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LY294002 alleviates bone cancer pain by reducing
mitochondrial dysfunction and the inflammatory response
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Abstract. Bone cancer pain (BCP) is mainly caused by bone
metastasis and markedly impairs the functional capacity and
daily functions of patients. Neuroinflammation plays a pivotal
role in the pathogenesis and maintenance of chronic pain.
Oxidative stress in the mitochondria is a key contributor to
neuroinflammation and neuropathic pain. Herein, a rat model
of BCP was established which was characterized by bone
destruction, pain hypersensitivity and motor disability. In
the spinal cord, phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt) signaling was activated, and the inflammatory
response and mitochondrial dysfunction were also observed.
The intrathecal injection of LY294002, a selective inhibitor
of PI3K/Akt signaling, decreased mechanical pain sensitivity,
suppressed spontaneous pain and recovered the motor coordi-
nation of rats with BCP. Second, LY294002 treatment blocked
spinal inflammation by reducing astrocytic activation and
downregulating the expression levels of inflammatory factors,
such as NF-xB, IL-1f and TNF-a. Moreover, LY294002
treatment recovered mitochondrial function by activating
the manganese superoxide dismutase enzyme, increasing
NADH:ubiquinone oxidoreductase subunit B11 expression,
and decreasing BAX and dihydroorotate dehydrogenase
expression. LY294002 treatment also increased the mitochon-
drial membrane potential and decreased the mitochondrial
reactive oxygen species levels in C6 cells. On the whole,
the results of the present study suggest that the inhibition
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of PI3K/Akt signaling by LY294002 restores mitochondrial
function, suppresses spinal inflammation and alleviates BCP.

Introduction

Bone cancer pain (BCP) is a significant and life-altering pain,
and is the most common symptom of bone metastasis, which
occur in almost all types of cancer. Among all the cancer
types, the relative incidence of breast, prostate and thyroid
cancer is 75, 75 and 40%, respectively (1). It was estimated
that there were 19.3 million new cancer cases in 2020,
according to the GLOBOCAN 2020 database (2). Moreover,
the 5-year relative survival rate of cancer patients increases
to 68%, depending on the advanced treatment and improved
diagnoses. However, 60-84% of patients with advanced-stage
cancer experience varying degrees of bone pain (3). The
mainly clinical symptoms of BCP are stable background pain,
occasional breakthrough pain and ongoing pain (4). BCP
is described by patients as annoying, gnawing, aching and
nagging, and is exacerbated by weight bearing or movement; it
markedly impairs the functional capacity and daily functions
of patients (5). The pathogenesis of BCP involves a complex
mixture of tumor cells, bone cells, inflammatory microenvi-
ronment and the neuronal tissue (6). Therefore, research on
the mechanisms of BCP may be useful for pain management.
Neuroinflammation in the spinal cord plays a pivotal role
in the pathogenesis and maintenance of chronic pain, and is
characterized by the infiltration of leukocytes, the activation of
glial cells, and the production/secretion of pro-inflammatory
cytokines and chemokines (7,8). Increased spinal inflamma-
tion has been reported in rodent models of several chronic
pain, including inflammatory pain (9), neuropathic pain (10),
chemotherapy-induced pain (11) and BCP (12,13). Research
has provided evidence of neuroinflammation in the spinal
cord of patients with chronic pain. Patients suffering from
lumbar radiculopathy exhibit elevated levels of neuroinflam-
mation marker translocator proteins in the spinal cord (14). A
previous study demonstrated that the autopsy of spinal cord
tissue from a patient with longstanding complex regional pain
syndrome revealed the activation of astrocytic and microglial
cells (15). It has been demonstrated that in patients positive for
human immunodeficiency virus who suffer from chronic pain,
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the levels of the pro-inflammatory cytokines, tumor necrosis
factor o (TNF-a) and interleukin (IL)-13, and the astrocytic
markers, glial fibrillary acidic protein (GFAP) and S1008, are
markedly increased in the spinal dorsal horn (16). The pharma-
cological inhibition of glial activation and pro-inflammatory
cytokine release has been shown to exert an anti-nociceptive
effect in animals (17). Of note, it has been shown that
patients with spinal cord injury on an anti-inflammatory diet
exhibit a decreased expression of interleukin (IL)-1f and
IL-6, and an attenuation of sensory neuropathic pain (18).
Electroacupuncture has also been found to exert a therapeutic
effect on inflammatory pain by suppressing the expression of
IL-1p and TNF-a (19). Oxidative stress in the spinal cord is a
key contributor to neuroinflammation and neuropathic pain.
A previous study demonstrated that the intrathecal injection
of the reactive oxygen species (ROS) donor, tert-butyl hydro-
peroxide, led to transient hyperalgesia. However, systemic or
intrathecal post-treatment with ROS scavengers significantly
reduced hyperalgesia in a mouse model of capsaicin-induced
pain (20). Glutathione also exerts an analgesic effect in models
of neuropathic pain by reducing the ROS content and increasing
the expression of antioxidant enzymes (21). In a a previous
study, in rats with cancer-induced bone pain, the inhibition of
the oxidative stress response and the elevation of the activity of
the antioxidant enzyme, superoxide dismutase (SOD), reduced
the pain sensitivity of rats (22). Increased levels of oxidative
stress activate a variety of transcription factors in inflamma-
tory pathways and trigger the inflammatory response (23).
Thus, targeting spinal oxidative stress and inflammation may
be a potential therapeutic strategy for neuropathic pain.

The phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt) pathway participates in inflammatory cellular
responses, mediates neuropathic pain and functions as a novel
therapeutic target for inflammation-related diseases (24).
LY294002, an inhibitor of PI3K, has been shown to alleviate
endometriosis-associated sciatic nerve pain by inhibiting
the PI3K/Akt/mammalian target of rapamycin signaling
pathway (25). In a rat model of chronic constriction injury
(CCI), the intrathecal injection of LY294002 was found to
significantly block CCI-increased Akt phosphorylation and
attenuate mechanical allodynia (26). In another study, in a rat
model of BCP-morphine tolerance, the levels of phosphorylated
(p-)PI3K, Akt and JNK1/2 were upregulated in the L4-6 spinal
dorsal horn; however, the intrathecal injection of LY294002
decreased the phosphorylation levels of these proteins and
attenuated the development of morphine tolerance (27).

In the present study, to investigate the effects of LY294002
on BCP and explore the underlying mechanisms, rats with
BCP were intrathecally injected with LY294002 and the
pain behaviors, motor ability, spinal inflammation and mito-
chondrial function were detected. The present study provides
experimental data which may prove to be useful in alleviating
BCP.

Materials and methods

Animals. A total of 36 male Sprague-Dawley (SD) rats,
weighing 180-200 g (6-8 weeks old), were purchased from
the Hubei Province Experimental Animal Center (Wuhan,
China). All animals were housed in a temperature-controlled

environment (22+1°C) and 55+5% humidity with a 12-h
light/dark cycle with ad libitum access to food and water. All
procedures were conducted in accordance with the Chinese
National Guidelines for the ethical review of animal welfare
(GB/T 35892-2018) and approved by the Ethics Committee of
Hubei University of Science and Technology (approval number
2020-01-900). The rats were allowed to acclimatize to their
environment for 5 days prior to the start of the experiments.
A total of 36 rats were randomly divided into four groups
as follows: The sham-operated (sham), LY294002, BCP and
BCP + LY294002 group, with 9 rats in each group.

Cells and cell culture. MRMT-1 rat breast cancer cells
(cat. no. RCB2860; Jennio Biotech Co., Ltd.) were cultured in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
containing 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.), 50 U/ml penicillin and 50 pxg/ml streptomycin
(Gibco; Thermo Fisher Scientific, Inc.) at 37°C with 5% carbon
dioxide. Rat glioma cells (C6) (cat. no. CBP60888; Jennio
Biotech Co., Ltd.) were cultured in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) with 10% fetal bovine serum, 50 U/ml
penicillin and 50 pg/ml streptomycin at 37°C with 5% carbon
dioxide.

Establishment of rat model of BCP and drug administration.
To establish the rat model of BCP, MRMT-1 cells were
collected and resuspended in Hank's balance salt solution
(HBSS) (cat. no. 14170146; Gibco; Thermo Fisher Scientific,
Inc.) and kept on ice until use. The rats were anaesthetized
with pentobarbital sodium (50 mg/kg, intraperitoneal injec-
tion). The left hind limb was disinfected with 75% ethanol
and 5.0x10° MRMT-1 cells in HBSS were slowly injected into
the intramedullary space of bones of the rats. The rats in the
sham group were injected with an equivalent volume of the
vehicle (HBSS). After 14 days of modeling, an intrathecal
injection was administered using a 25-ul microsyringe, which
was inserted into the intervertebral space of the rats between
L5 and L6 vertebrae. The PI3K inhibitor, LY294002 (Selleck
Chemicals), was dissolved in DMSO, and diluted with 0.9%
NaCl (v/v 1:1) prior to use. The rats in the LY294002 and
BCP + LY294002 groups were intrathecally injected with
10 p1 LY294002 (1.5 mg/kg). The rats in the sham and BCP
groups received an intrathecal injection of the same volume
of the vehicle.

Bone X-ray and histological analysis. A roentgenograph of
the left tibia was performed on the 14th day following the
inoculation of the MRMT-1 cells. On day 14, 3 rats in each
group were euthanized with an overdose of pentobarbital
sodium (150 mg/kg) by intraperitoneal injection, the left tibiae
were collected and fixed in 4% paraformaldehyde for 24 h,
decalcified in 10% EDTA (Gibco; Thermo Fisher Scientific,
Inc.) solution. The bone tissue was dehydrated and embedded
in paraffin, and cut into 4-ym-thick sections using a micro-
tome (Thermo Fisher Scientific, Inc.). The bone sections were
then dewaxed and stained with hematoxylin and eosin (H&E)
(Beyotime Institute of Biotechnology). Briefly, the sections
were dyed with hematoxylin solution for 3 min and washed
with tap water for 10 sec. The sections were stained with eosin
for 3 min and washed with tap water for 10 sec. The dehydration
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and transparent treatment were conducted by putting the slices
into 80% ethanol (5 min), 90% ethanol (5 min), 95% ethanol
(5 min), 100% ethanol (5 min, two times), xylene (5 min,
times). The temperature used for all these procedures was
25°C. Images were obtained using a microscope (Olympus
IX73; Olympus Corporation).

Paw withdrawal threshold (PWT) test. The rats were placed in
a 30x30x30 cm plexiglass chamber and were allowed to accli-
matize to their environment for at least 30 min prior to the start
of the behavioral experiments. von Frey filaments (Stoelting
Co.; ranging from 0.4 to 26 g) were used by stimulating the left
hind paws of the rats. Briefly, the filaments were pressed verti-
cally against the plantar surfaces until the filaments were bent
and held for 6-8 sec. Under this condition, a brisk withdrawal
and paw flinching was considered a positive response. Once a
positive response occurred, the von Frey filament with the next
lower force was applied, and whenever a negative response
occurred, the filament with the next higher force was applied.
The pattern of positive and negative withdrawal response was
used to determine the PWT.

Flinching number analysis. The rats were placed in a
30x30x30 cm plexiglass chamber and were allowed to accli-
matize to their environment for at least 30 min prior to the
start of the experiment. The number of flinches was recorded
and counted for 5 min and repeated three times (28).

Rotarod test. An accelerating rotarod (ZS-RDM, Beijing
Zhongshi Dichuang Science and Technology Development
Co., Ltd.) was used to assess the motor coordination and
balance of the animals. At 3 days prior to the start of the
experiment, the animals received acclimatization training at
a fixed speed of 4 r/min for 10 min repeating three times with
10-min intervals. At the beginning of experiment, the rotation
speed was fixed at 10 r/min for 10 sec and then accelerated
for 10 sec. Subsequently, the rod was working at a speed of
20 r/min for 30 sec and then accelerated for 10 sec. The move-
ment was continuously carried out for 10 min, repeating three
times with an interval of 10 min. The latency of the rats to fall
was recorded.

Western blot analysis. Following 12 h of LY294002 and vehicle
administration, another 3 rats from each group were eutha-
nized by an overdose of pentobarbital sodium (150 mg/kg) by
intraperitoneal injection and then subjected to decapitation.
The spinal cord (L4-L6) was collected into ice-cold RIPA
lysis buffer (Beyotime Institute of Biotechnology) containing
a cocktail of protease inhibitors, homogenized on ice, and
centrifugated at 12,000 x g, 4°C for 15 min. The supernatant
was collected and the protein concentration was measured
using a BCA kit (Beyotime Institute of Biotechnology).
Equal amounts of protein samples (35 ug) were separated by
SDS-polyacrylamide gel (8-12%) electrophoresis, and electri-
cally transferred onto PVDF membranes (MilliporeSigma).
The membranes were then blocked with QuickBlock™
blocking buffer (Beyotime Institute of Biotechnology)
at 25°C for 1.5 h and incubated with the proper primary
antibodies overnight at 4°C. The following antibodies were
used: IL-1p (1:1,000; cat. no. AF5103; Affinity Biosciences),

TNF-a (1:1,000; cat. no. AF7014; Affinity Biosciences),
GFAP (1:1,000; cat. no. BF0345; Affinity Biosciences),
p-Akt (1:500; cat. no. AP1259; ABclonal Biotech Co., Ltd.),
Akt (1:1,000; cat. no. A20799; ABclonal Biotech Co., Ltd.),
nuclear factor (NF)-kB (1:1,000; cat. no. BF8005; Affinity
Biosciences), BAX (1:1,000; cat. no. A20227; ABclonal
Biotech Co., Ltd.), NADH:ubiquinone oxidoreductase subunit
B11 (NDUFBI1; 1:1,000; cat. no. A15617; ABclonal Biotech
Co., Ltd.), dihydroorotate dehydrogenase (DHODH; 1:1,000;
cat. no. A6899; ABclonal Biotech Co., Ltd.) and p-actin
(1:50,000; cat. no. AC026; ABclonal Biotech Co., Ltd.).
Following incubation (25°C, 1 h) with goat anti-rabbit IgG
(H + L)-HRP (1:10,000; cat. no. AS014; ABclonal Biotech
Co., Ltd.) or goat anti-mouse IgG (H + L)-HRP (1:10,000;
cat. no. AS003; ABclonal Biotech Co., Ltd.) secondary anti-
bodies, the membranes were visualized with iBright 1500
(Invitrogen; Thermo Fisher Scientific, Inc.). The bands of
target protein were analyzed using ImageJ 1.48v software
(National Institutes of Health).

Immunofluorescence assay. Following treatment with
LY294002 for 12 h, another 3 rats from each group were
deeply anesthetized and myocardial perfused with 0.9%
NaCl containing heparin, and subsequently switched
perfusate to 4% polyformaldehyde. Following perfusion,
the spinal cord was collected and fixed in 4% paraformal-
dehyde for 24 h, dehydrated, embedded in paraffin, and cut
into 4-um-thick sections using a microtome (Thermo Fisher
Scientific, Inc.). The spinal cord sections were dewaxed,
boiled at 95°C in antigen repair solution (Beyotime Institute
of Biotechnology) for 15 min, cooled naturally to normal
temperature, incubated with 3% H,O, solution (Guangdong
Hengjian Pharmaceutical Co., Ltd.) for 10 min, blocked with
immunofluorescence blocking solution (Beyotime Institute
of Biotechnology) at 25°C for 1 h and subsequently incu-
bated with primary antibodies at 4°C for 24 h. Including
IL-1B (1:100; cat. no. AF5103; Affinity Biosciences), GFAP
(1:100; cat. no. BF0345; Affinity Biosciences), PI3K (1:100;
cat. no. AF6241; Affinity Biosciences), p-Akt (1:100;
cat.no.AP1259; ABclonal Biotech Co.,Ltd.), NDUFB11(1:100;
cat. no. A15617; ABclonal Biotech Co., Ltd.) and BAX (1:100;
cat. no. A20227; ABclonal Biotech Co., Ltd.), and goat-rabbit
IgG H&L (FITC) (1:500; cat. no. ab6717; Abcam) at 25°C
for 1 h. They were then mounted with antifade mounting
medium (Beyotime Institute of Biotechnology). Images
were acquired using a fluorescence microscope (Olympus
Corporation). The intensity was analyzed using ImageJ 1.48v
software (National Institutes of Health).

Transmission electron microscopy (TEM) assay. The
morphology of the mitochondria in the spinal cord were
confirmed using electron microscopy with negative staining.
Briefly, the spinal cord tissues from another 3 rats from each
group were isolated, cut into ~1 mm? cubes, fixed in 2.5%
glutaraldehyde (Sigma-Aldrich Shanghai Trading Co., Ltd.)
at 25°C for 4 h and post-fixed with 1% osmium tetroxide
(Electron Microscopy China) at 25°C for 2 h. Ultrathin
sections were post-stained with uranyl acetate (Electron
Microscopy China) for 30 min and lead citrate (Electron
Microscopy China) for 15 min and then examined using an
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HC-1 transmission electron microscope (Hitachi Corporation)
operating at 120 kV.

Detection of manganese SOD (Mn-SOD) activity. To
detect the enzyme activity of Mn-SOD, the CuZn/Mn-SOD
assay kit with WST-8 (cat. no. S0103; Beyotime Institute
of Biotechnology) were used. Briefly, the spinal cords
were homogenized in ice-cold phosphate-buffered saline
(PBS) and centrifuged at 12,000 x g, 4°C for 15 min. The
supernatant was collected and incubated with Cu/Zn-SOD
inhibitors for 1 h at 37°C. After mixing with WST-8 enzyme
working solution for 20 min at 37°C, the absorbance value
at OD 5, Of each pore was measured. The Mn-SOD activity
was expressed as units per milligram of total protein (U/mg
protein).

Malondialdehyde (MDA) assay. The levels of MDA were
measured using the MDA Assay kit (cat. no. SO0131S;
Beyotime Institute of Biotechnology). Briefly, the spinal cord
tissues were lysis using ice-cold RIPA lysis buffer (Beyotime
Institute of Biotechnology) and centrifuged at 12,000 x g, 4°C
for 15 min. The supernatant acquired was mixed with MDA
working solution, heated at 95°C for 15 min, and centrifu-
gated at 1,000 x g, 25°C for 10 min after cooling naturally
to room temperature. The supernatant was collected and the
absorbance was measured at 532 nm. The MDA levels were
calculated according to the standard curve and expressed as
pmol/mg protein.

Measurement of mitochondrial membrane potential (MMP).
MMP was measured using a fluorescent probe JC-1 (Beyotime
Institute of Biotechnology). The C6 cells were inoculated
in the 24-well plate with sterilized coverslips, stimulated
with IL-1f (5 ng/ml; Beyotime Institute of Biotechnology)
for 30 min and incubated with 1 yM LY294002 at 37°C
for 24 h. The cells were then cultured with 200 ul JC-1 for
20 min at 37°C in the dark, and the fluorescence intensity
was detected using a fluorescence microscope (Olympus
Corporation). Mitochondrial uncoupler carbonyl cyanide
3-chlorophenylhydrazone (CCCP, 10 uM) treatment was used
as positive control, since it disrupts mitochondrial integrity
and induced the loss of MMP (29).

Measurement of mitochondrial ROS generation. MitoSOX
Red mitochondrial superoxide indicator (Thermo Fisher
Scientific, Inc.), a novel fluorogenic dye, was used to detect
mitochondrial superoxide in C6 cells. Briefly, the cells were
inoculated in the 24-well plate with sterilized coverslips, stim-
ulated with IL-1f, incubated with LY294002, subsequently
incubated with 5 uM MitoSOX Red (Molecular Probes,
Thermo Fisher Scientific, Inc.) in the dark at 37°C for 10 min
and detected under a fluorescence microscope (Olympus
Corporation).

Statistical analysis. All statistical analyses were performed
using the SPSS 26 software package (IBM Corp.). One-way
analysis of variance (one-way ANOVA) was used to evaluate
the differences between the experimental groups followed by
Bonferroni post hoc tests. The results of the behavioral tests
are presented as the mean + SEM. Other experiment data are

presented as the mean + SD. P<0.05 was considered to indicate
a statistically significant difference.

Results

Intratibial inoculation of tumor cells induces bone destruction,
hyperalgesia and motor impairment in rats. After 5 days of
acclimatization, the rats were inoculated with MRMT-1 cells
to establish the model of BCP. To verify the establishment of
the BCP model, X-rays, H&E staining and behavioral tests
were performed (Fig. 1A). Radiographs of the rat tibiae were
obtained on day 14 post-surgery and revealed notable bone
destruction, particularly at the proximal epiphysis. Fewer
radiolucent lesions in the tibiae were observed in the rats in
the sham group (Fig. 1B). Moreover, the histological analysis
of the tibiae from rats with BCP revealed that there was an
increased cell infiltration in the bone marrow spaces and a loss
of normal bone structure, whereas bone loss was not evident
in the sham group (Fig. 1C). Pain behavioral testing revealed
that there were no significant differences in mechanical with-
drawal, the number of spontaneous flinches and latency to fall
between the rats in the sham and BCP groups prior to cancer
cell inoculation (Fig. 1D-F). Following the intratibial inocu-
lation of MRMT-1 cells, mechanical allodynia, spontaneous
flinching behavior and the impairment of motor functions
developed on day 4 and persisted for at least 14 days. By
contrast, no marked changes were observed in the PWT value,
the number of spontaneous flinches and the latency to fall in
the rats in the sham group following surgery. Taken together,
these results suggested that the inoculation of MRMT-1 cells
induced bone destruction, pain hypersensitivity and motor
impairment in the rats.

LY294002 treatment alleviates pain hypersensitivity and
motor impairment. To confirm the effects of the PI3K/Akt
pathway on pain behaviors, the expression and localiza-
tion of PI3K and Akt in the spinal cords of the rats were
analyzed, and the pain behavior and motor performance
were further assessed following treatment with the PI3K
inhibitor, LY294002. Immunofluorescence analysis revealed
the enhanced fluorescence signals of PI3K and p-Akt in the
spinal dorsal horn of rats with BCP (Fig. 2A-C). Western
blot analysis also revealed an increase in the level of
p-Akt in the rats with BCP (Fig. 2D and E). Upon treat-
ment with LY294002, the levels of PI3K and p-Akt were
significantly decreased in the spinal cords of rats with BCP,
as detected using immunofluorescence and western blot
analysis. However, LY294002 had no effect on the PI3K/Akt
pathway in the spinal cords of the rats in the sham group
(Fig. 2A-E). Subsequently, behavioral tests were performed
following treatment with LY294002. The results indicated
that the intrathecal injection of LY294002 significantly
increased the PWT values (Fig. 2F), decreased the numbers
of spontaneous flinches (Fig. 2G) and increased the latency
to fall (Fig. 2H) in the rats with BCP. However, there were
no significant changes between the rats in the sham and
LY294002 groups (Fig. 2F-H). These results indicated that
LY294002 exerted an inhibitory effect on mechanical pain
and spontaneous pain, and a beneficial effect on the motor
impairment of rats with BCP.
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Figure 1. Establishment of the rat model of BCP and the assessment of bone morphology, pain and locomotor behaviors in rats. (A) Schematic diagram of
the study design: Inoculation of MRMT-1 cells to establish BCP in rats following acclimation. The behavioral tests were performed on days 0,4, 7, 11 and 14
post-surgery. Tissue samples were then collected for morphological and protein expression analyses. (B) Radiographs of the tibiae from the rats in the sham
and BCP groups on day 14 after the MRMT-1 cell inoculation (n=5). The red arrow indicates the structural destruction in rats with BCP. (C) Hematoxylin and
eosin staining of tibial sections revealed bone loss and bone destruction on day 14 following MRMT-1 cell inoculation (n=5). The blue arrows indicate the
discontinuous trabecular structure. Scale bars, 100 gm. (D) The PWT of rats from the sham and BCP group in response to von Frey filaments at the indicated
time points (days 0,4, 7, 11 and 14 following inoculation). (E) The number of spontaneous flinches in a 5-min period of the sham and BCP group rats. (F) The
latency to fall of the sham and BCP group rats in the rotarod test. The data of behavioral tests are presented as the mean + SEM from at least 9 rats in each
group. "P<0.05 vs. the sham group. BCP, bone cancer pain; PWT, paw withdrawal threshold.

LY294002 treatment inhibits astrocytic activation and
the inflammatory response in rats with BCP. The robust
astrocyte activation and the release of IL-1f from activated
astrocytes are closely related to chronic pain (30). To identify
the activation of astrocytes and spinal inflammation, immu-
nofluorescence staining was performed for GFAP, a marker
of abnormal activation and the proliferation of astrocytes (an
astrocytic marker) (31) and IL-1f. The results revealed that
compared with the sham group, the fluorescence intensities of
GFAP and IL-1p in the spinal dorsal horns of rats with BCP
were significantly enhanced (Fig. 3A-C). Western blot analysis
revealed the increased expression levels of GFAP and IL-1f in
rats with BCP. In addition to IL-1{, upregulated TNF-a protein
levels were also detected in the rats with BCP (Fig. 3D and E).
Treatment with LY294002 significantly reduced the fluo-
rescence intensities of GFAP and IL-1p, and decreased the
protein levels of GFAP, IL-1p and TNF-a in the rats with
BCP, and exerted inhibitory effects on both astrocyte activa-
tion and pro-inflammatory cytokine expression. However, no

significant changes were detected in the levels of GFAP, IL-1p
and TNF-a in the rats in the sham and LY294002 groups
(Fig. 3). Since the nuclear transcription factor NF-xB mediated
the expression of pro-inflammatory cytokines, the expression
of NF-xB was further detected. The results revealed that
LY294002 treatment also reduced the expression of NF-«xB in
the rats with BCP (Fig. 3D and E). These data indicated that
LY294002 treatment inhibited the spinal astrocytic activation
and inflammatory response in rats with BCP.

LY294002 treatment blocks mitochondrial dysfunction in rats
with BCP. The PI3K/Akt pathway regulates mitochondrial
function and dynamics by inhibiting BAX translocation from
the cytoplasm to the mitochondria (32); therefore, the BAX
expression level was analyzed in the present study. In contrast
to the sham group, the fluorescence intensity and protein level
of BAX were significantly upregulated in the BCP group,
while LY294002 treatment reduced both the BAX fluores-
cence intensity and the protein level (Fig. 4A and B). Second,
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Figure 2. Effects of LY294002 on the PI3K/Akt signaling pathway and behaviors of rats with BCP. (A) Immunofluorescence staining of PI3K and p-Akt in the
spinal cord sections from the rats in the sham, LY294002-treated sham, BCP and LY294002-treated BCP groups. Scale bars, 20 ym. (B and C) Quantitative
analysis of the fluorescence intensity of PI3K and p-Akt. Data are expressed as the mean + SD (n=3). (D) The protein levels of p-Akt (Ser473) and total Akt
in lumbar spinal cord were detected using western blot analysis. (E) Quantification of Akt phosphorylation. Data are expressed as the ratio of p-Akt/total Akt
and each bar represents the mean + SD (n=3). Comparison of (F) PWT value, (G) numbers of flinches, and (H) latency to fall in the sham, LY294002, BCP
and BCP + LY294002 groups. Data are expressed as the mean £ SEM (n=9). "P<0.05 vs. sham group, "P<0.05 vs. BCP group. BCP, bone cancer pain; PWT,
paw withdrawal threshold.

the mitochondrial morphology was observed with TEM. The cristae in an oval shape. However, in the BCP group, mito-
TEM images revealed that the mitochondria in the sham group ~ chondrial cristae were lost, and the mitochondrial size and
contained a whole inner membrane, outer membrane and  perimeter were decreased (Fig. 4C). Subsequently, the changes
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in mitochondrial function were determined by determining
the activity of the Mn-SOD enzyme and the levels of mito-
chondrial proteins. As shown in Fig. 4D, Mn-SOD activity, the
primary antioxidant enzyme in the mitochondria, markedly
decreased in the spinal cords of rats with BCP. LY294002 treat-
ment remarkably increased the Mn-SOD activity of BCP rats
(Fig. 4D). Apart from this antioxidant, the levels of the marker

of oxidative stress, MDA, were analyzed; an increase in the
MDA level was observed in the spinal cords of rats in the BCP
group. LY294002 treatment increased Mn-SOD activity and
reduced the MDA level in the rats with BCP (Fig. 4D and E).
Subsequently, the expression levels of the mitochondrial
protein, NDUFBI1 (a component of mitochondrial complex I)
and DHODH (an antioxidant which inhibits lipid peroxidation
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in the mitochondria) were examined using immunofluores- NDUFBI1 in the spinal dorsal horn was markedly decreased
cence and western blot analysis. The fluorescence intensity of  in the BCP group, and the intensity was increased following
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treatment with LY294002 (Fig. 4F and G). Western blot
analysis revealed that the expression level of spinal NDUFB11
was decreased in the rats with BCP and L.Y294002 treatment
upregulated the NDUFBI1 expression level (Fig. 4H and I). By
contrast, the relative level of DHODH was increased in the
BCP group and LY294002 treatment decreased the DHODH
protein level (Fig. 4H and I). These results indicated that
LY294002 treatment reduced oxidative stress and restored
mitochondrial function in rats with BCP.

LY294002 treatment improves mitochondrial function in C6
cells. To verify the effects of LY294002 on mitochondrial
function, changes in MMP and mitochondrial ROS were
detected using JC-1 and the MitoSOX red indicator. For JC-1
analysis, the monomeric green form indicates a lower MMP,
while red aggregates indicate a higher MMP. MitoSOX red
indicators specifically bind with mitochondrial superoxide.
As shown in Fig. 5, IL-1p stimulation in C6 cells induced a
lower MMP. LY294002 treatment restored the MMP in the
IL-1p + LY group (Fig. 5A and C). IL-1p stimulation enhanced

Mito-ROS intensity, and LY294002 treatment markedly
reduced the mitochondrial ROS level in the IL-1{ + LY294002
group (Fig. 5B and D). However, LY294002 had no effect on
the control cells.

Discussion

Cancer metastases is the cause of 90% of cancer-related
deaths, and bones are the third most frequent target sites
of metastases after the lungs and liver (33). Breast cancer,
as the most common type of cancer, tends to spread to the
bones more often than other parts of the body. Once cancer
has spread to the bones, tumor cells growing in bone marrow
induce osteolysis and bone destruction, injure the peripheral
nerves and stimulate the inflammatory process (34). These
reactions in the bone cause peripheral sensitization presenting
as the activated pain signaling pathway and a lowered pain
threshold (35). In the present study, MRMT-1 rat breast carci-
noma cells were inoculated into the intramedullary space of
rat tibiae and induced bone damage, pain hypersensitive and
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motor disability. These symptoms indicated that the rat model
of BCP was successfully established and suitable for research.

Peripheral noxious stimuli are conveyed to the spinal cord
and are finally passed to numerous parts of the brain (36).
During these processes, the spinal cord undergoes central
sensitization and functions on pain maintenance (37).
Therefore, spinal cord stimulation has been used to treat
a variety of pain conditions and improve the quality of life
of patients (38). Astrocytes in the spinal dorsal horn exhibit
variable morphological and functional alterations, and stimu-
late pain hypersensitivity following peripheral nerve injury
conditions (39). In the present study, astrocytes were activated
and pro-inflammatory cytokine expression was increased in
the spinal cords of rats with BCP, which were suppressed by
treatment with the PI3K inhibitor, LY294002.

PI3KSs play a key role in the inflammatory response. The
selective inhibition of PI3Ks offers a therapeutic opportunity for
inflammatory pathologies (40). In the present study, LY294002
was used to treat rats with BCP and its inhibitory effects on
inflammatory signal activation were observed. Several signal
pathways are involved in the effects of PI3K/Akt signaling on
spinal inflammation and pain. The inhibition of PI3Ka/0/p plays
a key role in the inflammatory response to damage and infec-
tion (41,42). PI3K/Akt inhibition by compound 8C and PIK-75
has been shown to markedly decrease the production and biolog-
ical activity of pro-inflammatory cytokines, such as TNF-a and
IL-6 in a NF-xB-dependent manner (43,44), which is considered
the central mediator of inflammatory process by inducing the
expression of various pro-inflammatory genes (45,46). In the
present study, it was found that LY294002 treatment inhibited
the activation of the PI3K/Akt signal pathway, and decreased the
upregulated expression of NF-xB, TNF-o and IL-1f in the spinal
cords of rats with BCP. Accordingly, LY294002 suppressed
spinal inflammation via the PI3K/Akt/NF-«B pathway.

Mitochondrial cristae membranes contain a number
of enzymes for electron transport chain (47) and oxidative
phosphorylation (48). NDUFBI1 is a relatively small integral
membrane protein and is absolutely essential for the assembly
of an active mitochondrial complex I of respiratory chain (49).
The mitochondrial enzyme DHODH couples the respiratory
chain to the de novo pyrimidine biosynthesis pathway (50),
associates with the function of respiratory complexes II and
III (51), and mediates ROS generation (52). Mitochondrial
structure, distribution and function are dependent on energy
demands. High energy demands and high rates of ATP
production and consumption in the spinal dorsal horn drive
mitochondrial destruction and dysfunction (53). The present
study demonstrated that, in the spinal cords of rats with BCP,
mitochondrial structure and function were damaged, exhibiting
disappeared cristae, a decreased Mn-SOD activity, a reduced
NDUFBI1 expression, and an increased DHODH expression.
Moreover, cell research has indicated that inflammation induced
MMP deficiency and elevated mitochondrial ROS levels. The
increased production of mitochondrial ROS triggers the acti-
vation of the NF-kB inflammatory pathway and promotes the
synthesis of pro-inflammatory cytokines (54). BAX localizes
largely in the cytoplasm, redistributes to the mitochondria in
response to stimuli, triggers the release of cytochrome ¢, and
consequently induces mitochondrial dysfunction (55). It has
been reported that LY294002 treatment inhibits the PI3K/Akt
pathway, suppresses BAX translocation to the mitochondria and
reduces the release of mitochondrial ROS (56). The knockdown
of DHODH has been shown to increase BAX expression (57).
Herein, LY294002 treatment suppressed BAX and DHODH
expression, increased NDUFBI1 expression, elevated Mn-SOD
activity, and reduced the mitochondrial and cellular ROS
levels. Taken together, the inhibition of PI3K/Akt signaling by
LY294002 restored mitochondrial function in rats with BCP.
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In conclusion, the present study demonstrates that, in the
process of BCP, the PI3K/Akt pathway is activated, mitochon-
drial dysfunction is induced, and the spinal inflammatory
response is triggered. The inhibition of the PI3K/Akt pathway
by LY294002 treatment alleviates BCP by suppressing BAX
and DHODH activity, reducing the mitochondrial ROS
level and consequently decreasing the NF-kB-mediated
inflammatory signal in the spinal cord (Fig. 6).
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