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Abstract

Bone metastasis of cancer cells leads to severe pain by disrupting bone structure and inducing central sensitization.
Neuroinflammation in the spinal cord plays a decisive role in the maintenance and development of pain. In the
current study, male Sprague-Dawley (SD) rats are used to establish a cancer-induced bone pain (CIBP) model by
intratibial injection of MRMT-1 rat breast carcinoma cells. Morphological and behavioral analyses verify the es-
tablishment of the CIBP model, which represents bone destruction, spontaneous pain and mechanical hyperalgesia
in CIBP rats. Activation of astrocytes marked by upregulated glial fibrillary acidic protein (GFAP) and enhanced
production of the proinflammatory cytokine interleukin-1p (IL-1B) are accompanied by increased inflammatory
infiltration in the spinal cord of CIBP rats. Furthermore, activation of the NOD-like receptor pyrin domain-containing
protein 3 (NLRP3) inflammasome is consistent with increased neuroinflammation. Adenosine monophosphate-
activated protein kinase (AMPK) activation is involved in attenuating inflammatory pain and neuropathic pain.
Intrathecal injection of the AMPK activator AICAR in the lumbar spinal cord reduces dynamin-related protein 1
(Drp1) GTPase activity and suppresses NLRP3 inflammasome activation. This effect consequently alleviates pain
behaviors in CIBP rats. Cell research on C6 rat glioma cells indicates that AICAR treatment restores IL-1p-induced
impairment of mitochondrial membrane potential and elevation of mitochondrial reactive oxygen species (ROS). In
summary, our findings indicate that AMPK activation attenuates cancer-induced bone pain by reducing mi-
tochondrial dysfunction-mediated neuroinflammation in the spinal cord.
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Introduction

Global cancer statistics from the International Agency for Research
on Cancer (IARC) estimate that in 2020, there were 19.3 million new
cancer cases and almost 10 million cancer deaths. It is worth noting
that breast cancer is the most commonly diagnosed cancer, with an
estimated 2.3 million new cases [1]. In 2022, there will be
approximately 4.8 million new cancer cases and 3.2 million cancer
deaths in China [2]. With improvements in targeted therapy and
immunotherapy, the life expectancy of advanced-stage cancer

patients has increased. There is an increased number of cancer
patients with bone metastasis; 70% of breast and prostate cancer
patients and 20% to 30% of lung or gastrointestinal cancer patients
develop bone metastases [3]. Primary bone tumors and bone
metastasis disrupt bone structure and stability, which consequently
elicits a series of nociceptive stimuli to activate primary afferent
fibres. Nociceptive signals are transmitted to the spinal cord and
conduct to the supraspinal center, eventually inducing pain
perception [4]. Cancer-induced bone pain (CIBP) is a chronic and
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unpredictable pathological state that seriously affects patients’
physical function and quality of life. The main clinical manifesta-
tions of CIBP are background pain, burst pain, and hyperalgesia [5].
Research on the pathological mechanism of CIBP and the develop-
ment of analgesic drugs are urgently needed.

Neuroinflammation is a cardinal feature of pain and is obviously
associated with inflammatory pain, neuropathic pain, cancer pain,
and drug treatment-induced pain. Tissue injury and spinal damage
cause the release of inflammatory mediators, including proin-
flammatory cytokines and chemokines. These inflammatory
mediators directly stimulate hyperactivity of nociceptive neurons
and induce central sensitization, which finally leads to chronic
pain [6]. Neuroinflammation is characterized by activated glial
cells and increased production of inflammatory mediators. Tumor
necrosis factor-o (TNF-a) and interleukin-1p (IL-1B) are the most
studied and potent inflammatory cytokines and are mainly
produced by microglia and astrocytes in the spinal cord [7]. In
arthritis inflammatory pain patients, functional MRI analysis
demonstrated that neutralization of TNF-o blocked nociceptive
signals of the central nervous system elicited by arthritis [8].
Postmortem examination of pain-positive HIV patients showed
increased TNF-o and IL-1f, especially in the spinal dorsal horn.
Meanwhile, the expression of the astrocytic markers glial fibrillary
acidic protein (GFAP) and S100pB was also upregulated [9]. In our
previous research, we found that spinal neuroinflammation was
enhanced both in rat models of complete Freund’s adjuvant
(CFA)-induced inflammatory pain and in cancer-induced bone
pain [10,11]. It is important to note that inhibition of neuroin-
flammation could be a potential therapeutic strategy for patholo-
gical pain.

Mitochondrial dysfunction and production of reactive oxygen
species (ROS) are critically involved in the pain process. During the
resolution of inflammatory pain, sensory neurons are sensitized to
stress, and the macrophages that infiltrate the dorsal root ganglia
(DRG) transfer mitochondria to the somata of sensory neurons,
which recover oxidative phosphorylation [12]. In animals with
chemotherapy-induced neuropathic pain, abnormal swollen and
vacuolated mitochondria, increased cellular ROS, and mitochon-
drial superoxide production were observed [13]. In mice of the HIV-
infected pain model, systemic application of the ROS scavenger
blocked astrocytic activation and relieved pain behavior induced by
morphine treatment [14]. For neuropathic pain, the number of
damaged mitochondria was increased, and the mean planar
mitochondrial area was decreased in a chronic contractile injury
rat model. Accordingly, targeting the regulation of mitochondrial
function is favorable for chronic pain treatment.

Adenosine monophosphate-activated protein kinase (AMPK) is a
cellular energy sensor that governs mitochondrial morphology and
localization [15]. It was reported that activation of AMPK
phosphorylated dynamin-related protein 1 (Drpl) at Ser637, which
prevented mitochondrial fission and attenuated mitochondrial
fragmentation [16,17].

In the current study, to investigate the effect of AMPK on
cancer pain, the AMPK activator AICAR was injected into the spinal
cord of CIBP rats, and spinal inflammation and pain behaviors
were subsequently detected. This study aimed to clarify the
mechanism of AMPK activation in the alleviation of cancer pain
and provide a potential analgesic target for cancer-induced bone
pain management.
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Materials and Methods

Antibodies and reagents

The AMPK activator AICAR (S1802), NLRP3 inhibitor MCC950
(S8930), and Drp1 inhibitor Mdivi-1 (S7162) were purchased from
Selleck Chemicals (Houston, USA). Anti-GFAP antibody (ab4648)
was purchased from Abcam (Cambridge, UK); NLRP3 rabbit pAb
(A12694), Caspase-1 rabbit pAb (A0964), IL-1p rabbit pAb (A1112),
NLRP1 rabbit pAb (A16212) and NLRC4 rabbit pAb (A7382) were
purchased from ABclonal Technology (Wuhan, China); AMPK
alpha antibody (AF6423), phospho-AMPK alpha (Thr172) antibody
(AF3423), Drpl antibody (DF7073), phospho-Drpl (Ser637) anti-
body (DF2980), phospho-Drpl (Ser616) antibody (AF8470), AIM2
antibody (DF3514) and B-actin antibody (AF7018) were purchased
from Affinity Biosciences (Changzhou, China). A mitochondrial
membrane potential assay kit with JC-1 (C2006) was purchased
from Beyotime (Shanghai, China). MitoSOX™ Red mitochondrial
superoxide indicator was purchased from Thermo Fisher Scientific
(Waltham, USA). RPMI 1640 medium, Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), Pen Strep (penicillin-
streptomycin), and trypsin were obtained from Gibco (Carlsbad,
USA).

Cell culture and treatment

MRMT-1 rat mammary gland carcinoma cells (Jennio Biotech,
Guangzhou, China) were cultured in RPMI 1640 medium supple-
mented with 10% FBS, 50 U/mL penicillin, and 50 pg/mL
streptomycin. On the day of surgery, MRMT-1 cells were collected
by centrifugation, and the pellet was resuspended in Hank’s
balanced salt solution (HBSS) and kept on ice until use. C6 rat
glioma cells (Jennio Biotech) were seeded in DMEM with 10% FBS,
50 U/mL penicillin, and 50 pg/mL streptomycin. For mitochondrial
membrane potential and mitochondrial ROS analysis, C6 cells were
treated with 0 and 1 pM AICAR for 24 h, digested with trypsin, and
collected for western blot analysis. AICAR was dissolved in
dimethyl sulfoxide (DMSO).

Establishment of the CIBP rat model and treatment

Thirty-six male Sprague-Dawley (SD) rats weighing 180~200 g
(6-8 weeks old) were purchased from the Hubei Province
Experimental Animal Center (Wuhan, China). Animals were
housed in a 12/12 h light-dark cycle regime and temperature-
controlled room (22+1°C), with access to water and food ad
libitum. All efforts were made to minimize the animals’ suffering.
The animal experiments in this study were approved by the
Experimental Animal Ethics Committee of Hubei University of
Science and Technology (2019-03-021). Rats were randomly
divided into four groups: sham group, AICAR-treated group, CIBP
group and AICAR-treated CIBP group. Each group contained nine
rats. The rats were acclimated to the environment for 5 days prior to
the experiments. The rats in the CIBP and CIBP + AICAR groups
were used to establish the CIBP model. To imitate cancer bone
metastasis, MRMT-1 cells were inoculated into the intramedullary
space of the rat tibia to establish a model of cancer-induced bone
pain. Briefly, animals were anaesthetized with an intraperitoneal
injection of pentobarbital sodium (50 mg/kg), and the left hind limb
was shaved and disinfected with 70% ethanol. Then, a hole was
drilled in the left tibia, and a microsyringe with 3.5 x 105 cells in
HBSS was slowly injected into the intramedullary space. The sham
and AICAR rats were injected with an equivalent volume of vehicle
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(HBSS). After the CIBP animal model was established, rats from the
AICAR and CIBP + AICAR groups were intrathecally treated with the
AMPK activator AICAR. Briefly, a microsyringe with 10 uL. AICAR
(1 mg/kg) was inserted between the L5 and L6 vertebrae and
injected slowly. AICAR was dissolved in DMSO and diluted with
0.9% NaCl (v/v=1:1) before use. The sham and CIBP rats were
injected with the same volume (10 pL) of vehicle (DMSO and 0.9%
NaCl).

Bone X-ray and histological analysis

Roentgenography of the ipsilateral tibia was performed on the 14t
day after inoculation of MRMT-1 cells. Legs were placed on X-ray
film and exposed to an X-ray source. Tumor cell infiltration and
bone destruction were detected by hematoxylin and eosin (H&E)
staining. Briefly, on day 14 after surgery, rats were euthanized with
an overdose of pentobarbital sodium (100 mg/kg, i.p.), and then the
left tibia were collected, fixed in 4% paraformaldehyde for 24 h and
decalcified using 10% EDTA solution. Finally, the bone tissue was
dehydrated and embedded in paraffin and cut into 4-um sections
using a Shandon Finesse E+ rotary microtome (Thermo Fisher
Scientific). The sections were stained with H&E. Images were
acquired with an IX73 fluorescence microscope (Olympus, Tokyo,
Japan).

Pain behavioral assay

The rats in the sham, AICAR, CIBP, and CIBP + AICAR groups (nine
for each group) were subjected to behavioral testing after drug
treatment. Cancer-induced spontaneous pain was observed as
flinching or licking of the left hind paw of rats. Rats were placed
in individual polyvinyl boxes, and spontaneous pain was measured
in 5-min intervals. For measurement of mechanical allodynia, rats
were habituated to testing equipment, a polyvinyl box on a wire
mesh platform, and allowed to adapt for 30 min. The paw
withdrawal threshold (PWT) was measured using von Frey
filaments (ranging from 0.4 g to 26 g) to stimulate the left hind
paw. Briefly, the filaments were pressed vertically against the
plantar surfaces until the filaments were bent and held for 6-8 s.
Brisk withdrawal and paw flinching were considered positive
responses. Whenever 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. Then, the pattern of positive and negative withdrawal
responses was converted to a 50% PWT.

Western blot analysis

After 6 h of AICAR and vehicle administration, the rats in the sham,
CIBP and CIBP + AICAR groups (three rats for each group) were
sacrificed. The spinal cord was removed and collected into ice-cold
RIPA lysis buffer containing a cocktail of protease inhibitors and
homogenized on ice. The homogenate was centrifuged at 12,000 g
for 15 min, and the supernatant was collected for western blot
analysis. The protein concentration was determined using a BCA kit
(Beyotime, Shanghai, China). Equal amounts of protein samples
were separated by 10% SDS-PAGE and electrically transferred onto
PVDF membranes (Millipore, Billerica, USA). Then, the membranes
were blocked with QuickBlock™ Blocking Buffer for Western Blot
(Beyotime) and incubated with the appropriate primary antibodies
overnight at 4°C. The following primary antibodies were used:
GFAP (1:1000), NLRP3 (1:1000), caspase-1 (1:1000), IL-1B

(1:1000), NLRP1 (1:1000), NLRC4 (1:1000), TNF-a (1:1000), AMPK
alpha (1:1000), phospho-AMPK alpha (Thr172) (1:1000), Drpl
(1:1000), phospho-Drp1 (Ser637) (1:1000), phospho-Drp1l (Ser616)
(1:1000), AIM2 (1:1000), and B-actin (1:50,000). After incubation
with goat anti-rabbit IgG (H+L)-HRP or goat anti-mouse IgG
(H+L)-HRP, the membranes were visualized with iBright 1500
(Invitrogen, Carlsbad, USA). The bands were analysed using ImageJ
software (NIH, Bethesda, USA).

Histology and immunofluorescence analysis of the
spinal cord

After drug administration, rats (three for each group) were deeply
anaesthetized and perfused with 4% paraformaldehyde. Spinal
cords from treated rats were removed and postfixed for 12 h. After
embedment in paraffin, the tissues were cut into 4-um sections
using a microtome. The tissue sections were then stained with H&E
and imaged with a microscope. For the immunofluorescence assay,
spinal cord sections were dewaxed, boiled at 95°C in antigen repair
solution for 15 min and left to cool naturally to an appropriate
temperature. Then, the sections were incubated with 3% H,0,
solution and blocked with immunofluorescence blocking solution.
Subsequently, the sections were incubated with primary antibodies
against IL-1p (1:100), GFAP (1:100), AMPK alpha (1:100), Drpl
(1:100), NLRP3 (1:100), and Caspase-1 (1:100). After three washes,
the sections were incubated with goat-rabbit IgG H&L (FITC) and
goat-mouse IgG H&L (TRITC). Then, the sections were mounted
with antifade mounting medium. Images were acquired with the
IX73 fluorescence microscope (Olympus). The fluorescence inten-
sity was analysed using ImageJ software (NIH).

Transmission electron microscopy (TEM)

After administration, spinal cord tissues were collected (three rats
for each group), and mitochondria in the spinal cord were
confirmed by electron microscopy of negatively stained samples.
Briefly, the spinal cord was isolated, cut into ~1 mm? cubes, fixed
in 2.5% glutaraldehyde, and postfixed with 1% osmium tetroxide.
Ultrathin sections were poststained with uranyl acetate and lead
citrate and then examined with an HC-1 transmission electron
microscope (Hitachi, Tokyo, Japan) operating at 120 kV.

Mitochondrial membrane potential (MMP) measurement
For the cell experiment, C6 cells were seeded onto sterilized
coverslips placed in 24-well plates. After IL-1p induction for 2 h,
AICAR (1 uM), Mdivi-1 (1 uM) and MCC950 (1 uM) were added to
the medium and incubated for 24 h. After treatment, a JC-1 assay
was performed to evaluate MMP. Briefly, cells were washed with
ice-cold PBS and incubated with JC-1 solution for 20 min at 37°C in
the dark. Then, the cells were washed with JC-1 staining buffer, and
culture medium was added. The fluorescence of monomers (green)
and aggregates (red) was observed with the IX73 fluorescence
microscope (Olympus). CCCP (carbonyl cyanide 3-chlorophenylhy-
drazone) was used as a positive control for inducing a reduction in
mitochondrial membrane potential. The fluorescence intensity was
analysed using ImageJ software (NIH).

Mitochondrial reactive oxygen species assessment

MitoSOX-based assays were used to detect mitochondrial ROS.
MitoSOX red mitochondrial superoxide indicator is a novel
fluorogenic dye for highly selective detection of superoxide in the
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mitochondria of live cells. The detection followed the manufac-
turer’s protocols. Briefly, cells were inoculated in a 24-well plate, IL-
1B induction (2 h) was performed prior to AICAR (1 uM, 24 h),
Mdivi-1 (1 uM, 24 h) and MCC950 (1 uM, 24 h) treatment. Subse-
quently, the cells were incubated with 5 um MitoSOX in the dark at
37°C for 10 min and imaged with the IX73 fluorescence microscope
(Olympus). The fluorescence intensity was analysed using ImageJ
software (NIH).

Statistical analysis

All statistical analyses were conducted with the SPSS 21.0 software
package. The analysis of PWT, flinches, spinal H&E staining,
immunofluorescence, and TEM observation between two experi-
mental groups was performed using unpaired Student’s t test. The
PWT, flinches, and western blot analysis of the sham, CIBP and
CIBP + AICAR groups were analysed by one-way analysis of
variance (one-way ANOVA) followed by Tukey’s test. The JC-1
mitochondrial membrane potential and mitochondrial ROS among
the five groups were analysed by one-way ANOVA followed by
Tukey’s test. Data are presented as the mean+SD. P<0.05 was
considered statistically significant.

Results

AICAR treatment relieves cancer-induced pain behaviors
The establishment and behavior tests were conducted according to
the processes shown in Figure 1A. To investigate the effect of AICAR
on cancer-induced bone pain, a CIBP rat model was established by
tibial inoculation of MRMT-1 cells. The model was validated by pain
behavior tests and radiological and histological analyses. X-ray
radiographs exhibited tibial destruction of CIBP rats on postsurgery
day 14, while there was no obvious structural destruction in the
sham group (Figure 1B). Histological analysis of the tibia showed
increased cell infiltration in bone marrow spaces and loss of normal
bone structure, which was characterized by a deficiency of
trabecular bone in the CIBP group. Nevertheless, well-organized
trabecular bone was observed in the sham group (Figure 1C).

To evaluate the pain behavior induced by cancer inoculation,
spontaneous flinches and mechanical pain thresholds were
detected. Compared with the sham group, mechanical pain
sensitivity, presented as the PWT value, was significantly decreased
in the CIBP rats. The ipsilateral hind paw PWT value decreased
from 15.14+3.07 g on day O (before cell inoculation) to 6.85+
1.58 g on day 7 (after inoculation, P<0.05 vs sham group) and
5.8+1.44¢g on day 14 (after inoculation, P<0.05 vs sham,
Figure 1D). Consistent with the increased mechanical pain
behavior, spontaneous pain behavior also increased in CIBP rats.
Spontaneous pain was measured by spontaneous flinches, and the
results showed that the number of spontaneous flinches per 5 min
in CIBP rats increased from 6.77 +2.17 on day 0 to 21.3+2.78 on
day 7 (P <0.05 vs sham group) and 27.44 + 3.97 on day 14 (P <0.05
vs sham, Figure 1E). These data indicated that intratibial inocula-
tion of MRMT-1 cells induced bone damage and pain hyperalgesia.

To explore the effect of AMPK activation on the pain behavior of
CIBP rats, the AMPK activator AICAR was intrathecally injected into
the lumbar spinal cord of CIBP rats. In contrast to the CIBP group,
3h (CIBP vs CIBP + AICAR: 6.82+1.89 vs 12.28+1.99) and 6 h
(CIBP vs CIBP+ AICAR: 5.29+2.23 vs 13.18+1.75) of AICAR
treatment significantly increased PWT values (P<0.05 vs CIBP
group, Figure 1F). In addition, AICAR treatment significantly
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decreased the number of spontaneous flinches (P<0.05 vs CIBP
group). The numbers of spontaneous flinches in the CIBP group and
CIBP + AICAR group at 3 h after AICAR treatment were 29.89 +2.85
and 15.42 +2.47, respectively, and at 6 h were 15.44+2.46 and
16.44 +3.2, respectively (Figure 1G). AICAR treatment had no
obvious effect on the pain behaviors of normal rats (P>0.05 vs
control group, Figure 1F,G). These data suggested that AICAR
treatment alleviated cancer-induced mechanical allodynia and
spontaneous pain.

AICAR reduces spinal inflammation

Neuroinflammation in the spinal cord plays a decisive role in pain
development and persistence [18]. Inflammatory infiltration de-
tected by H&E staining in spinal cord sections showed that cell
infiltration in CIBP rats was higher than that in sham rats, especially
in the spinal dorsal horn, and the relative inflammation score of the
CIBP group was 2.83 +£0.31 (P<0.05 vs sham group, Figure 2A,B).
The proinflammatory cytokine IL-1B is a key mediator of the
inflammatory response and is implicated in pain [7]. Herein, the
expression of IL-1f in the spinal dorsal horn represented neuroin-
flammation in CIBP rats. The fluorescence intensity of IL-1B was
enhanced in the spinal dorsal horn of CIBP rats, with a relative
intensity of 2.23+£0.06 (P<0.05 vs sham group, Figure 2C,D).
Activation of astrocytes leads to an inflammatory response, and
GFAP is one of the best markers for activated astrocytes [9].
Immunofluorescence analysis showed that the fluorescence inten-
sity of GFAP in the spinal dorsal horn was obviously increased in
the CIBP group, with a relative intensity of 1.83 +0.07 (P <0.05 vs
sham group, Figure 2E,F).

To investigate the anti-inflammatory effect of AICAR, the protein
expression levels of IL-1p and GFAP were measured by western blot
analysis. The upregulated levels of IL-18 and GFAP in the spinal
cord of CIBP rats were reduced by AICAR treatment (P <0.05 vs
CIBP group, Figure 2G,H). The relative levels of IL-1B in the CIBP
group and CIBP + AICAR group were 2.37+0.14 and 1.76+£0.1,
respectively; the relative levels of GFAP in the CIBP group and
CIBP + AICAR group were 2.58 +0.12 and 1.34 £ 0.15, respectively.
These data illustrated that AICAR treatment suppressed astrocyte-
mediated neuroinflammation in the spinal cord of CIBP rats.

AMPK activation decreases Drp1 activity

It was reported that activation of AMPK increased Drp1 localization
at the mitochondrial outer membrane and prevented mitochondrial
fission by enhancing Drpl phosphorylation at Ser637. Ser637 is an
inhibitory site of Drpl GTPase activity that reduces its translocation
to mitochondria [19]. In addition, phosphorylation of Drpl at
Ser616 promotes Drpl-mediated mitochondrial fission [20]. In the
present study, we detected the effect of AMPK activation on spinal
Drpl activity. Immunofluorescence analysis showed that the
fluorescence intensity of AMPK in the spinal dorsal horn was
significantly lower in the CIBP group than in the sham group. The
relative fluorescence intensity of AMPK in the CIBP group was
0.7+£0.09 (P<0.05 vs sham group, Figure 3A,C). Additionally, the
fluorescence intensity of Drp1 in the spinal dorsal horn of the CIBP
group was increased (1.81+0.15) compared with that in the sham
group (P<0.05 vs sham group, Figure 3B,C). Furthermore,
mitochondrial morphology in the spinal cord of sham and CIBP
rats was detected by TEM. For the sham group, the mitochondrial
structure exhibited a whole compact outer membrane and normal
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(A) Schematic diagram of the experimental procedures. Before the

surgery, the rats were allowed to acclimatize for at least 7 days. The detection of pain behavior was performed at 0, 7, and 14 days after the
inoculation of cancer cells. On day 14 after the surgery, AICAR was injected into the lumbar spinal cord, and subsequently, the rats were sacrificed,
and the tissues were collected for further analysis. (B) Representative radiographs of the ipsilateral tibia from sham and CIBP rats on day 14 after
inoculation of Hank’s solution or cancer cells. The red arrows indicate areas of bone destruction in CIBP rats. (C) Representative images of H&E
staining of tibial sections from sham and CIBP rats. The below panel shows zoomed images of the above panel marked with black rectangles. Scale
bars: first panel, 100 um; second panel, 50 um. (D,E) Evaluation of pain behaviors in sham and CIBP rats with PWT values and spontaneous flinches.
Data are expressed as the mean + SEM (n=9). *P<0.05 vs sham group. (F,G) Changes in PWT values and spontaneous flinches after vehicle and
AICAR treatment in control and CIBP rats. Data are expressed as the mean = SEM (n=9). *P<0.05 vs sham group, #P<0.05 vs CIBP group.

cristae. In contrast, mitochondria in the CIBP group were disrupted,
and discontinuous outer membranes and deficient cristae were
observed (Figure 3D). The number of damaged mitochondria in the
CIBP group was higher than that in the sham group, and the relative
ratios of damaged mitochondria in the sham and CIBP groups were
1.0% £0.14% and 2.4% +0.23%, respectively (P<0.05 vs sham
group, Figure 3E).

AMPK phosphorylation at Thr172 positively regulates AMPK
activity. Herein, the level of phosphorylated AMPK in the spinal
cord was detected by western blot analysis. The data showed a
decrease in spinal phosphorylation of AMPK at Thr172 in the CIBP
group, while AICAR treatment upregulated phosphorylated AMPK.
The relative activity of AMPK was represented by the phosphory-
lated AMPK (Thr172)/AMPK ratio, and the values of the CIBP group
and CIBP + AICAR group were 0.53+0.1 and 0.95+0.18, respec-
tively (P<0.05 vs CIBP group, Figure 3F,G). Moreover, AICAR
treatment increased the phosphorylation of Drpl at Ser637
(decreased in CIBP) but reduced the phosphorylation of Drpl at
Ser616 (upregulated in CIBP). The relative activity of Drpl was
represented by the phosphorylated Drpl (Ser637)/Drpl ratio or
phosphorylated Drpl (Ser616)/Drpl1 ratio. The Drpl (Ser637)/Drpl
ratios in the CIBP group and CIBP + AICAR group were 0.42+0.11

and 1.28 +£0.04, respectively; the Drpl (Ser616)/Drpl ratios were
1.82+0.12 and 1.37+£0.11, respectively (P<0.05 vs CIBP group,
Figure 3F,G). These results suggested that AMPK activation reduced
Drpl-mediated mitochondrial fission activity in CIBP rats.

AMPK activation inhibits NLRP3 inflammasome
activation

The NOD-like receptor family pyrin domain-containing 3 (NLRP3)
inflammasome mediates caspase-1 activation and IL-1p maturation
and secretion, and consequently participates in neuroinflammation
[21]. Immunofluorescence analysis showed that the relative
fluorescence intensities of NLRP3 (1.66+0.16, P<0.05 vs sham
group, Figure 4A,B) and caspase-1 (2.18 £0.08, P<0.05 vs sham
group, Figure 4C,D) in the spinal dorsal horn of the CIBP group were
higher than those in the sham group. Consistent with immuno-
fluorescence analysis, western blot analysis also indicated elevated
protein levels of NLRP3 and activated caspase-1 in the spinal cord of
CIBP rats compared with the sham group. The relative levels of
NLRP3 and activated caspase-1/caspase-1 in CIBP rats were
1.46+0.12 and 2.08 £0.13, respectively (P<0.05 vs sham group,
Figure 4E,F). AICAR treatment reduced the upregulation of NLRP3
and activated caspase-1 levels; the relative level of NLRP3 was
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represented by the inflammation score. Data are expressed as the mean+SD (n=3). *P<0.05 vs sham rats. (C,E) Representative
immunofluorescence staining images show the expression of IL-18 and GFAP in the spinal dorsal horn of sham and CIBP rats. Scale bar:
20 um. (D,F) Quantitative analysis of fluorescence intensity in (C) and (E). Data are expressed as the mean + SD (n=3). *P<0.05 vs sham group. (G)
Western blot analysis of the levels of IL-1B and GFAP in the spinal cord of the sham, CIBP, and CIBP + AICAR groups. (H) Quantification of the
relative protein levels in (G). Data are presented as the mean +SD (n=3). ¥*P<0.05 vs sham group, *P<0.05 vs CIBP group.

0.76+0.08, and the activated caspase-1/caspase-1 ratio was 1.21
+0.1 (P<0.05 vs CIBP group, Figure 4E,F). Since other inflamma-
somes, including NLRP1, NLR family CARD domain-containing
protein 4 (NLRC4) and absent in melanoma 2 (AIM2), can also
mediate caspase-1 activation and mature IL-1f production, we
detected the expressions of these inflammasomes by western blot
analysis. As shown in Figure 4G,H, the level of NLRP1 was
increased in CIBP rats, and AICAR treatment had an obvious
inhibitory effect on NLRP1 expression. In contrast to NLRP1, the
levels of NLRC4 and AIM2 did not show significant differences
among the sham, CIBP and CIBP + AICAR groups. Combined with
Figure 2, these data indicated that AMPK activation suppressed
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spinal neuroinflammation by the NLRP3 inflammasome.

AMPK activation restores mitochondrial function in C6
cells

To verify the effect of AMPK activation on inflammation, the AMPK
activator AICAR and inhibitor dorsomorphin were used to treat C6
cells. Next, the levels of AMPK, Drpl and NLRP3 were detected by
western blot analysis. As shown in Figure 5A,B, AICAR increased
the phosphorylation of AMPK at Thr172 and Drpl at Ser637 and
decreased the phosphorylation of Drpl at Ser616. Dorsomorphin
has the opposite effect on the phosphorylation of AMPK and Drpl.
Subsequently, the mitochondrial membrane potential (MMP) and
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(A,B) Representative immunofluorescence staining images of the

expression of AMPK and Drp1 in the spinal dorsal horn of sham and CIBP rats. Scale bar: 20 um. (C) Quantitative analysis of fluorescence intensity
in (A) and (B). Data are expressed as the mean +SD (n=3). *P<0.05 vs sham group. (D) Representative TEM images of spinal mitochondria from
sham and CIBP rats. M: mitochondria; Scale bar: 200 nm. (E) Quantitative analysis of the damaged mitochondrial ratio in (D). Data are expressed as
the mean+SD (n=3). ¥*P<0.05 vs sham group. (F) Western blot analysis of the levels of phosphorylated AMPK (Thr172), total AMPK,
phosphorylated Drp1 (Ser637 and Ser616), and total Drp1 in the spinal cord of the sham, CIBP, and CIBP + AICAR groups. B-Actin was used as a
loading control. (G) Quantification of the relative protein levels in (F). The relative level of phosphorylated AMPK was normalized to total AMPK;
phosphorylated Drp1 was normalized to total Drp1. Data are presented as the mean + SD (n=3). *P<0.05 vs sham group, #P<0.05 vs CIBP group.

mitochondrial ROS were detected in inflammation-induced C6
rat glioma cells. C6 cells were treated with IL-1f to induce
inflammation before examination. Changes in mitochondrial
membrane potential were detected by JC-1 staining. Compared
with the control group, IL-1f induction led to significantly lower red
fluorescence intensity and higher green fluorescence, which
suggested a reduced MMP, while AICAR treatment increased
mitochondrial MMP. Moreover, to further confirm the effect of
AMPK activation on MMP, the mitochondrial fission inhibitor
Mdivi-1 was used to treat IL-1B-induced cells. The increased red
fluorescence intensity indicated restored MMP compared with the
IL-1pB group. The NLRP3 inhibitor MCC950 was also used to detect
whether NLRP3 inhibition influenced MMP. The results showed
that MCC950 also improved the MMP of IL-1B-induced cells. The
relative ratios of red/green fluorescence in the IL-1p, IL-1p + AICAR,
IL-18 + Mdivi-1 and IL-1B+MCC950 groups were 0.35+0.03,
0.88+0.06, 0.96+0.06 and 0.64 +0.05, respectively (P<0.05 vs
control group or IL-1B group, Figure 5C,E). Next, changes in
mitochondrial ROS production were detected using MitoSOX.

Mitochondrial ROS were dramatically increased by IL-1f induction,
and AICAR treatment reduced IL-1B-induced high intensity. The
intensity of Mdivi-1-treated IL-1B-induced cells was also decreased,
while MCC950 had no effect on mitochondrial ROS. The relative
mitochondrial ROS fluorescence intensities were IL-1f, 1.44 £ 0.04;
IL-1B + AICAR, 0.99 £0.05; IL-1B + Mdivi-1, 1.08 £0.06; and IL-1P
+MCC950, 1.41+£0.04 (P<0.05 vs control group or
IL-18 group, Figure 5D,F). These data indicated that AMPK
activation significantly reversed inflammation-induced mitochon-
drial membrane potential deficiency and high mitochondrial ROS
contents.

Discussion

Pain is an unpleasant perception that often accompanies tissue
injury, infection, cancer, and inflammatory diseases [22]. Cancer-
induced bone pain is chronic pain with a complicated pathogenesis.
It can be caused by local pressures by increasing tumor sizes and
substances produced by tumor cells [4]. This damage to the
periphery stimulates noxious signals and sensitizes the spinal cord.
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Figure 4. Effect of AICAR treatment on NLRP3, NLRP1, NLRC4, and AIM2 inflammasome components (A,C) Representative immunofluorescence
staining images showing the expressions of NLRP3 and caspase-1 in the spinal dorsal horn of sham and CIBP rats. Scale bar: 20 um. (B,D)
Quantitative analysis of fluorescence intensity in (A) and (C). Data are expressed as the mean +SD (n=3). ¥*P<0.05 vs sham group. (E) Western blot
analysis of the levels of NLRP3, caspase-1 and activated caspase-1 in the spinal cord of the sham, CIBP and CIBP + AICAR groups. B-Actin was used
as a loading control. (F) Quantification of the relative protein levels in (E). The relative level of activated caspase-1 was normalized to caspase-1.
Data are presented as the mean+SD (n=3). *P<0.05 vs sham group, #P<0.05 vs CIBP group. (G) Western blot analysis of the levels of NLRP1,
NLRC4, and AIM2 in the spinal cord of the sham, CIBP and CIBP + AICAR groups. (H) Quantification of the relative protein levels in (G). Data are
presented as the mean+SD (n=3). ¥*P<0.05 vs sham group, #P<0.05 vs CIBP group.
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Figure 5. Effect of AICAR and dorsomorphin treatment on mitochondrial membrane potential and mitochondrial ROS in C6 cells (A) Western
blot analysis of the levels of phosphorylated AMPK, AMPK, phosphorylated Drp1, Drp1 and NLRP3 in AICAR- or dorsomorphin-treated C6 cells. (B)
Quantification of the relative protein levels in (A). The relative level of phosphorylated AMPK was normalized to total AMPK; phosphorylated Drp1
was normalized to total Drp1. Data are presented as the mean +SD (n=3). *P<0.05 vs Control group, #P<0.05 vs AICAR group. (C) Representative
fluorescence images of JC-1 in the control, IL-1B, IL-1B+ AICAR, IL-1B+ Mdivi-1, and IL-1p+MCC950 groups. Red fluorescence indicates JC-1
aggregates representing an increase in mitochondrial membrane potential. The green fluorescence indicates the JC-1 monomer, representing a
reduction in mitochondrial membrane potential. CCCP was used as a positive control. (D) Representative fluorescence images of Mito-ROS in the
control, IL-1B, IL-1B + AICAR, IL-18+ Mdivi-1, and IL-18+ MCC950 groups. (E) Quantitative analysis of the ratio of red/green fluorescent intensity.
Data are shown as the mean+SD (n=3). ¥*P<0.05 vs control group, ¥P<0.05 vs IL-1B group. Scale bar: 20 um. (F) Quantitative analysis of
fluorescence intensity in D. Data are shown as the mean+SD (n=3). ¥*P<0.05 vs control group, #P<0.05 vs IL-1B. Scale bar: 20 pm.

During pathological pain processing, spinal glial cells are robustly structure. Moreover, glial cells release proinflammatory factors
activated and are in a resting state under physiological conditions such as TNF-a and IL-1f to strengthen synapse excitation and
[21]. These activated glial cells modulate synaptic transmission maintain pain [23]. Activated NLRP3 inflammasomes in microglia
efficiency and synaptic plasticity by regulating dendritic spine and astrocytes promote IL-1B and IL-18 release, which plays a vital
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role in pathophysiological pain [24]. Activated NLRP3 recruits
apoptosis-associated speck-like protein containing a CARD (ASC)
and caspase-1 to form the NLRP3 inflammasome, which mediates
caspase-1 activation. Consequently, activated caspase-1 cleaves IL-
1B for maturation and cleaves the pore-forming protein gasdermin D
(GSDMD) to form membrane pores for cytokine release [25]. In the
current research, upregulated mechanical allodynia and sponta-
neous pain in CIBP rats (Figure 1) were accompanied by the
activation of NLRP3 inflammasome-mediated neuroinflammation
in the spinal cord (Figure 4). These findings suggested that NLRP3-
mediated inflammatory signaling contributed to increased pain
sensitivity. A large body of research indicates that NLRP3 is a
potential target for the treatment of chronic pain. The activation of
the NLRP3 inflammasome is found in nerve injury-induced
neuropathic pain, chemotherapy-induced peripheral neuropathy,
inflammatory pain, and cancer-related pain, and pharmacological
inhibition, and downregulation of the NLRP3 inflammasome-
mediated inflammatory response can alleviate pain behaviors
[24,26,27]. Accordingly, our observation that AICAR treatment
reduced the pain sensitivity of CIBP rats (Figure 1) and inhibited the
NLRP3 inflammasome (Figure 4) indicated that AMPK is involved in
the activation of NLRP3 inflammatory signal-induced pain in CIBP
rats. Therefore, reducing neuroinflammation in the spinal cord
could be an effective strategy to relieve pain in CIBP rats.

A series of studies have demonstrated that AMPK is involved in
the modulation of chronic pain, such as inflammatory pain,
neuropathic pain and osteoarthritis (OA) pain. Activation of the
AMPK-mediated signaling pathway in these pain models has
inhibitory effects on pain behaviors [17,28,29]. Treatment with
the AMPK activator AICAR attenuated CFA-induced inflammatory
pain by inhibiting nuclear factor kappa-B (NF-«B) signaling [17].
Another study revealed that in the spinal cord of OA rats, activation
of AMPK/peroxisome proliferator-activated receptor y coactivator |
o (PGC-1la) contributed to ameliorating mechanical allodynia [28].
Our findings that both phosphorylated AMPK and Drp1 levels were
changed in CIBP rats implied the correlative relationship between
AMPK and mitochondrial function (Figure 3). AMPK activation
plays a critical role in maintaining mitochondrial function and
inhibiting the inflammatory response. AMPK activation promotes
mitochondrial biogenesis by increasing nuclear respiratory factor 1
activity and PGC-la expression. Mice expressing a dominant-
negative AMPK mutant failed to induce mitochondrial biogenesis
[30]. Abnormal regulation of AMPK functions in mitochondrial
damage. Pharmacological activation of AMPK by A-769662 or
AICAR directly phosphorylates mitochondrial fission factor (MFF)
and Drpl and triggers mitochondrial fission [31]. In AMPKa2-null
mice, Drpl protein levels are increased and trigger mitochondrial
fission [30]. Moreover, silencing of AMPK reduced Drpl phosphor-
ylation at Ser637 [32]. Drpl-mediated mitochondrial fission
depends on the phosphorylation of Drpl at different sites, which
is regulated by several kinases, such as protein kinase A (PKA),
PTEN-induced putative kinase 1 (PINK1), Cyclin-dependent kinase
5 (CDKS5) and CDKl/cyclin B [33,34]. Among them, PKA can
differentially regulate the phosphorylation of Drpl at Ser637 and
Ser616. Forskolin (a potent adenylate cyclase activator) induces the
activation of PKA and stimulates Drpl phosphorylation at Ser637
and dephosphorylation at Ser616. Overexpression of a PKA
inhibitor restores the Drpl phosphorylation state induced by
forskolin [35]. In our research, enhanced phosphorylation of Drpl
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at Ser616 and decreased phosphorylation of Drpl at Ser637 were
observed in CIBP rats, while this imbalance was restored by AICAR
treatment (Figure 3F,G), which indicated that AMPK activation
could influence Drpl activity. This effect is probably not direct
because of the interactions between AMPK and PKA, as proven by
AICAR-treated cells showing increased PKA activity [36]. Therefore,
AMPK activation improved the dysregulation of Drpl in CIBP rats,
which could probably be mediated by the interaction of AMPK and
PKA.

AMPK serves as a mitochondrial guardian by influencing
mitochondrial ATP production and ROS generation. AMPK activa-
tion increases uncoupling protein 2 (UCP2) expression and
suppresses protein kinase C to reduce the level of mitochondria-
generated ROS [37]. In the current study, deficient mitochondrial
structure and abnormal phosphorylated Drpl in the spinal cord of
CIBP rats indicated that mitochondrial dysfunction is involved in
the pathological characteristics of CIBP (Figure 3). A similar
phenomenon was also found in other pathological models.
Enhanced PGC-la-mediated mitochondrial biogenesis in the spinal
cord had an analgesic effect on paclitaxel-induced neuropathic pain
rats [38]. In addition to mitochondrial biogenesis, an imbalance in
mitochondrial fission and fusion was induced by treatment with the
chemotherapy drug vincristine. The mitochondrial-targeted anti-
oxidant mitoquinone alleviated chemotherapy pain by improving
mitochondrial dysfunction [39]. As highly dynamic organelles,
mitochondria undergo fusion and fission. The dynamic balance
between fission and fusion maintains the distribution, morphology,
and number of mitochondria and plays a vital role in mitochondrial
function. Disruption of the mitochondrial fission-fusion balance
leads to the accumulation of either fragmented or hyperfused
mitochondria, causing mitochondrial dysfunction. Drpl is known
as the central mediator of mitochondrial fission and is recruited to
punctate spots on the mitochondrial surface to promote fission [18].
In the present study, we found that Drpl was overexpressed and
activated in the spinal cord of CIBP rats (Figure 3B,F), which
suggested that cancer bone metastasis induced spinal mitochondrial
fission-mediated dysfunction. Mitochondrial damage and ROS
production are the main mediators of NLRP3 inflammasome
activation [40]. Mitochondrial dysfunction contributes to the
production of ROS, which further promotes the activation of the
NLRP3 inflammasome and leads to neuroinflammation [41]. Drpl
not only mediates ROS generation in the normal state but also leads
to additional ROS production by inducing excess mitochondrial
fission. Excess ROS production contributes to mitochondrial
damage and is consequently implicated in the pathogenesis of
neurological diseases [42]. Taken together, the observation of
mitochondrial damage-associated neuroinflammation mainly oc-
curs because of the disruption of mitochondrial redox imbalance
induced by Drpl-mediated mitochondrial fragmentation.

In conclusion, the activation of AMPK by AICAR reduces Drpl-
mediated mitochondrial fission and dysfunction and inhibits NLRP3
inflammasome-mediated neuroinflammation, which consequently
attenuates cancer-induced bone pain (Figure 6).
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