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Abstract
Background: 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 involved in the regulation of
remifentanil-induced postoperative hyperalgesia remains unclear. This study aimed to investigate the
potential role of SIRT2 in regulating remifentanil-induced postoperative hyperalgesia.

Methods: Remifentanil-induced postoperative hyperalgesia model was established in rats. SIRT2 was
over-expressed by injecting recombinant adenoviruses. Nociceptive behaviors of mechanical allodynia
and thermal hyperalgesia were measured with paw withdrawal mechanical threshold and paw
withdrawal thermal latency, respectively.

Iba1 (marker of microglia activation) and SIRT2 levels were detected with Western blot. Iba1 was also
measured with immuno�uorescence.

Results: We found that SIRT2 was downregulated in the spinal cord in remifentanil-induced postoperative
hyperalgesia rats. Intrathecal injection of a recombinant plasmid expressing SIRT2 markedly alleviated
mechanical allodynia and thermal hyperalgesia in remifentanil-induced postoperative hyperalgesia rats.
Iba1 were upregulated after surgical incision and remifentanil infusion, and the up-regulation was more
obvious after the combination of surgical incision and remifentanil infusion. Moreover, our results
showed that overexpression of SIRT2 inhibited the activation of the microglia in the spinal cord of
remifentanil-induced postoperative hyperalgesia rats. Overexpression of SIRT2 signi�cantly attenuated
incision- and/or remifentanil induced pronociceptive effects and spinal microglia activation.

Conclusions: Overexpression of SIRT2 alleviates remifentanil-induced postoperative hyperalgesia
possibly via inhibition of spinal microglia activation. Therefore, SIRT2 may serve as a potential
therapeutic target for treatment of neuropathic pain.

Trial registration: Not applicable.

Background
Remifentanil is a novel super short acting µ-opiate receptor agonist. The analgesic effect of remifentanil
is 1.5 ~ 3 times that of fentanyl. However, after discontinuation of remifentanil, the development of the
nociceptive stimulation is also more rapid and prominent. The hyperalgesia induced by remifentanil is
obviously stronger than that by long-acting opioids, which not only results in signi�cant increase
postoperative pain score and analgesic drugs requirements [1, 2], but also affects the patients’ recovery
after the surgery, thus limiting its wide application.

Currently, there are several main mechanisms for postoperative hyperalgesia caused by remifentanil. For
example, neuroimmune mechanisms (activation of microglia) are involved in postoperative hyperalgesia.
Microglia are immune cells of the central nervous system. When pathologic event or tissue damage
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occurs, glia cells are activated to release pro-in�ammatory regulatory factors, such as cytokines (TNF-α
and IL-1β), chemokines (CCL2), reactive oxygen species (ROS), NO (nitric oxide), etc. [3]. The release of
these factors will lead to lower threshold of response to pain signals and increased excitability of
neurons. In the production and maintenance of pain, proin�ammatory factors released by glial cells in the
peripheral and central nervous system play an important role in the sensitization of pain. Experimental
studies on animal models such as peripheral in�ammation, spinal cord injury, and nerve injury [4] have
suggested that spinal cord glial cells play an important role in central sensitization [5] and pathological
pain [6]. The important role of microglia activation and release of regulatory factors in chronic pain
models due to the introduction of nociceptive information has been con�rmed [7, 8]. Recent studies have
found that chemokines (CXCL1 and CXCR2), hydrogen peroxide, cytokines, oxidative stress and other
in�ammatory mediators play an important role in opioid-induced postoperative hyperalgesia [9–11].
Previous study of our group has con�rmed that spinal microglia cells were highly activated in
remifentanil-induced hyperalgesia, and the expressions of pro-in�ammatory factors, including IL-6, TNF-α
and p-NR2B, in cells were signi�cantly increased [12], suggesting that spinal microglia cells may play an
important role in remifentanil-induced hyperalgesia. However, our understanding of the possible
mechanism by which spinal microglia contributes to remifentanil-induced hyperalgesia is still limited.

Recently, Sirtuin 2 (SIRT2) has attracted much attention due to its important role in microglia activation.
SIRT2 is expressed in microglia cells and can inhibit the activation of microglia cells and the release of
in�ammatory cytokines [13]. It can also mediate the neuroimmune response of central glial cells [14]. In
vivo and in vitro experiments have shown that inhibition or knockout of SIRT2 can signi�cantly increase
the response of glial cells to proin�ammatory products, and up-regulate the transformation of ROS and
reactive nitrogen free radicals [14, 13]. It has been reported that the activation of microglia induced by
LPS (lipopolysaccharide) and TNF-α could lead to a signi�cant reduction in SIRT2 phosphoric acid levels
[13]. In a vitro experiment showed that N9 microglia transfected with wild-type SIRT2 could signi�cantly
reduce the expressions of NO induced by LPS and TNF-α, pro-in�ammatory cytokine IL-6, and activation
marker CD40, which were seemingly dependent on phosphorylation at S331 [13]. Both in vivo and in vitro
experiments have con�rmed that the SIRT2 inhibitor AK-7 could signi�cantly increase the activation of
microglia induced by traumatic brain injury and increase the expression and release of in�ammatory
factors [14–16]. Lys310 acetylation of p65 of NF-κB subunit is increased after SIRT2 inhibition or
knockout in microglia, which induces NF-κB into the nucleus and mediates in�ammatory factor
transcription [14, 13]. The regulation of oxidative stress by SIRT2 may be achieved through its
deacetylation of FoxO3a (Forkhead box protein O3), thereby increasing the transcription of FoxO3a-
dependent MnSOD (manganese superoxide dismutase) [17], which is considered to be one of the most
important endogenous antioxidant enzymes in the body and can catalyze the degradation of ROS.
However, whether SIRT2 is involved in the regulation of remifentanil-induced postoperative hyperalgesia
remains unclear.

Herein, we explored the involvement of SIRI2 in remifentanil-induced postoperative hyperalgesia. We
established remifentanil-induced postoperative hyperalgesia model in rats. SIRT2 overexpression was
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induced. The effect and mechanism of SIRT2 overexpression on remifentanil-induced postoperative
hyperalgesia were analyzed and discussed.

Methods

Animals
Adult male Sprague-Dawley rats (n= 64), weighing 200 to 250 g, were supplied by the Laboratory Animal
Center of Nanjing Drum Tower Hospital (Nanjing, China). All animals were housed in cages and
maintained under a 12-h light/12-h dark cycle in a temperature controlled room (22±2°C) with food and
water available ad libitum. All methods were carried out in accordance with relevant guidelines and
regulations. All animal procedures were approved by the Experimental Animals Welfare and Ethics
Committee of Nanjing Drum Tower Hospital and were performed in accordance with the guidelines for the
use of laboratory animals. Efforts were made to minimize the number and suffering of animals.

Establishment of remifentanil-induced postoperative
hyperalgesia model
After being anesthetized with sevo�urane (Jiangsu Hengrui Pharmaceutical Co., Ltd., China) delivered via
a nose mask (induction, 3.5%; maintenance, 3.0%), rats (n= 32) were subcutaneously administered with
remifentanil (Yichang Humanwell Pharmaceutical Co., Ltd., China) (0.04 mg/kg, 0.4 ml) at a rate of 0.8
ml/h over a period of 30 min using an infusion pump. This treatment was to induce pronociceptive
effects as described in our previous study [12]. Control rats were subcutaneously administered the same
volume of NS (0.8 ml/h, 30 min) (n= 32).

The surgical incision to induce postoperative pain was performed as previously described by Brennan et
al. [18]. Brie�y, after sterilization of the right hind paw with 10% povidoneiodine, a 1-cm longitudinal
incision was made through the skin and fascia, starting at 0.5 cm from the edge of the heel and
extending toward the toes. The underlying �exor muscle was elevated, incised longitudinally, and
retracted, leaving the muscle origin and insertion intact. After suture of the lesion, the wound site was
covered with erythromycin ointment. The surgical incision was started approximately 5 min after the
infusion of remifentanil or NS. The control group received sham surgery consisting of anesthesia with
sevo�urane, sterilization of the hind paw, and erythromycin ointment on the plantar surface, without
plantar incision.

Implantation of intrathecal catheter 
Intrathecal catheter implantation was conducted according to a method described previously [19]. Brie�y,
rats were anesthetized, and the polyethylene catheter was inserted in the cisterna magna through an
incision advanced 7.0 cm caudally to the lumbar enlargement. Proper location of the intrathecal
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implantation was con�rmed by bilateral hind limb paralysis with injection of 2% lidocaine (Sigma, St.
Louis, MO, USA). Afterwards, the catheter was �xed and the incision was sutured.

Administration of recombinant lentiviruses
Recombinant lentiviruses-SIRT2 were purchased from Applied Biological Materials Inc. (GENE, Shanghai,
China). The recombinant adenoviruses were ampli�ed using 293T cells and then puri�ed using double
CsCl puri�cation. For gene transfer, 1 × 108 pfu recombinant adenoviruses were injected with a
microinjection syringe linked with the intrathecal catheter. 

Sample collection
At 1 month after administration of recombinant lentiviruses, rats were euthanized. The L4–L5 lumbar
spinal cords were removed and the dorsal root ganglia (DRG) from L4–L5 lumbar spinal cords were
dissected for detection.

Animal grouping 
According to different treatments, rats were divided into eight groups: Group Sham+NS (received sham
surgery and NS infusion); Group Inci+NS received (surgical incision and NS infusion); Group Sham+Remi
(received sham surgery and remifentanil infusion); Group Inci+Remi (received surgical incision and
remifentanil infusion); Group Sham+LV-control (received sham surgery and LV-control); Group Sham+LV-
SIRT2 (received sham surgery and LV-SIRT2); Group Inci+Remi+LV-control (received surgical incision and
remifentanil infusion treatment after LV-control); Group Inci+Remi+LV-SIRT2 (received surgical incision
and remifentanil infusion treatment after LV-SIRT2). 

For behavioral tests, 32 rats were randomly divided into Sham+NS, Inci+NS, Sham+Remi, and Inci+Remi
groups (n=8 each group) and were tested at 1 d prior to the surgical procedure (baseline value) and at 2 h,
6 h, 24 h, 48 h after the surgical procedure; For Western blot analysis, 32 rats were randomly divided into
Sham+NS, Inci+NS, Sham+Remi and Inci+Remi groups (n=8 each group), and specimens were collected
at 2 d after the surgical procedure. For immuno�uorescence, 16 rats were randomly divided into
Sham+LV-control, Sham+LV-SIRT2, Inci+Remi+LV-control, and Inci+Remi+LV-SIRT2 groups (n=4 each
group), and specimens were collected at 2 d after the surgical procedure. The observers were blinded to
the experimental groups in the experiments. 

Nociceptive behavior tests
To assess mechanical allodynia, the paw withdrawal mechanical threshold (PWMT) was measured using
a set of von Frey �laments. The animals were placed in plastic boxes (20×20×15 cm) with a wire mesh
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bottom (1×1 cm) and allowed to acclimatize for 30 min. Each von Frey �lament was applied vertically to
the plantar surface adjacent to the wound of right hind paw for 6 to 8 s with su�cient force. Positive
responses were de�ned as paw �inching or brisk withdrawal. There was a 5-min interval between
withdrawal responses. The PWMT was determined by sequentially increasing and decreasing the
stimulus strength as described previously [20]. Each rat was tested �ve times per stimulus strength, and
three or more positive responses of the lowest strength were considered as PWMT. The measurement of
PWMT was conducted three times at each time point. 

To evaluate thermal hyperalgesia, paw withdrawal thermal latency (PWTL) was measured using a
biological research apparatus (Ugo Basile 37370, Comerio, Italy). Rats were placed into glass-�oored
testing cages and allowed to acclimate for approximately 15 min. Before starting the experiment, the
infrared heat intensity of the apparatus was adjusted to give an average PWTL of approximately 10 s,
and the cutoff latency was set at 15 s to avoid tissue damage. The infrared source was positioned
directly beneath the area adjacent to the wound of the right hind paw. PWTL was de�ned as the time
from onset of the infrared heat stimulus to withdrawal of the paw from the heat source. We repeated the
stimulation three times with intervals of approximately 5 min, recorded the latencies, and calculated the
mean value.

Western blot analysis
Spinal cord segments (right dorsal part of L4–L5) were homogenized in lysis buffer. The homogenate
was centrifuged at 13,000 r/min for 10 min at 4°C, and the supernatant was collected. The protein
concentration was determined by the BCA Protein Assay Kit. Samples (50 mg) were separated on sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. The
membranes were blocked with 5% skimmed milk for 1 h at room temperature and incubated overnight at
4°C with the following primary antibodies: Iba1 (1:600, ab15690, Abcam), and SIRT2 (1:2000, ab211033,
Abcam). After washing, the membrane was incubated with the goat anti-mouse secondary antibody
(1:5000, ab97040, Abcam) or goat anti-rabbit secondary antibody (1:5000, ab7090, Abcam) conjugated
with horseradish peroxidase for 1 h at room temperature. Next, the immune complexes were detected
using the electrochemiluminescence system (Millipore Immobilon). β-actin was used as a loading control
for total protein. Image-Pro Plus (version 6.0, Media Cybernetics, USA) was used to analyze the density of
speci�c bands.

Immuno�uorescence analysis
The L4–L5 spinal cord segments were removed, post-�xed in 4% paraformaldehyde, and then incubated
with 30% sucrose. Transverse spinal sections (25 mm) were blocked with 10% goat serum in 0.3% Triton
for 1 h at room temperature, and incubated overnight at 4°C with primary antibodies (Iba1, 1:200,
Abcam). After washing in phosphate-buffered saline, sections were incubated with secondary antibody
(Alexa Fluor 488 for Iba1, 1:1500, ThermoFisher) for 1 h at room temperature. The stained sections were
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mounted on glass slides, air-dried, covered with coverslips, and examined under a Leica multiphoton
confocal microscope (Leica Microsystems, Wetzlar, Germany). 

Statistical analysis
Statistical analysis was performed using SPSS 15.0 software. Data were expressed as mean±SD. Two-
way analysis of variance with repeated measures followed by post hoc Bonferroni multiple comparisons
were used to analyze behavioral data. One-way analysis of variance followed by post hoc Bonferroni
multiple comparisons were used to analyze Western blot data. P<0.05 was set as the level of statistical
signi�cance.

Results

Effects of remifentanil infusion on mechanical allodynia
and thermal hyperalgesia 
In order to evaluate whether remifentanil can induce hyperalgesia, we tested the pain behavior changes
(PWMT and PWTL) of rats in Sham+NS group, Sham+Remi group, Inci+NS group, and Inci+Remi group.
As shown in Figure 1, there were no signi�cant differences in the baseline PWMT and PWTL among all
four groups (P>0.05). Sham+NS group did not induce signi�cant changes in nociceptive thresholds
compared with baseline (P>0.05). In Inci+NS group, surgical incision induced mechanical allodynia and
thermal hyperalgesia at 2 h after the surgical procedure and lasted for 2 days, respectively (P<0.05). In
Sham+Remi group, remifentanil infusion also induced mechanical allodynia and thermal hyperalgesia,
which was observed as early as 2 h after the surgical procedure and lasted for 2 days (P<0.05). Notably,
in Inci+Remi group, remifentanil infusion exaggerated incision-induced mechanical allodynia and thermal
hyperalgesia (P<0.05) when compared with group Inci+NS. Thus, our data demonstrates that remifentanil
could induce hyperalgesia.

Incision- and/or remifentanil-induced upregulation of glial
markers in the spinal cord
To analyze whether remifentanil induced hyperalgesia is related to the activation of microglia, we used
Western blot and immuno�uorescence to detect the changes in Iba1 expression of microglia at the spinal
cord level. Western blot analyses showed that both surgical incision and remifentanil infusion alone
increased the levels of Iba1, when compared with sham+NS group (P<0.05) (Figure 2). Furthermore,
remifentanil infusion aggravated the upregulation of Iba1 induced by surgical incision in Inci+Remi group
(P<0.05). Similarly, immuno�uorescence results showed that compared with Sham+NS group, the
expression of Iba1 moderately increased in Inci+NS group and Sham+Remi group and dramatically
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increased in Inci+Remi group (Figure 3). These results indicate that remifentanil may cause excessive
activation of microglia at the spinal cord level of normal rats and rats with surgical incision. 

Incision- and/or remifentanil-induced down regulation of
SIRT2 in the spinal cord
To further evaluate whether excessive activation of microglia is related to SIRT2, Western blot analyses
were used to quantify the expression of SIRT2 in the spinal cord at 2 d after the surgical procedure. Both
surgical incision and remifentanil infusion decreased the levels of SIRT2 protein, when compared with
sham+NS group (P<0.05) (Figure 4). Furthermore, SIRT2 level was further reduced in Inci+Remi group
(P<0.05). Then, immuno�uorescence was conducted to examine the expression and location of SIRT2 in
the spinal cord at 2 d after the surgical procedure. Similar results were obtained. Compared with
Sham+NS group, the expression of SIRT2 moderately decreased in Inci+NS group and Sham+Remi group,
but it was dramatically decreased in Inci+Remi group (Figure 4). These results showed that remifentanil
reduced SIRT2 protein levels at the spinal cord level of normal rats and rats with surgical incision,
indicating that remifentanil induced hyperalgesia may be related to the decreased expression of SIRT2.

The co-expression of SIRT2 and Iba1 in the spinal cord
Immuno�uorescence was used to examine the co-expression of SIRT2 and Iba1 in the spinal cord at 2 d
after the surgical procedure. The results demonstrated that SIRT2 were co-expression with Iba1 in the
spinal card at 2d in Inci+Remi group after the surgical procedure (Figure 5). This phenomenon suggests
that SIRT2 may play an important role in the activation of microglia cells. 

Overexpression of SIRT2 attenuates mechanical allodynia
and thermal hyperalgesia in model Rats
To investigate the biological function of SIRT2 in regulating remifentanil-induced postoperative
hyperalgesia, we overexpressed SIRT2 in remifentanil-induced postoperative hyperalgesia rats by
intrathecal injection of recombinant lentivirus expressing SIRT2 (LV-SIRT2). We then examined the effect
of SIRT2 overexpression on remifentanil-induced postoperative hyperalgesia by assessment of thermal
hyperalgesia and mechanical allodynia. The results showed that overexpression of SIRT2 signi�cantly
alleviated thermal hyperalgesia and mechanical allodynia of rats (Figure 6), implying that overexpression
of SIRT2 inhibits remifentanil-induced postoperative hyperalgesia. 

Overexpression of SIRT2 down-regulates the expression of
Iba1
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To investigate the mechanism of SIRT2 in regulating remifentanil-induced postoperative hyperalgesia, we
detected the effect of SIRT2 overexpression on Iba1, which is a glia marker. We found that overexpression
of SIRT2 signi�cantly suppressed the expression of Iba1 protein in the spinal of remifentanil-induced
postoperative hyperalgesia rats (Figure 7). The results showed that SIRT2 overexpression suppressed
Iba1 expression, suggesting that SIRT2 may inhibit microglia activation in remifentanil-induced
postoperative hyperalgesia. 

SIRT2 overexpression inhibits the activation of microglia
Immuno�uorescence was further conducted to verity the role of SIRT2 on microglia activation. As shown
in Figure 8, there was enhanced expression of Iba1 in the dorsal horn of L4–L5 spinal cord induced by
Inci+Remi+LV-control at 2 d after the surgical procedure. Compared with Inci+Remi+LV-control group, the
expression of Iba1 moderately decreased in Inci+Remi+Lv-SIRT2 group. This result further con�rmed that
SIRT2 could inhibit microglia activation in remifentanil-induced postoperative hyperalgesia.

Discussion
With the increasing use of remifentanil as an analgesic in clinical anesthesia, lines of evidence have
demonstrated that patients receiving remifentanil to control pain during operation may paradoxically
become more sensitive to postoperative pain [21, 22]. We selected the dosage of remifentanil (0.04
mg/kg) based on our previous studies [12, 23], which showed that this dosage could enhance
postoperative hyperalgesia in rats. The results in this study showed that treatments including sevo�urane
anesthesia, sham surgery, and NS infusion had no signi�cant in�uence on pain behavior, which is
consistent with our previous studies [12, 23] and other studies [24, 25]. Both surgical incision and
remifentanil infusion induced signi�cant mechanical allodynia and thermal hyperalgesia. However, when
remifentanil was infused as an analgesic during surgical incision as a part of general anesthesia, it
signi�cantly enhanced incisional pain and prolonged mechanical allodynia and thermal hyperalgesia.

In recent years, a growing body of evidence has found that SIRT2 plays a role in many neurological
disorders. For example, Zhang et al. reported that overexpression of SIRT2 could attenuate neuropathic
pain and neuroin�ammation via NF-κB [26]. Wang et al. reported that inhibition of SIRT2 reduced striatal
dopamine consumption and improved antioxidant capacity and behavioral abnormalities in rats with
Parkinson's disease [27]. Loss of SIRT2 restored microtubule stability and promoted elimination of toxic
Aβ oligomers from Alzheimer's disease [28]. In Huntington's disease, SIRT2 inhibition lowered steroid
levels and reduced the toxicity of the mutated Huntington protein [29]. SIRT2 inhibition can induce
antidepressant-like action, and overexpression of SIRT2 can inhibit depressive behaviors [30, 31]. Xie et
al. reported that down-regulation of SIRT2 protected the mouse brain against ischemic stroke [32]. Krey et
al. reported that SIRT2 knockout preserved neural function after experimental stroke in mice [33]. In
contrast, Yuan et al. reported that SIRT2 inhibition aggravated blood brain barrier destruction and
traumatic brain injury in mouse models [14]. However, whether SIRT2 is involved in the regulation of



Page 10/21

opioid-induced postoperative hyperalgesia such as remifentanil is unclear. In this study, our results
showed that SIRT2 was down-regulated in DRG of remifentanil-induced postoperatively hyperalgesic rats.
The overexpression of SIRT2 inhibited mechanical hypersensitivity and thermal hyperalgesia in model
rats. These �ndings suggest that SIRT2 overexpression, induced by microglial activation, plays an
important role in the pathogenesis of remifentanil induced postoperative hyperalgesia.

It is now well established that glial cells, in addition to neurons, are involved in the initiation and
maintenance of various pain conditions[34]. Evidence has suggested that glial cells can be activated
after painful stimuli and injuries, which then release various glial mediators including proin�ammatory
cytokines to modulate neuronal activity and synaptic strength [35–40]. Opioid treatment can also
activate glial cells to induce opioid induced hyperalgesia in previous studies [41, 42]. Although studies on
the mechanisms underlying opioid induced hyperalgesia have mainly focused on neuronal cells,
accumulating evidence has demonstrated that activation of glial cells is closely implicated in the
development and maintenance of opioid induced hyperalgesia [42, 43]. Our previous study showed that
glial cells were activated and proin�ammatory cytokines were increased during the process of
remifentanil-induced postoperative hyperalgesia [12]. The present study also demonstrated that there
were activated glial cells in spinal cord in remifentanil induced hyperalgesia rats.

Conclusion
In conclusion, our results showed that SIRT2 was expressed in microglia and that remifentanil-induced
pain reduced SIRT2 levels in the spine. Importantly, we showed that overexpression of SIRT2 alleviated
remifentanil induced hyperalgesia and inhibited microglia activation in spinal cord in remifentanil
induced hyperalgesia rats. Immuno�uorescence results showed that SIRT2 co-localized with microglia.
The results demonstrated that SIRT2 may play an important role in remifentanil induced hyperalgesia via
inhibiting activated glia cells. Our �ndings not only con�rmed that remifentanil had a certain effect on
postoperative hyperalgesia, but also demonstrated that the overexpression of SIRT2 in microglia had a
signi�cant inhibitory effect on postoperative hyperalgesia induced by remifentanil. Further investigations
are needed to further support the rational use of SIRT2 as a therapeutic target.
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Declarations
Ethics approval and consent to participate: 



Page 11/21

All animal procedures were approved by the Experimental Animals Welfare and Ethics Committee of
Nanjing Drum Tower Hospital and were performed in accordance with the guidelines for the use of
laboratory animals.

Consent for publication: 

Not applicable.

Availability of data and materials: 

The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request.

Competing interests: 

The authors declare that they have no competing interests.

Funding: 

This work was supported by National Natural Science Foundation of China (Nos. 81600958, 81701102).

Authors' contributions: 

Conceived and designed the experiments: Zhengliang Ma, Jinhua Bo; Performed the experiments: Wei
Zhu, Xinmei Wang, Jinhua Bo, Ming Jiang, Ying Liang, Zhengliang Ma; Analyzed the data: Wei Zhu,
Xinmei Wang; Writing–original draft: Wei Zhu, Xinmei Wang; Writing–review & editing: Ming
Jiang, Zhengliang Ma, Jinhua Bo. All authors have read and reviewed the manuscript.

Acknowledgements: 

Not applicable.

References
1. Koo CH, Yoon S, Kim BR, Cho YJ, Kim TK, Jeon Y et al. Intraoperative naloxone reduces remifentanil-

induced postoperative hyperalgesia but not pain: a randomized controlled trial. British journal of
anaesthesia. 2017;119(6):1161-8. doi:10.1093/bja/aex253.

2. Wu Z, Yu J, Lin Q, Li H, Zhang T, Tan H et al. Effects of an Intraoperative Intravenous Bolus Dose of
Dexmedetomidine on Remifentanil-Induced Postinfusion Hyperalgesia in Patients Undergoing
Thyroidectomy: A Double-Blind Randomized Controlled Trial. Anesthesia and analgesia.
2021;132(2):320-8. doi:10.1213/ANE.0000000000005003.

3. Old EA, Clark AK, Malcangio M. The role of glia in the spinal cord in neuropathic and in�ammatory
pain. Handbook of experimental pharmacology. 2015;227:145-70. doi:10.1007/978-3-662-46450-2_8.



Page 12/21

4. Romero-Sandoval A, Nutile-McMenemy N, DeLeo JA. Spinal microglial and perivascular cell
cannabinoid receptor type 2 activation reduces behavioral hypersensitivity without tolerance after
peripheral nerve injury. Anesthesiology. 2008;108(4):722-34. doi:10.1097/ALN.0b013e318167af74.

5. Long T, He W, Pan Q, Zhang S, Zhang D, Qin G et al. Microglia P2X4R-BDNF signalling contributes to
central sensitization in a recurrent nitroglycerin-induced chronic migraine model. The journal of
headache and pain. 2020;21(1):4. doi:10.1186/s10194-019-1070-4.

�. Watkins LR, Maier SF. Beyond neurons: evidence that immune and glial cells contribute to
pathological pain states. Physiological reviews. 2002;82(4):981-1011.
doi:10.1152/physrev.00011.2002.

7. Long T, He W, Pan Q, Zhang S, Zhang Y, Liu C et al. Microglia P2X4 receptor contributes to central
sensitization following recurrent nitroglycerin stimulation. Journal of neuroin�ammation.
2018;15(1):245. doi:10.1186/s12974-018-1285-3.

�. Li P, Yu C, Zeng FS, Fu X, Yuan XJ, Wang Q et al. Licochalcone A Attenuates Chronic Neuropathic
Pain in Rats by Inhibiting Microglia Activation and In�ammation. Neurochemical research.
2021;46(5):1112-8. doi:10.1007/s11064-021-03244-x.

9. Yang LH, Xu GM, Wang Y. Up-regulation of CXCL1 and CXCR2 contributes to remifentanil-induced
hypernociception via modulating spinal NMDA receptor expression and phosphorylation in rats.
Neuroscience letters. 2016;626:135-41. doi:10.1016/j.neulet.2015.12.044.

10. Ma S, Li XY, Gong N, Wang YX. Contributions of spinal D-amino acid oxidase to chronic morphine-
induced hyperalgesia. Journal of pharmaceutical and biomedical analysis. 2015;116:131-8.
doi:10.1016/j.jpba.2015.03.021.

11. Shu RC, Zhang LL, Wang CY, Li N, Wang HY, Xie KL et al. Spinal peroxynitrite contributes to
remifentanil-induced postoperative hyperalgesia via enhancement of divalent metal transporter 1
without iron-responsive element-mediated iron accumulation in rats. Anesthesiology.
2015;122(4):908-20. doi:10.1097/ALN.0000000000000562.

12. Sun Y, Zhang W, Liu Y, Liu X, Ma Z, Gu X. Intrathecal injection of JWH015 attenuates remifentanil-
induced postoperative hyperalgesia by inhibiting activation of spinal glia in a rat model. Anesthesia
and analgesia. 2014;118(4):841-53. doi:10.1213/ANE.0000000000000146.

13. Pais TF, Szegő É M, Marques O, Miller-Fleming L, Antas P, Guerreiro P et al. The NAD-dependent
deacetylase sirtuin 2 is a suppressor of microglial activation and brain in�ammation. The EMBO
journal. 2013;32(19):2603-16. doi:10.1038/emboj.2013.200.

14. Yuan F, Xu ZM, Lu LY, Nie H, Ding J, Ying WH et al. SIRT2 inhibition exacerbates neuroin�ammation
and blood-brain barrier disruption in experimental traumatic brain injury by enhancing NF-kappaB
p65 acetylation and activation. Journal of neurochemistry. 2016;136(3):581-93.
doi:10.1111/jnc.13423.

15. Wu D, Lu W, Wei Z, Xu M, Liu X. Neuroprotective Effect of Sirt2-speci�c Inhibitor AK-7 Against Acute
Cerebral Ischemia is P38 Activation-dependent in Mice. Neuroscience. 2018;374:61-9.
doi:10.1016/j.neuroscience.2018.01.040.



Page 13/21

1�. Chopra V, Quinti L, Kim J, Vollor L, Narayanan KL, Edgerly C et al. The sirtuin 2 inhibitor AK-7 is
neuroprotective in Huntington's disease mouse models. Cell reports. 2012;2(6):1492-7.
doi:10.1016/j.celrep.2012.11.001.

17. Wang F, Nguyen M, Qin FX, Tong Q. SIRT2 deacetylates FOXO3a in response to oxidative stress and
caloric restriction. Aging cell. 2007;6(4):505-14. doi:10.1111/j.1474-9726.2007.00304.x.

1�. Brennan TJ, Vandermeulen EP, Gebhart GF. Characterization of a rat model of incisional pain. Pain.
1996;64(3):493-502. doi:10.1016/0304-3959(95)01441-1.

19. Yaksh TL, Rudy TA. Chronic catheterization of the spinal subarachnoid space. Physiology & behavior.
1976;17(6):1031-6. doi:10.1016/0031-9384(76)90029-9.

20. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative assessment of tactile allodynia
in the rat paw. Journal of neuroscience methods. 1994;53(1):55-63. doi:10.1016/0165-
0270(94)90144-9.

21. Fletcher D, Martinez V. Opioid-induced hyperalgesia in patients after surgery: a systematic review and
a meta-analysis. British journal of anaesthesia. 2014;112(6):991-1004. doi:10.1093/bja/aeu137.

22. Albrecht E, Grape S, Frauenknecht J, Kilchoer L, Kirkham KR. Low- versus high-dose intraoperative
opioids: A systematic review with meta-analyses and trial sequential analyses. Acta
anaesthesiologica Scandinavica. 2020;64(1):6-22. doi:10.1111/aas.13470.

23. Jiang M, Zhang W, Cheng C, Ma Z, Gu X. Intrathecal injection of KN93 attenuates paradoxical
remifentanil-induced postoperative hyperalgesia by inhibiting spinal CaMKII phosphorylation in rats.
Pharmacology, biochemistry, and behavior. 2015;134:35-41. doi:10.1016/j.pbb.2015.04.015.

24. Celerier E, Gonzalez JR, Maldonado R, Cabanero D, Puig MM. Opioid-induced hyperalgesia in a
murine model of postoperative pain: role of nitric oxide generated from the inducible nitric oxide
synthase. Anesthesiology. 2006;104(3):546-55. doi:10.1097/00000542-200603000-00023.

25. Zhao Q, Zhang L, Shu R, Wang C, Yu Y, Wang H et al. Involvement of Spinal PKMζ Expression and
Phosphorylation in Remifentanil-Induced Long-Term Hyperalgesia in Rats. Cellular and molecular
neurobiology. 2017;37(4):643-53. doi:10.1007/s10571-016-0401-0.

2�. Zhang Y, Chi D. Overexpression of SIRT2 Alleviates Neuropathic Pain and Neuroin�ammation
Through Deacetylation of Transcription Factor Nuclear Factor-Kappa B. In�ammation.
2018;41(2):569-78. doi:10.1007/s10753-017-0713-3.

27. Wang X, Guan Q, Wang M, Yang L, Bai J, Yan Z et al. Aging-related rotenone-induced neurochemical
and behavioral de�cits: role of SIRT2 and redox imbalance, and neuroprotection by AK-7. Drug
design, development and therapy. 2015;9:2553-63. doi:10.2147/DDDT.S81539.

2�. Silva DF, Esteves AR, Oliveira CR, Cardoso SM. Mitochondrial Metabolism Power SIRT2-Dependent
De�cient Tra�c Causing Alzheimer's-Disease Related Pathology. Mol Neurobiol. 2017;54(6):4021-40.
doi:10.1007/s12035-016-9951-x.

29. Luthi-Carter R, Taylor DM, Pallos J, Lambert E, Amore A, Parker A et al. SIRT2 inhibition achieves
neuroprotection by decreasing sterol biosynthesis. Proceedings of the National Academy of Sciences
of the United States of America. 2010;107(17):7927-32. doi:10.1073/pnas.1002924107.



Page 14/21

30. Erburu M, Munoz-Cobo I, Diaz-Perdigon T, Mellini P, Suzuki T, Puerta E et al. SIRT2 inhibition modulate
glutamate and serotonin systems in the prefrontal cortex and induces antidepressant-like action.
Neuropharmacology. 2017;117:195-208. doi:10.1016/j.neuropharm.2017.01.033.

31. Liu R, Dang W, Du Y, Zhou Q, Jiao K, Liu Z. SIRT2 is involved in the modulation of depressive
behaviors. Scienti�c reports. 2015;5:8415. doi:10.1038/srep08415.

32. Xie Y, Liu Y, Valdar W. Joint Estimation of Multiple Dependent Gaussian Graphical Models with
Applications to Mouse Genomics. Biometrika. 2016;103(3):493-511. doi:10.1093/biomet/asw035.

33. Krey L, Luhder F, Kusch K, Czech-Zechmeister B, Konnecke B, Fleming Outeiro T et al. Knockout of
silent information regulator 2 (SIRT2) preserves neurological function after experimental stroke in
mice. Journal of cerebral blood �ow and metabolism : o�cial journal of the International Society of
Cerebral Blood Flow and Metabolism. 2015;35(12):2080-8. doi:10.1038/jcbfm.2015.178.

34. Watkins LR, Maier SF. Immune regulation of central nervous system functions: from sickness
responses to pathological pain. Journal of internal medicine. 2005;257(2):139-55.
doi:10.1111/j.1365-2796.2004.01443.x.

35. Hanisch UK. Microglia as a source and target of cytokines. Glia. 2002;40(2):140-55.
doi:10.1002/glia.10161.

3�. Zhang RX, Liu B, Wang L, Ren K, Qiao JT, Berman BM et al. Spinal glial activation in a new rat model
of bone cancer pain produced by prostate cancer cell inoculation of the tibia. Pain. 2005;118(1-
2):125-36. doi:10.1016/j.pain.2005.08.001.

37. Pineau I, Lacroix S. Proin�ammatory cytokine synthesis in the injured mouse spinal cord:
multiphasic expression pattern and identi�cation of the cell types involved. The Journal of
comparative neurology. 2007;500(2):267-85. doi:10.1002/cne.21149.

3�. Wei F, Guo W, Zou S, Ren K, Dubner R. Supraspinal glial-neuronal interactions contribute to
descending pain facilitation. The Journal of neuroscience : the o�cial journal of the Society for
Neuroscience. 2008;28(42):10482-95. doi:10.1523/JNEUROSCI.3593-08.2008.

39. Clark AK, Staniland AA, Marchand F, Kaan TK, McMahon SB, Malcangio M. P2X7-dependent release
of interleukin-1beta and nociception in the spinal cord following lipopolysaccharide. The Journal of
neuroscience : the o�cial journal of the Society for Neuroscience. 2010;30(2):573-82.
doi:10.1523/JNEUROSCI.3295-09.2010.

40. Ji RR, Berta T, Nedergaard M. Glia and pain: is chronic pain a gliopathy? Pain. 2013;154 Suppl 1(0
1):S10-s28. doi:10.1016/j.pain.2013.06.022.

41. Watkins LR, Hutchinson MR, Rice KC, Maier SF. The "toll" of opioid-induced glial activation: improving
the clinical e�cacy of opioids by targeting glia. Trends in pharmacological sciences.
2009;30(11):581-91. doi:10.1016/j.tips.2009.08.002.

42. Johnson JL, Rolan PE, Johnson ME, Bobrovskaya L, Williams DB, Johnson K et al. Codeine-induced
hyperalgesia and allodynia: investigating the role of glial activation. Translational psychiatry.
2014;4:e482. doi:10.1038/tp.2014.121.



Page 15/21

43. Sanna MD, Ghelardini C, Galeotti N. Activation of JNK pathway in spinal astrocytes contributes to
acute ultra-low-dose morphine thermal hyperalgesia. Pain. 2015;156(7):1265-75.
doi:10.1097/j.pain.0000000000000164.

Figures

Figure 1

Analysis of incision- and/or remifentanil-induced mechanical allodynia and thermal hyperalgesia (n=6).
PWMT and PWTL was measured at 1 d before (baseline value) and 2 h, 6 h, 24 h, 48 h after the surgical
procedure. Data were expressed as mean±SD. *P<0.05, compared with Sham+NS; †P<0.05, compared
with Inci+NS group. Inci: incision; Remi: remifentanil; NS: normal saline; Sham: sham surgery.
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Figure 2

Analysis of Iba1 protein expression. The expression of Iba1 protein in the dorsal horn of L4–L5 spinal
cord after induction by surgical incision, remifentanil infusion, or their combination at 2 d after the
surgical procedure was detected by Western blot (n=4). β-actin was used as the internal control. Data
were expressed as mean±SD. *P<0.05 compared with Sham+NS group; †P<0.01 compared with
Inci+Remi group. Inci: incision; Remi: remifentanil; NS: normal saline; Sham: sham surgery.
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Figure 3

Analysis of Iba1 protein expression and localization. Immuno�uorescence was performed to detect the
expression and localization of Iba1 in the dorsal horn of L4–L5 spinal cord after induction by surgical
incision, remifentanil infusion, or their combination at 2 d after the surgical procedure (n=4). Scale bar: 50
μm. *P<0.05, compared with Sham+NS; †P<0.05, compared with Inci+NS group. Inci: incision; Remi:
remifentanil; NS: normal saline; Sham: sham surgery.
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Figure 4

Analysis of SIRT2 protein expression. Western blot was conducted to measure SIRT2 expression in the
dorsal horn of L4–L5 spinal cord after treatment with surgical incision, remifentanil infusion, or their
combination at 2 d after the surgical procedure (n=4). *P<0.05, compared with Sham+NS; †P<0.05,
compared with Inci+NS group. Inci: incision; Remi: remifentanil; NS: normal saline; Sham: sham surgery.

Figure 5

Analysis of SIRT2 and Iba1 co-localization. The expression of SIRT2 and Iba1 in the dorsal horn of L4–L5
spinal cord induced by surgical incision and remifentanil at 2 d after the surgical procedure was as
detected by immuno�uorescence (n=4).
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Figure 6

Overexpression of SIRT2 alleviates mechanical allodynia and thermal hyperalgesia in model rats.
Mechanical allodynia was determined by measuring the paw withdrawal threshold in response to von
Frey hair stimulation. Thermal hyperalgesia was determined by measuring paw withdrawal latencies in
response to radiant heat stimulation. N = 6. Data were expressed as mean±SD. *P<0.05 compared with
Sham+LV-control group; †P<0.01 compared with Inci+Remi+LV-control group. Inci: incision; Remi:
remifentanil; Sham: sham surgery.
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Figure 7

Overexpression of SIRT2 decreases the Iba1 expression. The DRG dissected from the L4–L5 lumbar
spinal cords at postoperative day 2 was subjected to Western blot analysis of SIRT2 and Iba1 protein
expression. Data were expressed as mean±SD. *P<0.05 compared with Sham+LV-control group; †P<0.01
compared with Inci+Remi+LV-control group. Inci: incision; Remi: remifentanil; Sham: sham surgery.
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Figure 8

Analysis of Iba1 expression after overexpression of SIRT2. The expression of Iba1 in the dorsal horn of
L4–L5 spinal cord induced by sham, Inci+Remi+LV-control and Inci+Remi+LV-SIRT2 at 2 d after the
surgical procedure was detected by immuno�uorescence (n=4). Data were expressed as mean±SD.
*P<0.05 compared with Sham+LV-control group; †P<0.01 compared with Inci+Remi+LV-control group.
Inci: incision; Remi: remifentanil; Sham: sham surgery.
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