected and stored at -80°C
until use for morphological analysis and im-
munohistochemistry.

The paw withdrawal threshold (PWT) test

Both animal models induced pain. Mechanical
allodynia was measured by using Von Frey fila-
ments (Stoelting Co., Wood Dale, IL, USA), ac-
cording to previous studies [25, 26]. In brief,
the pain was measured before tumor cell injec-
tion and 3, 6, 9, 12, 15, and 18 days after cell
injection. The animals were placed in individual
plastic boxes (20 cm x 25 cm x 15 ¢cm) contain-
ing a metal mesh floor and allowed to acclimate
for 30 min. The pain level was assessed by
stimulating the plantar surface with the Von
Frey filaments for 6-8 s, and animals with a
brisk withdrawal or paw flinching were consid-
ered as having a positive response. The thresh-
old measurement of pain was assessed by
using the up-down paradigm, a powerful tool
for analyzing the pain state, according to a pre-
vious study [27].

12392

The thermal withdrawal latency (TWL) test

Both animal models were also assessed for
heat hypersensitivity using a plantar tester
(type 7370; UgoBasile, Varese, Italy), as des-
cribed previously [28]. The animals were asse-
ssed before tumor cell injectionand 3, 6, 9, 12,
15, and 18 days after cell injection by placing
the animals on a glass floor and then position-
ing a radiant heat source beneath the glass
floor. The test was defined as the time (in sec-
onds) between the delivery of the thermal stim-
ulus and withdrawal of the hind paw. Three
measurements were recorded for each hind
paw in each test session, and the test was
alternated at 5-min intervals between consecu-
tive tests. The mean latency of the three mea-
surements per side was summarized.

Immunohistochemistry

The 0X-42 antibody (Cat. #SC-7898) was pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), and the SP kit (Cat. #60582471)
was obtained from Beijing Zhongshan Biotech-
nology Co., Ltd. The spinal cord tissues were
removed from the -80°C freezer and warmed
up to room temperature in a 20% sucrose solu-
tion overnight. After that, 40-um-thick tissue
sections were prepared using a cryotome and
washed three times for 5 min each with phos-
phate-buffered saline (PBS). Next, the tissue
sections were incubated with 3% H,0, in PBS
for 5 min, washed three times with PBS for 5
min each, and then blocked in 10% normal goat
serum in PBS at room temperature for 30 min.
The sections were then incubated with the pri-
mary antibody at a dilution of 1:400 at 4°C
overnight, followed by washing three times with
PBS for 5 min each. The biotin-labeled second-
ary antibody, diluted in 1% bovine serum albu-
min-PBS was added onto the sections, and the
sections were incubated at 37°C for 30 min.
Subsequently, the sections were incubated
with horseradish peroxidase-labeled streptavi-
din diluted in PBS at 37°C for 30 min before
the colorimetric reaction using 3,3’-diamino-
benzidine solution. The immunostained tissue
sections were then dehydrated in a series
of 75-100% ethanol solutions for 5 min each
and clarified in xylene for 10 min, before being
sealed with a coverslip using a neutral gum.
The positive OX-42 antibody staining was re-
viewed and scored under an inverted micro-
scope (Olympus-CKX41), and five fields of each
section were photographed with a mounted
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Figure 1. Spinal cord expression of CD11b in each group of rats. Spinal cord
tissues were immunostained with the OX-42 antibody to visualize the mi-
croglia in each group of rats (400 x original magnification).

Olympus camera (C7070wz, Olympus, Shinju-
ku, Tokyo, Japan). Image-Pro Plus 4.5 software
(Media Cybernetics, Rockville, MD, USA) was
used to analyze these images, and the num-
ber of positive cells was recorded. The integr-
ated optical density (I0D) in each field was
obtained separately, and the average values of
the positive cell number (NUM) and 10D were
calculated.

Enzyme-linked immunosorbent assay (ELISA)

The ELISA kits to detect TNF-a (cat. #bsk001-
62), IL-1 (cat. #JK-a-0006), and IL-6 (cat. #QN-
PS1726) were purchased from Shanghai Xin
Yu Biological Technology Co., Shanghai Crystal
Anti-Biological Engineering Co., and Shanghai
Qiao Yu Biotechnology Co., respectively, and
performed according to the manufacturers’
protocols. Specifically, we first stored these
antibody-coated ELISA plates at 4°C overnig-
ht. On the next day, we washed them three
times with PBS-Tween 20 (PBS-T) and incubat-
ed them with 10% calf serum at 4°C overnight
before the addition and incubation with the pri-
mary antibody at 37°C for 2 h. After washing
three times with PBS-T, the plates were then
incubated with the secondary antibody. The
reaction was visualized with a colorimetric re-
action, which was measured by using a spec-
trophotometer (Metash, Shanghai, China) at
0.2 nm.
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Statistical analysis

All data were expressed and
summarized as the mean %
standard deviation and sta-
tistically analyzed using the
SPSS 16.0 statistical software
package (SPSS, Chicago, IL,
USA). The data were compar-
ed and analyzed using one-
way analysis of variance, and
a p-value less than 0.05 was
considered statistically signi-
ficant.

Results

Association of MCP-1 with
hyperalgesia

In this study, we first establi-
shed rat models of tumor cell
injection-induced bone pain
and morphine-tolerant cancer
cell-induced bone pain, and
then assessed pain levels us-
ing the PWT and TWL tests. This study intend-
ed to investigate the involvement of MCP-1 in
hyperalgesia in these rat models by intrathecal
injection of an anti-MCP-1 antibody on day 15
after Walker 256 cell inoculation. The PWT and
TWL test data showed a significant increase in
durations on day 12 after intrathecal adminis-
tration of morphine for 3 days; however, such
durations were decreased between days 15
and 18 after daily intrathecal administration of
morphine (i.e., day 18 after cell injection; Figure
2), indicating morphine tolerance in the ani-
mals. Our data further showed that the anti-
MCP-1 neutralizing antibody could markedly
reduce the morphine tolerance in these ani-
mals as shown by the reduction of tolerance to
heat and filaments compared with those of
control IgG; Figure 2).

Differential CD11b (OX-42) expression in the
spinal cords of morphine-resistant rats after
intrathecal injection of the MCP-1 neutralizing
antibody

We then assessed the expression of CD11b, a
microglia marker, in the spinal cords of the
BM-Ab group using the 0X-42 antibody [3, 23].
The positive cell number (17.33+1.87) and the
IOD (350.91+30.97) were significantly lower
(P<0.05) in the BM-Ab group compared with
the corresponding values of 34.76+2.17 and
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Figure 2. Effects of intrathecal injection of anti-MCP-1 neutralizing antibody on the regulation of mechanical allo-
dynia in rats. (A) PWT and (B) TWL values were measured between days 1 and 18 after tumor cell inoculation. Mor-
phine was intrathecally injected between days 9 and 18 in all BM groups, and a single intrathecal administration of
anti-MCP-1 antibody (BM+Ab and B+Ab groups) or control IgG (10 pg; BM+1gG and B+1gG groups) was performed on
day 15 after inoculation of Walker 256 cells. The values are presented as the mean + standard error (n=8). “P<0.05
vs. the BM and BM+IgG groups. PWT, the paw withdrawal threshold test; TWL, the thermal withdrawal latency test;
B, bone cancer pain group; BM, morphine tolerance and bone cancer pain group.

Table 1. CH11b (OX-42) expression in the rat spinal
cords (mean + SD; n=6)

nd that their levels were all significantly
lower in the BM-Ab group (2.03%£0.67,

2.03+£0.67, 2.21+0.51, respectively; P<

Group NUM P value I0D P value
B 22.47+1.67 451.77+26.03

BM 34.76+2.17 0.04 653.12+43.58 0.03
BM-Ab  17.33+1.87" 0.02 350.91+30.97" 0.03
BM-lgG 33.42+2.58 0.32 638.05+38.91 0.41
B-Ab 19.14+1.51 0.01  372.56+28.19 0.02
B-1gG 23.12+1.98 0.34  447.97+32.67 0.14

0.05) compared with those in the BM
group (7.65+1.76, 8.08+2.03, and 7.89+
1.24, respectively; Table 2). However,
there was no statistically significant dif-
ference in the TNF-«, IL-1, or IL-6 level
between the B and B-Ab groups, the B
and B-I1gG groups, or the BM and BM-IgG

“Compared with that of the BM group. B, bone cancer pain; BM,
morphine-resistant bone cancer pain; BM-Ab, morphine-resistant
bone cancer pain receiving intrathecal injection of the MCP-1
neutralizing antibody; BM-IgG, morphine-resistant bone cancer pain
receiving intrathecal injection of IgG; B-Ab, bone cancer pain receiv-
ing intrathecal injection of the MCP-1 neutralizing antibody; B-IgG,
bone cancer pain receiving intrathecal injection of IgG; NUM, the
positive cell number; 10D, the integrated optical density.

653.12+43.58 in the BM group (Figure 1 and
Table 1). However, there was no statistically sig-
nificant difference in CD11b expression betw-
een the B and B-Ab groups, the B and B-IgG
groups, or the BM and BM-IgG groups (Figure 1
and Table 1).

Differential TNF-a, IL-1, and IL-6 expression in
the spinal cords of morphine-resistant rats af-
ter intrathecal injection of the MCP-1 neutral-
izing antibody

Next, we detected the levels of TNF-q, IL-1, and
IL-6 in the spinal cords of the animals and fou-
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groups (Table 2).

Discussion

Cancer pain is one of the most complex

forms of chronic pain as it is a combina-

tion of both inflammatory and neuropathic

pain [5]. Bone cancer pain is the most dif-

ficult type of pain to control and possibly
the most serious form of cancer pain. During
the early stages of bone cancer, tumor cells
grow in the bone marrow cavity and stimulate
osteoclasts, causing an imbalance between os-
teolysis and osteogenesis. This result in bone
destruction, which may be the mechanism by
which bone cancer pain is induced [29]. During
the advanced stages of bone cancer, the dis-
ease rapidly expands and the tumor volume
increases, causing the periosteum to be pulled
away from the bone surface. Cancer can also
directly erode and damage the peripheral ner-
ves, causing nerve damage, oppression, and
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Table 2. Expression of TNF-¢, IL-1, and IL-6 in the spinal cords of

the different groups

days 15 and 18, indicating that
morphine tolerance occurred in

Group TNF-a P value -1 P value

Pvalue the animals. In addition, treat-

B 4.23+1.10 4.18+1.04
BM 7.65+1.76 0.04 8.08+2.03 0.02

BM-gG 8.01+1.69 0.11 7.94+1.92 0.52
B-Ab 2.64+1.08 0.03 3.03+0.67 0.01
BlgG 4.01+1.26 0.29 3.98+1.17 0.13

4.56+0.97

7.89+1.24 0.03
BM-Ab 2.03+0.67" 0.03 2.03+0.67° 0.01 2.21+0.51" 0.02
8.12+1.52 0.27
2.98+0.73 0.02
4.83+1.21 0.58

ment with the anti-MCP-1 neu-
tralizing antibody markedly re-
duced this morphine tolerance
in rats. Moreover, the expres-
sion of CD11b (OX-42), TNF-q,
IL-1, and IL-6 was low in the spi-

“Compared with that of the BM group. B, bone cancer pain; BM, morphine-resis-
tant bone cancer pain; BM-Ab, morphine-resistant bone cancer pain receiving
intrathecal injection of the MCP-1 neutralizing antibody; BM-IgG, morphine-resis-
tant bone cancer pain receiving intrathecal injection of 1gG; B-Ab, bone cancer
pain receiving intrathecal injection of the MCP-1 neutralizing antibody; B-IgG,
bone cancer pain receiving intrathecal injection of 1gG; NUM, the positive cell

number; 10D, the integrated optical density.

ischemia. Additionally, cancer cells can secrete
proteases that trigger proteolysis of fibers and
sympathetic fibers, leading to neuropathic pain
[30]. In the primary afferent fibers of the dorsal
horn of the spinal cord in rats with bone can-
cer pain, there was a significant increase in the
number of astrocytes, accompanied by an up-
regulation of c-fos expression and dynorphin in
deep neurons of the spinal dorsal horn [31].
This also shows that peripheral sensitization of
sensory afferent pathways and central sen-
sitization constitute important mechanisms of
bone cancer pain [32, 33]. For example, Li et al.
[34] have shown that an increased expression
of receptor activator of nuclear factor kappa-B
ligand is directly involved in osteoclast-induced
pain in a rat model of bone cancer pain. In addi-
tion, osteoclasts create a slightly acidic micro-
environment for bone resorption, whereas the
sensory neurons can be directly activated by
acid or hydrogen ions [34]. Clinically, the pain
associated with osteoclasts is directly related
to bone destruction, and the two major acid-
sensitive ion channels expressed on nocicep-
tors are acid-sensing ion channel 3 and tran-
sient receptor potential vanilloid/transient re-
ceptor potential cation channel subfamily V
member 1/capsaicin receptor/vanilloid recep-
tor 1 (TRPV1) [35]. TRPV1 plays an important
role in mechanical allodynia and thermal hyper-
algesia [36]. Thus, to investigate the potential
mechanisms of morphine tolerance in cancer
pain, we first established an animal model to
mimic the actual clinical situation. Our data
showed a significant increase in the PWT and
TWL durations after intrathecal administration
of morphine on day 12, but a decrease between
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nal cords of morphine-resistant
rats after intrathecal injection of
the MCP-1 neutralizing antibody
vs. that of the control rats, sug-
gesting that MCP-1 was able to
activate bone microglial cells to
trigger inflammation and pain as
well as morphine tolerance in
cancer-induced bone pain. Future studies will
further assess MCP-1 antagonists in the man-
agement of patients with bone cancer pain.

Indeed, inflammatory mediators in the tumor
lesions can contribute to cancer pain develop-
ment, like high-mobility group protein-1 (HM-
GB1) and IL-1B, which are simultaneously ex-
pressed in the dorsal horn of the spinal cord,
and intrathecal injection of the HMGB1 neutral-
izing antibody can effectively antagonize the
tactile and hemorrhagic pain responses; there-
fore, bone tumors have increased expression
of IL-1B in the spinal cord after induction of
HMGBZ1 [37]. In turn, this modulates the signal
transmission and pain response of spinal excit-
atory synapses, and a variety of signal trans-
duction molecules and ion channels do play
crucial roles in pain signaling. Recently, small-
diameter primary afferent fibers have been
shown to stimulate glutamate, substance P,
and calcitonin gene-related peptide produc-
tion. In addition, the NR2B-containing N-methyl-
D-aspartate (NMDA) receptors in the presynap-
tic membrane facilitate and maintain the tra-
nsduction of nociceptive signals through lease
of the neurotransmitters to associate with the
increased excitability of neurons. Thus, it was
speculated that an increase in NR2B-containing
NMDA receptor expression could play an impor-
tant role in the generation and maintenance of
bone cancer pain in mice [38]. Furthermore, it
is well documented that the neuronal excitabil-
ity, at least in part, relies on the activation
threshold of sodium channels, along with the
intrinsic properties of the channels, such as
transport, density, and distribution. A previous
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study has shown that the tetrodotoxin-resistant
peripheral nerve (TTX-RNav1.8) sodium chan-
nel is exclusively expressed on peripheral sen-
sory neurons, RNav1.8 expression in the dorsal
root ganglion neurons is decreased, the TTX-R
sodium current is diminished, and the mainte-
nance of bone cancer pain may be linked to
Navl1.8 sodium channels [39]. Additionally, in-
trathecal injections of Nav1.8 antisense oligo-
nucleotides to suppress Navl.8 sodium chan-
nel activity have been demonstrated to inhibit
hyperalgesia and bone cancer pain, and animal
behavioral tests have shown that the Navl.8
sodium channel is likely involved in the mainte-
nance of bone cancer pain [39]. Another previ-
ous study [40] analyzed the involvement of the
chemokine Fractalkine in bone cancer pain,
while additional studies have suggested that
the gamma-aminobutyric acid B receptor might
also play a role in mediation of tibial cancer
pain by regulation of downstream p-ERK1/2
signaling [41]. In addition, lysophosphatidic
acid, a phospholipid signaling molecule, has
been shown to sensitize bone cancer pain
through sensitization of the peripheral C ner-
ve [42]. In bone cancer pain models, calcium/
calmodulin-dependent protein kinase Il and
mitogen-activated protein kinase p38 were
shown to be involved in the production and
maintenance of bone cancer pain [43] as p38
produced arachidonic acid through phospholi-
pase A2 activation and subsequently under-
went metabolism by cyclooxygenases 1 and 2
to produce prostaglandins, in turn activating
the dorsal horn of the spinal cord. Thus, intra-
thecal injection of p38p antisense oligonucle-
otide attenuated thermal hyperalgesia and me-
chanical hyperalgesia in rats with bone cancer
pain.

It has been shown that OX-42* cells and p-Akt
levels were increased in the microglia and spi-
nal dorsal horns of rats with bone cancer pain
[23], but they were suppressed by intrathecally
administered MCP-1 neutralizing antibody or an
inhibitor of phosphatidylinositol 3-kinase [23].
Meanwhile, the mechanical allodynia subsided
after treatment with the inhibitor, and activa-
tion of the spinal microglia induced by MCP-1
occurred through a pathway involving phospha-
tidylinositol-3-kinase and p-Akt in bone cancer
pain. Moreover, Zhao et al. [44] have observed
that intrathecally administered MCP-1-neutra-
lizing antibody also diminished morphine toler-
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ance by inhibition of the prolonged morphine
stimulation to the spinal microglia. Thus, neuro-
nal MCP-1-stimulated spinal microglia may be
involved in the development of morphine toler-
ance during the treatment of bone cancer pain,
whereas inhibition of MCP-1 could provide a
novel therapeutic option for morphine toler-
ance management. In addition, Yao et al. [45]
have reported that an antibody against nerve
growth factor mitigated hyperalgesia in rats
with bone cancer pain that was associated with
an increased number of y-opioid receptors. Fur-
thermore, the cyclooxygenase-2 inhibitor DFU
has been demonstrated to inhibit tumor pain
by suppression of MCP-1 production in tumor
tissues and the blood circulation [46].

It has been reported that hyperalgesia associ-
ated with cancerous bones is stimulated by
HMGB1 phosphorylation through protein kina-
se C to lead to its exit from the cellular nucleus
and liberation from the cytoplasm of the dorsal
horn, resulting in upregulation of inflammatory
mediators in the spinal cord [47]. Moreover, the
TNF inhibitor etanercept decreases bone can-
cer pain through the Mas-related gene receptor
C (MrgC)-N-methyl D-aspartate receptor sub-
type 2B (NR2B) signaling pathway, as evident
by downregulation of inflammatory factors, like
nitric oxide synthases, MrgC, and NR2B, in an
established bone cancer pain model [48]. Addi-
tionally, bone cancer pain can be treated with
p-opioid agonists, such as fentanyl, and other
K-opioid receptor agonists (e.g., US0, 488) [49].
Furthermore, intrathecal administration of the
endothelin A receptor antagonist BQ-123 allevi-
ates bone cancer pain by inhibition of Akt and
ERK signaling [50], while the B-fiber non-noci-
ceptive primary sensory neurons in the dorsal
root ganglion of the spinal cord likely play a role
in the peripheral sensitization and cancer-elicit-
ed tactile excitability in bone cancer pain [51].
The voltage-dependent anion channel 1 also
has been shown to play a role in tumor progres-
sion and bone cancer pain by upregulation of
TLR4 expression [52]. Thus, it appears that the
mechanisms underlying cancer-induced bone
pain may be a complicated network rather than
a single pathway.

MCP-1 may activate spinal microglia through
the PI3K/Akt pathway [44], and upregulation of
spinal MCP-1 and CCR2 levels has been impli-
cated in mechanical allodynia linked to bone
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cancer pain [53]. However, augmented spinal
MCP-1 and CCR2 expression may also play a
role in mechanical allodynia in rats exhibiting
bone cancer pain and morphine tolerance [54].
Systemic administration of tumor cells in the
earlier animal models of bone cancer pain re-
sulted in poor animal health and the develop-
ment of tumor metastases; thus, our current
animal models are better [55] and closely
mimic the clinical situations. Our current find-
ings provide insight into novel strategies for
tackling the problem of opioid tolerance in the
treatment of cancer and related diseases.
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