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Abstract: Neuropathic pain is caused by lesion or inflammation of the nervous system and characterized by the
symptoms of allodynia, hyperalgesia and spontaneous pain. SIRT1 (Sir2) is a NAD-dependent deacetylase and
is reported to regulate a wide variety of cellular processes including inflammation, aging and lifespan extension.
Nevertheless, the role of SIRT1 in neuropathic pain is not fully understood. The present study was intended to detect
the effect of intrathecal SRT1720, a SIRT1 agonist, using quantitative real-time PCR and western blot analysis over
time in rats following chronic constriction injury (CCl) or sham surgery. In addition, the effect of intrathecal injection
of SRT1720 on thermal hyperalgesia and mechanical allodynia was evaluated in CCl rats. It was found that daily
intrathecal injection of SRT1720 before and 1, 3, 5, 7 days after CCl surgery produced a transient inhibitory effect
on thermal hyperalgesia and mechanical allodynia in CCI rats. In addition, an intrathecal injection of STR1-siRNA
before SRT1720 administration reversed the anti-nociceptive effect of SRT1720. Furthermore, intrathecal injection
of SRT1720 significantly down-regulated the expression of mammalian target of rapamycin (mROT), NF-kB and in-
flammatory cytokines, such as IL-6, TNF-a and iNOS mRNA. These data indicate that intrathecal SRT1720 may be an
alternative strategy for the treatment of neuropathic pain. Our findings suggest that intrathecal SRT1720, a SIRT1
agonist, exerts antihyperalgesic and antiinflammatory effects on CCl-induced neuropathic pain in rats.
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Introduction mation, aging and lifespan extension [3-5].
Through histones deacetylation and transcrip-
tion factors, SIRT1 modifies several gene
expression, including nuclear factor-kB (NF-«B),
p53, FOXOs and hypoxia-inducible factor-1a
(HIF-1x) [6, 7]. Thus, SIRT1 plays a pivotal role
in regulating the inflammatory, immune, and
apoptotic responses in mammals. Using a
myeloid cell-specific SIRT1 knockout mouse
model, some researches showed that ablation
of SIRT1 in macrophages rendered NF-kB hyper-
acetylated, resulting in increased transcription-
al activation of pro-inflammatory target genes

Neuropathic pain, resulted from lesion or
inflammation of the nervous system, is charac-
terized by the symptoms of allodynia, hyperal-
gesiaand spontaneous pain[1, 2]. Accumulating
evidence demonstrated that a great proportion
of mediators involved in the symptoms of neu-
ropathic pain, including cytokines, bradykinin,
ATP and adenosine, serotonin, eicosanoids,
neurotrophins and so on [1]. However, because
of the poorly understanding of the underlying
mechanisms in neuropathic pain, it is often
severely enervating and largely resistant to

treatment.

SIRT1 (Sir2), as a member of the silent informa-
tion regulator family, is a NAD-dependent
deacetylase and is reported to regulate a wide
variety of cellular processes including inflam-

[8]. Presently, SIRT1 is gaining increasing impor-
tance in the development of innovative treat-
ment strategies for cancer, neurodegenerative
disorders and metabolic disease [9, 10].
Nevertheless, the role of SIRT1 in neuropathic
pain is not fully understood.
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Recently, SRT1720 has been reported to be a
small molecule activator of SIRT1 and exhibited
1,000-fold potencies than resveratrol. The
administration of SRT1720 to monosodium glu-
tamate (MSG) mice significantly ameliorated
liver lipid accumulation by directly reducing the
expressions of lipogenic genes [11]. Fur-
thermore, recent studies have demonstrated
the efficacy of SRT1720 on inflammation, tumor
metastasis, and amelioration of fatty liver [12].
However, the mechanisms responsible for the
effects of SRT1720 on neuropathic pain have
not been fully elucidated.

In this study, we hypothesized that the activa-
tion of SIRT1 by SRT1720 may ameliorate neu-
ropathic pain via the antihyperalgesic and anti-
inflammatory effects. Thus we investigated the
effects of SRT1720 treatment on Chronic
Constriction Injury (CCI) -induced mechanical
allodynia and thermal hyperalgesia in Sprague-
Dawley rats. The alteration of cytokines or relat-
ed factors accounting for SRT1720 injection
were also examined in rats. Here, we provide
evidence that the treatment with SRT1720
ameliorates the CCl-induced neuropathic pain
with antihyperalgesic and antiinflammatory
effects.

Materials and methods
Animals

The procedures of animal experiments were
performed by Guide for the Care and Use of
Laboratory Animals and were approved by
Zhejiang Chinese Medical University. All surgi-
cal procedures were performed under general
anaesthesia, and every effort was made to
minimize stress. Specific pathogen free (SPF)
male Sprague-Dawley rats weighing 200-220 g
were purchased from Animal Experimental
Center, Zhejiang Chinese Medical University,
China. Animals were housed in standard cage
in a temperature-controlled (22+2°C) colony
room under a 12 h light/dark cycle regime, with
food and water available.

Implantation of intrathecal catheter

For intrathecal drug administration, rats were
chronically implanted with catheters as previ-
ously described [13]. Briefly, intrathecal poly-
ethylene catheter (PE-10, Becton Dickinson
and Company, Sparks, MD, U.S.A.) was inserted
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caudally from the cistern magna and advanced
7.0-7.5 cm to the level of lumbar enlargement.
Proper location was confirmed by a temporary
motor block of both hind limbs after injection of
10 pL 2% lidocaine. Only animals with no evi-
dence of neurologic deficit after the operation
were studied. All experiments were conducted
one week after implantation of intrathecal
catheter. For intrathecal administration, drugs
were given by using a microinjection syringe
over a 60 s interval in a volume of 10 pL, fol-
lowed by a flush with 10 L physiological saline.
Injections were given daily from day O to day 5
after CClI surgery.

Induction of chronic constriction injury

CCI surgery was performed according to meth-
ods described previously [14]. Rats were anes-
thetized with 4% pentobarbital sodium, and a 7
mm segment of the right common sciatic nerve
was exposed at the mid-thigh level. Four liga-
tures (4.0 chromic catgut) threaded at four
sites with approximately 1 mm intervals were
loosely tied around the nerve proximally to the
sciatic trifurcation, while the same procedure in
the sham-operated control group was per-
formed by tying the left sciatic nerve without
ligation. After suturing the muscle and skin, the
major manifestations of neuropathic pain, such
as mechanical allodynia and thermal hyperal-
gesia, would fully develop 14 days after
surgery.

Mechanical allodynia

Rats were assessed for behaviors with 1 h
before drug administration (baseline) and at 1,
3, 5 and 7 days after drug injection after CCI.
Mechanical allodynia was assessed using an
automated testing device (dynamic plantar
anesthesiometer, UgoBasile, Italy) as described
previously [15]. Rats were placed on a metal
mesh floor and the mechanical stimulus was
delivered to the plantar surface of the right
hind paw from below the floor of the test cham-
ber. A steel rod, 0.5 mm in diameter, was
pushed against the hind paw with increasing
pressure, which increased lineally from O to 50
g over a 20 s period. When the animal removed
its paw, the pressure threshold of paw with-
drawal (PWT) was recorded automatically. The
right hind paw was tested at 30 s intervals and
three responses were averaged to represent
PWT.
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Figure 1. STR1720 attenuates the development of neuropathic pain in rats. An intrathecal administration of 20 mg/
kg STR1720 before CCl surgery into rats. The development of mechanical allodynia (A) and thermal hyperalgesia (B)
induced by CCI surgery. n=10 in each group for behavior test; Sham operation group, the control group; CCI group,
rats experienced CCl surgery; CCl + STR1720 group, rats treated with SRT1720 before CCl surgery. Data are means
+ SD in ech group; "P<0.05 vs sham operaton group; #P<0.05 vs CCI group.

Thermal hyperalgesia

A radiant heat paw withdrawal test was used to
examine thermal hypersensitivity as described
previously [16]. Briefly, each rat was placed on
a glass plate (Ugo Basile, Italy) with radiant
heat equipment underneath. After a 30 min
acclimation period, the radiant heat source
under the glass floor was positioned directly
under the right hind paw. The controller detect-
ed latency to the paw withdrawal (PWL)
response when the animal withdrew its hind
paw. The intensity of the heat stimulus was set
to 30% of the maximum output power. The
latency of paw withdrawal after heat stimula-
tion was measured three times at 5 min inter-
vals, and its mean value was used as the laten-
cy of the response. The cut-off of heat applica-
tion was automatically set at 20 s to avoid tis-
sue damage.

Intrathecal delivery of siRNA

SiRNAs were stored in aliquots at -80°C. For
intrathecal treatment, the stock siRNAs (2.5 ug
of the appropriate siRNA) prepared in double
distilled RNase free water were mixed (1:5 v/v)
with PEI reagent (Fermentas Inc., Glen Burnie,
MD, USA). The siRNA was mixed with PEI (dis-
solved in 5% glucose) for 10 min before injec-
tion to increase cell membrane penetration
and reduce degradation. After recovery from
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the surgery (7 days), the animals received intra-
thecal injections (2.5 uyg siRNA/10 ul/rat) of
either SIRT1-selective siRNA mixture (SIRT1
siRNA group) or i-Fect non-targeting dsRNA
(control mismatch siRNA group). Intrathecal
injections of the siRNAs or the transfection
agent alone did not cause any sign of behav-
ioral toxicity.

Western blot analysis

Western blot analysis was performed to con-
firm the proteins level of NF-kB/Ac-NF-kB and
mTOR in the spinal cord. Nuclear extracts were
prepared from ipsilateral lumbar spinal cord tis-
sues as previously described [17]. Briefly, pro-
teins were separated on an 8% polyacrylamide
SDS-PAGE gel and transferred onto a nitrocel-
lulose membrane. The nitrocellulose mem-
brane was blotted with a primary antibody and
GAPDH (mouse monoclonal antibody, Cell
Signaling Technology, USA) followed by a sec-
ondary antibody conjugated with horseradish
peroxidase. Protein signals were detected with
an ECL system (Amersham Pharmacia Biotech,
Uppsala, Sweden).

Quantitative real-time PCR

Total RNA was extracted from ipsilateral lumbar
spinal cord tissues. Extracted RNA was pre-
treated with DNase | at 37°C for 30 minutes
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Figure 2. SIRT1-siRNA reverses the development of neuropathic pain in rats induced by STR1720. An intrathecal
administration of si-SIRT1 before CCI surgery into rats. The development of mechanical allodynia (A) and thermal
hyperalgesia (B) induced by CCl surgery. n=10 in each group for behavior test; STR1720 + si-control, rats adminis-
trated STR1720 and si-control before CCl surgery; STR1720 + si-SIRT1, rats administrated STR1720 and si-SIRT1
before CCl surgery. Data are means + SD in ech group; "P<0.05 vs STR1720 + si-control.

before reverse transcription reaction, which
was performed using a high capacity cDNA
archived kit (TaKaRa, Japan). A Real-Time PCR
Detection System (Roche, Switzerland) was
used to continuously monitor the intensity of
fluorescence, which was directly proportional
to the PCR products.

Statistical analysis

Statistical analysis was performed in SPSS
16.0 (SPSS, Chicago, IL). All data were
expressed as mean 6 standard error of mean
(SEM). Data from the immunohistochemical
analysis, Western blots, and real-time PCR
studies were analyzed using a one-way analysis
of variance (ANOVA) followed by post hoc
Dunnett’s testing. Data from the nociceptive
tests were analyzed using ANOVA followed by
Bonferroni testing for tactile allodynia testing.
P<0.05 was considered significant. The indi-
vidual investigators responsible for behavioral
testing and quantification were blinded to the
experimental conditions.

Results

SRT1720 attenuates CCl-induced mechanical
allodynia and thermal hyperalgesia

To detect whether SRT1720 could attenuate
CCl-induced neuropathic pain, mechanical allo-
dynia and thermal hyperalgesia were examined
in Sprague-Dawley rats, which were sacrificed
before and at 1, 3, 5, 7 days after CCl or sham
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surgery. It was found that rats in CCl group
developed an evident mechanical allodynia and
thermal hyperalgesia in the spinal cord, as
compared with sham group (Figure 1).
Furthermore, this pain reached the peak at 5
days after CCl surgery. This finding demonstrat-
ed the occurrence of neuropathic pain induced
by CCI in rats. In comparison to CCl group,
mechanical allodynia and thermal hyperalgesia
were obviously alleviated in rats intrathecal
administrated STR1720 before CCl surgery
(P<0.05) (Figure 1). Conversely, sham-operated
group had no significant modification of noci-
ceptive threshold. Taken together, these results
supposed that intrathecal administration of
STR1720 could attenuate CCl-induced mechan-
ical allodynia and thermal hyperalgesia in rats.

SIRT1-siRNA reverses the effects of STR1720
on CCl-induced mechanical allodynia and ther-
mal hyperalgesia

As SRT1720 was known to be a potent and spe-
cific activator of SIRT41, we further investigated
the analgesic effects of STR1720 through
administration SIRT1-siRNA into rats. As illus-
trated in Figure 2, pretreatment of SIRT1-
selective siRNA mixture (2.5 pg/rat, once daily,
4 days) in rats, which administrated STR1720
before CCl surgery, evoked the development of
mechanical allodynia and thermal hyperalge-
sia, in spite it delayed the onset of mechanical
allodynia. This finding indicated that SIRT1-
siRNA significantly reversed the antihyperalge-
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Figure 3. The effects of SRT1720 on CCl-induced
mTOR protein levels. Sham operation group, the con-
trol group; CCI group, rats experienced CCI surgery;
CCl + STR1720 group, CCI group rats treated with
SRT1720.

sic and antiallodynic activity of SRT1720 treat-
ment (P<0.05).

SRT1720 decreases the expression of CCl-
induced mammalian target of rapamycin
(mTOR)

llona Obara suggested that systemic inhibition
of the mTOR pathway reduced neuropathic pain
in mice and might be as a potential target for
therapeutic intervention, particularly in chronic
pain [18]. To investigate the alteration of mTOR
effected by SRT1720, western blot was per-
formed and the result was showed in Figure 3.
Clearly, up-regulation of mTOR protein level was
detected in CCl group compared with sham-
operated. Additionally, the protein level of
mTOR was lower in CCl + SRT1720 group than
in CCI group (Figure 3). These results support-
ed that SRT1720 down-regulated the mTOR
protein levels in rats experienced CCl surgery.

SRT1720 decreases the expression of CCl-
induced NF-kB

One of the non-histone cellular substrates of
SIRT1 is the transcription factor NF-kB and acti-
vation of NF-kB has been detected in dorsal
root ganglia in animal models of neuropathic
pain [19, 20]. As shown in Figure 4, NF-kB and
acetylated-NF-kB (Ac-NF-kB) protein levels we-
re increased in rats of CCl group compared with
sham-operated group. Moreover, SRT1720
treatment led to decreased NF-kB and NF-kB
acetylation in CCl rats.

SRT1720 inhibited CCl-induced IL-6, TNF-a,
and iNOS activation

Accumulating reports revealed that SRT1720
could decrease the expression of genes in-

7156

A
sham group
NF-xB

0 Day

CCI group
NF-«B

CCI+SRT1720
group NF-«B

- v

GAPDH

B
sham group
Ac-NF-xB

0 Day

5 Day

. o

3 Day

CCI group
Ac-NF-kB

CCI+SRT1720
group Ac-NF-kB

GAPDH -37KD

Figure 4. The effects of SRT1720 on CCl-induced
NF-kB protein levels. Sham operation group, the con-
trol group; CCl group, rats experienced CCI surgery;
CCl + STR1720 group, CCI group rats treated with
SRT1720.

volved in inflammatory cytokines. Therefore,
RT-PCR was performed to detect the expres-
sion of IL-6, TNF-a« and iINOS mRNA. As dis-
played in Figure 5, a significant up-regulation of
IL-6, TNF-a and iNOS mRNA expression was
found in CCl group compared to the sham
group. While, IL-6, TNF-a and iNOS mRNA levels
were significantly lower in SRT1720 treated
rats than in CCl group rats (P<0.05) (Figure 5).

Discussion

Numerals studies reported that a variety of
alterations in pain-related gene expression and
modification attributed to symptoms of neuro-
pathic pain. Abnormal histone acetylation, as
one of the characteristic alterations in gene
modification, is believed to be one of the tran-
scription factor-mediated epigenetic mecha-
nisms underlying neuropathic pain. SIRT1 is a
NAD-dependent deacetylase and has been
reported to participate in several physiological
phenomena, such as longevity, diabetes melli-
tus, metabolism, cardiac function, neurodegen-
eration, memory and plasticity, inflammation,
circadian rhythms, and cancer. Moreover,
SIRT1 is believed to act as an alleviator of sys-
temic, tissue, or cellular dysfunction. Cor-
respondingly, the present results support the
ameliorating effects of SIRT1 activators.

In this study, we examined the involvement of
SIRT1 in CCl-induced neuropathic pain by using

Int J Clin Exp Med 2015;8(5):7152-7159
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a specific activator, SRT1720. We found that
the development of CCl-induced mechanical
allodynia and thermal hyperalgesia could be
ameliorated through pretreatment of intrathe-
cal SRT1720 in rats. While, this analgesic effect
could be reversed by SIRT1-siRNA. Takeshi
Yoshizaki et al suggested that SIRT1 served as
a negative regulator of inflammatory pathway
activation and a positive regulator of insulin sig-
naling in adipocytes [20]. However, Shingo
Imanishi’s report indicated that an excess of
food containing SIRT1 activators, such as
SRT1720, have potentially harmful effects
depending on the disease or organ, especially
in the case of acute inflammation [21]. Taken
together, the findings in our study indicated
that as a SIRT1 agonist, SRT1720 could amelio-
rate CCl-induced neuropathic pain in rats.

mMTOR played an established role in controlling
local protein synthesis in axons and in the mod-
eration of memory processes [22, 23]. Lately,
local cutaneous and intrathecal administration
of rapamycin, an mTORC1 inhibitor, has been
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Figure 5. The effects of SRT1720 on CCl-induced IL-
6, TNF-, and iINOS mRNA levels. Sham group, the
control group; CCI group, rats experienced CCI sur-
gery; CCl + STR1720 group, CCI group rats treated
with SRT1720. Data are means = SD n each group;
“P<0.05 vs sham opration group; *P<0.05 vs CClI

group.

reported to alleviate the increased mechanical
hypersensitivity associated with local inflam-
mation or in a model of neuropathic pain [24].
In this regard, we further explored the effect of
SRT1720 on mTOR pathway with western blot.
The results showed that mTOR could be acti-
vated by CCl surgery and SRT1720 down-regu-
lated the mTOR protein levels in rats experi-
enced CCl surgery, which indicated that
SRT1720 also alleviated the mechanical hyper-
sensitivity in CCl model of neuropathic pain.

Based on the established role of macrophages
and inflammation in causing neuropathic pain,
the role of SRT1720 in regulating inflammatory
pathways is of importance. In consideration of
this respect, we found that SRT1720 also inhib-
ited the activity of CCl-induced NF-kB. For
inflammatory cytokines, IL-6, TNF-a« and iNOS
MRNA levels were also significantly lower in
SRT1720 treated rats than in CCI group rats.
These data supported that SRT1720 indeed
exerted antiinflammatory effect in neuropathic
pain.

Int J Clin Exp Med 2015;8(5):7152-7159
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Sommer et al reported that neuropathic pain
was alleviated in nerve-injured mice through
administration of neutralizing antibodies to the
IL-1 receptor [25]. In addition, intraneural injec-
tion of TNF into rat induced thermal mechanical
and allodynia hyperalgesia [26]. Nitric oxide
was a diffusible free radical that was synthe-
sized by inducible nitric oxide synthases (iNOS),
and nitric oxide was also closely related to cen-
tral mechanisms of hyperalgesia [27]. There-
fore, in present study, we could see SRT1720
may exert antiinflammatory effect on neuro-
pathic pain through down-regulating these
inflammatory cytokines.

In conclusion, our results have provided some
evidence that the development of neuropathic
pain can be ameliorated by the administration
of SRT1720, a newly synthesized SIRT1 activa-
tor, through exerting antihyperalgesic and anti-
inflammatory effects. This may be a novel
mechanism underlying neuropathic pain. It may
be possible that the manipulation of SIRT1
activity by SRT1720 in epidural anaesthesia
combined with local anesthetics could provide
new therapeutic opportunities for the treat-
ment of neuropathic pain induced by nerve inju-
ries associated with some surgical procedures
such as amputation or thoracic operation.
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