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Neuropathic pain is a common health problem in clinical practice that can be
caused by many different factors, including infection, ischemia, trauma, diabetes
mellitus, nerve compression, autoimmune disorders, cancer, trigeminal
neuralgia, and abuse of certain drugs. This type of pain can persistently affect
patients for a long time, even after the rehabilitation of their damaged tissues.
Researchers have identified the crucial role of microglial activation in the
pathogenesis of neuropathic pain. Furthermore, emerging evidence has
shown that the expression and/or activities of different histone deacetylases
(HDACs) can modulate microglial function and neuropathic pain. In this review,
we will summarize and discuss the functions and mechanisms of HDACs in
microglial activation and neuropathic pain development. Additionally, wewill also
list the emerging HDAC inhibitors or activators that may contribute to therapeutic
advancement in alleviating neuropathic pain.
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1 Introduction

The definition of neuropathic pain has been developed over the past 30 years. In 1994,
International Association for the Study of Pain (IASP) described that neuropathic pain as
“pain initiated or caused by a primary lesion or dysfunction in the nervous system”.
Subsequently, to further clarify and develop the concept of neuropathic pain, some experts
defined it as “pain arising as a direct consequence of a lesion or disease affecting the
somatosensory system”, a definition that has been endorsed by IASP. Studies have estimated
that nearly 1 in 10 people have experienced neuropathic pain (Scholz et al., 2019; Cavalli
et al., 2019). A detailed description of the incidence and prevalence of neuropathic pain has
been conducted by Kerstman et al. (2013). Common causes of neuropathic pain include
infection, ischemia, trauma, diabetes mellitus, nerve compression, autoimmune disorders,
cancer, trigeminal neuralgia, and abuse of certain drugs (Basic-Kes et al., 2009; Fornasari,
2012). Neuropathic pain is classified based on its site of occurrence into two main
categories: peripheral and central neuropathic pain. Peripheral neuropathic pain
includes diabetic neuropathy, trigeminal and post-herpetic neuralgia, persistent post-
operative and post-traumatic pain, complex regional pain syndrome, cancer-related
neuropathic pain, HIV-related neuropathic pain, and pain after amputation. Central
neuropathic pain encompasses post-stroke pain, pain after spinal cord injury (SCI),
central pain in Parkinson’s disease or other neurodegenerative diseases, pain associated
with syringomyelia and multiple sclerosis (Szczudlik et al., 2014). Although the
manifestations of neuropathic pain varies among patients, common diagnostic features
include allodynia (pain in response to non-noxious stimuli), hyperalgesia (increased
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TABLE 1 Effects of HDAC inhibitors in microglial activation and neuropathic pain.

Inhibitor HDAC
specificity

Model/Disease Mechanism of action Results Ref

CI-994 Class I SCI mouse model (in vivo) Enhanced acetylated histone
H3 expression in microglia/
macrophages

Promoted behavioral recovery Zhang et al.
(2018)

Zingiberene HDAC1 Spared nerve injury mouse
model (in vivo)

Downregulated HDAC1 levels in
the spinal cord microglia

Reduced thermal hyperalgesia
and mechanical allodynia

Borgonetti et al.
(2023)

Scriptaid Class I/II Intracerebral hemorrhage
mouse model (in vivo)

Shifted microglia/macrophage
polarization toward the
M2 phenotype, reduced
proinflammatory cytokine
secretion

Improved neurological
functional recovery

Yang et al.
(2021)

Scriptaid Class I/II A transwell co-culture model of
primary microglia and
oligodendrocytes (in vitro)

Modulated microglia polarization
towards M2 phenotype and
mitigated neuroinflammation

Protected oligodendrocytes Yang et al.
(2021)

Apicidin, MS-275,
and MI-192

Class I LPS-induced injury in microglia
BV2 cells (in vitro)

Suppressed the expression of IL-6
and TNF-α

Inhibition of microglial
activation

Durham et al.
(2017)

CAY10683 HDAC2 LPS-activated BV2 microglial
cells (in vitro) and LPS induced
mice (in vivo)

Inhibited expression levels of
TNF-α and IL-1β in both models
by decreasing HDAC2/TLR4/NF-
κB signaling pathway

Mitigated neuroinflammation Jiao et al.
(2018)

RGFP966 HDAC3 SCI mouse model (in vivo) Inhibited microglial activation
and inflammatory response via
Sirt1/Nrf2 signaling pathway

Improved neurological function
recover

Chen et al.
(2023a)

Valproic acid Class I SCI mouse model (in vivo) Promoted the phenotypic switch
of microglia M1 to M2 and
inactivated microglia to reduce
inflammatory through STAT1-
mediated acetylation of the NF-κB
pathway, dependent of
HDAC3 activity

Improved locomotion recovery Chen et al.
(2018a)

Valproic acid Class I SNL rat model (in vivo) Downregulated proinflammatory
cytokines and
HDAC3 expression, upregulated
anti-inflammatory cytokines,
inhibited spinal microgliosis and
promoted microglia polarization
to the M2 phenotype via the
STAT1/NF-κB and JAK2/
STAT3 signaling pathways

Alleviated mechanical allodynia Guo et al.
(2021)

BRD3308 HDAC3 Intraventricular hemorrhage
mouse model (in vivo)

Decreased neuronal loss,
microglial activation, and
pyroptosis in the hippocampus
partly by activating the PPARγ/
NLRP3/GSDMD signaling
pathway

Improved neurobehavioral
performance

Li et al. (2023b)

BG45 Class I with selectivity
of HDAC3

Alzheimer’s disease mouse
model (in vivo)

Decreased Aβ deposition,
downregulated phosphorylation
of tau protein and the expression
of inflammatory cytokines,
reduced IBA1-positive microglia
and GFAP-positive astrocytes

Reduced the number of
degenerative neurons and the
activation of microglia and
astrocytes

Wang et al.
(2023)

ACY-1215 HDAC6 CCI mouse model (in vivo) Inhibited neuron activation and
suppressed pyroptosis and
neuroinflammatory responses in
spinal cells

Alleviated mechanical allodynia Sun et al.
(2023)

PB131 HDAC6 LPS challenged microglia
BV2 cells and model mice
(in vitro and in vivo)

Displayed good brain
permeability, high specificity, and
strong potency toward inhibiting
HDAC6

Suppressed neuroinflammation Liu et al. (2023)

(Continued on following page)
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sensitivity to pain), and spontaneous pain (Jensen and Finnerup,
2014; Bennett, 2012). Unfortunately, neuropathic pain can
continuously affect patients for a long time, even after the
rehabilitation of their damaged tissues. Therefore, researchers
have made efforts to elucidate the pathogenesis of neuropathic
pain and find ways to alleviate it.

Different animal models of neuropathic pain have been
developed to study the mechanisms and effective treatment
strategies for this condition. Numerous traumatic nerve injury
models exist, like spinal nerve ligation (SNL), partial sciatic nerve
ligation (pSNL), chronic constriction injury (CCI) to the sciatic
nerve, brachial plexus avulsion (BPA), sciatic nerve transaction

TABLE 1 (Continued) Effects of HDAC inhibitors in microglial activation and neuropathic pain.

Inhibitor HDAC
specificity

Model/Disease Mechanism of action Results Ref

Compound 5 HDAC11 LPS-induced microglia and
depression mouse model
(in vitro and in vivo)

Initiation of autophagy and
inhibition of nitric oxide in vitro
and inhibited microglial
activation in mouse brain

Attenuated microglial activation
in both models, alleviated
depression-like behavior in vivo

Baek et al.
(2023)

LPS, lipopolysaccharide; SCI, spinal cord injury; SNL, spinal nerve ligation; CCI, chronic constriction injury.

TABLE 2 Effects of HDAC activators in microglial activation and neuropathic pain.

Activator HDAC
specificity

Model/Disease Mechanism of action Results Ref

SRT2104 Sirt1 OGD/R-injured neurons and
microglia (in vitro)

Shifted microglia to M2 phenotype,
inhibited the activation of NF-κB
and enhanced Sirt1 expression in
microglia

Alleviated OGD/R induced
microglial death and neuronal
death

Fu et al.
(2021)

SRT1720 Sirt1 Subarachnoid hemorrhage rat
model (in vivo) neurons and
microglia co-culture system
(in vitro)

Enhanced Sirt1 expression,
promoted microglial
M2 polarization, diminished
oxidative stress and
NLRP3 inflammasome activation

Improved neurological functions
and ameliorated neuronal death
in vivo; alleviated neuronal
damage in vitro

Xia et al.
(2021)

2,3,5,6-
Tetramethylpyrazine

Sirt1 LPS-induced BV2 cells and
mouse models (in vitro and in
vivo)

Reduced the levels of
proinflammatory cytokines and
chemokines, promoted microglial
M2 polarization

Alleviated neuroinflammation Chen et al.
(2023b)

Omega-3 polyunsaturated
fatty acids

Sirt1 TBI rat model (in vivo) Promoted M2 microglial
polarization, inhibited microglial
activation, downregulated
HMGB1 acetylation and its
extracellular secretion

Attenuated neuroinflammation Chen et al.
(2018b)

A3 Sirt1 TBI rat model (in vivo) Suppressed microglial activation
and proinflammatory factor
expression, inhibited PGC-1α and
Nrf2 nuclear translocation and
secretion

Inhibited neuroinflammation Chen et al.
(2022)

Pterostilbene Sirt1 Subarachnoid hemorrhage rat
model (in vivo)

Attenuated microglia activation,
oxidative insults, and neuronal
damage, enhanced Sirt1 expression,
and promoted Nrf2 accumulation in
nuclei

Protected brain from injury Zhang et al.
(2022)

Cycloastragenol Sirt1 Middle cerebral artery
occlusion mouse model (in
vivo)

Reduced brain infarct volume,
ameliorated functional deficits,
prevented neuronal cell loss,
inhibited the activation of microglia
and astrocytes

Protected against ischemic brain
injury

Li et al.
(2020b)

P7C3-A20 Sirt3 Intracerebral hemorrhage
mouse model (in vivo)

Diminished lesion volume, reduced
blood-brain barrier damage,
mitigated brain edema, attenuated
neural apoptosis and microglial
activation

Improved neurological outcomes,
suppressed neuroinflammation

Wu et al.
(2023)

OGD/R, oxygen glucose deprivation/reoxygenation; LPS, lipopolysaccharide; TBI, traumatic brain injury.
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(SNT), and sciatic nerve trisection (Challa, 2015; Jaggi et al., 2011).
Furthermore, pain models based on chemotherapeutic agents, HIV,
ethanol, diabetes, cancer, and others have also been employed to
understand the pathogenesis and manage pain due to their
respective etiologies in clinical settings [reviewed in Jaggi et al.
(2011), Casaril et al. (2024)].

Microglia are specialized immune cells that reside within the
central nervous system (CNS), which includes the brain and spinal
cord. They constitute the first line of immune defense and play
crucial roles in maintaining homeostasis and immune surveillance
within the brain and spinal cord (Kettenmann et al., 2013).
Microglia-induced chronic inflammation is a vital pathological
factor in neuropathic pain. To better understand the pathogenesis
of this condition, researchers commonly use lipopolysaccharide
(LPS)-stimulated microglia as an in vitro model (Li X. et al., 2023;
Hua et al., 2024). Histone deacetylases (HDACs) are a class of
enzymes that remove acetyl groups from histones and non-histone
proteins, thereby regulating gene expression and other cellular
processes (Kulthinee et al., 2022). Emerging evidence has
highlighted the crucial role of microglial activation in the
pathogenesis of neuropathic pain (Tozaki-Saitoh and Tsuda,
2019; Tsuda, 2019). Moreover, the activities of different HDACs
participate in the regulation of microglial function and
neuropathic pain (Lin et al., 2015; Nakamura et al., 2020; Liao
et al., 2020). Hence, in this review, we will summarize and discuss
the functions and mechanisms of HDACs in microglial activation
and neuropathic pain development. Additionally, we will list
emerging HDAC inhibitors or activators that may contribute to
therapeutic advancements in alleviating neuropathic pain
(Tables 1, 2).

2 Microglial activation in the
pathogenesis of neuropathic pain

Microglia play crucial roles in maintaining homeostasis and
immune surveillance within the CNS (Zhu et al., 2023). Although
the exact origin of microglia is still debatable, it is widely accepted
that microglia originate from primitive macrophages in the yolk sac
during early embryonic development. These progenitor cells
populate the brain and spinal cord and then differentiate into
microglia in normal conditions throughout the development
(Ponomarev et al., 2013). Moreover, bone marrow-derived
myeloid cells also migrate into the CNS and differentiate into
microglia under pathological conditions such as
neuroinflammation (Ponomarev et al., 2013). Microglia have a
highly ramified morphology with numerous thin, branched
processes that extend throughout the neuropil. This morphology
allows them to efficiently survey their microenvironment and
interact with neurons, synapses, and other glial cells (Cornell
et al., 2022; Wu and Eisel, 2023). Microglia continuously monitor
the brain for signs of injury, infection, or disease (Stonedahl et al.,
2020). They are capable of detecting and responding to various
stimuli, such as pathogens, damaged neurons, and abnormal protein
deposits. In response to these stimuli, microglia can express and
secrete neuroprotective factors that promote neuronal survival and
recovery (Bellver-Landete et al., 2019; Carroll and Chesebro, 2019;
Jo et al., 2022). Indeed, a study has found that following peripheral

nerve injury-induced pain hypersensitivity, CD11c+ spinal microglia
emerge and facilitate functional recovery by expressing insulin-like
growth factor 1 (Kohno et al., 2022). These findings suggest a
beneficial role of a small population of microglia in pain recovery.

The correlation between microglial activation and neuropathic
pain has been extensively investigated. Upon activation, microglia
undergo morphological changes, becoming more ameboid and
migrating to the site of injury or inflammation. This activation
process is accompanied by the release of a range of mediators,
including proinflammatory cytokines, chemokines, and
neurotrophic factors (Tozaki-Saitoh and Tsuda, 2019; Tsuda,
2019). Activated microglia exhibit two polarization types: the
classically activated microglia (M1 type, proinflammatory) and
the alternatively activated microglia (M2 type, anti-inflammatory)
(Karavis et al., 2023). Through the release of proinflammatory
cytokines and chemokines, activated M1 microglia can sensitize
nociceptors (pain-sensing neurons) and enhance their
responsiveness to noxious stimuli. This sensitization process
contributes to hyperalgesia and allodynia observed in neuropathic
pain conditions (Inoue and Tsuda, 2018). Additionally, activated
M1 microglia can influence pain perception and modulation
through their interactions with the immune system. They can
recruit and activate other immune cells, such as macrophages
and T cells, further amplifying the inflammatory response and
contributing to the chronicity of neuropathic pain (Tsuda, 2019;
Zhao et al., 2017). Conversely, when microglia exhibit
M2 phenotypes, they secrete anti-inflammatory cytokines and
nutrient factors to inhibit inflammation, promote repair and
regeneration, and restore homeostasis (Atta et al., 2023; Tu et al.,
2021). Studies have confirmed that M2 phenotype microglia can
reduce neuropathic pain (Atta et al., 2023; Celik et al., 2020).
Interestingly, a recent study has found that although the
application of nucleus pulposus (NP) of the intervertebral disc to
the sciatic nerve induced a series of neuropathic pain behaviors, it
did not cause microglial activation (Tu et al., 2022). Meanwhile,
microglial inhibition did not attenuate pain hypersensitivity (Tu
et al., 2022). They also found that the cells within the NP could
recruit macrophages to the adjacent nerve, which was responsible
for pain hypersensitivity (Tu et al., 2022). The intricate roles of
microglia in neuropathic pain necessitate a comprehensive
elucidation of the mechanisms by which their activation and
function are modulated.

3 HDACs and their potential role in
microglial activation

3.1 HDACs: function and isoforms

HDACs are a class of enzymes that remove acetyl groups from
histones and other proteins, regulating gene expression and other
cellular processes. The primary function of HDACs is to remove
acetyl groups from lysine residues of histones, leading to a decrease
in histone acetylation. This deacetylation process results in a more
compact chromatin structure that is less accessible to transcription
factors, thereby repressing gene expression. Additionally, HDACs
regulate the acetylation status of non-histone proteins, including
transcription factors, cytoskeletal proteins, and metabolic enzymes,
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further affecting various cellular processes (Luan et al., 2022; Zhang
L. Y. et al., 2024; Luo et al., 2019).

Mammalian cells express multiple isoforms of HDACs. In
humans, there are 18 known HDAC genes that encode different
isoforms. The HDAC family can be further classified into four
classes based on their sequence similarity, subcellular localization,
and action manners. Class I HDACs include HDAC1, HDAC2,
HDAC3, and HDAC8, which are primarily located in the nucleus.
Class II HDACs are further subdivided into IIa (HDAC4, HDAC5,
HDAC7, and HDAC9) and IIb (HDAC6 and HDAC10), which are
found both in the nucleus and cytoplasm. Class III HDACs, also
known as sirtuins, include Sirt1 to Sirt7, are located in different
subcellular compartments. Class IV HDACs are represented by a
single enzyme, HDAC11, which is found in the nucleus. Classes I, II,
and IV are zinc-dependent HDACs, while Class III HDACs are
NAD+-dependent enzymes (Luan et al., 2022; Zhang L. Y.
et al., 2024).

3.2 HDACs in microglial activation and
neuropathic pain: epigenetic regulation and
signaling pathways

3.2.1 HDAC1 and HDAC2
HDAC1 and HDAC2 are indispensable for microglial

development in embryo, as their absence activates pro-apoptotic
genes, increases microglial apoptosis, and reduces survival (Datta
et al., 2018). In contrast, HDAC1 and HDAC2 are not necessary for
microglial survival in adult (Datta et al., 2018). Tenascin C (Tnc) is
an extracellular matrix glycoprotein expressed during embryo
development (Giblin and Midwood, 2015). Microglia express a
diverse array of pattern recognition receptors (PRRs), including
toll-like receptors (TLRs). TLRs can recognize both endogenous and
exogenous ligands, thereby orchestrating innate and adaptive
immune responses to infection, inflammation, and tissue injury
(Haage et al., 2019). Tnc regulated microglial phagocytic activity
during early postnatal CNS development partially dependent on
microglial TLR4 expression (Haage et al., 2019). Additionally, Tnc’s
role during early postnatal development also involved positively
modulating HDAC1 levels, a process that was not mediated by
TLR4 signaling. The authors also discovered that Tnc induced
proinflammatory cytokine/chemokine production, chemotaxis,
and phagocytosis in primary microglia via regulating
TLR4 signaling and HDAC1 activity. Although 1 µM MS-275
acts on HDAC1, HDAC2, and HDAC3, 300 nM MS-275
specifically inhibits HDAC1. HDAC1 inhibition by 300 nM MS-
275 decreased Tnc-induced microglial production of IL-6 and TNF-
α. Moreover, the regulation of Tnc on HDAC1 activity was partly in
a TLR4-dependent fashion (Haage et al., 2019). Interestingly, the
expression of HDAC1 correlated with senescence markers in mouse
and human hippocampal biopsies, suggesting its role during
physiological aging (Auzmendi-Iriarte et al., 2022). The
involvement of HDAC1 and HDAC2 in microglial activation and
neuropathic pain following nerve injury has been demonstrated in
many studies. Nerve injury induced by pSNL in a mouse model
results in mechanical allodynia and heat hyperalgesia, accompanied
by increased HDAC1 expression in microglia in the ipsilateral
superficial dorsal horn (Kami et al., 2016). However, running

exercise can attenuate neuropathic pain and decrease
HDAC1 expression (Kami et al., 2016). Direct inhibition of class
I HDAC using CI-994 enhances acetylated histone H3 expression in
microglia/macrophages in the spinal cord following injury and
promotes behavioral recovery (Zhang et al., 2018). Zingiberene
(ZNG) has been proposed to suppress HDAC1 activity through a
non-zinc-binding mechanism. ZNG treatment can reduce thermal
hyperalgesia and mechanical allodynia in animals with neuropathy
and downregulate HDAC1 levels in the spinal cord microglia
(Borgonetti et al., 2023). HDAC2 expression in CD16/CD32+

proinflammatory microglia could be induced by traumatic brain
injury (TBI). Unexpectedly, the elevation of proinflammatory
cytokines/chemokines and brain infiltration of neutrophils and
B cells were observed in microglia-specific HDAC2 knockout
mice, suggesting HDAC2 was dispensable for neuroinflammation
after TBI (Zhang Y. et al., 2024). In contrast, conditional knockout of
the Hdac2 gene in microglia and HDAC inhibition with scriptaid
both improved neurological functional recovery, reduced white
matter injury (WMI), and decreased proinflammatory cytokine
secretion after intracerebral hemorrhage (ICH) (Yang et al.,
2021). The distinct role of HDAC2 in microglia might be related
to different animal models. Specificity protein 1 (Sp1) is a member of
a family of transcription factors and is implicated in the regulation of
many cellular genes that contain putative CG-rich Sp-binding sites
in their promoters. CCI upregulates Sp1 expression, which seduces
histone deacetylation in the PGC-1α promoter and inhibits PGC-1α
expression with the help of HDAC2. Both Sp1 knockdown and
PGC-1α overexpression attenuates CCI-induced neuropathic pain,
microglia activation, inflammatory responses in spinal cord tissues.
Also, silencing Sp1 and PGC-1α upregulation diminishes LPS-
induced microglial inflammation and neuronal dysfunction
in vitro (Miao et al., 2022) (Figure 1).

Mechanically, HDAC1 and HDAC2 expression is tightly
correlated with the phenotypic transformation of microglia. In
BV2 microglia, suppressing HDAC1 expression can promote the
M2 phenotypic transformation of microglia, while overexpression of
HDAC1 can mitigate this transformation (Wang et al., 2017).
T-LAK-cell-originated protein kinase (TOPK) is a novel member
of the mitogen-activated protein kinase (MAPK) family. TOPK can
bind to HDAC1 and HDAC2, regulate their phosphorylation, and
thereby induce their degradation (Han et al., 2018). Subsequently,
TOPK prevents the M1 transformation through reducing the release
of inflammatory factors associated with the M1 phenotype and
increasing the production of cytokines of M2 phenotype (Han et al.,
2018). Moreover, TOPK regulates theM2 phenotype in vivo through
modulation of HDAC1 and HDAC2 activity (Han et al., 2018)
(Figure 1). HDAC inhibition using scriptaid not only shifts
microglia/macrophage polarization toward the M2 phenotype
after ICH in vivo, but also protects oligodendrocytes by
modulating microglia polarization and mitigating
neuroinflammation in a transwell co-culture cell model (Yang
et al., 2021).

In addition, HDAC1 and HDAC2 are critical for microglial
activation and inflammation following infection. A previous study
has found that following microglial activation, HDAC2 was
enriched in gene promoters and mainly regulated gene
expression involved in immune- and inflammation-related
pathways, such as nitric oxide synthase (NOS) biosynthetic
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process, retinoic acid-inducible gene- (RIG-) like receptor signaling
pathway, and nuclear factor kappa B (NF-κB) signaling pathway
(Guo et al., 2020). Selective HDAC inhibition with inhibitors
suberoylanilide hydroxamic acid (SAHA), apicidin, MS-275, or
MI-192 suppressed the expression of cytokines (IL-6 and TNF-α)
in LPS-induced BV2 microglia (Durham et al., 2017). Unexpectedly,
knockdown of HDAC1 resulted in an increase of HDAC2, while
HDAC2 knockdown did not affect HDAC1 expression. And cells
with HDAC1 silencing did not change IL-6 and TNF-α expression
induced by LPS, while cells with HDAC2 downregulation notably
decreased LPS-stimulated cytokines expression. This suggests that
both HDACs redundantly regulates inflammatory response in
microglia challenged by LPS (Durham et al., 2017). Although
HDAC inhibitors SAHA and apicidin caused the upregulation of
histone H4 acetylation in LPS-treated BV2 microglia, incubation of
BV2 cells with cycloheximde to block new protein synthesis did not
prevent either SAHA or apicidin inhibiting IL-6 expression. This
indicates that the increase in protein expression due to enhanced
histone H4 acetylation is not important for the reduction of
microglial activation by HDAC inhibitors, and further
investigations are needed (Durham et al., 2017).
HDAC2 inhibitor CAY10683 could inhibit the expression levels
of inflammatory cytokines TNF-α and IL-1β in LPS-activated
BV2 microglial cells and mitigate LPS-induced
neuroinflammation in mice (Jiao et al., 2018). LPS stimulation-
induced the expression of TLR4, MyD88, phospho-NF-κB p65, and
HDAC2 was decreased by CAY10683. Moreover,
CAY10683 increased the acetylation of histone H3 in microglial
cells (Jiao et al., 2018). These results indicate that
CAY10683 suppresses TLR4/NF-κB signaling pathway in LPS-
induced neuroinflammation mainly through the histones
acetylation. The α7 nicotinic acetylcholine receptor (nAChR)

plays a role in the neuroprotective function in microglia
(Nakamura et al., 2020). LPS downregulates the expression of
α7 nAChR mRNA through histone H3 deacetylation by
HDAC2 and HDAC3 in BV2 cells (Nakamura et al., 2020). This
suggests that histone H3 deacetylation at sites near the α7 nAChR
promoter may be a mechanism through which microglial activation
is induced. The inhibitory effect of LPS on α7 nAChR mRNA
expression can be prevented by TLR4 blocker TAK-242, HDAC
inhibitor trichostatin A, HDAC2/3 inhibitor MI-192, or selective
HDAC3 inhibitor RGFP966 (Nakamura et al., 2020). These results
suggest that LPS-TLR4 cascade activates HDAC kinases to suppress
α7 nAChR mRNA expression in microglia (Figure 1).

3.2.2 HDAC3
The expression of HDAC3 is largely induced in microglia/

macrophage following SCI and ischemic stroke (Kuboyama et al.,
2017; Zhang et al., 2020). LRRK2 has been reported to regulate
HDAC3 activity through phosphorylation modification via the
MAPK/ERK signaling pathway, leading to alterations in
inflammatory gene expression (Wei et al., 2022). Activation of
overall reparative transcriptional profiles has been observed in
injury-activated microglia and macrophages (IAM) upon SCI
(Wahane et al., 2021). Importantly, most of the upstream
transcriptional regulators of the IAM gene programs can be
attributed to HDAC3 (Wahane et al., 2021). The distinct
expression profiles of IAM have been revealed following SCI.
Microglia express higher levels of genes associated with vascular
endothelial growth factor (VEGF) signaling, cytokine response, IL-2
signaling, and TNF signaling, whereas macrophages exhibit higher
levels of genes related to lysosome formation, IL-2 signaling and
TGFβ regulation of ECM after SCI (Wahane et al., 2021). Similar to
the roles of HDAC1 and HDAC2, selective blockade of HDAC3 by

FIGURE 1
Schematic diagram of the potential mechanisms of HDAC1 and HDAC2 in microglial activation and/or neuropathic pain. Tnc can stimulate
HDAC1 expression and activity in microglia, at least partly in a TLR4-dependent manner. Specificity protein 1 (Sp1) seduces histone deacetylation in the
PGC-1α promoter and inhibits PGC-1α expression with the help of HDAC2, leading to neuropathic pain and inflammation as well as mitochondrial
dysfunction. T-LAK-cell-originated protein kinase (TOPK) can bind to HDAC1 and HDAC2 and regulate their phosphorylation and degradation,
thereby shifting microglia/macrophage polarization toward the M2 phenotype. This action can inhibit microglial inflammation. LPS can induce
neuroinflammation through the HDAC2/TLR4/MyD88/NF-κB pathway. Additionally, TLR4 activation by LPS downregulates the expression of α7 nAChR
mRNA through histone H3 deacetylation mediated by HDAC2 and HDAC3.
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RGFP966 may reshape the phenotype of microglia/macrophage
towards inflammatory suppression, thereby improving
neurological functions, ameliorating Basso-Beattie-Bresnahan
(BBB) permeability, and reducing brain edema following SCI
(Kuboyama et al., 2017; Chen S. et al., 2023). As well, both
RGFP966 and HDAC3 siRNA inhibits LPS-induced
inflammatory activation of primary microglia (Kuboyama et al.,
2017). RGFP966 also promotes Sirt1 expression and enhances
Nrf2 nuclear accumulation and transcriptional activity, further
activating the expression of activate heme oxygenase-1 (HO-1)
and NAD(P)H quinone oxidoreductase 1 (NQO1) after SCI
(Chen S. et al., 2023) (Figure 2). In another study, TBI
upregulated HDAC1 and HDAC3 expression in the cortical
tissues of model mice, with the activation of microglia and
astrocytes. However, electroacupuncture (EA) could reverse
HDAC1 and HDAC3 expression and alleviate function
impairment in animal models (Hung et al., 2022). Microglia-
specific HDAC3 knockout reduced proinflammatory microglia
but augmented inflammation-resolving microglia after TBI.
Moreover, HDAC3 knockout downregulated inflammatory
cytokines in the brain while upregulated several anti-
inflammatory cytokines. By remodeling microglial function,
HDAC3 deficiency exerted long-term improvement of functional
recovery after TBI (Zhao Y. et al., 2022). These results uncover that
HDAC3 plays a critical part in the inflammatory response mediated
by microglia after mechanical nerve injury.

Valproic acid (VPA) has long been used as an anticonvulsive
drug, and recent research has unveiled its activity in inhibiting class I

HDAC. VPA treatment has been shown to transform the
M1 phenotype of microglia into the M2 phenotype and inhibit
microglial activation, leading to the reduction of inflammatory
response after SCI. In this process, the expression and activity of
HDAC3 are decreased, while the expression and acetylation of
STAT1, as well as NF-κB p65 acetylation are augmented by VPA
(Chen S. et al., 2018). Notably, studies have found that acetylation of
p65 at different sites can generate different effects, either activation
or inactivation of p65 protein. Within the p65 protein, there are
seven acetylated lysine residues, including K122, K123, K218, K221,
K310, K314, and K315. Acetylation of K310 and K221 activates
p65 and promotes NF-κB response, while acetylation of K122, K123,
K218 impairs the NF-κB response. Acetylation of K314 and K315 in
p65 differentially regulates the expression of specific sets of NF-κB
target genes in response to TNF-α stimulation (Zhang et al., 2021).
Acetylated NF-κB p65, along with the complex with NF-κB p65 and
STAT1, suppresses the transcriptional activity of NF-κB p65,
thereby reducing the inflammatory response following SCI (Chen
S. et al., 2018). Furthermore, the regulation of NF-κB p65 acetylation
and nuclear localization by HDAC3 contributes to the activation of
the cGAS-STING pathway and neuroinflammation (Liao et al.,
2020). TET2 is a member of the ten eleven translocation (TET)
methylcytosine dioxygenase family. TET2 can recruit and interact
with HDAC3 and acetylated NF-κB p65, leading to
p65 deacetylation and thus downregulating the transcription of
proinflammatory cytokine genes in microglia (Ma et al., 2021).
Photothrombotic stroke and environmental stress lead to
microglial overactivation in model mice, with an upregulation of

FIGURE 2
Schematic diagram of the potential mechanisms of HDAC3 in microglial activation and/or neuropathic pain. Injuries including spinal cord injury and
ischemic stroke not only induce HDAC3 expression, but also promote HDAC3 activity through phosphorylation modification by the LRRK2/MAPK/ERK
signaling pathway. HDAC3 expression and activity have several effects: (1) They inhibit the Sirt1/Nrf2 pathway to decrease the expression of heme
oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase 1 (NQO1), leading to the transcription of inflammation-related genes; (2) They decrease
STAT1 expression and acetylation, as well as NF-κB p65 acetylation. Acetylated NF-κB p65 and the complex formed with acetylated STAT1 and NF-κB
p65 both suppress the transcriptional activity of NF-κB p65, thereby reducing neuroinflammation; (3) They induce the formation of the
AIM2 inflammasome through diminishing STAT1 acetylation and subsequently enhancing STAT1 tyrosine phosphorylation and activation in microglia.
Furthermore, HDAC3 promotes NF-κB p65 deacetylation and nuclear localization, contributing to the activation of the cGAS-STING pathway and
neuroinflammation. The deacetylation of NF-κB p65 also enhances the activation of downstream NF-κB target genes related to inflammation, such as
Cox1 and Cox2, which are enzymes involved in PGE2 synthesis. Additionally, TET2 can recruit and interact with HDAC3 and acetylated NF-κB p65, leading
to p65 deacetylation and consequently downregulating the transcription of proinflammatory cytokine genes in microglia.
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HDAC3 expression in activated microglia. HDAC3 increases
prostaglandin E2 (PGE2) production by activating the NF-κB
signaling through p65 deacetylation (Zhu et al., 2022). These
results strengthen the viewpoint that HDAC3 may act through
p65 deacetylation to contribute to microglial activation. Likewise,
VPA alleviated mechanical allodynia in rats induced by SNL. VPA
suppresses neuroinflammation by reducing proinflammatory
cytokines and increasing anti-inflammatory cytokines. It also
inhibits spinal microgliosis and promotes the M2 phenotypic
transition of microglia. These effects of VPA are dependent on
the regulation of HDAC3 activity (Guo et al., 2021) (Figure 2).
Notably, VPA and another HDAC inhibitor, sodium butyrate
(NaBut), can promote the expression of prostaglandins (PGs)
and the release of cytokines in microglia challenged by LPS
in vitro, and induce histone acetylation at H3-K18 (Singh et al.,
2014). However, VPA and NaBut did not affect the activation of p38,
ERK1/2, and JNK/MAPKs signaling pathways after LPS treatment.
This indicates that other factors may be involved in the participation
of histone acetylation (Singh et al., 2014).

The study of a panel of novel HDAC3 inhibitors detailed the
functions of HDAC3 in microglial activation. HDAC3-selective
small-molecule inhibitor RGFP966 treatment protects against
ischemic injury of mouse models by suppressing the formation of
AIM2 inflammasome through enhancing STAT1 acetylation and
subsequently diminishing STAT1 tyrosine phosphorylation and
activation in microglia (Zhang et al., 2020) (Figure 2). BRD3308
(BRD) is an inhibitor of HDAC3 that negatively regulates
inflammation-induced apoptosis. BRD treatment can alleviate
neuronal function impairment, decrease neuronal loss, microglial
activation, and pyroptosis in the hippocampus by activating the
PPARγ/NLRP3/GSDMD signaling pathway in mice with
intraventricular hemorrhage (Li Y. et al., 2023). This reveals the
correlation between HDAC3 and pyroptosis in microglial activation
and neuroinflammation (Li Y. et al., 2023). BG45 is a class Ⅰ HDAC
inhibitor with selectivity of HDAC3. BG45 treatment decreased Aβ
deposition, downregulated phosphorylation of tau protein, reduced
IBA1-positive microglia and GFAP-positive astrocytes, suppressed
the expression of inflammatory cytokines in the APP/PS1 mouse
model of Alzheimer’s disease (Wang et al., 2023). These results
suggest that different inhibitors may result in differential effects
upon microglial activation.

3.2.3 HDAC4
The expression of HDAC4 can be found in multiple tissues

including brain, heart, colon, and so on (Wang et al., 1999).
HDAC4 conditional knockout mice have been demonstrated to
exhibit a reduction in thermal hypersensitivity in the complete
Freund’s adjuvant model of inflammatory pain (Crow et al.,
2015). HDAC4 expression could be induced by CCI in the dorsal
root ganglion (DRG) of rats and involved in neuropathic pain (Wen
et al., 2019). Targeting HDAC4 expression by miR-206-3p might
alleviate neuropathic pain in animals (Wen et al., 2019). Moreover,
in a neuropathic pain model established by SNL,
HDAC4 phosphorylation was enhanced and cytoplasmic
HDAC4 retention was promoted in the ipsilateral dorsal horn.
This effect could be prevented by knockdown of spinal 14-3-3β
expression, which was achieved by intrathecal injection of 14-3-3β
siRNA into the dorsal subarachnoid space (L4 to L5) of rats. This

indicated the modulation role of the 14-3-3β-HDAC4 axis in the
development of neuropathic pain (Lin et al., 2015). IL-17A and
activated microglia are critical factors inducing neurodevelopmental
disorders in offspring. HDAC4 expression was found to be reduced
in both IL-17A-treated primary microglia and in the fetal brains of
LPS-inducedmaternal immune activationmousemodel (Iitani et al.,
2024). However, HDAC4 is required for efficient inflammatory
cytokine production activated by LPS in BV2 microglia cells
(Wang et al., 2014). Interestingly, prolonged LPS treatment
activates GSK3β-iNOS-NO axis and caspase-3, which further
cleaves HDAC4 protein and induces its degradation (Wang et al.,
2014). This study implies a potential metabolism-based safeguard
mechanism by which glycolysis not only drives the proinflammatory
response, but also restricts the duration of inflammation by
initiating the eventual degradation of HDAC4.

3.2.4 HDAC6
CCI induced the enhancement of HDAC6 expression in the

spinal cord, primarily expressed in neurons and microglia. The
suppression of microglial activation via minocycline, a microglia
inhibitor, suppressed HDAC6 expression after CCI (Sun et al.,
2023). Furthermore, inhibition of HDAC6 by a specific inhibitor
ACY-1215 alleviated mechanical allodynia, suppressed pyroptosis
and neuroinflammation via activation of the NF-κB/
NLRP3 pathway (Sun et al., 2023). However, high concentration
of ACY-1215 also has activity at HDAC1, 2, and 3 (Santo et al.,
2012). The specific inhibitor of HDAC6, PB131, not only suppressed
the inflammatory response in LPS-treated BV2 microglia cells but
also alleviated LPS-induced neuroinflammation in model mice (Liu
et al., 2023). Sigma-1 receptor (Sig1R) is a pluripotent modulator
protein involved in anti-inflammatory roles in microglia. LPS
treatment could downregulate Sig1R expression and induce
microglial activation via TLR4-TAK1-p38 MAPK pathway and
the activation of HDAC6 in primary cultured microglia
(Iwamoto et al., 2020). These studies suggest the promotive effect
of HDAC6 in LPS-induced microglial activation.

3.2.5 HDAC11
HDAC11 is abundantly expressed in the brain and plays a part

in microglial activation. A HDAC11 inhibitor compound 5 has been
developed to attenuate microglial activation by the initiation of
autophagy and inhibition of nitric oxide production following LPS
stimulation in vitro (Baek et al., 2023). Furthermore,
HDAC11 inhibition could alleviate depression-like behavior in
model mice (Baek et al., 2023). However, the effects of
HDAC11 on neuropathic pain and related mechanisms need to
be further clarified.

3.2.6 Sirt1
Sirt1 is an essential member of the sirtuin family that exert

deacetylase activity dependent on nicotinamide adenine
dinucleotide (NAD+). Sirt1 plays important roles in neuropathic
pain by regulating inflammatory response, oxidative stress, immune
system, and epigenetic modification. The expression of Sirt1 within
microglia cells is modulated by a variety of intracellular signaling
pathways, including JNK (An et al., 2023), AMPK (Li et al., 2021),
and PPARδ (Pan et al., 2024). In addition, Sirt1 expression may also
be regulated by microRNAs, such as miR-210 and miR-155. The
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expression of these miRNAs may be enhanced in activated microglia
following hypoxic-ischemic treatment (Li B. et al., 2020; Ke et al.,
2023). Subsequently, the increased expression of miR-210 and miR-
155 can target Sirt1 to regulate p65 deacetylation at lysine 310 and
activation, which further contributes to microglial activation and
neuroinflammation (Li B. et al., 2020; Ke et al., 2023). SRT2104 is an
agonist of Sirt1 and can increase Sirt1 expression in somatic cells.
Treatment of SRT2104 has been shown to alleviate oxygen glucose
deprivation/reoxygenation (OGD/R)-induced neuronal and
microglial death (Fu et al., 2021). Furthermore, SRT2104 can
reverse OGD/R-induced microglial polarization by regulating the
Sirt1/NF-κB signaling pathway (Fu et al., 2021). As well, Sirt1 can
regulate the viability and apoptosis of microglia and suppress
microglial activation by Sonic hedgehog (Shh)/GLI family zinc
finger-1 (Gli-1) signaling following OGD/R injury in vitro (Liao
et al., 2023). Inhibition of Sirt1 expression using its specific inhibitor
EX527 resulted in microglial M1 polarization and activation of the
NLRP3 inflammasome. Conversely, activation of Sirt1 with
SRT1720 diminished oxidative stress and inflammatory response,
and reshaped microglia polarization (Xia et al., 2021). SRT1720 also
attenuated the detrimental effects of subarachnoid hemorrhage
(SAH) on neuronal survival and function, which could be abated
by EX527 (Xia et al., 2021). Collectively, these studies suggest that
Sirt1 exerts a protective role in the alleviation of neuronal injury and
neuroinflammation.

At present, the development of many compounds that
modulate Sirt1 activity is portraying the role of Sirt1 in
microglial activation. 2,3,5,6-Tetramethylpyrazine (TMP), an
active component of Ligusticum chuanxiong Hort, facilitates
neurological recovery, attenuates the neuroinflammatory
response, and prevents microglia M1 polarization following
ischemia/reperfusion injury in LPS-induced neuroinflammation
in mice through activating Sirt1. These effects can be reversed by
EX527. TMP has also been shown to abate the neuroinflammatory
response in LPS-treated BV2 cells by upregulating Sirt1 expression,
which can be compromised by EX527 (Chen Y. et al., 2023).
Omega-3 polyunsaturated fatty acids (ω-3 PUFA), which
include eicosapentaenoic acid and docosahexaenoic acid,
possess anti-oxidative and anti-inflammatory properties (Chen
X. et al., 2018). ω-3 PUFA can elevate Sirt1 activity, thereby
inhibiting HMGB1 acetylation in microglia. This action further
promotes M2 microglial polarization and exerts neuroprotective
effects after TBI (Chen X. et al., 2018). Inhibition of Sirt1 by
sirtinol has been shown to promote microglial activation and
increase the secretion of TNF-α, IL-6, and IL-1β following TBI
(Chen et al., 2022). Sirt1 suppression also reduces the activation of
the PGC-1α/Nrf2 pathway (Chen et al., 2022). In contrast,
activation of Sirt1 by its activator A3 leads to the opposite
effects (Chen et al., 2022). These results suggest that the PGC-
1α/Nrf2 pathway is involved in the protective role of Sirt1 after TBI
(Chen et al., 2022). Huangqi Guizhi Wuwu decoction (HGWD)
exhibits neuroprotective effects in ischemic stroke, diabetic
peripheral neuropathy, and oxaliplatin-induced peripheral
neurotoxicity (Ou et al., 2023). The reduction of neurological
deficits and neural loss by HGWD may be associated with its
impact on microglial polarization through modification of the
Sirt1/NF-κB/NLRP3 pathway (Ou et al., 2023). Nicotinamide
n-oxide (NAMO), a product of the gut microbe Lactobacillus,

has been implicated in the regulation of microglial activation (Li F.
et al., 2022; Li F. et al., 2023). NAMO can alter the microglial
phenotype from M1 to M2 and suppresses microglial
inflammation following HSV-1 infection (Song et al., 2022).
The effects of NAMO are correlated with its ability to activate
Sirt1 and induce p65 deacetylation (Song et al., 2022). Melatonin
can antagonize the effects of LPS on microglia and suppress the
expression of proinflammatory cytokines (Chibaatar et al., 2021).
The release of HMGB1, induced by LPS, results in
neuroinflammation via the TLR4/MyD88/NF-κB signaling
pathway. This neuroinflammatory response can be prevented by
Sirt1 upregulation induced by melatonin pretreatment (Chibaatar
et al., 2021). Pterostilbene (PTE), an analog of resveratrol, has been
shown to protect the brain from injury caused by SAH and inhibit
microglial activation via the Sirt1/Nrf2 signaling pathway (Zhang
et al., 2022). Cycloastragenol (CAG) is an active component
isolated from Astragalus Radix. CAG protects against ischemic
brain injury by inducing Sirt1 expression and inhibiting the
activation of microglia and astrocytes in the ischemic brain (Li
M. et al., 2020). DJ-1 is a multifunctional protein involved in
regulating oxidative stress, programmed cell death, and
inflammation. Knockdown of DJ-1 shifts the phenotype of
microglia from an anti-inflammatory phenotype to a
proinflammatory state (Zhao N. et al., 2022). Importantly,
inhibition of Sirt1 activity using EX-527 fortifies the effects of
DJ-1 downregulation on microglial activation and constrains
autophagy in the middle cerebral artery occlusion/reperfusion
(MCAO/R) model (Zhao N. et al., 2022). Activity regulated
cytoskeleton associated protein (Arc) is a postsynaptic protein
implicated in synaptic plasticity. Knockdown of Arc exacerbates
brain edema and oxidative stress, and augments the activation of
microglia and astrocytes following SAH (Chen T. et al., 2023).
However, activation of Sirt1 using the agonist SRT2104 markedly
decreases brain damage and neuroinflammation induced by Arc
knockdown (Chen T. et al., 2023). This indicates that Sirt1 can be
positively regulated by Arc (Figure 3).

3.2.7 Sirt2
The absence of Sirt2 leads to morphological changes in

microglia and an increase in the expression of proinflammatory
cytokines upon LPS treatment (Pais et al., 2013).
Sirt2 overexpression inhibits microglial responses, whereas
Sirt2 knockdown promotes them (Pais et al., 2013).
Importantly, its deacetylase activity can be diminished by
phosphorylation at S331 (Pais et al., 2013). Sirt2 deletion also
leads to NF-κB hyperacetylation, which contributes to excessive
microglial activation (Pais et al., 2013). Remifentanil (Remi) is an
ultra-fast-acting opioid drug frequently used in clinical anesthesia.
However, Remil-induced hyperalgesia also brings a burden on
patients with unclear mechanisms. Remi treatment activates
microglia and downregulates Sirt2 expression in the spinal cord
(Zhu and Ma, 2023). Sirt2 overexpression relieves Remi-induced
hyperalgesia and mechanical allodynia by inhibiting microglial
activation (Zhu and Ma, 2023).

3.2.8 Sirt3
Sirt3 expression is significantly correlated with microglial

activation and is critical for the protection of neuronal function
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after SAH (Liu et al., 2018; Guo et al., 2023). P7C3-A20, an
aminopropyl carbazole compound, can promote the NAD+

salvage pathway by interacting with nicotinamide
phosphoribosyl transferase (NAMPT). P7C3-A20 reduces
brain lesion, promotes neuronal function recovery,
ameliorates BBB impairment and edema, and suppresses
microglial activation and neuroinflammation in a Sirt3-
dependent manner (Wu et al., 2023). Sirt3 expression is
reduced during the activation of microglia by LPS,
Sirt3 overexpression alleviates LPS-induced BV2 cell death
(Zhou and Jiang, 2019). Sirt3 functions by maintaining
normal mitochondrial function and decreasing mitochondria
dependent apoptosis by the Mst1-JNK pathway (Zhou and Jiang,
2019). Triggering receptor expressed on myeloid cells 2
(TREM2) is involved in the de novo synthesis pathway of
NAD+, which is important for the activity of Sirt3 and other
Class III HDACs (Li H. et al., 2022). TREM2 overexpression
attenuates oxidative stress and neuroinflammation in BV2 cells
by enhancing Sirt3 function (Li H. et al., 2022).

4 Conclusion and future perspectives

As the resident macrophages of the CNS, microglia play a
pivotal role in pain modulation. Their activation not only
sensitizes nociceptors and enhances their responsiveness to
noxious stimuli through the release of proinflammatory
cytokines and chemokines, but also influences pain
perception and modulation through interaction with the
immune system. Recent studies have demonstrated that the

expression levels and/or activities of HDAC1, HDAC2,
HDAC3, and HDAC6 are upregulated during injury. This
upregulation can promote microglial activation and
neuropathic pain, with HDAC2 exhibiting a distinct role in
microglial activation across different neuropathic pain animal
models. Sirt1, Sirt2, and Sirt3 may exhibit protective effects
against neuropathic pain because they can inhibit microglial
activation. However, the role of HDAC4 in neuropathic pain
models appears to be contradictory. HDAC4 not only acts as a
promoter of proinflammatory cytokines but also serves as a
regulator of the immunometabolic program in microglia (Crow
et al., 2015; Wen et al., 2019; Iitani et al., 2024; Wang et al.,
2014). Although HDAC11 inhibitor has been found to attenuate
microglial activation and alleviate depression-like behavior, the
specific roles and mechanisms of HDAC11 in microglial
activation and neuropathic pain remain unclear. Notably,
there are fewer reports on the effects of other HDACs, such
as HDAC5, HDAC7, HDAC8, HDAC9, HDAC10, Sirt4, Sirt5,
Sirt6, and Sirt7, in microglial activation and neuropathic pain.
These areas require further study in the future.

A growing body of evidence indicates that HDAC inhibitors
or activators have potential therapeutic effects on multiple
diseases, including neurological diseases (Zhang L. Y. et al.,
2024; Razick et al., 2023). Similarly, current studies have
found that the application of HDAC inhibitors or activators
can also suppress microglial activation and alleviate neuropathic
pain in preclinical models. However, given the numerous
subtypes of HDACs and the significant similarities in their
active domains and catalytic sites, achieving the development
of HDAC inhibitors with high subtype selectivity represents a

FIGURE 3
The potential mechanisms of Sirt1 in microglial activation and/or neuropathic pain. Sirt1 can be positively regulated by the AMPK and PPARδ
pathways, as well as by Arc, but can be negatively regulated by JNK signaling and specific miRNAs (e.g., miR-210 and miR-155). Sirt1 governs excessive
microglial activation by deacetylating p65 at lysine 310, thereby suppressing NF-κB activity. Additionally, Sirt1 can shift the microglial phenotype toward
the M2 state by modulating ROS-mediated NLRP3 inflammasome signaling and the NF-κB/NLRP3 pathway. Furthermore, Sirt1 activates the PGC-
1α/Nrf2 and Sonic hedgehog (Shh)/GLI family zinc finger-1 (Gli-1) signaling pathways to inhibit microglial activation. Additionally, Sirt1 can inhibit the
release of HMGB1, which in turn suppresses the activation of the TLR4/MyD88/NF-κB signaling pathway.
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future breakthrough point that is likely to encounter substantial
challenges in practical research (Zhang L. Y. et al., 2024). It is
necessary to test their efficacy in clinical practice. In the future, as
more functions of HDACs in microglial activation are clarified,
and more efficient and accurate HDAC inhibitors or activators
are developed, the treatment of neuropathic pain will become a
practical possibility.
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