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Abstract

Neuropathic pain is a common chronic pain condition with mechanisms far clearly been elucidated. Mounting preclinical and

clinical studies have shown neuropathic pain is highly associated with histone acetylation modification, which follows expres-

sion regulation of various pain-related molecules such as mGluR1/5, glutamate aspartate transporter, glutamate transporter-

1, GAD65, Nav1.8, Kv4.3, l-opioid receptor, brain-derived neurotrophic factor, and certain chemokines. As two types of

pivotal enzymes involved in histone acetylation, histone deacetylases induce histone deacetylation to silence gene expres-

sion; in contrast, histone acetyl transferases facilitate histone acetylation to potentiate gene transcription. Accordingly,

upregulation or blockade of acetylation may be a promising intervention direction for neuropathic pain treatment.

In fact, numerous animal studies have suggested various histone deacetylase inhibitors, Sirt (class III histone

deacetylases) activators, and histone acetyl transferases inhibitors are effective in neuropathic pain treatment via

targeting specific epigenetic sites. In this review, we summarize the characteristics of the molecules and mechanisms of

neuropathy-related acetylation, as well as the acetylation upregulation and blockade for neuropathic pain therapy. Finally, we

will discuss the current drug advances focusing on neuropathy-related acetylation along with the underlying treat-

ment mechanisms.
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Introduction

Neuropathic pain is a complex chronic pain condition

that results from direct injury or disease affecting the

somatosensory system, thereby reducing the life quality

of millions of people worldwide.1 Despite recent advan-

ces, the pathophysiological mechanisms of neuropathic

pain remain incompletely clarified, and current available

therapies remain unsatisfactory.
Various insults including nerve injury, chemothera-

peutics, and diabetes can induce and promote chronic

pain development through epigenetic modulation of

DNA or DNA-packaging histones with no presence of

DNA sequence change. Further, mounting evidence

shows histones-related acetylation regulation is highly

associated with neuropathic pain, leading to
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chromosome structural changes followed with transcrip-
tion regulation of various receptors, transporters,
enzymes, nociceptors, structural proteins, cytokines,
chemokines, and chemokine receptors in dorsal root
ganglion (DRG), in the spinal cord, and in other supra-
spinal regions.

Histone acetylation depends on two types of pivotal
enzymes: histone deacetylases (HDACs) and histone
acetyl transferases (HATs).2 In most studies, HDACs
upregulate in response to nerve insults, resulting in his-
tone deacetylation and promoting chronic pain develop-
ment. Certain studies also indicate that HATs
upregulate, which promote histone acetylation and
pain induction. HDACs and HATs activity, as well as
histone acetylation levels are dynamic, serving as prom-
ising intervention targets for neuropathic pain treat-
ment. We therefore review the current knowledge and
advances surrounding this disorder with regards to acet-
ylation in neuropathic pain and its involved molecules,
mechanisms, and intervention targets.

Acetylation and gene expression

Chromatin structure consists of certain pairs of genomic
DNA packaged around a conservative histone octamer
with two of each of the histones including H2A, H2B,
H3, and H4. Histone tails, in addition to N-terminal
domains of such histone octamers, extend from the
nucleosomal disk and are highly susceptible to post-
translational regulation forms such as methylation,
phosphorylation, ubiquitination, and acetylation.
Compared to methylation, histone acetylation is a
more labile and transient posttranslational modification
that rapidly orchestrates gene expression in response to
external stimuli.2

As two pivotal enzymes involved in histone acetyla-
tion, HDACs usually remove the acetyl groups and
increase the affinity for DNA binding, causing relatively
compact chromatin followed with gene expression inhi-
bition. In contrast, HATs counteract the electrostatic
structure between histones and DNA, predisposing the
chromosome structure to be more relaxed and promote
gene transcription.3 Until now, there have been 18 dif-
ferent HDACs categorized into four groups: class I
(encompassing HDAC 1–3, 8), II (HDAC 4–7, 9, 10),
III (also termed sirutins, including sirutins 1–7), and IV
(HDAC 11).4 Class II is further categorized into IIa
(HDAC 4, 5, 7, 9) and IIb (HDAC 6 and 10). HDACs
class I, II, and IV are zinc-dependent, whereas class III
HDACs are nicotinamide (NADþ)-dependent.5 Nearly
all HDACs are expressed in the nucleus, and specifically
in pain-related regions including DRG, the spinal cord,
and in supraspinal regions; class II HDACs can traffic
between the nucleus and the cytoplasm.6 Besides, HATs
include three groups: p300/CREB binding protein

HATs, Gcn5-related HATs, and MYST-related
HATs.7 Both HDACs and HATs are keystones in
dynamically modulating acetylation, as well as subse-
quent gene transcription and pain regulation.8

Acetylation: A fundamental factor in

epigenetic mechanism for neuropathic pain

Numerous preclinical and clinical studies have indicated
the participation of HDACs and HATs in distinctive
neuropathic pain conditions (see Table 1 for a summa-
ry). Understanding the molecules and mechanism of
neuropathy related acetylation regulation is of great
medical significance. The following discussion is a brief
overview of these subjects.

Molecules affected by acetylation in neuropathic pain

Various receptors, transporters, and enzymes involved in
glutamatergic and c-aminobutyric acid (GABA)ergic
synaptic transmission are affected by acetylation in neu-
ropathic pain. For example, in Zhou et al.’s study,15

increased histone H3 acetylation in mGrm1/5 (encoding
mGluR1/5) promoter regions upregulated mGluR1/5
expression in rats with diabetic neuropathy. Indeed,
experts have observed decreased glutamate aspartate
transporter (GLAST) and glutamate transporter-1
(GLT-1) expression in the spinal dorsal horn after
spinal nerve ligation (SNL), which HDAC inhibitor
(HDACI) valproate could restore, followed with pain
behaviors improvement.16 Besides, as glutamic acid
decarboxylase 65 (GAD65) encoding gene, Gad2 gene
expression significantly decreased in neuropathic pain
rats in nucleus raphe magnus (NRM) via HDAC-
mediated histones H3 and H4 hypo-acetylation; this
contributed significantly to impaired GABAergic inhibi-
tion and central sensitization.17

Furthermore, studies have reported the acetylation
expression at the promoters of certain pain associated
genes, like Nav1.8, Kv4.3, l-opioid receptor (MOR),
and brain-derived neurotrophic factor (BDNF) to
change following nerve injury. Nerve injury induces his-
tone H3 and H4 deacetylation at Nav1.8, Kv4.3, and
MOR promoter regions to silence their expression.18,19

Nerve injury upregulates histone H3 and H4 acetylation
at BDNF promoter region in DRG, as well as histone
H4 acetylation at the Cdk5 promoter region in the spinal
cord, and works to increase BDNF and Cdk5 expres-
sion, respectively.20,21 In nerve injury–induced demyelin-
ation, myelin-associated molecules such as Sox10,
myelin protein zero, and maltose binding protein expres-
sion, downregulate partly through Rho kinase, p300
activation, and NF-jB acetylation.22

Furthermore, acetylation regulation affected
the expression of some molecules in the
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chemokines–chemokine (CC) receptor system. For
example, partial sciatic nerve ligation (PSL) upregulated
C–X–C ligand type 2 (also called macrophage inflamma-
tory protein 2 (MIP-2)), and C–X–C receptor type 2
(CXCR2) expression via increasing histone H3 acetyla-
tion (H3K9Ac) in the MIP-2 and CXCR2 promoter
regions.23 CCL2, CCL3, and C–X–C receptor type 2
(CXCR2) expression increase after PSL due to enhanced
acetylation in the promoters of their encoding genes.24

Consistently, in pacilitaxel- or vincristine-induced neu-
ropathic pain, CXCL12 protein and messenger RNA
expression increased by increasing the binding of signal
transducer and activator of transcription 3 (STAT3) to
CXCL12 promoter and upregulating H4 acetylation in
its promoter; underlying antitubulin chemotherapeutics-
induced persistent pain.25 Pacilitaxel also increased H4
acetylation in the Cx3cl1 promoter region in an NF-jB
dependent manner, thereby contributing to paclitaxel-
induced mechanical allodynia.26

Mechanisms of neuropathy-related acetylation

Protein kinase activation. Certain protein kinases activation
is highly associated with neuropathy-related acetylation,
and typically underlays neuropathic pain pathogenesis.
SGK1 is one subfamily of genes responsible for encoding
serine/threonine protein kinase; it was activated follow-
ing SNL, leading to HDAC4 phosphorylation, enhanced
coupling with 14–3-3b, and increased cytoplasm reten-
tion within the spinal dorsal horn neurons. Either SGK1
inhibition with GSK650394 or HDAC4 blockade by
LMK235 prevented allodynia, while HDAC4 blockade
has no effect on SGK1 phosphorylation or 14–3-3b
expression. These results indicate HDAC4 may act as
a downstream regulator of SGK1. Formation and cyto-
plasmic retention of 14–3-3b–HDAC4 complex is there-
fore one critical mechanism for neuropathic pain
development.12

Besides, spared nerve injury (SNI) consistently

increases HDAC1 protein and acetylation levels, form-

ing a heterodimeric complex with c-Jun in astrocytes

expressing c-Jun N-terminal kinase (JNK) in the spinal

dorsal horn, accompanying nociceptive phenotype with-

out expression changes of HDAC3, H3Ac, DNMT3a,

and MeCP2. HDAC1 inhibitor LG325 prominently

ameliorates pain behaviors by suppressing the JNK–c-

Jun signaling pathway.27 Furthermore, brachial plexus

avulsion induces neuropathy pain possibly via increasing

protein kinase B (Akt) phosphorylation and its targeted

mammalian target of rapamycin (mTOR) expression.

HDACI trichostatin A (TSA) significantly improves

mechanical hyperalgesia via suppressing Akt phosphor-

ylation, inhibiting TPRV1, TRPM8 overexpression, and

alleviating neuroinflammation.28

Abnormal glutamatergic and GABAergic synaptic transmission.

Neuropathy-related acetylation disturbs glutamatergic

and GABAergic synaptic transmission. For example,

metabotropic glutamate receptors type 2 (mGluR2),

expressed at primary afferent synapses in the spinal

dorsal horn, suppress synaptic transmission. Chiechio

et al.29 supposed that HDACs inhibitors upregulate the

expression of mGluR2 receptor to attenuate pain via

NF-jB pathway activation secondary to increased NF-

jB p65 subunit acetylation. In diabetic neuropathic pain

rats, studies have observed H3 acetylation, increased in

mGrm1/5 (mGluR1/5 encoding gene) promoter regions

and upregulated mGluR1/5 expression, which play an

essential role in central sensitization. Sirt1 activator

SRT1720 and Sirt1 shRNA could reverse or induce

spinal neuronal activation and pain phenotype, respec-

tively.15 Other than glutamatergic receptors, a downre-

gulation or knockdown of GLAST and GLT-1 in the

spinal dorsal horn potentiates the spontaneous

Table 1. Expression of histone acetylation under various neuropathic pain conditions.

Pain

models Enzymes

Histones

acetylation Observational time points Detected cell/tissue References

PSL HDAC1" H3K9 Ac# NA Microglia in the superficial dorsal horn 9

SNI HDAC2" NA 7 days post nerve injury Superficial dorsal horn astrocytes

but not neurons

10

SCI HDAC3" NA NA PBMCs 11

SNL HDAC4" NA 3, 7, 14, and 21 days after surgery Spinal dorsal horn neurons but not

astrocytes or microglia

12

CCI Sirt1# H4K16 Ac " 1, 3, 7, 14, and 21 days after surgery The spinal cord 13

PIPN Sirt1# H4K16 Ac " NA The spinal cord 14

DNP Sirt1# H3 Ac# 14 and 21 days after STZ injection Spinal dorsal horn neurons but not

astrocytes or microglia

15

PSL: partial sciatic nerve ligation; SNI: spared nerve injury; SCI: spinal cord injury; SNL: spinal nerve ligation; CCI: chronic constriction injury; PIPN:

paclitaxel-induced neuropathic pain; DNP: diabetic neuropathic pain; PBMCs: peripheral blood mononuclear cells; STZ: streptozotocin; ": upregulation;
#: downregulation; NA, not available.
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nociceptive phenotype and contributes to the neuropath-
ic pain development.30

Besides, impaired GABAergic synaptic inhibition
results from Gad2 gene expression inhibition via
HDAC-mediated histones H3 and H4 hypo-acetylation
in NRM. This is highly related to sustained pain sensi-
tization in rats. HDACIs significantly increase GAD65
activity, recover GABAergic synaptic inhibition, and
relieve pain hypersensitivity.17 Collectively, abnormal
mGluR2, GLAST, GLT-1, GAD65 expression, and
HDACs regulation may serve as mechanisms for neuro-
pathic pain development.

Transcription factor–mediated epigenetic mechanism. Neuron-
restrictive silencer factor (NRSF), a transcriptional
inhibitory factor, is responsible for transcriptional inhib-
iting of NRSF containing genes, including Nav1.8,
KV4.3, and MOR by means of recruiting HDACs via
its corepressors—mSin3 and CoREST.31 Following
nerve injury, extensive deacetylation of histone H3 and
H4 combined with the Nav1.8 gene around an NRSF
binding site (the neuron-restrictive silencing elements
(NRSE) region), leading to Nav1.8 transcriptional inhi-
bition. An HDACs blockade leads to restoration of such
downregulated Nav1.8 gene expression and recovered
C-fibers sensitivity.18 Similarly, histone H4, but not H3
acetylation, at Kv4.3-NRSE prominently downregulates
post nerve injury, restorable via NRSF knockdown.19

HDACs inhibitor blocks nerve injury–induced MOR
downregulation and recovers the morphine anti-
nociceptive action through an HDAC-mediated mecha-
nism.32 Collectively, studies indicate that nerve injury
induces an epigenetic silencing of pain-related genes,
including Nav1.8, Kv4.3, and MOR via transcriptional
suppressing NRSF in the DRG.

Cytokines and chemokines–chemokine receptors system

upregulation. Upregulation of the inflammatory mole-
cules, including cytokines, chemokines, and chemokine
receptors is an important mechanism in neuropathic
pain development. Cytokines such as TNF-a, which
are primarily released by macrophages or other
immune cells, are significant in central sensitization
and neuropathic pain. Orally administrated HDACI
sodium butyrate weakens CCI-induced increases in
TNF-a level, and such anti-inflammatory action under-
lies its anti-nociceptive effect.33 Similarly, paclitaxel dose
dependently induced painful neuropathy is concomitant
with NF-jB p65 subunit activation and spinal cord cyto-
kines (TNF-a, IL-1b, IL-6) upregulation. Icariin, a Sirt1
activator, dosage-dependently reverses paclitaxel-
induced spinal neuroinflammation, Sirt1 downregula-
tion, and histone H4 acetylation, subsequently also
improving pain behaviors.14 Other than cytokines, che-
mokines, and chemokine receptors such as MIP-2,

CXCR2, CCL2, CCL3, and CXCL12 also play an essen-
tial role in augmenting neuropathic pain. PSL upregu-
lated MIP-2 and CXCR2 expression are mainly localized
on neutrophils and macrophages, and accumulate in the
injury sciatic nerve by increasing histone H3 acetylation
(H3K9Ac) in the MIP-2 and CXCR2 promoter region.
Administration of HAT inhibitor suppresses such upre-
gulation of MIP, CXCR2, at the same time ameliorating
PSL-induced neuropathic pain.23 PSL similarly
increased CCL2, CCL3, and their relevant receptors
CCR2, CCR1/5 expression in the injured sciatic nerve
possibly via increasing H3K9Ac and H3K9me3 in the
CCL2 and CCL3 genes promoter regions; this increase
can be blocked by the HDACI (anacardic acid).24

CXCL12 expression consistently increases microtubule-
targeted chemotherapeutics, inducing neuropathic pain.
Paclitaxel and vincristine could increase the combination
of STAT3 to CXCL12 gene promoter and contribute to
CXCL12 transcription enhancement by upregulating the
histone H4 acetylation in its gene promoter.25

Collectively, studies suggest that nerve injury may
induce histone hypo-acetylation or acetylation, followed
with neuroinflammation via upregulating the level of
cytokines and the CC receptors system, which is another
alternative neuropathic pain mechanism.

Acetylation: A promising target for
treating neuropathic pain

Acetylation upregulation

Uchida et al. are the first to explore the role of histone
hypoacetylation in the context of neuropathic pain. They
have found that nerve injury induces broad histone
hypo-acetylation at NRSE sequences within MOR and
Nav1.8 genes. Moreover, in their investigation, NRSF
knockdown remarkably blocked nerve injury–induced
transcriptional inhibition of MOR, Nav1.8, TRPA1,
and TRPM8 expression in the DRG, and it recovered
C-fiber sensitivity and peripheral morphine
analgesia.18,19,32

Several studies also suggest that HDAC regulation
has an antinociceptive effect following neuropathic
pain. Intrathecal injection of HDAC I inhibitor MS-
275 improves hypersensitivity in traumatic nerve injury
or antiretroviral drug–induced peripheral neuropathy,
the effects of which may relate to H3K9Ac upregulation
in the spinal cord.34 Consistently, in animal studies, PSL
and SNL have increased histone HDAC1 overexpression
and histone H3 deacetylation in the spinal dorsal horn,
while HDAC inhibition and followed restoration of his-
tone acetylation have an antinociceptive effect.9,35 In
addition, studies have observed that enhanced histone
H3 acetylation contributes to the protective effect of
d-beta-hydroxybutyrate (DBHB), which is an
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endogenous inhibitor of HDAC I and IIa, in SCI-

induced motor impairment and pain hypersensitivity.36

Acetylation blockade

In contrast to histone hypoacetylation, histone acetyla-

tion also increases in response to nerve injury and cor-
responding histone acetylation blockade is effective. For

example, intrathecal inhibition of STAT3 by Cre-

encoding virus or inhibitor S3I-201 may ameliorate pac-
litaxel- or vincristine-induced mechanical allodynia

through suppressing a CXCL12 upsurge in dorsal horn
neurons by decreasing H4 acetylation.25 Besides, after

PSL, H3K9 acetylation upregulates in the injured sciatic

nerve on the promoter regions of MIP, CXCR2, CCL2,
and CCL3, HAT inhibitor anacardic acid blocked the

increase of such molecules and exerted the antinocicep-
tive effect.23,24 In another study, curcumin dose depen-

dently exerts a protective role in neuropathic pain via
reducing p300/CBP recruitment and histone H3/H4

acetylation to the promoter of genes BDNF and

Cox-2.37 Furthermore, activation of Sirt1 blocks a
neuropathy-induced increase of spinal histone H3/H4

acetylation.14,15,38 Similarly, Sirt2 overexpression inhib-
its NF-jB p65 subunit acetylation both in vivo and in

vitro, followed by the inhibition of NF-jB signaling

pathway and neuroinflammation, thereby finally attenu-
ating nerve injury–induced nociceptive behaviors.39,40

Taken together, either upregulation or blockade of acet-
ylation may serve as promising therapeutic targets in

treating neuropathic pain.

Drug discovery focusing on neuropathy-related

acetylation

HDAC regulation. As mentioned above, HDAC regulation
has great potential for neuropathic pain therapy.

Normally, HDACIs include both zinc-dependent

HDACIs and NADþ dependent inhibitors (Sirt inhibi-
tors), with the former further categorized into four sub-

classes based on distinctive chemical structures:
hydroxamates, benzamides, short-chain fatty acids

(SCFAs), and cyclic tetrapeptide.41 Sirt inhibitors, on
the other hand, differ greatly in their structures.42

Clinical trials validate the safety and efficacy of many

HDACIs, and some inhibitors have received approval
from the US Food and Drug Administration (FDA)

for cancer treatment.43

Most hydroxamates act as pan-HDACIs and present

characteristics of a weak selectivity and a relative short

half-life, but they have a long-lasting effect.44 Two com-
monly used such inhibitors are suberoylanilide hydroxa-

mic acid (SAHA) and TSA. In 2006, FDA has approved
SAHA for treating patients with advanced primary cuta-

neous T-cell lymphoma45; SAHA may be the most

widely used HDACI in pain research. In our previous
study, SNI prominently increases spinal glutamate/
GAD65 ratio, which is partially restored by subcutane-
ous (20lg) or intrathecal injection (40 lg) of SAHA at
day 14 post nerve injury.46 In addition, SAHA intraper-
itoneal injection at a dose of 5 mg/kg once daily from
day 3 to 9 post nerve injury significantly ameliorates
PSL-induced pain hypersensitivity and C-fiber sensitivity
via recovering the decreased Nav1.8, TRPV1, and
TRPM8 expression, but not NRSF and CGRP expres-
sion.47 And another hydroxamates HDACI, TSA
increases the Gad2 gene promoter acetylation, enhancing
its transcription,17 while promoting the trafficking of
d-opioid receptors to pain-modulating neuronal synap-
ses, potentiating d-opioid analgesia post CCI.48

However, few use TSA for clinical pain research due to
its relatively high toxicity, though it remains widely used
as a template drug for novel HDACIs development.41

One of the most commonly used benzamides is N-(2-
aminophenyl)-4-benzamide derivative (MS-275), which
represents a promising drug of HDACIs due to high
selectivity, strong specificity, and low toxicity; this
makes it an exciting HDACI for pain research, and espe-
cially for research in neuropathic pain.49 Denk et al.34

found intrathecal injection of MS-275 at a dose of 30
nmol/d and 60 nmol/d through an osmotic pump prom-
inently attenuated mechanical and thermal pain to an
extent of 40% to 50% in PSL and stavudine-induced
peripheral neuropathy; the effect may be associated
with the global increase of H3K9Ac in the spinal cord.
Selectively targeting HDAC1 is a promising path for
neuropathic pain treatment.

SCFAs inhibit HDACs classes I and IIa with the larg-
est efficacy, but the weakest potency, of which three
commonly studied are valproate, butyrate, and phenyl-
butyrate. Valproate is widely used as an anticonvulsant
in several kinds of epilepsy,50 while neuropathic pain and
epilepsy share similar pathological mechanisms such as
membrane hyperexcitability. With these factors consid-
ered, a study evaluated the effect of valproate under
neuropathic pain. Repeated oral administration of
sodium valproate may restore the expression of
GLAST and GLT-1 in the dorsal horn and enhance
analgesia of the glutamate transporter activator riluzole,
synergistically ameliorating nociceptive behaviors.16,51

However, teratogenicity and hepatic cytotoxicity, two
rare lethal side effects of valproate, limited clinical appli-
cation.52 Sodium butyrate similarly inhibits HDACs,
including classes I and IIa, dose dependently (200–400
mg/kg, oral for 14 days) ameliorates mechanical and
cold allodynia, as well as thermal hyperalgesia.33

However, using butyrate in neuropathic pain treatment
may be limited by its weak potency. DBHB acts as an
endogenous inhibitor of HDACs classes I and IIa. It is
structurally highly related to butyrate and is reported by
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Qian et al.36 to prevent SCI-induced motor impairment

and pain hypersensitivity, partly by means of promoting

histone H3 acetylation in the spinal cord and upregulat-

ing the transcription factor FOXO3a, catalase, and

SOD2 expression in the injured region of SCI mice in

one study. Of note, the short half-life and relative long

treatment duration (continuous oral consumption for

several months) of DBHB worked to question the feasi-

bility of such a treatment paradigm in humans.
Until now, the effect of cyclic tetrapeptide has

received no investigation in the neuropathic pain litera-

ture and needs further investigation. Other than artificial

drugs, some medicinal herbs such as baicalin, an antiin-

flammatory flavonoid, has been shown to significantly

decrease HDAC1 expression, upregulate the spinal his-

tone H3 acetylation, and improve pain sensitivity.35

These qualities render it a valuable analgesic adjuvant

in clinical pain management.
On the other hand, some drugs, owing to the Sirt1

agonist property, have been used to alleviate neuropath-

ic pain in animal studies. For example, intrathecal injec-

tion of resveratrol before CCI may produce an obvious

improvement effect on nociceptive behaviors.13,38 In

addition, icariin intragastric administrated at 100mg/kg

rather than 50 mg/kg for 7 days can reverse paclitaxel-

related Sirt1 downregulation and H4 acetylation, allevi-

ating neuropathic mechanical allodynia.14

HAT inhibitors. Other than HDACIs, some have suggested

that HAT inhibitors are effective at improving pain phe-

notypes in neuropathic pain. After PSL, administering

HAT inhibitor anacardic acid inhibits the acetylation of

histone H3 in MIP and CXCR2 promoter regions.23 It

also increases H3K9Ac and H3K9me3 in the CCL2 and

CCL3 genes promoter regions to upregulate CCL2,

CCL3, and their relevant receptors CCR2, CCR1/5

expression in the injured sciatic nerve.24 Furthermore,

curcumin, a medicinal herb with HAT inhibitory activ-

ity, prominently improves neuropathic pain behavior by

inhibiting bdnf and cox-2 gene expression at a dose of

40mg/kg or 60 mg/kg over a duration of 7 days.37

Although these drugs are valid for alleviating neuro-

pathic pain symptoms, there exist limitations. First,

most currently available HDACIs act both centrally

and peripherally, especially not a specific lysine site,

which has raised worries about drug toxicity.49 Second,

many of these compounds need a long-term, large-dose

treatment paradigm owing to a weak potency, inevitably

decreasing patients’ compliance and increasing side

effects. When applying these compounds in neuropathic

pain research, it is prudent to take these factors

into account.

Conclusion

The role of histone acetylation and histone deacetylation
in neuropathic pain has increasingly attracted attention
in recent years. Studies have shown that various
HDACIs, Sirt activators, and HATs inhibitors are effec-
tive in neuropathic pain treatment in animal models via
targeting specific epigenetic sites (see Table 2). Although
the exact mechanisms of histone acetylation change in
the context of neuropathic pain remain murky, targeting
unbalanced histone acetylation may provide an exciting
and effective treatment alternative. It is conceivable that,
with the advent of a more specific and potent inhibitor
or activator, these compounds will play an essential role
in pain therapy in the coming years.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of

this article.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: This work was supported in part by National Natural

Scientific Foundation (NSFC, 81600960), Jiangsu Provincial

Medical Youth Talent of the Project of Invigorating Health

Care through Science, Technology, and Education

(QNRC2016103), and Nanjing Medical Science and

Technique Development Foundation (QRX17161).

References

1. Colloca L, Ludman T, Bouhassira D, Baron R, Dickenson

AH, Yarnitsky D, Freeman R, Truini A, Attal N,

Finnerup NB, Eccleston C, Kalso E, Bennett DL,

Dworkin RH and Raja SN. Neuropathic pain. Nat Rev

Dis Primers 2017; 3: 17002
2. Berger SL. The complex language of chromatin regulation

during transcription. Nature 2007; 447: 407–412.
3. Shahbazian MD and Grunstein M. Functions of site-

specific histone acetylation and deacetylation. Annu Rev

Biochem 2007; 76: 75–100.
4. Wang W, Cui SS, Lu R and Zhang H. Is there any thera-

peutic value for the use of histone deacetylase inhibitors

for chronic pain? Brain Res Bull 2016; 125: 44–52.
5. Morrison BE, Majdzadeh N and D’Mello SR. Histone

deacetylases: focus on the nervous system. Cell Mol Life

Sci 2007; 64: 2258–2269.
6. Broide RS, Redwine JM, Aftahi N, Young W, Bloom FE

and Winrow CJ. Distribution of histone deacetylases 1-11

in the rat brain. J Mol Neurosci 2007; 31: 47–58.
7. Lee KK and Workman JL. Histone acetyltransferase com-

plexes: one size doesn’t fit all. Nat Rev Mol Cell Biol 2007;

8: 284–295.
8. Sweatt JD. The emerging field of neuroepigenetics. Neuron

2013; 80: 624–632.

Wang et al. 7



9. Kami K, Taguchi S, Tajima F and Senba E. Histone acet-

ylation in microglia contributes to exercise-induced hypo-

algesia in neuropathic pain model mice. J Pain 2016;

17: 588–599.
10. Maiaru M, Morgan OB, Tochiki KK, Hobbiger EJ, Rajani

K, Overington DW and Geranton SM. Complex regula-

tion of the regulator of synaptic plasticity histone deacety-

lase 2 in the rodent dorsal horn after peripheral injury.

J Neurochem 2016; 138: 222–232.
11. Ma YD, Fang J, Liu H and Zhou L. Increased HDAC3

and decreased miRNA-130a expression in PBMCs through

recruitment HDAC3 in patients with spinal cord injuries.

Int J Clin Exp Pathol 2015; 8: 1682–1689.
12. Lin TB, Hsieh MC, Lai CY, Cheng JK, Chau YP, Ruan T,

Chen GD and Peng HY. Modulation of nerve

injury-induced HDAC4 cytoplasmic retention contributes

to neuropathic pain in rats. Anesthesiology 2015;

123: 199–212.
13. Shao H, Xue Q, Zhang F, Luo Y, Zhu H, Zhang X, Zhang

H, Ding W and Yu B. Spinal SIRT1 activation attenuates

neuropathic pain in mice. PLoS One 2014; 9: e100938
14. Gui Y, Zhang J, Chen L, Duan S, Tang J, Xu W and Li A.

Icariin, a flavonoid with anti-cancer effects, alleviated

paclitaxel-induced neuropathic pain in a SIRT1-

dependent manner. Mol Pain 2018; 14: 1744806918768970.
15. Zhou CH, Zhang MX, Zhou SS, Li H, Gao J, Du L and

Yin XX. SIRT1 attenuates neuropathic pain by epigenetic

regulation of mGluR1/5 expressions in type 2 diabetic rats.

Pain 2017; 158: 130–139.
16. Hobo S, Eisenach JC and Hayashida K. Up-regulation of

spinal glutamate transporters contributes to anti-

hypersensitive effects of valproate in rats after peripheral

nerve injury. Neurosci Lett 2011; 502: 52–55.
17. Zhang Z, Cai YQ, Zou F, Bie B and Pan ZZ. Epigenetic

suppression of GAD65 expression mediates persistent

pain. Nat Med 2011; 17: 1448–1455.

18. Uchida H, Ma L and Ueda H. Epigenetic gene silencing

underlies C-fiber dysfunctions in neuropathic pain.

J Neurosci 2010; 30: 4806–4814.
19. Uchida H, Sasaki K, Ma L and Ueda H. Neuron-restric-

tive silencer factor causes epigenetic silencing of Kv4.3

gene after peripheral nerve injury. Neuroscience 2010;

166: 1–4.
20. Uchida H, Matsushita Y and Ueda H. Epigenetic regula-

tion of BDNF expression in the primary sensory neurons

after peripheral nerve injury: implications in the develop-

ment of neuropathic pain. Neuroscience 2013;

240: 147–154.
21. Li K, Zhao GQ, Li LY, Wu GZ and Cui SS. Epigenetic

upregulation of Cdk5 in the dorsal horn contributes to

neuropathic pain in rats. Neuroreport 2014; 25: 1116–1121.
22. Tsukahara R and Ueda H. Myelin-related gene silencing

mediated by LPA1–Rho/ROCK signaling is correlated to

acetylation of NFkappaB in S16 Schwann cells.

J Pharmacol Sci 2016; 132: 162–165.
23. Kiguchi N, Kobayashi Y, Maeda T, Fukazawa Y, Tohya

K, Kimura M and Kishioka S. Epigenetic augmentation of

the macrophage inflammatory protein 2/C-X-C chemokine

receptor type 2 axis through histone H3 acetylation in

injured peripheral nerves elicits neuropathic pain.

J Pharmacol Exp Ther 2012; 340: 577–587.
24. Kiguchi N, Kobayashi Y, Saika F and Kishioka S.

Epigenetic upregulation of CCL2 and CCL3 via histone

modifications in infiltrating macrophages after peripheral

nerve injury. Cytokine 2013; 64: 666–672.
25. Xu T, Zhang XL, Ou-Yang HD, Li ZY, Liu CC, Huang

ZZ, Xu J, Wei JY, Nie BL, Ma C, Wu SL and Xin WJ.

Epigenetic upregulation of CXCL12 expression mediates

antitubulin chemotherapeutics-induced neuropathic pain.

Pain 2017; 158: 637–648.
26. Li D, Huang ZZ, Ling YZ, Wei JY, Cui Y, Zhang XZ,

Zhu HQ and Xin WJ. Up-regulation of CX3CL1 via nucle-

ar factor-kappaB-dependent histone acetylation is involved

in paclitaxel-induced peripheral neuropathy.

Anesthesiology 2015; 122: 1142–1151.
27. Sanna MD and Galeotti N. The HDAC1/c-JUN complex

is essential in the promotion of nerve injury-induced neu-

ropathic pain through JNK signaling. Eur J Pharmacol

2018; 825: 99–106.
28. Zhao Y and Wu T. HDAC inhibition inhibits brachial

plexus avulsion induced neuropathic pain. Muscle

Nerve, 2018.
29. Chiechio S, Copani A, Gereau RW and Nicoletti F.

Acetyl-L-carnitine in neuropathic pain: experimental

data. CNS Drugs 2007; 21: 31–38. Discussion 45–36.
30. Sung B, Lim G and Mao J. Altered expression and uptake

activity of spinal glutamate transporters after nerve injury

contribute to the pathogenesis of neuropathic pain in rats.

J Neurosci 2003; 23: 2899–2910.
31. Ballas N and Mandel G. The many faces of REST oversee

epigenetic programming of neuronal genes. Curr Opin

Neurobiol 2005; 15: 500–506.
32. Uchida H, Matsushita Y, Araki K, Mukae T and Ueda H.

Histone deacetylase inhibitors relieve morphine resistance

in neuropathic pain after peripheral nerve injury.

J Pharmacol Sci 2015; 128: 208–211.
33. Kukkar A, Singh N and Jaggi AS. Attenuation of neuro-

pathic pain by sodium butyrate in an experimental model

of chronic constriction injury in rats. J Formos Med Assoc

2014; 113: 921–928.
34. Denk F, Huang W, Sidders B, Bithell A, Crow M, Grist J,

Sharma S, Ziemek D, Rice AS, Buckley NJ and McMahon

SB. HDAC inhibitors attenuate the development of hyper-

sensitivity in models of neuropathic pain. Pain 2013;

154: 1668–1679.
35. Cherng CH, Lee KC, Chien CC, Chou KY, Cheng YC,

Hsin ST, Lee SO, Shen CH, Tsai RY and Wong CS.

Baicalin ameliorates neuropathic pain by suppressing

HDAC1 expression in the spinal cord of spinal

nerve ligation rats. J Formos Med Assoc 2014;

113: 513–520.
36. Qian J, Zhu W, Lu M, Ni B and Yang JD. beta-hydroxy-

butyrate promotes functional recovery and relieves pain

hypersensitivity in mice with spinal cord injury. Br J

Pharmacol 2017; 174: 1961–1971.
37. Zhu X, Li Q, Chang R, Yang D, Song Z, Guo Q and

Huang C. Curcumin alleviates neuropathic pain by inhib-

iting p300/CBP histone acetyltransferase activity-regulated

8 Molecular Pain



expression of BDNF and cox-2 in a rat model. PLoS One

2014; 9: e91303
38. Yin Q, Lu FF, Zhao Y, Cheng MY, Fan Q, Cui J, Liu L,

Cheng W and Yan CD. Resveratrol facilitates pain atten-

uation in a rat model of neuropathic pain through the

activation of spinal Sirt1. Reg Anesth Pain Med 2013;

38: 93–99.
39. Zhang Y and Chi D. Overexpression of SIRT2 alleviates

neuropathic pain and neuroinflammation through deacety-

lation of transcription factor nuclear factor-kappa B.

Inflammation 2018; 41: 569–578.
40. Wang YW, Zhang X, Chen CL, Liu QZ, Xu JW, Qian QQ,

Li WY and Qian YN. Protective effects of garcinol against

neuropathic pain—evidence from in vivo and in vitro stud-

ies. Neurosci Lett 2017; 647: 85–90.
41. Xu WS, Parmigiani RB and Marks PA. Histone deacety-

lase inhibitors: molecular mechanisms of action. Oncogene

2007; 26: 5541–5552.
42. Micelli C and Rastelli G. Histone deacetylases: structural

determinants of inhibitor selectivity. Drug Discov Today

2015; 20: 718–735.
43. Niesvizky R, Ely S, Mark T, Aggarwal S, Gabrilove JL,

Wright JJ, Chen-Kiang S and Sparano JA. Phase 2 trial of

the histone deacetylase inhibitor romidepsin for the treat-

ment of refractory multiple myeloma. Cancer 2011;

117: 336–342.
44. Plumb JA, Finn PW, Williams RJ, Bandara MJ, Romero

MR, Watkins CJ, La Thangue NB and Brown R.

Pharmacodynamic response and inhibition of growth of

human tumor xenografts by the novel histone deacetylase

inhibitor PXD101. Mol Cancer Ther 2003; 2: 721–728.
45. Mann BS, Johnson JR, Cohen MH, Justice R and Pazdur

R. FDA approval summary: vorinostat for treatment of

advanced primary cutaneous T-cell lymphoma.
Oncologist 2007; 12: 1247–1252.

46. Shen X, Liu Y, Xu S, Zhao Q, Wu H, Guo X, Shen R and
Wang F. Menin regulates spinal glutamate-GABA balance
through GAD65 contributing to neuropathic pain.
Pharmacol Rep 2014; 66: 49–55.

47. Matsushita Y, Araki K, Omotuyi O, Mukae T and Ueda
H. HDAC inhibitors restore C-fibre sensitivity in experi-
mental neuropathic pain model. Br J Pharmacol 2013;
170: 991–998.

48. Tao W, Zhou W, Wang Y, Sun T, Wang H, Zhang Z and
Jin Y. Histone deacetylase inhibitor-induced emergence of
synaptic delta-opioid receptors and behavioral antinoci-
ception in persistent neuropathic pain. Neuroscience

2016; 339: 54–63.
49. Harrison IF and Dexter DT. Epigenetic targeting of his-

tone deacetylase: therapeutic potential in Parkinson’s dis-
ease? Pharmacol Ther 2013; 140: 34–52.

50. Blaheta RA and Cinatl J Jr. Anti-tumor mechanisms of
valproate: a novel role for an old drug. Med Res Rev

2002; 22: 492–511.
51. Yoshizumi M, Eisenach J and Hayashida K. Valproate

prevents dysregulation of spinal glutamate and reduces
the development of hypersensitivity in rats after peripheral
nerve injury. J Pain 2013; 14: 1485–1491.

52. Tremont-Lukats I, Megeff C and Backonja M.
Anticonvulsants for neuropathic pain syndromes: mecha-
nisms of action and place in therapy. Drugs 2000;
60: 1029–1052.

53. Cui SS, Lu R, Zhang H, Wang W and Ke JJ.
Suberoylanilide hydroxamic acid prevents downregulation
of spinal glutamate transporter-1 and attenuates spinal
nerve ligation-induced neuropathic pain behavior.
Neuroreport 2016; 27: 427–434.

Wang et al. 9


	table-fn1-1744806918798408
	table-fn2-1744806918798408

