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ARTICLE INFO ABSTRACT

Bone cancer pain (BCP) is the pain induced by primary bone cancer or tumor metastasis. Increasing evidence and
our previous studies have shown that mammalian silent information regulator 2 homolog (SIRT1) is involved in
periphery sensitization and central sensitization of BCP, and the underlying mechanism of SIRT1 in bone cancer
pain may provide clues for pain treatment. Dynamin-related protein 1 (Drpl) is an essential regulator for mi-
tochondrial fission. In this research, BCP model rats were established by injecting MRMT-1 rat mammary gland
carcinoma cells into the left tibia of female Sprague-Dawley rats and validated by tibia radiographs, histological
examination and mechanical pain test. As a result BCP rats exhibited bone destruction and sensitivity mechanical
pain. BCP increased inflammatory cells infiltration and apoptosis, reduced SIRT1 protein expression and
phosphorylation, and elevated Drpl expression in spinal cord. An agonist of SIRT1 named SRT1720 intrathecal
treatment in BCP rats increased SIRT1 phosphorylation, reduced the up-regulated Drp1l expression, and reversed
pain behavior. SRT1720 also regulated Bcl-2/BAX and cleaved caspase-3 expressions, and inhibited mitochon-
drial apoptosis in spinal cord of BCP rats. For in vitro research, SRT1720 treatment decreased Drp1l expression in
a dose-dependent manner, blocked CCCP-induced mitochondrial membrane potential change, consequently
reduced apoptosis and promoted proliferation. These data suggest that SIRT1 activation by SRT1720 attenuated
bone cancer pain via preventing Drpl-mediated mitochondrial fission. Our results provide new targets for
therapeutics of bone cancer pain.
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1. Introduction avenue for BCP are pharmacotherapy and chemotherapeutics. The

mainstay symptomatic treatment for bone cancer pain is opioid-based

Bone cancer pain (BCP) is the pain induced by primary bone cancer
or tumor metastasis [1]. Bone metastasis arises more commonly in
patients with breast, prostate, kidney and lung cancers. When tumor
cells begin to grow in bone, tumor growth causes bone destruction,
woven bone formation, and a significant bone pain [2]. BCP is usually
described as dull in character, constant in presentation, and gradually
intensifies to severe incident pain, which debilitates the quality of pa-
tients' life and their functional status [3]. Pathology of BCP is complex
and unique, mixing with inflammatory, neuropathic pain and tumor-
specific mechanisms [4]. Despite a variety of factors are linked to bone
cancer pain, the specific cellular and molecular mechanisms underlie
the pathogenesis of bone cancer pain remain unclear, and the effective
clinical approaches are needed for its treatment. To date the therapeutic
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pharmacotherapy, but the limited effectiveness and side-effects prohibit
the widespread use of the drugs [5,6]. Non-steroidal anti-inflammatory
drugs treatment is helpful, but with gastrointestinal, cardiovascular and
renal risk [7]. Consequently, further research is needed to develop more
effective strategies and treatment based on the different mechanisms of
BCP.

Mammalian silent information regulator 2homolog (SIRT1) is a
nicotinamide adenosine dinucleotide (NAD)-dependent deacetylase
that removes acetyl groups from proteins, and functions in oxidative
stress, apoptosis and autophagy [8]. It is reported that SIRT1 plays
critical roles in various types of pain, including inflammatory pain
[9,10], neuropathic pain [11,12] and bone cancer pain [13]. In rodent
models of inflammatory pain and neuropathic pain, both the expression
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Fig. 1. Intra-tibia MRMT-1 cell injection induced bone destruction and mechanical allodynia in BCP rats. A. Experimental protocol showed establishment of BCP
model, behavioral and morphological tests on certain day. B. After injection of MRMT-1 cells (3 x 10°) into the intramedullary space of left tibia on BCP rats. X-ray
examination indicated the degree of bone destruction in sham rats and BCP rats on 7 (second lane) and 14 (third lane) day after surgery. C. H&E straining of bone
slices showed changes of bone trabeculae in sham and BCP rats. Arrows in sham group pointed out continuous thick bone trabeculae, and arrows in BCP group
pointed out discontinuous bone trabeculae. Scale bar = 200 um. D. Mechanical PWT showed that BCP rats were mechanical allodynia. PWT was tested using a series
of calibrated von Frey filaments prior to tumor cell inoculation (0 day) and at post-operative day (POD) 2, 4, 6, 8, 10 and 12 (black [J: sham group, red @: model
group). All data were expressed as the mean = SEM, n = 9. **P < 0.01 vs. the HBSS group rats at each corresponding time point.

and activity of SIRT1 are down-regulated in neurons of dorsal root
ganglion (DRG) [13] and spinal cord [11]. In addition, chemical agents
acting on SIRT1 activity have obvious effect on augmentation or alle-
viation of pain. SIRT1 agonist treatment alleviates spontaneous pain,
thermal hyperalgesia, and mechanical allodynia [13,14], while SIRT1
inhibitor aggravates the nociceptive effect [12]. Induction of pain is
depended on activation of certain ion channels in pathways of pain
perception. Metabotropic glutamate receptor (mGluR1) and mGIuR5
plays essential roles in nociceptive processing via increasing the
opening of cation channels (such as Ca®*, Na* and K* channels).
SIRT1 is involved in the regulation of mGluR1/5 expression [15].
Through regulating these receptors, SIRT1 is implicated in central
sensitization of pain. In addition, SIRT1 was involved in periphery
sensitization by regulating the expression of acid-sensing ion channels 3
(ASIC3) in DRG neuron [13]. Accordingly, SIRT1 is a critical regulator
of BCP and could be a potential therapeutic target for bone cancer pain.

Neurons are metabolically active cells with high energy demands
and particularly dependent on mitochondrial function [16]. As a dy-
namic organelle, mitochondrion is known for its critical roles in energy

588

metabolism, cell survival, and synaptic plasticity [17]. Mitochondrial
fission maintains mitochondrial structure, and alterations in fission
process are linked to many human diseases, such as neurodegenerative
disease [18,19], cancers [20] and metabolic disorders [21]. Dynamin-
related protein 1 (Drpl), a cytosolic GTPase, migrates between the
cytosol and the mitochondrial network, binds to mitochondrial outer
membrane, and drives mitochondrial fission [18]. Drpl homozygous
knockout mice are lethal in embryos due to reduced mitochondrial
fission [22]. Drp1 gene mutations lead to abnormal brain development,
optic atrophy and neonatal lethality [23]. Dysregulation of Drpl is
related to mitochondrial dysfunction-mediated pain. In the perineural
HIV coat glycoprotein gp120-induced neuropathic pain rats, increase of
Drpl expression in spinal cord is observed while antisense oligodeox-
ynucleotide against Drpl treatment attenuated mechanical allodynia
[24,25].

In order to evaluate the effect of SIRT1 on Drpl expression and
mitochondrial fission in bone cancer pain, we used SRT1720 (N-[2-[3-
(piperazin-1-ylmethyl) imidazo [2,1-b] [1,3] thiazol-6-yl] phenyl]
quinoxaline-2-carboxamide), a specific agonist of SIRT1 [26], to
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activate SIRT1 and detect Drpl expression and mitochondrial-mediated
apoptosis in BCP rats. Our data demonstrated that SIRT1 activation
attenuated bone cancer pain via reversing Drpl-mediated mitochon-
drial fission.

2. Materials and methods
2.1. Animals and SRT1720 treatment

Animals used for bone cancer pain model and all experiments were
female Sprague-Dawley (SD) rats weighing 160-200 g (6-8 weeks) and
purchased from Hubei Province Experimental Animal Center (Wuhan,
CHN). The experimental procedures were confirmed to 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.

For intrathecal injection, rats were held firmly, and 25l micro-
syringe was inserted between L5 and L6 vertebrae. A sudden ad-
vancement of the needle accompanied by a slight flick of the tail was
used as the indicator for the proper insertion into the subarachnoid
space [27]. SRT1720 (10 pul) was injected slowly, and the concentration
for rats was 0.5 mg/kg [28]. SRT1720 (Sigma-Aldrich) was dissolved in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich) to prepare the stock solu-
tion, and diluted by 0.9% NaCl (v/v = 1:1) before use. Vehicle was
injected with same volume (10 pl) of DMSO and 0.9% NaCl. For cell
experiments, SRT1720 was diluted with DMSO to different concentra-
tions.

2.2. Experimental protocol

Rats were randomly divided into three experimental groups: sham
group rats treated with vehicle (Sham), BCP group rats treated with
vehicle (BCP), BCP group rats treated with SRT1720 (BCP+ SRT1720),
each group contains 9-12 animals. The process was described in
Fig. 1A. Surgery operation day was day 0. The 50% paw withdrawal
threshold (PWT) of rats was tested at post-operative day (POD) 0, 2, 4,
6, 8, 10 and 12. X-ray of rats was tested at POD 7 and 14. SRT1720 and
vehicle treatment on rats were at POD 12. After treated 12h, mor-
phology, expressions and localizations were tested.

2.3. Preparation of cells

MRMT-1 rat mammary gland carcinoma cells were purchased from
JENNIO Biological Techonology (Guangdong, CHN). Cells were cul-
tured in medium containing RPMI 1640 (GIBCO), supplemented with
10% fetal bovine serum (FBS) (GIBCO), 1% r-glutamine and 2% peni-
cillin/streptomycin (GIBCO). Cells were digested with 0.25% trypsin
(GIBCO), washed twice with PBS (135 mM NaCl, 4.7 mM KCl, 10 mM
Na,HPO,, 2mM NaH,PO,4, pH7.4), and suspended in HBSS (Hanks'
Balanced Salt Solution, 137.93mM NaCl, 5.33mM KCI, 4.17 mM
NaHCO3, 0.441 mM KH,PO,, 0.338 mM Na,HPO,, 5.56 mM p-Glucose)
at a concentration of 3 x 10”7 cells/ml. HBSS was also used for in-
oculation in sham rats.

2.4. Rat model of BCP

In order to imitate bone metastasis of breast cancer, MRMT-1 rat
mammary gland carcinoma cells were used to establish bone cancer
pain model. Female SD rats were used due to higher breast cancer in-
cidence and mortality in female than male [29]. BCP rat model was
established following previous reports [6]. In brief, female SD rats were
deeply anesthetized with pentobarbital sodium (50 mg/kg,
traperitoneal injection). 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. 3 x 10°> MRMT-1 cells were slowly injected into the
intramedullary space of BCP rats' left tibia, whereas an equivalent vo-
lume of HBSS was injected into the same position of sham rats using a

in-
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50 yl 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. To evaluate
tumor growth, tibia was visualized radiographically.

2.5. Mechanical allodynia

The 50% paw withdrawal threshold (PWT) to a static mechanical
stimulus was assessed using von Frey filaments and Chaplan's up-and-
down method [30]. Rats were placed on a 5 X 5-mm wire mesh grid
floor and allowed to habituate for 30 min. Tests were blind with respect
to group. The von Frey filaments (Stoelting) (ranging from 0.4 g to 26 g)
were used to apply mechanical stimuli to the left hind paw. In brief, the
calibrated 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 oc-
curred, the von Frey filament of the next lower force was applied, and
whenever a negative response occurred, the filament of the next higher
force was applied. Then, the pattern of positive and negative with-
drawal responses was converted to 50% PWT.

2.6. RNA extraction and quantitative real-time PCR

On day 12-14 following inoculation of MRMT-1 cells or HBSS, rats
were sacrificed and their spinal cords were removed. Ipsilateral spinal
cord was washed with ice-cold PBS, incubated with TRIzol reagent
(Invitrogen) in RNase free tubes, and mixed with chloroform (200 pl/ml
TRIzol). After centrifugation for 10 min at 13,525 g, an equal volume of
isopropanol was added to the supernatant and centrifuged at 13,525 g
for 10 min. After removing the supernatant, 75% ethanol was added,
and the mixture centrifuged at 13,525 g for 10 min. The resulting pellet
was dissolved with RNase free water. RNA concentrations were ad-
justed based on absorbance at 260 nm. After reverse transcription,
analysis of Drpl gene expression was performed by qRT-PCR on Light
Cycler 96 instrument (Roche Diagnositics Ltd) with SYBR Green Master
Mix (Vazyme). Real-time PCR was performed in 20 pl reaction volumes
containing SYBR Green Master Mix (10 pul), cDNA templates (100 ng),
primers (2 pl) and RNase free water. The original mRNA copies were
evaluated by 24T method, and relative DrpI mRNA concentrations
were normalized to GADPH. Drpl forward and reverse primer se-
quences were 5-ACAACAGGAGAAGAAAATGGAGT-3’ and 5-GATGGA
TTGGCTCAGGGCTT-3’. GAPDH was used as the internal control, for-
ward and reverse primer sequences were 5-AACTTTGGCATCGTG
GAA-3’ and 5-TACATTGGGGGTAGGAACAC-3'.

2.7. Western blot

Ipsilateral spinal cord was collected and homogenized in a RIPA
lysis buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate,0.1% SDS, sodium orthovanadate, sodium fluoride,
EDTA, leupeptin, pH 7.4) containing a cocktail of protease inhibitors
(200 mM AEBSF, 30 uM aprotinin, 13 mM bestatin, 1.4 mM E64 and
1mM leupeptin, 100 mM EDTA, 100X, Sigma-Aldrich). After cen-
trifugation at 13,525g for 15 min, supernatant was used for western
blotting analysis. Equal amounts of protein samples were separated in
10% SDS-polyacrylamide gel electrophoresis. The protein was trans-
ferred onto a PVDF membrane, blocked with 5% defatted milk in TBST
(10 mM Tris-HCl, 150 mM NacCl, 0.1% (v/v) Tween-20, pH7.5), then
incubated with the appropriate primary antibodies including mouse
anti-SIRT1 (1:1000, A0127, ABclonal Technology), rabbit anti-pSer47-
SIRT1 (1:1000, PA5-17391, Thermo Fisher), rabbit anti-Drp1(1:1000,
A2586, ABclonal Technology), rabbit anti-pSer637-Drpl (1:1000,
AP0812, ABclonal Technology), rabbit anti-PGC-1a (1:1000, A12348,
ABclonal Technology), anti-Bcl-2 (1:500, MA1-26233, Thermo Fisher),
rabbit anti-caspase-3 (1:1000, A11319, ABclonal Technology,), anti-3-
actin (1:5000, A1978, Sigma-Alchdrich) overnight. HRP-conjugated
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secondary antibodies (1:5000, ABclonal Technology) were used to vi-
sualize the primary antibodies. Infrared Imaging System (Gene
Company Limited) was applied to detect immunoreactive bands.

2.8. Haematoxylin and eosin (H&E) staining

On day 14 following inoculation of MRMT-1 cells or HBSS, rats
deeply anesthetized with pentobarbital sodium (50 mg/kg,
traperitoneal injection), perfused with PBS followed by 4% paraf-
ormaldehyde. Left tibial tissue was removed, preserved in 10% neutral
buffered formalin, decalcified using 10% EDTA for 21 days, embedded
in paraffin, sectioned to 5-um-thick (Leica RM 2165), and stained using
standard Haematoxylin and Eosin (H&E) method. Spinal cord was dis-
sected out, post fixed for 12 h, and incubated in 20% (w/v) sucrose in
PBS for 24 h at 4 °C, followed by freezing in isopentane (—40 °C). 8 ym
coronal sections cut on freezing microtome/cryostat for standard H&E
staining.

in-

2.9. Immunofluorescene

Rats were anesthetized, perfused with PBS followed by 4% paraf-
ormaldehyde. Spinal cord were dissected out, post fixed for 12 h, pre-
pared for paraffin embedding, cut into 5um sections and stained with
antibodies. For cells, cells were seeded onto glass slides for different
treatment. Then, cells were washed, fixed with 4% paraformaldehyde,
permeabilized with Triton X-100, blocked with 10% goat serum and
stained with antibodies. Primary antibodies: mouse anti-NeuN (1:100,
ab104225, Abcam), mouse anti-SIRT1 (1:100, A0127, ABclonal
Technology), rabbit anti-PGC-la (1:1000, A12348, ABclonal
Technology), anti-Bcl-2 (1:500, MA1-26233, Thermo Fisher), rabbit
anti-activated-caspase-3 (1:1000, A11021, ABclonal Technology),
rabbit anti-pSer637-Drpl (1:1000, AP0812, ABclonal Technology) and
rabbit anti-Drp1(1:100, A2586, ABclonal Technology). Secondary an-
tibodies: goat anti-rabbit or mouse IgG H&L (FITC and TRITC) (Abcam).

2.10. ELISA kit

Ipsilateral spinal cord was homogenized and homogenized using
PBS buffer pH 7.4 containing a protease inhibitor cocktail. BAX levels in
spinal cord lysates were quantified by enzyme-linked immunosorbent
assay (ELISA) kits from BD Biosciences. Assay was performed according
to instructions provided by the manufacturer.

2.11. TUNEL assay for apoptosis

Apoptosis was detected using terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP-digoxigenin nick-end labeling (TUNEL) assays
with a commercial TUNEL apoptosis assay kit (Beyotime). Spinal cord
was dissected out, post fixed for 12h, and incubated in 20% (w/v)
sucrose in PBS for 24h at 4°C, followed by freezing in isopentane
(—40 °C). 8 um coronal sections cut on freezing microtome/cryostat for
TUNEL assay. TUNEL assays were then performed according to the
manufacturer's instructions.

2.12. EdU assay for cell proliferation

Cell proliferation was evaluated using (5-ethynyl-2’-deoxyuridine)
EdU-488 assay kit (Beyotime). EAU assay protocol was performed ac-
cording to the manufacturer's protocol. Cells were plated in 24-well
plates. 10 uM EdU was added to wells, and plates were incubated at
37 °C for 2h. Then, cells were washed, fixed, permeabilized and eval-
uated by a microscope (Olympus). Ratio of EdU-positive cells (green
fluorescence) to hoechst-stained cells (with blue fluorescence) was used
to evaluate cell proliferation activity. All conditions were tested in three
replicates.
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2.13. Isolation of cell mitochondria

Cell mitochondria were isolated using cell mitochondria isolation
kit (Beyotime). Briefly, cells were digested with trypsin, washed and
suspended in ice PBS, and homogenized 15-20 times. Crude mi-
tochondrial fraction was resuspended and centrifuged at 1,000g for
10 min followed by final pelleting at 11,000 g for 15 min. Isolated mi-
tochondria were resuspended in RIPA lysis buffer containing a cocktail
of protease inhibitors, and prepared for western blotting.

2.14. Statistical analysis

Comparison of values between different experimental groups was
done using one-way analysis of variance (one-way ANOVA) with re-
peated 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 was showed as mean = SEM.

3. Results

3.1. Osteopenia and pain-related behavior are induced by carcinoma cell
inoculation

MRMT-1 rat mammary gland carcinoma cells were injected into left
tibia of female SD rats to establish animal model of bone cancer pain
(BCP). After establishment of BCP model, behavioral and morphological
tests were used to evaluate the changes in animals, and experiment
procedure was shown in Fig. 1A. Parameters for bone morphology and
hyperalgesia were used to detect pain induced by bone cancer. Bone
density was confirmed by X-ray at 7 and 14 day after MRMT-1 cells
injection into tibia. X-ray films showed on post-operative day (POD) 7
regional bone destruction was observed and on POD 14 infiltrated os-
teolytic lesions and bone cortex damage were found in the injection
area (Fig. 1B). Histological examination further proved significant bone
destruction in BCP rats (Fig. 1C). Bone slices stained with H&E showed
continuous thick trabeculae in sham group and discontinuous bone
trabeculae in BCP. PWT test was used to analyze the mechanical hy-
peralgesia. Mechanical pain sensitivity was elicited by bone cancer in
BCP rats (Fig. 1D), allodynia was beginning at POD 6 (sham vs. BCP:
144 = 0.7 vs. 7.9 = 1.0; P < 0.01), gradually increasing at POD 8
(sham vs. BCP: 13.5 = 0.7 vs. 5.4 = 1.4; P < 0.01), and continuing
to POD 12 (last time point examined; sham vs. BCP: 14.4 = 0.8 vs.
4.7 £ 0.7; P < 0.01). Nevertheless, no significant changes were de-
tected in sham rats.

3.2. SRT1720 treatment reduces BCP-induced apoptotic signal in spinal
cord

Spinal dorsal horn was critical for processing sensory information,
including pain perception [31]. Therefore we detected the changes in
spinal dorsal horn induced by bone cancer. Histological examination
showed that increased infiltration of inflammatory cells was observed
in spinal dorsal horn of BCP group, compared with sham group
(Fig. 2A). This result indicated progressive destruction of spinal cord
was induced by bone cancer pain. TUNEL assay was designed to detect
apoptotic cells that undergo extensive DNA degradation during the late
stages of apoptosis [32]. Herein, we used TUNEL assay to detect the
apoptotic signal in spinal cord, especially dorsal horn. Spinal dorsal
horn of sham rats showed little TUNEL-positive cells, and TUNEL signal
in spinal dorsal horn of BCP rats was increased significantly (Fig. 2B).
Meanwhile, compared with sham rats, BCP rats showed dysregulation
of apoptosis-related factors. BCP decreased anti-apoptotic factor Bcl-2
expression, increased proapoptotic factor BAX expression and apoptotic
mediator cleaved caspase-3 expression level in spinal cord (Fig. 2C-E).
These results suggested that apoptosis in spinal cord of BCP rats was
activated.
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Fig. 2. Effects of SRT1720 on apoptotic signal of spinal cord. A. Representative HE staining of spinal cord showed inflammatory cell infiltration in sham and BCP rats.
B. TUNEL assay detected apoptotic cells of spinal dorsal cord in sham rats and BCP rats. Scale bar = 100 pm. C. ELISA analysis of BAX protein content in spinal cord of
sham, BCP and BCP + SRT1720 rats. *P < 0.05 vs. sham group, #p < 0.05 vs. BCP group. (D-E) Western blotting analysis of Bcl-2 (D) and caspase-3 (E) protein in

spinal cord of sham, BCP and BCP + SRT1720 rats.

SRT1720, a selective SIRT1 agonist, was intrathecally injected into
spinal cord of BCP rats. After 12 h treatment, expression of Bcl-2, BAX
and caspase-3 were detected. Results showed that SRT1720 treatment
up-regulated Bcl-2 expression, and down-regulated BAX and cleaved
caspase-3 expression in spinal cord of BCP rats. These data illustrated
that SRT1720 inhibited apoptotic signal in spinal cord of BCP rats.

3.3. SRT1720 reverses the inhibitory effect of BCP on SIRT1 activity

To determine the role of SIRT1 in BCP, western blot was carried out
to analyze SIRT1 expression and activity in spinal cord of sham rats,
BCP rats and BCP + SRT1720 rats (Fig. 3). SIRT1 activity is represented
by the level of phosphorylation of SIRT1 at Ser47 which is activator site
and increased SIRT1 target genes expression [33]. As shown in Fig. 3,
total level and phosphorylated SIRT1 were decreased in BCP group, and
SRT1720 treatment recovered phosphorylation of SIRT1. Relative value
of pSIRT1/SIRT1 in BCP + SRT1720 rats was 1.38 = 0.06 (P < 0.05
vs. BCP group, Fig. 3D), which represented the increase in SIRT1 ac-
tivity. These results suggested that SIRT1 expression and activity were
decreased in BCP and SRT1720 had activator effect on SIRT1 activity.

3.4. SIRT1 activation reduces pain behavior in BCP rats

In accordance with the changes of SIRT1 activity, mechanical allo-
dynia in BCP + SRT1720 rats was significantly ameliorated. As shown
in Fig. 4A, BCP + SRT1720 rats showed a significant increase in PWT at

post injection 1h (vehicle vs. SRT1720: 5.6 + 1.3 vs. 13.4 + 1.0,
P < 0.05), 3h (vehicle vs. SRT1720: 6.3 + 1.3 vs. 12.3 = 1.7,
P < 0.05), 5h (vehicle vs. SRT1720: 5.9 + 1.3 vs. 16.0 = 0.8,
P < 0.05),7h (vehicle vs. SRT1720: 5.8 = 1.1 vs. 12.9 = 2.4,
P < 0.05), 12h (vehicle vs. SRT1720: 5.5 * 1.2 vs. 13.2 = 1.5,
P < 0.05) and 18h (vehicle vs. SRT1720: 5.3 = 1.3 vs. 10.3 = 1.8,
P < 0.05). There was no significant change after SRT1720 treatment

24h (vehicle vs. SRT1720: 5.6 = 0.9 vs. 8.8 = 2.1, P > 0.05).
SRT1720 had little effect on PWT of normal rats (Fig. 4B). Taken
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together, SRT1720 treatment reversed pain behavior in BCP rats.

3.5. SIRT1 activation decreases Drp1-positive neurons in spinal cord of BCP
rats

Drpl is a critical protein for mitochondrial fission and is important
for mitochondrial function in synaptic plasticity and neuron function
[21]. Herein, to investigate the relationship between Drpl and BCP,
Drpl expression in spinal cord was identified using double immuno-
fluorescence staining with neuron specific marker NeuN and antibody
against Drpl. Results showed that in sham rats, Drpl (green) coloca-
lized with NeuN (red) in the spinal dorsal horn, the percentage of Drpl/
NeuN double positive neurons was 47.9 = 3.2%. In BCP rats, the
percentage of Drpl/NeuN double positive neurons was 60.8 = 2.6%,
which means more Drpl positive neurons than that in sham rats
(P < 0.05). Moreover, the percentage of Drpl/NeuN double positive
neurons in spinal cord of BCP + SRT1720 rats was 54.8 + 2.6%, less
than BCP rats (Fig. 5), which suggested Drpl-positive neurons was re-
duced by SRT1720 treatment (P < 0.05 vs. BCP rats).

3.6. SRT1720 down-regulates Drp1 expression in spinal cord of BCP rats

Furthermore, qRT-PCR and WB were used to evaluate Drpl ex-
pression in BCP. Data showed that Drpl mRNA and protein expression
were up-regulated in BCP rats. Relative Drpl mRNA levels in spinal
cord of BCP rats were 2.18 + 0.08 (P < 0.05 vs. sham group, Fig. 6A).
Treatment of SRT1720 significantly decreased Drpl mRNA
(1.28 = 0.08, P < 0.05 vs. BCP rats). For protein, SRT1720 had the
common effect to recover Drpl protein level to sham level. After nor-
malized to sham group, relative levels of Drpl protein in BCP and
BCP + SRT1720 rats were 1.34 = 0.05 and 0.97 =+ 0.05, respectively
(Fig. 6B and C). To evaluate Drpl GTPase activity in BCP rats, phos-
phorylation of Drpl at Ser637 site was tested, which is an inhibited site
of Drpl GTPase activity [34,35]. Data shown that pSer637-Drpl ex-
pression was significantly down-regulated in spinal cord of BCP rats
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Fig. 3. Effects of SRT1720 on SIRT1 expression and phosphorylation in spinal cord of BCP rats. A. Western blot measured SIRT1 and pSIRT1 protein level.
Representative blots of proteins extracted from spinal cord of sham, BCP and BCP + SRT1720 rats. B-D. Image J software were used to quantify the gray degree
values. Data in B and C was normalized to the level of B-actin; Data in D was normalized to the level of total SIRT1. The density analysis was shown as mean *+ SD for
three independent trials. *P < 0.05 compared with sham group. *P < 0.05 compared with BCP group.

(P < 0.05 vs. sham group, Fig. 6B, D and E), presenting increased Drp1
GTPase activity. SRT1720 treatment did not statistically change
pSer637-Drpl expression. These data illuminated that Drpl expression
and activity were up-regulated in spinal cord of BCP rats and SIRT1
activation reversed Drpl expression without affect its activity.

3.7. SIRT1 activation regulates Drp1 expression in SHSY-5Y cells

To verify the regulation of SIRT1 on Drpl, SHSY-5Y cells were
treated with 0, 1, 10uM SRT1720 for 24 h. There was no obvious
toxicity of 0-10 pM SRT1720 on SHSY-5Y cells (Fig. S1). Then total and
phosphorylated Drpl (Ser637) were measured by immunofluorescence
staining and western blotting. Immunostaining showed that compared
with control group, Drpl fluorescence signal intensities decreased and
pSer637-Drpl-fluorescene signal intensities relevantly increased in
SRT1720-treated group (P < 0.05, Fig. 7A and B). Moreover, western
blot analysis showed that Drpl protein level was down-regulated in a
SRT1720 dose-dependent manner (Fig. 7D). The levels of Drpl protein

A 18 B

—m—SRT1720 18 <

were reduced to 79 + 6% (P < 0.05) and 51 * 3% (P < 0.05) after
treatment with 1 and 10 pM SRT1720 (Fig. 7F). The level of pSer637-
Drpl was also down-regulated by SRT1720 (10 uM) treatment. How-
ever, there is no statistical difference of Drpl activity (represented by
pDrpl/Drpl) between SRT1720 treated and untreated cells. These data
indicated that SRT1720 decreased Drpl expression in SHSY-5Y cells.

3.8. SRT1720 inhibits CCCP-induced mitochondrial membrane potential
decrease in SH-SY5Y cells

Drpl-dependent mitochondrial fission changes mitochondrial
membrane potential (MMP) and is closely associated with apoptosis
[36]. Fluorescent probe JC-1 was used specific for measuring and
analyzing MMP changes, which selectively enter into mitochondria and
spontaneously formed complex known as JC-1 aggregates with red
fluorescence. When MMP was lost, JC-1 dissipated into monomers
(green) and promoted cells became apoptosis [37]. Therefore, JC-1
assay was used to detect the effect of SRT1720 on MMP and apoptosis

Fig. 4. SRT1720 treatment reversed PWT in BCP rats. A.
PWT of BCP rats on POD 12 after intrathecal injection of

15 * % —0O=—vehicle 15 - *E vehicle and SRT1720. (black [J: vehicle treated BCP rats,
=D o0 - 74 — red @: 0.5mg/kg SRT1720 treated BCP rats). B. PWT of

&0 e * N _F <
vl 2 12 4%¢~ normal rats after intrathecal injection of vehicle and
= = | —o—SRT1720 SRT1720. (black [: vehicle treated BCP rats, red @:
E 9 ~— E 94 —e— vehicle 0.5 mg/kg SRT1720 treated BCP rats). All data were ex-
pressed as the mean = SEM, n = 9. *P < 0.05 vs. BCP

rats at each corresponding time point.
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Fig. 5. SRT1720 treatment decreases Drpl-positive neurons in spinal cord of BCP rats. A. Inmunofluorescence staining was used to analyze Drp1l-positive neurons in
spinal cord of sham rats (first lane), BCP rats (second lane) and BCP + SRT1720 rats (third lane). Spinal cord was stained with anti-NeuN antibody (red), and anti-
Drpl antibody (green). Co-localization of Drpl and NeuN was shown in merged images (yellow). Tissue slices were counterstained with hoechst 33342 (blue). Scale
bar = 100 pm. Data present were representative of three independent experiments. B. The ratio of Drp1-positive neurons in spinal dorsal horn was shown in different
groups. Data were analyzed using one-way analysis of variance (ANOVA) with post hoc protected least significant difference (PLSD) test. *P < 0.05, **P < 0.01 vs.
sham group; #p < 0.05 vs. BCP group, mean *= SD, n = 5-6 rats.
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Fig. 6. Effects of SRT1720 on Drpl expression in BCP rats. A. Total spinal cord RNA was extracted, and Drpl mRNA level was determined by qRT-PCR analysis.
Relative gene expression level was normalized to GAPDH mRNA and expressed as fold change. B. Western blot analysis of protein extracts from sham, BCP and
BCP + SRT1720 showing the levels of Drpl and pSer637-Drpl protein. C-E. Quantitative analysis of total and phosphorylated Drpl protein level was shown as the
mean * SD from three independent experiments. *P < 0.05 vs. sham group, P < 0.05 vs. BCP group.
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Fig. 7. Effects of SRT1720 treatment on Drpl expression in SHSY-5Y cells. A-B. After SRT1720 treatment, SHSY-5Y cells were fixed and subjected to immuno-
fluorescence. Anti-Drpl antibody and anti-pDrpl were probed with anti-rabbit IgG H&L (FITC) (green) and cells were counterstained with hoechst 33342 (blue).
Scale bar = 50 uM. C-D. Western blot analysis of Drpl protein level in SHSY-5Y cells treated with 0, 1 and 10 uM SRT1720 for 24 h. E-G. Quantification of relative
levels of Drpl and pDrpl in SRT1720 treated and control cells. Results were shown as the mean #+ SD from three independent experiments. *P < 0.05. *P < 0.05
vs. control group.
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Fig. 8. Effect of SRT1720 on MMP changes. Representative fluorescent images of JC-1 in control and SRT1720 treated SH-SY5Y cells. CCCP was used as a positive
control. Green fluorescence on first line represented monomeric JC-1; red fluorescence on second line represented aggregate JC-1. Scale bar = 50 um.
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*P < 0.05 compared with control group.

in vitro. As shown in Fig. 8, SH-SY5Y cells were treated with 0 and 1 uM
SRT1720 exhibited red fluorescence, confirming high MMP. As a po-
sitive control, SH-SY5Y cells were exposed to CCCP, and exhibited
green fluorescence with little red fluorescence, indicating low MPP.
When cells were treated with SRT1720 for 24h and combined with
exposure to CCCP, JC-1 still showed red fluorescence, indicating
SRT1720 inhibited CCCP-induced decrease of MMP. These data de-
monstrated that SRT1720 increased MMP and inhibited mitochondrial
apoptosis.

3.9. SRT1720 reduces apoptosis and promotes proliferation in SH-SY5Y
cells

Effects of SRT1720 on cell apoptosis and proliferation were detected
using immunofluorescence staining and EdU assay. In SRT1720 treated
group, anti-apoptotic factor Bcl-2 fluorescent signal intensities in-
creased (Fig. 9A), and on the contrary, activated-caspase-3 fluorescent
signal intensities decreased (Fig. 9B). EAU assay was used to investigate
whether SRT1720 promoted cell proliferation. Results showed that
SRT1720 dramatically promoted DNA synthesis in SH-SY5Y cells
(Fig. 9C and D). Percentages of EAU positive neurons in control group
and SRT1720 treated group were 51.2 + 3.2% and 63.1 * 4.4%, re-
spectively, which suggested EdU-positive cells were increased by
SRT1720 treatment (P < 0.05).

595

3.10. PGC-1a is involved in SRT1720-mediated anti-nociceptive effect on
BCP rats

It was reported that mitochondrial biogenesis was promoted by
peroxisome proliferator-activated receptor gamma and coactivator 1
alpha (PGC-1a) activation which is mediated by SIRT1-induced dea-
cetylation [38]. Then, PGC-1a expression was detected in rats and cells.
As shown in Fig. 10, BCP decreased PGC-1a expression in spinal cord of
rats (P < 0.05 vs. sham group). SRT1720 treatment increased PGC-1a
level in SH-SY5Y cells (P < 0.05) measured by western blotting and
immunofluorescence staining. And in isolated mitochondria, PGC-1a
protein level was up-regulated (P < 0.05 vs. control group). The re-
sults indicated that PGC-1la was involved in SRT1720-mediated anti-
nociceptive effect on BCP rats.

4. Discussion
4.1. SIRT1 dysfunction could be a critical cause of BCP

Neurochemical changes and cellular reorganization in spinal cord
are induced by bone cancer pain including profound astrocytosis and
pro-inflammatory cytokines releasing [39]. In this study, we found
spinal cord of BCP rats exhibited more inflammatory cells infiltration
and apoptosis, and down-regulated SIRT1 expression and activity,
which is well known as a regulator of DNA damage and cell death/
survival [40]. Agonist of SIRT1, SRT1720 treatment activated SIRT1,
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Fig. 10. Effect of SRT1720 on PGC-1a level. A. Western blot analysis of PGC-1a protein levels in spinal cord of BCP rats. Results were shown as the mean + SD from
three independent experiments. *P < 0.05 vs. sham group. B. Western blot analysis of PGC-1a protein level in SHSY-5Y cell treated with 0, 1 and 10 pM SRT1720 for
24 h. Results were shown as the mean + SD from three independent experiments. *P < 0.05 vs. control group. C. Anti-PGC-1a antibody was probed with anti-
rabbit IgG (FITC) (green). Cells were counterstained with hoechst 33342 (blue). Scale bar = 50 um. D. Western blot analysis of PGC-1a protein level in isolated

mitochondria. Results were shown as the mean = SD from three independent experiments.

reversed pain behavior of BCP rats and had a significantly anti-
nociceptive effect in BCP. Our previous study reported that SIRT1 ex-
pression was down-regulated in DRG neurons of BCP rats, resveratrol
(non-specific agonist of SIRT1) treatment activated AMPK-SIRT1-au-
tophagy signal, subsequently reversed pain behavior [13]. Accordingly,
abnormal regulation of SIRT1 was closely related to pathology and
maintenance of BCP, and may be a potential target for BCP therapy.

4.2. SIRT1 regulates mitochondrial fission via activating PGC-1a

A large number of evidences suggest that PGC-1a was activated by
deacetylation through SIRT1 activation, and subsequently promoted
mitochondrial gene transcription and mitochondrial biogenesis [41].
SIRT1-mediated deacetylation and activation of PGC-1la becomes an
important response of cell to increase mitochondria metabolism when
energy is needed. In diabetes-induced cardiac dysfunction model,
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*P < 0.05 vs. control group.

increases SIRT1 and PGC-la expression reduces Drpl-mediated mi-
tochondrial fission [42]. In kidney ischemia-reperfusion injury model,
activation of SIRT1/PGC-la pathway recovers mitochondrial protein
expression and function to the normal level [43]. In BCP animal model,
we found PGC-1a was down-regulated in spinal cord (Fig. 7A and B),
and in vitro experiment proved that SRT1720 had an effect on pro-
moting PGC-1a expression in cell lysates and isolated mitochondria.
However, in spinal cord of BCP rats, SRT1720 treatment didn't induce
increase in PGC-1a expression (Fig. 10). We presumed that the post-
translational modifications (PTMs) contributed the difference. PGC-1a
activity was modulated through its expression and PTMs, such as
phosphorylation, acetylation and ubiquitination. PTMs of PGC-la
constituted the first, fast response to acute stimulus, whereas, the
amounts modulation represented a slower adaptive response to more
prolonged signal [38]. Therefore, we supposed that in BCP rats, SIRT1
activation by SRT1720 promoted PGC-1a deacetylation and activity. In
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SH-SY5Y cells, SRT1720 increased PGC-1a activity by amounts mod-
ulation.

SIRT1/PGC-la pathway modulates Drpl expression and mi-
tochondrial fission. Overexpression of PGC-1a reduces Drpl expression
and promotes Drpl-mediated mitochondrial biogenesis. Mutation of
PGC-1a reduces mitochondrial function and oxidative capacity [43].
PGC-1a regulates Drpl via direct action and indirect action. The former
is that PGC-1a binds Drpl promoter [44] and the latter is that PGC-1a
decreases Drpl-mediated mitochondrial fission by inhibiting PINK/
Parkin expression [45]. We found SRT1720 treatment increased PGC-
la levels in isolated mitochondria (Fig. 10D). Accordingly, PGC-1a was
involved in SRT1720 regulated mitochondrial fission in BCP rats.

4.3. SRT1720 inhibits mitochondrial dysfunction induced cell apoptosis in
BCP rats

Up-regulation of Drpl caused mitochondrial fragment and MMP
reduction, which was an initial and irreversible step towards apoptosis
[46]. In spinal cord of BCP rats, expression of mitochondrial fission
related protein Drpl increased. SRT1720 treatment reduced Drpl ex-
pression to normal level in BCP rats, and decreased Drp1 expression in a
SRT1720 dose-dependent manner in SH-SY5Y cells. Moreover,
SRT1720 treatment inhibited CCCP-induced MMP reduction, indicating
SRT1720 inhibited Drpl-mediated apoptosis.

Bcl-2 family members were involved in mitochondrial dynamics
during apoptosis. Bcl-2 was an inner mitochondrial membrane protein,
stabled mitochondrial complexes, prevented BAX activation and cell
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death [47]. BAX was inserted in mitochondrial outer membrane, in-
creased permeabilization of mitochondrial outer membrane, triggered
cytochorome c release, activated caspases and promoted intrinsic
apoptosis [48]. We found increased BAX, decreased Bcl-2 and activated
caspase-3 in spinal cord of BCP while SRT1720 treatment reversed
these factors to the normal (sham) level. Similar effects of SRT1720 on
these proteins expression in SHSY-5Y cells were also observed and it
promoted cell proliferation. Taken together, these data indicated that
SIRT1 activation had inhibitory effect on mitochondrial fission induced
cell apoptosis.

In summary, our study demonstrates that pain behavior induced by
Drpl-mediated mitochondrial fission is triggering by dysregulation of
SIRT1 (Fig. 11). SRT1720 reverses pain behavior by activating SIRT1/
PGC-1a/Drpl pathway and consequence inhibits mitochondrial fission
associated apoptosis. The current findings in our research provide
SIRT1 as a potential target for treating bone cancer pain.

Supplementary data to this article can be found online at https://
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