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Abstract
Neuropathic pain is a chronic condition that arises from
damage or dysfunction within the somatosensory ner-
vous system, characterized by persistent pain, hyperal-
gesia, and allodynia. Recent research has highlighted
the role of epigenetic modifications in the regulation of
gene expression that contributes to the development and
persistence of neuropathic pain and associated neuronal
injury. Epigenetic mechanisms, including DNA methy-
lation, histone modifications, and non-coding RNAs,
influence the transcriptional landscape of neurons and
glial cells in response to nerve injury. These modifi-
cations can lead to changes in the expression of genes
involved in inflammation, synaptic plasticity, ion chan-
nel function, and neuroimmune interactions, which play
critical roles in maintaining pain states. DNA methyla-
tion, particularly at promoter regions, can suppress or
enhance the expression of pain-related genes, while his-
tone modifications, such as acetylation and methylation,
can alter chromatin structure to regulate gene accessibil-
ity. Non-coding RNAs, including microRNAs (miRNAs)
and long non-coding RNAs (lncRNAs), further modu-
late post-transcriptional gene expression, affecting the
function of key signaling pathways. This review pro-
vides a comprehensive analysis of the epigenetic mecha-
nisms involved in neuropathic pain and neuronal injury,
exploring their roles in gene expression changes that
contribute to pain sensitization and chronicity. We also
discuss potential therapeutic strategies targeting epige-
netic regulators to reverse maladaptive gene expression
changes and alleviate chronic pain. Understanding the
interplay between epigenetics and gene expression in
neuropathic pain may lead to novel approaches for man-
aging this challenging condition and improving patient
outcomes.
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1. INTRODUCTION

Neuropathic pain is a debilitating condition that arises due to
injury or disease affecting the somatosensory nervous system.
It is often characterized by spontaneous pain, hyperalgesia (en-
hanced response to painful stimuli), and allodynia (pain due to
normally non-painful stimuli). The underlying mechanisms of
neuropathic pain are complex, involving changes in both the
peripheral and central nervous systems that lead to neuronal hy-
perexcitability and altered pain processing. Traditional research
has focused on signaling pathways, ion channel regulation, and
neuroinflammation as key contributors to the pathogenesis of
neuropathic pain. However, recent studies have revealed the
significant role of epigenetic modifications in regulating gene
expression changes that drive pain chronification and neuronal
injury.

Epigenetic mechanisms include DNA methylation, histone
modifications, and the activity of non-coding RNAs. These
modifications do not alter the underlying DNA sequence but
influence the accessibility and transcriptional activity of specific
genes, leading to long-term changes in gene expression patterns.
In the context of neuropathic pain, epigenetic changes can modu-
late the expression of genes involved in inflammatory responses,
synaptic plasticity, and neuronal survival, thus playing a key
role in the transition from acute to chronic pain. Understanding
these epigenetic alterations provides new insights into the molec-
ular mechanisms that sustain chronic pain and offers potential
targets for therapeutic intervention.

DNA methylation typically occurs at the cytosine residues of
CpG dinucleotides and is mediated by DNA methyltransferases
(DNMTs). This process can lead to transcriptional silencing of
genes, often associated with the repression of pro-inflammatory
genes or genes related to neuronal excitability in the context
of neuropathic pain. Alterations in DNA methylation patterns
have been observed in both animal models and human studies of
neuropathic pain, where hypermethylation or hypomethylation
of specific promoters correlates with changes in pain sensitivity.
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For instance, hypermethylation in the promoter regions of cer-
tain ion channel genes has been linked to decreased expression
of these channels, contributing to altered neuronal excitability
and pain perception. On the other hand, hypomethylation of
genes involved in pro-inflammatory cytokine production can
lead to an upregulation of these molecules, thereby promoting a
sustained inflammatory response in chronic pain states.

Histone modifications represent another key aspect of epige-
netic regulation that contributes to the pathophysiology of neuro-
pathic pain. Histones are proteins around which DNA is wound,
forming a structure known as chromatin. Post-translational mod-
ifications of histones, such as acetylation, methylation, phospho-
rylation, and ubiquitination, influence the chromatin structure
and thus the accessibility of transcriptional machinery to DNA.
For example, histone acetylation, mediated by histone acetyl-
transferases (HATs), generally promotes gene transcription by
loosening the chromatin structure, while histone deacetylation,
catalyzed by histone deacetylases (HDACs), tends to suppress
gene expression by condensing chromatin. In models of neu-
ropathic pain, increased activity of HDACs has been associ-
ated with downregulation of genes involved in pain inhibition,
whereas inhibition of HDACs has been shown to alleviate pain
by upregulating anti-inflammatory genes. The balance between
these processes is crucial for maintaining normal pain signaling,
and dysregulation can contribute to the persistence of neuro-
pathic pain.

Non-coding RNAs (ncRNAs), including microRNAs (miR-
NAs) and long non-coding RNAs (lncRNAs), play significant
roles in the regulation of gene expression in neuropathic pain
through their ability to modulate mRNA stability and transla-
tion. miRNAs can directly bind to the 3’ untranslated regions
(UTRs) of target mRNAs, leading to their degradation or inhi-
bition of translation, thereby reducing the expression of pain-
related genes. Certain miRNAs have been identified as being
upregulated or downregulated in animal models of neuropathic
pain, influencing pathways such as neuroinflammation, axonal
regeneration, and synaptic plasticity. For example, miR-124
has been implicated in the suppression of pro-inflammatory cy-
tokine production, and its downregulation has been associated
with increased inflammation and pain sensitivity. lncRNAs, by
contrast, can interact with chromatin remodeling complexes and
modulate gene expression at the transcriptional level. These
molecules can act as scaffolds for chromatin modifiers, bring-
ing them to specific genomic loci, or as decoys that sequester
transcription factors away from their target genes. Dysregulated
lncRNAs have been shown to contribute to aberrant gene ex-
pression profiles in neuropathic pain, promoting processes like
astrocyte activation and neuroinflammation.

The integration of these epigenetic mechanisms in the con-
text of neuropathic pain suggests that the transition from acute
to chronic pain involves a complex interplay of gene-silencing
and gene-activating processes. Epigenetic changes can lead to
a state of neuronal sensitization, where pain pathways become
abnormally activated and resistant to traditional analgesic treat-
ments. Moreover, these modifications are not static; they can
be influenced by environmental factors, such as stress or injury,
which further complicates the management of neuropathic pain.
Understanding the dynamic nature of epigenetic changes in pain
pathways could therefore open new avenues for personalized
treatment approaches, where therapies are tailored based on an
individual’s specific epigenetic profile.

Therapeutic strategies targeting these epigenetic modifica-
tions hold promise for the management of neuropathic pain.

Pharmacological agents that modulate DNA methylation, such
as DNMT inhibitors, have been investigated for their poten-
tial to reverse hypermethylation-associated gene silencing in
pain-related genes. Similarly, inhibitors of HDACs have shown
efficacy in preclinical models by reactivating the expression of
pain-suppressing genes and reducing hyperalgesia. Addition-
ally, therapeutic modulation of miRNAs through the use of
antagomirs (miRNA inhibitors) or miRNA mimics offers a novel
strategy for correcting aberrant gene expression patterns in neu-
ropathic pain. While these approaches are still in the experimen-
tal phase, they highlight the potential for epigenetic therapies
to provide more durable pain relief compared to conventional
treatments that primarily target neurotransmitter systems or ion
channels.

This review explores the epigenetic modifications that con-
tribute to the development and maintenance of neuropathic pain.
We focus on the roles of DNA methylation, histone modifications,
and non-coding RNAs in regulating gene expression changes
that affect pain pathways. We also discuss potential therapeutic
strategies aimed at targeting epigenetic modifications to reverse
pain-associated gene expression changes and provide relief from
chronic neuropathic pain. The field of epigenetic regulation in
neuropathic pain is rapidly evolving, offering new perspectives
on how persistent pain can be treated more effectively by ad-
dressing the root causes of maladaptive gene expression. Such
approaches may lead to innovative treatments that not only
manage pain but also modify the underlying disease processes
that maintain chronic pain states.

2. DNA METHYLATION AND ITS ROLE IN NEUROPATHIC
PAIN

DNA methylation plays a critical role in the regulation of gene
expression, and its involvement in neuropathic pain has been the
focus of increasing research interest. The process of DNA methy-
lation typically suppresses gene expression through the addition
of methyl groups to cytosine bases within CpG dinucleotides,
which are often concentrated in promoter regions of genes. This
modification is catalyzed by a family of enzymes known as DNA
methyltransferases (DNMTs), including DNMT1, DNMT3A, and
DNMT3B. DNMT1 is primarily involved in maintaining methy-
lation patterns during DNA replication, whereas DNMT3A and
DNMT3B are responsible for de novo methylation, establishing
new methylation patterns. The resulting methylation patterns
can persist over time, leading to stable changes in gene expres-
sion profiles that influence neuronal function and plasticity. In
the context of neuropathic pain, these changes can alter the tran-
scriptional landscape of neurons, glial cells, and immune cells,
thereby modulating pain pathways.

A. Mechanisms of DNA Methylation
The addition of methyl groups to cytosines within CpG dinu-
cleotides is a pivotal process for the regulation of gene expres-
sion, with significant implications for neuropathic pain. When
methylation occurs in the promoter region of a gene, it typically
results in the repression of gene transcription. This repression
is achieved through two primary mechanisms. First, the pres-
ence of methyl groups can inhibit the binding of transcription
factors, directly preventing the transcriptional machinery from
accessing the gene. Second, methylated DNA can recruit methyl-
CpG-binding domain (MBD) proteins, such as MeCP2, which in
turn attract chromatin-modifying complexes including histone
deacetylases (HDACs). The recruitment of HDACs leads to the
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Table 1. Key Epigenetic Mechanisms in Neuropathic Pain

Epigenetic Mechanism Role in Gene Regulation Implication in Neuropathic Pain

DNA Methylation Silences gene expression by adding
methyl groups to CpG sites

Hypermethylation of ion channel genes de-
creases excitability, while hypomethylation of pro-
inflammatory genes increases inflammation

Histone Acetyla-
tion/Deacetylation

Acetylation loosens chromatin
to promote transcription, while
deacetylation condenses chromatin
to repress transcription

Increased HDAC activity suppresses anti-
inflammatory genes, contributing to pain; HDAC
inhibitors can alleviate pain

Non-coding RNAs (miRNAs,
lncRNAs)

miRNAs degrade target mRNAs,
lncRNAs modulate chromatin struc-
ture

miR-124 downregulation increases inflammation;
lncRNAs contribute to astrocyte activation and per-
sistent pain states

Table 2. Potential Epigenetic Therapeutic Targets in Neuropathic Pain

Therapeutic Target Mechanism of Action Potential Effects in Neuropathic Pain

DNMT Inhibitors Prevent DNA methylation, allowing
re-expression of silenced genes

May restore expression of genes involved in neu-
ronal survival and pain suppression

HDAC Inhibitors Block histone deacetylation, leading
to increased gene transcription

Shown to reduce hyperalgesia by upregulating anti-
inflammatory genes

miRNA Modulation (An-
tagomirs/Mimics)

Alter miRNA levels to correct aber-
rant gene expression

Can target miRNAs involved in neuroinflammation
and synaptic plasticity to alleviate pain

deacetylation of histones, which compacts chromatin structure
and further restricts access to transcriptional machinery. This
dual mechanism of gene repression plays a fundamental role
in the establishment of a repressive chromatin state, thereby
influencing the expression of genes involved in pain perception.

In neuropathic pain, aberrant DNA methylation patterns
have been documented in various genes associated with pain
transmission, neuroinflammation, and synaptic plasticity. Fol-
lowing nerve injury, changes in the expression levels of DNMTs
can lead to either hypermethylation or hypomethylation of genes
involved in these processes. For example, increased expression
of DNMT1 has been observed in the dorsal root ganglia (DRG)
and spinal cord following nerve injury, resulting in hypermethy-
lation of genes that normally inhibit pain pathways. Conversely,
the downregulation of DNMTs can result in hypomethylation
and subsequent upregulation of genes that promote inflamma-
tion and pain sensitization. These dynamic changes in DNA
methylation patterns are believed to play a crucial role in the
transition from acute to chronic pain states, contributing to the
persistence of pain even after the initial injury has resolved.

B. Methylation of Pain-Related Genes
Specific pain-related genes undergo methylation changes that
are directly associated with the onset and maintenance of neu-
ropathic pain. These changes are often observed in genes that
regulate neuroinflammatory responses and neuronal survival,
which are critical in the context of pain chronification. For ex-
ample, genes encoding anti-inflammatory cytokines, such as
interleukin-10 (IL-10), have been found to become hyperme-
thylated following nerve injury, leading to reduced expression.
The downregulation of IL-10, an important anti-inflammatory
mediator, contributes to a shift towards a pro-inflammatory
environment, exacerbating neuroinflammation and leading to
heightened pain sensitivity. Similarly, hypermethylation of neu-

rotrophic factors like brain-derived neurotrophic factor (BDNF)
can impair neuronal repair and regeneration, thus sustaining
neural damage and chronic pain.

Conversely, hypomethylation of genes encoding pro-
inflammatory cytokines, such as tumor necrosis factor-alpha
(TNF-α) and interleukin-6 (IL-6), has been associated with their
upregulation in neuropathic pain models. The increased expres-
sion of TNF-α and IL-6 contributes to a sustained inflammatory
response that amplifies pain signals and enhances neuronal ex-
citability. These cytokines can sensitize nociceptive neurons,
making them more responsive to both noxious and innocuous
stimuli, thereby contributing to symptoms such as hyperalgesia
and allodynia.

The methylation status of opioid receptor genes, particularly
the µ-opioid receptor (MOR), has also been implicated in the
development of neuropathic pain. MOR is a key receptor in-
volved in the modulation of pain through endogenous opioids
like endorphins and enkephalins, as well as exogenous opioid
drugs. Hypermethylation of the MOR promoter has been shown
to reduce its expression in animal models of neuropathic pain.
This decrease in MOR expression can impair the efficacy of both
endogenous pain-relieving mechanisms and opioid-based anal-
gesics, potentially contributing to the reduced responsiveness
to opioid therapy often observed in patients with chronic pain.
Understanding these epigenetic changes opens new avenues for
therapeutic intervention, as demethylating agents could poten-
tially restore MOR expression and improve the efficacy of opioid
treatments.

C. Therapeutic Potential of Modulating DNA Methylation
Targeting DNA methylation offers a promising approach for
developing new treatments for neuropathic pain. Pharmacologi-
cal inhibitors of DNMTs, such as 5-azacytidine and decitabine,
have been studied for their ability to reverse hypermethylation
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Table 3. Examples of DNA Methylation Changes in Pain-Related Genes

Gene Methylation Change Effect in Neuropathic Pain

IL-10 Hypermethylation of promoter re-
gion

Decreased expression of anti-inflammatory cy-
tokine, promoting a pro-inflammatory state and
pain sensitization

BDNF Hypermethylation of promoter re-
gion

Reduced expression of neurotrophic factor, impair-
ing neuronal survival and contributing to chronic
pain

TNF-α Hypomethylation of promoter re-
gion

Increased expression of pro-inflammatory cytokine,
leading to enhanced neuroinflammation and neu-
ronal sensitization

MOR Hypermethylation of promoter re-
gion

Reduced expression of opioid receptor, potentially
decreasing the effectiveness of opioid analgesics

and restore the expression of genes involved in pain inhibi-
tion. In animal models, these agents have been shown to reduce
hyperalgesia by demethylating the promoters of genes that in-
hibit pain transmission, such as IL-10, thereby promoting an
anti-inflammatory response. Additionally, localized delivery
of DNMT inhibitors to specific regions of the nervous system
could offer a targeted approach to modify the expression of
pain-related genes without widespread systemic effects.

Another promising strategy involves the use of CRISPR-
based epigenetic editing tools, which allow for precise modifica-
tion of DNA methylation patterns at specific genomic loci. This
approach has the potential to target and demethylate specific
pain-associated genes, such as MOR, in order to enhance the effi-
cacy of opioid therapies. CRISPR-dCas9 fused with demethylase
enzymes can be directed to the promoters of hypermethylated
genes, enabling the reactivation of silenced genes involved in
pain suppression. Although still in the experimental phase, these
tools hold great potential for developing personalized therapies
that address the epigenetic basis of chronic pain conditions.

The role of DNA methylation in neuropathic pain under-
scores the importance of understanding the epigenetic land-
scape in chronic pain conditions. The ability to modulate DNA
methylation patterns provides a promising avenue for devel-
oping targeted therapies that address the root causes of pain
persistence. As research progresses, these approaches may lead
to more effective treatments that not only alleviate pain symp-
toms but also modify the underlying pathological processes that
drive chronic pain.

3. HISTONE MODIFICATIONS AND CHROMATIN REMOD-
ELING

Histone modifications are pivotal in regulating the structural
organization of chromatin and consequently influencing gene ex-
pression. The nucleosome, the basic unit of chromatin, consists
of DNA wrapped around histone proteins. Post-translational
modifications of these histones, such as acetylation, methylation,
phosphorylation, and ubiquitination, can alter the interaction
between DNA and histones, leading to either an open or con-
densed chromatin state. These modifications are reversible and
dynamically regulated by specific enzymes, thereby allowing
cells to adapt gene expression profiles in response to various
stimuli, including nerve injury. In the context of neuropathic
pain, aberrant histone modifications have been implicated in
the altered expression of genes that regulate pain sensitivity,

inflammation, and synaptic plasticity.

A. Histone Acetylation and Deacetylation
Histone acetylation is primarily catalyzed by histone acetyltrans-
ferases (HATs), which transfer acetyl groups to lysine residues
on histone tails, particularly histones H3 and H4. The addition
of acetyl groups neutralizes the positive charge of histones, lead-
ing to a relaxed chromatin structure that facilitates the binding
of transcriptional machinery to DNA. This open chromatin state
is associated with active gene transcription and is critical for the
expression of genes involved in pain modulation. Conversely, hi-
stone deacetylation, mediated by histone deacetylases (HDACs),
removes acetyl groups from histones, resulting in a tighter, more
condensed chromatin state that restricts transcription factor ac-
cess and suppresses gene expression.

In neuropathic pain models, an increase in histone acetylation
has been observed at promoter regions of genes that enhance
neuronal excitability and inflammatory responses. For instance,
following nerve injury, increased acetylation of histone H3 at
lysine 9 (H3K9ac) and histone H4 at lysine 16 (H4K16ac) has
been detected at the promoters of NMDA receptor subunit genes.
This modification is associated with the upregulation of NMDA
receptors, which play a key role in central sensitization—a pro-
cess that amplifies pain signaling within the central nervous
system (CNS). The heightened expression of NMDA receptors
leads to increased calcium influx in dorsal horn neurons, thereby
contributing to persistent pain states.

Histone acetylation also plays a role in regulating the expres-
sion of brain-derived neurotrophic factor (BDNF), a gene crucial
for synaptic plasticity and the maintenance of chronic pain. Stud-
ies have shown that enhanced acetylation of histone H3 at the
BDNF promoter following peripheral nerve injury correlates
with increased BDNF expression in the spinal cord. Elevated
levels of BDNF contribute to synaptic strengthening and the sen-
sitization of nociceptive pathways, promoting the persistence of
pain. Conversely, the inhibition of HDACs has been found to
counteract this effect by maintaining an open chromatin struc-
ture at anti-inflammatory gene promoters, thereby facilitating
their expression and reducing pain behaviors in animal models.

B. Role of Histone Methylation in Pain Modulation
Histone methylation represents another critical modification that
influences the transcriptional landscape of pain-related genes.
This process involves the addition of methyl groups to lysine
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Table 4. Therapeutic Approaches Targeting DNA Methylation in Neuropathic Pain

Therapeutic Strategy Mechanism Potential Benefits in Neuropathic Pain

DNMT Inhibitors (e.g., 5-
azacytidine)

Blocks DNA methylation, reactivat-
ing silenced genes

Restores expression of anti-inflammatory genes
and reduces hyperalgesia

CRISPR-dCas9 Demethyla-
tion

Targets specific gene promoters to
remove methylation

Allows precise reactivation of genes like MOR, en-
hancing opioid efficacy

Targeted Epigenetic Editing Uses delivery vectors to focus on
specific nervous system regions

Reduces off-target effects, offering localized pain
relief

Table 5. Histone Acetylation Changes in Neuropathic Pain

Gene/Region Histone Acetylation Change Effect in Neuropathic Pain

NMDA Receptor Subunits Increased H3K9ac at promoter re-
gion

Upregulation of NMDA receptors, contributing to
central sensitization and persistent pain signaling

BDNF Enhanced H3 acetylation at pro-
moter region

Increased expression of BDNF, promoting synaptic
plasticity and chronic pain maintenance

Anti-inflammatory Cy-
tokines

Reduced HDAC activity leading to
acetylation of promoter regions

Enhanced expression of anti-inflammatory genes,
providing pain relief in experimental models

or arginine residues on histone tails, which can either activate
or repress gene expression depending on the specific site and
degree of methylation. Unlike acetylation, methylation does not
alter the charge of histones but instead affects chromatin struc-
ture through the recruitment of protein complexes that either
enhance or suppress transcription. Key enzymes involved in
histone methylation include histone methyltransferases (HMTs),
which add methyl groups, and histone demethylases (HDMs),
which remove them.

In neuropathic pain, alterations in histone methylation at
specific gene promoters have been shown to modulate the ex-
pression of genes that influence neuronal excitability and inhi-
bition. For example, trimethylation of histone H3 at lysine 4
(H3K4me3) is commonly associated with active transcription,
and increased H3K4me3 levels at promoters of genes involved
in pain transmission have been observed following nerve injury.
This modification can enhance the expression of genes that pro-
mote neuronal sensitization, thereby contributing to heightened
pain sensitivity. Conversely, histone H3 lysine 27 trimethylation
(H3K27me3) is a repressive mark that has been found to decrease
following nerve injury at promoters of inhibitory neurotrans-
mitter genes, such as those encoding gamma-aminobutyric acid
(GABA) receptors. Reduced H3K27me3 levels at these promot-
ers result in decreased GABAergic inhibition, contributing to
disinhibition and the amplification of pain signals.

Targeting histone methylation through pharmacological in-
hibitors has emerged as a potential strategy for pain manage-
ment. Inhibitors of specific HMTs, such as EZH2, which cat-
alyzes H3K27me3, have shown promise in preclinical models
by reducing the repressive methylation marks on promoters of
anti-inflammatory genes, leading to their upregulation. Simi-
larly, blocking histone demethylases that remove H3K4me3 can
decrease the expression of genes involved in pain transmission,
providing a means to alleviate pain.

The interplay between histone acetylation, methylation, and
other post-translational modifications highlights the complex-
ity of chromatin remodeling in the context of neuropathic pain.

These epigenetic changes can either sustain or alleviate pain de-
pending on the specific genes and regulatory pathways affected.
Modulating histone modifications through targeted therapies
offers a promising approach for reprogramming gene expres-
sion patterns associated with chronic pain. Such strategies may
provide more effective and long-lasting pain relief compared to
traditional analgesics by addressing the underlying epigenetic
dysregulation that contributes to pain persistence. As research
continues to uncover the intricacies of histone modifications
in pain pathways, novel therapeutic avenues may emerge, en-
abling more personalized and precise management of chronic
pain conditions.

4. NON-CODING RNAS AND POST-TRANSCRIPTIONAL
REGULATION IN NEUROPATHIC PAIN

Non-coding RNAs (ncRNAs) have emerged as crucial regulators
of gene expression in the context of neuropathic pain, influenc-
ing various aspects of pain processing through their roles in post-
transcriptional control. Unlike protein-coding RNAs, ncRNAs
do not encode proteins but modulate gene expression through
interactions with mRNAs, DNA, and proteins. The two primary
classes of ncRNAs implicated in pain regulation are microRNAs
(miRNAs) and long non-coding RNAs (lncRNAs). Both types of
ncRNAs have been found to be differentially expressed in ani-
mal models of neuropathic pain and in patient samples, where
they regulate genes involved in neuroinflammation, synaptic
plasticity, and neuronal excitability. Understanding the roles of
these ncRNAs provides insight into the molecular mechanisms
that drive the transition from acute to chronic pain and suggests
potential targets for therapeutic intervention.

A. MicroRNAs (miRNAs) in Pain Regulation
MicroRNAs (miRNAs) are small, approximately 22-nucleotide-
long, non-coding RNAs that regulate gene expression post-
transcriptionally. miRNAs exert their regulatory effects by bind-
ing to complementary sequences in the 3’ untranslated regions
(3’ UTRs) of target messenger RNAs (mRNAs), leading to mRNA
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Table 6. Histone Methylation Changes in Neuropathic Pain

Histone Mark Change in Methylation Effect in Neuropathic Pain

H3K4me3 Increased levels at pain-related gene
promoters

Upregulation of pain-sensitizing genes, contribut-
ing to enhanced neuronal excitability

H3K27me3 Decreased levels at GABA receptor
gene promoters

Reduced expression of inhibitory neurotransmitter
genes, leading to disinhibition and pain sensitiza-
tion

H3K9me2 Increased levels in anti-
inflammatory gene promoters

Repression of anti-inflammatory genes, perpetuat-
ing chronic inflammation and pain

degradation or translational repression. This process enables
miRNAs to fine-tune the expression of genes involved in vari-
ous biological processes, including neuronal function, immune
responses, and synaptic plasticity. In neuropathic pain, alter-
ations in the expression of specific miRNAs have been shown
to modulate the expression of genes involved in inflammation,
neurotransmitter release, and ion channel function, contributing
to the persistence of pain.

Following nerve injury, several miRNAs have been found to
be upregulated or downregulated in the dorsal root ganglion
(DRG) and spinal cord, leading to changes in the expression of
pain-related genes. For example, miR-21 is significantly upreg-
ulated after peripheral nerve injury and has been shown to tar-
get mRNAs encoding anti-inflammatory molecules such as pro-
grammed cell death 4 (PDCD4) and transforming growth factor-
beta (TGF-β). The downregulation of these anti-inflammatory
targets results in a pro-inflammatory state, which contributes to
the sensitization of nociceptive neurons and the maintenance
of chronic pain. The upregulation of miR-21 has also been as-
sociated with increased activation of microglia and astrocytes,
key contributors to neuroinflammation in the spinal cord during
chronic pain.

Conversely, miR-146a, a miRNA known for its anti-
inflammatory properties, is often downregulated in models
of neuropathic pain. Under normal conditions, miR-146a sup-
presses the expression of pro-inflammatory cytokines such as
interleukin-1 beta (IL-1β) and TNF-α by targeting their mRNAs.
Reduced levels of miR-146a following nerve injury lead to an
increase in these cytokines, exacerbating neuroinflammation
and promoting pain persistence. Therapeutic modulation of
miR-146a levels using miRNA mimics has been shown to re-
duce inflammatory cytokine levels and alleviate pain behaviors
in preclinical models, highlighting the therapeutic potential of
miRNA-based strategies.

Modulating the expression of specific miRNAs using syn-
thetic miRNA mimics or inhibitors (antagomirs) has shown
promise in experimental models of neuropathic pain. miRNA
mimics can restore the function of downregulated miRNAs,
thereby suppressing the expression of pro-inflammatory cy-
tokines and reducing pain. For example, the use of a miR-146a
mimic has been demonstrated to reduce pain behaviors in ani-
mal models by restoring its regulatory control over inflammatory
pathways. Conversely, antagomirs can inhibit upregulated miR-
NAs, such as miR-21, to mitigate their pro-inflammatory effects.
These findings suggest that targeting miRNAs could provide a
novel approach for managing neuropathic pain by correcting
the underlying dysregulation of gene expression.

B. Long Non-Coding RNAs (lncRNAs) and Their Role in Pain
Pathways

Long non-coding RNAs (lncRNAs) are a diverse class of ncR-
NAs longer than 200 nucleotides that regulate gene expression
through a variety of mechanisms, including chromatin remodel-
ing, transcriptional regulation, and interaction with other ncR-
NAs. Unlike miRNAs, which primarily function at the post-
transcriptional level, lncRNAs can influence gene expression
both at the transcriptional and post-transcriptional stages. In
neuropathic pain, changes in the expression of lncRNAs have
been observed following nerve injury, where they contribute to
the regulation of genes involved in neuronal plasticity, neuroin-
flammation, and apoptosis.

One well-characterized lncRNA in the context of neuropathic
pain is metastasis-associated lung adenocarcinoma transcript 1
(MALAT1). MALAT1 is upregulated in the DRG and spinal cord
after nerve injury and has been shown to regulate the expres-
sion of genes involved in synaptic plasticity, including BDNF.
By influencing BDNF expression, MALAT1 contributes to the
strengthening of synaptic connections and the sensitization of
pain pathways, thus maintaining chronic pain. Additionally,
MALAT1 has been implicated in the activation of microglia and
astrocytes, leading to the release of pro-inflammatory mediators
that further exacerbate pain.

Another mechanism by which lncRNAs influence neuro-
pathic pain is through their ability to act as molecular sponges for
miRNAs, thereby modulating miRNA availability and activity.
For instance, certain lncRNAs can bind to miRNAs that suppress
pro-inflammatory pathways, effectively sequestering them and
preventing them from targeting their mRNA substrates. This
results in the upregulation of pro-inflammatory cytokines and
the maintenance of a hyperexcitable state in nociceptive neurons.
Understanding the interactions between lncRNAs and miRNAs
provides a deeper understanding of the regulatory networks
that sustain neuropathic pain.

Therapeutic targeting of lncRNAs represents a novel ap-
proach for managing neuropathic pain. Strategies such as anti-
sense oligonucleotides (ASOs) or small interfering RNAs (siR-
NAs) can be employed to knock down the expression of pain-
promoting lncRNAs, thereby reducing their pathological effects.
For example, ASOs targeting MALAT1 have shown potential
in reducing pain behaviors in experimental models by down-
regulating its expression and, consequently, decreasing BDNF
levels. Additionally, disrupting the interaction between lncR-
NAs and miRNAs could restore the normal regulatory balance
and reduce inflammation-associated pain. Although these ap-
proaches are still in the early stages of development, they offer
promising potential for the development of more specific and
effective treatments for chronic pain conditions.
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Table 7. Key miRNAs Implicated in Neuropathic Pain

miRNA Regulatory Targets Role in Neuropathic Pain

miR-21 PDCD4, TGF-β Upregulation of miR-21 leads to suppression of
anti-inflammatory molecules, contributing to a pro-
inflammatory state and chronic pain

miR-146a IL-1β, TNF-α Downregulation of miR-146a increases pro-
inflammatory cytokine expression, exacerbating
neuroinflammation and pain sensitivity

miR-124 C/EBPα, STAT3 miR-124 reduces neuroinflammation by targeting
transcription factors involved in pro-inflammatory
pathways; its downregulation is linked to increased
inflammatory responses

Table 8. Key lncRNAs Implicated in Neuropathic Pain

lncRNA Mechanism of Action Role in Neuropathic Pain

MALAT1 Modulates BDNF expression, pro-
motes synaptic plasticity

Upregulation leads to enhanced synaptic strength
and the maintenance of chronic pain

NEAT1 Acts as a miRNA sponge, regulates
inflammatory pathways

Sequesters miRNAs that target pro-inflammatory
genes, leading to increased cytokine expression and
pain sensitivity

XIST Interacts with chromatin remodeling
complexes

Influences the expression of genes involved in neu-
ronal excitability, contributing to pain modulation

The study of non-coding RNAs has significantly expanded
our understanding of the molecular mechanisms underlying
neuropathic pain. miRNAs and lncRNAs modulate a wide range
of pathways involved in inflammation, synaptic plasticity, and
neuronal survival, making them attractive targets for therapeu-
tic intervention. As research continues to elucidate the complex
interactions between ncRNAs and their targets, it may be possi-
ble to develop targeted therapies that correct the dysregulated
gene expression patterns contributing to chronic pain. These
advances could pave the way for more personalized approaches
to pain management, providing relief for patients who do not
respond to conventional analgesic treatments.

5. THERAPEUTIC STRATEGIES TARGETING EPIGE-
NETIC MODIFICATIONS

Epigenetic modifications such as DNA methylation, histone
modifications, and the activity of non-coding RNAs play a piv-
otal role in the pathogenesis of neuropathic pain by influencing
the expression of pain-related genes. As our understanding
of these mechanisms has expanded, so too has the exploration
of therapeutic strategies aimed at modulating these epigenetic
changes to achieve long-lasting pain relief. Targeted epigenetic
therapies have the potential to reverse maladaptive gene ex-
pression patterns, thereby addressing the underlying molecu-
lar causes of chronic pain rather than merely alleviating symp-
toms. This section discusses the potential of DNMT and HDAC
inhibitors as well as miRNA and lncRNA-based therapies as
emerging approaches for treating neuropathic pain.

A. DNMT and HDAC Inhibitors
Inhibitors of DNA methyltransferases (DNMTs) and histone
deacetylases (HDACs) have been studied extensively as po-

tential therapies for neuropathic pain due to their capacity to
reverse aberrant epigenetic modifications and restore normal
gene expression profiles. DNMT inhibitors, such as 5-aza-2’-
deoxycytidine (decitabine) and 5-azacytidine, function by in-
hibiting the enzymatic activity of DNMTs, leading to a decrease
in DNA methylation levels across the genome. By demethylat-
ing the promoters of anti-inflammatory genes, DNMT inhibitors
can shift the transcriptional balance towards a less inflammatory
and more neuroprotective state. This is particularly relevant in
the context of neuropathic pain, where hypermethylation of anti-
inflammatory genes and hypomethylation of pro-inflammatory
genes are often observed following nerve injury. Preclinical
studies have shown that treatment with DNMT inhibitors can
reduce hyperalgesia and allodynia by promoting the expres-
sion of genes that mitigate inflammation and support neuronal
survival.

HDAC inhibitors, such as suberoylanilide hydroxamic acid
(SAHA) and valproic acid, have also shown promise in preclini-
cal models of neuropathic pain. HDAC inhibitors function by
preventing the removal of acetyl groups from histone tails, thus
maintaining an open chromatin state that allows for increased
transcription of target genes. By increasing histone acetylation at
the promoters of genes involved in neuronal survival, synaptic
regulation, and anti-inflammatory responses, HDAC inhibitors
can counteract the gene-silencing effects of HDAC overactivity
observed in chronic pain states. For instance, HDAC inhibition
has been associated with increased expression of brain-derived
neurotrophic factor (BDNF) and glutamate transporters, both
of which play roles in synaptic plasticity and the regulation
of excitatory signaling in pain pathways. In rodent models of
neuropathic pain, SAHA and valproic acid have been shown to
reduce mechanical and thermal hyperalgesia, suggesting their
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potential as therapeutic agents.
Despite the potential of DNMT and HDAC inhibitors, chal-

lenges remain in their clinical translation. The systemic ad-
ministration of these inhibitors can result in widespread epige-
netic changes, leading to potential off-target effects and toxicity.
Therefore, developing delivery methods that target these drugs
specifically to the nervous system or affected tissues is a crucial
area of ongoing research. Nanoparticle-based delivery systems
and conjugation with tissue-specific ligands represent promis-
ing strategies for improving the precision of DNMT and HDAC
inhibitors in neuropathic pain treatment.

B. miRNA and lncRNA-Based Therapies
The role of non-coding RNAs (ncRNAs) in the regulation of
pain-related genes has prompted the exploration of miRNA
and lncRNA-based therapies for neuropathic pain. The abil-
ity of miRNAs to modulate multiple target genes makes them
particularly attractive candidates for therapeutic intervention.
Strategies involving miRNA mimics or inhibitors, known as
antagomiRs, aim to normalize the expression levels of dysreg-
ulated miRNAs, thereby correcting the pathological gene ex-
pression patterns associated with chronic pain. For example,
miR-21 is a pro-inflammatory miRNA that is upregulated in
the dorsal root ganglion (DRG) and spinal cord following nerve
injury. AntagomiRs targeting miR-21 have been shown to re-
duce the expression of pro-inflammatory cytokines, decrease
glial activation, and alleviate pain behaviors in animal models
of neuropathic pain. By inhibiting miR-21, these antagomiRs
help restore the expression of anti-inflammatory mediators that
are otherwise suppressed in chronic pain conditions.

Similarly, the use of miRNA mimics to restore the lev-
els of downregulated miRNAs has shown promise in exper-
imental studies. For instance, miR-146a is a miRNA with
anti-inflammatory properties that is often downregulated fol-
lowing nerve injury, leading to increased expression of pro-
inflammatory cytokines. Administration of miR-146a mimics
can suppress the production of these cytokines, reduce neuroin-
flammation, and provide pain relief in animal models. These
approaches highlight the potential of miRNA-based therapies to
target the complex gene networks involved in pain regulation,
offering a degree of specificity that traditional drugs may lack.

Long non-coding RNAs (lncRNAs) represent another promis-
ing target for RNA-based therapies. lncRNAs such as metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1) have
been implicated in the regulation of genes involved in synap-
tic plasticity and inflammation in neuropathic pain. Target-
ing lncRNAs using small interfering RNAs (siRNAs) or an-
tisense oligonucleotides (ASOs) can reduce the expression of
pain-promoting lncRNAs, thereby alleviating pain. For exam-
ple, siRNAs targeting MALAT1 have been shown to decrease
its expression, leading to reduced levels of pro-inflammatory
mediators and diminished pain behaviors in preclinical mod-
els. This approach holds promise for selectively modulating the
expression of lncRNAs that contribute to the maintenance of
chronic pain.

While RNA-based therapies offer specificity in targeting pain-
related pathways, their clinical translation faces challenges, par-
ticularly in terms of stability, delivery, and potential immune
responses. ncRNAs are inherently unstable and can be rapidly
degraded in the bloodstream, necessitating the development of
delivery systems that protect these molecules and ensure effi-
cient uptake by target cells. Advances in nanoparticle-based de-
livery systems and chemically modified oligonucleotides have

improved the stability and bioavailability of these therapies,
bringing them closer to clinical application. Despite these hur-
dles, the precision with which RNA-based therapies can modu-
late gene expression holds great potential for the development of
novel treatments for neuropathic pain, offering hope for patients
who are refractory to conventional analgesics.

The therapeutic strategies targeting epigenetic modifications,
including the use of DNMT and HDAC inhibitors as well
as miRNA and lncRNA-based approaches, represent a shift
towards more targeted and mechanism-based treatments for
chronic pain. These strategies have the potential to address the
underlying epigenetic dysregulation that sustains neuropathic
pain, providing a pathway toward long-lasting relief and im-
proved quality of life for patients. As research continues to refine
these approaches, they may offer new hope for individuals suf-
fering from the debilitating effects of chronic pain.

6. CONCLUSION

Epigenetic modifications, including DNA methylation, histone
modifications, and non-coding RNA regulation, have emerged
as central players in the pathogenesis of neuropathic pain. These
mechanisms modulate gene expression patterns in neurons and
glial cells, contributing to alterations in synaptic plasticity, neu-
ronal sensitization, and the maintenance of a pro-inflammatory
microenvironment that characterizes chronic pain states. Fol-
lowing nerve injury, epigenetic changes can create a state of
heightened neuronal excitability and decreased pain inhibition,
leading to the persistence of pain even after the initial damage
has healed. The ability of epigenetic modifications to induce
stable yet reversible changes in gene expression makes them
particularly significant in the transition from acute to chronic
pain. Thus, a comprehensive understanding of these mecha-
nisms offers new opportunities for therapeutic intervention.

DNA methylation plays a dual role in neuropathic pain by ei-
ther repressing or activating the expression of genes involved in
inflammatory responses, neuronal survival, and pain signaling.
Aberrant hypermethylation of promoters of anti-inflammatory
genes or neurotrophic factors can impair the body’s ability to
control inflammation and repair neuronal damage. Conversely,
hypomethylation of genes involved in the production of pro-
inflammatory cytokines can amplify neuroinflammation, cre-
ating a cycle that sustains pain. Similarly, histone modifica-
tions, such as acetylation and methylation, significantly impact
chromatin accessibility and gene transcription, thereby influenc-
ing key pain pathways. Increased histone acetylation at pro-
moters of genes that promote synaptic plasticity and excitatory
neurotransmission can exacerbate pain, while targeting histone
deacetylases (HDACs) to maintain an open chromatin state at
anti-inflammatory gene loci has shown promise in preclinical
models.

The regulation of gene expression by non-coding RNAs (ncR-
NAs), including microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs), further adds to the complexity of epigenetic
modulation in neuropathic pain. These molecules serve as fine-
tuners of mRNA stability and translation, with dysregulated
expression contributing to either the amplification or suppres-
sion of pain signals. miRNAs such as miR-21 and miR-146a and
lncRNAs like MALAT1 have been identified as key regulators
of neuroinflammation and synaptic plasticity. Targeting these
ncRNAs with antagomiRs or small interfering RNAs (siRNAs)
has demonstrated potential for modulating pain-related gene
expression, presenting a novel approach to pain management.
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Table 9. DNMT and HDAC Inhibitors in Neuropathic Pain Therapy

Epigenetic Inhibitor Mechanism of Action Effects in Neuropathic Pain

5-aza-2’-deoxycytidine Inhibits DNMTs, leading to DNA
demethylation

Reactivates anti-inflammatory genes, reducing neu-
roinflammation and alleviating pain

Suberoylanilide hydroxamic
acid (SAHA)

Inhibits HDACs, increasing histone
acetylation

Enhances the expression of genes related to synap-
tic plasticity and neuroprotection, providing pain
relief

Valproic Acid HDAC inhibitor that increases his-
tone acetylation

Upregulates neurotrophic factors and neurotrans-
mitter transporters, reducing neuronal hyperex-
citability

Table 10. RNA-Based Therapeutic Strategies for Neuropathic Pain

RNA-Based Therapy Mechanism of Action Effects in Neuropathic Pain

miR-21 AntagomiR Inhibits miR-21, reducing its pro-
inflammatory effects

Decreases cytokine levels, glial activation, and pain
sensitivity

miR-146a Mimic Restores miR-146a levels, suppress-
ing pro-inflammatory cytokine ex-
pression

Reduces neuroinflammation and provides pain re-
lief

siRNAs targeting MALAT1 Reduces expression of lncRNA
MALAT1

Lowers levels of pro-inflammatory mediators, lead-
ing to decreased pain behaviors

The therapeutic potential of targeting epigenetic modifica-
tions lies in the ability to reverse maladaptive gene expression
changes that sustain chronic pain. Inhibitors of DNA methyl-
transferases (DNMTs) and HDACs have shown efficacy in pre-
clinical models by restoring the expression of genes that reduce
inflammation and support neuronal health. Similarly, miRNA
and lncRNA-based therapies offer a highly specific approach
for correcting dysregulated gene expression in pain pathways.
While significant progress has been made in identifying these
epigenetic mechanisms, translating these findings into clinical
applications remains challenging. Issues such as targeted de-
livery, specificity, and minimizing off-target effects are critical
considerations that must be addressed in future research.

The insights gained from studying epigenetic regulation of
neuropathic pain provide a foundation for developing novel
therapies that address the root causes of chronic pain rather than
merely managing symptoms. By targeting the underlying epige-
netic dysregulation, it may be possible to achieve more sustained
pain relief and improve the quality of life for patients suffering
from neuropathic conditions. As research continues to advance,
the potential for personalized pain management based on an
individual’s specific epigenetic profile becomes increasingly at-
tainable. Such approaches could revolutionize the treatment of
chronic pain, offering hope to those who have found limited
relief with existing therapies. Nonetheless, ongoing research
and clinical trials will be crucial to validate these therapeutic
strategies and ensure their safety and efficacy in the complex
and diverse landscape of chronic pain conditions. [1–27]
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