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Abstract

Bone cancer pain (BCP), which is induced by primary or metastatic bone cancer, remains a clinically challenging problem due to
the poor understanding of its mechanisms. Sirtuin 1 (SIRT1) plays an important role in various pain models. Intrathecal admin-
istration of SRT1720, a SIRT1 activator, attenuates BCP in a rat model. However, the expression and activity of SIRT1 during
the development and maintenance of BCP remain unknown. Furthermore, the underlying mechanism of SIRT1 in BCP remains
ambiguous. In this study, we detected the time course of SIRT1 expression and activity in the spinal cord of mice with BCP and
examined whether SRT1720 alleviated BCP by inhibiting metabotropic glutamatergic receptor (mGluR) 1/5 expression. In addi-
tion, we downregulated spinal SIRT1 expression in normal mice through an intrathecal injection of AAV-SIRT1-shRNA and then
assessed pain behavior and mGluR 1/5 expression. Mice with BCP developed significant mechanical allodynia and spontaneous
flinching, accompanied by decreased levels of the SIRT1 protein, mRNA, and activity in the spinal cord. The SRT1720 treatment
produced an analgesic effect on tumor-bearing mice and decreased the spinal levels of the mGIuR 1/5 protein and mRNA. In con-
trast, the AAV-SIRT1-shRNA treatment induced pain behavior in normal mice and increased the spinal levels of the mGIuR1/5
protein and mRNA. The results suggested a critical role for SIRT1 in the development and maintenance of BCP and further
indicated that activation of SIRT1 in the spinal cord by SRT1720 functionally reverses BCP in mice by inhibiting mGluR1/5.
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Introduction et al. 2001). However, the current therapies for BCP are inef-
fective or have significant unwanted side effects, such as
analgesic tolerance and somnolence (McNicol et al. 2003).
Therefore, the identification of novel therapies and the elu-
cidation of the mechanism of BCP are important for pain

relief.

Bone cancer pain (BCP), one of the most common types of
cancer-related pain, exerts a severe effect on the quality of
life of patients (Jimenez Andrade and Mantyh 2010; Meuser

Sirtuin 1 (SIRT1), a type of nicotinamide adenine dinu-
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cleotide (NAD™)-dependent deacetylase, has been reported
to play critical roles in inflammatory pain (Wang et al. 2016)
and neuropathic pain (Gui et al. 2018; Shao et al. 2014).
In a recent study by Li et al., intrathecal treatment with a
SIRT1 agonist reversed pain behaviors in rats with BCP (Li
et al. 2018). Nevertheless, the expression and activity of
SIRT1 during the development and maintenance of BCP
remain unknown. Furthermore, the underlying mechanisms
of SIRT1 in BCP have not been clarified.

Metabotropic glutamatergic receptor (mGluR) 1 and
mGIluRS5, members of group I mGluRs, play crucial roles in
central sensitization and chronic pain (Chiechio and Nicoletti
2012; Osikowicz et al. 2013). Group I mGluRs expressed
in the spinal cord exert pronociceptive effects (Azkue et al.
2003; Gabra et al. 2007). Intrathecal administration of an
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mGluRS5 antagonist attenuates BCP by inhibiting spinal
astrocyte activation (Ren et al. 2012). Moreover, a recent
study showed that SIRT1-mediated epigenetic regulation of
mGluR1/5 expressions was involved in the development of
neuropathic pain in rats with type 2 diabetes (Zhou et al.
2017). Accordingly, we hypothesized that SIRT1 attenuates
BCP by inhibiting mGIuR1/5 expression.

In the present study, the time course of SIRT1 expres-
sion and activity in the spinal cord of mice with BCP was
detected. Furthermore, we examined whether SRT1720,
a SIRT1 agonist, alleviated BCP by inhibiting mGluR1/5
expression. In addition, we downregulated spinal SIRT1
expression in normal mice through an intrathecal injection
of AAV-SIRT1-shRNA and then assessed pain behavior and
mGluR1/5 expression.

Methods
Experimental Animals

All experiments were approved by the Institutional Ani-
mal Care and Use Committee of the University of Science
and Technology of China and were conducted according to
the ethical guidelines for the use of experimental animals
(Zimmermann 1983). All efforts were made to minimize
both the suffering and number of animals used in this study.
Experiments were performed on male C3H/HeN mice (age,
4 to 6 weeks; weight, 20 to 25 g; Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China, SCXK JING
2012-0001). The mice were housed in groups of five to
a cage at a temperature of 21 +1 °C on a 12-h dark/light
schedule and provided food pellets and water ad libitum.

Cell Culture and Implantation

Osteosarcoma NCTC 2472 cells (American Type Culture
Collection, ATCC, 2087787) were incubated in NCTC 135
medium (Sigma-Aldrich, St. Louis, MO) containing 10%
horse serum (Gibco, Grand Island, NY) at 37 °C in a 5%
CO, and 95% air atmosphere (Thermo Forma, Marietta,
OH) and passaged twice per week according to the ATCC
recommendations.

The method for inducing BCP was established as previ-
ously described by Schwei et al. (Schwei et al. 1999). On
the day of surgery, mice were anesthetized with an intraperi-
toneal injection of 50 mg/kg pentobarbital sodium (1% in
normal saline), and a right knee arthrotomy was performed.
Then, a 25-pL. microsyringe was used to inject 20 pL of
o-minimum essential medium (a-MEM) containing O or
2% 10° NCTC 2472 cells into the intramedullary space of
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the right femur, which corresponded to sham or tumor-bear-
ing mice, respectively. Subsequently, the injection site was
sealed with bone wax, followed by copious irrigation with
normal saline. Finally, the wound was sutured closed.

Drug Preparation and Intrathecal Administration

SRT1720 (Selleck Chemical, Houston, TX), a selective
SIRT1 agonist, was dissolved in 20% dimethyl sulfox-
ide (DMSO) and administered intrathecally at a dose of
5 pg/5 pL from days 14 to 16 after tumor cell inoculation for
3 consecutive days. The vehicle treatment was 20% DMSO.
AAV-SIRT1-shRNA with a target sequence of 5'-GCGGGA
ATCCAAAGGATAATT-3' (Hanbio, Shanghai, China) was
administered intrathecally at a titer of 1.4 x 10'? vg/mL in a
bolus of 5 pL.. Meanwhile, AAV-GFP served as a negative
control.

Manual intrathecal injections were performed between
the L5 and L6 lumbar space in unanesthetized mice accord-
ing to a method described by Hylden and Wilcox (Hylden
and Wilcox 1980). The injection was performed using a
glass microsyringe with a 25-gauge needle. Each mouse was
injected with a volume of 5 pL. A successful puncture was
confirmed by the tail-flicking behavior of the mouse.

Pain Behavior Tests

All tests were performed during the light phase. Mice were
allowed to habituate for at least 30 min prior to each test. All
behavioral tests were conducted by experimenters who were
blinded to the treatment groups.

Mechanical Allodynia

Mechanical allodynia was assessed using von Frey fila-
ments (North Coast Medical, Morgan Hill, CA) as previ-
ously described by Chaplan et al. (Chaplan et al. 1994). The
mice were placed in individual transparent Plexiglas com-
partments (10 cm X 10 cm X 15 cm) on a metal mesh floor
(graticule: 0.5 cm X 0.5 cm). A set of von Frey filaments
(0.16 g,04 2,0.6 g, 1.0 g, 1.4 g, and 2.0 g) was applied
to the right hind paw of each mouse. The filaments were
pressed vertically against the plantar surface with such suffi-
cient force to cause a slight bend against the paw and held in
place for 6-8 s. Stimuli were presented at 10-min intervals.
Brisk withdrawal or paw flinching was considered positive
responses. Each mouse was tested five times at each stimulus
strength. The von Frey filament with the lowest strength that
produced three or more positive responses was regarded as
the paw withdrawal mechanical threshold (PWMT).
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Spontaneous Lifting Behavior

Mice were placed in individual Plexiglas compartments
(10 emx 10 cm X 15 cm) and observed for 2 min to quantify
the number of spontaneous flinches (NSF) of the right hind
paw. Each lift of the right hindlimb that was not related to
walking or grooming was considered one flinch. Each mouse
was tested five times (Luger et al. 2002).

Bone Histology

A previously described histological method was used to
examine bone destruction (Han et al. 2018). Mice were anes-
thetized and perfused on day 21 after tumor cell inoculation.
The right femur of each mouse was removed and decalcified
for 24 h. Then, the bones were rinsed, dehydrated, embed-
ded in paraffin, sectioned, and stained with hematoxylin
and eosin to reveal the extent of tumor infiltration and bone
destruction.

Assay of SIRT1 Activity

A SIRT1 fluorometric kit (Abcam, Cambridge, United
Kingdom) was used to measure SIRT1 activity. First, pro-
teins were extracted from the spinal cord. Then, the nuclear
extract was purified by immunoprecipitation with a rabbit
anti-SIRT1 antibody (Elabscience Biotechnology, Wuhan,
China) and Protein A Agarose Beads (Cell Signaling Tech-
nology Inc., Beverly, MA). The reaction mixture that con-
tained SIRT1 assay buffer, Fluoro-Substrate peptide solu-
tion, NAD, ddH,0, Developer and SIRT1-Protein A Agarose
beads was added, and the NAD-dependent deacetylase activ-
ity was measured according to the manufacturer’s instruc-
tions. Finally, the fluorescence intensity was recorded con-
tinuously for 30 min at 2-min intervals with excitation at
355 nm and emission at 460 nm using an automatic micro-
plate reader (Thermo Scientific, Waltham, MA).

Quantitative Real-Time Polymerase Chain Reaction
(Real-Time PCR)

The L3-L5 lumbar spinal cord segments of sacrificed mice
were frozen in liquid nitrogen and stored at — 80 °C. Total
RNA was extracted with Trizol reagent (Invitrogen, Carls-
bad, CA) and transcribed into cDNAs using a Reverse Tran-
scription-Polymerase Chain Reaction Kit (Vazyme Biotech,
Nanjing, China). The cDNAs were used as a template for
PCR amplification with Taq Plus DNA Polymerase (TIAN-
GEN, Beijing, China) and primers. Each sample was ana-
lyzed in triplicate. The following primer sequences were
used: SIRT1: 5-ATCGTTACATATTCCACGGTGCT-3'
(forward) and 5'-CACTTTCATCTTCCAAGGGTTCT-3'

(reverse); Grm1: 5'-CCAATGGGGGAATCACAAT-3' (for-
ward) and 5'-ATGGCATAGATGGCGTTGA-3' (reverse);
Grm5: 5'-GTTTGCACAGGAGAACAGCA-3' (forward)
and 5'-GTCCAAAAGTTTCCGCCCAT-3’ (reverse); and
B-actin: 5'-CACGATGGAGGGGCCGGACTCATC' (for-
ward) and 5'-TAAAGACCTCTATGCCAACACAGT-3’
(reverse). The relative expression levels of SIRT1, Grml,
and Grm5 were normalized to p-actin.

Western Blotting

Mice were sacrificed by decapitation under deep anesthesia
with pentobarbital sodium (1% in normal saline, 50 mg/kg,
i.p.). The lumbar spinal cords and ipsilateral L3-L5 dorsal
root ganglia (DRG) were harvested quickly and stored in
liquid nitrogen. Tissue samples were homogenized in RIPA
lysis buffer supplemented with protease inhibitor cock-
tails. The homogenate was centrifuged at 12,000 rpm for
30 min at 4 °C, and the supernatant was collected. Protein
concentrations were determined using BCA Protein Assay
Kit (Kaiji Biotechnology, Nanjing, China). Protein lysates
(40 pg) were separated using SDS-PAGE (8% gels) and sub-
sequently transferred to polyvinylidene fluoride membranes
(Millipore Corporation, MA) at 200 mA for 120 min. Mem-
branes were blocked with 5% non-fat milk for 2 h at room
temperature and then incubated overnight at 4 °C with the
following primary antibodies: rabbit anti-SIRT1 (1:1000;
Affinity, USA), rabbit anti-mGluR1 (1:1000; Affinity, USA),
or rabbit anti-mGluR5 (1:1000; Affinity, USA). The mem-
brane was then washed six times with Tris-buffered saline-
Tween and incubated with a goat anti-rabbit secondary
antibody conjugated to horseradish peroxidase (1:50,000,
Elabscience, Wuhan, China) for 2 h at room temperature.
Immunoblots were developed using the ECL system (Santa
Cruz Biotechnology, CA) and visualized with Kodak Bio-
Max MR X-ray film (Kodak, New York, NY). Images of
the protein bands on Western blots were recorded and ana-
lyzed using Quantity One v4.40 software (Bio-Rad). f-actin
served as a loading control.

Statistical Analysis

Data are presented as mean + SD. Animals were randomly
assigned to different treatment groups. The pain behavior
presented in Fig. 1 was analyzed using two-way analysis of
variance (ANOVA). Levels of SIRT1 protein in the DRG
were compared between the sham and BCP groups using
independent two-sample ¢ tests. Other data were analyzed
using one-way ANOVA followed by the least significant dif-
ference (LSD) post hoc test. P values < 0.05 were considered
statistically significant.
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Fig.1 Validation of the mouse model of bone cancer pain (BCP).
a Changes in the paw withdrawal mechanical threshold in response
to von Frey filaments over the indicated time course. b Changes in
the number of spontaneous flinches that occurred within 2 min over
the indicated time course. Pain behavior was assessed at 0, 4, 7, 10,
14, 21 days after surgery in tumor-bearing and sham mice. All data

Results
Validation of Mouse Models of BCP

On days 0 and 4 after implantation, the PWMT and NSF
of BCP and sham mice did not show obvious differences.
However, the mice with BCP exhibited a significant increase
in PWMT and a decrease in NSF on days 7, 10, 14, and 21
after implantation compared with the sham mice (P <0.01)
(Fig. 1a, b), indicating that mice with BCP developed
mechanical allodynia and spontaneous flinching.

Furthermore, the histological method was used to exam-
ine bone destruction. On day 21 after tumor cell implanta-
tion, tumor growth and bone destruction were observed. The
tumor significantly infiltrated and eroded the cortical bone
in mice with BCP, while no obvious bone destruction was
observed in sham mice (Fig. lc, d).

Downregulation of Spinal SIRT1 Expression
and Activity in Mice with BCP

We first analyzed the time course of the expression of the
SIRT1 protein in the spinal cord of mice with BCP to deter-
mine the role of SIRT1 in BCP. As shown in Fig. 2a—d,
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are presented as mean+SD. n=8 mice in each group. **P<0.01
compared with the sham group. ¢ A significant amount of cortical
bone had been infiltrated and eroded by the tumor in mice with BCP
(hematoxylin—eosin staining, 200X). d No obvious bone destruction
was observed in sham mice (hematoxylin—eosin staining, 200 X)

the levels of the SIRT1 protein, mRNA, and activity were
decreased in the spinal cord of mice with BCP on days 7,
14, and 21 after implantation compared with the levels in
sham mice (P <0.01). Moreover, as shown in Fig. 2e .f, the
levels of the SIRT1 protein were also decreased in the DRG
of mice with BCP on day 14 compared with the levels in
sham mice (P <0.01). These results suggested a potential
association between SIRT1 function and BCP.

Upregulation of Spinal SIRT1 Expression Reversed
Pain Behavior

Mice were divided into four groups (n=6 mice each),
namely, the sham group, BCP group, DMSO group, and
SIRT1720 group. Drugs were intrathecally administered
from days 14 to 16 after inoculation for 3 consecutive days,
as described in a previous study (Zhou et al. 2017). Behav-
ioral tests were performed from days 1 to 4 after intrathecal
administration. Analyses of the levels of the SIRT1 pro-
tein, mRNA, and activity were conducted on day 1 after
intrathecal administration. As shown in Fig. 3a—d, intrathe-
cal administration of SRT1720 increased the levels of the
SIRTI1 protein, mRNA, and activity in mice with BCP.
Furthermore, SRT1720 produced a significant increase in
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Fig.2 Time course of SIRT1 expression and activity in the spinal
cord and expression of the SIRT1 protein in the DRG of mice with
BCP. On days 7, 14, and 21 after tumor cell implantation. a, b West-
ern blot showing the levels of the SIRT1 protein in the spinal cord. ¢
Real-time PCR analysis of the SIRT1 mRNA in the spinal cord. d A

PWMT and a significant decrease in NSF compared with
the BCP group. The analgesic effect of repeated intrathecal
injections of SRT1720 on BCP persisted for approximately
3 days (Fig. 3e, ).

Upregulation of Spinal SIRT1 Expression Inhibited
mGluR1/5 Expression in the Spinal Cord

As shown in Fig. 4a—f, the levels of the mGluR1/5 protein
and mRNA were significantly increased in the BCP and
DMSO groups compared with the sham group (P <0.01).
Furthermore, the levels of the mGluR 1/5 protein and mRNA
were significantly decreased in the SRT1720 group com-
pared with the BCP group (P <0.01).

Downregulation of Spinal SIRT1 Expression Induced
Pain Behavior

Mice were randomly divided into three groups (n=6 mice
each), namely, the naive group, AAV-GFP control group,
and SIRT1 shRNA group. Behavioral tests were performed
on day 21 after the intrathecal injection. Then, mice were
sacrificed to measure levels of the SIRT1 protein, mRNA,
and activity in the spinal cord. As shown in Fig. Sa—d, the

Sham BCP

SIRT1

SIRT1 protein expression

R R

$0
&K
Y 2

SIRT1 fluorometric kit was used to detect SIRT1 activity in the spi-
nal cord. e, f Western blot showing levels of the SIRT1 protein in the
DRG on day 14 after tumor cell inoculation. Data are presented as
mean=+ SD. n=6 mice in each group. **P <0.01 compared with the
sham group

intrathecal administration of AAV-SIRT1-shRNA decreased
the levels of the SIRT1 protein, mRNA, and activity. Mean-
while, it induced mechanical allodynia (Fig. Se) and spon-
taneous flinching (Fig. 5f) in normal mice. Based on these
results, the downregulation of SIRT1 is sufficient to induce
pain behavior in healthy animals.

Downregulation of Spinal SIRT1 Expression
Increased mGluR1/5 Expression in the Spinal Cord

As shown in Fig. 6a—f, the levels of the mGIuR1/5 protein
and mRNA were significantly increased in AAV-SIRT1-
shRNA-treated mice compared with naive and AAV-GFP
control mice (P <0.01).

Discussion

BCP remains a clinically challenging problem, and the
underlying mechanisms are poorly understood. Based on
recent evidence, epigenetic modifications, including histone
modifications and DNA methylation, regulate the expres-
sion of pain-related genes (Liang et al. 2015; Lutz et al.
2014; Zhang et al. 2011), contributing to the development
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Fig. 3 Effect of intrathecal injections of SRT1720 on SIRT1 expres-
sion during BCP. Drugs were intrathecally administered from days 14
to 16 after inoculation for 3 consecutive days. Behavioral tests were
performed from day 1 to day 4 after the intrathecal administration.
Analyses of the levels of the SIRT1 protein, mRNA, and activity were
conducted on day 1 after intrathecal administration. a, b Western
blots showing levels of the SIRT1 protein. ¢ Real-time PCR analysis

and maintenance of chronic pain. Furthermore, increased
expression of DNA methyltransferase (DNMT) 3a in the
dorsal horn contributes to BCP by silencing Kv1.2 expres-
sion (Miao et al. 2017). The suppression of histone dea-
cetylase (HDAC) 2 expression in the spinal cord attenuates
mechanical hyperalgesia and restores KCC2 expression
in a rat model of BCP (Hou et al. 2018). In addition, four
HDAC inhibitors have been approved by the Food and Drug
Administration (FDA) as treatments for some types of can-
cer (Manal et al. 2016). Thus, epigenetic modifications may
be potential new targets for cancer pain management. SIRT1,
an NAD"-dependent histone deacetylase, has been reported
to play a critical role in BCP (Li et al. 2018; Zhu et al. 2017).
However, the expression and activity of SIRT1 during the
development and maintenance of BCP remain unknown.

In the present study, the implantation of osteosarcoma
NCTC 2472 cells into the right femur of male C3H/HeN
mice produced mechanical allodynia and spontaneous flinch-
ing on day 7. On days 14 and 21 after tumor cell implanta-
tion, the severity of pain behavior was further increased.
These results were consistent with previous studies and
the clinical spontaneous and evoked pain experienced by
patients with bone cancer. Based on these findings, we chose
the 14th day after implantation to initiate the intrathecal
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groups after intrathecal administration. f The number of spontaneous
flinches in different groups after intrathecal administration. Data are
presented as mean+SD. n=6 mice in each group. **P <0.01 com-
pared with the sham group; *P <0.05 and #P <0.01 compared with
the BCP group

injections of SRT1720. In addition, histology showed that
the tumor had significantly infiltrated and eroded the corti-
cal bone in mice with BCP on day 21 after implantation. In
summary, the behavioral and histological results indicated
the successful establishment of a mouse model of BCP.

To the best of our knowledge, this report is the first to
show the time course of SIRT1 expression and activity in
the spinal cord of mice with BCP. Consistent with the results
of the pain behavior assessment, the levels of the SIRT1
protein, mRNA, and activity were significantly decreased
in the spinal cord of mice with BCP on days 7, 14, and 21
after implantation. Moreover, the activation of SIRT1 by
SRT1720 suppressed mechanical allodynia and spontaneous
flinching in tumor-bearing mice. In contrast, knockdown of
spinal SIRT1 expression by Ad-SIRT1-shRNA induced pain
behaviors in normal mice. Therefore, SIRT1 is involved in
the development and maintenance of BCP and may represent
a viable new target for pain relief in patients with BCP.

Glutamate is the major excitatory neurotransmitter in the
mammalian nervous system and exerts its action through
ionotropic and metabotropic receptors. Metabotropic glu-
tamatergic receptors (mGluRs) have been reported to play
critical roles in pain transmission and central sensitization
(Dai et al. 2017; Dolan and Nolan 2000; Johnson et al. 2017,
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Muguruza et al. 2016). Eight mGluRs, mGluR1 to mGIuRS,
have been identified to date. These receptors are subdivided
into three groups based on sequence identity, pharmacol-
ogy, and signal transduction (Conn and Pin 1997). Group
I mGluRs (mGluR1 and mGluRS5) mainly lead to phospho-
lipase C (PLC) activation, while group II (mGluR2 and
mGluR3) and group III receptors (mGluR 4, 6, 7, and 8)
predominantly inhibit adenylate cyclase (AC) (Neugebauer
2002).

Based on accumulating evidence, the inhibition of
mGluR1 and mGluRS5 may exert analgesic effects. Sys-
temic administration of mGluR1 (Satow et al. 2008; Varty
et al. 2005; Zhu et al. 2008) and mGluR5 (Satow et al.
2008; Varty et al. 2005; Zammataro et al. 2011) antago-
nists attenuates both mechanical and thermal hypersensi-
tivity in subjects with a broad range of pain conditions,
from inflammatory pain to long-lasting chronic pain. The
administration of an mGluR5 antagonist at peripheral
afferent endings also inhibits visceral nociception (Lind-
strom et al. 2008). As mGluR1/5 are expressed at high lev-
els in the spinal cord (Jia et al. 1999; Tang and Sim 1999),
the intrathecal administration of the mGluR1/5 antagonists
also produces antinociceptive effects on various models of
inflammatory (Karim et al. 2001), neuropathic (Yashpal
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PCR analysis of the mGluR1 mRNA. f Real-time PCR analysis of the
mGIuR5 mRNA. Data are presented as mean=+ SD. n=6 mice in each
group. **P<0.01 compared with the sham group; P <0.01 com-
pared with the BCP group

et al. 2001), and bone cancer pain (Dai et al. 2017; Ren
et al. 2012). In addition, mGIuRS5 antagonists reduce anxi-
ety in naive animals, a comorbidity that is often associ-
ated with chronic pain states (Varty et al. 2005). However,
the activation of mGluR1/5 also exerts antinociceptive
effects. In the periaqueductal gray matter, the activation of
mGluR1/5 produces antinociceptive effects by activating
the descending antinociceptive pathway from the periaque-
ductal gray matter (Maione et al. 1998, 2000). These con-
tradictory results may be attributed to the different sites of
activation. Thus, mGluR1 and mGluRS5 play very crucial
roles in pain modulation, as they not only produce pro-
nociceptive effects but also exert antinociceptive effects.
Several underlying mechanisms by which spinal
mGluR1/5 contribute to modulating pain have been iden-
tified. First, mGIuR5 increase intracellular Ca?* levels,
resulting in Src and protein kinase C activation, as well
as N-methyl-p-aspartate phosphorylation, which increases
synaptic transmission (Guo et al. 2004). Second, mGluR 1/5
agonists activate ERK1/2 signaling to enhance pain sensitiv-
ity. Moreover, ERK1/2 activation by mGluRS5 leads to the
phosphorylation of Kv4.2-containing potassium channels,
resulting in increased dorsal horn neuron excitability (Hu
et al. 2007). Therefore, downregulation of spinal mGIluR1/5
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Fig. 5 Effect of intrathecal injections of AAV-SIRT1-shRNA on pain
behavior in normal mice. a, b Western blots showing the levels of the
SIRT1 protein. ¢ Real-time PCR analysis of the SIRT1 mRNA. d A
SIRT1 fluorometric kit was used to detect SIRT1 activity. e Paw with-
drawal mechanical threshold in naive, AAV-GFP control, and SIRT1

expression decreases synaptic transmission, pain sensitivity,
and the excitability of dorsal horn neurons.

In the present study, levels of the mGIuR1/5 protein and
mRNA were significantly increased in the spinal cord of
tumor-bearing mice compared with sham mice, indicat-
ing critical roles for mGluR1/5 in the development and
maintenance of BCP. These results are consistent with a
previous study (Ren et al. 2012). Similar to the behavioral
changes, the increased levels of the mGluR1/5 protein and
mRNA were decreased by the intrathecal administration of
SRT1720. In contrast, the levels of the mGluR1/5 protein
and mRNA were increased in AAV-SIRT1-shRNA-treated
mice compared with control mice.

Moreover, the level of the SIRT1 protein was decreased
in the DRG of mice with BCP, indicating that SIRT1
expressed in the DRG was involved in the pathophysiol-
ogy of BCP. Notably, mGluR1 and mGIuRS5 are expressed
in DRG (Carlton and Hargett 2007; Masuoka et al. 2016).
The level of the mGIluRS5 protein is significantly increased
in the DRG of a rat model of diabetic neuropathic pain (Li
et al. 2010). The intrathecal administration of SRT1720

@ Springer

shRNA groups. f The number of spontaneous flinches in naive,
AAV-GFP control, and SIRT1 shRNA groups. Data are presented as
mean+SD. n=6 mice in each group. **P <0.01 compared with the
naive group

also altered SIRT1 expression in the DRG. Accordingly,
the upregulation of SIRT1 in the DRG, which may inhibit
mGluR1/5 expression, potentially contributed to the antin-
ociceptive effects of the intrathecal injection of SRT1720.
However, our present study only focuses on spinal SIRT1
expression during the development and maintenance of
BCP. The mechanism by which SIRT1 expressed in the
DRG or supraspinal areas contributes to the pathophysiol-
ogy of BCP will be analyzed in our ongoing research. In
summary, these findings are evidence that SIRT1 probably
attenuates BCP by inhibiting mGluR 1/5 expression in the
mouse spinal cord.

However, our study has a limitation in that we did
not determine the mechanism by which SIRT1 inhibits
mGluR1/5 expression due to technical constraints. In sub-
jects with type 2 diabetes mellitus-induced neuropathic
pain, SIRT1 activation alleviates pain behavior and epige-
netically downregulates mGluR1/5 expression. Therefore,
further studies are needed to determine whether SIRT1
mGluR1/5 expression in a mouse model of BCP by modu-
lating deacetylation.
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Fig.6 Effect of intrathecal injections of AAV-SIRT1-shRNA on the
levels of the mGIuR1/5 protein and mRNA in the spinal cord of nor-
mal mice. a, b Western blots showing the levels of the mGIuR1 pro-
tein. ¢, d Western blots showing the levels of the mGIuRS5 protein.

Conclusions

Our present results indicate a critical role for spinal SIRT1
in the development and maintenance of BCP and further
suggest that the activation of spinal SIRT1 by SRT1720
functionally attenuates BCP in mice, probably by inhibit-
ing mGluR1/5 expression. This study reveals some of the
mechanisms of BCP and may provide new insights into the
clinical treatment of BCP.
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