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2-Bromopalmitate attenuates bone cancer
pain via reversing mitochondrial fusion and
fission imbalance in spinal astrocytes
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Abstract

Bone cancer pain is common in patients with advanced cancers as tumors metastasize to bone. Pathogenesis of bone cancer

pain is complex and poorly understood which leads to inefficiency of clinical treatment. During pathological pain status,

astrocytes are activated and release various inflammatory cytokines, which result in the development of peripheral and central

sensitization. As energy factory, mitochondria undergo frequent fusion and fission and play essential role for astrocyte function.

2-bromopalmitate (2-BP) is an inhibitor of protein palmitoylation, and its function on bone cancer pain was unclear. In this

article, we aimed to investigate the potential curative effects and mechanisms of 2-BP on bone cancer pain. Bone cancer pain rat

model was established through intratibial inoculation of rat mammary gland carcinoma cells (MRMT-1) into the left tibia of

Sprague–Dawley female rats. As a result, bone cancer pain rats exhibited bone destruction and sensitive nociceptive behavior.

And increased leukocyte infiltration, activation of astrocytes, and imbalance of mitochondrial fission and fusion dynamics were

observed in spinal cord of bone cancer pain rats. Intrathecal 2-BP administration significantly attenuated pain behavior of bone

cancer pain rats. Meanwhile, 2-BP administration reduced spinal inflammation, reversed spinal mitochondrial fission and fusion

dynamic imbalance, and further inhibited spinal mitochondrial apoptosis in bone cancer pain rats. In C6 cell level, 2-BP

treatment decreased dynamin-related protein 1 expression and increased optic atrophy 1 expression in a dose-dependent

manner and inhibited carbonyl cyanide 3-chlorophenylhydrazone (CCCP)-induced mitochondrial membrane potential change.

These data illustrated that 2-BP attenuated bone cancer pain by reversing mitochondrial fusion and fission dynamic imbalance in

spinal astrocytes.
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Introduction

Cancer pain is one of the most common clinical symp-

toms associated with malignant cancers.1 Many

common malignant tumors, especially breast, prostate,

kidney, and lung tumors have a strong predilection

metastasize to bones.2 Tumor cells grown in bone

causes bone destruction, woven bone formation, and

moderate to severe bone pain which are the common

symptoms in the patients.3 Bone cancer pain (BCP) is

usually described as dull in character, constant in pre-

sentation, and gradually intensifies to severe incident

pain, which debilitates patient’s quality of life and func-

tional status.4 Until now, the complex pathological

and molecular mechanisms of BCP result in the poor

effectiveness of clinical treatment, and most

pharmacological treatments for BCP had undesirable
side effects. Accordingly, understanding the mechanisms
and improving available agents of BCP is desirable.
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Astrocytes are the most abundant cell type widely dis-
tributed throughout central nervous system (CNS).5,6 In
CNS, astrocytes are structurally in close association with
synapses, contributing to the establishment and reorgani-
zation of neuronal circuits and maintenance of synaptic
structure.7 In addition to physiological functions, astro-
cytes contribute to chronic pain. Research demonstrates
that in chronic pain and pain-related injury states, activa-
tion of astrocytes usually occurring several days after the
injury andmuch longer lasting.8During pathological pain
status, activated astrocytes release various inflammatory
cytokines, such as interleukin (IL)-1b and tumor necrosis
factor-alpha.9 The production of proinflammatory medi-
ators modulates pain sensitivity, which leads to the devel-
opment of peripheral and central sensitization, and
induction of chronic pain conditions.10

Mitochondria play critical roles in energy metabo-
lism, cell survival, and synaptic plasticity.11 Healthy
mitochondria are highly dynamic organelles and under-
go frequent fusion and fission in character which is
essential for astrocyte function.12 Furthermore, dynamic
balance between fusion and fission is critical for the
maintenance of mitochondrial morphology and func-
tions.13 Fusion is the lengthening of mitochondria by
tethering and joining adjacent mitochondria, allowing
the exchange of DNA, contents, and metabolites
between neighboring mitochondria.14 Fission involves
the constriction and cleavage of mitochondria, enabling
the distribution and transport of mitochondria.15

Mitochondrial fusion and fission are mediated by high
molecular weight GTPases proteins including optic atro-
phy 1 (OPA1) and dynamin-related protein 1 (Drp1).
OPA1 is a nuclear dynamin-related GTPase and medi-
ated mitochondrial inter membrane fusion.16 Drp1 is
primarily localized in cytoplasm, translocation of
which from cytoplasm to mitochondrial outer mem-
brane (MOM) drives mitochondrial constriction and
division.17 Accumulating evidence suggests that dysregu-
lation of OPA1 and Drp1 is related to the abnormality
of neurological function. Opa1 homozygous mutant
mice are lethal in embryos, heterozygous mutant mice
show an increase in mitochondrial fission, and impaired
optic nerve structure and visual function.18 Drp1 gene
mutations lead to abnormal brain development, optic
atrophy, and neonatal lethality.19 In addition, dysregu-
lation of Drp1 is related to mitochondrial dysfunction-
mediated pain. In the perineural HIV coat glycoprotein
gp120-induced neuropathic pain rats, increase of Drp1
expression in spinal cord is observed while antisense oli-
godeoxynucleotide against Drp1 treatment attenuated
mechanical allodynia.20,21

Various posttranslational modifications (PTMs) of
mitochondrial fission and fusion proteins are involved
in the functional regulation of mitochondria.22

S-palmitoylation is a reversible PTM of specific cysteine

residues in proteins with 16-carbon fatty acid palmi-
tate.23 The process plays important roles in regulation
of protein targeting to membranes and is mediated by
plamitoyltransferase (PAT).24 A PAT Zdhhc13 regulates
Drp1 S-palmitoylation and mitochondrial fission–fusion
process in vitro and in vivo.25,26 2-bromopalmitate
(2-BP) is an irreversible pan-inhibitor of PATs and has
been widely used as a protein palmitoylation inhibitor.27

It is reported that 2-BP could modulate neuronal differ-
entiation.28 In this study, we have investigated the
effects of 2-BP on BCP rats and examined the mitochon-
drial fission–fusion process in spinal astrocytes of BCP
rats. Our results indicate that 2-BP has an anti-
nociceptive effect in BCP rats via regulating mitochon-
drial fusion and fission process in spinal astrocytes. The
current findings link palmitoylation, astrocytes, and
mitochondrial fusion and fission process to the patho-
genesis of BCP.

Materials and methods

Cell culture

MRMT-1 rat mammary gland carcinoma cell line was
purchased from JENNIO Biological Techonology
(Guangzhou, China). MRMT-1 cells were cultured in
Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco, MD, USA) containing 10% fetal
bovine serum (FBS, heat-inactivated) (Hyclone; Utah,
USA), 1% L-glutamine, and 2% penicillin/streptomycin
(Gibco, MD, USA). Cells were detached from the flask
by 0.25% trypsin for subsequent preparation of injec-
tion. Briefly, the cells were collected by centrifugation
and the pellet was resuspended in Hank’s balance salt
solution (HBSS).

C6 glia cells were cultured in RPMI 1640 medium
(Gibco, MD, USA) containing 10% FBS (Hyclone;
Utah, USA), 50U/ml penicillin, and 50mg/ml streptomy-
cin (Gibco, MD, USA). C6 cells were grown in a humid-
ified incubator at 37�C with 5% CO2. 70%–80%
confluent cells were used for 2-BP treatment. The concen-
tration of 2-BP for cell treatment were 1lM and 10lM.
Control group was incubated with equal volume of
dimethyl sulfoxide (DMSO). After 24h of incubation,
the whole-cell extracts from control and 2-BP treated
cells were collected for biochemical analysis.

Experimental animals

Female Sprague–Dawley (SD) rats weighing 160 to 200 g
were purchased from Hubei Province Experimental
Animal Center (Wuhan, China). All animals were
house with ad libitum access to water and food in a
12/12 h light–dark cycle regime and environmental tem-
perature was controlled at 22� 1�C. Animals were
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housed for seven days to acclimatize before the experi-
mental procedures. All experimental procedures in this
study were complied with the local and international
guidelines on ethical use of animals and all efforts were
made to minimize the number of animals used and
their sufferings.

Surgical procedure for establishing a rat model of BCP

A rat model of BCP was established following previous
reports.32 Briefly, female SD rats were deeply anesthe-
tized with pentobarbital sodium (50mg/kg, intraperito-
neal injection). The left leg of rat was shaved and the top
half of the tibia was carefully exposed after disinfection
with 7% iodine and 75% (v/v) ethanol. Subsequently,
3.5� 105 MRMT-1 cells were slowly injected into the
intramedullary space of the left tibia in the rats to estab-
lish the BCP model. An equivalent volume of HBSS
solution was injected into the sham rats using a 50 ll
Hamilton microsyringe. Syringe was left in the injection
site for an additional minute to prevent the leakage of
tumor cells. Injection site was sealed with bone wax after
syringe was removed. Radiological and histological
detections were used to evaluate the bone destruction
after inoculation of MRMT-1 cells.

Drug administration

Intrathecal injection of 2-BP was used for treatment of
BCP rats. Briefly, 2-BP was dissolved in DMSO
(Sigma-Aldrich, MO, USA) and then diluted in
saline. The dose for intrathecal administration of
2-BP was selected according to previous research28

and our preliminary studies. When injecting, rats
were held firmly, and 25 ll microsyringe was inserted
between L5 and L6 vertebrae. A sudden advancement
of the needle accompanied by a slight flick of the tail
was used as the indicator for the proper insertion into
the subarachnoid space.29 Rats (n¼ 30) were randomly
divided into three groups: Sham group; BCP group;
BCPþ 2-BP group, each group contained 10 rats.
For sham group, rats were intrathecally injected with
10 ll vehicles (DMSOþsaline). Rats in BCP group
were intrathecally injected with 10 ll vehicles
(DMSOþ saline). For BCPþ 2-BP group, rats were
intrathecally injected with 10 ll 2-BP (0.5mg/kg).
2-BP was injected on 12 days after surgery and after
24 h treatment, the rats were euthanized with an over-
dose of pentobarbital sodium (100–150mg/kg) and
lumbar spinal cords were separated and collected for
morphological and biological analysis.

Radiology

Rats were anesthetized with sodium pentobarbital and
exposed to an X-ray source. Roentgenography of the

ipsilateral tibia was performed on postoperative day
(POD) 12 and POD 20. Radiographs were taken from
hind limbs of sham and BCP rats.

Bone and spinal cord histology

On day 12 following inoculation of MRMT-1 cells or
HBSS, rats were deeply anesthetized with pentobarbital
sodium (50mg/kg, intraperitoneal injection). After
transcardially perfused fixative with 4% paraformalde-
hyde, tissues were isolated from animals and postfixed in
the same fixative for 6 h at 4�C. The left tibial bone was
preserved in 10% neutral buffered formalin and decal-
cified using 10% ethylenediaminetetraacetic for 21 days.
Then, the bones were embedded in paraffin and sections
were cut into 5lm (Leica RM 2165) and stained using
standard haematoxylin and eosin (H&E) method to
visualize the extent of bone destruction. Lumbar spinal
cords were then immersed in 20% to 30% (w/v) gradient
of sucrose in phosphate-buffered saline (PBS) for 24 h at
4�C, followed by freezing in isopentane (�40�C). Frozen
specimens were sectioned at 6lm with a freezing micro-
tome and stained with H&E to measure the extent of
inflammatory infiltration.

Mechanical allodynia

Rats were placed on a 5� 5mm wire mesh grid floor and
allowed to habituate for 30min. Test was blinded with
respect to group. The von Frey filaments (ranging from
0.4 g to 26 g) (Stoelting, Wood Dale, IL, USA) were used
to apply mechanical stimuli to the left hind paw.
The 50% paw withdrawal threshold (PWT) was deter-
mined by Chaplan’s up-down method.30 Briefly, the cal-
ibrated monofilaments were applied perpendicularly to
the plantar surfaces until the filaments were bent, and a
brisk withdrawal was considered as positive response.
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 con-
verted to 50% PWT.

Western blot

After pain behavioral tests, the rats were anesthetized
and sacrificed by decapitation on day 12 after
inoculation of MRMT-1 cells. Lumbar spinal cord was
dissected and then homogenized in ice-cold radioimmu-
noprecipitation assay (RIPA) lysis buffer containing a
cocktail of protease inhibitors (Sigma). After centrifuga-
tion at 12,000 g for 15min, supernatant was used for
Western blot analysis. Protein concentrations
were determined by bicinchoninic acid assay method.
Equal amounts of protein samples were separated in
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10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Proteins were transferred onto a polyvinyli-
dene difluoride membrane and then incubated with

the appropriate primary antibodies at 4�C overnight.
The following antibodies were used in this study and
ABclonal Technology (Wuhan, China): mouse rabbit
anti-Drp1 (1:1000, A2586), anti-OPA1 (1:1000, A9833),
mouse anti-glial fibrillary acidic protein (GFAP)

(1:1000, A0014), rabbit anti-caspase 3 (1:1000, A11319),
rabbit anti-Bcl-2 (1:1000, A0208), rabbit anti-b-actin
(1:5000, AC004). Horse radish peroxidase (HRP)-conju-
gated secondary antibodies (1:5000, Abcam) were used to
visualize the primary antibodies. Infrared Imaging System

(Gene Company Limited, Hongkong, China) was applied
to detect immunoreactive bands.

Immunofluorescene

Twelve days after surgery, rats were transcardially per-

fused fixative with 4% paraformaldehyde, and lumbar
spinal cords were removed and immersed in 20% to
30% (w/v) gradient of sucrose in PBS for 24 h at
4�C. Frozen spinal sections (6 lm) were cut with a
freezing microtome and incubated with 10% normal
donkey serum for 1 h at room temperature.

Subsequently, the sections were incubated with primary
antibody, mouse anti-GFAP antibody (1:50, A0014),
overnight at 4�C. After incubation and being washed
with PBS, sections were incubated with goat anti-
mouse IgG H&L (fluorescein isothiocyanate) (1:200)

at room temperature for 1 h and then examined with
a fluorescence microscope.

For cells, C6 cells were seeded onto sterilized cover-

slips which were placed in 24-well plates glass slides for
different treatment. After treatment, cells (50�70% con-
fluent) were fixed with 4% paraformaldehyde and per-
meabilized with 0.5% Triton X-100 in PBS buffer. After
rinsing cells on the coverslips with 0.2% Triton X-100 in

PBS, blocking buffer (5% donkey serum) was added and
incubated for 60min. Primary antibodies: rabbit anti-
Drp1 (1:100, A2586) and rabbit anti-OPA1 (1:100,
A9833) were added and incubated for 24 h at 4�C.
After three washes, the cells were incubated with goat

anti-rabbit IgG H&L (tetramethylrhodamine iso-
thiocyanate (TRITC)) secondary antibodies (Abcam)
at room temperature for 60min. Subsequently, the
cells were washed and counterstained with Hoechst
(1lg/ml) for 15min and examined with a fluores-

cence microscope.

Enzyme-linked immunosorbent assay analysis of BAX

and IL-1b

IL-1b (Boster, Wuhan, China) and BCL-2-associated x
protein (BAX) (Shanghai Haling Biotechnology,

Shanghai China) levels in spinal cord lysates were deter-

mined using commercially available, enzyme-linked

immunosorbent assay (ELISA) kits, according to the

manufacturer’s protocols.
For IL-1b assay, ipsilateral lumbar spinal cord was

homogenized and lysed in ice-cold RIPA buffer

pH 7.4 containing a protease inhibitor cocktail.

After centrifugation at 12,000 g for 15min, the super-

natant was used for ELISA analysis. According to the

manufacturer’s protocols, 100 ll tissue lysates and

different concentrations of standard reagent were

added to a 96-well plate that precoated with rat

IL-1b specific antibody and incubated at 37�C for

90min. After the wells were emptied, 100 ll biotiny-

lated anti-rat IL-1b antibody was added and incubated

at 37�C for 60min. After addition of avidin-biotin-

peroxidase-complex for 30min at 37�C and color

development, the reaction was terminated by 3,30,5,50-
tetramethylbenzidine solution. The absorbance was

measured at 450 nm on a microplate reader (BioTek

Instruments, INC., USA). IL-1b assay had a linear

over a range of 31.2–2000 pg/ml. The intra-assay and

inter-assay coefficients of variation for IL-1b are 5.6%

and 7.1%.
For BAX assay, ipsilateral lumbar spinal cord was

homogenized and lysed in ice-cold PBS buffer pH 7.4

containing a protease inhibitor cocktail. After centrifu-

gation at 3000 g for 20min, the supernatant was used for

ELISA analysis. Tissue lysates and different concentra-

tions of standard reagent were added to a 96-well plate

that was precoated with rat BAX specific antibody

and incubated at 37�C for 30min. After the wells

were emptied, 50 ll HRP-Conjugate reagent was added

to each well and incubated at 37�C for 30min. After

addition of Chromogen solution A and B and color

development for 15min at 37�C, the reaction was

terminated by stop solution. The absorbance was mea-

sured at 450 nm on a microplate reader (BioTek

Instruments, INC., USA). The BAX assay had a

linear over a range of 20–800 ng/l. The intra-assay

and inter-assay coefficients of variation for BAX are

9% and 15%, respectively.

Mitochondria membrane potentials measurement

JC-1 Mitochondrial Membrane Potential (MPP) Assay

Kit was used to evaluate mitochondria membrane poten-

tial (MMP) (Beyotime, China). According to the kit

instructions, after 2-BP treatment, cells were washed

with ice-cold PBS and stained with JC-1 fluorescent

probe for 20min in the dark at 37�C. Subsequently, cul-
ture medium was added, and fluorescence was detected

using a fluorescence microscope.
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Statistical analysis

Comparison of values between different experimental
groups was done using one-way analysis of variance
with repeated measures followed by Bonferroni post
hoc tests. Significance was ascribed for p< 0.05. All
raw data were presented as mean� SD, except data of
PWT test were showed as mean�SEM.

Results

Inoculation of MRMT-1 cells in the tibia induces
bone destruction

After intratibial inoculation with MRMT-1 rat mammary
gland carcinoma cells, pathological changes were validat-
ed by tibia radiograph and histological analysis.
Tibia radiograph showed that ipsilateral tibia bone had
signs of radiolucent lesions close to the injection site on
POD 12 of BCP rats. And bone destruction exhibited
progressive worsening on POD 20 (Figure 1(a)). In con-
trast, no radiological changes were observed in sham
group. Meanwhile, by day 12 after inoculation, the hema-
toxylin and eosin (H&E)-stained tibia sections showed
bone destruction with medullary bone loss, as well as
infiltrating osteolytic lesions on POD 12 (Figure 1(b)).
These results indicated that inoculation of MRMT-1
cells induces tibia destruction.

Cancer cell inoculation in tibia induces nociceptive
behavior and spinal cord leukocyte infiltration

To assess the chronic pain induced by cancer cell inocu-
lation, pain behavioral change was evaluated and pre-
sented by mechanical allodynia of hind paws. PWTs of
ipsilateral hind paws in rats were tested on 0, 2, 4, 6, 8,
10, and 12 after surgery (Figure 2(a)). Rats inoculated
with cancer cells displayed a significant decreased in
PWT to von Frey filaments stimulation on POD 6 to

POD 12, indicating increased sensitivity of mechanical

stimulation in BCP rats. While PWTs of sham

rats showed no difference at all the time points

(Figure 2(b)). Meantime, histological changes in spinal

cord of BCP rats were detected by H&E staining. And as

shown in Figure 2(c)), spinal cord of BCP rats showed

increased infiltration of inflammatory cells as compared

with sham group.

Intrathecal administration of 2-BP attenuates pain

behavior in BCP rats

PWTs represent the changes of mechanical sensitivity in

animals after treatment. To determine the effects of 2-BP

on bone cancer-induced mechanical allodynia, rats were

tested by von Frey filaments after 24 h of intrathecal

2-BP administration. There was no significant difference

of the PWTs between the sham rats receiving vehicle or

2-BP, suggesting 2-BP had little effect on mechanical

sensitivity of sham rats (Figure 3(a)). In contrast, bone

cancer-bearing rats treated with 2-BP exhibited signifi-

cant decrease in nociceptive behavior at post injection

2 h (vehicle vs. 2-BP: 4.3� 1.5 vs. 10.8� 1.0, p< 0.05),

4 h (vehicle vs. 2-BP: 3.6� 1.1 vs. 10.1� 0.6, p< 0.05),

6 h (vehicle vs. 2-BP: 4.8� 1.3 vs. 11.1� 1.7, p< 0.05)

and 8 h (vehicle vs. 2-BP: 5.0� 0.9 vs. 11.9� 1.4,

p< 0.05), compared with the cancer-bearing rats treated

with vehicle (Figure 3(b)). The result indicated that 2-BP

had an anti-nociceptive effect in BCP rats.

2-BP down-regulates spinal astrocytes activation

of BCP rats

Increasing evidence showed that spinal astrocytes were

involved in the process of pain.6,31 Therefore, we exam-

ined activation of astrocytes in the spinal cord by ana-

lyzing GFAP (astrocytic biomarker) expression. On day

12 after tumor cell inoculation, GFAP

Figure 1. Radiological and histological evaluation of bone destruction after inoculation of MRMT-1 cells. (a) Radiographs of the tibia bone
inoculated with MRMT-1 cells 12 and 20 days after inoculation in the ipsilateral hind limbs. Representative radiograph of sham and BCP rats
are shown and arrows indicate the position of bone destruction in BCP rats. (b) Histological images of tibia sections stained by hema-
toxylin–eosin of sham and BCP tibial bone. The sections (5 lm) were taken from tibial bone 12 days after surgery. The arrows in sham
group indicate the continuous thick bone trabecular, and the arrows in BCP group show bone destruction on trabecular surface. Scale
bar¼ 200lm. BCP: bone cancer pain.
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immunohistochemistry showed that GFAP-labeled astro-

cytes in ipsilateral dorsal horn significantly increased in

BCP rats, compared with sham rats (Figure 4(a)). This

result suggested that bone cancer induced significant astro-

cytic hyperplasia in the spinal dorsal horn. Subsequently,

the expression of GFAP protein was analyzed by Western

blotting analysis. Consistent with the increased GFAP

staining, we found a significant up-regulation of GFAP

protein in BCP rats (Figure 4(b) and (c)). The level of

GFAP was markedly decreased in spinal cord of 2-BP

treated rats (Figure 4(b) and (c)) which indicated that 2-

BP had an effect on resistance of BCP-induced astro-

cytes activation.

2-BP ameliorates BCP-induced abnormality of mito-

chondrial dynamics in the spinal cord of BCP rats

Expression of mitochondrial fission- and fusion-related

proteins, Drp1 and OPA1, were investigated in various

groups to characterize mitochondrial dynamics.

Figure 2. Changes of mechanical response thresholds in sham and BCP rats. (a) Experimental paradigms showing time points of surgery
and behavior test. (b) PWTs to von Frey filaments of the ipsilateral paw in sham and BCP rats received intra-tibia inoculations of Hank’s
buffered sterile saline and MRMT-1 cells, respectively. All data are expressed as the mean� SEM (n¼ 9). *p< 0.05 vs. sham rats at each
corresponding time point. (c) Pathological examination (H&E staining) of spinal cord sections from sham and BCP rats to evaluate
inflammation. Scale bar¼ 100lm. �: Sham rats, �: BCP rats. BCP: bone cancer pain; PWT: paw withdrawal threshold; 2-BP:
2-bromopalmitate.

Figure 3. Evaluation of intrathecal administration of 2-BP on PWT in sham and BCP rats. Sham rats (a) and BCP rats (b) were injected
with vehicle (DMSOþ saline) and 1mg/kg 2-BP, and the response to von Frey filaments stimulation of mentioned groups were detected.
Pain behaviors were analyzed at 0, 2, 4, 6, and 8 h after 2-BP treatment. All data are expressed as the mean� SEM (n¼ 9). *p< 0.05 vs.
vehicle treated rats at each corresponding time point. PWT: paw withdrawal threshold.
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Compared with sham rats, expression of Drp1 was sig-

nificantly higher, while expression of OPA1 was dramat-

ically reduced in spinal cord of BCP rats (Figure 5).

Furthermore, to identify whether 2-BP had a resistance

effect on BCP-induced abnormality of mitochondrial

dynamics, expression of Drp1 and OPA1 in 2-BP treated

BCP rats was analyzed. After 24 of 2-BP administration,

Drp1 protein expression was reduced while OPA1 pro-

tein expression was promoted significantly (p< 0.05 vs.

BCP, Figure 5). These data indicated that BCP-induced

abnormal expression mitochondrial fusion and fission-

related proteins was partly reversed by 2-BP.

2-BP reduces proapoptotic factor and

proinflammatory cytokines release in BCP rats

Bcl-2 was an inner mitochondrial membrane protein that

can block cell death.32 During apoptosis, BAX was

Figure 4. The localization and expression of GFAP in the spinal dorsal horn. (a) Spinal cord sections are stained with GFAP antibody
to analyze the distribution of astrocyte marker GFAP in the dorsal horn of sham and BCP rats. Panels represented dorsal horn of
sham and BCP rats (n¼ 6). Scale bar¼ 50lm. (b) Western blot analysis of protein extracts from sham-, BCP-, and 2-BP-treated group.
Representative bands show the GFAP protein level. (c) Quantitative analysis of GFAP level in (b) and expressed as fold change over sham
group. Data are shown as mean� SD for three independent trials. *p< 0.05 compared with sham group, #p< 0.05 compared with BCP
group. 2-BP: 2-bromopalmitate; BCP: bone cancer pain; GFAP: glial fibrillary acidic protein.

Figure 5. Determination of Drp1 and OPA1 expression in sham, BCP and 2-BP-treated BCP rats. (a and c) Western blot analysis of
protein levels of Drp1 and OPA1 in the spinal cord of sham-, BCP-, and 2-BP-treated rats. Representative bands show the Drp1 (a) and
OPA1 (c) protein level. (b and d) Quantitative analysis of Drp1 and OPA1 protein level and expressed as fold change over sham group.
Data are shown as mean� SD for three independent trials. *p< 0.05 compared with sham group, #p< 0.05 compared with BCP group.
2-BP: 2-bromopalmitate; BCP: bone cancer pain; Drp1: dynamin-related protein 1; OPA1: optic atrophy 1.
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inserted in MOM which increased permeabilization of
MOM and promoted apoptosis.33 Herein, down-
regulation of Bcl-2 content and up-regulation of
BAX content was found in spinal cord of BCP rats
(Figure 6(a) and (b)). We also detected expression of
caspase 3, a mitochondrial apoptosis mediator, which
was up-regulated (cleaved caspase 3) in spinal cord of
BCP rats (Figure 6(c)). These results suggested that
apoptosis in BCP rats was activated. After intrathecal
administration of 2-BP, dysregulated Bcl-2, BAX, and
caspase 3 expressions were reversed (Figure 6(a) to (c)).
Spinal proinflammatory cytokines directly and indi-
rectly induced and exaggerated pain.34 Activated glia
can release proinflammatory cytokines, such as IL-
1b.35 ELISA analysis showed that increased concentra-
tion of IL-1b in spinal cord of BCP rats, while 2-BP
reversed IL-1b secretion in spinal cord of BCP rats
(Figure 4(d)). These data indicated that 2-BP regulated
proinflammatory cytokines release and apoptosis in
BCP rats.

2-BP regulates mitochondrial fusion and fission
dynamic balance in C6 cells

To explore the mechanisms of 2-BP in the regulation of
mitochondrial dynamics in astrocytes, C6 rat glioma
cells were used in the following experiments. Levels of
fusion and fission machinery proteins changes in 2-BP
treated C6 cells were assessed. Upon 2-BP treatment,
decreased Drp1-fluorescene signal intensity and
increased OPA1-fluorescene signal intensity were deter-
mined by immunocytochemistry (Figures 7(a) and 8(a)).

Consistent with the immunofluorescence staining,
Western blot analysis showed that Drp1 protein level
was down-regulated and OPA1 protein level was up-
regulated after 2-BP treatment, both changes were in a
2-BP dose-dependent manner (Figures 7(b) and 8(b)).
The relative level of Drp1 in 1 and 10 mM 2-BP treatment
groups was 0.58� 0.01 and 0.47� 0.09, respectively. The
relative level of OPA1 in 1 and 10 mM 2-BP treatment
groups was 3.47� 0.08 and 4.95� 0.25, respectively.
These data demonstrated that 2-BP decreased Drp1
expression and increased OPA1 expression in C6 cells.

2-BP increases mitochondrial membrane potential in
C6 cells

Change in MMP is closely related to the regulation of
apoptosis. JC-1 can selectively enter into mitochondria
and reversibly change color from green (the monomeric
form of JC-1) to red (the aggregate form of JC-1) as the
membrane potential increases.36 When the mitochondri-
al MMP is high, JC-1 accumulates in the matrix of the
mitochondria to form J-aggregates (Red). When MMP
was lost, these aggregates dissipated into monomers
(Green) and cells became apoptotic.37 The fluorescent
probe JC-1 was used specifically for analyzing MMP
upon 2-BP treatment. As shown in Figure 9, C6 cells
treated with 0 and 1 mM 2-BP exhibited red fluorescence,
confirming high MMP. As a positive control, C6 cells
exposed to carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), JC-1 exhibited a green fluorescence with
weaken red fluorescence, indicating low MPP.
However, when cells were treated with 2-BP for 24 h

Figure 6. Detection of Bcl-2, caspase 3, BAX, and IL-1b level in various groups. (a and c) Western blot analysis of Bcl-2 and caspase 3
proteins in spinal cord of sham-, BCP-, and 2-BP-treated BCP rats. (b and d) ELISA analysis of BAX and IL-1b protein in spinal cord of sham-,
BCP-and 2-BP-treated BCP rats. *p< 0.05 vs. sham group, #p< 0.05 vs. BCP group. 2-BP: 2-bromopalmitate; BCP: bone cancer pain.
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Figure 7. The localization and expression of Drp1 in 2-BP-treated and -untreated C6 cells. (a) After treatment with 2-BP for 24 h, C6
cells were fixed and subjected to immunofluorescence. Anti-Drp1 antibody was probed with anti-rabbit IgG H&L (TRITC) (red). Cells
were counterstained with Hoechst 33342 (blue). Scale bar¼ 50lm. (b) Western blot analysis of protein extracts from 0, 1, and 10mM
2-BP-treated C6 cells. Representative bands show the Drp1 protein level. Quantitative analysis of Drp1 protein level, expressed as fold
change over 0 mM group. Data were shown as mean� SD for three independent trials. *p< 0.05 compared with 0mM group. Drp1:
dynamin-related protein 1; 2-BP: 2-bromopalmitate.

Figure 8. The localization and expression of OPA1 in 2-BP-treated and -untreated C6 cells. (a) After treatment with 2-BP for 24 h, C6
cells were fixed and subjected to immunofluorescence. Anti-OPA1 antibody was probed with anti-rabbit IgG H&L (TRITC) (red). Cells
were counterstained with Hoechst 33342 (blue). Scale bar¼ 50lm. (b) Western blot analysis of protein extracts from 0, 1, and 10mM
2-BP treated C6 cells. Representative bands show the OPA1 protein level. Quantitative analysis of OPA1 protein level, expressed as fold
change over 0 mM group. Data are shown as mean� SD for three independent trials. *p< 0.05 compared with 0 mM group. 2-BP:
2-bromopalmitate; OPA1: optic atrophy 1.
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and then exposed to CCCP, JC-1 still showed high red

fluorescence intensity, indicating 2-BP inhibited CCCP-

induced decrease in MMP. These data demonstrated

that 2-BP reversed CCCP-induced attenuation of MMP.

Discussions

Increasing evidence showed the involvement of protein
palmitoylation in regulating mitochondrial functions

Figure 10. Hypothetical model represents 2-BP attenuates BCP via reversing spinal astrocytic mitochondrial fusion and fission imbalance-
induced inflammation and apoptosis. Drp1: dynamin-related protein 1; OPA1: optic atrophy 1.

Figure 9. Effect of 2-BP on MMP changes. Representative fluorescent images of JC-1 in untreated and 2-BP-treated C6 cells. CCCP was
used as a positive control. Green fluorescence presents monomeric JC-1; Red fluorescence presents aggregate JC-1. Scale bar¼ 20 lm.
2-BP: 2-bromopalmitate.
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which play a vital role in CNS.22 Palmitoyltransferase
Zdhhc13 is important to mitochondrial dynamics,
Zdhhc13-deficent mice exhibit lower status of S-palmitoy-
laton in Drp1-mitochondrial fission-related protein which
consequently disrupted mitochondrial dynamics.26 In
addition, immunity-related GTPase (IRG) localized in
mitochondria and promoted mitochondrial fission by its
residual palmitoylation.38 2-BP, the most commonly used
inhibitor of palmitoylation, inhibited PAT activity of
Asp-His-His-Cys (DHHC) proteins.23,39 In our study, 2-
BP reverses dysregulation of mitochondrial fission-related
protein Drp1 induced by BCP. Consistent with the
research on animals, 2-BP-treated cells also showed
decrease in Drp1 expression. Accordingly, the effect of
2-BP on Drp1 probably linked S-palmitoylation to mito-
chondrial dynamics.

Abnormal mitochondria were involved in cell death.40

Before classical signs of apoptosis triggered, mitochon-
drial membrane integrity underwent major changes,
including the dissipated mitochondrial transmembrane
potential.41 We found 2-BP inhibited attenuation of
CCCP-induced MPP in C6 cells. Stabilization of mito-
chondrial membrane could prevent apoptosis.
GABAergic interneuron is the main cell type apoptosis
in spinal cord. In a mouse model of sciatic nerve injury,
loss of GABAergic interneurons in the superficial dorsal
horn contributed to the development of neuropathic
pain. The reason is the excitotoxic cell death which
was mediated by NMDA receptor.42 In BCP, apoptosis
of GABAergic interneuron in the dorsal horn contribut-
ed to the development of cancer-induced bone pain.43

These studies proved that GABAergic interneuron is
the critical factor for the development and maintenance
of chronic pain. In our study, decreased anti-apoptotic
factor Bcl-2, increased proapoptotic factor BAX,
and cleaved caspase 3 induced by BCP were reversed
by 2-BP treatment. Accordingly, 2-BP probably via sup-
pressing the apoptotic signal in neurons improves the
pain behavior of BCP rats. The balance between mito-
chondrial fusion and fission was important for maintain-
ing mitochondrial morphology and function.44 In our
study, we found up-regulated Drp1 and down-
regulated OPA1 in spinal cord of BCP rats, indicating
that the balance between fusion and fission was dis-
rupted. The imbalance of mitochondrial dynamics was
reversed by 2-BP treatment. Together with above men-
tioned, 2-BP probably inhibits dysfunction of mitochon-
drial dynamics and apoptosis via modulating Drp1
protein palmitoylation.

Role of astrocyte during pain pathogenesis has been
implicated in several studies.45–47 Inflammatory activa-
tion of astrocytes leads to proinflammatory cytokines
expression and neuronal damage. During BCP, inflam-
matory signal pathway was activated and a lot of inflam-
matory mediators were released.48 We found BCP

induced increase in marker of astrocytes GFAP expres-

sion in spinal cord, and 2-BP treatment decreased GFAP

expression. Meanwhile, concentration of IL-1b increased

in spinal cord of BCP rats, and 2-BP reversed IL-1b
secretion. It was reported that 2-BP had an anti-

inflammatory effect by blocking myristoylation and pal-

mitoylation of Fyn (Src family kinases), inhibiting its

membrane binding and localization in T-cell signal path-

way.49 Accordingly, 2-BP could be a possible candidate

for BCP treatment for its effect on mitochondria-

associated inflammatory effect in astrocytes.

Conclusion

Our results demonstrated the inhibitory effect of 2-BP

on BCP induced dysregulation of mitochondrial dynam-

ics which consequently attenuates inflammation and

apoptosis (Figure 10). The effect could be attributed to

the inhibitory action of palmitoylation on Drp1,

mediating by 2-BP. The current research provides

palmitoylation of Drp1 as a potential target for treat-

ment of BCP.
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