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Background: Neuropathic pain (NP) is chronic pain caused by damage to or disease of the somatosensory nervous system. Emodin
is known to protect nerves from injury and inflammation, but its underlying mechanisms remain unclear. This study aims to
investigate whether emodin negatively regulates the effect of high mobility group box 1 (HMGB1) on hyperalgesia in NP via the
sirtuin 1 (SIRT1) pathway.
Methods: We established in vivo and in vitro models of NP to investigate emodin’s specific mechanisms of action. A chronic
constriction injury (CCI) model was created in adult rats. Paw withdrawal mechanical threshold and paw withdrawal thermal
latency were used to assess hyperalgesia in the rats. Next, hematoxylin and eosin (H&E) staining was performed on the sciatic
nerve and immunohistochemistry was used to assess changes in glial fibrillary acidic protein (GFAP) and ionized calcium-binding
adapter molecule 1 (Iba-1) levels in spinal cord tissues. Then, enzyme-linked immunosorbent assay (ELISA) kits were used to
measure the concentrations of tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 (IL-6) in the
serum of CCI rats. Western blotting and co-immunoprecipitation were used to examine the interaction between SIRT1 and
HMGB1, as well as the expression of HMGB1-related pathways. Cell Counting Kit-8 (CCK-8) assay was used to evaluate the
cytotoxicity of emodin at different concentrations on mouse microglial cell line (BV2) cells. RT-qPCR was used to analyze the
transfection efficiency of si-SIRT1. A neuroinflammatory cell model induced by lipopolysaccharide (LPS) was established for
the BV2. Transwell assay was used to evaluate cell migration. Western blotting and immunofluorescence were used to detect the
expression of microglial markers and of pathways related to SIRT1 and HMGB1.
Results: Emodin reduced CCI-induced hyperalgesia and inflammation, upregulated SIRT1 expression, and inhibited the ex-
pression of HMGB1/Toll like receptor 4 (TLR4)/nuclear factor kappa-B (NF-κB). SIRT1 inhibitor abolished the ameliorative
effect of emodin on CCI-induced spinal cord inflammation. In the LPS-induced cell model, emodin reversed LPS-induced mi-
gration, activation, and inflammation of BV2 cells. Furthermore, in LPS-treated BV2 microglial cells, emodin inactivated the
HMGB1/TLR4/NF-κB pathway. Emodin also significantly inhibited the translocation of HMGB1 from the nucleus to the cy-
toplasm by upregulating SIRT1. Knockdown of SIRT1 abolished the protective effects of emodin against LPS-induced BV2
microglial cell migration, activation, and inflammation.
Conclusion: Emodin negatively regulates HMGB1 via the SIRT1 pathway to alleviate hyperalgesia in neuropathic pain both in
vivo and in vitro. This research provides a new direction for clinical pharmacological treatment of NP and offers new insights
into the mechanisms underlying NP.
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Introduction

Neuropathic pain (NP) refers to a pain syndrome
caused by lesions of the central or peripheral nervous sys-
tem, with common causes including physical/mechanical
injury, metabolic or nutritional disorders, viral infection,
and neurotransmitter dysfunction [1,2]. It is mainly char-
acterized by spontaneous pain, hyperalgesia, and allody-

nia, and is a common type of chronic pain [3] that affects
7–10% of the general population [4]. NP is characterized
by chronicity, poor treatment response, high medical costs,
and a tendency to cause psychiatric symptoms such as de-
pression and anxiety; it severely impairs patients’ quality
of life and imposes a substantial economic burden on in-
dividuals and society. Serotonin noradrenaline reuptake
inhibitors, gabapentinoids and tricyclic antidepressants are
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recommended as the preferred treatment options for NP [5].
However, existing drugs not only have serious side effects
but also provide poor analgesic efficacy [6,7]. The limita-
tions of these medications make treating NP a major clini-
cal challenge. Therefore, there is an urgent need to develop
more effective analgesics.

Sirtuin 1 (SIRT1), a protein deacetylase that depends
on NAD+ in humans, facilitates the extraction of acetyl
groups from the lysine residues present in its substrate pro-
teins. SIRT1 is highly conserved and predominantly nu-
clear; it can regulate target gene expression by altering his-
tone acetylation levels and can deacetylate non-histone tar-
gets, thereby broadening the range of its target proteins [8].
Because of these functions, SIRT1 can participate in reg-
ulating various processes, including DNA damage repair,
apoptosis, cell proliferation, metabolism, and inflammatory
responses [9–11]. Moreover, in the spinal cord tissues of
various pathological pain models, it has been observed that
the expression level of SIRT1 was decreased [12,13]. A
previous study has also shown that during exacerbations of
multiple sclerosis (MS), SIRT1 levels in peripheral blood
are reduced, and overexpression of SIRT1 has neuropro-
tective effects [14]. Therefore, SIRT1 may be a key target
in neurological diseases and play an important role in their
treatment. Although studies have elucidated the molecu-
lar mechanisms of SIRT1 and emodin in neuroprotection, it
is still unclear whether emodin regulates neuropathic pain
through SIRT1. High-mobility group box 1 (HMGB1),
as an endogenous non-histone DNA-binding protein com-
posed of 215 amino acid residues [15], maintains various
cellular physiological processes by regulating chromatin
structure and function [16]. HMGB1 is widely expressed
in eukaryotic cells and mainly influences processes such
as cell differentiation, migration, neurite outgrowth, wound
healing, inflammation, bacterial killing, and tumor progres-
sion [17]. Toll like receptor 4 (TLR4), an important cell-
surface receptor for HMGB1, is widely expressed on the
membranes of microglia and astrocytes, and its activation
can further trigger the nuclear factor kappa-B (NF-κB) sig-
naling pathway [18]. In research related to neuroinflam-
mation, some scholars have discovered that upregulating
SIRT1 or blocking HMGB1 can inhibit the TLR4/NF-κB
signaling pathway and exert neuroprotective effects [19].
Other reports have shown that SIRT1 can suppress HMGB1
expression in bone cancer [20]. However, in NP, whether
SIRT1 regulates HMGB1-related signaling pathways still
needs further investigation.

Emodin, a natural derivative of anthraquinone known
as 1,3,8-trihydroxy-6-methylanthraquinone, can be found
in Rheum palmatum as well as in various other plant species
[21]. Emodin has been shown to possess multiple phar-
macological properties, including anti-inflammatory, an-
titumor, neuroprotective, and immunosuppressive effects
[21,22]. Furthermore, it has been found that in a rat chronic
constriction injury (CCI) model, administration of emodin

significantly increased mechanical and thermal withdrawal
thresholds [23], indicating that emodin has analgesic ef-
fects. Emodin also plays a significant role in modulat-
ing pain behaviors in different inflammatory models [24].
Emerging research indicates that emodin also suppresses
microglial pyroptosis, activation, and inflammation, sug-
gesting its neuroprotective effects [25–27]. Emodin allevi-
ates NP by inhibiting the P2X4 purinergic receptor signal-
ing pathway in CCI rats [28]. However, it remains unclear
whether emodin alleviates hyperalgesia in NP by regulating
HMGB1-related signaling pathways via SIRT1.

In the current research, we examined how emodin af-
fects NP using both in vivo and in vitromethods, while also
investigating its possible mechanisms. We tested the hy-
pothesis that emodin alleviates hyperalgesia in NP by neg-
atively regulating HMGB1 and related pathways via the
SIRT1 pathway. This study may provide a new direction
for clinical drug treatment of NP and offer new insights into
the mechanisms of NP.

Materials and Methods

Animals
Fifty specific-pathogen-free (SPF) male Sprague–

Dawley rats (6–7 weeks old, 150–170 g) were provided by
the Sino-British SIPPR/BK Lab (Shanghai, China). Envi-
ronmental conditions were controlled at 25 ± 0.5 °C, 55 ±
5% humidity, and a 12/12 h light/dark cycle, with ad libi-
tum access to food and water. All experiments related to an-
imals were conducted strictly in accordance with the ethical
standards set by the National Institutes of Health (NIH) of
the United States. All experimental protocols of this study
were approved by the Ethics Committee of Zhejiang Chi-
nese Medical University (Approval Number: SYXK 2021-
0012 (Zhejiang)) ethics committee.

Chronic Constriction Injury (CCI)
After 7 days of acclimation, rats were anesthetized

with an intraperitoneal injection of 1% pentobarbital
sodium at 40 mg/kg body weight, and the CCI model was
then established [29]. The left hind limb was shaved and
disinfected with alcohol. The skin was lifted with forceps,
and a vertical incision was made with scissors along the
course of the sciatic nerve. After cutting the skin, the fas-
cia was separated with forceps, and the muscle layer was
bluntly dissected with cotton swabs to expose the sciatic
nerve. A glass probe was used to isolate the sciatic nerve,
and four ligatures (4-0 silk) were tied around the nerve
at 1–2 mm intervals. The muscle, fascia, and skin were
then sutured in sequence, and the wound was sprayed with
povidone-iodine, completing the CCI procedure. In the
sham-operated group, the sciatic nerve was exposed but not
ligated.
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Emodin Treatment and Groups
Rats were randomly assigned to the sham, CCI, CCI

+ emodin low-dose (L), CCI + emodin high-dose (H), and
CCI + emodin high-dose + SIRT1 inhibitor EX-527 groups,
with 10 rats in each group. Sham group: animals underwent
the full surgical procedure except for sciatic nerve ligation;
CCI group: animals underwent the CCI surgery; CCI +
emodin L group: animals received emodin (30269, Sigma-
Aldrich, St Louis, MO, USA) via intraperitoneal injection
at 10 mg/kg after CCI surgery; CCI + emodin H group: an-
imals received emodin via intraperitoneal injection at 50
mg/kg after CCI surgery; CCI + emodin H + SIRT1 in-
hibitor EX-527 group: animals received the inhibitor EX-
527 (10 µg/day, E7034, Sigma Aldrich, St Louis, MO,
USA) 30 minutes after emodin treatment. All administra-
tions were performed once daily, starting 24 h after the CCI
surgery for 15 consecutive days. Behavioral assessments
were performed on postoperative days 3, 7, 11, and 15.

Behavioral Tests
Paw withdrawal mechanical threshold (PWMT) and

paw withdrawal thermal latency (PWTL) were measured in
each group to assess hyperalgesia at baseline and on post-
operative days 3, 7, 11, and 15 after CCI.

PWMT: At 2:00 PM on postoperative days 3, 7, 11,
and 15 after CCI, mechanical pain thresholds were mea-
sured in each group using Von Frey filaments. Rats were
placed on a perforated metal platform and confined with a
transparent plastic box. After 20–30 minutes, once the rats
had acclimated and were not exhibiting exploratory behav-
ior, the mechanical threshold test was performed. A series
of Von Frey filaments (2.0 g, 4.0 g, 6.0 g, 8.0 g, 10.0 g,
15.0 g) were used, starting with the 2.0 g filament to test
the left hind paw (the side of the model). The test site was
the central plantar pad of the paw.

PWTL: Thermal sensitivity wasmeasured 2 h after the
mechanical threshold test. The hot-plate apparatus was pre-
heated to 50 °C; once the target temperature was reached,
each rat was placed on the plate and the time to the first lift-
ing of the model side (left hind) paw was recorded as the
paw withdrawal latency (PWL). Each rat was tested three
times with 20-min intervals between trials, and the average
value was taken. After each test, excreta were removed and
the hot plate wiped with alcohol; testing of the next rat pro-
ceeded after the odor dissipated.

Sample Preparation
After behavioral testing on postoperative day 15, rats

were anesthetized with an intraperitoneal injection of 1%
pentobarbital sodium (40 mg/kg). Rats from each group
were then dissected for sample collection. The abdominal
aorta was fully exposed and transected with vascular scis-
sors, and 2 mL of blood was collected into a 5-mL cen-
trifuge tube for subsequent ELISA. After blood collection,
the rats were euthanized by cervical dislocation and decap-

itation; the L4–L6 lumbar spinal cord segments were dis-
sected and divided into three parts for histopathology,West-
ern blotting, RT-PCR, and immunohistochemistry, respec-
tively.

H&E Staining
The collected spinal cord tissues from each groupwere

fixed in 10% paraformaldehyde for 12 h and embedded in
paraffin. Tissue sections (4 µm) were cut with a microtome
and stained using standard hematoxylin and eosin (H&E,
G1120, Solarbio, Beijing, China) staining procedures. Fi-
nally, sections were dehydrated, mounted, and images were
captured with a microscope (Olympus IX73, Hachinohe
City, Tokyo, Japan).

Immunohistochemical Staining
Expression of Iba-1 and GFAP in spinal cord tissue

was assessed by immunohistochemistry. The main steps
were as follows: (1) Antigen retrieval: sections were sub-
jected to antigen retrieval in Tris-EDTA (50X) antigen re-
trieval buffer (pH 9.0). (2) Endogenous peroxidase inacti-
vation: Incubate with 3% hydrogen peroxide aqueous solu-
tion at room temperature for 10 minutes. After the inacti-
vation treatment is completed, wash with PBS. (3) Serum
blocking: a 5% normal goat serumworking solution (stock:
PBS 1:19 dilution) was added within the hydrophobic bar-
rier to evenly cover the tissue, followed by blocking at
room temperature for 30 min. (4) Primary antibody incu-
bation: the blocking solution was gently removed, and Iba-
1 antibody (AB178846, 1:2000, Abcam, Cambridge, UK)
or GFAP antibody (AB7260, 1:2000, Abcam, Cambridge,
UK) diluted in PBS was added. Slides were placed in a hu-
midified chamber and incubated overnight at 4 °C. These
slides were then washed in PBS on a shaker three times for
5 min each. (5) Incubate at room temperature with the sec-
ondary antibody (1:2000, ab6789, Abcam, Cambridge, UK)
for 1 h. 3,3’-Diaminobenzidine (DM828, Dako, Glostrup,
Denmark) was used to complete the color development.
(6) Stained with hematoxylin, dehydrated and transparent,
sealed with neutral gum. Histological analysis was per-
formed using the Leica Application System module (Leica
Microsystems GmbH, Wetzlar, Germany). For quantitative
immunohistochemical analysis, three randomly selected re-
gions were scanned and analyzed to determine the average
numbers of GFAP and Iba-1-positive cells. Positive cells
in spinal cord tissue were quantified using ImageJ software
(NIH, Bethesda, MD, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)
After centrifugation at 3000 ×g for 10 minutes, the

blood and cell supernatants were obtained. The levels of
tumor necrosis factor α (TNF-α) (PT516), interleukin-1β
(IL-1β) (PI303), and interleukin-6 (IL-6) (PI328) were de-
tected according to the manufacturer’s instructions of the
corresponding ELISA kits (Beyotime, Shanghai, China).
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The absorbance of the samples was measured at 450 nm
using an enzyme analyzer.

Co-Immunoprecipitation Assay
Spinal cord tissue samples were homogenized in a

non-denaturing lysis buffer containing Protease and Phos-
phatase Inhibitor Cocktails. The samples were incubated
with anti-SIRT1 (60303-1-Ig, 3 µg antibody per 3 mg pro-
tein, Proteintech Group, Wuhan, China) or anti-HMGB1
(10829-1-AP, 3 µg antibody per 3 mg protein, Proteintech
Group, Wuhan, China) antibodies at 4 °C overnight. IGG
(ab37355, Abcam, Cambridge, UK) antibody was used as
the control group. After overnight incubation, protein A/G
magnetic beads were added to the sample/antibody com-
plexes and incubated at 4 °C for 2 h and then boiled. Sub-
sequently, proteins were separated from the supernatant by
SDS-PAGE and incubated with the anti-rabbit secondary
antibody (1:2000, ab7090, Abcam, Cambridge, UK) or
anti-mouse secondary antibody (1:2000, ab6789, Abcam,
Cambridge, UK) for Western blot analysis.

Cell Culture and Treatment
Murine BV2 microglial cells were purchased from

the National Collection of Authenticated Cell Cultures
(GNM45, Shanghai, China). BV2 murine microglial cells
were authenticated by short tandem repeat (STR) analysis
and were confirmed to be free of mycoplasma contamina-
tion. Murine BV2 microglial cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) in a humidified 5%CO2

atmosphere. Cells were first pretreated with different con-
centrations of emodin (1, 10, 20, 30, 40, 50 µM), and then
exposed to lipopolysaccharide (1 µg/mL, L2630, Sigma-
Aldrich, St. Louis, MO, USA). The treatment duration was
24 h.

Cell Counting kit-8 Assay
BV2 microglial cells (5× 103 cells/well) were treated

with different concentrations of emodin (1, 10, 20, 30, 40,
50 µM), and then 10 µL of CCK-8 (C0037, Beyotime,
Shanghai, China) solution was added. After incubating for
2 h, the absorbance of the samples was measured at 450 nm
using a microplate reader (VersaMax, San Francisco, CA,
USA).

Transfection
The SIRT1-specific siRNA and its scrambled

control were commercially generated by HUA-
GENE (Shanghai, China). Transfection was per-
formed using Lipofectamine 3000, with siNC serv-
ing as the negative control. The primer for si-NC
was forward 5′-UUCUCCGAACGUGUCACGUTT-
3′. The primers for si-SIRT1-1 were for-
ward 5′-AGUUGUUCUAGAAACAAUAGU-
3′. The primers for si-SIRT1-2 were for-

ward 5′-CAACAAUGUUAAUGAUUUAGA-3′.
The primers for si-SIRT1-3 were forward 5′-
GGUUGUUAAUGAAGCUAUAGC-3′. Subsequently,
the knockdown efficiencies of si-SIRT1-1, si-SIRT1-2 and
si-SIRT1-3 were evaluated by RT-qPCR.

Transwell Assay
BV2 microglial cells (5 × 104 cells/well) were added

to the upper chamber of Transwell inserts (8 µm pore size)
in serum-free medium. The lower chamber was filled with
500 µL of DMEM containing 10% fetal bovine serum as
a chemoattractant. Following a 24-hour incubation period,
the cells remaining on the upper surface were eliminated us-
ing a cotton swab. The cells that migrated to the lower sur-
face were then fixed in methanol for 20 minutes and subse-
quently stained with crystal violet for 15 minutes. Imaging
of the migrated cells was conducted using a light micro-
scope (Olympus, Hachinohe City, Tokyo, Japan).

Immunofluorescence Staining
Each group of BV2 microglial cells was fixed in 4%

paraformaldehyde and permeabilized with 0.2% Triton X-
100. 5% BSA was used as the blocking reagent. Following
primary incubation with Iba-1 (AB178846, Abcam, Cam-
bridge, UK) and GFAP (AB7260, Abcam, Cambridge, UK)
antibodies at 4 °C overnight, the cells were exposed to an
Alexa-488-conjugated secondary antibody (ab150077, Ab-
cam, Cambridge, UK) for 1 h at room temperature. Nu-
clei were then stained with 5 µg/mL DAPI for 5 min-
utes. Images were captured using a fluorescence micro-
scope (BX63, Olympus, Tokyo, Japan).

Fluorescent Cell Co-Localization
Immunofluorescence staining was performed by re-

moving the culture medium from each group, washing
the cells with PBS, fixing them in 4% paraformaldehyde
for 30 min, and rinsing them with PBS. Cells were then
permeabilized with 0.3% Triton X-100 at 37 °C for 30
min, rinsed with PBS, and blocked with 5% BSA at
37 °C for 60 min. Primary antibodies [HMGB1 (1:50,
AB79823, Abcam, Cambridge, UK), and SIRT1 (1:50,
AB110304, Abcam, Cambridge, UK)] were diluted accord-
ingly and incubated overnight at 4 °C. Then 50 µL of goat
anti-rabbit IgG fluorescent antibodies (AB150077, Abcam,
Cambridge, UK) and goat anti-mouse IgG fluorescent an-
tibodies (AB150115, Abcam, Cambridge, UK) were added
and incubated at 37 °C for 90 min. After PBS washes, nu-
clei were stained with DAPI working solution at 37 °C for
10 min, washed with PBS, mounted with glycerol-buffered
mounting medium, and observed under a fluorescence mi-
croscope.

RT-qPCR
Total RNA was extracted from BV2 cells using

the TRIzol method according to the manufacturer’s
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instructions. Reverse transcriptase was used to synthe-
size cDNA from the total RNA (D7180L, Beyotime,
Shanghai, China), and real-time PCR was used to am-
plify the cDNA using a thermal cycler. The primers for
SIRT1 were forward 5′-TCCACGCCCACAAAAGGAAT-
3′ and reverse 5′-CATTCGGGCCTCTCCGTATC-
3′. The primers for GAPDH were forward 5′-
GGGTCCCAGCTTAGGTTCATC-3′ and reverse 5′-
TACGGCCAAATCCGTTCACA-3′. All measurements
were performed in triplicate to eliminate operational errors.
The relative expression levels of the genes were calculated
using the 2−∆∆Ct method.

Western Blotting
Spinal cord tissues and BV2 cells were lysed in pro-

tein lysis buffer and centrifuged at 4 °C at 12,000 rpm for
15 min. The supernatants were collected, and the total
protein concentration was measured. Proteins were sepa-
rated by 10% SDS-PAGE and transferred onto polyvinyli-
dene difluoride (PVDF) membranes. Membranes were
blocked with 50.0 g/L skim milk at room temperature
for 1 h, then incubated with primary antibodies against
SIRT1 (1:2000, AB189494, Abcam, Cambridge, UK),
HMGB1 (10829-1-AP, 1:5000, Proteintech Group, Wuhan,
China), Ac-HMGB1 (1:2000, A16002, ABclonal, Hubei,
China), TLR4 (1:1000, 19811-1-AP, Proteintech Group,
Wuhan, China), NF-κB p65 (1:1000, AF5006, Affin-
ity, MI, USA), GAPDH (1:3000, AF7021, Affinity, MI,
USA), p-NF-κB p65 (1:1000, AF3387, Affinity, MI, USA),
CD11b (1500, AB133357, Abcam, Cambridge, UK), Iba-1
(1000, AB178846, Abcam, Cambridge, UK), COX2 (1000,
AB179800, Abcam, Cambridge, UK), and iNOS (2000,
AB178945, Abcam, Cambridge, UK) overnight at 4 °C.
Horseradish peroxidase (HRP)-conjugated secondary anti-
body (1:1000, ab7090, Abcam, Cambridge, UK) was incu-
bated at room temperature for 2 h. Bandswere visualized by
electrochemiluminescence (ECL) and semi-quantified us-
ing ImageJ software.

Statistical Analysis
In this study, results are presented as the mean± stan-

dard deviation. Statistical evaluations were conducted uti-
lizing GraphPad Prism 7 software (La Jolla, CA, USA). To
compare multiple groups, a one-way analysis of variance
(ANOVA) was employed, followed by a Tukey’s post hoc
analysis. PWMT and PWTL results were analyzed using
two-way repeated measures ANOVA. Between-group dif-
ferences were assessed using t-tests. Statistical significance
was defined as a p-value less than 0.05.

Results

Effect of Emodin on Hyperalgesia in Rats With
Neuropathic Pain

To investigate the effect of emodin on pain hyper-
sensitivity in CCI rats, we assessed paw withdrawal me-
chanical threshold (PWMT) and paw withdrawal thermal
latency (PWTL) at multiple time points. Compared with
the sham-operated group, CCI rats showed significantly
lower PWMT and PWTL starting on day 3 after surgery
(Fig. 1A,B) (p < 0.001). Compared with the CCI group,
treatment with low- and high-dose emodin (emodin-L and
emodin-H) increased PWMT and PWTL, with the high-
dose group producing amore pronounced effect (Fig. 1A,B)
(p < 0.05). This indicates that emodin can reverse CCI-
induced pain hypersensitivity.

Emodin Inhibits Spinal Cord Nerve Injury and
Inflammation in CCI Rats

Pathological changes and inflammatory cell infiltra-
tion in the spinal cordwere examined byH&E staining. The
sciatic nerve structure in the sham-operated group was nor-
mal. In the CCI model group, the spinal cord structure was
markedly disrupted, with the most severe axonal damage,
the most pronounced inflammatory response with extensive
lymphocyte infiltration, and obvious glial cell proliferation.
In the emodin low-dose group, axonal rupture was still ev-
ident, but the inflammatory response and glial cell prolif-
eration were slightly attenuated compared with the model
group. Compared with the low-dose group, the emodin
high-dose group showed reduced inflammation, improved
lymphocyte infiltration, and decreased glial cell prolifera-
tion (Fig. 2A). Additionally, we used immunohistochem-
istry to assess changes in GFAP and Iba-1 levels in spinal
cord tissues. Compared with the sham-operated group, CCI
model rats showed markedly increased GFAP and Iba-1 ex-
pression in the spinal cord. Compared with the CCI group,
the Emodin-L group showed decreased Iba-1 and GFAP
levels in the spinal cord, with a more pronounced decrease
in the Emodin-H group (Fig. 2B) (p < 0.05). To assess
the release of inflammatory mediators, ELISA was used
to quantify the concentrations of TNF-α, IL-6, and IL-1β.
Compared with the sham-operated group, CCI surgery sig-
nificantly increased the concentrations of these inflamma-
tory mediators (p < 0.001). Emodin treatment effectively
reduced the CCI-induced release of inflammatory media-
tors (Fig. 2C) (p < 0.01). In summary, these findings in-
dicate that emodin suppresses nerve injury and neuroin-
flammation. The emodin-H group (50 mg/kg) showed the
strongest effect; therefore, this dose was selected for subse-
quent experiments.

SIRT1 and HMGB1 Interaction
To investigate the relationship between SIRT1 and

HMGB1, Western blot analysis was performed. Com-
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Fig. 1. Values of PWMT and PWTL in each group. (A) PWMT values of rats in each group at different time points. (B) PWTL values
of rats in each group at different time points. n = 6. ***p< 0.001 versus the sham group, #p< 0.05, ##p< 0.01, ###p< 0.001 versus the
CCI group. PWMT, paw withdrawal mechanical threshold; PWTL, paw withdrawal thermal latency; CCI, chronic constriction injury.

pared with the sham-operated group, CCI induction sig-
nificantly decreased SIRT1 expression and significantly in-
creasedHMGB1 expression (p< 0.001); however, emodin-
H treatment reversed this effect (Fig. 3A,B) (p< 0.01). Ad-
ditionally, we performed co-immunoprecipitation to deter-
mine whether SIRT1 and HMGB1 bind to each other. As
shown in Fig. 3C, HMGB1was detected in SIRT1 immuno-
precipitation, and SIRT1was detected in HMGB1 immuno-
precipitation, whereas neither was detected in the control
IgG precipitates, indicating an interaction between SIRT1
and HMGB1.

Emodin Alleviates Inflammation in Rat Neuropathic
Pain by Negatively Regulating HMGB1 Via the
SIRT1 Pathway in Vivo

To determine whether the inhibition of SIRT1 blocks
the protective effect of emodin by preventing the downregu-
lation of HMGB1 in CCI, we treated spinal cord tissue from
CCI rats with a SIRT1 inhibitor and performed subsequent
experiments. Immunofluorescence showed that, compared
with the CCI + Emodin-H group, the CCI + Emodin-H +
SIRT1 inhibitor EX-527 group exhibited increased Iba-1
and GFAP levels (Fig. 4A,B) (p < 0.001). Subsequently,
we conducted ELISA on the spinal cord tissues induced
by CCI after treatment with the SIRT1 inhibitor EX-527.
The results showed that compared with the CCI + Emodin-
H group, the concentrations of TNF-α, IL-6, and IL-1β in
the CCI + Emodin-H + SIRT1 inhibitor EX-527 group in-
creased (Fig. 4C) (p < 0.001). Based on the above results,
we conducted further Western blot analysis and found that
compared with the sham group, the expression of SIRT1 in
the CCI group was significantly decreased, while the ex-
pression levels of TLR4, acHMGB1, and p-p65 were sig-
nificantly increased. Emodin significantly increased the ex-
pression of SIRT1, while the expression levels of TLR4,
acHMGB1 and p-p65 were significantly decreased. The
SIRT1 inhibitor EX-527 reversed the upregulation of SIRT1
expression and the downregulation of TLR4, acHMGB1,
and p-p65 expression caused by emodin (Fig. 4D) (p <

0.05). The SIRT1 inhibitor EX-527 also blocked the in-
hibitory effect of emodin on the acetylation of HMGB1
(Fig. 4D). These results indicate that emodin reduces the
acetylation level of HMGB1 by promoting SIRT1, thereby
inhibiting the HMGB1 signaling pathway and alleviating
pain hypersensitivity in rat neuropathic pain.

Emodin Reduces LPS-Induced Migration, Activation
and Inflammatory Response of BV2 Microglial Cells
by Targeting SIRT1 in Vitro

Based on the above findings that emodin alleviated
neuropathic pain in rats in vivo by regulating HMGB-
related pathways via SIRT1, we next investigated whether
emodin attenuated LPS-induced migration, activation, and
inflammatory responses in BV2 microglial cells in vitro by
targeting SIRT1. The effect of emodin on BV2 microglial
cell viability was assessed using cytotoxicity assays. CCK-
8 assay results showed that, with increasing concentrations
of emodin, BV2 cell viability was significantly decreased
at 20 µM (Fig. 5A) (p < 0.001). Therefore, 20 µM was se-
lected for subsequent cell-based experiments. To ensure the
validity of the results, we constructed three SIRT1 knock-
down sequences and verified their knockdown efficiency.
The results showed that si-SIRT1-3 was the most effective,
so si-SIRT1-3 was selected for the subsequent experiments
(Fig. 5B) (p < 0.001). To determine whether emodin acted
through targeting SIRT1 in LPS-induced responses, biolog-
ical events in emodin-treated, LPS-stimulated BV2 cells
were evaluated after si-SIRT1 transfection. The Transwell
assay showed that LPS significantly increased the migra-
tory capacity of BV2 cells, while emodin reducedmigration
(Fig. 5C) (p < 0.001). Treatment with si-SIRT1 reversed
the emodin-induced reduction in the number of migrating
cells (Fig. 5C). Furthermore, immunofluorescence staining
andWestern blot analysis showed that LPS significantly in-
creased CD11b and Iba-1 expression in BV2 cells, while
emodin reduced the expression of thesemarkers (Fig. 5D,E)
(p < 0.001). si-SIRT1 treatment reversed emodin’s in-
hibitory effect on CD11b and Iba-1 expression in the cells
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Fig. 2. Effects of emodin on nerve injury and inflammation in CCI rats. (A) H&E staining was used to assess the pathological
changes in spinal cord tissues from rats in each group. (B) IHC analysis was conducted to examine the expression of GFAP and Iba-1 in
spinal cord tissues from rats in each group. (C) ELISA was employed to measure inflammatory factor levels in each group. n = 3. ***p
< 0.001, #p < 0.05, ##p < 0.01, ###p < 0.001. GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adapter molecule 1;
ELISA, enzyme-linked immunosorbent assay.

(Fig. 5D,E) (p< 0.05). The expression of proinflammatory
cytokines (TNF-α, IL-1β, IL-6) was significantly increased
in LPS-induced BV2 microglial cells, and was markedly
reduced by emodin (Fig. 5F) (p < 0.01). Compared with
emodin, si-SIRT1 increased the expression of proinflam-
matory cytokines (TNF-α, IL-1β, IL-6) (Fig. 5F) (p <

0.01). Moreover, emodin decreased the expression of iNOS

and COX2 that were upregulated in LPS-induced BV2 mi-
croglial cells (Fig. 5G) (p< 0.01). Treatment with si-SIRT1
reversed the emodin-induced downregulation of iNOS and
COX2 in the cells (p < 0.05).
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Fig. 3. The relationship between SIRT1 and HMGB1. (A,B) Western blotting was used to analyze the expression of SIRT1 and
HMGB1 in each group. (C) Co-Immunoprecipitation assay was used to verify the relationship between SIRT1 and HMGB1. n = 3.
***p < 0.001, ##p < 0.01, ###p < 0.001. SIRT1, sirtuin 1; HMGB1, high mobility group box 1; IP, immunoprecipitation; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

Emodin Alleviates LPS-Induced Inflammation in BV2
Microglial Cells by Regulating HMGB1 Through
SIRT1 in Vitro

To determine whether emodin alleviates LPS-induced
migration, activation, and inflammatory responses of BV2
microglial cells by targeting SIRT1 to regulate HMGB-
related pathways, we performed fluorescence colocaliza-
tion analysis. Immunofluorescence results showed that,
compared with the control group, HMGB1 levels were in-
creased in the LPS-treated BV2 group and HMGB1 was lo-
calized to both the nucleus and the cytoplasm, indicating
that LPS-activated BV2 microglia induce HMGB1 acetyla-
tion and its translocation from the nucleus to the cytoplasm
(Fig. 6A). Compared with the LPS + BV2 group, the LPS +
BV2 + Emodin group showed increased SIRT1 levels and
decreased HMGB1 levels with HMGB1 primarily localized
to the nucleus, indicating that emodin increases SIRT1, re-
duces HMGB1 levels and HMGB1 acetylation, and inhibits
BV2 microglia-induced translocation of HMGB1 from the

nucleus to the cytoplasm. Compared with the LPS + BV2
+ Emodin and LPS + BV2 + Emodin + siRNA-NC groups,
the si-SIRT1 group showed markedly reduced SIRT1 lev-
els and increased HMGB1 levels with HMGB1 present in
both the nucleus and the cytoplasm, indicating that SIRT1
reduction can induce HMGB1 acetylation and its transloca-
tion from the nucleus to the cytoplasm (Fig. 6A).

Based on the above results, we further performed
Western blot analysis and found that, compared with the
control group, SIRT1 expression was significantly de-
creased in the LPS + BV2 group, while TLR4, acety-
lated HMGB1 (ac-HMGB1), and phosphorylated p65 (p-
p65) expression were significantly increased (p < 0.001).
Emodin significantly increased SIRT1 expression, while
the expression of TLR4, ac-HMGB1, and p-p65 was sig-
nificantly decreased (Fig. 6B) (p < 0.01). Treatment with
si-SIRT1 reversed the emodin-mediated upregulation of
SIRT1 and downregulation of TLR4, ac-HMGB1, and p-
p65. Immunofluorescence staining of p65 further con-
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Fig. 4. Emodin negatively regulates HMGB1 through the SIRT1 pathway to alleviate neurogenic pathological pain. (A,B) Im-
munofluorescence analysis of the levels of Iba-1 and GFAP in each group. (C) ELISA for detecting inflammatory factor levels in each
group. (D) Western blot analysis of the protein expression of SIRT1 and HMGB1-related pathways in each group. n = 3. *p < 0.05,
***p < 0.001; #p < 0.05, ###p < 0.001; @p < 0.05, @@p < 0.01, @@@p < 0.001.
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Fig. 5. Effects of emodin-mediated SIRT1 regulation on LPS-induced migration, activation, and inflammatory responses in BV2
microglial cells. (A) CCK-8 assay to determine cell viability. (B) RT-qPCR showing the efficiency of SIRT1 knockdown. (C) Transwell
assay showing the migratory ability of cells. (D) Immunofluorescence to evaluate the expression of Iba-1 in cells of each group. (E) WB
to detect the expression of CD11b and Iba-1 in cells of each group. (F) ELISA analysis of inflammatory factor levels in each group. (G)
WB to detect the expression of iNOS and COX2 in cells of each group. n = 3. ***p < 0.001; ##p < 0.01, ###p < 0.001; @p < 0.05, @@p
< 0.01, @@@p < 0.001; ns, no significance. LPS, lipopolysaccharide; BV2, mouse microglial cell line; CCK-8, Cell Counting Kit-8.

firmed these findings (Fig. 6C) (p < 0.001). Therefore,
these findings suggest that emodin promotes SIRT1 ex-
pression, reduces HMGB1 acetylation, inhibits HMGB1
translocation from the nucleus to the cytoplasm, decreases
extracellular HMGB1 release, and suppresses HMGB1 sig-
naling.

Discussion

NP is a chronic neurological disorder characterized
by hyperalgesia, abnormal pain (dysesthesia), and sponta-
neous pain. Due to its high prevalence [30] and hetero-
geneity, the underlying mechanisms remain unclear, and
current analgesics show limited efficacy. These charac-
teristics make NP difficult to manage and underscore the

need to develop new therapeutic strategies. Recent stud-
ies have revealed emodin’s analgesic properties in various
neuropathic pain models induced by nerve injury and CCI
[31,32]. The spinal cord is a key center for signal transmis-
sion, and emodin has attracted increasing attention for its
therapeutic potential in treating spinal nociception. Chen
et al. [28] and Badshah et al. [33] found that emodin re-
lieved the pain and spinal inflammation of NP by regulating
the P2X4 purinoceptor signaling and PPAR-gamma path-
way. Emodin has also been reported to restore the viability
of LPS-treated BV2 cells [26]. In the present study, we
investigated the anti-inflammatory mechanisms by which
emodin regulates HMGB1-related pathways via SIRT1 in
a rat CCI model and a BV2 neuroinflammation cell model.
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Fig. 6. Emodin regulates HMGB1 via SIRT1 to modulate LPS-induced inflammation in BV2 microglial cells. (A) Fluorescence
localization of HMGB1 and SIRT1 immunofluorescence staining in each group of cells. (B) Western blot analysis of protein expression
of SIRT1 and HMGB1-related pathways in each group. (C) Immunofluorescence detection of protein expression of p65 in each group.
n = 3. ***p < 0.001; ##p < 0.01, ###p < 0.001; @@p < 0.01, @@@p < 0.001; ns, no significance.

This study may provide new insights into the mechanisms
underlying NP and support the development of novel ther-
apeutic strategies.

Plant-derived natural compounds have attracted
widespread attention because of their low toxicity, minimal
side effects, and strong therapeutic potential. Emodin
is an active constituent of rhubarb with anticancer, anti-
apoptotic, and anti-inflammatory properties [34], and has
been reported to improve NP [23]. However, studies on
the mechanisms by which emodin alleviates NP in vivo
and in vitro remain limited. In this study, behavioral tests

showed that emodin reversed CCI-induced hyperalgesia.
H&E staining results also indicated that emodin treatment
partially alleviated axonal injury and inflammatory re-
sponses in the sciatic nerve. A previous study reported
that sciatic nerve ligation caused peripheral nerve injury,
and the activation of spinal microglia cells led to an early
response from the central nervous system, followed by the
activation and proliferation of astrocytes [35]. Activation
of microglia and astrocytes is critical for sustaining the
central sensitization and hyperalgesia associated with
NP. Iba-1 and GFAP are marker proteins for activated
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microglia and astrocytes, respectively; numerous studies
have shown increased GFAP immunoreactivity in the
spinal cord in CCI animal models, and specifically, GFAP
levels were significantly elevated in CCI rats, whereas
emodin treatment significantly reversed this increase
[36,37]. Furthermore, activated microglia can secrete
large amounts of inflammatory factors such as IL-6 and
TNF-α, triggering inflammatory responses and exacer-
bating the progression of NP [38]. Emodin attenuated
the CCI-induced upregulation of classical inflammatory
mediators in previous studies [11,12]. The results of this
present study showed that TNF-α, IL-1β, and IL-6 levels
were markedly increased in rats in the CCI group, and
emodin intervention reduced these levels. In addition,
we examined the effects of emodin on LPS-induced
inflammation in BV2 microglial cells in vitro, since it has
been previously shown that LPS accelerates the migration
of BV2 cells [39]. Consistently, our study showed that LPS
increased the number of migrating BV2 microglial cells,
whereas emodin reduced this increase, in line with a recent
study that reported that emodin exerts protective effects
against microglial activation [27]. Experimental results
showed that emodin reduced the expression of microglial
activation markers CD11b and Iba-1 in LPS-stimulated
BV2 cells. Also, microglia play an important role in CNS
neuroinflammation [40]. Activation of microglia may trig-
ger the secretion of pro-inflammatory cytokines, thereby
causing severe neuroinflammatory responses and leading
to central sensitization [41,42]. Notably, considerable
evidence indicates that emodin exerts anti-inflammatory
effects on microglia in autoimmune encephalomyelitis
[27,43], and COX-2 and iNOS are pro-inflammatory
enzymes involved in microglial inflammation [44]. This
study also found that emodin reduced the expression of
COX-2, iNOS, TNF-α, IL-6, and IL-1β in LPS-exposed
BV2 microglial cells, reflecting the anti-inflammatory
effect of emodin in BV2 cells during the LPS response.
Together, these findings indicate that emodin alleviates
hyperalgesia and spinal central sensitization in NP by
suppressing neuroinflammation.

SIRT1, an important NAD+-dependent deacetylase in
the body, has diverse biological functions across various
cell types, such as regulating cell differentiation and partic-
ipating in inflammation [45]. SIRT1 has been shown to be a
therapeutic target for chronic neuropathic pain [46]. In this
study, following spinal cord injury in the CCImodel, SIRT1
expressionwas reduced, and emodin upregulated its expres-
sion. A similar result was reported by Liu et al. [47]. Mean-
while, emodin decreased HMGB1 expression, suggesting
that SIRT1 and HMGB1 may be involved in the pathologi-
cal processes of NP. Le et al. [48] confirmed that SIRT1 is
involved in the acetylation of HMGB1 and may negatively
regulate HMGB1. This finding is consistent with our re-
sults, as co-immunoprecipitation showed an interaction be-
tween SIRT1 andHMGB1 in spinal cord tissues, suggesting

that SIRT1 regulates HMGB1. These results indicate that
emodin may suppress HMGB1 expression and its related
pathways by promoting SIRT1 expression, thereby influ-
encing the progression of NP.

HMGB1 is a nuclear protein that is highly conserved
across all cell types and plays a role in regulating innate im-
mune responses in both intracellular and extracellular set-
tings [49]. Extracellular HMGB1 can recognize and bind
specific receptors to participate in the regulation of various
physiological processes, including cell survival, prolifera-
tion, and inflammation. Wang et al. [50] found that inhi-
bition of HMGB1 promotes apoptosis and exerts antitumor
effects in glioma. As a key regulator of neuroinflammation,
HMGB1 is released through two main routes: passive re-
lease from injured neurons and active secretion by activated
immune cells, such as microglia. Thus, it acts as a critical
mediator linking acute brain injury to secondary inflam-
matory responses [51]. It has been reported that acetyla-
tion of HMGB1 promotes its translocation from the nucleus
to the cytoplasm, whereas upregulation of the deacetylase
SIRT1 inhibits this translocation [52], suggesting that the
inhibition may be related to HMGB1 acetylation levels.
In a previous study, emodin alleviated sepsis-induced lung
injury in vivo and in vitro by promoting SIRT1-mediated
deacetylation and inhibiting the HMGB1/NF-κB pathway
[47]. However, the mechanism by which emodin may al-
leviate hyperalgesia in neuropathic pain by negatively reg-
ulating HMGB1-related signaling pathways via SIRT1 re-
mains unclear. To further validate this mechanism, we first
treated CCI model rats in vivo with the SIRT1-specific in-
hibitor EX-527 to determine whether SIRT1 regulates the
HMGB1 signaling pathway in CCI. The results showed that
expression levels of Iba-1, GFAP, and inflammatory cy-
tokines were higher in the EX-527 (SIRT1 inhibitor) group
than in the emodin-treated group. Western blot analysis in-
dicated that acetylated HMGB1 was also significantly up-
regulated after EX-527 treatment. Meanwhile, the expres-
sion levels of HMGB1 pathway–related proteins TLR4 and
phosphorylated p65 (p-p65) were markedly increased.

A study found that HMGB1 expression is signifi-
cantly upregulated in LPS-stimulated BV2 cells [53]. Af-
ter LPS induction, HMGB1 can translocate from the nu-
cleus, traverse the cytoplasm, enter vesicles, and be re-
leased via a nonclassical secretion mechanism [54]. In-
terferon (IFN) induces HMGB1 translocation from the nu-
cleus to the cytoplasm by activating the JAK/STAT1 path-
way [55], suggesting that inflammatory stimuli promote
HMGB1 nuclear translocation in cells. Based on the in
vivo results, we validated this mechanism in vitro in LPS-
stimulated BV2 neuroinflammatory cells. We further gen-
erated SIRT1-knockdown BV2 cells via lentiviral infec-
tion. Immunofluorescence co-localization andWestern blot
analysis showed that emodin increased SIRT1 expression
and reduced LPS-induced HMGB1 acetylation and nuclear
translocation, whereas SIRT1 knockdown markedly pro-
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moted HMGB1 acetylation and nuclear translocation and
increased the expression of inflammatory cytokines. These
results indicate that emodin suppresses HMGB1 expression
and translocation via a SIRT1-mediated mechanism involv-
ing HMGB1 acetylation, thereby influencing the develop-
ment of NP. Identification of this mechanism may provide
a novel theoretical framework for understanding the devel-
opment and treatment of NP.

Conclusion

Taken together, this study shows that emodin al-
leviates hyperalgesia and inhibits inflammation, support-
ing its potential therapeutic application in NP. Moreover,
NP-induced hyperalgesia is alleviated by emodin-mediated
negative regulation of HMGB1 via the SIRT1 pathway.
This research has the potential to support a novel approach
to NP management and provide novel perspectives on its
underlying mechanisms.
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