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ABSTRACT

Objective: The present study sought to detect spinal sirtuin 1 (SIRT1)
and acetylation of histone H3 (Ac-H3) expression in rats with burn
injury pain (BIP model). Procedures and Results: A BIP model was first
established. BIP rats showed lower paw withdrawal threshold (PWT)
from day 1, which persisted for 21 days following the burn injury. Spinal
SIRT1/Ac-H3 expression increased following burn injury. The intrathecal
use of resveratrol increased PWT and SIRT1 expression but induced
down-regulation of Ac-H3 expression. We first demonstrated that the
inhibition of SIRT1 significantly induced mechanical allodynia in naive rats.
The preinjection of SIRT1 inhibitor partly antagonized the analgesic effects
of resveratrol in BIP rats. Conclusion: Inhibition of SIRT1 produces pain
facilitation in the naive rats. The expression of spinal SIRT1 increased after
burn injury in the BIP model. The activation of spinal SIRT1 might mediate
the resveratrol-induced analgesic effects.
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SUMMARY

e Burn injury resulted in pain facilitation

¢ Resveratrol attenuates pain facilitation induced by burn injury

e Intrathecal injection of resveratrol attenuates burn injury pain by increasing
spinal sirtuin 1 (SIRT1) expression

Inhibition of SIRT1 by selisistat, an SIRT1 inhibitor attenuated analgesic
effects of resveratrol.

INTRODUCTION

Burn injury-induced pain (BIP) is intensely painful and often
long-lasting. Treatments for BIP are often ineffective. As a result,
studies of the mechanism of BIP and optimized analgesic strategies
are important.? Previous studies have demonstrated that molecular
changes (TrkA, u-opioid receptors, PKCy, and p38-MAPK)F*! in the
nervous system mediate burn injury-induced nociceptive sensitization.
Stimulations from chronic pain may induce varieties of changes in
pain-related gene expressions in the spinal and supraspinal neuronal
systems. Recent studies have shown that abnormal changes of histone
acetylation are important epigenetic mechanisms that may be involved
in nociceptive information transmission.!*’!

Sirtuin 1 (SIRT1) is a type of histone deacetylases that are involved
in the development of several diseases through the deacetylation
of histones.”’ In the SOD1%** mouse model, spinal SIRT1 was
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Abbreviations used: SIRT1: Sirtuin 1, Ac-H3: Acetylation of histone H3,
SD: Sprague-Dawley, EX527: Selisistat, an SIRT1 inhibitor, BIP: Burn injury
pain, DMSO: Dimethyl sulfoxide, PWTs: Paw withdrawal thresholds
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up-regulated.® In addition, SIRT1 was decreased in the L4-L5
segments of chronic constriction injury (CCI) animals.['*!!) Resveratrol
is a phytoalexin that can be derived from natural foods. It can bind to the
N-terminus of SIRT1 and result in the activation of SIRT1, which may
have a meaningful role in several physiopathological disorders.[*! The
anti-inflammatory effect and anti-tumor effect of resveratrol are receiving
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an increasing amount of attention. Recent studies have demonstrated that
intrathecal (i.t) injection of resveratrol antagonized CCI-induced pain
hypersensitivities by increasing spinal SIRT1 expression and inhibiting
the acetylation of histone H3 (Ac-H3).o11

So far, it is not clear whether resveratrol plays a meaningful role in
burn injury-induced pain. To answer this question, the present study
intends to understand the nature of spinal SIRT1 and Ac-H3 expression
changes after burn injury and whether the intrathecal administration of
resveratrol attenuates BIP and affects spinal SIRT1 and Ac-H3 expression
in BIP rats.

PROCEDURES

Animal and intrathecal injection

Male Sprague-Dawley (SD) rats (230-300 g) were chosen. The
experimental procedures complied with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the approval of
the Scientific Investigation Board of Shandong University and Xuzhou
Medical College.

After anesthetizing the rats with sevoflurane, a microinjection syringe
needle was used to insert into the interspaces of L5 and L6. When tail- or
paw-flick responses were observed, prefilled drugs were injected. We
deleted rats with motor dysfunctions.!'?! Dosages of resveratrol (Sigma)
and selisistat, an SIRT1 inhibitor (EX527, Selleck), were chosen according
to a recent study!"! and our preliminary experiments.

Burn-pain model

The method followed Chang’s description.” Briefly, after baseline
response evaluation and 3% sevoflurane anesthesia, the right hind paw
was placed on a metal block (85 + 5°C) that was heated via thermostatic
feedback to a bath that circulates water through the metal block. A 10-g
sandbag was placed on top of the paw (heel region) to maintain a
consistent pressure between the plantar surface and the metal surface for
15 s. This produced injury to the plantar surface of the paw and a burn
area of approximately 1% of the total body surface. To prevent infection,
silver sulfadiazine ointment was applied to the injured site twice daily
until scar tissue formed (approximately 6-7 days after injury).

Von Frey test

As previously described,!"! SD rats were individually housed in the
single cage (26 cm® x 20 cm® x 14 cm®) with a 5 mm? x 5 mm? wire
mesh grid floor. The hind paw withdrawal threshold (PWT) was utilized
to observe the allodynia after accommodation for 30 min. A series of
filaments (0.40, 0.60, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0, and 15.0 g) were utilized
to perform these tests. We placed von Frey hairs for approximately 6-8 s.
Each stimulus was used 5 times at 30-s intervals. Furthermore, 50% of
PWTs were calculated according to the up-down method.

Western blot analysis

Theright L4-L5 spinal segments were collected for analyses. The protocols
were similar to those described previously. Rabbit anti-SIRT1 (1:500),
rabbit anti-H3 (1:2000) and Ac-H3 (1:1000), and mouse anti-GAPDH
primary antibodies were used for incubation. The secondary antibody
was alkaline phosphatase-conjugated goat anti-rabbit (1:4000). The
blots were repeated 3 times, and the data were consistent among the
experiments. The densities of the band area were calculated following a
previously described method.['*!!

Statistical analysis

The data are presented as the mean + standard error of mean and all data
were collected blindly. The Tukey test, SNK test in ANOVA, and repeated
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measures ANOVA were used to detect significant differences. P < 0.05
was considered statistically significant.

RESULTS

Burn injury resulted in pain facilitation in the Von
Frey test

An increasing amount of evidence has proven that burn injury can
induce pain hypersensitivities.*>"*! In Figure 1, rats were divided into
three groups (naive group; sham group; BIP group). The rats developed
a significantly lower PWTs in the Von Frey test after burn injury
(P < 0.01), thereby indicating the development of mechanical allodynia.
The PWTs became obvious from day 1, which persisted for 21 days
following burn injury. Sham animals did not show remarkable changes
of PWTs (P> 0.05).

Resveratrol attenuates pain facilitation induced by
burn injury

To observe whether i.t injection of resveratrol can produce analgesic
effects at the spinal level in the BIP model, we divided the rats into
seven groups (sham group, sham + dimethyl sulfoxide (DMSO) group,
sham + 400 ug resveratrol group, BIP group, BIP + DMSO group,
BIP + 200 pg resveratrol group, and BIP + 400 g resveratrol group) and
intrathecally injected resveratrol or DMSO for three consecutive days
after burn injury (7-9 days). As shown in Figure 2, the rats developed
noticeably lower PWTs (P < 0.01). This indicated the development of
pain hypersensitivity. When compared with BIP + DMSO rats, the
PWTs of BIP + resveratrol rats decreased at 7-9 days following burn
injury (P < 0.01). Repeated intrathecal infusions of resveratrol did not
affect the PWTs of sham rats (P > 0.05).

Intrathecal use of resveratrol attenuates burn injury
pain by increasing spinal sirtuin 1 expression

Previous studies have shown that decreased spinal SIRT1 expression
and increased Ac-H3 expression are involved in the development of
neuropathic rats. The SIRT1 agonist (NAD or resveratrol) attenuated
established pain facilitation and increased SIRT1 expression in CCI
rats.l!1l Resveratrol potentially represents a novel therapeutic strategy
for neuropathic pain.
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Figure 1: Burn injury-induced mechanical allodynia in the ipsilateral
legs. Sham rats did not show a decrease in paw withdrawal thresholds.
**P < 0.01 compared to day 0 (mean * standard error of mean, n = 8)
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Figure 2: Intrathecal administration of resveratrol (200 and 400
ug) attenuated the mechanical allodynia that was induced by burn
injury. Resveratrol (200 and 400 ug) or dimethyl sulfoxide was used
(day 7-9 following burn injury, intrathecal) (mean + standard error of
mean, n = 8). **P < 0.01, versus day 0; #P < 0.01 versus the burn injury
pain/dimethyl sulfoxide group

As shown in Figure 3, the rats were divided into six groups
(naive group, sham group, and BIP 3, 7, 14, and 21 day groups). We
first demonstrated that the intensities of specific SIRT1 and Ac-H3
bands increased after burn injury (P < 0.01) and that the time course
of the increase in SIRT1 and Ac-H3 expression matched closely
the development of pain facilitation. Figure 4 indicates that the
rats were divided into five groups (naive group, sham group, BIP
group, BIP + DMSO group, and BIP + 400 ug resveratrol group). In
contrast to the BIP/DMSO rats, resveratrol (400 ug/day) increased
SIRT1 expression and decreased Ac-H3 expression in the spine of
BIP/resveratrol rats (P < 0.01).

Inhibition of sirtuin 1 by selisistat, an SIRT1 inhibitor
attenuated the analgesic effects of resveratrol
Previous studies have reported that the decrease of SIRT1 expression
paralleled the development of neuropathic pain.'®'! To investigate
whether the inhibition of SIRT1 resulted in pain facilitation, we injected
different doses of EX527 into the L5-L6 interspaces in naive rats.
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Figure 3: (a) The increase of sirtuin 1 expression in L4-5 segments after burn injury; (b) The increase of acetylation of histone H3 expression in L4-5 segments
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Figure 4: (a) Resveratrol increased sirtuin 1 expression in the spine of burn injury pain/resveratrol rats. (b) Resveratrol decreased acetylation of histone H3

expression in the spine of burn injury pain/resveratrol rats
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Figure 5:Inhibition of sirtuin 1 produced mechanical hyperalgesia in naive
rats. To investigate whether the inhibition of sirtuin 1 contributed to pain
facilitation, we evaluated the effect of selisistat, an SIRT1 inhibitor (6.4, 8,
10, 12.5 ug) on the mechanical withdrawal threshold. Intrathecal injection
of selisistat, an SIRT1 inhibitor (10 and 12.5 ug), significantly decreased
paw withdrawal thresholds (P < 0.05). In contrast, no differences in paw
withdrawal thresholds were observed in dimethyl sulfoxide group and
selisistat, an SIRT1 inhibitor (6.4 and 8 ug) groups (P > 0.05). **P < 0.01,
versus-1 h; #P < 0.01 versus dimethyl sulfoxide group (mean =+ standard
error of mean, n = 8)

As shown in Figure 5, the rats were divided into six groups
(naive group, DMSO group, EX527 6.4 ug group, EX527 8 ug group,
EX527 10 pg group, and EX527 12.5 ug group). We first demonstrated
that EX527 (10, 12.5 ug) induced robustly lower PW'Ts in naive rats. The
decrease in PWTs lasted for approximately 90 min. EX527-induced pain
facilitation broadened previous studies, which indicated that the inhibition
of SIRT1 resulted in pain facilitation in naive rats. As shown in Figure 6,
the rats were divided into five groups (sham + DMSO + DMSO group,
BIP + DMSO + DMSO group, BIP + DMSO + 8 ug EX527 group, BIP + 400
ug resveratrol + DMSO group, and BIP + 400 ug resveratrol + 8 ug EX527
group). We found that pretreatment with EX527 (8 ug) or the vehicle did
not affect PWTs when compared to baseline values (P> 0.05). Meanwhile,
the injection of resveratrol (400 pg) robustly increased pain thresholds
and pretreatment with EX527 (8 ug) partly attenuated the analgesia that
was induced by resveratrol in BIP rats (P < 0.01).

DISCUSSION

Burn injury-induced pain can be observed frequently and persists for
2-3 months.">* In this experiment, we placed the hind paw on a metal
block (85 + 50°C) for 15 s. The rats demonstrated rapid pain facilitation
in the Von Frey test until 3 weeks following burn injury. In this study,
elevated SIRT1 and Ac-H3 expression was observed until 21 days
after burn injury. The time-course of elevation in these substances of
expression on the ipsilateral side of the burn injury matched closely
with the development of allodynia after burn injury. The intrathecal
administration of resveratrol, an SIRT1 agonist, attenuated the
established pain facilitation that was induced by burn injury. Resveratrol
also increased SIRT1 expression but decreased Ac-H3 expression. Bai
et al. recently demonstrated that the expression of SIRT1 increased
upon burn-induced lung injury. Resveratrol enhanced SIRT1 expression
but attenuated the upregulation of tumor necrosis factor-alpha and
interleukin-1 beta in rats with burn-induced lung injuries. The results
from Bai’s study are in accordance with our data.'” It is thought that
along with the impairment of the body, the expression of SIRT1 increased
through a negative feedback loop to relieve pulmonary inflammation
and burn-induced pain, thereby promoting DNA repair and inhibiting
extensive tissue impairment.

S204

16.00-
5 -6~ sham+DMSO+DMSO
2 1200 - BIP+DMSO+DMSO
g 1 -~ BIP+DMSO+EX527
£ —+ BIP+RSV+DMSO
g 8.00 - BIP+RSV+EX527
s
2 4.004
3
o
w

0.00t4+—7—F—7—T7—71— T

basal -1h 30 60 90 120 150 180
Timecourse (min)

Figure 6: Pretreatment with selisistat, an SIRT1 inhibitor (8 ug) reversed
the analgesic effects that were induced by resveratrol. Rats exhibited
marked mechanical allodynia following burn injury. Pretreatment
with selisistat, an SIRT1 inhibitor (8 ng) or the vehicle did not affect
PWTs when compared with the-1 h. Injection of resveratrol (400 pg)
robustly increased pain thresholds, and pretreatment with selisistat, an
SIRT1 inhibitor (8 ug) partly attenuated the analgesia that was induced
by resveratrol. *P < 0.05, **P < 0.01, versus-1 h; P < 0.05, #P < 0.01
versus the burn injury pain + resveratrol + selisistat, an SIRT1 inhibitor
group (comparing between the burn injury pain + resveratrol + dimethyl
sulfoxide group and the burn injury pain + resveratrol + selisistat, an SIRT1
inhibitor group); P < 0.05, %P < 0.01 versus the burn injury pain + dimethyl
sulfoxide + selisistat, an SIRT1 inhibitor group (comparing between the
burn injury pain + dimethyl sulfoxide + selisistat, an SIRT1 inhibitor group
and the burn injury pain + resveratrol + selisistat, an SIRT1 inhibitor
group) (mean + standard error of mean, n = 8)

The anatomical analysis of SIRT1 immunoreactivity highlighted the
presence of SIRT1 in all four major divisions of both adult rodent and
human spinal cords, including the cervical, thoracic, lumbar, and sacral
columns."" Previous studies have shown that the SIRT1 expression
decreased in CCI models and that SIRT1 agonists (nicotinamide adenine
dinucleotide [NAD] or resveratrol) attenuated the established pain
facilitation following sciatic nerve ligation.'>'" Inhibition of SIRT1 by
EX527 can antagonize the analgesic effects of NAD + or resveratrol in
a neuropathic pain model. The above results suggested that SIRT1 and
its substrates might mediate signal transduction in the nervous system
of neuropathic pain models. Different types of pain stimulations after
nerve injury may remodel information transmission between nerve cells,
which involves several pain-related transcription factors. Furthermore,
alternations in their gene and mRNA expression might also be regulated
by SIRT1.01%17181 According to the above information, we speculated that
as a negative feedback factor to burn injury, the increase in spinal SIRT1
may promote the DNA repair and inhibit pain-related transcription
factors, which can further mediate the development of BIP.

We first demonstrated that EX527 significantly induced mechanical
allodynia in the naive rats, which indicates that the inhibition of SIRT1
can result in pain facilitation in naive rats. Previous studies have reported
that SIRT1 expression decreased in CCI-induced neuropathic pain
models. Data for CCI models indicate that the down-regulation of SIRT1
was observed following CCI surgery."*'") Our data also indicated a robust
increase of spinal SIRT1 expression in BIP rats. As an SIRT1 agonist,
resveratrol induced increased SIRT1 expression and pain thresholds
and the SIRT1 inhibitor partly antagonized the resveratrol-induced
analgesia, which indicated that resveratrol attenuates this pain due to an
increase of spinal SIRT1 expression. Our data and previous studies have
demonstrated that spinal SIRT1 increased in the BIP model while SIRT1
decreased in CCI models. We speculate the probable mechanisms of
these differences may be that the roles of SIRT1 in different pain models
are different.
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CONCLUSION

Our data suggested that spinal SIRT1 and Ac-H3 increased following
burn injury and that spinal SIRT1 and Ac-H3 may be involved in the
resveratrol-induced analgesia. The mechanisms of BIP that result in the
activation of SIRT1 and energy metabolism pathways in the spinal levels
require further research.
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