
Background: The etiology of bone cancer pain (BCP) is multifaceted, and effective therapeutic 
strategies for treating the condition remain elusive. Prior research has implicated sirtuin 1 (SIRT1) in 
the pathogenesis of BCP, suggesting the protein’s potential to modulate autophagy and mitigate 
nociceptive sensitization; however, the underlying mechanisms of BCP are not fully understood. 

Objectives: This study aimed to elucidate the role of SIRT1 in activating autophagy and its impact 
on the development of nociceptive hypersensitivity in a rat model of BCP. 

Study Design: Controlled animal study. 

Setting: Female Sprague Dawley® rats weighing 180–220 g were used. 

Methods: The BCP model was established by a single injection of Walker 256 breast cancer cells 
(10 µL, 107cells/mL) into the tibia. Mechanical pain sensitivity was assessed behaviorally using an 
Electronic von Frey Anesthesiometer. 

Results: Western blot (WB) analysis revealed reduced SIRT1 levels and elevated beclin-1 expression, 
an increased LC3II/LC3I ratio, and enhanced P62 expression in the dorsal horns of spinal cord 
tissues from rats with BCP. Immunofluorescence assays demonstrated co-localization of SIRT1 with 
neuronal cells and beclin-1. Subsequent experiments indicated that intrathecal administration of a 
SIRT1 agonist in rats with BCP postponed the downregulation of SIRT1, decreased the acetylation 
of beclin-1, and facilitated beclin-1 nuclear translocation. This treatment also led to a reduction in 
the LC3II/LC3I ratio and P62 expression levels. Collectively, these findings suggest that SIRT1 may 
ameliorate nociceptive hypersensitivity in rats with BCP through the promotion of beclin-1 nuclear 
translocation, thereby restoring autophagic flux.

Limitations: This study focused on peripheral/spinal mechanisms but not supraspinal/cortical 
contributions. Pharmacological tests were limited to a single time point, potentially missing 
dynamic pain changes during tumor progression. Nevertheless, the findings of this study offer 
valuable preliminary insights. 

Conclusion: This research uncovers a novel mechanism of SIRT1 in the genesis of nociceptive 
hypersensitivity in BCP and offers potential avenues for therapeutic intervention.
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BBone cancer pain (BCP) commonly affects patients 
with advanced breast, prostate, and lung 
cancers due to frequent skeletal metastases 

(1). Although sometimes asymptomatic, bone 
metastases often cause severe complications, including 
fractures, hypercalcemia, and spinal cord compression, 
impairing patients’ quality of life and chances of 
survival significantly (2-4). Current understanding of 
cancer-induced pain mechanisms remains limited, 
leading to suboptimal clinical management. BCP’s 
dual neuropathic-inflammatory nature involves 
peripheral tissue alterations, nerve fiber changes, and 
neurochemical adaptations across neural levels (5,6). 
Elucidating these complex mechanisms is critical for 
improving pain management.

   Sirtuin 1 (SIRT1), an NAD+-dependent deacetylase, 
regulates diverse biological processes through protein 
deacetylation, enabling rapid gene expression adjust-
ments to environmental stimuli (7). Emerging evidence 
positions SIRT1 as a therapeutic target for chronic pain 
(8). Research has indicated that SIRT1 can serve as a 
therapeutic target in the management of chronic pain 
(8). In a rat model of BCP, intrathecal administration of 
SRT1720, an activator of SIRT1, has been shown to allevi-
ate pain by suppressing mitochondrial fission mediated 
by dynamin-related protein 1 (Drp1) (9). Similarly, the 
activation of SIRT1 has been reported to diminish BCP 
by inhibiting the activation of metabotropic glutamate 
receptors (mGluRs), specifically mGluR1 and mGluR5 
(mGluR1/5) (10). Furthermore, a study utilizing a mouse 
model of BCP demonstrated that intrathecal melatonin 
injections mitigated pain by curbing HMGB1 nuclear 
translocation and the release of inflammatory cytokines 
through SIRT1-mediated pathways (11). Despite these 
findings, the precise role of SIRT1 in the etiology of BCP 
warrants further elucidation. Evidence suggests that 
SIRT1 may ameliorate pain by modulating autophagy, a 
hypothesis that merits deeper exploration (12,13).

Autophagy maintains cellular homeostasis by de-
grading dysfunctional components. Beclin-1, a pivotal 
autophagy regulator, governs autophagosome mem-
brane formation and modulates autophagic flux (14-
16). The nuclear translocation of Beclin-1 may influence 
autophagosome assembly (17), with proposed roles in 
cellular functions like endometrial remodeling (17). 
However, conflicting research indicates that Beclin-1 
nuclear translocation does not regulate autophagy 
directly and participates in DNA repair independently 
(18), suggesting potential indirect links between 
nuclear functions and autophagy. Critically, Beclin-1 

activation mitigates nociceptive hypersensitivity by 
enhancing autophagic flux in pain models (19-21), 
supporting the therapeutic potential of autophagy. 
SIRT1 may exert therapeutic effects via autophagy 
activation (22,23), but the protein’s role in promoting 
Beclin-1 nuclear translocation and autophagic flux for 
pain relief remains undetermined, with the underlying 
mechanisms unclear.

In this study, using a rat BCP model, we investigat-
ed SIRT1 expression dynamics, Beclin-1 nuclear translo-
cation, and autophagic flux modulation. The aim was 
to elucidate how the activation of a SIRT1/autophagy 
pathway mitigates nociceptive hypersensitivity, thereby 
clarifying SIRT1’s role in BCP pathogenesis and identify-
ing novel therapeutic strategies.

Methods

Study Design
Adult female Sprague-Dawley® (SD) rats, weighing 

between 180-220 grams, were sourced from Shanghai 
Legian Biotechnology Co., Ltd. These animals had ad 
libitum access to food and water throughout the study. 
Rats were divided into a sham group, a BCP group, an 
SRT1720 group, and an EX527 group, intrathecally in-
jected with a SIRT1 activator or inhibitor, and then used 
to explore the role of SIRT1 in the development of BCP. 
All animal experiments and associated protocols were 
conducted in strict accordance with the guidelines set 
by the Institutional Animal Care and Use Committee 
(IACUC) of Jiaxing University, and prior approval was 
obtained from this committee.

Tumor Cell Preparation
The methodology for preparing tumor cells has 

been detailed in previous studies by Mao-Ying et al 
(24). In this experiment, Walker-256 breast cancer cells 
were administered intraperitoneally to female rats. Fol-
lowing a one-week incubation period, the cancer cells 
were harvested and promptly washed with phosphate-
buffered saline (PBS) solution to remove any contami-
nants. Subsequently, these cells were resuspended to 
achieve a final concentration of 107 cells/mL. For the 
sham operation group, an equivalent concentration of 
heat-killed cancer cells was utilized to control for non-
specific effects.

Establishment of Rat Model of BCP
Adult female SD rats were utilized in this study. 

Anesthesia was induced via intraperitoneal injection 
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of sodium pentobarbital at a dosage of 60 mg/kg. Fol-
lowing anesthesia, an epidermal incision was made on 
the left leg, allowing exposure of the lower third of 
the tibia. A small hole was drilled into the tibial shaft, 
and either Walker-256 tumor cells (at a concentration 
of 107 cells/mL) or heat-killed cells were injected into 
the bone cavity. The syringe was retained in situ for ap-
proximately one minute to prevent the injected mate-
rial from leaking. After the injection, the syringe was 
removed, and the puncture site was sealed with bone 
wax and sutured. The incision was then dressed with 
gentamycin ophthalmic ointment to prevent infection. 
Rats were subsequently placed on a heating pad to 
facilitate natural recovery from anesthesia. To evaluate 
the proliferation of tumor cells within the intramed-
ullary space of the tibia, computed tomography (CT) 
radiography was employed.

Intrathecal Drug Delivery
Adult female SD rats were briefly anesthetized us-

ing intraperitoneal injection of sodium pentobarbital 
at a dosage of 50 mg/kg. Following the administration 
of anesthesia and the shaving of each rat’s dorsal re-
gion, a PE-10 catheter was carefully inserted through 
the intervertebral disc into the subarachnoid space. 
The microtubule was then anchored securely to the 
adjacent ligament, ensuring that the free end of the 
microtubule extended 2 cm beyond the anchor point. 
This free end was exposed and then capped to prevent 
contamination, and the surgical incision was meticu-
lously closed. On the second day after surgery, the ef-
ficacy of the catheter placement was confirmed by the 
induction of paralysis in both hind limbs following the 
injection of 10 μl of lidocaine along the catheter. In-
trathecal catheterization was performed immediately 
after the model preparation, with drug administration 
commencing 6 days postoperatively and continuing for 
a total of 12 days after the operation.

Paw Withdrawal Threshold Measurement
Paw withdrawal threshold (PWT) measurements 

for the left hind paw were conducted using the Elec-
tronic von Frey Anesthesiometer (IITC Life Science, 
Inc.). Before each testing session, rats were allowed 
to acclimate individually in a Plexiglas chamber (25 × 
20 × 20 cm) for 30 minutes on a wire mesh platform. 
The PWT test was performed 3 times, with a minimum 
interval of 5 minutes between successive stimuli. PWT 
values, expressed in grams, represented the maximum 
tolerable force and were calculated as the average of 

the 3 measurements. All behavioral assessments were 
carried out by investigators who were blinded to the 
experimental group assignments.

Primary Culture of Neuronal Cells
Neonate rat spinal cords were used for primary 

neuronal culture. After removing membranes and 
blood vessels, the cords were dissected into one-cm³ 
pieces. These were digested with 0.05% trypsin at 37°C 
for 15-20 minutes, with agitation every 5 minutes. Tryp-
sin was inactivated with an inhibitor, and the mixture 
was pipetted to create a suspension. The cells were 
centrifuged at 1000 rpm at 4°C for 10 minutes, and the 
pellet was resuspended in the first planting solution. 
Differential adhesion was performed in a culture flask 
at 37°C, 5% CO2, and 95% humidity for 30 minutes. The 
supernatant, rich in neurons, was collected, and cell 
counts were determined using trypan blue staining. 
Cells were seeded into 6-well plates at 6×105 cells per 
well and incubated under the same conditions. On day 
2, the medium was refreshed with planting solution 2. 
On day 4, 5 μM cytarabine was added for a partial ex-
change, followed by a full exchange after 24 hours. The 
medium was then changed twice weekly to maintain 
optimal conditions.

Hematoxylin-Eosin Staining 
On day 12 after tumor inoculation, rats were 

deeply anesthetized with a lethal dose of pentobar-
bital (80 mg/kg, intravenously) and subsequently eu-
thanized. Tibial tissue, approximately one cm in length 
surrounding the inoculation site, was harvested and 
decalcified in a 10% EDTA solution for a duration of 24 
hours. Following decalcification, the tissue underwent 
dehydration and was embedded in paraffin. Sections of 
the embedded tissue, 8 μm thick, were prepared using 
a rotary microtome. These sections were then stained 
with hematoxylin and eosin (H-E) to assess tumor cell 
infiltration, tumor size, and the degree of bone de-
struction. Examination of the stained sections was con-
ducted using a microscope (Olympus BX51) with 10× or 
20× objective lenses to visualize the histological details.

CT Bone Reconstruction Examination 
To ascertain the degree of tibial bone destruction 

induced by tumor inoculation, bone reconstruction 
was conducted via CT on the left tibial bones of the 
rats on the twelfth day after the cancer-cell inocula-
tion. The rats were anesthetized with an overdose of 
pentobarbital (60 mg/kg, intravenously) prior to the 
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procedure and then euthanized. The intraosseous 
bone was assessed using an E-COM technology digital 
radiography system, recognized for its advanced imag-
ing capabilities and optimal image quality with lower 
doses of radiation.

Immunofluorescence
Twelve days after the surgery, rats were anesthe-

tized deeply with intravenous pentobarbital (80 mg/kg) 
and then perfused intracardially with 4% phosphate-
buffered paraformaldehyde. The lumbar-expanded 
tissues were rapidly excised and fixed in the aforemen-
tioned fixative solution for 4-6 hours. Subsequently, the 
tissues were dehydrated in a gradient of sucrose (10%-
30%) in sterile water over 5-7 days at 4°C, followed by 
a 2-hour incubation in optimal cutting temperature 
(OCT) compound at 4°C. The tissues were embedded in 
OCT compound (Sakura Finetek) and frozen at -25°C in 
a cryostat. Serial sections, 25 µm thick, were prepared 
and mounted onto microscope slides (CITOGLAS®, 
CITOTEST). The sections were blocked with 10% goat 
serum and 0.03% Triton X-100 in PBS for one hour at 
room temperature. Those sections were then incubated 
overnight at 4°C with a mixture containing 10% goat 
serum and primary antibodies. The primary antibodies 
used were rabbit anti-SIRT1 (ab110304, 1:1000, Abcam 
Limited), mouse anti-Beclin-1 (bsm-33315M, 1:400, 
Bioss USA), rabbit anti-LC3 (4108S, 1:1000, Cell Signal-
ing Technology [CST]), rabbit anti-P62 (23214, 1:1000, 
CST), mouse anti-NeuN (ab104224, 1:1000, Abcam), 
mouse anti-Iba1 (ab283319, 1:500, Abcam), and mouse 
anti-GFAP (ab10062, 1:300, Abcam). For immunofluo-
rescence, sections were incubated with Alexa Fluor® 

594 goat anti-rabbit IgG (ab150064, 1:1000, Abcam) 
and Alexa Fluor® 488 goat anti-mouse IgG (ab150113, 
1:1000, Abcam) for one hour at 25°C, followed by coun-
terstaining with DAPI (HNFD-02, 5μl, HelixGen). For im-
munohistochemical staining, sections were incubated 
with horseradish peroxidase (HRP)–conjugated rabbit 
anti-mouse IgG secondary antibody (1:200, Abcam) for 
one hour at 25°C. Positive staining was visualized us-
ing a DAB peroxidase substrate kit, and sections were 
counterstained with hematoxylin. Images from the 
dorsal horn of the spinal cord were captured using a 
confocal microscope (TCS SP2, Leica Microsystems) or 
an optical microscope. Measurements and analyses 
were conducted using Image-Pro Plus 6.0 software (Me-
dia Cybernetics, Inc.). A total of 9-16 images from 4 rats 
per group, with 24 sections per sample, were collected 
and analyzed.

Immunoblotting
On day 12 after tumor inoculation, the rats were 

deeply anesthetized with a lethal dose of intravenous 
pentobarbital (80 mg/kg) and euthanized. The L3-L5 
segments of the rats’ spinal cords were rapidly harvested 
and preserved in liquid nitrogen. Tissue homogenates 
were prepared and subjected to cytoplasmic extraction 
using a radioimmunoprecipitation assay (RIPA) buffer 
(Sigma-Aldrich). The homogenates were centrifuged 
at 13,000 rpm for 10 minutes at 4°C to separate the 
supernatant. The protein concentration of the superna-
tant was quantified using the bicinchoninic acid (BCA) 
assay. For co-immunoprecipitation (co-IP), 500 μL of the 
supernatant was incubated with one μg of the appro-
priate primary antibody at 4°C overnight with gentle 
agitation. The next day, 20 μL of protein A/G agarose 
beads were added and incubated for 2-4 hours at 4°C 
with continued agitation. The mixture was then centri-
fuged at 3,000 rpm for 3 minutes to pellet the beads. 
The supernatant was carefully removed, and the beads 
were washed 3 times with 1 mL of the cold RIPA buf-
fer. After the final wash, the beads were resuspended 
in 60 μL of 2x SDS-PAGE loading buffer, boiled for 5 
minutes to dissociate the protein-antibody complexes, 
and centrifuged to collect the supernatant for further 
analysis. For the WB analysis, equal amounts of protein 
(50 μg) from each sample were resolved by Tris-Tricine 
SDS-PAGE (10%) and transferred onto nitrocellulose 
membranes (Sigma). The membranes were blocked for 
one hour at 25°C then incubated with the appropriate 
primary antibodies for 6-8 hours at 4°C, followed by 
detection with HRP-conjugated secondary antibodies. 
The primary antibodies used were rabbit anti-SIRT1 
(ab110304, 1:1000, Abcam), rabbit anti-Beclin-1 (#3738, 
1:500, CST), rabbit anti-Pan Acetyl-Lysine (#3738, 1:500, 
Abclonal), rabbit anti-Rabbit pAb (#3738, 1:500, Ab-
clonal), rabbit anti-LC3 (4108S, 1:2000, CST), and rabbit 
anti-P62 (sc-8393, 1:500, Santa Cruz Biotechnology). 
The blots were developed using a chemiluminescent 
HRP substrate (Millipore). Band intensities were ana-
lyzed using Quantity One® software (Bio-Rad Labora-
tories), normalized to β-actin levels, and expressed as a 
percentage relative to the control group.

Statistical Analysis
All data are presented as the mean ± SD and were 

analyzed using IBM SPSS Statistics 24.0 (IBM Corpora-
tion). To assess differences in molecular expression 
levels or behavioral scores among groups, one-way or 
2-way analysis of variance (ANOVA) was employed, fol-
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lowed by post hoc Bonferroni correction, as appropri-
ate. Statistical significance was determined at the P < 
0.05 level.

Results

The BCP Rat Model Was Established 
Successfully

In the BCP model, there was a notable reduction in 
PWT values from 6 to 18 days after surgery, as depicted 
in Fig. 1A. Three-dimensional reconstruction of the 
tibia revealed extensive bone destruction in BCP rats, 
which was further confirmed by hematoxylin and eosin 
(H&E) staining, showing significant trabecular fractures 
and tumor infiltration in BCP rats, in contrast to the 
absence of bone destruction in sham-operated rats, as 
illustrated in Fig. 1C. Gait analysis also demonstrated 
that the left hind paw of rats in the BCP group exhibit-
ed a significantly reduced maximal touch area, maximal 
touch strength, and mean touch strength compared to 
the sham group, as shown in Figs. 1D-H. Rats inocu-
lated with heat-killed cells did not display pain-related 
behaviors, as indicated in Fig. 1A. Collectively, these 
findings confirm the successful establishment of a rat 
model of BCP in the present study.

In BCP Rats, Expression of SIRT1 Is Low and 
Expression of Beclin-1 Is High 

Previous studies have shown that the expression of 
SIRT1 in chronic pain models is low (8). In addition, nu-
merous studies have indicated that enhancing autoph-
agy may activate neuronal signaling to alleviate pain 
hypersensitivity during the development of the pain 
condition (14,25). Thus, the current study investigated 
the alterations in the expression levels and cellular 
distribution of SIRT1 and Beclin-1 within a successfully 
established rat model of BCP. WB analysis revealed that 
SIRT1 expression was markedly reduced, whereas Be-
clin-1 expression was significantly elevated in the BCP 
rats at 12 days after modeling as compared to the sham 
group (Figs. 2A-C). Furthermore, immunofluorescence 
assays demonstrated that SIRT1 was co-localized with 
spinal cord neurons, with no significant co-localization 
observed with microglia or astrocytes (Fig. 2D). Concur-
rently, immunofluorescence double-labeling indicated 
a co-localization of SIRT1 with Beclin-1 (Fig. 2E).

Impaired Autophagy Flux in BCP Rats
LC3 and p62 are key proteins in the autophagy 

process, and by detecting the changes in the LC3-

II/I ratio and the expression level of p62, the level of 
autophagy can be assessed (26). To further detect the 
changes in autophagy activity in rats with BCP, WB 
analysis revealed that autophagy markers within the 
BCP group were significantly different from those in 
the sham group. Specifically, the ratio of LC3II to LC3I 
was markedly elevated, indicating an accumulation of 
autophagosomes, and the expression levels of P62 were 
also increased, suggesting impaired autophagic flux 
(Figs. 3A-C). Additionally, immunofluorescence studies 
demonstrated that LC3 co-localized with neuronal cells 
(Fig. 3D), and a similar co-localization pattern was ob-
served for P62 (Fig. 3E). Collectively, these findings sug-
gest that disruptions in neuronal autophagy may play 
a role in the development of nociceptive sensitization 
associated with BCP and that this process may possibly 
be regulated by SIRT1.

SIRT1 Plays a Role in the Development of 
Nociceptive Hypersensitivity in Rats with BCP

Subsequently, to investigate the role of SIRT1 in 
BCP hypersensitivity, this study evaluated the impact of 
the SIRT1 agonist SRT1720 and the inhibitor EX527 via 
intrathecal injection. Behavioral assays demonstrated 
that, in comparison to the BCP group, rats treated with 
SRT1720 exhibited a statistically significant enhance-
ment in hind PWT on days 9, 12, 15, and 18 after the 
modeling. Conversely, also in comparison to the BCP 
group, rats treated with EX527 displayed a statisti-
cally significant reduction in hind PWT on days 9 and 
12 after the modeling; no significant differences in 
PWT were observed at other time points (Fig. 4A). WB 
analysis further revealed that SIRT1 expression was sig-
nificantly higher in the SRT1720 group than in the BCP 
group, as was Beclin-1 expression. In contrast, rats in 
the EX527 group showed a significant decrease in SIRT1 
expression at 12 days after the modeling, along with 
a corresponding decrease in Beclin-1 expression (Figs. 
4B-D). These findings suggest that SIRT1 may mitigate 
the development of nociceptive hypersensitivity in 
BCP rats, potentially through its regulation of Beclin-1 
expression.

SIRT1 Facilitates Beclin-1 Nuclear 
Translocation, Thereby Enhancing Autophagy 
Flux

While Beclin-1 is a key protein in the autophagy 
process, it is widely recognized that this protein’s local-
ization in the cytosol is essential for its significant role 
in autophagy (27). Building on this observation, the 
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Fig. 1. Establishment and characterization of  a rat bone cancer pain (BCP) model. (A) A significant reduction in paw 
withdrawal threshold (PWT) post-surgery (n = 12). (B) Three-dimensional reconstruction of  the tibia, revealing extensive bone 
destruction in BCP rats at 12 days after inoculation, indicated by red arrows. (C) Hematoxylin and eosin (H&E) staining of  
tibial sections, demonstrating malignant tumor infiltration in BCP rats at 12 days after inoculation, as marked by the red arrow. 
(D-H) Gait analysis in rats, showing a decrease in maximal touch area, maximal touch strength, and mean touch strength of  the 
hind paw in the BCP pain group compared to the sham group. For behavioral and molecular analyses, statistical significance was 
determined at *P < 0.05 versus the sham group, using one-way ANOVA followed by Bonferroni post-hoc test. 
Abbreviations: BCP, bone cancer pain; PWT, paw withdrawal threshold.
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Fig. 2. Expression and cellular localization of  SIRT1 and Beclin-1. 
(A-C) Western blot analysis reveals alterations in the expression levels of  SIRT1 and Beclin-1 in the spinal cord tissue of  BCP 
rats compared to the sham group (n = 4). (D) Immunofluorescence double labeling demonstrates the cellular distribution of  
SIRT1, which is co-localized with spinal cord neurons (indicated by red arrows) but not with microglia or astrocytes (n = 4). 
(E) Co-localization of  SIRT1 with Beclin-1 is observed, as marked by red arrowheads (n = 4). Statistical significance was 
determined at *P < 0.05 versus the sham group, using one-way ANOVA followed by a Bonferroni post-hoc test. The scale bar 
represents 25 or 50 μm.
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study delved into the regulatory role of SIRT1 on Be-
clin-1 in the context of BCP. Co-IP assays revealed that 
the expression levels of acetylated Beclin-1 were sig-
nificantly lower in rats treated with the SIRT1 agonist 
SRT1720 than in the BCP group, and the difference was 
statistically significant. Conversely, rats treated with the 
SIRT1 inhibitor EX527 exhibited a significant increase 
in acetylated Beclin-1 levels (Figs. 5A-B). Immuno-
fluorescence assays further demonstrated an enhanced 

nuclear translocation of Beclin-1 in the SRT1720 group 
relative to the BCP group (Fig. 5C). WB analysis results 
indicated that rats in the SRT1720 group experienced a 
statistically significant reduction in LC3II/LC3I ratio and 
P62 expression when compared to the BCP group. In 
contrast, rats in the EX527 group showed an increase 
in LC3II/LC3I ratio and P62 expression, both with sta-
tistically significant differences from the BCP group 
(Figs. 5D-F). Collectively, these results suggest that the 

Fig. 3. Disruption of  autophagic flux in BCP rats. 
(A-C) Western blot analysis was utilized to assess the autophagic flux, with significant changes observed in the expression levels 
of  autophagy-related proteins (n = 4). (D-E) Immunofluorescence microscopy reveals the cellular localization of  autophagy 
markers LC3 (D) and P62 (E), which are co-localized with neuronal cells, as indicated by red arrows. Statistical significance 
was determined at *P < 0.05 compared to the sham group, using one-way ANOVA followed by Bonferroni post-hoc test. The scale 
bar represents 25 or 50 μm.
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Fig. 4. SIRT1 ameliorates nociceptive hypersensitivity in BCP rats. 
(A) The impact of  intrathecal SIRT1 agonists or inhibitors on the paw withdrawal threshold (PWT) for rats’ hind paws (n 
= 8). (B-D) The influence of  intrathecal SIRT1 agonists or inhibitors on the expression of  spinal SIRT1 and Beclin-1, as 
detected by Western blot analysis (n = 4). Statistical significance is denoted by *P < 0.05 or #P < 0.05 when compared to the 
BCP group, using one-way ANOVA followed by a Bonferroni post-hoc test. 
Abbreviations: BCP, bone cancer pain; PWT, paw withdrawal threshold.
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Fig. 5. SIRT1 facilitates 
Beclin-1 nuclear 
translocation and restores 
autophagic flux. 
(A-B) The influence of  
SIRT1 on the expression 
levels of  acetylated 
Beclin-1 in the spinal 
cord, as determined by 
Western blot analysis (n 
= 4). (C) The impact of  
SIRT1 on Beclin-1 nuclear 
translocation in spinal cord 
neurons, with red arrowheads 
indicating cytoplasmic 
Beclin-1 expression (n = 4). 
(D-F) Activation of  SIRT1 
enhances autophagic flux in 
the spinal cord, as evidenced 
by changes in autophagy 
markers (n = 4). *P < 
0.05 indicates statistical 
significance compared to 
the BCP group, using one-
way ANOVA followed by a 
Bonferroni post-hoc test.
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activation of SIRT1 in the dorsal horns of spinal cord 
tissues in rats with BCP can facilitate Beclin-1 nuclear 
translocation and restore autophagic flux.

SIRT1 Restores Autophagic Flux in Spinal 
Neuron

Next, this study used cell experiments to further 
verify the reparative effect of SIRT1 on neuronal au-
tophagy flux. Immunofluorescence analysis in this 
study demonstrated that the expression levels of the 
autophagy marker LC3 were significantly higher in the 
SRT1720 agonist cell group than in the control group, 
with a statistically significant difference. Conversely, 
the expression of LC3 was significantly lower in the 
SRT1720+sirt1-siRNA cell group than in the SRT1720 
agonist cell group, and this difference was also sta-
tistically significant. Additionally, the expression of 
LC3 was lower in the SRT1720+3-MA cell group than 
in the SRT1720 agonist cell group, and this difference 
was statistically significant as well (Figs. 6A-B). WB 
assays further revealed that the LC3II/LC3I ratio was 
significantly higher in the SRT1720 agonist cell group 
than in the control group, as was P62 expression. When 
compared to the SRT1720 agonist cell group, the LC3II/
LC3I ratio was significantly lower in the SRT1720+sirt1-
siRNA cell group, and P62 expression was significantly 
higher. Similarly, the SRT1720+3-MA cell group saw a 
significantly lower LC3II/LC3I ratio and significantly 
higher P62 expression (Figs. 6C-E). 

These findings suggest that elevated SIRT1 expres-
sion in the neurons of the spinal cord dorsal horn may 
enhance the restoration of autophagic flux.

Discussion

BCP is a prevalent type of cancer-related pain for 
which effective treatment options remain elusive. BCP 
significantly diminishes cancer patients’ quality of life, 
exacerbates the societal medical burden posed by the 
condition, and exerts an impact on patient prognoses. 
In this study, we elucidate the role of SIRT1 in spinal 
dorsal horn neurons in the context of BCP. Notably, 
we have demonstrated that SIRT1 facilitates Beclin-1 
nuclear translocation to restore autophagic flux and 
investigated its potential mechanisms in mitigating the 
development of nociceptive hypersensitivity.

The findings of this study point at a reduction in 
SIRT1 expression and disruptions in autophagic flux 
within the spinal dorsal horn tissue in the context of 
BCP. This phenomenon appears to be neuron-specific, 
since it does not occur in astrocytes or microglia. In-

trathecal administration of a SIRT1 agonist in a BCP 
rat model effectively reversed the downregulation of 
SIRT1, enhanced Beclin-1 nuclear translocation, stimu-
lated autophagic flux, and consequently elevated the 
PWT in rats’ hind paws. Cellular experiments further 
substantiated that SIRT1 could restore neuronal au-
tophagic flux. These insights contribute significantly to 
our understanding of the SIRT1/autophagy signaling 
pathway’s role in BCP.

Autophagy is a highly conserved intracellular 
degradation pathway that plays a crucial role in main-
taining protein homeostasis, cellular survival, and 
development. Autophagy-related genes (ATGs) are 
instrumental in orchestrating the autophagy process 
by regulating major steps, including the expansion of 
autophagic membranes, the targeting of autophagic 
substrates, and the fusion of autophagosomes with 
lysosomes (28). Autophagosome formation is initiated 
by the ULK complex, which is responsible for generat-
ing phosphatidylinositol 3-phosphate (PI(3)P), a crucial 
lipid signaling molecule that operates at both the up-
stream and downstream levels of the phagocytic cell 
membrane (29). PI(3)P is synthesized by the PI3 kinase 
(PI3K) complex, comprising major components such 
as VPS34, VPS15, and Beclin-1 (30). Beclin-1, a pivotal 
regulator in autophagy, induces the formation of au-
tophagic pre-structures, fosters the development of 
autophagic vacuoles, and influences various biological 
processes, including cellular metabolism, apoptosis, 
and autophagy itself (31). Post-translational modifica-
tions of Beclin-1 impact its stability, interactions, and 
capacity to regulate PI3K activity, thereby offering cells 
multiple mechanisms for modulating autophagy levels 
finely (32). LC3, a marker of the autophagic process, is 
integral to the formation of autophagic vesicles. At the 
onset of autophagy, LC3I is converted to LC3II, which fa-
cilitates the fusion of autophagosomes with lysosomes. 
During autophagy, P62 binds to ubiquitinated proteins 
and forms a complex with LC3II proteins on the inner 
membrane of autophagosomes, leading to their collec-
tive degradation within autophagic lysosomes (33,34). 
Studies across various pain models have indicated that 
an elevated LC3II/I ratio and increased P62 expression 
in the spinal cord dorsal horn, along with the restora-
tion of autophagic flux, can ameliorate nociceptive hy-
persensitivity (35-37). In this study, an increased LC3II/I 
ratio was also observed in rats with BCP, as determined 
by WB analysis, suggesting a disruption in autophagic 
flux and an abnormal autophagosomal degradation 
process. Interestingly, an upregulation of Beclin-1 in 
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the spinal cord dorsal horn was also noted, implying 
the coexistence of enhanced autophagic activity with 
impaired autophagic flow in rats with BCP. The rela-
tionship between heightened autophagic activity and 
compromised autophagic flow in BCP merits further 
investigation.

In the WB analysis used in the present study, we 
observed a reduction in SIRT1 expression in the spinal 
cord dorsal horn tissue, with SIRT1 co-localizing with 
neurons. Immunofluorescence further revealed the 
co-localization of SIRT1 with Beclin-1. SIRT1, a nicotin-

amide adenine dinucleotide (NAD+)-dependent class III 
histone deacetylase, is known to remove acetyl groups 
from proteins, including Beclin-1, which is a key player 
in autophagy regulation. Acetylation, a significant 
post-translational modification, has been identified in 
thousands of proteins in mammalian cells, including 
Beclin-1 (38). This modification is a crucial regulatory 
mechanism that influences Beclin-1’s function during 
autophagosome maturation, with expression levels of 
this protein being tied to the acetylation status of its 
lysine residues (32). Beclin-1 acetylation can suppress 

Fig. 6. SIRT1-mediated 
activation of  autophagic 
flux in spinal neurons. 
(A-B) Expression of  
LC3 in spinal neurons in 
response to SIRT1 activator 
SRT1720, a combination 
of  SRT1720 and SIRT1 
siRNA, or a combination of  
SRT1720 and the autophagy 
inhibitor 3-MA (n = 4). 
(C-E) Expression levels of  
autophagy-related proteins 
LC3 and P62 across 4 
experimental groups. *P 
< 0.05 indicates statistical 
significance compared to 
the SRT1720 group, using 
2-way ANOVA followed by a 
Bonferroni post-hoc test. The 
scale bar represents 50 μm.
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the autophagic response, while its deacetylation at 
lysine residues 430 and 437 by SIRT1 impacts autopha-
gosome maturation and subsequent biological effects 
(39). These findings suggest that Beclin-1 may be a 
novel deacetylation target downstream of SIRT1, with 
SIRT1 potentially enhancing the autophagy pathway 
through the deacetylation of Beclin-1. Studies have 
shown that the nuclear translocation of beclin-1 
promotes autophagosome formation and restores 
autophagic flux (16) and that intra-nuclear beclin-1 
acetylation modification is a significant process that 
inhibits its nuclear translocation (38). Increased Be-
clin-1 expression and enhanced autophagic activity 
have been observed in various pain models, where the 
use of autophagy activators can alleviate nociceptive 
sensitization (19,36). For instance, a study found that 
SIRT1 agonists could mitigate the development of no-
ciceptive hypersensitivity in rats (9,11). However, the 
role of SIRT1-promoted Beclin-1 nuclear translocation 
in pain development is not well understood. Our study 
explored the effects of intrathecal SIRT1 agonist injec-
tion on Beclin-1 nuclear translocation in a BCP model. 
Compared to the BCP group, the SIRT1 activator group 
showed further increases in Beclin-1 expression in the 
spinal cord dorsal horn tissue, decreases in acetylated 
Beclin-1, and increases in SIRT1 expression, along with 
an elevated pain threshold in BCP rats. In vitro experi-
ments also demonstrated increased Beclin-1 nuclear 
translocation in spinal cord neurons after the injection 
of a SIRT1 activator. These results suggest that while 
autophagy initiation phase activity is enhanced in rats 
with BCP, increased acetylation of Beclin-1 may inhibit 
its nuclear translocation. The enhanced deacetylation 
of Beclin-1 after SIRT1 activation promotes Beclin-1 
nuclear translocation, which may contribute to the al-
leviation of nociceptive sensitization in rats with BCP. 
Additionally, WB assays revealed that intrathecal in-
jection of a SIRT1 activator increased the LC3II/I ratio, 
decreased P62, and restored autophagic flux in rats 
with BCP. Cellular experiments showed an increase 
in LC3II/I ratio and P62 expression when SIRT1 and 
3-MA (an autophagy inhibitor) were used together, 
indicating that SIRT1’s activation of autophagic flux 
could be blocked by autophagy inhibitors. This result 
is consistent with previous findings that autophagy 
inhibitors can prevent SIRT1 activation and relieve 
nociceptive hypersensitivity (22). However, when 
molecular changes in the spinal cord after the use of 
different pain models were compared, Beclin-1 was 
upregulated significantly after a chronic constriction 

injury (CCI), LC3-II was increased significantly after 
a spared nerve injury (SNI), and LC3-I and p62 levels 
were not significantly changed after an SNI or a CCI 
(40). This finding indicates that different types of pain 
induce distinct autophagy modulation patterns in the 
spinal dorsal horn, all of which can contribute to and 
perpetuate persistent pain.

Limitations
This study has several limitations that should be 

acknowledged. First, the study primarily focused on pe-
ripheral and spinal mechanisms of BCP, while supraspi-
nal and cortical contributions (e.g., thalamus, anterior 
cingulate cortex) were not investigated. Additionally, 
pharmacological interventions were tested at only one 
time point, which might have prevented the results 
from reflecting the dynamic changes in pain sensitivity 
during tumor progression. Moreover, since this study 
was based on analyses of an animal model of BCP, 
high-quality clinical trials are still needed to further 
investigate the role of SIRT1 in BCP patients. Although 
these preclinical findings require validation in clinical 
populations, the consistency of SIRT1’s effects across 
multiple pain assays strengthens its potential as both 
a therapeutic target and biomarker for BCP. Future 
studies should focus on correlating SIRT1 levels with 
pain scores in cancer patients’ biopsies and developing 
SIRT1-targeting compounds with suitable pharmacoki-
netics for human use.

Conclusion

In summary, the findings of this study suggest that 
SIRT1 may be a therapeutic target molecule for BCP. Ac-
tivating SIRT1 can alleviate pain hypersensitivity in rats 
with BCP, which may be related to the protein’s role in 
restoring autophagic flux in spinal cord neurons. Nota-
bly, the deacetylation of Beclin-1 by SIRT1, promoting 
its nuclear translocation, may be a crucial step in the 
reconstruction of autophagic flux, which deserves fur-
ther investigation. The results of this study provide new 
directions and ideas for the treatment of BCP.
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