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Overexpression of SIRT2 Alleviates Neuropathic Pain
and Neuroinflammation Through Deacetylation
of Transcription Factor Nuclear Factor-Kappa B

Yong Zhang' and Dachao Chi®*?

Abstract—  Sirtuin 2 (SIRT2), a member of the mammalian sirtuin family, plays an important
role in the pathogenesis of various neurological diseases. However, whether SIRT2 is in-
volved in the regulation of neuropathic pain remains unclear. In this study, we aimed to in-
vestigate the potential role of SIRT?2 in regulating neuropathic pain in a rat model induced by
chronic constriction injury (CCI). We found that SIRT2 was downregulated in the dorsal root
ganglion (DRG) in CCI rats. Intrathecal injection of a recombinant adenovirus expressing
SIRT2 markedly alleviated mechanical allodynia and thermal hyperalgesia in CCI rats. This
also inhibited the expression of tumor necrosis factor-o (TNF-), interleukin-1[3 (IL-1[3), and
IL-6 in the DRG of CCI rats. Moreover, our results showed that overexpression of SIRT2
inhibited the acetylation of the nuclear factor-kappa B (NF-«kB) p65 protein in the DRG of
CCI rats. Additionally, treatment with a SIRT2 specific inhibitor significantly aggravated
neuropathic pain and attenuated the inhibitory effect of SIRT2 overexpression on neuropathic
pain development. Taken together, these results suggest that overexpression of SIRT2
alleviates neuropathic pain associated with inhibition of NF-«kB signaling and neuroinflam-
mation. Therefore, SIRT2 may serve as a potential therapeutic target for treatment of

neuropathic pain.
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INTRODUCTION

Neuropathic pain is a chronic disorder of the nervous
system characterized by hyperalgesia in response to nox-
ious stimuli or allodynia in response to non-painful stimuli
[1, 2]. Neuropathic pain is currently a notable public health
problem and greatly impacts on individual quality of life,
affecting a broader population worldwide [3, 4]. However,
the therapeutic effects of current pharmacological agents
for neuropathic pain remain unsatisfied [5]. Therefore, a
better understanding of the molecular mechanisms contrib-
uting to neuropathic pain development may help the de-
velopment of novel therapeutics towards pain
management.
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Neuroinflammation is a hallmark of neuropathic pain
[6]. Astrocytes and microglia in the spinal cord dorsal horn
react to nerve injury, leading to persistent neuroinflamma-
tion [7]. The release of proinflammatory cytokines, includ-
ing tumor necrosis factor (TNF)-«, interleukin (IL)-1f3,
and IL-6, contributes to the development of neuropathic
pain development [8]. Various transcription factors, such as
nuclear factor-kappa B (NF-kB), are involved in regulating
neuroinflammation during neuropathic pain development
[9], and inhibition of NF-kB significantly attenuates neu-
ropathic pain. Therefore, suppression of neuroinflamma-
tion may be beneficial in preventing the development of
neuropathic pain.

Sirtuin 2 (SIRT2) is a member of the sirtuin family,
which is a group of nicotinamide adenine dinucleotide-
dependent deacetylases [10]. SIRT2 is involved in reg-
ulating various biological functions, including prolifer-
ation, apoptosis, senescence, metabolism, and inflam-
mation [11, 12]. A growing body of evidence has
reported that SIRT2 regulates various physiological
and pathological processes, including tumorigenesis
[13], sepsis [14], and neurodegenerative disorders
[15]. SIRT2 has been reported to regulate various sig-
naling pathways through deacetylation of forkhead box
O1 (FoxOl), forkhead box 3a (FOXO3a), and p53 [16—
18]. In addition, studies have shown that SIRT?2 inhibits
inflammation through deacetylation of the NF-kB p65
protein and inhibits NF-kB-dependent proinflammatory
cytokine expression [19, 20].

An increasing number of studies have reported that
SIRT2 is involved in the regulation of neurological dis-
eases and neuroinflammation [21, 22]. However, whether
SIRT2 is involved in regulating neuropathic pain remains
unknown. In this study, we aimed to investigate the role of
SIRT2 in regulating neuroinflammation and neuropathic
pain development using a chronic constriction injury
(CCI)-induced neuropathic pain model. We found that
SIRT2 was downregulated in the dorsal root ganglion
(DRG) in CCI rats. Intrathecal injection of recombinant
adenovirus expressing SIRT2 (Ad-SIRT2) markedly alle-
viated mechanical allodynia and thermal hyperalgesia in
CCI rats, and inhibited the expression of TNF-¢, IL-1f3,
and IL-6 in the DRG of CCI rats. Moreover, we found that
overexpression of SIRT2 inhibited the acetylation of the
NF-kB p65 protein in the DRG of CCI rats. Additionally,
treatment with the SIRT2 specific inhibitor, AK-7, signif-
icantly aggravated neuropathic pain and attenuated the
inhibitory effect of SIRT2 overexpression on neuropathic
pain development. Taken together, these results suggest
that overexpression of SIRT2 alleviates neuropathic pain
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associated with inhibition of NF-«kB signaling-mediated
neuroinflammation. Therefore, SIRT2 may serve as a po-
tential therapeutic target for preventing neuropathic pain.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats weighing 180—
200 g were purchased from the Experimental Animal
Center of Xi’an Jiaotong University. The rats were raised
in separated cages at 22+ 1 °C and 50-60% humidity
under a 12/12-h light/dark cycle with free access to water
and food. The animal experiments were performed accord-
ing to the guidelines of the International Association for the
Study of Pain and the National Institute of Health Guide for
the Care and Use of Laboratory Animals. This study was
reviewed and approved by the Institutional Animal
Care and Use Committee of Shaanxi Provincial
People’s Hospital.

Establishment of Neuropathic Pain Model Induced
by Chronic Constriction Injury

The rat model of neuropathic pain was induced by
bilateral chronic constriction injury (CCI) according to a
previously described method [23]. Briefly, rats were anes-
thetized with an intraperitoneal injection of sodium pento-
barbital (40 mg/kg). The sciatic nerves on both sides were
exposed and isolated from surrounding tissues. Then, the
sciatic nerves were loosely ligated with a 4-0 catgut thread
at four sites with an interval of 1 mm. In sham surgery, the
sciatic nerves were exposed but not ligated. Rats with sham
surgery were used as control.

Implantation of Intrathecal Catheter

Intrathecal catheter implantation was conducted
according to a method described previously [24]. Briefly,
rats were anesthetized, and the polyethylene catheter was
inserted in the cisterna magna through an incision ad-
vanced 7.0 cm caudally to the lumbar enlargement. Proper
location of the intrathecal implantation was confirmed by
bilateral hind limb paralysis with injection of 2% lidocaine
(Sigma, St. Louis, MO, USA). Afterwards, the catheter
was fixed and the incision was sealed.

Administration of Recombinant Adenoviruses

Recombinant adenoviruses-SIRT2 (Ad-SIRT2) were
purchased from Applied Biological Materials Inc.
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(Richmond, Canada). The recombinant adenoviruses were
amplified using 293 T cells and then purified using double
CsCl purification. For gene transfer, 1x 10® pfu
recombinant adenoviruses were injected with a
microinjection syringe linked with the intrathecal
catheter. For biological experiments, the L4-L5 lumbar
spinal cords were removed and the DRG from L4-L5
lumbar spinal cords were dissected for detection.

Real-Time Quantitative Polymerase Chain Reaction
Analysis

Total RNAs were isolated using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA), and cDNA was synthesized
using PrimeScript™ RT Master Mix (Takara, Dalian, Chi-
na), according to the manufacturer’s instructions. PCR
amplification was performed using Power SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA,
USA) and specific primers on an ABI 7500 real-time PCR
system (Applied Biosystems). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the inter-
nal control for normalizing gene expression. The data were
analyzed using the 2 A2 method.

Western Blot Analysis

Proteins from DRGs were extracted using a Tissue
Protein Extraction Kit (Weiao Biotech, Shanghai, China).
Protein concentrations were determined using a bicinchoninic
acid (BCA) kit (Beyotime Biotechnology, Haimen, China).
Equal amounts of proteins (40 pg) were separated using 10%
sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto a polyvinylidene
fluoride membrane (Millipore, Billerica, MA, USA). The
membrane was rinsed in blocking buffer for 1 h at 37 °C
and then incubated with primary antibodies, including anti-
SIRT2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-NF-kB p65 (Santa Cruz Biotechnology), anti-NF-«B
p65 (acetyl K310) (Abcam, Cambridge, UK), and anti-
GAPDH (Santa Cruz Biotechnology) at 4 °C overnight.
Afterwards, the membrane was incubated with horseradish
peroxidase-conjugated secondary antibody (1:2000; Beyo-
time Biotechnology). The staining was visualized using en-
hanced chemiluminescence reagents (Pierce, Rockford, IL,
USA). The intensity of protein bands was quantified by
Image-Pro Plus 6.0 software.

Enzyme-Linked Immunosorbent Assay

Levels of IL-1f3, IL-6, and TNF-o were determined
by using commercially available ELISA kits (R&D

Systems, Minneapolis, MN, USA) following the manufac-
turer’s recommended protocol.

Evaluation of Thermal Hyperalgesia and Mechanical
Allodynia

Thermal hyperalgesia was determined by measuring
the paw withdrawal latencies (PWLs) in response to radiant
heat stimulation. Briefly, the rats were placed in a plastic
chamber upon a radiant heat source. The time duration
between the start and paw withdrawal in response to the
heat source was automatically recorded by a digital timer.
A 30-s cutoff time was used to avoid tissue damage.
Mechanical allodynia was determined by measuring the
paw withdrawal threshold (PWT) in response to the stim-
ulation of Von Frey hair (IITC, Woodland Hills, CA,
USA). Rats were placed in a plastic cage with a plexiglass
floor and then subjected to an ascending series of Von Frey
hairs. The withdrawal reflex of at least three of the five
applications was defined as a positive response.

Data Analysis

Data are presented as means =+ standard deviation.
Statistical analyses were performed using one-way analysis
of variance followed by a Bonferroni post hoc test, with
SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Dif-
ferences with p <0.05 were considered statistically
significant.

RESULTS

SIRT2 Is Downregulated in the DRG of CCI Rats

To investigate the potential relevance of SIRT2
in neuropathic pain, we firstly examined the expres-
sion status of SIRT2 in CCI rats. RT-qPCR analysis
showed that the mRNA expression of SIRT2 was
significantly downregulated in the DRG of CCI rats
compared with the sham group in a time-dependent
manner (Fig. la). Moreover, western blot analysis
demonstrated that the protein expression of SIRT2
was also decreased in CCI rats (Fig. 1b). These
results indicate that the decreased expression of
SIRT2 may contribute to the development of neuro-
pathic pain.
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Fig. 1. Decreased expression of SIRT2 in the DRG of CCl rats. a The relative mRNA expression of SIRT2 was detected by RT-qPCR. b The relative protein
expression of SIRT2 was detected by western blot. The L4-L5 lumbar spinal cords were removed at postoperative days 1, 3, 7, and 14 after CCI, and the DRG

was dissected for detection. N=3, *p <0.05 vs. sham group.

Overexpression of SIRT2 Attenuates Mechanical
Allodynia and Thermal Hyperalgesia in CCI Rats

To investigate the biological function of SIRT2
in regulating neuropathic pain, we overexpressed
SIRT2 in CCI rats by intrathecal injection of recom-
binant adenovirus expressing SIRT2 (Ad-SIRT2). RT-
qPCR and western blot analysis showed that infec-
tion of Ad-SIRT2 significantly upregulated the
mRNA and protein expression of SIRT2 in the
DRG of CCI rats (Fig. 2a, b). We then examined
the effect of SIRT2 overexpression on neuropathic
pain development by assessment of thermal
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hyperalgesia and mechanical allodynia. The results
showed that overexpression of SIRT2 significantly
alleviated thermal hyperalgesia (Fig. 3a) and mechan-
ical allodynia (Fig. 3b) of CCI rats, implying that
overexpression of SIRT2 inhibited neuropathic pain
development.

Overexpression of SIRT2 Inhibits Neuroinflammation
in CCI Rats

To further investigate the biological function of
SIRT2 in regulating neuropathic pain, we examined
the effect of SIRT2 overexpression on
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Fig. 2. Intrathecal injection of recombinant ad-SIRT2 upregulates SIRT2 expression in CCI rats. The rats were infected with recombinant ad-SIRT2 by
intrathecal injection 1 day before CCI surgery. The L4-L5 lumbar spinal cords were removed at postoperative day 7, and DRG was dissected for detection.
The mRNA (a) and protein (b) expression in the DRG were detected by RT-qPCR and western blot, respectively. N =3, *p < 0.05.
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Fig. 3. Overexpression of SIRT?2 alleviates mechanical allodynia and thermal hyperalgesia in CCI rats. a Thermal hyperalgesia was determined by measuring
the paw withdrawal latencies (PWLs) in response to radiant heat stimulation. b Mechanical allodynia was determined by measuring the paw withdrawal
latencies (PWT) in response to von Frey hair stimulation. N =6, *p < 0.05 vs. sham; p < 0.05 vs. CCI + Ad-control.

neuroinflammation. RT-qPCR analysis showed that protein expression of TNF-«, IL-13, and IL-6 (Fig.
the mRNA expression levels of TNF-«, IL-13, and 4d—f) were markedly decreased by SIRT2 overexpres-
IL-6 (Fig. 4a—) were significantly downregulated by sion in the DRG of CCI rats. Overall, these data

SIRT2 overexpression in the DRG of CCI rats. indicate that overexpression of SIRT2 inhibits neuro-
Moreover, ELISA detection also showed that the inflammation in CCI rats.
a 4+ * * b 4+ c 39
3 — © * *
& " * * 1
S Z 3 2 &3 é =
I t AR ‘s
E o E © E =
57 227
5 @ & 4 = 3
= 2 | 3 = 0
g g gz g8
= 5 &
o 0-
W o 0 S 0 <V
S ¢ o 6%\‘23 S ¢ N P@'%\%
ROl OO
d e f
*
= 500- ~ 300~ * * 300 .
£ * * E cl
& 400- = 3
Z £ 200 2 200
g 300+ = =
2 200 2 2
s & 100+ & 1004
o, 100 = 2
' —
£ o = 0 = 0-
WS 0 S 0 WS
%\\‘&\ Qs N %\QL‘ %\0’& 000'60 %\‘2:‘ %«Q‘A\
N -
& SSINeY

Fig. 4. Overexpression of SIRT2 suppresses neuroinflammation in CCI rats. Relative mRNA expression levels of TNF-« (a), IL-1{3 (b), and IL-6 (c¢) in the
L4-L5 DRG at postoperative day 7 were detected by RT-qPCR. Protein expression levels of TNF-« (d), IL-1f3 (e), and IL-6 (f) were assessed by ELISA
method. N=3, *p <0.05.
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Overexpression of SIRT2 Decreases the Acetylation
of NF-kB p65

To investigate the molecular mechanism of
SIRT2 in regulating neuropathic pain, we detected
the effect of SIRT2 on NF-kB, which is a key
transcription factor controlling the expression of
pro-inflammatory cytokines during the development
of neuropathic pain development. We found that
overexpression of SIRT2 significantly suppressed the
acetylation of NF-kB p65 protein in the DRG of CCI
rats (Fig. 5a—c). The results suggest that SIRT2 may
inhibit NF-kB signaling by suppressing the acetyla-
tion of NF-kB p65.

Inhibition of SIRT2 Aggravates Neuropathic Pain
in CCI Rats

To confirm whether SIRT2 is involved in the
regulation of neuropathic pain, we further detected
the effect of SIRT2 inhibition on neuropathic pain.
We treated CCI rats with AK-7, a selective inhibitor
of SIRT2, and then detected the effect of AK-7 on
neuropathic pain development. The results showed
that inhibition of SIRT2 significantly aggravates neu-
ropathic pain in CCI rats (Fig. 6a, b). Furthermore,
inhibition of SIRT2 attenuated the inhibitory effect of
SIRT2 overexpression on neuropathic pain (Fig. 6a,
b). Moreover, we detected the effect of SIRT2 inhi-
bition on neuroinflammation and NF-kB signaling.
The results showed that inhibition of SIRT2 en-
hanced the expression of TNF-«, IL-13, and IL-6
(Fig. 7a—c) and promoted the acetylation of NF-kB
p65 (Fig. 7d—f). In addition, inhibition of SIRT2
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abrogated the inhibitory effect of SIRT2 overexpres-
sion on the expression of TNF-«, IL-1p, and IL-6
(Fig. 7a—) and the acetylation of NF-«kB p65 (Fig.
7d—f). Overall, these results confirmed that SIRT2
inhibits neuropathic pain development in CCI rats.

DISCUSSION

In the present study, our results showed that SIRT2
was downregulated in the DRG of CCI rats. Overexpres-
sion of SIRT2 inhibited mechanical allodynia and thermal
hyperalgesia in CCI rats. Moreover, overexpression of
SIRT2 reduced the acetylation of NF-kB p65 protein and
inhibited NF-kB signaling-mediated neuroinflammation.
These findings suggest an important role of SIRT2 in the
pathogenesis of neuropathic pain.

In recent years, an increasing number of studies have
reported that SIRT2 is involved in various neurological
diseases. Inhibition of SIRT2 inhibits alpha-synuclein tox-
icity in a cellular model of Parkinson’s disease [25]. Wang
et al. reported that SIRT2 inhibition diminished striatal
dopamine depletion and improved anti-oxidation ability
and behavior abnormality in a rat model of Parkinson’s
disease [26]. Loss of SIRT2 recovers microtubule stabili-
zation and facilitates the elimination of toxic A3 oligomers
in Alzheimer’s disease [27]. SIRT2 inhibition reduces ste-
rol levels and diminishes mutant huntingtin toxicity in
Huntington’s disease [28]. SIRT2 inhibition induces
antidepressant-like action, and overexpression of SIRT2
inhibits depressive behaviors [29, 30]. Xie et al. reported
that downregulation of SIRT2 protects the mouse brain
against ischemic stroke [31]. Krey et al. reported that
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Fig. 5. Overexpression of SIRT2 decreases the acetylation of NF-kB p65. The DRG dissected from the L4-L5 lumbar spinal cords at postoperative day 7
was subjected to detection. a Western blot analysis of total NF-kB p65 and acetylated NF-kB p65 (ac-NF-kB p65) protein expression. b Quantitative analysis
of total NF-kB p65 protein expression. ¢ Quantitative analysis of acetylated NF-kB p65 protein expression. N =3, *p <0.05; *p > 0.05.
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Fig. 6. Inhibition of SIRT2 aggravates neuropathic pain in CCI rats. CCI rats were administered with the selective SIRT2 inhibitor, AK-7, by intrathecal
injection (5 pg/day). a Thermal hyperalgesia was determined by measuring PWL. b Mechanical allodynia was determined by measuring PWT. N=6,
*

‘»<0.05.

knockdown of SIRT2 preserved neurological function after model [21]. However, whether SIRT2 is involved in regu-
experimental stroke in mice [32]. In contrast, Yuan et al. lating neuropathic pain remains unclear. In this study, we
reported that SIRT2 inhibition exacerbated blood-brain showed that SIRT2 was decreased in CCI rats, and over-
barrier disruption and traumatic brain injury in a mouse expression of SIRT2 significantly alleviated neuropathic
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Fig. 7. Inhibition of SIRT2 enhances neuroinflammation. Protein expression levels of TNF-« (a), IL-1f3 (b), and IL-6 (¢) were assessed by ELISA method. d
Western blot analysis of total NF-kB p65 and acetylated NF-kB p65 (ac-NF-«kB p65) protein expression. e Quantitative analysis of total NF-kB p65 protein
expression. f Quantitative analysis of acetylated NF-kB p65 protein expression. N=3, *p < 0.05; *p>0.05.
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pain. Moreover, we found that SIRT2 inhibition aggravat-
ed neuropathic pain in CCI rats. Our findings imply an
important role of SIRT2 in regulating neuropathic pain.
Studies have shown that SIRT2 plays an impor-
tant role in regulating inflammatory diseases. SIRT2
has been reported to regulate the inflammation pro-
cesses of sepsis, colitis, and arthritis associated with
suppression of NF-kB signaling [14, 33-35]. It is
reported that SIRT2 regulates NF-kB signaling and
gene expression of proinflammatory mediators
through deacetylation of the NF-kB p65 protein
[19]. The hyperacetylation of the NF-kB p65 protein
can increase the transcriptional activity of NF-«B and
promote the expression of proinflammatory cytokines
[36]. Overexpression of SIRT2 inhibits the inflamma-
tory responses in collagen-induced arthritis by in-
creasing the deacetylation of the NF-«kB p65 protein
[35]. Deletion of SIRT2 promotes inflammatory
responses by increasing NF-kB acetylation in exper-
imental colitis [34]. Overexpression of SIRT2 reduces
the expression of proinflammatory cytokines and the
activation of NF-«kB signaling in murine macrophages
[37]. Pais et al. reported that silencing of SIRT2
promoted the acetylation level of NF-kB p65 and
enhanced the expression of inflammatory genes and
reactive oxygen species in microglia with treatment
of lipopolysaccharide [20]. Inhibition of SIRT2 exac-
erbates neuroinflammation in experimental traumatic
brain injury of a mouse model by increasing NF-xB
p65 acetylation and activation [21]. Consistent with
these findings, our study showed that overexpression
of SIRT2 significantly downregulated the acetylation
level of the NF-kB p65 protein in CCI rats and
reduced the expression of TNF-«, IL-13, and IL-6
in the DRG of CCI rats. Moreover, inhibition of
SIRT2 by a selective inhibitor, AK-7, enhanced the
acetylation level of the NF-kB p65 protein and pro-
moted neuroinflammation in CCI rats. The protective
role of SIRT2 overexpression in neuropathic pain
was also significantly abrogated by the SIRT2 inhib-
itor. These findings suggest an anti-inflammatory role
of SIRT2. However, the pro-inflammatory role of
SIRT2 has also been reported. SIRT2 has been
reported to promote the activation of macrophages
and microglia induced by lipopolysaccharide [38,
39]. Wang et al. reported that SIRT2 inhibition sup-
pressed lipopolysaccharide-induced neuroinflamma-
tion and brain injury in mice [40]. These reports
support a proinflammatory role of SIRT2. Therefore,
the precise role of SIRT2 in regulating inflammation
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requires further investigation. Nevertheless, our
results suggest an anti-inflammatory role of SIRT2
in regulating neuropathic pain.

Previous studies have shown that SIRT2 is expressed
in microglia [40], dopaminergic neurons [41], and hippo-
campal neurons of central nervous system [42]. Our study
showed that SIRT2 was also expressed in DRG of periph-
eral nervous system. Consistently, a recent study reports
that SIRT2 expression is significantly decreased in the
DRG of peripheral nervous system in rats with spinal nerve
ligation [43]. Multiple studies also show that SIRT2 is
expressed in spinal cord [44-46]. These findings suggest
that SIRT?2 is expressed in the peripheral nervous system
and intrathecal injection method for SIRT2 overexpression
or inhibition may be a promising therapeutic strategy for
treatment of related diseases.

Taken together, our study reveals an important role of
SIRT?2 in regulating neuroinflammation and neuropathic
pain development in CCI rats. We showed that overexpres-
sion of SIRT?2 alleviated neuropathic pain through deacety-
lation of the NF-kB p65 protein and inhibition of NF-«kB-
mediated neuroinflammation. Recombinant adenovirus-
mediated gene transfer to nociceptive neurons is a promising
approach to determine mechanisms of pain in animal mod-
els and is a potential therapeutic strategy for the treatment of
neuropathic pain. Our study suggests that recombinant
adenovirus-mediated gene transfer of SIRT2 may have a
potential application for preventing neuropathic pain.
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