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Inhibition of histone deacetylase 6 alleviates
neuropathic pain via direct regulating post-
translation of spinal STAT3 and decreasing
downstream C-C Motif Chemokine Ligand 7
synthesis
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Abstract

Neuropathic pain, a debilitating nerve injury-induced condition, remains a significant clinical challenge. This study
evaluates the effect of histone deacetylase 6 (HDAC6) inhibition in a spared nerve injury (SNI) mouse model.
Systemic administration of the selective HDAC6 inhibitor ACY-1215 (20 mg/kg/day, 14 days), alleviated SNI-induced
pain in mice of both sexes. ACY-1215 increased acetylated signal transducer and activator of transcription 3 (Ac-
STAT3) and reduced phosphorylated STAT3 (p-STAT3) in the lumbar spinal cord of SNI mice. HDAC6 and p-STAT3
were expressed in spinal dorsal horn neurons, and SNI-enhanced HDAC6/STAT3 interaction was reversed by
ACY-1215. Neuronal STAT3 overexpression induced pain hypersensitivity and elevated p-STAT3, tumor necrosis
factor-alpha (TNF-a) and interleukin-1 beta (IL-13), effects suppressed by ACY-1215. Cytokine profiling identified CC-
chemokine ligand 7 (CCL7) as a key downstream effector of the HDAC6/STAT3 axis, with ACY-1215 attenuating SNI-
induced CCL7 upregulation. HDAC6 knockdown in neurons reduced p-STAT3, while HDAC6 or STAT3 knockdown
diminished CCL7 production. These findings demonstrate that ACY-1215 mitigates neuropathic pain by modulating
STAT3 acetylation/phosphorylation and suppressing HDAC6/STAT3-driven CCL7 and cytokine release. This study
underscores the role of the HDAC6/STAT3/CCL7 signaling axis in neuropathic pain and highlights the therapeutic
potential of HDAC6 inhibitors for pain management.
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Introduction

Neuropathic pain results from injury or dysfunction
of the nervous system, characterized by pathological
changes in sensory processing. It is a significant global
health issue, affecting an estimated 7-10% of the popu-
lation worldwide [1, 2]. A recent large-scale epidemio-
logical study involving over 148,000 participants from
the UK Biobank reported a neuropathic pain prevalence
of 9.2%, with chronic pain affecting 51.1% of the cohort
[3]. Clinically, neuropathic pain manifests as sponta-
neous pain, hyperalgesia, allodynia, and paresthesia,
significantly impairing patients’ quality of life [4]. Cur-
rent pharmacological management of neuropathic pain
includes antiepileptic drugs (e.g., gabapentin, pregaba-
lin), antidepressants (e.g., amitriptyline, venlafaxine), and
other agents such as opioids and lidocaine patches [5].
However, these treatments often provide limited efficacy
and are associated with side effects, highlighting the need
for more effective and safer therapeutic strategies [6].
Consequently, identifying novel molecular targets and
developing innovative interventions for neuropathic pain
remain critical priorities in pain research.

Histone deacetylase (HDAC) enzymes play a key role in
regulating gene expression, primarily through the deacet-
ylation of histones and modulation of chromatin struc-
ture, which in turn influences transcriptional activity [7].
Beyond histones, HDACs also target non-histone pro-
teins, including tubulin, p53, and signal transducer and
activator of transcription 3 (STAT3) [8-10]. Dysregula-
tion of HDAC activity has been implicated in various dis-
eases, including cancer, neurodegenerative disorders, and
inflammatory conditions. Notably, several HDAC inhibi-
tors have already been approved for clinical use in cancer
therapy, underscoring their therapeutic potential [11].

Among HDAC s, histone deacetylase 6 (HDAC6) is
a class II HDAC, specifically deacetylates non-histone
substrates. HDACS6 is involved in various physiological
and pathological processes [12, 13]. Emerging evidence
highlights the role of HDAC6 in neurological diseases,
including pain [14-17]. HDAC6 inhibitor ACY-1215
(Ricolinostat) mitigates mechanical allodynia induced by
peripheral nerve injury [14] or inflammation [15]. Addi-
tionally, HDACS inhibitors, including ACY-1215, exhibit
brain permeability, suggesting their therapeutic poten-
tial in treating neurological disorders [18]. However, the
pharmacological actions and mechanisms of HDAC6
inhibitors in neuropathic pain remain incompletely
understood. In particular, the potential modulation of
non-histone proteins and their downstream signaling
pathways in the context of neuropathic pain requires fur-
ther investigation.

Signal transducer and activator of transcription 3
(STAT3), a member of the STAT family of transcrip-
tion factors, is activated through phosphorylation and
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subsequently translocates to the nucleus, where it regu-
lates the expression of multiple genes in response to
stimuli [19, 20]. In recent years, STAT3 has emerged as
a critical player in the development and maintenance of
neuropathic pain [19, 21, 22]. In the spinal cord, activa-
tion of glial STAT3 promotes neuroinflammation and
neuronal hyperexcitability, both of which contribute to
chronic pain [22]. STAT3 activation facilitates the release
of inflammatory factors, including tumor necrosis factor-
alpha (TNF-a), interleukin-1 beta (IL-1p), and interleu-
kin-6 (IL-6), which exacerbate pain signaling [23-25].
While pharmacological inhibition of STAT3 has been
shown to alleviate neuropathic pain, the precise mecha-
nisms remain incompletely understood, and the use of
STAT3 inhibitors is limited by potential cytotoxic effects
[21, 26]. As an alternative, targeting post-translational
modifications of STAT3 may offer a safer therapeutic
approach. Although previous studies have examined the
effects of an HDAC inhibitor on STAT3 mRNA tran-
scription [27], the direct interaction between HDAC6
and STAT3 in the nervous system has not been explored.
Furthermore, it remains unclear whether the anti-noci-
ceptive effects of HDAC6 inhibitors involve the post-
translational regulation of STAT3.

Recent studies have highlighted a critical link between
STAT3 activation and the production of cytokines and
chemokines [28]. In neuropathic pain, emerging evidence
suggests that chemokines are upregulated in both the
peripheral and central nervous systems following nerve
injury, contributing to neuroinflammation and the sen-
sitization of nociceptive pathways [28—30]. However, the
specific downstream cytokines or chemokines regulated
by STAT3 in response to HDACG6 inhibition have yet to
be identified. Elucidating these downstream effectors
could provide valuable insights into the HDAC6/STAT3
signaling axis and its role in neuropathic pain.

In the present study, we employed a spared nerve injury
(SNI) model to investigate the anti-nociceptive effects of
the selective HDACG6 inhibitor ACY-1215. We examined
the interaction between HDAC6 and STAT3 and identi-
fied downstream cytokines and chemokines within the
HDAC6/STAT3 signaling pathway. Our findings shed
light on the mechanisms by which HDAC6 regulates
post-translational modifications of STAT3 in neuropathic
pain and underscore the therapeutic potential of HDAC6
inhibitors for pain management.

Materials and methods

Animals

Male and female CD-1 mice (6—8 weeks, 20-25 g) were
purchased from Beijing Vital River Laboratory Animal
Technology Co (Pinghu, Zhejiang, China). The mice were
housed in a temperature-controlled animal facility with a
12 h light—dark cycle and ad libitum access to food and



Chi et al. Journal of Neuroinflammation (2025) 22:74

water. Criteria for exclusion included weight loss, dis-
ability or distress. All procedures were approved by the
Animal Care and Use Committee of Ningbo University in
accordance with the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals (NIH
Publications No. 80 -23). Female mice were only used in
the behavioral tests.

Chemicals and antibodies

ACY-1215 was purchased from Medchemexpress (Hong
KONG, China) and dissolved in 10% dimethyl sulfox-
ide (DMSO), obtained from Sigma-Aldrich (St. Louis,
MO, USA). Lipofectamine 2000 Transfection Reagent
and Opti-MEM I were purchased from Thermo Fisher
Scientific Life Sciences (Waltham, MA, USA). Dul-
becco’s Modified Eagle Medium, Fetal bovine serum
(FBS) and penicillin/streptomycin were obtained from
HyClone (Logan, UT, USA). Recombinant Mouse IL-6
was purchased from ABclonal (RP01321, Ningbo, China).
Antibodies against HDAC6 (#7558), STAT3 (#9139),
Acetyl-STAT3 (Lys685, #2523), Phospho-STAT?3 (Tyr705,
D3A7, #9145), Acetyl-a-Tubulin (Lys40, D20G3, #5335),
a-Tubulin (#2144), IL-1B (3A6, #12242), TNF-a (D2D4,
#11948), and GFAP (Cat#3670) were purchased from Cell
Signaling Technology (Danvers, MA, USA). Antibod-
ies against Anti-CGRP (#ab81887), IBa-1(Cat#ab5076),
and Lamin Bl (#ab65986), and the secondary antibody
AlexaFluor 488, donkey anti-goat (Cat#ab150129) were
purchased from Abcam (Cambridge, MA, USA). Neuro-
nal marker NeuN (Cat#N21483) and IB4 (Cat#132450),
and antibody against CCL7 (Cat#38675A01) were pur-
chased from Thermo Fisher Scientific (Waltham, MA,
USA). The secondary antibody Goat anti-rabbit IgG anti-
body (Cat#A0208) and goat anti-mouse IgG antibody
(Cat#A0216) were purchased from Beyotime (Shanghai,
China). Other secondary antibodies including AlexaFluor
488, donkey anti-mouse (Cat#715-545-150), AlexaFluor
594, donkey anti-rabbit (Cat#711-585-152), and Alexa-
Fluor 488, donkey anti-rabbit (Cat#711-545-152) were
purchased from Jackson ImmunoResearch Inc. (West
Grove, PA, USA).

Establishment of spared nerve injury (SNI) model

The SNI surgery was performed as previously described
[31, 32]. Male and female mice were anesthetized with
sodium pentobarbital (50 mg/kg, Aladdin, Shanghai,
China). The right sciatic nerve was exposed at the mid-
thigh region proximal to the sciatic trifurcation. Subse-
quently, the common peroneal and tibial nerves were
ligated and excised, while the sural nerve remained
intact. Sham surgery was performed without damaging
the nerve, involving only exposure without lesioning.
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Von frey test

The Von Frey tests were performed to evaluate mechani-
cal pain thresholds as previously described [33-36].
Briefly, mice were placed in individual transparent Per-
spex cubicles with a wire mesh base and allowed at least
20 min to acclimate. The filaments were applied to the
plantar surface of the right hind paw in a series of ascend-
ing forces. Mechanical thresholds were determined
using the up-and-down method with Von Frey filaments
(Stoelting, USA).

Cell cultures and treatments

Mouse hippocampal cells (HT22) were obtained from
the Chinese Academy of Sciences (Shanghai, China) and
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS and penicillin/streptomycin.
The cell cultures were maintained at 37 °C in a humidified
atmosphere containing 5% CO, and 95% air. Subculturing
was routinely performed every 2 or 3 days. For sample
preparations, an equal number of cells were seeded into
culture dishes at a density of 5x 10* cells/cm” overnight.
In the case of IL-6 treatment, cells were incubated with a
final concentration of 100 ng/ml of IL-6 for 12 h.

Construction of STAT3 overexpression

The STAT3 overexpression plasmid (Cat#PT7722) was
constructed, and recombinant adeno-associated virus
2/9 vector carrying STAT3 overexpression plasmid with
human synapsin (hSyn) neuronal promoter (AAV-hsyn-
STAT3-EGEFP) or the vacant controls (AAV-hsyn-EGFP)
were packaged by BrainVTA (Wuhan, China).

Mice were anesthetized with Avertin (20 mg/ml, 0.2 ml
per 10-gram weight). The skin overlying the spinal col-
umn was then shaved and cleaned to reduce the risk
of infection. A small incision was made in the skin and
a 30-gauge needle was inserted into the subarachnoid
space between the L4-L6 vertebrae and around the spinal
cord. The virus emulsion (10'* vg/mL, 5 pl in PBS) con-
taining the AAV-hsyn-STAT3-EGFP or AAV-hsyn-EGFP
was then intrathecally injected slowly and carefully into
the space. After the injection, the incision was closed and
the mice were allowed to recover. The mice were closely
observed for any discomfort or complications after
surgery.

Plasmid transfection and gene knockdown

HT22 cells were transfected with expression plasmids
of HDAC6 or STAT3 small interfering RNA (siRNA) or
control siNRA using Lipofectamine 2000 for 2 days fol-
lowing manufacturer’s instructions. HDAC siRNA(5'-
AGA CCU AAU CGU GGG ACU GCT T-3'), STAT3
siRNA (5'-GGG ACC UGG UGU GGG AAU UAU
TT-3') or a scramble negative control (5-UUC UCC
GAA CGU GUC ACG UTT-3) from GenePharma
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(Shanghai, China) were mixed with Lipofectamine 2000
in Opti-MEM I, and the mixtures were added to cells for
48 h.

Western blotting and co-immunoprecipitation (Co-IP)
For experiments involving spinal cord tissue, mice were
humanely killed by CO, inhalation. The L4-6 spinal
dorsal horn tissues were dissected and homogenized in
an ice-cold RIPA lysis buffer (Cat# P0013B; Beyotime,
Shanghai, China) supplemented with protease and phos-
phatase inhibitors (Cat#A32959, Thermo Fisher). The
homogenates were centrifuged at 13,200 rpm for 30 min
at 4 °C. For experiments using H22 cells, cells were lysed
in the RIPA lysis buffer containing the same protease and
phosphatase inhibitors, followed by centrifugation under
identical conditions to obtain the supernatant. Protein
concentration was determined using the BCA Protein
Assay Kit (Beyotime, Beijing, China). The samples were
separated on 8—-10% SDS-PAGE gels and transferred to
PVDF membranes (Millipore, Temecula, CA, United
States) [37]. Membranes were blocked with 5% skim
milk in TBST buffer (20 mM Tris, 150 mM NaCl, 0.1%
Tween 20; Sigma-Aldrich, USA) and subsequently incu-
bated overnight at 4 °C with primary antibodies diluted
in TBST. The following primary antibodies were used:
HDACS6 (1:1000), Ac-STAT3 (1:1000), p-STAT3 (1:1000),
STAT3 (1:1000), Ac-a-Tubulin (1:1000), Tubulin (1:1000),
Lamin B1 (1:1000), TNF-a (1:1000), IL-1f (1:1000), and
CCL7 (1:1000). After washing with TBST, membranes
were incubated for 1 h at room temperature with species-
appropriate secondary antibodies: goat anti-rabbit IgG
(1:1000) or goat anti-mouse IgG (1:1000). Between detec-
tions, membranes were stripped using Western Blot Fast
Stripping Buffer (Cat#PS107, Epizyme Biomedical Tech-
nology Co, Shanghai, China). Target bands were visual-
ized using an Odyssey Infrared Imaging System (LI-COR
Biotechnology, NE, USA), and band intensities were
quantified using Image] analysis software (NIH, USA).
Co-IP of STAT3 was performed using an anti-STAT3
mouse monoclonal antibody, with normal mouse IgG
serving as a negative control. Immune complexes were
captured with 25 pl of Protein A/G PLUS-Agarose IP
reagent (Santa Cruz Biotechnology, United States) for 2 h
and washed 5 times with the lysis buffer [38]. The starting
tissue lysates and IP products were separated on 8—10%
SDS-PAGE gels and transferred to PVDF membranes
(Millipore, Temecula, CA, United States). Target pro-
teins were probed with the following primary antibodies
HADC6 (1:1000), Ac-STAT3 (1:1000), STAT3 (1:1000).
After washing, membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies Goat
anti-rabbit IgG antibody (1:1000) or goat anti-mouse
IgG antibody (1:1000). Protein bands were visualized
using an Odyssey Infrared Imaging System (LI-COR
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Biotechnology, NE, USA), and band intensities were
quantified using Image] analysis software (NIH, USA).

Cytosol and nuclear fractionation

On the 14th day post-SNI or sham surgery, mice were
humanely killed by CO, inhalation. The L4-6 spinal dor-
sal horn tissues were collected and homogenized in an
ice-cold lysis buffer (Cat#P0013B; Beyotime, Shanghai,
China) containing protease and phosphatase inhibitors
(Cat#A32959, Thermo Fisher). The homogenates were
centrifuged at 13,200 rpm for 30 min at 4 °C to obtain
the supernatant. Cytoplasmic and nuclear protein frac-
tionation were isolated using a Nuclear Extraction Kit
(#2900, Merck Millipore, United States) according to the
manufacturer’s protocol. The purity of the cytosolic and
nuclear fractions was examined by Western blot analy-
sis using primary antibodies targeting o-Tubulin (1:1000;
cytosolic marker) and Lamin B1 (1:1000; nuclear marker)
[7], followed by species-appropriate secondary anti-
bodies: goat anti-rabbit IgG antibody (1:1000) or goat
anti-mouse IgG antibody (1:1000). Protein bands were
detected using an Odyssey Infrared Imaging System (LI-
COR Biotechnology, NE, USA), and band intensities were
quantified using Image] analysis software (NIH, USA).

Enzyme-linked immunosorbent assay (ELISA)

The ELISA was performed as previously described [36].
On the 14th day post-SNI or sham surgery, mice were
humanely killed by CO, inhalation and L4-6 spinal cords
were harvested. Tissue were rinsed with cold PBS and
homogenized for ELISA assays of (#E-MSEL-MO0002,
Elabscience, China), IL-1p (#E-MSEL-MO0003, Elab-
science, China), and CCL7 (#ab250071, Abcam, Cam-
bridge, MA, USA). Reagents and working standards were
prepared according to the manufacturer’s instructions,
and the assay was performed following the provided
protocol. Absorbance was measured at 450 nm using a
microplate spectrophotometer (Thermo Inc, USA).

Multiplex cytokine and chemokine analysis
On day 14 post-SNI or sham surgery, mice from the
Sham, SNI, and SNI+ ACY-1215 groups were euthanized
humanely via CO, inhalation. The L4—L6 spinal cord tis-
sues were collected, homogenized in ice-cold lysis buffer
(Cat#P0013B; Beyotime, Shanghai, China) containing
protease and phosphatase inhibitors (Cat#A32959,
Thermo Fisher), and centrifuged at 13,200 rpm for 30 min
at 4 °C. Protein concentrations were determined using a
BCA Protein Assay Kit (Beyotime, Beijing, China).
Multiplex cytokine and chemokine analysis was per-
formed using the Bio-Plex Pro Mouse Chemokine Panel
31-plex (BIO-RAD Lab, Inc, Hercules, CA, USA). The
assay was conducted according to the manufacturer’s
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instruction, and individual samples from each mouse in
each group were analyzed.

Immunofluorescence and image analysis

Mice were anesthetized with Avertin (20 mg/ml, 0.2 ml
per 10-gram weight) and intracardially perfused with
saline followed by 4% paraformaldehyde (Solarbio, Bei-
jing, China, Cat. No. P1110) in 0.1 M phosphate buftfer.
The L4-6 spinal tissue was dissected, fixed in 4% para-
formaldehyde overnight at 4 °C, and sequentially trans-
ferred to 15% and then 30% sucrose in 0.1 M phosphate
buffer solution at 4 °C. Tissues were sectioned at 20 pm
using a cryostat (CM1950, Leica, Germany). Sections
were blocked with 10% normal donkey serum in 0.01 M
phosphate-buffered saline containing 0.3% Triton X-100
(Cat#P0096; Beyotime, Shanghai, China) for 1 h at room
temperature. Spinal cord sections were then incubated
overnight at 4 °C with the following primary antibod-
ies or marker: HACD6 (1:100), p-STAT3 (1:100), GFAP
(1:200), Iba-1 (1:200), CGRP (1:200), NeuN (1:200), IB4
(1:500). After washing by PBST (PBS with 0.1% Tween20,
Solarbio, Beijing, China), sections were incubated for 2 h
at room temperature with the species-appropriate sec-
ondary antibodies: AlexaFluor 488, donkey anti-mouse
(1:400), AlexaFluor 594, donkey anti-rabbit (1:400),
AlexaFluor 488, donkey anti-rabbit (1:400), AlexaFluor
488, donkey anti-goat (1:200). Sections were mounted on
slides using a mounting medium and stored at 4 °C. Fluo-
rescence images were captured using a confocal scanning
laser microscope (SP8, Leica, Germany). Quantitative
analysis was conducted using LASX software (Leica,
Germany) and was further analyzed with Image]J software
(NIH, USA). For each group, images were obtained from
at least five mice. Related spinal regions were manually
outlined as regions of interest (ROIs), and the total fluo-
rescent intensities in the ROIs per unit area were calcu-
lated. The relative fluorescent intensity was expressed as
fold change compared to the control group.

Statistical analysis

Data shown in the graphs represent the means+S.E.M.
Analyses were performed using GraphPad Prism 8 soft-
ware (GraphPad Software, San Diego, CA, United States).
The data distribution was determined using the Shapiro-
Wilk normality test and parametric or non-parametric
tests were chosen accordingly. Unpaired t-test, One-way
or two-way analysis of variance (ANOVA) followed by
post hoc test was used as indicated in figure legends. A
significance level of P<0.05 was considered statistically
significant.
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Results

HDACS6 inhibitor ACY-1215 ameliorated neuropathic pain
in SNI-operated mice

We initially assessed the effects of the HDAC6 inhibitor
on pain thresholds in SNI-operated mice. The HDAC6
inhibitor ACY-1215 (20 mg/kg/day) was administered
intraperitoneally for 14 consecutive days to male and
female mice (Fig. 1A). The dose administered to the
mice corresponds to approximately 100-130 mg per
day in humans, adjusted for body weight (20 g/mouse;
60—80 kg/human), and aligns with the dosages utilized
in clinical trials (120-160 mg) [39, 40]. Mechanical pain
thresholds were measured at various time points, as illus-
trated in the experimental schematic in Fig. 1A. Both
male and female mice exhibited allodynia and mechani-
cal hyperalgesia. Systemic administration of ACY-1215
ameliorated SNI-induced pain starting from Day 7 post-
SNI operation, achieving relatively stable efficacy by Day
13 in both male (Fig. 1B) and female mice (Fig. S1).

ACY-1215 increased STAT3 acetylation and decreased its
phosphorylation in the spinal cord of SNI-operated mice
Subsequently, we investigated the effect of the HDAC6
inhibitor ACY-1215 on the homeostasis of STAT3 pro-
tein acetylation and phosphorylation in the L4-L6 lum-
bar spinal cord of male mice (Fig. 2A). Compared to the
control group, the SNI-operated male mice exhibited ele-
vated levels of Tyr705-phosphorylated STAT3 (p-STAT3)
but not of Lys685-acetylated STAT3 (Ac-STAT3) in
the spinal cord (Fig. 2B-C). Treatment with ACY-1215
reduced p-STAT3 expression and increased Ac-STAT3
(Fig. 2B-C), but did not alter total STAT3 (t-STAT3) lev-
els (Fig. 2D). ACY-1215 increased STAT3 acetylation and
reduced STAT3 phosphorylation (Fig. 2B-C), while not
altering HDACG6 expression (Fig. 2E). Elevation of Ac-a-
tubulin, a known target of HDACS, indicates that ACY-
1215 inhibits HDAC6’s deacetylation function (Fig. 2F).
Consistently, immunofluorescent staining results in
the spinal dorsal horn of SNI-operated mice showed an
increase in p-STAT3 expression, which was mitigated
following ACY-1215 treatment (Fig. 2G-H). Addition-
ally, HDAC6 expression remained unchanged after SNI
or ACY-1215 treatment (Fig. 21-]). These results indicate
that HDACS6 inhibition modulates the post-translational
modification of spinal STAT3 by suppressing its phos-
phorylation and elevating its acetylation.

HDAC6 and p-STAT3 were expressed in the spinal dorsal
Horn neurons

To elucidate the cellular localization of HDAC6 and
p-STAT3 in the spinal cord, we performed double
immunostaining for HDAC6 and p-STAT3 using three
cell-specific markers: GFAP (for astrocytes), NeuN (for
neurons), and Ibal (for microglia) in the spinal cord of
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Fig. 1 Histone deacetylase 6 (HDAC6) inhibitor ACY-1215 attenuated mechanical pain in SNI-operated mice. (A) The experimental timeline diagram
shows the protocol for constructing the SNI mouse model and the administration of treatments. ACY-1215 (20 mg/kg/day) or vehicle (10% DMSO in
saline) was administered starting from day 1 post-SNI and continued daily until day 13. Baseline (BL) thresholds were measured one day before any treat-
ment, and mechanical pain thresholds were assessed every two days thereafter. (B) Mechanical thresholds for different groups of male mice in von Frey
tests. Data are shown as individual values with means + SEM; n=8 mice per group. RM two-way ANOVA followed by Tukey’s post hoc tests. Sham vs. SNI

**p < 0.01, **p<0.001; SNI vs. SNI+ACY-1215 #¥p < 0.01, ¥ p <0.001

SNI-operated mice (Fig. 3A-B). In the spinal dorsal horn,
43% of neurons expressed HDAC6. Additionally, HDAC6
was also detected in astrocytes (SNI: 14%) and microglia
(SNI: 12%), albeit to a lesser extent (Fig. 3A-B). Similarly,
p-STATS3 also highly co-localized with NeuN (SNI: 54%)
and, to a lesser extent, with GFAP (SNI: 19%) and Ibal
(SNI: 14%) (Fig. 3C, D).

Additionally, both HDAC6 (Fig. 3E) and p-STAT3
(Fig. 3F) co-localized with the non-peptidergic nocicep-
tive neuron marker IB4 and the peptidergic nociceptive
neuron marker CGRP in lamina I-II of the mouse spinal
cord. These findings suggest that HDAC6 and p-STAT3
are expressed in neurons of the dorsal spinal lamina asso-
ciated with non-peptidergic and peptidergic nociceptive
afferent pathway.

Neuropathic pain enhanced nucleus translocation of
p-STAT3, not Ac-STAT3

As a transcription factor, active STAT3 exerts its func-
tion on gene expression by translocating to the nucleus.
Therefore, we evaluated p-STAT3 and Ac-STATS3 levels
in the subcellular fractions of spinal cord tissue (Fig. 4A).
The SNI operation upregulated nucleus-bound p-STAT3
in the SNI group but did not alter cytosolic p-STAT3 lev-
els in the spinal cord (Fig. 4B-C). Although there was a
decreasing trend in cytosolic Ac-STAT3 levels in SNI-
operated mice, no significant difference was detected
(Fig. 4D). Total STAT3, Ac-a-tubulin, and HDAC6
expression levels were not altered in the cytosol or nuclei
following the SNI operation (Fig. 4E-G). Notably, low lev-
els of Ac-STAT3 were detected in the nuclei of the spi-
nal cord of both sham and SNI mice (Fig. 4D), suggesting
that the acetylation of STAT3 prevents its translocation
into the nucleus.
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L4-L6 spinal dorsal horn of Sham and SNI-operated mice. Scale bar =100 um, n=5
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Neuropathic pain enhanced HDAC6-STAT3 interaction,
which was decreased by ACY-1215

To investigate whether HDAC6 directly binds STAT3 in
the spinal cord, we evaluated the interaction between
HDAC6 and STAT3 using co-IP (Fig. 5A). The results
indicated that the SNI operation increased the inter-
action between HDAC6 and STAT3, while ACY-1215
administration reversed the SNI-enhanced spinal
HDAC6-STAT3 interaction (Fig. 5B-C). ACY-1215 also
increased the acetylation of STAT3 without altering total
STAT3 expression levels (Fig. 5D-E).

Neuronal STAT3 overexpression evoked pain
hypersensitivity and elevated synthesis of TNF-a and
IL-1B,which was reversed by ACY-1215 administration
Previous studies have highlighted the essential role of
glial STAT3 in chronic pain, while evidence addressing
the role of neuronal STAT3 in the spinal cord is limited.
Following the observation of SNI-induced elevation of
p-STAT3 expression in spinal neurons, the subsequent
examination focused on whether neuronal overexpres-
sion of STAT3, driven by a neuron-specific promoter, was
sufficient to induce pain. Furthermore, the investigation
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Fig. 5 Neuropathic pain enhanced HDAC6-STAT3 interaction, which was decreased by ACY-1215. (A) L4-L6 spinal cord tissues were collected from sham
or SNI'mice treated with or without ACY-1215. Tissue lysates (input) were immunoprecipitated with anti-STAT3 and immunoblotted for HDAC6, Ac-STAT3,
and STAT3. (B) Representative western blots of target proteins. (C-E) Protein levels of HDAC6 (C), STAT3 (D), and Ac-STAT3 (E) in the spinal cord. The values
were quantified relative to tubulin and normalized as fold change compared to the sham group receiving vehicle. Data are presented as means+ SEM;
n=4, Sham vs. SNI *p < 0.05, SNI vs. SNI+ACY-1215 *p < 0.05; one-way ANOVA followed by Tukey’s post hoc tests

was extended to ascertain whether ACY-1215 influenced
this process (Fig. 6A). The results of behavioral tests
showed that intrathecal administration of AAV-hsyn-
STAT3 induced mechanical pain hypersensitivity from
Day 21 post-administration (Fig. 6B). Systematic admin-
istration of ACY-1215 alleviated pain induced by neuro-
nal overexpression of STAT3 (Fig. 6B). The immunoblot
assay results indicated that intrathecal administration
of AAV-hsyn-STAT3 led to an increase in total STAT3
levels (Fig. 6C-D). This increase subsequently resulted
in elevated levels of p-STAT3 and Ac-STAT3 relative to

tubulin levels (Fig. 6E-F). The administration of ACY-
1215 resulted in suppression of p-STAT3 (Fig. 6E, H) and
elevation of Ac-STAT3 (Fig. 6F, I), along with a reduction
in the p-STAT3/Ac-STAT3 ratio (Fig. 6G).

A substantial body of evidence underscores the role of
STAT3 in elevating the synthesis of pro-inflammatory
cytokines, such as TNF-a and IL-1p. Here, we examined
the production of TNF-a and IL-1p using immunoblot-
ting (Fig. 6J-L) and ELISA (Fig. 6M-N). The results indi-
cated that ACY-1215 administration reversed the spinal
levels of pro-inflammatory cytokines TNF-a (Fig. 6K, M)



Chi et al. Journal of Neuroinflammation

(2025) 22:74

é
AAV-Vacant — ACY-1215 (20 mg/kg/day, i.p) or Vehicle Western blot
or AAV-hsyn-STAT3 P F R R R R FF G | Sacrifice (Fig6 C-L)
| A A A A S
| T T T T T T T T T T | (Figé M,N)
Day BL 0 21 22 23 24 25 26 27 28 29 31
—1 Von Frey test —t =t <t =t =21 =t
(Figé B)
Von Frey tests (Male)
O Vacant+DMSO O Vacant+ACY-1215 O AAV-STAT3+DMSO O AAV-STAT3+ACY-1215
* * * * # * #
* * * * # *x #
. * ns * ns * ns *x # *x # *x #
I
5 (o} o oo oo o o oo
%1_0_0000 @ ® oo oo o ® oo o ®
2 Q09 O (00) [ele) oQ oQ @ 0 Q O
'-E R B e O Q O & o o O (g ol o) o3
Tg ool o oo @) ofe o . g ol o ® B6 o9)
2 oo o -l ool . o) g 0o .
£ 05 o, HE o XHWod o ‘ o B
£ @ g3 29 &R Y. g P
o} 0 = Q O
= sk & 8 B2 o4 O g & B
0.0 — H -
BL 21 23 25 27 29 31 Day
c Vacant AAV-STAT3 D Spinal STAT3 E Spinal p-STAT3 F Spinal Ac-STAT3
+DMSO  +DMSO )
e ——— e e n 4 - ##
ACY-1215 24 B0 oo B3 B g5, XX
= 3 W ACY-1215 E =
prsTaTS | - :- 3 3 E 5
. — 3 32 2
2 )
’2 1 E & <
g b ]
’h 3
Tubulin 50 2o <
= Vacant  AAV-STAT3 & Vacant  AAV-STAT3 2 Vacant AAV-STAT3
+DMSO +DMSO +DMSO +DMSO +DMSO +DMSO
Spinal p-STAT3 / Ac-STAT3 H Spinal p-STAT3 I Spinal Ac-STAT3 -l
K} Vacant  AAV-STAT3
15 ﬁ*—nsﬂ-m«m § 3 — & = DMSO s 4 'L—“'-nuso +DMSO  +DMSO
— W ACY-1215 E W ACY-1215 E 2 W ACY-1215 ACY-1215 - + ~ &
1.0 = E i TNF-a
v
~ ~ 2 -
2 g 1P |- - -
% &t —
0.0 - = 0
Vacant AAV-STAT3 & Vacant AAV-STAT3 & Vacant AAV-STAT3

+DMSO  +DMSO

Rel. TNF-a / Tubulin levels 2N Rel. p-STAT3 / Ac-STAT3 levels [0)

Spinal TNF-a L
*% ##
23
g
£
H
-
Ty
@
%
=
E:
Vacant  AAV-STAT3
+DMSO +DMSO

Fig. 6 (See legend on next page.)

+DMSO +DMSO

Spinal IL-1B

k% ##
— i DMSO

o ™ acva2s

AAV-STAT3

Vacant
+DMSO +DMSO

+DMSO +DMSO

M Spinal TNF-a N Spinal IL-18

- i I 500 i S 1 S
T T 17 ACY-1215
5 0o 3 400 &
2 300 2500 %
b £ = 7
Z 200 7 - 200 A
e A ogo = °9 i
3 100 7K. < 1004 & c;g { i
(-5 i 3 Vi VA 70

0 0 -

Vacant AAV-STAT3
+DMSO +DMSO

Vacant AAV-STAT3
+DMSO +DMSO

Page 11 of 19



Chi et al. Journal of Neuroinflammation (2025) 22:74 Page 12 of 19

(See figure on previous page.)

Fig. 6 Neuronal STAT3 overexpression evoked pain hypersensitivity and elevated synthesis of proinflammatory cytokines, which was reversed by ACY-
1215 administration. (A) The diagram illustrates the experimental timeline for behavioral and molecular tests following the overexpression of STAT3 in
neurons of male mice. Mice were intrathecally injected with AAV-hsyn-STAT3-EGFP (AAV-STAT3) or control AAV virus (Vacant), followed by daily intra-
peritoneal injections of ACY-1215 or vehicle (10% DMSO in saline) from Day 21 to Day 31. Baseline (BL) thresholds were measured the day preceding
any treatment. (B) Mechanical threshold and withdrawal latency data for male mice. Two-way ANOVA followed by Tukey’s post hoc tests (n=8 mice per
group). Data are individual values with means +SEM. Vacant+DMSO vs. AAV-STAT3 + DMSO ***p <0.001; AAV-STAT3 +DMSO vs. AAV-STAT3 +ACY-1215
<005, "p <0.001. (C) Representative western blots of total STAT3, p-STAT3, Ac-STAT3 and tubulin. (D-l) Statistical results showing the relative expres-
sional levels of total STAT3, p-STAT3, Ac-STAT3 and p-STAT3/Ac-STAT3 ratio. (J-L) Western blots (J) and statistical results for protein levels of TNF-a (K) and
IL-16 (L). The blot densities were quantified relative to STAT3 or tubulin and normalized as fold change compared to the AAV-Vacant group receiving
DMSO. Values represent mean + SEM; n=3.Vacant+ DMSO vs. AAV-STAT3 + DMSO **p < 0.01, ****» < 0.0001; AAV-STAT3 + DMSO vs. AAV-STAT3 +ACY-1215
*p<0.05,"p<0.01, ™ p<0.001; Vacant + DMSO vs. Vacant+ACY-1215 ****p < 0.0001. (M-N) ELISA analysis of TNF-a (M) and IL-13 (N) expression levels in
L4-L6 spinal cords. Values represent mean +SEM; n=5. Vacant+DMSO vs. AAV-STAT3 +DMSO ****p <0.0001; AAV-STAT3 +DMSO vs. AAV-STAT3 +ACY-

1215 *p <0.001. Two-way ANOVA followed by Tukey’s post hoc tests

and IL-1p (Fig. 6L, N) elevated by neuronal STAT3 over-
expression. These findings indicate a regulatory effect of
HDACES6 activity on the expression of TNF-a and IL-1f
driven by STAT3 overexpression.

ACY-1215 reversed SNI-elevated production of chemokine
CCL7 and CXCL13

Studies have shown that STAT3 activation can stimu-
late the transcription and expression of numerous cyto-
kines and chemokines. To further investigate the key
cytokine(s) and chemokine(s) involved in the HDAC6/
STATS3 signaling axis, we compared the levels of 27 cyto-
kines and chemokines in spinal cord tissues among the
sham, SNI, and SNI+ ACY-1215 groups (Fig. 7A-B). The
levels of IL-1pB, IL-6, TNF-a, CCL7, and BCA-1 were
upregulated following the SNI operation and were sup-
pressed by ACY-1215 (Fig. 7C-G). Among these factors,
CCL7 exhibited the most pronounced increase follow-
ing SNI. More importantly, the surge in CCL7 levels was
completely ablated by ACY-1215, suggesting a correla-
tion between CCL7 and HDACS in the context of neuro-
pathic pain.

HDAC6 knockdown decreased CCL7 and p-STAT3, and
increased Ac-STAT3 in mouse neuronal cells

To confirm the effect of HDAC6 on STAT3 activation and
CCLY7 production in neurons, we knocked down HDAC6
using HDACG6 siRNA in HT22 cells, a mouse hippocam-
pal neuronal cell line (Fig. 8A). We designed an HDAC6
siRNA that effectively suppressed HDAC6 expression in
HT?22 cells (Fig. 8B-C). The application of HDAC6 siRNA
also significantly decreased CCL7 production in both the
absence and presence of IL-6, a known STAT3 activa-
tor, in HT22 cells (Fig. 8D). Interestingly, we found that
IL-6 not only increased p-STAT3 (Fig. 8E-G) but also
decreased Ac-STAT3 (Fig. 8H). Treatment with HDAC6
siRNA decreased p-STAT3 (Fig. 8F-G) and increased Ac-
STAT3 (Fig. 8H) in both the absence and presence of IL-6
(Fig. 8F-G). The application of HDAC6 siRNA signifi-
cantly altered the p-STAT3/Ac-STAT3 balance (Fig. 8I)
but did not change the total amount of STAT3 (Fig. 8J).

These findings suggest a facilitatory effect of HDAC6 on
STAT3 activation and CCL7 production.

STAT3 knockdown decreased CCL7 production without
affecting HDAC6 in mouse neuronal cells

We also investigated the effect of STAT3 on HDAC6
expression. The designed STAT3 siRNA effectively sup-
pressed total STAT3, p-STAT3, and Ac-STAT3 expres-
sion levels relative to tubulin in HT22 cells (Fig. 8K-P).
We did not observe an inhibitory effect of STAT3 siRNA
on p-STAT3 or Ac-STAT3 relative to total STAT3 due to
the low level of total STAT3 (Fig. 8M-O). Importantly,
STAT3 siRNA did not affect HDAC6 expression (Fig. 8R)
but decreased CCL7 production (Fig. 8S). These findings
suggest that HDAC6 is an upstream stimulatory factor
of STAT3 activation, and that activation of the HDAC6/
STAT3 axis is critical in CCL7 synthesis.

ACY-1215 administration suppressed spinal CCL7, TNF-a
and IL-1pB production post-SNI operation

We examined the effect of ACY-1215 on production of
CCL7, TNF-qa, and IL-1 in the spinal cord of sham and
SNI-operated mice using immunoblotting (Fig. 9A-F)
and ELISA (Fig. 9G-I). Systemic administration of ACY-
1215 reversed SNI-elevated STAT3 phosphorylation,
as well as CCL7, TNF-q, and IL-1p production, demon-
strating the effect of ACY-1215 on STAT3 activation and
downstream CCL7 production.

Discussion

In this study, we investigated the effects and mecha-
nisms of HDACG6 inhibition on neuropathic pain using
a SNI mouse model. Our findings demonstrate that the
selective HDAC6 inhibitor ACY-1215 significantly alle-
viated SNI-induced mechanical allodynia and hyperal-
gesia (Fig. 10). ACY-1215 increased acetylation STAT3
acetylation while reducing its phosphorylation in the
lumbar spinal cord, suggesting that HDAC6 regulates
STAT3 post-translational modifications. The expression
of HDAC6 and p-STAT3 in spinal dorsal horn nocicep-
tive neurons support the involvement of the HDAC6/
STAT3 axis in pain modulation. Additionally, neuronal
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overexpression of STAT3 induced in pain hypersensitiv-
ity and elevated levels of pro-inflammatory cytokines,
including CCL7, TNF-a, and IL-1f. The ability of ACY-
1215 to suppress these elevations suggests the impor-
tance of the HDAC6/STAT3/CCL7 signaling cascade in
neuropathic pain and highlights HDAC6 as a potential
therapeutic target for neuropathic pain.

Role of HDACS Inhibition in STAT3 post-translational
modification in neuropathic pain

HDACS, is distinct from other HDACs by its dual deacet-
ylase domains and specificity for non-histone substrates.
While HDACS6 is known to regulate gene transcription
via histone deacetylation, it also modulates signaling
pathways through acetylation of non-histone proteins
such as tubulin, STAT3, and p53 [8, 25].

The activity of STAT3 is predominantly regulated
by post-translational modifications and protein-pro-
tein interactions [10, 42]. Canonical STAT3 activation
involves phosphorylation at Y705 by JAKs, enabling

nuclear translocation and transcriptional activation.
On the other hand, STAT3 exhibits noncanonical post-
translational modifications, such as acetylation and
deacetylation. Previous studies have identified K685 as
the most well-defined acetylation site in STAT3. Acety-
lation at Lys685 is facilitated by histone acetyltransfer-
ase P300/CBP, while its deacetylation is mediated by
HDAC:s 1, 2, 3, 5, and 6 [10]. However, the role of STAT3
Lys685 acetylation remains controversial. Some reports
indicate that acetylation enhances its stability and tran-
scriptional activity [43, 44], while others demonstrate a
negative impact of Lys685 acetylation on transcriptional
activity in vitro [45]. Notably, Belo et al. found that acet-
ylation alone does not affect the crystal structure, DNA
binding affinity, or specificity of STAT3, implying that
acetylation-dependent transcriptional activity of STAT3
involves additional factors [46]. Here, we demonstrate
that p-STAT3, rather than Ac-STAT3, is the predominant
isoform of STAT3 translocated into the nucleus in the
spinal cord. Our results indicate that, at least in the spinal
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Fig. 8 HDAC6 knockdown decreased STAT3 phosphorylation and CCL7 production, and STAT3 knockdown decreased CCL7 production without af-
fecting HDAC6 in mouse HT22 neuronal cells in vitro. (A) HT22 cells were treated with siRNA specific for HDAC6 or control siRNA for 48 h, followed by
incubation with or without 100 ng/ml IL-6 for 12 h. (B) Representative western blots of HDAC6, CCL7 and tubulin were displayed. (C-D) Statistical results
of relative expressional levels of HDAC6 (C) and CCL7 (D), normalized to tubulin. (E) Representative western blots of p-STAT3, Ac-STAT3, total STAT3, and tu-
bulin following HDAC6 or control siRNA treatment. (F-J) Statistical results of relative expressional levels of p-STAT3, Ac-STAT3, p-STAT3/Ac-STAT3, and total
STAT3 after HDAC6 or control siRNA treatment. (K) Representative western blots of p-STAT3, Ac-STAT3, total STAT3, and tubulin following STAT3 or control
siRNA treatment. (L-P) Statistical results of relative expressional levels of total STAT3, p-STAT3, Ac-STAT3, p-STAT3/Ac-STAT3 after STAT3 or control siRNA
treatment. (Q-S) Representative western blots (Q) and statistical results of HDAC6 (R), and CCL7 (S) protein levels after STAT3 or control siRNA treatment.
The blot densities were quantified relative to STAT3 or tubulin and normalized as fold change compared to control HT22 cells treated with control siRNA
and DMSO. Data are presented as means=+SEM; n=3. Control siRNA vs. HDAC6 siRNA or STAT3 siRNA *p<0.05, **p<0.01, ***p<0.001, ***p <0.00071;
HDAC6 (or STAT3) siRNA vs. HDAC6 (or STAT3) siRNA+IL-6 #p<0.05; Control siRNA vs. Control SiRNA *p<0.05, *p<0.01, **p<0.001, ***p<0.0001;
Control siRNA +IL-6 vs. HDAC6 (or STAT3) siRNA +IL-6 *p <0.05, 'p < 0.01, ##p < 0,001, #*p < 0.0001. Two-way ANOVA followed by Tukey's post hoc tests

cord, STAT3’s transcriptional activity is predominantly
mediated by p-STAT3, rather than Ac-STATS3.

Our results indicate that the HDAC6 inhibitor ACY-
1215 alleviates SNI-induced neuropathic pain by
increasing STAT3 acetylation and decreasing its phos-
phorylation in the lumbar spinal cord without affecting
total STAT3 expression. Treatment with either ACY-1215
or HDAC6 siRNA modulates the balance of acetylation
and phosphorylation, subsequently inhibiting the nuclear
translocation and transcriptional activity of STAT3. This
suggests that disrupting HDAC6 activity hinders the
maladaptive activation of STAT3 in the context of neu-
ropathic pain, thereby indicating a novel mechanism for
HDACS inhibitors’ anti-nociceptive effects.

Neuronal STAT3 in neuropathic pain

STAT3 is a transcription factor that responds to various
extracellular signals and plays a crucial role in regulat-
ing gene expression [19, 20]. STAT3 activation has been
implicated in glial-mediated neuroinflammation and pain
sensitization [21, 24, 47, 48]. However, our study reveals
a neuron-specific role for STAT3 in neuropathic pain.
HDACS6 and p-STAT3 co-localized with IB4 (non-pepti-
dergic) and CGRP (peptidergic) nociceptive markers in
spinal laminae I-II, indicating their expression in dorsal
spinal neurons linked to both nociceptive pathways. Pre-
vious studies have highlighted that aberrant activation
of glial STAT3 elevates production of pro-inflammatory
cytokines like TNF-a and IL-1p, which further sensitize
nociceptive neurons [49-51]. Our results show that neu-
ronal overexpression of STAT3 induces pain hypersen-
sitivity and elevates TNF-a and IL-1p levels, which are
mitigated by ACY-1215. This neuron-specific mechanism
underscores the role of neuronal STAT3 in pain trans-
mission and suggest that HDACG6 inhibition may attenu-
ate pain by targeting neuronal rather than glial STAT3
pathways.

CCL7 as a downstream effector of the HDAC6/STAT3
signaling

Our study identifies CCL7 as an important downstream
effector of the HDAC6/STAT?3 axis in neuropathic pain.

CCL?7 levels were elevated in the SNI model and sup-
pressed by ACY-1215. In vitro experiments using HT22
neuronal cells confirmed that HDAC6 or STAT3 knock-
down reduces CCL7 expression, suggesting a direct regu-
latory link. A prior study has shown that CCL7 activates
JAK2/STAT3 signaling in mouse microglia, leading to
inflammatory pain [52]. Our findings extend this by dem-
onstrating that neuronal HDAC6/STAT?3 signaling drives
CCL7 production, which in turn exacerbates neuroin-
flammation and pain. ACY-1215 reversed SNI-induced
HDAC6/STATS3 interactions, reducing both STAT3 acti-
vation and CCL7 synthesis.

Prior studies suggest that CCL7 contributes to chronic
pain development [53—-55]. Consistently, our data showed
that spinal p-STAT3 level was upregulated, along with
the downstream inflammatory factors TNF-a, IL-1p, and
CCL7 after nerve injury. ACY-1215 treatment down-
regulated the expression of p-STAT3, TNF-a, IL-1f, and
CCL7, indicating that these factors are involved in the
anti-nociceptive effects of ACY-1215. These observa-
tions align with evidence implicating the contribution of
STAT3 activation to neuroinflammation and pain patho-
genesis [26, 56].

Clinical implications and future directions

Evidence suggests that ACY-1215 exhibits high biosafety
in lymphoma patients and exhibits favorable brain per-
meability [18], which could benefit the treatment of cen-
tral nervous system-related disorders. Preclinical studies
have support HDACS6 inhibitors’ efficacy in neuropathic
and inflammatory pain models [13-15]. Our study pro-
vides addition evidence exhibiting the role of HDAC6/
STAT3 axis in neuropathic pain. Considering the thera-
peutic potential of HDAC inhibitors in cancer therapy,
HDAC inhibitors, including ACY-1215, may offer advan-
tages in cancer-related pain management.

However, this study has limitations. Our investiga-
tion was primarily confined to the SNI model, which
may not fully replicate the complexities of neuropathic
pain in human cases. Future studies should therefore
validate these findings in a wider array of pain models,
such as cancer pain, chemotherapy-induced peripheral
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Fig. 9 ACY-1215 administration suppressed spinal CCL7, TNF-q, and IL-1(3 production post-SNI operation. (A) On day 14 post-SNI, L4-L6 spinal cords
were collected for western blot analysis and ELISA. (B) Representative blots of p-STAT3, TNF-q, IL-13, and CCL7 in the spinal cord tissue of each group.
(C-F) Protein levels of p-STAT3 (C), CCL7 (D), TNF-a (E), and IL-1B (F) were quantified relative to tubulin and further normalized as the fold change com-
pared to the sham group treated DMSO. Values represent mean +SEM; n=3. Sham vs. SNI *p <0.05, **p < 0.01; SNI vs. SNI+ACY-1215 *p < 0.05, ¥p <0.01,
5 < 0.001. (G-1) ELISA analysis of CCL7 (G) TNF-a (H), IL-1B3 (I), and expression levels in L4-L6 spinal cords. Values represent mean+SEM; n=5. Sham vs.
SNI***%p <0,0001; SNI vs. SNI+ACY-1215 #¥p <0001, #*p < 0.0001. Two-way ANOVA followed by Tukey's post hoc tests
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Fig. 10 Schematic summary of HDAC6/STAT3 signaling in neuropathic pain. Left: SNI increases the interaction between HDAC6 and STAT3. HDAC6 regu-
lates STAT3 phosphorylation/acetylation balance and promotes phosphorylation. This enhances STAT3 activity, facilitating its nuclear translocation and
subsequent transcription of pro-inflammatory mediators (CCL7, TNF-q, IL-1(3) which contribute to neuropathic pain. Right: Treatment with the HDAC6
inhibitor ACY-1215 suppresses HDAC6-STAT3 interaction, increases STAT3 acetylation, and reduces STAT3 phosphorylation. This reduces STAT3 nuclear
translocation and the production of CCL7, TNF-q, and IL-1(3, thereby alleviating pain

neuropathy, and painful diabetic peripheral neuropathy.
Moreover, although we focused on the HDAC6-STAT3
interaction, it is imperative to explore other pathways
involved HDACG6’s anti-nociceptive actions. Under-
standing the network of HDACS6 signaling in pain could
enhance the therapeutic potential of its inhibitors. Finally,
the long-term effects and potential side effects of chronic
HDACS6 inhibition on the nervous system have yet to be
investigated. Addressing these limitations will be essen-
tial to further elucidate the mechanisms and assess the
clinical relevance of targeting the HDAC6 pathway.

Conclusion

In conclusion, our study demonstrates that the HDAC6
inhibitor ACY-1215 mitigates neuropathic pain by modu-
lating STAT3 post-translational modifications, reducing
its pro-inflammatory signaling, and subsequently sup-
pressing CCL7 production. These findings highlight the
therapeutic potential of targeting the HDAC6/STAT3/
CCL axis in pain transmission. Further research is
needed to translate these preclinical insights into clinical
applications.
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