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Abstract

Background: Sleep deprivation (SD) is a major risk factor for the chronification of
postoperative pain, yet the underlying mechanisms remain poorly understood.
Emerging evidence indicates that mitochondrial dysfunction and innate immune

signaling may contribute to central sensitization and persistent pain.

Methods: We used a mouse model combining 48-hour SD with plantar incision (SD-+I)
to investigate the mechanisms linking SD to postoperative hyperalgesia. Mechanical
pain sensitivity was assessed behaviorally, while spinal microglial activation,
proinflammatory cytokine expression (IL-1p, IL-6, TNF-a), and mitochondrial function
including structure, membrane potential, ATP production, and mitochondrial reactive
oxygen species (MitoROS) levels were evaluated. The involvement of the mtDNA-
cGAS-STING pathway was assessed using pharmacological interventions with the

mitochondria-targeted antioxidant Mito-Tempo and the STING inhibitor C-176.

Results: SD significantly prolonged postoperative mechanical hyperalgesia and
enhanced spinal microglial activation, accompanied by elevated IL-1f, IL-6, and TNF-
a expression. SD+I mice exhibited mitochondrial structural damage, decreased
membrane potential and ATP production, and excessive MitoROS accumulation. This
mitochondrial stress caused the release of mtDNA into the cytosol, thereby activating
the cGAS-STING signaling pathway. Treatment with Mito-Tempo or C-176 effectively
suppressed microglial activation, reduced neuroinflammatory cytokine production, and

alleviated postoperative hyperalgesia.

Conclusions: Mitochondrial oxidative stress plays a crucial role in sleep deprivation-

induced postoperative hyperalgesia, excessive activation of which promotes mtDNA-
cGAS-STING-mediated spinal microglial activation and prolonged hyperalgesia. The
reversal of neuroinflammation and pain hypersensitivity by Mito-Tempo or C-176
emphasizes the mechanistic and therapeutic relevance of this pathway for preventing

sleep deprivation-related postoperative hyperalgesia.
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2.Introduction

Chronic postsurgical pain (CPSP) is a common and debilitating complication after
surgery. Sleep disturbances are also highly prevalent in the perioperative period, and
accumulating evidence suggests a high comorbidity between sleep disturbances and
CPSP!!. A large-scale clinical cohort study reported that poor preoperative sleep quality
is a reliable predictor of chronic pain following total knee arthroplasty and other major
surgeries!?. Despite increasing clinical awareness, the underlying neurobiological
mechanisms linking sleep disturbances to CPSP remain incompletely understood.

Microglia, the resident immune cells of the central nervous system, are key regulators
of pain processing!®!. In neuropathic pain, microglial activation induces the release of
neuroinflammatory mediators that engage various cascading pathways including
p38MAPK, NF-kB, and Nrf2/HO-1, thereby shifting the balance between pro- and anti-
inflammatory cytokines to modulate pain sensitivity¥. Recent studies suggest that
activated spinal microglia are critically involved in the sleep deprivation-induced
transition from acute to chronic pain™ ¢. However, the early triggers driving this

aberrant spinal microglial activation and subsequent neuroinflammation remain unclear.

Mitochondria are essential for energy metabolism and redox homeostasis, and
dysfunction of mitochondria in glial cells and neurons has been linked to chronic pain!’
%1, Moreover, we previously observed spinal ROS accumulation in the mouse model of
sleep deprivation with incisional pain, and intrathecal administration of the ROS
scavenger phenyl-N-tert-butylnitrone (PBN) significantly inhibited spinal microglial
activation and inflammasome activity!!”). Given that MitoROS, a primary source of
intracellular ROS, can surge dramatically in response to pathogens and damage signals,
causing oxidative damage to mitochondrial proteins, lipids, and DNA!I!Y, We
hypothesize that MitoROS serves as the initial trigger mediating mitochondrial damage
and driving spinal microglial activation in sleep deprivation-induced chronic

postoperative pain.

Notably, mtDNA is particularly vulnerable to MitoROS attack due to its proximity to

the respiratory chain and lack of histone protection 2. Cytosolic mtDNA functions as



a mitochondrial damage-associated molecular pattern (mtDAMP) that activates pattern
recognition receptors (PRRs)!'*]. Among these, cGAS was found highly expressed in
microglial". Upon binding to double-stranded DNA, cGAS catalyzes the production
of the second messenger cyclic GMP-AMP (cGAMP), thereby activating the STING

signaling pathway and triggering downstream inflammatory signaling!>!.

Here, we sought to explore the relationship among MitoROS, mitochondrial
dysfunction, and the cGAS-STING pathway in spinal microglia, and their contribution
to sleep deprivation-induced chronic postsurgical pain. To this end, we used a mouse
model combining continuous sleep deprivation and plantar incision to examine
mitochondrial dysfunction, MitoROS levels, cytosolic mtDNA accumulation,
microglial activation, and GAS-STING pathway expression. We further evaluated
whether pharmacological clearance of MitoROS with Mito-Tempo could restore
mitochondrial function and attenuate microglial activation, and evaluated the
therapeutic effects of Mito-Tempo and the STING-specific inhibitor C-176 on sleep

deprivation-induced postoperative hyperalgesia.



3.Materials and Methods

3.1 Animals

Adult male C57BL/6J mice with 8 weeks old purchased from Beijing Vital River
Laboratory Animal Technology (Beijing, China). They were housed under controlled
environmental conditions at 21+1°C with 50+5% relative humidity and a 12-h
light/dark cycle (lights on at 8:00 am). Food and water were available ad libitum
throughout the study. All experimental procedures were conducted after at least 1 week

of acclimatization.
3.2 Model of Sleep Deprivation

Sleep deprivation was performed using an automated sleep deprivation apparatus (XR-
XS108, Xinruan, Shanghai). The device induces tactile stimulation through the rotation
of an interfering rod at the chamber base, with randomized directional reversals to
prevent habituation and ensure sustained wakefulness in mice. Briefly, we put the mice
into the cylinder to adapt for 30min, initiated the SD procedure, programming the
apparatus to deliver intermittent rotational stimulation (7 rpm, 15-second duration per

cycle) continuously for 48 hours.
3.3 Model of Plantar incision

Following Brennan’s method!!%), a plantar incision model was established to simulate
postoperative pain. Briefly, mice were anesthetized via sevoflurane inhalation
administered through a nasal mask. The plantar skin of the right hind paw was
disinfected with 10% povidone-iodine solution, followed by a 0.5~1 cm midline
longitudinal incision through the skin and subcutaneous tissue to expose the underlying
muscle. The flexor digitorum brevis muscle was gently elevated with curved forceps
inserted beneath its lateral edge and advanced medially, taking care to avoid nerve
injury. After hemostasis was achieved by gentle pressure, the skin was closed with 5-0

nylon sutures.



3.4 50% Paw Withdrawal Threshold Test for Pain Assessment

Mice were firstly acclimated for 30 minutes in individual transparent plexiglass
chambers positioned on an elevated wire mesh platform. The 50% mechanical paw
withdrawal threshold was assessed using calibrated von Frey filaments (North Coast,
USA) according to the up-down method [!”). The test began with the application of a
0.6 g filament to the mid-plantar surface of the right hindpaw, the filament was applied
perpendicularly and held for 4~6 seconds. A positive response was defined as a rapid
paw withdrawal, licking, or shaking of the stimulated paw. In the absence of a response,
the next filament of higher force (1.0 g) was applied; if a response occurred, a filament
of lower force (0.4 g) was used in the subsequent trial. Stimuli were delivered at
intervals of at least 30 seconds to avoid sensitization. After the first positive response,
four additional measurements were collected, after which the up-down sequence was
terminated and the 50% paw withdrawal threshold was calculated based on the response

pattern, using filament forces ranging from 0.07g to 2.0g.
3.5 Drug Administration

The selective STING inhibitor C-176 (HY-112926, MedChemExpress) and the
mitochondrial-targeted antioxidant Mito-Tempo (HY-112879, MedChemExpress) were
initially prepared as concentrated stock solutions in dimethyl sulfoxide (DMSO)and
then diluted to the desired working concentrations with 0.9% saline immediately before
administration. Mice subjected to the combined sleep deprivation and plantar incision
model were randomly assigned to receive daily intraperitoneal injections (i.p.) of either
C-176 (200 pl, 5 mg/kg) or Mito-Tempo (200 ul, 1.4 mg/kg), whereas control animals
received equivalent volumes of 0.9% saline with corresponding DMSO carrier. All
treatments were administered once daily beginning 24 hours before the onset of sleep
deprivation and continuing through postoperative day 14. The chosen dose regimens
and administration routes were based on prior in vivo studies demonstrating effective

suppression of STING activation and mitochondrial oxidative stress without overt
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3.6 Western blot

The spinal cord was rapidly removed from mice under deep anesthesia and
homogenized in ice-cold tris lysis buffer supplemented with protease inhibitor cocktail
and phosphatase inhibitors. The homogenate was centrifuged at 12,000 rpm at 4 “C for
15min and the supernatant was collected. Protein concentration was quantified using a
BCA Protein Assay Kit (P0010, Beyotime, China). Equal amounts of protein (20 pg per
sample) were separated by SDS-PAGE (PG-112, Epizyme Biotech, China) and
transferred onto transferred onto polyvinylidene fluoride (PVDF) membranes
(IPVH00010, Millipore, USA) at 300 mA for 90 min. The membranes were blocked
with 5% skim milk for 1 h at room temperature, followed by overnight incubation at
4°C with the corresponding primary antibodies diluted with Tris-buffered saline
containing 0.1% Tween-20 (TBST). After three washes with TBST, the membranes
were incubated with HRP-conjugated secondary antibodies for 2 h at RT. Protein bands
were detected using ECL Prime Detection Reagent (E412-02, Vazyme, China) and
imaged with a Tanon-4600 Chemiluminescent Imaging System (Tanon, China). Target
protein expression was quantified using ImagelJ software (NIH, Bethesda, MD, USA).

The antibodies used are listed in Table 1.

Table 1

The detailed information on antibodies.

Antibodies Source Identifier Dilution Applications
IL-1B Cell Signaling Cat#12703  1:1000 WB
Technology
IL-6 Cell Signaling Cat #12912  1:1000 WB
Technology
TNF-a Abcam Cat 1:500 WB
#ab183218
STING Pathway  Cell Signaling Cat #16029  1:1000 WB
Antibodies Technology
GAPDH Affinity Cat #T0004 1:10000 WB
Ibal Abcam Cat 1:1000 IF
#ab178846
STING Merck Cat 1:150 IF

#MABF270




HRP-labeled Beyotime Cat #A0216 1:1000 WB
Goat Anti-Rabbit

IgG(H+L)

HRP-labeled Beyotime Cat #A0208 1:1000 WB
Goat Anti-Mouse

IgG(H+L)

Alexa Fluor 488- Invitrogen-Thermo  Cat 1:1000 IF

labeled goat anti- Fisher Scientific #A32731

rabbit secondary

antibody

Alexa Fluor 647- Invitrogen-Thermo  Cat 1:1000 IF
labeled goat anti- Fisher Scientific #A32733

rabbit secondary

antibody

3.7 Immunofluorescence staining

Under deep anesthesia, mice were intracardially perfused with phosphate-buftered
saline (PBS) followed by 4% paraformaldehyde (PFA). The L3-L5 spinal cord
segments were dissected, fixed overnight in 4% PFA, and cryoprotected in 30% sucrose
at 4°C, and sectioned at 25 pm using a cryostat (CM1900, Leica, Wetzlar, Germany).
After three washes with PBS, sections were blocked with 0.1% Triton X-100 and 2%
BSA for 2 h at RT, incubated overnight with primary antibodies at 4°C, and then with
fluorophore-conjugated secondary antibodies for 2 h at room temperature after PBS
washes. Images were acquired using a fluorescence microscope (Leica Microsystems,
Wetzlar, Germany), and mean fluorescence intensity and colocalization were analyzed

using ImagelJ with the JACoB plugin. Antibodies are also listed in Table 1.
3.8 Microglia isolation via Magnetic-activated cell-sorting (MACS)

To assess mitochondrial functional status in microglia isolated from mouse spinal cord
tissue, CD11b" cells were purified using MACS technology. Firstly, the spinal cord
freshly dissociated from mice were immediately digested in enzymatic dissociation
buffer for 30min at RT. The resulting tissue homogenate was passed through a 70-um

cell strainer to obtain a single-cell suspension. After washing with PBS, the cells were



incubated with anti-CD11b microbeads (Miltenyi Biotec, 130-049-601, Germany) for
15 min at 4°C. The labeled suspension was then applied to an LS column (Miltenyi
Biotec, 130-042-401, Germany) placed in a MACS separator (Miltenyi Biotec, 130-
090-976, Germany). After washing, the magnetically retained CD11b microglia were
immediately eluted by firmly pressing the plunger into the column. For purity
assessment, the sorted cells were stained with anti-CD11b-APC antibody (BioLegend,
101212, USA) for 20 min at 4°C, washed with PBS, and analyzed by flow cytometry.

3.9 Mitochondrial membrane potential (MMP) Assay

Purified mitochondria were extracted from magnetically sorted microglia using a Tissue
Mitochondria Isolation Kit (Beyotime, C3606, China) according to the manufacturer's
protocol. MMP was assessed using a JC-1 assay kit (Beyotime, C2006, China). Purified
mitochondria were incubated with freshly prepared JC-1 staining working solution and
incubated at 37°C for 30 min. Fluorescence intensities were measured using a
multimode microplate reader (Spark, Tecan, Switzerland) with the following settings:
JC-1 aggregates (red): Ex/Em=525/590nm and JC-1 monomers (green):
Ex/Em=490/530 nm. The MMP levels were quantified as the ratio of red/green

fluorescence intensity.
3.10 Isolation and Quantification of Cytosolic mtDNA by qPCR

Experimental procedures were carried out as previously described?’!. Briefly, the spinal
cord tissue was homogenized in ice-cold buffer and subjected to differential
centrifugation: first at 600g for 5 min at 4°C to pellet nuclei and intact cells, the lysate
was centrifuged at 11,000g for 10 min at 4°C to remove mitochondria, and the resulting
cytosolic supernatant was further clarified by centrifugation at 12,000g for 10 min at
4°C. Cytosolic DNA was then extracted from the final supernatant using a FastPure
Blood/Cell/Tissue/Bacteria DNA Isolation Mini Kit (Vazyme, D102, China). QPCR
was performed using SYBR qPCR Master Mix (Q311-02, Vazyme, China) in a 10 pl
reaction volume with primers targeting mtDNA-encoded genes (Table 2). The

thermocycling conditions were as follows: (1) Initial denaturation: 95°C for 30s; (2)



Amplification (40 cycles): 95°C for 10s(denaturation) and 60°C for 30s (annealing or
extension); (3) Melting curve analysis:95°C for 15s, 60°C for 1 min and ramp to 95°C
for 15s. Relative mtDNA levels were quantified using the 27#2“ method and normalized
to B-actin.

Table 2

Primers used for quantitative PCR assay.

Gene name Forward/Reverse Primer sequences (5°-3”)
Dloopl Forward AATCTACCATCCTCCGTGAAACC
Reverse TCAGTTTAGCTACCCCCAAGTTTAA
Dloop2 Forward CCCTTCCCCATTTGGTCT
Reverse TGGTTTCACGGAGGATGG
Dloop3 Forward TCCTCCGTGAAACCAACAA
Reverse AGCGAGAAGAGGGGCATT
B-actin Forward GTGACGTTGACATCCGTAAAGA
Reverse GCCGGACTCATCGTACTCC

3.11 Mitochondrial Structures Observation by Transmission electron microscopy

(TEM)

The deeply anesthetized mice were intracardially perfused with PBS followed by 2.5%
glutaraldehyde fixative. Appropriately sized spinal cord tissue segments were
immersed in 2.5% glutaraldehyde fixative overnight at 4°C. Following three washes
with PBS, the tissues were fixed in 1% osmium tetroxide solution for 2h at RT. After
dehydrated with ethanol, cleared in a transition solvent and embedded in resin, they
were cut into 50nm-thick ultrathin sections and double-stained with 3% uranyl acetate
and lead citrate. Mitochondrial structures were observed using a transmission electron

microscope (Hitachi HT7700, Japan).
3.12 Detection of mitochondrial ROS

As described above, single-cell suspensions were extracted from spinal cord tissue and
then washed with PBS. Cells were incubated with anti-CD11b-APC antibody
(BioLegend, 101212, USA) for microglia identification and MitoSOX™ Red



Mitochondrial Superoxide Indicator (Invitrogen, M36007, USA) for 30 min at 37°C in
the dark. After washing with PBS, fluorescence intensities were measured was
measured by flow cytometry (BD Accuri, USA), Finally, mitochondrial ROS levels

within the microglial population were analyzed using FlowJo software.
3.13 ATP Assay

ATP concentration in magnetically sorted microglia from isolated from fresh mouse
spinal cord tissue were measured by ATP Assay Kit (Beyotime, S0026, China). Briefly,
the collected cells were lysedin the provided buffer and homogenized using a Dounce
homogenizer (Kimble, USA). The lysate was centrifuged at 12,000g for 10 min at 4°C,
and 20ul of the supernatant was mixed with 100ul of ATP detection working solution
in a 96-well black plate. Luminescence was immediately measured using a multimode
microplate reader (Spark, Tecan, Switzerland). ATP content was calculated from a

standard curve and normalized to total protein concentration.
3.14 Statistical Analysis

All experimental data are expressed as meantstandard error of the mean (SEM).
Behavioral assessments over time were analyzed using two-way repeated-measures
analysis of variance (ANOVA) followed by appropriate post hoc tests (Bonferroni test).
Comparisons between two groups were performed using One-way analysis of variance
(ANOVA). Statistical significance was defined as p <0.05. All analyses were conducted
using SPSS 22.0 and GraphPad Prism 9.0.

4.Results

4.1 Perioperative Sleep Deprivation Prolongs Postsurgical Pain Recovery and Enhances

Spinal Microglial Activation

To evaluate the impact of sleep deprivation (SD) pretreatment on postoperative pain
recovery, mice underwent 48 h of continuous SD prior to unilateral plantar incision
surgery on the right hind paw (Fig1). Behavioral testing showed no significant

differences in baseline paw withdrawal thresholds (PWTs) among groups. Compared



with the control group, SD significantly reduced the mechanical PWT values, with the
effect persisting for 5 days after sleep deprivation. (Con group vs. SD group). After
surgery, control mice that underwent incision (Con+l) reached PMT nadir on
postoperative day 1 and gradually recovered to control levels by day 9 (Con group vs.
Con+lI group) (Fig 2A). In contrast, sleep-deprived mice that underwent incision (SD-+I)
exhibited prolonged mechanical hypersensitivity, with PWTs remaining significantly
lower than those in the Con+I group on postoperative days 7 and 9 (Con-+I group vs.
SD+I group), and persisting below baseline until day 14 before returning to control
levels (Con group vs. SD+I group) (Fig 2A). These findings indicate that acute short-
term SD pretreatment not only induces mechanical hypersensitivity on its own, but also

synergizes with surgical trauma, significantly prolonged postsurgical pain recovery.

Next, L3-L5 spinal cord segments were harvested from Con+I group and SD+I group
for immunofluorescence and western blot analysis on postoperative day 7 (Fig 1). The
SD+I group exhibited higher Ibal immunofluorescence intensity compared to Con+I
group, indicating enhanced microglial activation in the spinal dorsal horn following SD
(Fig. 2B-C). Western blot results demonstrated that the levels of the pro-inflammatory
cytokines IL-1pB, IL-6, and TNF-a were significantly upregulated in the SD+I group
(Fig. 2D-G). Together, these findings suggest that SD pretreatment exacerbates and

prolongs postsurgical pain, potentially through enhanced spinal microglial activation



and increased neuroinflammation.
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Fig 2. Pretreatment of 48h sleep deprivation promotes the transition to chronic post-surgical

pain and spinal microglial activation. (A) Mechanical allodynia was evaluated using the 50% paw

withdrawal threshold at baseline, during SD (Day -2 and -1) on the days post-incision (Day 1, 3, 5,
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n=6 in each group). (B-C) Representative images and quantification fluorescence intensity of Ibal

immunofluorescence in the spinal dorsal horn on postoperative day 7. (Scale bars: 100pum, Con+I

vs. SD+I: *p<0.01, n=6 in each group). (D-G) Representative western blot images and quantitative

analysis of pro-inflammatory cytokines IL-1B, IL-6 and TNF-a in spinal cord tissue collected on



postoperative day 7. (Con+l vs. SD+I: *p<0.05 normalized to GAPDH, n=6 in each group).

4.2 Sleep Deprivation Promotes Mitochondrial Dysfunction and Cytosolic mtDNA
Leakage in Spinal Microglia

Mitochondria serve as key organelles regulating microglial functional states, typically exhibit
dysfunction prior to microglial activation and subsequent neuroinflammation?!: 221, We
therefore investigated whether this phenomenon occurred in SD+I mice to assess the impact of
sleep deprivation on mitochondrial morphology and functional integrity in spinal microglia.
Compared with Con+I group, spinal tissue from SD+I mice exhibited severe mitochondrial
lesions, characterized by swelling, fragmentation, broken or absent cristae and compromised

membrane integrity (Fig 3A).

Consistent with this morphological damage, SD+I mice exhibited significant elevated
MitoROS levels in spinal microglia (Fig 3B-C). Further, we isolated spinal microglia via
magnetic bead-based sorting and subjected them to ATP assay and JC-1 staining. The results
showed a decrease in ATP production and the ratio of JC-1 aggregates to monomers, indicating
impaired mitochondrial membrane potential and compromised energy production in the spinal
microglia of SD+I mice compared with the Con+I group (Fig 3D-E). Collectively, these data

suggest that sleep deprivation also disrupts the function of mitochondria in spinal microglia.

Given that mitochondrial damage frequently leads to mtDNA release into the cytosol* 24, we
extracted cytosolic fractions from spinal cord tissues and quantified mtDNA levels using qPCR
to quantify the amount of mtDNA released to the cytosol (Fig 3F). The results showed that the
levels of mitochondrial D-loop region including Dloop1, Dloop2 and Dloop3 in the cytoplasm

of the SD+I group were significantly higher than those of the Con+I group (Fig 3G).
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Fig 3. Spinal microglia in SD+I mice exhibit mitochondrial dysfunction accompanied by
aberrant cytosolic mtDNA accumulation. (A) Representative transmission electron microscopy
images showing mitochondrial ultrastructure in spinal dorsal horn on postoperative day 7. (Scale
bars: 1um, 500nm). (B-C) The MitoROS level of spinal microglia in mice was determined by flow
cytometry (n=6 in each group). (D) Quantification of mitochondrial membrane potential in isolated
spinal microglia, assessed by JC-1 staining following magnetic bead-based microglial purification.
(n=3 in each group). (E) Measurement of ATP levels in isolated spinal microglia. (n=3 in each group).

(F) Experimental schematic illustrates the workflow for quantifying cytosolic mtDNA by qPCR in



cytosolic fractions isolated from spinal cord tissue. (G) Quantification of cytosolic mtDNA,
including D-loop1, D-loop2, and D-loop3, in cytosolic fractions of spinal cord tissue (n=3 in each
group). All data were expressed as mean+SEM, Con-+1 vs. SD+: “p<0.05, **p<0.001, ***p<0.0001.
4.3 MitoROS Accumulation Drives Mitochondrial Dysfunction and mtDNA

Leakage

MitoROS serves as the most important marker of mitochondrial damage, and its
excessive accumulation can trigger oxidative stress, mitochondrial dysfunction,
inflammatory responses, and ultimately cell death!??). To investigate whether MitoROS
acts as the initiating factor for mitochondrial dysfunction and subsequent mtDNA
leakage in microglia, the mitochondrial-targeted antioxidant Mito-Tempo was
administered to scavenge MitoROS in the mouse model of continuous 48-hour sleep
deprivation combined with plantar incision surgery. Mice received daily intraperitoneal
injections of Mito-Tempo beginning one day prior to sleep deprivation and continuing
until postoperative day 7, after which spinal cord tissues were collected for analysis,
with a parallel control group (SD+I+Veh) receiving equivalent volumes of saline

injections (Fig. 1).

Administration of the mitochondria-targeted antioxidant Mito-Tempo effectively
prevented the accumulation of MitoROS, in spinal microglia compared with the
SD+I+Veh group (Fig. 4A-B). Transmission electron microscopy revealed pronounced
mitochondrial swelling, disrupted outer membranes, and fragmented or absent cristae
in the SD+I+Veh group, whereas mitochondria in the SD+I+Mito-Tempo group
exhibited intact membranes and well-organized cristae, indicating structural restoration
of mitochondria following Mito-Tempo treatment (Fig. 4C). Moreover, JC-1 staining
and ATP assays revealed increased mitochondrial membrane potential and elevated ATP
levels in the SD+I+Mito-Tempo group, suggesting improved mitochondrial function
after MitoROS scavenging (Fig. 4D-E). Furthermore, Mito-Tempo-mediated clearance
of MitoROS significantly prevented mtDNA escape from mitochondria to the
cytoplasm in the spinal cord, as evidenced by reduced cytoplasmic accumulation of D-

loop DNA fragments in the SD+I[+Mito-Tempo group (Fig. 4F).
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Fig 4. Scavenging MitoROS restores mitochondrial integrity and reduces cytosolic mtDNA
leakage in spinal microglia. (A-B) Flow cytometry analysis confirming the efficacy of Mito-
Tempo treatment in reducing MitoROS levels in spinal microglia. (n=6 in each group). (C)
Representative transmission electron microscopy images of mitochondrial ultrastructure in the
spinal dorsal horn on postoperative day 7 (Scale bars: 1um, 500nm). (D) Quantification of
mitochondrial membrane potential in isolated spinal microglia (n=3 in each group). (E)
Measurement of ATP levels in isolated spinal microglia. (n=3 in each group). (F) Quantification of
cytosolic mtDNA D-loops in cytosolic fractions of spinal cord tissue (n=3 in each group). All data

were expressed as mean = SEM, SD+I+Veh vs. SD+I+Mito-Tempo: “p<0.05.



4.4 Scavenging MitoROS Alleviates Sleep Deprivation-Induced Spinal

Neuroinflammation and Hyperalgesia

Behavioral assessments revealed that PWT values were significantly higher in the
SD+I+Mito-Tempo group compared to the SD+I+Veh group on postoperative days 7,
9, and 11, indicating that Mito-Tempo treatment effectively alleviated sleep
deprivation-induced postoperative hyperalgesia (Fig. 5A). Consistent with these
behavioral improvements, immunofluorescence analysis showed that Mito-Tempo
administration markedly suppressed microglial activation in the spinal cord (Fig. 8B-
(), as evidenced by a substantial reduction in the relative fluorescence intensity of Ibal
(Fig. 5B-C). Furthermore, Western blot analysis showed that the spinal expression of
pro-inflammatory cytokines, including IL-1p, IL-6, and TNF-a, was significantly
downregulated following Mito-Tempo treatment (Fig. 5D-G).
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Fig 5. Mito-Tempo also mitigates microglial activation and alleviates sleep deprivation-
induced mechanical allodynia. (A) Time course of 50% paw withdrawal threshold showing the

analgesic effect of Mito-Tempo treatment shortened the duration of postoperative hyperalgesia



induced by sleep deprivation (n=6 in each group). (B-C) Ibal Immunofluorescence staining of
spinal cord sections illustrating the effect of Mito-Tempo on microglial activation state (Scale bar:
200pum, n=6 in each group). (D-G) Western blot analysis of IL-1f, IL-6, and TNF-a in spinal cord
tissue showing that Mito-Tempo treatment downregulated the expression of these pro-inflammatory
cytokines (normalized to GAPDH, n=6 in each group). All data were expressed as mean+SEM,
SD+I+Veh vs. SD+I+ Mito-Tempo: “p<0.05, “*p<0.01, “*p<0.001.

4.5 Sleep Deprivation activates mtDNA-cGAS-STING pathway in Spinal

Microglia

The ¢GAS-STING pathway, a component of the innate immune system closely
associated with neuroinflammatory disorders, has been identified as a critical
cytoplasmic DNA sensor and downstream effector molecules!®!. Following our
findings of cytosolic mtDNA leakage, we next assessed the effects of sleep deprivation
on cGAS-STING signaling pathway activation. To evaluate pathway activation, spinal
cord tissues were collected on postoperative day 7, and the expression levels of key
components of the cGAS-STING pathway were assessed by western blot and
immunofluorescence staining. Western blot analysis revealed that, compared with the
Con+I group, mice in the SD+I group exhibited significantly increased protein levels
of cGAS, p-STING, p-TBK1 and p-IRF3. In contrast, the total protein levels of STING,
TBK1, and IRF3 showed no significant difference between the two groups, indicating
that sleep deprivation primarily induced pathway activation through enhanced
phosphorylation rather than altered total protein expression (Fig. 6A-H). Meanwhile,
immunofluorescence double staining revealed a high degree of colocalization between
STING and the microglial marker Ibal in the spinal cord of SD+I group mice,
indicating that SD-induced the cGAS-STING pathway activation occurred in microglia
(Fig. 71-J). Together, these data indicate that sleep deprivation induces activation of the
microglial cGAS-STING signaling cascade in the spinal cord, consistent with cytosolic

mtDNA acting as an upstream trigger for this innate immune response.
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4.6 The STING Inhibitor C-176 Attenuates Sleep Deprivation-Induced Spinal

Neuroinflammation and Hyperalgesia

To further explore whether the cGAS-STING signaling pathway in the spinal dorsal
horn is involved in the process of sleep deprivation-induced spinal neuroinflammation
and hyperalgesia, we next administered the selective STING inhibitor C-176

intraperitoneally beginning one day before sleep deprivation, followed by daily



injections until postoperative day 14. During this period, spinal cord tissues were
collected on postoperative day 7 for Western blot and immunofluorescence analyses to
examine the corresponding molecular changes, while behavioral assessments were
conducted to evaluate pain sensitivity by measuring alterations in mechanical

withdrawal thresholds (Fig 1).

Western blot analysis demonstrated that treatment with C-176 effectively attenuated the
expression of the key pathway proteins cGAS, STING, and p-STING in the spinal cord,
confirming the effective inhibition of STING signaling by C-176 (Fig 7A-D).
Behavioral testing revealed no significant differences in PWT values between the
SD+I+C-176 and SD+I+Veh groups during the sleep deprivation period. However, on
postoperative days 5, 7, and 9, PWT values were markedly increased in the C-176-
treated group, indicating a shortened duration and reduced severity of sleep deprivation-
induced postoperative mechanical hyperalgesia (Fig. 7E). Immunofluorescence
staining revealed a significant reduction in Ibal-positive microglia in the spinal dorsal
horn of SD+I+C-176 mice compared with the SD+I1+Veh group, suggesting decreased
microglial activation on postoperative day 7 (Fig. 7F-G).Consistently, the expression
of the core pro-inflammatory cytokines IL-1p, IL-6, and TNF-a in the spinal cord were
effectively downregulated following C-176 treatment, suggesting effective inhibition
of spinal neuroinflammation (Fig 7H-K). Collectively, the aforementioned results

showed that pharmacological inhibition of STING signaling by C-176 effectively



alleviate sleep deprivation-induced microglial activation and spinal neuroinflammation,

ultimately promoting postoperative pain recovery.
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Fig 7. C-176 mitigates microglial activation and alleviates sleep deprivation-induced
mechanical allodynia. (A-D) Western blot analysis of spinal cord tissue showing protein levels of
cGAS, STING, and p-STING, confirming the inhibitory effect of the STING-specific antagonist C-
176. (E) Time course of 50% paw withdrawal threshold showing the analgesic effect of C-176
treatment shortened the duration of postoperative hyperalgesia induced by sleep deprivation (n=6
in each group). (F-G) Ibal Immunofluorescence staining of spinal cord sections illustrating the
effect of C-176 on microglial activation state (Scale bar: 200pum, n=6 in each group). (H-K) Western
blot analysis of IL-1B, IL-6, and TNF-a in spinal cord tissue showing that C-176 treatment



downregulated the expression of these pro-inflammatory cytokines (normalized to GAPDH, n=6 in
each group). All data were expressed as mean=SEM, SD+I+Veh vs. SD+I+C-176: "p<0.05, “*p<0.01,
*p<0.001.

4.7 Mito-Tempo Targets the mtDNA-cGAS-STING Pathway to Suppress

Neuroinflammation and Pain

Next, we examined whether MitoROS acts upstream to activate the cGAS-STING
pathway and modulates sleep deprivation-induced postoperative hyperalgesia.
Administration of the Mito-Tempo resulted in a marked attenuation of cGAS protein
expression and a significant reduction in the phosphorylation levels of STING, TBK1,
and IRF3. In contrast, the total protein levels of these signaling molecules remained
unchanged between groups (Fig. 7A-H). Immunofluorescence double staining further
demonstrated decreased colocalization between STING and Ibal in the SD+I+Mito-
Tempo group, indicating that Mito-Tempo reversed the sleep deprivation-induced
activation of STING in spinal microglia (Fig. 7I-J). These findings demonstrate that
MitoROS accumulation serves as a critical upstream trigger for the activation of the
microglial cGAS-STING signaling cascade. Consequently, these findings demonstrate
that MitoROS accumulation is essential for microglial cGAS-STING signaling, and
pharmacological scavenging of MitoROS suppresses this signaling cascade, alleviating
neuroinflammation and promoting recovery from sleep deprivation-induced

postoperative hyperalgesia.
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Fig 8. Mito-Tempo suppresses sleep deprivation-induced activation of the cGAS-STING
pathway in the spinal cord. (A-H) Representative western blot images and quantitative analysis
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Mito-Tempo: “p<0.05, “*p<0.01.



5.Discussion

This study showed that: (1) Preoperative sleep deprivation significantly prolonged the
duration of postoperative mechanical hyperalgesia; (2) Sleep deprivation induced
excessive accumulation of MitoROS in spinal microglia, leading to mitochondrial
structural and functional impairment as well as cytosolic leakage of mtDNA; (3) The
released mtDNA subsequently activated the cGAS-STING signaling pathway, driving
microglial activation and the production of inflammatory cytokines, thereby mediating
sleep deprivation-induced postoperative hyperalgesia; (4) Pharmacological
interventions using the selective STING inhibitor C-176 or the mitochondria-targeted
antioxidant Mito-Tempo effectively attenuated sleep deprivation-induced microglial

activation, spinal neuroinflammation, and persistent postoperative hyperalgesia.

Current clinical evidence clearly establishes sleep deprivation as a significant risk factor
for the development of chronic postsurgical pain!?® 271, Complementing these clinical
observations, experimental evidence increasingly indicates that sleep deprivation
exacerbates pain sensitivity across various rodent pain models, including neuropathic
pain, formalin-induced inflammatory pain, and skin/muscle incision and retraction
(SMIR) surgery!?®-3%, Similar to what was previously reported!'%, we utilized a plantar
incision model to mimic acute surgical pain in humans in the present study, we observed
that sleep deprivation alone is sufficient to induce a decline in mechanical pain
thresholds in mice. And sleep deprivation not only intensifies the magnitude of
postoperative hyperalgesia, but also significantly extends its duration, reinforcing the

notion that sleep loss is a potent driver of pain chronification.

Activation of spinal microglia and the subsequent glia-neuron interactions are key steps
of central sensitization and pain persistence. In our study, perioperative sleep
deprivation induces spinal microglial activation and the release of pro-inflammatory
cytokines such as IL-1B and TNF-a. According to previous studies, these microglia-
derived cytokines activate Src family kinases (SFKs) in adjacent neurons, leading to
phosphorylation of NMDA receptor subunits NR1 and NR2BP!!. And they promote the

trafficking of AMPA receptor GluA1 subunits to the postsynaptic membrane via PI3K-



and PKA-dependent pathways, thereby enhancing glutamate release and excitatory

(32, 33

synaptic transmission 1. Furthermore, these cytokines modulate the frequency,

amplitude, and kinetics of spontaneous inhibitory postsynaptic currents (sIPSCs) and
directly inhibit GABAergic and glycinergic receptor activity, thereby weakening

inhibitory synaptic transmission** 3!, Collectively, perioperative sleep deprivation

may act as a stressor that triggers spinal inflammatory responses via microglial
activation , disrupts the excitatory—inhibitory balance of neurons, and ultimately

contributes to the development of central sensitization.

Our findings demonstrate that sleep deprivation combined with incisional surgery
exacerbates structural and functional impairments in microglial mitochondria. As the
central organelles of cellular energy metabolism, mitochondrial dysfunction triggers
profound metabolic reprogramming in microglia. Impaired oxidative phosphorylation
(OXPHOS) promotes a compensatory shift toward glycolysis, generating metabolites
such as lactate that activate pro-inflammatory pathways, including HIF-1a, thereby
inducing microglial phenotypic transitions and central neuroinflammation!*® 371,
Moreover, impaired mitochondrial fatty acid oxidation leads to abnormal lipid droplet

accumulation, which disrupt microglial synaptic pruning through downregulating key
enzymes, thereby contributing to the amplification of pain signaling®®!. A study

revealed that promoting microglial mitophagy to remove damaged mitochondria
effectively suppressed NLRP3 inflammasome activation and alleviated chronic
neuropathic pain in mice**). Notably, mitochondrial dysfunction also participates in
deeper glia-neuron material exchange. Vesicles derived from damaged mitochondria
can carry mitochondrial components such as mtDNA or metabolic enzymes, thereby
altering neuronal metabolic states!*”). The recent study further indicates that
mitochondria can even be directly transferred into neurons!*!!. Such interactions may
facilitate stress signal propagation or the transfer of dysfunctional mitochondria under
pathological conditions. Therefore, future studies are needed to elucidate how glia-

neuron metabolic coupling sustains the chronicization of postoperative pain induced by



sleep deprivation.

In the progression of mitochondrial damage, the abnormal accumulation of mtROS
serves as a central driver*> #*]. Peruzzotti-Jametti et al. reported that upregulation of
mitochondrial complex I drives reverse electron transport, resulting in the persistent
production of MitoROS, which maintains microglial activation and sustains CNS
inflammation!**. Consistently, our results showed that markedly elevated MitoROS
levels in spinal microglia in the SD+I group, accompanied by increased cytosolic
mtDNA. Excess MitoROS can directly damage mitochondrial membranes and
respiratory chain components*!, and induce persistent opening of the mitochondrial
permeability transition pore (mPTP) through redox-sensitive mechanisms/*®!. This
disruption of membrane integrity facilitates the release of mitochondrial damage-
associated molecular patterns (DAMPs) into the cytosol®’. Among them, mtDNA
release is one of the most potent pro-inflammatory events!*®l. Under physiological
conditions, mtDNA is sequestered within the matrix and anchored by nucleoid
structures, protected by the dual-layer membrane barrier. However, MitoROS-induced
damage enables its escape into the cytoplasm via sustained mPTP opening or voltage-
dependent anion channel 1 (VADC1) oligomerization [ *°1. Our results showed that
scavenging MitoROS restored mitochondrial structure, membrane potential, and ATP
production, while preventing cytosolic mtDNA accumulation in mice subjected to the
sleep deprivation-postoperative pain model. This reversal effect provides evidence that
mtROS act as a critical upstream mediator of mitochondrial dysfunction and mtDNA

release.

Emerging evidence indicates that cGAS not only functions as a major sensor of
microbial DNA but also as a key detector of mislocalized cytosolic DNA under
pathological conditions®!!. Upon sensing leaked mtDNA, cGAS catalyzes the synthesis
of cGAMP, which activates STING and subsequently triggers TBK1 phosphorylation,
IRF3 nuclear translocation, and the production of type 1 interferons and
proinflammatory cytokines®2!. Previous studies have reported both pro- and anti-

nociceptive roles of the cGAS-STING pathway depending on the specific cell types and



pain models!>!. For example, Donnelly et al. found that STING deletion increased the
excitability of nociceptors, suggesting an antinociceptive role®*!, whereas other studies
reported that STING activation promoted microglial M1 polarization and mechanical
allodynia in models such as spared nerve injury and bone cancer pain>>-371. Our results
support the pro-nociceptive role of this pathway, as evidenced by increased STING
expression and its colocalization with the microglial marker Ibal. Pharmacological
inhibition of STING with C-176 reduced proinflammatory cytokine levels and
alleviated mechanical hypersensitivity, indicating that microglial cGAS-STING
activation contributes to chronic postoperative pain. Furthermore, the mitochondria-
targeted antioxidant Mito-Tempo suppressed STING signaling, accompanied by
reduced cytokine production and pain sensitivity. These results provide direct evidence
that excessive MitoROS act as an upstream driver of mtDNA release, thereby triggering

aberrant activation of the cGAS-STING signaling cascade.

This study had some limitations. First, mitochondrial morphology, function, and
MitoROS levels were evaluated only on postoperative day 7, limiting temporal insight
into the dynamic changes during pain initiation and resolution. Second, although our
results implicate MitoROS in mtDNA leakage, the precise molecular mechanism
underlying this process remains to be defined. Possible mediators include oxidative
damage to mtDNA, disruption of mitochondrial outer membrane integrity, or regulated

[58.59] Finally, systemic

pore formation via VDACI oligomerization or BAK/BAX pore
intraperitoneal drug administration may have introduced off-target effects in non-neural
tissues such as the liver or kidneys. Future studies could utilize intrathecal delivery or
nanocarrier-based targeted delivery to enhance spinal specificity and therapeutic

efficacy while minimizing systemic side effects.
6. Conclusions

In summary, our findings identify mitochondrial oxidative stress and the downstream
mtDNA-cGAS-STING signaling pathway in spinal microglia as central mediators of

sleep deprivation-induced postoperative hyperalgesia, providing mechanistic insight



and novel therapeutic strategies for the prevention of chronic postsurgical pain in

patients with perioperative sleep disturbances.
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