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Diabetic neuropathy (DN), a major microvascular complication of diabetes mellitus, results from a complex
interplay among oxidative stress, inflammation, and persistent epigenetic modifications. Hyperglycemia-induced
mitochondrial dysfunction increases reactive oxygen species (ROS), which activate redox-sensitive inflammatory
cascades, including NF-xB, JAK/STAT, and the NLRP3 inflammasome. These pathways amplify cytokine release
and neuronal sensitisation, while reciprocal feedback between ROS and inflammation mediated by Nrf2 sup-
pression further perpetuates nerve damage. Damage-associated molecular patterns (DAMPs), including HMGBI,
S100A8/A9, mitochondrial DNA, and extracellular ATP, act as key amplifiers of neuroinflammation. By engaging
receptors such as RAGE, Toll-like receptors (TLRs), and NOD-like receptors (NLRs), particularly NLRP3, these
DAMPs trigger glial activation and nociceptive signalling, contributing to axonal degeneration and pain hy-
persensitivity in DN. Epigenetic dysregulation, including DNA methylation drift, histone modification imbalance,
and aberrant non-coding RNA expression, constitutes a critical mechanism underlying metabolic memory,
wherein prior hyperglycemic exposure leaves lasting molecular imprints. Persistent histone acetylation
(H3K9ac), altered methylation (H3K4mel/Set7, H3K9me3/SUV39H1), and stable 5-methylcytosine patterns
sustain inflammatory and oxidative pathways, even after glucose normalisation. Therapeutically, DNMT and
HDAC inhibitors, miRNA modulators, and agents targeting RAGE/TLR4/NLRP3 pathways show promise in
reversing these molecular imprints. Antioxidants and anti-inflammatory compounds with epigenetic effects
further represent potential disease-modifying strategies. Future research must focus on longitudinal human
studies, nerve-specific epigenomics, and multi-omics integration to enable personalised, mechanism-based
therapy for DN. Understanding the interdependence of ROS, DAMPs, and epigenetic memory is key to
breaking the cycle of chronic neuroinflammation and neuronal injury.

1. Introduction

(CXCR4) (via HMGB1-CXCL12 complexes), thereby activating nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«xB) activation

Diabetes mellitus (DM), a complex metabolic disorder marked by
persistent hyperglycemia, triggers early cellular stress responses,
namely oxidative stress and low-grade chronic inflammation, which are
primary drivers of diabetic neuropathy (DN), affecting nearly 50% of
diabetic individuals [1]. These stressors also release damage-associated
molecular patterns (DAMPs) such as high-mobility group box 1
(HMGB1), S100 proteins, adenosine triphosphate (ATP), and mito-
chondrial DNA (mtDNA). DAMPs engage pattern recognition receptors
(PRRs) like toll-like receptors (TLRs), receptor for advanced glycation
end products (RAGE), and also C-X-C chemokine receptor type 4
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and prolonging neuroinflammation in peripheral nerves [2].

Such inflammation and oxidative stress reshape the epigenetic
landscape through DNA methylation, histone modifications, and non-
coding RNAs (ncRNAs), including microRNAs (miRNAs) and long non-
coding RNAs (IncRNAs), resulting in durable alterations in gene
expression even after glycemic normalisation, a phenomenon termed
metabolic memory [3,4]. For instance, oxidative damage leads to DNA
methylation changes at the promoters of antioxidant genes, such as
nuclear factor erythroid 2-related factor 2 (Nrf2) and superoxide dis-
mutase 2 (SOD2), while histone marks (e.g., H3K4mel, H3K9ac,

Received 17 December 2025; Received in revised form 9 February 2026; Accepted 18 February 2026

Available online 21 February 2026

0168-8227/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en abril 10, 2026.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.


https://orcid.org/0009-0007-7410-555X
https://orcid.org/0009-0007-7410-555X
mailto:faazbinrazi@gmail.com
mailto:gf0042@myamu.ac.in
www.sciencedirect.com/science/journal/01688227
https://www.journals.elsevier.com/diabetes-research-and-clinical-practice
https://doi.org/10.1016/j.diabres.2026.113172
https://doi.org/10.1016/j.diabres.2026.113172
http://crossmark.crossref.org/dialog/?doi=10.1016/j.diabres.2026.113172&domain=pdf

F.B. Razi et al.

H3K27me3) alter chromatin accessibility at inflammatory gene loci.
Moreover, emerging evidence reveals that DAMPs such as HMGB1, once
released extracellularly, can feed back to regulate chromatin-modifying
enzymes such as DNA methyltransferases (DNMTs), histone acetyl-
transferases (HATs), and histone deacetylases (HDACs), further
entrenching inflammatory and neurodegenerative gene expression
programs [3].

Complementing this, ncRNAs like miR-146a, miR-155, metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1), and mater-
nally expressed gene 3 (MEG3) coordinate these responses by targeting
transcripts involved in neuroinflammation, oxidative defence, and
neuronal repair pathways. These epigenetic signatures, maintained or
reinforced by DAMP signalling, constitute a vicious cycle that sustains
nerve damage long after glucose levels normalise. [5] Importantly,
epigenetic modifications are potentially reversible. Understanding the
crosstalk between oxidative stress, DAMP release, inflammatory sig-
nalling, and chromatin remodelling offers promising therapeutic ave-
nues. Targeting epigenetic regulators (DNMTs, HDACs, ncRNAs) may
thus help break this cycle and restore nerve function.

This review examines the interplay between oxidative stress, DAMP
signalling, inflammation, and epigenetic regulation in diabetic neurop-
athy. We examine the roles of DNA methylation, histone modifications,
and non-coding RNAs, analyse how HMGB1 and other DAMPs influence
these, and propose potential epigenetic-targeted strategies for future
diagnostic and therapeutic approaches.

2. Oxidative stress and inflammatory pathways in diabetic
neuropathy

2.1. Reactive oxygen species (ROS) generation and mitochondrial
dysfunction in diabetic nerves

In diabetic neuropathy, hyperglycemia-driven ROS generation and
mitochondrial dysfunction form a self-reinforcing cycle that damages
peripheral neurons. Elevated glucose levels intensify mitochondrial
oxidative metabolism, particularly at complexes I and III of the electron
transport chain, resulting in excessive mitochondrial superoxide pro-
duction. This process impairs mitochondrial membrane potential (A%¥m)
and ATP synthesis, contributing directly to axonal energy deficits and
nerve conduction failure [1]. Recent studies have shed light on the role
of impaired mitophagy in this context. Yang et al. (2024) [6] showed in a
painful diabetic neuropathy rat model that reduced sirtuin 3 (SIRT3)
expression in dorsal root ganglion (DRG) neurons leads to accumulation
of fragmented, damaged mitochondria and elevated ROS due to defec-
tive forkhead box O3a (FoxO3a), PTEN-induced kinase 1 (PINK1), and
Parkin mitophagy. Restoring SIRT3 activity improved mitochondrial
integrity and reduced oxidative stress [6]. Moreover, a 2024 review
highlights how mitochondrial dysfunction in diabetic neuropathy trig-
gers the NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3)
inflammasome, linking oxidative stress to neuroinflammatory injury
[7]. In additional mechanistic detail, hyperglycemia shifts mitochon-
drial dynamics toward excessive fission, mediated by proteins such as
dynamin-related protein 1 (Drpl), and suppresses fusion proteins,
including mitofusin 2 (Mfn2). This fragmentation not only impairs
bioenergetics but further increases ROS production and mitochondrial
damage [8].

2.2. Chronic inflammation and activation of NF-xB, JAK/STAT, and
inflammasomes

Persistent low-grade inflammation is a hallmark of DN, driven by
complex signalling networks that interconnect oxidative stress, meta-
bolism, and immune responses. Three central pathways underlie neu-
roinflammatory processes in DN: the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) pathway, the Janus kinase/
signal transducer and activator of transcription (JAK/STAT) pathway,
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and inflammasome activation primarily via NLRP3 [9].

2.2.1. NF-xB pathway

Hyperglycemia, advanced glycation end products (AGEs), and
mitochondrial ROS activate IxB kinase (IKK), leading to phosphorylation
and degradation of IkBa and nuclear translocation of NF-kB. NF-xB
promotes transcription of pro-inflammatory cytokines (TNF-o, IL-1p, IL-
6), enzymes (COX-2, iNOS), and adhesion molecules (ICAM-1, VCAM-1)
in neurons, Schwann cells, and microvascular endothelium [10,11].
These changes drive immune cell infiltration, microvascular dysfunc-
tion, demyelination, and pain hypersensitivity (Fig. 1). Pharmacological
inhibition of NF-kB (e.g., BAY 11-7082) reduces neuroinflammation and
attenuates neuropathic pain [11].

2.2.2. JAK/STAT signalling

The JAK/STAT cascade is activated by cytokines, such as IL-6, in the
diabetic milieu, leading to JAK-mediated phosphorylation of STAT3.
Activated STAT3 then induces transcription of pro-inflammatory and
apoptotic genes within neurons and Schwann cells. IL-6-JAK2-STAT3
activation sustains a feedforward inflammatory loop that perpetuates
neuropathic injury. Though much of the literature focuses on diabetic
nephropathy and systemic inflammation, the pathway is implicated in
neuroinflammatory processes in DN (Fig. 1). It represents a promising
therapeutic target supported by data on JAK inhibitors in related
metabolic disorders [9].

2.2.3. NLRP3 inflammasome activation

Mitochondrial ROS, mtDNA release, AGEs, and Thioredoxin-
interacting protein (TXNIP) upregulation activate the cytosolic NLRP3
inflammasome. Activated NLRP3 recruits ASC and pro-caspase-1, lead-
ing to caspase-1 activation. Caspase-1 then mediates two downstream
events: (1) cleavage of pro-IL-1p and pro-IL-18 into their active cytokine
forms and (2) cleavage of gasdermin D, triggering pyroptotic cell death
[12]. In diabetic neuropathy, elevated NLRP3 expression correlates with
neuroinflammation, neuronal apoptosis, and pain hypersensitivity. ROS
further primes NLRP3 by dissociating TXNIP from thioredoxin, directly
binding NLRP3, and amplifying inflammatory signaling [13,14]. Inhi-
bition of this pathway, for example via TXNIP silencing or natural
compounds, confers neuroprotection in preclinical models [13].

2.3. Feedback loops between oxidative stress and inflammation

In diabetic neuropathy, oxidative stress and inflammation reinforce
one another in tightly interwoven feedback loops, driving progressive
neuronal damage, hyperalgesia, and impaired nerve function. Here, we
examine how these cycles operate mechanistically and evaluate
emerging strategies to interrupt them.

2.3.1. Ros-driven inflammatory activation

Hyperglycemia increases mitochondrial ROS production via electron
transport chain overload. These ROS act as signals, activating sensors
such as NF-xB and NLRP3 inflammasomes in neurons, Schwann cells,
and microglia. Once activated, NF-xB promotes the expression of pro-
inflammatory mediators, including TNF-a, IL-1p, IL-6, and COX-2, as
well as adhesion molecules such as ICAM-1/VCAM-1, leading to immune
cell infiltration and microvascular dysfunction in peripheral nerves
[10]. Activated inflammasomes, particularly NLRP3, process pro-IL-1f
and pro-IL-18 into their mature forms, further amplifying inflammatory
signals and prompting pyroptotic neuronal death. ROS itself primes and
activates NLRP3 by disengaging TXNIP from thioredoxin (TRX) and
binding to NLRP3 [14].

2.3.2. Inflammation-Induced oxidant amplification
Hyperglycemia-induced ROS act as upstream signals linking mito-

chondrial dysfunction to inflammatory pathways. In addition to NF-xB

activation, ROS stimulate NLRP3 inflammasome assembly, resulting in
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Fig. 1. Hyperglycemia-driven inflammatory pathways in diabetic neuropathy. Chronic hyperglycemia activates three pro-inflammatory cascades in peripheral
nerves: (1) the NF-xB pathway (inducing neuroinflammation and demyelination); (2) the JAK/STAT pathway (amplifying neuronal injury via a feedforward loop);
and (3) the NLRP3 inflammasome (where active caspase-1 independently matures pro-IL-1p/pro-IL-18 and triggers gasdermin D-mediated pyroptosis). These
pathways collectively drive neuropathic pain and nerve damage. Abbreviations: JAK/STAT, Janus kinase/signal transducer and activator of transcription; NF-kB,
nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, NOD-, LRR-, and pyrin domain-containing protein 3; ROS, reactive oxygen species; TXNIP,

thioredoxin-interacting protein.

cytokine release and pyroptotic neuronal death. The combined activa-
tion of these pathways creates a feed-forward loop, where oxidative
stress and neuroinflammation exacerbate peripheral nerve damage in
diabetic neuropathy [10,14,15].

2.3.3. Nrf2 Suppression as a central Node

The redox-sensitive transcription factor Nrf2 orchestrates antioxi-
dant defences. However, in diabetes, persistent inflammation via the NF-
kB and mitogen-activated protein kinase (MAPK) pathways suppresses
Nrf2, reducing the expression of detoxifying enzymes (e.g., SOD, cata-
lase, HO-1) [10]. This loss of Nrf2-mediated protection exacerbates ROS
accumulation and further inflammatory signalling, a detrimental feed-
forward cycle [10].

2.3.4. Structural and functional Consequences

The ROS-inflammation feedback loops cause structural and func-
tional nerve damage, including demyelination, axonal degeneration,
altered ion channel function, microvascular ischemia, and fibrosis,
leading to neuropathic pain and sensory deficits. Persistent oxidative-
inflammation interactions underpin the metabolic memory observed
in diabetic neuropathy, where damage continues even after hypergly-
cemia is controlled [16].

2.3.5. Therapeutic Intersections and strategies

Strategies aimed at disrupting these feedback loops have demon-
strated prevention or reversal of neuropathic changes in preclinical
studies: Nrf2 activators (e.g., sulforaphane, bardoxolone methyl) restore

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en abril 10, 2026.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.



F.B. Razi et al.

antioxidant defences and block NF—«xB-driven inflammation [16].
NADPH oxidase inhibitors reduce ROS, thereby attenuating NLRP3
activation and downstream inflammatory responses [14]. NLRP3
inflammasome inhibitors (e.g., TXNIP silencing, echinacoside, loganin)
prevent IL-1f maturation, decrease pyroptosis, and reduce neuro-
inflammation [14]. NF-xB pathway blockers (e.g., BAY 11-7082, dex-
medetomidine) reduce the expression of inflammatory mediators and
improve nerve conduction [16].

3. Damage-Associated molecular patterns (DAMPs): Amplifiers
of inflammation in DN

3.1. Definition and Types of DAMPs relevant to diabetic neuropathy

DAMPs are endogenous molecules released by stressed, injured, or
dying cells. In DN, chronic hyperglycemia, oxidative damage, and
mitochondrial dysfunction lead to enhanced release of DAMPs such as
HMGB1, S100A8/A9 (calprotectin), mitochondrial DNA (mtDNA), and
extracellular ATP. These DAMPs bind to pattern recognition receptors
(PRRs), including TLR2, TLR4, and TLR9, as well as RAGE and P2X7,
activating inflammatory cascades such as NF-kB, the NLRP3 inflamma-
some, and MAPKs, thereby exacerbating neuroinflammation, neuronal
damage, and neuropathic pain.

3.1.1. High-Mobility group box 1 (HMGB1)

HMGB1 is a nuclear protein that functions as a DAMP when released
extracellularly under hyperglycemic or oxidative stress conditions. In
rodent models of type 2 diabetes, HMGB1 is markedly upregulated in the
DRG and spinal cord, accompanied by increased expression of the re-
ceptor for advanced glycation end-products (RAGE), Toll-like receptor 4
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(TLR4), and NLRP3 inflammasome components [1].

3.1.2. S100A8/A9 (Calprotectin)

S100A8 and S100A9 are calcium-binding proteins released by acti-
vated myeloid cells, acting as key DAMPs. In a study involving 59 type 1
diabetic patients with neuropathy, SI00A8 and S100A9 gene expression
was significantly elevated compared to diabetic patients without com-
plications [2,17].

3.1.3. Mitochondrial DNA (mtDNA)

Diabetic neuropathy is associated with mitochondrial damage and
the release of mtDNA (Fig. 2). Recent work has shown that mtDNA ac-
tivates the NLRP3 inflammasome in DN, promoting the release of IL-1p
and IL-18, as well as neuroinflammation and neuropathic pain [3].

3.1.4. Extracellular ATP

Although specific studies on diabetic neuropathy are emerging,
stressed neurons release extracellular ATP, which activates glia, in turn
activating inflammasome-mediated inflammation via P2X7 receptors
(Fig. 2). In other neuropathy models, blocking P2X7 reduces IL-1§
production and alleviates pain, suggesting potential relevance to DN
[18].

3.2. DAMP Receptors: RAGE, Toll-Like receptors (TLRs), and NOD-Like
receptors (NLRs)

DAMPs released from injured peripheral neurons in diabetic neu-
ropathy exert their deleterious effects primarily by binding to specific
pattern recognition receptors (PRRs). Here, we describe major receptor
classes RAGE, TLRs, and NLRs that are central to DAMP-mediated
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Fig. 2. DAMP-mediated signalling pathways in diabetic neuropathy. Chronic hyperglycemia, mitochondrial dysfunction, and ROS (the diabetic milieu) release
DAMPs (HMGB1, S100A8/A9, mtDNA, ATP). These bind receptors (TLR2/4, TLR9, RAGE, P2X7) to activate NF-xB/MAPKs (pro-inflammatory cytokine transcrip-
tion), TRPV1 sensitisation (nerve hyperexcitability), and the NLRP3 inflammasome (mature IL-1B/IL-18 production). These outputs drive diabetic neuropathy
outcomes: neuroinflammation, nerve damage, and pain (allodynia/hyperalgesia). Abbreviations: ATP, adenosine triphosphate; DAMP, damage-associated molecular
pattern; HMGB1, high-mobility group box 1; IL, interleukin; mtDNA, mitochondrial DNA; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells;
NLRP3, NOD-, LRR-, and pyrin domain-containing protein 3; RAGE, receptor for advanced glycation end products; ROS, reactive oxygen species; TLR, toll-like

receptor; TRPV1, transient receptor potential vanilloid 1.
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neuroinflammation in DN [19,20].

3.2.1. RAGE (Receptor for advanced glycation End-products)

RAGE is a pattern recognition receptor broadly expressed on neu-
rons, Schwann cells, endothelial cells, and macrophages. It binds mul-
tiple DAMPs characteristic of DN, including HMGB1, S100A8/A9, and
AGEs. Upon ligand binding, RAGE activates downstream signalling
cascades such as MAPKs (primarily p38 MAPK and ERK1/2), CDC42/
Rac, and NF-xB, leading to ROS generation and expression of pro-
inflammatory genes (e.g., TNF-a, IL-6, VCAM-1) [10]. Functional
studies in neuropathic pain models show that oxidised HMGBI1 (the all-
thiol form) selectively activates neuronal RAGE, leading to DRG sensi-
tisation and mechanical hyperalgesia, without engagement of TLR4 [6].
Specifically, in diabetic rat DRG, upregulated RAGE augmented tran-
sient receptor potential vanilloid 1 (TRPV1) mediated calcium influx
under high-glucose conditions; this was reversed by vascular endothelial
growth factor isoform A165b (VEGF-A165b), demonstrating the clinical
relevance of RAGE as a pain mediator in DN [7].

3.2.2. TLRs (Toll-Like Receptors)

TLRs, particularly TLR2, TLR4, and TLR9, are expressed on DRG
neurons, Schwann cells, microglia, and infiltrating macrophages in
diabetic nerves. They recognise DAMPs, including HMGB1, S100 pro-
teins, and extracellular mtDNA. Activation of TLRs leads to recruitment
of adaptor proteins (MyD88, TRIF), triggering NF-kB, MAPK, and IRF
signalling pathways that result in pro-inflammatory cytokine release
(TNF-a, IL-1p, IL-6) [10]. Expression profiling shows high basal levels
of TLR2 and TLR4 in Schwann cells, with further upregulation following
HMGBI1 stimulation. This enhances both TLR and RAGE signalling,
amplifying inflammatory responses [11]. In diabetic patients and rodent
models, elevated TLR2/4 expression correlates with increased NF-xB
activity, cytokine levels, and neuropathic symptoms. TLR4 blockade
alleviates pain by suppressing the NICD1-TLR4-NF-kB pathways in DRG
[14].

3.2.3. NLRs (NOD-Like Receptors) — focus on NLRP3

NLRs, particularly NLRP3, form intracellular inflammasome com-
plexes when triggered by DAMPs such as oxidised mtDNA, ROS, and
extracellular ATP. Activation of NLRP3 leads to the assembly of NLRP3
with ASC and pro-caspase-1, resulting in the activation and maturation
of caspase-1, which in turn activates the maturation of IL-1f and IL-18.
In diabetic nerves, increased NLRP3 expression has been observed in
DRG and sciatic nerve tissues, and its inhibition, either via genetic
silencing or pharmacological agents, reduces neuropathic pain and
protects neuronal integrity [10]. While mtDNA primarily engages
NLRP3, extracellular ATP signals via P2X7 receptors to activate NLRP3,
further enhancing inflammatory cascades in DN indirectly.

3.3. DAMP-Mediated neuroinflammation and nociceptive sensitisation in
diabetic neuropathy

DAMPs, released from stressed neurons and glia under diabetic
conditions, significantly contribute to neuroinflammation and height-
ened pain sensitivity, key features of DN [21,22].

3.3.1. HMGBI1 and RAGE/TLR4-Mediated sensitization

Extracellular HMGBI1 is released either passively from damaged
neurons or actively from stressed cells, and it engages RAGE and TLR4
on sensory neurons, microglia, and macrophages. This interaction trig-
gers downstream signalling cascades that sensitize neurons, in part by
enhancing TRPV1-mediated calcium influx, thereby increasing neuronal
excitability under hyperglycemic conditions [7,23]. HMGB1 also am-
plifies neuroinflammation by promoting NF-kB activation and NLRP3
inflammasome assembly, leading to cytokine release and pyroptotic
neuronal death. Together, these mechanisms create a feed-forward loop
linking oxidative stress, receptor-mediated sensitization, and
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inflammation in diabetic neuropathy [7].

3.3.2. TLR4 & NLRP3 inflammasome activation

High HMGBI also activates microglial TLR4, which primes and ac-
tivates the NLRP3 inflammasome, leading to the release of IL-1p/IL-18.
These cytokines exacerbate neuroinflammation and nociceptor hyper-
sensitivity. In diabetic rats, increased spinal ROS, NLRP3, TXNIP, and
pro-inflammatory cytokines were observed; however, the use of ROS
scavengers or TXNIP knockdown reduced pain responses [7].

3.3.3. ATP-P2X7 axis in nociceptor Excitation

Although direct evidence in DN remains limited, extracellular ATP
released under neuronal stress activates P2X7 receptors, which further
trigger NLRP3 pathways and IL-1 release. In non-diabetic neuropathic
models, P2X7 blockade attenuated mechanical allodynia, suggesting
potential relevance for DN [15].

3.4. Clinical and experimental evidence of DAMP elevation in diabetic
neuropathy

3.4.1. HMGBI in painful diabetic neuropathy

HMGBI is a nuclear protein released into the extracellular environ-
ment during cellular stress or injury, where it functions as a key DAMP.
Preclinical evidence from rodent models of type 2 diabetes reveals that
HMGB1 is significantly upregulated in DRG and spinal cord during hy-
perglycemia. This elevation is associated with increased expression of
receptors such as RAGE and TLR4, as well as components of the NLRP3
inflammasome. Functionally, upregulated HMGB1 correlates with
increased pain sensitivity. Notably, pharmacological inhibition of
HMGBI1 using glycyrrhizin reduces HMGB1, TLR4, and NLRP3 expres-
sion and attenuates mechanical and thermal hyperalgesia, highlighting
HMGBI1's central role in neuroinflammation and nociceptive sensitisa-
tion in DN [2].

3.4.2. S100A8/A9 levels in human diabetic neuropathy

S100A8 and S100A9, collectively known as calprotectin, are
calcium-binding proteins released mainly by activated myeloid cells.
Clinical studies demonstrate that serum S100A8/A9 concentrations are
significantly elevated in patients with type 2 diabetes who have neu-
ropathy and other microvascular complications compared to those
without these complications. This association underscores the potential
of S100A8/A9 both as biomarkers and as active players in the inflam-
matory milieu contributing to diabetic neuropathy [24].

3.4.3. mtDNA-NLRP3 pathway in experimental models

Mitochondrial dysfunction, a hallmark of diabetic metabolic stress,
leads to the cytosolic release of oxidised mitochondrial DNA (mtDNA), a
potent DAMP. Experimental studies in diabetic rodent models show that
released mtDNA activates the NLRP3 inflammasome in DRG neurons
and peripheral nerves, promoting caspase-1 activation and subsequent
production of proinflammatory cytokines such as IL-1p and IL-18
(Fig. 2). Genetic or pharmacological inhibition of the NLRP3 inflam-
masome results in reduced cytokine levels and alleviated neuropathic
pain behaviours, emphasising the pathogenic significance of the
mtDNA-NLRP3 axis in DN [25].

4. Epigenetic Regulation: Mechanisms and Diabetes-Induced
alterations

Epigenetic regulation controls transcriptional output by altering
chromatin accessibility and RNA stability without changing DNA
sequence. In diabetes, hyperglycemia, ROS, and inflammatory signalling
remodel epigenetic writers, erasers, and readers, producing durable
chromatin states that can persist after glycemic normalisation (meta-
bolic memory) (Fig. 3). These stable states bias cells toward chronic
oxidative stress, inflammation, and impaired repair processes, which are
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Fig. 3. Epigenetic mechanisms linking diabetes to neuropathic pain. Chronic hyperglycemia induces mitochondrial dysfunction and oxidative stress, leading to
epigenetic modifications that sustain inflammatory and redox-imbalanced transcriptional programs. Persistent repression of antioxidant pathways and activation of
pro-inflammatory signalling contribute to neuroinflammation, neuronal damage, and pain hypersensitivity. Dashed arrows indicate indirect or long-lasting effects
associated with epigenetic drift and metabolic memory. Abbreviations: BDNF, brain-derived neurotrophic factor; DNMTs, DNA methyltransferases; HATs, histone
acetyltransferases; HDACs, histone deacetylases; IL-6, interleukin-6; IncRNA, long non-coding RNA; MALAT1, metastasis-associated lung adenocarcinoma transcript
1; miRNA, microRNA; NF-kB, nuclear factor kappa B; NRF2 (Nrf2), nuclear factor erythroid 2-related factor 2; ROS, reactive oxygen species; SOD2, superoxide
dismutase 2; TNF-a, tumour necrosis factor alpha; TXNIP, thioredoxin-interacting protein.

central to microvascular disease and are increasingly implicated in
diabetic neuropathy [26,27].

A key concept is that diabetes does not create a single uniform
epigenetic signature; rather, it produces (i) locus-specific hyper-
methylation or repressive chromatin at protective genes (e.g., antioxi-
dant and neurotrophic pathways), alongside (ii) persistent activation
marks at inflammatory loci, sometimes occurring concurrently with -
global hypomethylation. This pattern reflects selective pressure from
stress-responsive transcription factors (e.g., NF-xB) acting in concert
with chromatin-modifying enzymes, creating self-reinforcing feedback
loops [28-32].

4.1. Overview of epigenetic Mechanisms: DNA Methylation, histone
Modifications, and non-coding RNAs

Epigenetic information is encoded through three interconnected
layers: DNA methylation, histone post-translational modifications
(PTMs), and ncRNAs. These layers are mechanistically interdependent;
for example, ncRNAs can recruit DNMTs or Polycomb complexes, his-
tone marks can guide DNMT localisation, and DNA methylation can
alter transcription factor binding and nucleosome positioning. In dia-
betes, this coupling enables transient metabolic stress to become a long-
lasting transcriptional bias [5,31,33,34].

Importantly, these three layers rarely act in isolation. Diabetic stress
activates transcription factors (e.g., NF-kB) that physically recruit HATs
and histone methyltransferases to specific loci, while ncRNAs can tether
these enzymes to chromatin and simultaneously tune enzyme abun-
dance by targeting their mRNAs. This creates locus-specific chromatin
remodelling on a background of generalised methylome instability,
explaining how diabetes can produce both global drift and selective
silencing/activation of key protective and pathogenic pathways
[31,33,34].

4.1.1. DNA methylation

DNA methyltransferases DNMT1, DNMT3A, and DNMT3B catalyse
methylation at CpG dinucleotides. Promoter CpG methylation often re-
duces transcription by limiting transcription-factor binding and
recruiting methyl-binding proteins, while gene-body methylation can
correlate with active transcription depending on context. In diabetes,
hyperglycemia and ROS are associated with locus-specific methylation
changes in stress-response genes, including hypermethylation of anti-
oxidant pathways such as NFE2L2 (Nrf2) and SOD2, which contribute to

sustained oxidative stress and support a metabolic-memory phenotype
[28-30].

4.1.2. Histone modifications

Histone PTMs regulate chromatin compaction and transcription by
modifying charge, nucleosome dynamics, and recruitment of reader
proteins. Key PTMs include acetylation by HATs such as p300/CBP
(generally activating) and deacetylation by HDACs (often repressive), as
well as methylation marks such as H3K4me (activating), H3K9me3 and
H3K27me3 (repressive), and context-dependent marks (e.g., H3K4mel
at enhancers). Under diabetic conditions, increased recruitment
of SET7/9 (SETD7) and p300/CBP to NF-kB responsive loci enriches
activating marks (e.g., H3K4mel, H3K9ac, H3K27ac), while reduc-
ed SUV39H1 activity contributes to the loss of repressive H3K9me3,
reinforcing chronic inflammatory transcription [31,32].

4.1.3. Non-coding RNAs (ncRNAs)

ncRNAs shape gene expression through post-transcriptional regula-
tion and chromatin remodelling. miRNAs (~22 nt) typically repress
translation or promote mRNA degradation, whereas IncRNAs (>200 nt)
can act as scaffolds for chromatin regulators (DNMTs, HDACs, histone
methyltransferases), guide them to specific loci, or sponge miRNAs. In
diabetes, IncRNAs such as MALAT1 and MIAT are upregulated and
interact with epigenetic machinery, including EZH2 and DNMT3B,
supporting persistent pro-inflammatory and pro-oxidant programs in
endothelial and neuronal contexts [5,33,34].

4.2. Epigenetic drift and metabolic memory in diabetes

Epigenetic drift refers to progressive, cumulative deviation of
epigenetic marks (DNA methylation, histone PTMs, ncRNA expression)
from baseline. Diabetes accelerates drift by increasing ROS, inflamma-
tory cytokines, and metabolic intermediates that alter chromatin
enzyme activity and targeting. Once established, these marks can persist
through cell division (in proliferative cells) or through long-lived
chromatin states (in post-mitotic cells), maintaining pathological gene
expression even when glycemia improves [26,27]. Landmark clinical
trials (DCCT/EDIC, UKPDS) demonstrate that early intensive glycemic
control confers long-term protection against complications, despite later
glycemic deterioration, consistent with early epigenetic programming of
vascular and immune pathways that later become relatively autono-
mous of glucose levels [27,35].
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Metabolic memory is best viewed as a set of reinforcing feedback
loops rather than a single mark. Once inflammatory enhancers gain
acetylation and H3K4 methylation, transcription is more readily reini-
tiated, leading to increased cytokines/ROS that further perturb chro-
matin enzymes and sustain the open state. In parallel, miRNAs that
suppress repressive writers (e.g., SUV39H1) reduce the cell’s capacity to
restore heterochromatin, making the off switch progressively weaker
over time [28,31].

4.2.1. DNA methylation drift and durable stress signalling

In type 1 diabetes, transient hyperglycemia can produce persistent
methylation changes at loci such as TXNIP, sustaining oxidative stress
and inflammatory signalling after glucose normalisation. Mechanisti-
cally, methylation drift may both (i) repress protective genes (antioxi-
dant, repair) and (ii) lock in permissive states at stress-response genes,
depending on genomic context and transcription-factor occupancy
[29,35].

4.2.2. Histone PTM Drift: A Canonical Metabolic-Memory Module

In primary human endothelial cells, transient high glucose induces
persistent chromatin changes at promoters including p66Shc, SOD2,
and NF-xB p65, characterised by increased histone acetylation and
H3K4 monomethylation (e.g., at p66Shc) and reduced repressive marks
such as H3K9me3 (e.g., at SOD2), sustaining oxidative stress after return
to normoglycemia [32]. Enzymes such as SET7/9 and LSD1 contribute
to establishing and maintaining these signatures [32].

4.2.3. ncRNAs as Engines of persistence (Beyond transient post-
transcriptional Effects)

miRNAs can stabilise long-term chromatin states indirectly by tar-
geting epigenetic enzymes. In endothelial cells exposed to transient
hyperglycemia, sustained upregulation of miR-125b, miR-29a-3p, and -
miR-146a-5p suppresses chromatin regulators, inclu-
ding SUV39H1 and DNMT3B, promoting loss of the repressive
H3K9me3 mark and altering DNA methylation at inflammatory and
oxidative stress-responsive loci [36]. These ncRNA-mediated feedback
loops can prevent full chromatin resetting after glucose normalisation,
thereby enforcing long-term activation of inflammatory programs and/
or repression of protective programs, depending on the targets engaged
[36].

4.3. Epigenetic alterations as stable drivers of diabetic neuropathy (DN)

Although metabolic-memory mechanisms are best characterised in
vascular and immune cells, accumulating evidence suggests analogous
epigenetic persistence in DN, where chronic oxidative stress, neuro-
inflammation, microvascular dysfunction, and impaired axonal repair
coexist. In DN, stable epigenetic changes can (i) sustain inflammatory
and oxidative pathways that damage nerves and Schwann cells, and (ii)
suppress regeneration and neurotrophic support, limiting recovery even
when glycemia improves [37,38]. In DN, cell-type specificity matters:
endothelial and immune metabolic memory can maintain a pro-
inflammatory milieu, while neuronal and Schwann cell epigenetic
changes directly impair axonal transport, mitochondrial resilience,
myelination programs, and regeneration capacity. Thus, neuropathy
likely reflects convergence of (i) persistent extrinsic injury signals
(vascular/immune) and (ii) intrinsic failure of repair programs
(neuronal/Schwann), both stabilised by epigenetic remodelling [37,38].

4.3.1. DNA methylation signatures Predicting DN risk

Prospective human data support a role for DNA methylation beyond
a passive disease marker. In the Pittsburgh Epidemiology of Diabetes
Complications cohort, hypermethylation at CpG sites in PKNOXI1,
CACNA1B, and CHMP6 predicted future distal peripheral neuropathy,
consistent with methylation patterns functioning as early risk indicators
and potentially contributing to causal pathways [39,40]. Because these
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methylation signals precede clinical neuropathy, they may represent
either causal programming or stable biomarkers of early, subclinical
injury. Discriminating these possibilities will require mapping methyl-
ation to gene expression (eQTM analyses), cell-type deconvolution of
blood signals, and functional perturbation in relevant neural cell models
[39,40].

4.3.2. DN-relevant histone Programs: Chronic inflammation and oxidative
stress

Hyperglycemia induces persistent histone acetylation and H3K4
methylation at NF-xB target promoters via recruitment of CBP/
p300 and SET7/SETD7, while reducing repressive H3K9me2/3. These
alterations can persist after restoration of normoglycemia, maintaining
inflammatory gene expression [41]. Given the neuroimmune component
of DN, such chromatin programs in immune cells and endoneurial
microvascular cells may propagate cytokine exposure and oxidative
injury to axons and Schwann cells, thereby linking vascular metabolic
memory to neural pathology [37,38,41].

4.3.3. Histone methylation as a Long-Lived Lock: SUV39H1/H3K9me3
axis

Repressive H3K9me3 and activating H3K4me signatures represent
durable epigenetic marks in diabetic complications. In smooth muscle
cells from diabetic mice, loss of H3K9me3 at inflammatory loci persists
in vitro and is linked to increased miR-125b and reduced SUV39H]1,
illustrating a stable, self-reinforcing memory circuit [28]. Similar
persistence of altered histone methylation (e.g., H4K20me3 at SOD2 -
promoter in retinal cells) indicates that writer/eraser imbalance can be
conserved across tissues, supporting the plausibility of analogous lock-
ing mechanisms in DN-relevant cells [28].

4.3.4. ncRNAs in DN: Functional Reinforcement of regeneration failure
In DN models, sensory neurons exhibit persistent miRNA dysregu-
lation, including decreased let-7i and increased miR-341 (Table 1), both
of which suppress neuronal regeneration programs. Importantly, intra-
nasal delivery of let-7i or anti-miR-341 partially reversed sensorimotor
deficits, providing functional evidence that ncRNA alterations can be
causal and therapeutically tractable rather than purely correlative [42].
Although miRNAs are often framed as transient regulators, in DN they
can act as epigenetic reinforcers by persistently suppressing chromatin
regulators and regeneration factors, thereby stabilising long-term tran-
scriptional states. The partial phenotypic rescue with intranasal miRNA
modulation supports a model in which ncRNA circuits help maintain the
non-regenerative set point of injured diabetic nerves [33,34].

4.3.5. Clinical and therapeutic Implications: Biomarkers, Targets, and
Timing

Epigenetic patterns can identify DN risk before clinical onset and
may explain why late glycemic improvement fails to fully reverse
established nerve damage. In the 28-year prospective Pittsburgh EDC
analysis, methylation at PKNOX1, CACNA1B, and CHMP6 was strongly
associated with future neuropathy independent of conventional risk
factors [40,43]. Preclinical work supports targeting DNMTs, HAT/
HDAC balance, SET7, SUV39H1 pathways, and ncRNAs to attenuate
persistent pathogenic programs even after glucose normalisation,
highlighting a therapeutic window early in disease when epigenetic
states are less entrenched and more reversible [44]. As drift progresses,
chromatin states may become increasingly resistant to reprogramming,
emphasising the value of early intervention and of combining metabolic
control with epigenetic or anti-inflammatory strategies [44].
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Table 1
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Epigenetic alterations associated with diabetic neuropathy. Overview of DNA methylation, histone modification, and non-coding RNA changes reported in
diabetic neuropathy or closely related diabetic complications. Hyperglycemia, oxidative stress, and inflammatory signalling are associated with persistent epigenetic
alterations that may remain after glycemic normalisation and correlate with sustained inflammatory activation, oxidative stress, and reduced neuronal repair capacity.
Genes and loci listed represent examples supported by experimental or prospective human studies. References correspond to citations in the main text.

Epigenetic Affected Genes / Loci Observed Epigenetic Change Clinical / Functional Outcome References
Mechanism
DNA Methylation Genome-wide Global DNA hypomethylation Impaired neuronal repair and survival [26,27,36-38]
pathways
Nrf2 (NFE2L2), BDNF Promoter hypermethylation Reduced gene expression and diminished [28-30,36-38]
nerve regenerative capacity
PKNOX1, CACNA1B, CHMP6 CpG site hypermethylation Independent predictors of incident distal [39,40,43]
symmetric polyneuropathy
Histone Pro-inflammatory gene loci Loss of repressive H3K9me3 marks; gain of Consolidation of maladaptive inflammatory [28,31,32,35,41]
Modifications (NF-kB targets) activating acetylation/H3K4me transcriptional programs

Antioxidant genes (e.g., SOD2)

Non-coding RNAs let-7i Persistent downregulation

miR-341 Persistent upregulation

Gain of repressive H4K20me3 marks

Suppression of antioxidant defence gene [28,32,36,37]
expression

Reduced expression of nerve regeneration- [42]
associated genes

Suppression of nerve regeneration-associated [42]

genes

5. Metabolic memory and epigenetic persistence in diabetic
neuropathy

5.1. Evidence of sustained nerve damage after glucose control

Despite optimal glycemic control, individuals with diabetes
frequently experience continued progression of peripheral nerve
dysfunction. This legacy effect or metabolic memory has been consis-
tently documented in both major clinical trials and experimental models
(Table 2) [45,46].

5.1.1. Clinical Evidence: DCCT/EDIC & UKPDS cohorts

The DCCT/EDIC trial showed that early, intensive glycemic control
(HbAjc ~ 7%) in type 1 diabetes significantly reduced the incidence of
neuropathy compared with conventional therapy (HbAijc ~ 9%).
Crucially, this neuroprotective effect persisted for decades during the
EDIC follow-up, even after glycemic levels converged between the two

Table 2

groups. Similarly, the UKPDS trial in type 2 diabetes demonstrated
sustained reductions in microvascular complications, including periph-
eral neuropathy, years after the intensive control period ended [45].

5.1.2. Experimental models demonstrating persistent nerve damage
Experimental models corroborate clinical findings, demonstrating
that transient hyperglycemia induces lasting structural and molecular
changes within the neurovascular unit. In vitro, brief high-glucose
exposure in DRG neurons, Schwann cells, and perineurial endothelial
cells causes sustained upregulation of inflammatory and fibrotic genes,
persistent ROS production, and prolonged NF-kB activation, even after a
return to normoglycemia [46,47]. Similarly, in streptozotocin-diabetic
rat models, severe oxidative/nitrative stress and elevated inflamma-
tory cytokine expression persist in the sciatic nerve for months after
insulin-induced glucose normalisation [48]. These enduring patholog-
ical states are driven by stable epigenetic modifications that lock neural

and vascular cells

into

pro-inflammatory and

degenerative

Metabolic memory and epigenetic persistence in diabetic neuropathy. Clinical and experimental evidence demonstrates that transient hyperglycemia induces
durable epigenetic reprogramming in peripheral nerve and immune cells, leading to sustained oxidative stress and inflammation despite subsequent glycemic nor-
malisation. Persistent histone modifications (increased H3K9ac and H3K4mel, reduced H3K9me3) and stable DNA methylation changes (including TXNIP hypo-
methylation) maintain pro-degenerative transcriptional programs, driving chronic neuroinflammation, Schwann cell dysfunction, and progressive axonal damage.
These findings identify metabolic memory as a key mechanism limiting the reversibility of neuropathy and support the need for epigenetic- and redox-targeted

therapies, in addition to glucose control.

Level of Model / Cohort Key Persistent Changes After Dominant Epigenetic Pathophysiological Consequences References
Evidence Glycemic Normalisation Mechanisms for Peripheral Nerves
Clinical (T1D) ~ DCCT/EDIC Reduced neuropathy incidence persists 1 H3K9ac at inflammatory gene Sustained macrophage priming, [45,50]
decades after early intensive control promoters; persistent CpG chronic neuroinflammation,
despite later HbA;c convergence hypomethylation (e.g., TXNIP) progressive axonal dysfunction
Clinical (T2D) UKPDS Long-term reduction in microvascular Durable DNA methylation changes  Continued protection from early [45]
complications, including neuropathy, at inflammation- and redox-related =~ damage; incomplete reversal of
after an intensive control period loci established neuropathy
In vitro DRG neurons, Schwann Persistent ROS, NF-kxB activation, SET7-mediated H3K4mel Schwann cell dysfunction, impaired [46,47]
cells, and endothelial fibrotic and inflammatory gene enrichment; loss of H3K9me3 axonal support, and microvascular
cells expression after transient repression injury
hyperglycemia
In vivo STZ-diabetic rodents Oxidative/nitrative stress and cytokine Stable histone PTM Chronic nerve inflammation, [48]
expression persist months after insulin ~ reprogramming; impaired demyelination, reduced nerve
normalisation SUV39H1 activity conduction velocity
Immune- Circulating monocytes Hyperresponsive inflammatory Sustained H3K9ac at TNF-o, IL-6 Ongoing macrophage-mediated [50]
nerve / nerve macrophages phenotype independent of glycemia promoters neurotoxicity and demyelination
crosstalk
Genome-wide DCCT/EDIC 150-250 CpG sites show persistent TXNIP promoter hypomethylation;  Chronic oxidative stress, NLRP3 [50]
epigenetics longitudinal differential methylation ~ 17 years impaired DNMT activity inflammasome activation in nerves
methylome later
Molecular Neurovascular unit Self-sustaining ROS-DAMP- ROS-driven DNA hypomethylation;  Entrenched neurodegeneration [4,51-53]
feedback inflammation cycle NF-kB-SET7 chromatin despite normoglycemia
loop recruitment
8
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transcriptional programs.
5.2. Epigenetic Memory: Lasting histone and DNA methylation changes

Persistent epigenetic modifications, particularly histone PTMs and
DNA methylation, act as the molecular archive of prior hyperglycemic
stress. These marks maintain aberrant gene expression in the peripheral
nervous system, driving chronic neuroinflammation and axonal degen-
eration [49].

5.2.1. Persistent histone acetylation (H3K9ac)

In the DCCT/EDIC trial, monocytes from patients receiving conven-
tional glycemic control showed significantly higher H3K9 acetylation
(an activating mark) at promoters of inflammatory genes compared with
those under intensive control. These differences persisted well into the
follow-up phase [50]. In the context of neuropathy, systemic monocyte
priming leads to hyperreactive macrophage infiltration into peripheral
nerves, where sustained H3K9ac drives continuous local release of
neurotoxic cytokines (e.g., TNF-a, IL-6), exacerbating nerve demyelin-
ation independently of current blood glucose levels.

5.2.2. Altered histone Methylation: H3K4mel and H3K9me3

Histone methyltransferases play a critical role in establishing meta-
bolic memory. Transient hyperglycemia induces SET7-mediated mono-
methylation of H3K4 (H3K4mel) at the NF-kB p65 promoter. This
activating mark persists after normoglycemia is restored, maintaining
neural and vascular cells in an inflammatory primed state [50].
Conversely, metabolic memory also involves the loss of repressive
marks. Decreased SUV39H1 activity leads to a persistent reduction in
H3K9me3. In metabolic memory models, this loss of repression spans
multiple cell generations, leading to stable chromatin derepression of
inflammatory and fibrotic genes that contribute to nerve ischemia and
Schwann cell dysfunction [50].

5.2.3. DNA Methylation: Persistent 5-Methylcytosine signatures
Genome-wide DNA methylation profiling of paired blood samples
collected ~ 17 years apart from DCCT/EDIC participants identified
150-250 CpG sites with persistently altered methylation in individuals
with early poor glycemic control. A critical finding in neuropathy is
stable hypomethylation of the TXNIP (Thioredoxin-interacting protein)
promoter. Hypomethylation causes persistent TXNIP overexpression,
which inhibits the antioxidant thioredoxin system and chronically ac-
tivates the NLRP3 inflammasome, cementing a highly oxidative and
inflammatory microenvironment in peripheral nerves [50].

5.3. The vicious cycle of ROS, DAMPs, and epigenetic reprogramming

Metabolic memory in diabetic neuropathy is ultimately sustained by
a self-amplifying positive feedback loop between mitochondrial ROS,
Damage-Associated Molecular Patterns (DAMPs), and chromatin
remodelling enzymes. This triad ensures that the neuropathic cascade
becomes self-sustaining [4].

Hyperglycemia-induced mitochondrial dysfunction generates initial
bursts of superoxide, which alter the availability of epigenetic cofactors
(such as NAD + and SAM) and directly oxidise DNA. For example, ROS-
induced formation of 8-OHdG interferes with DNA methyltransferase
activity, leading to hypomethylation of pro-oxidant genes such
as p66Shc and TXNIP [51]. This epigenetic shift ensures continued ROS
overproduction. Simultaneously, chronic oxidative stress induces
cellular injury, releasing DAMPs (such as advanced glycation end-
products, HMGB1, and S100 proteins). These DAMPs bind to RAGE
(Receptor for AGEs) on Schwann cells and infiltrating immune cells,
persistently activating downstream NF-kB and JAK/STAT pathways
[52]. NF-«B not only drives acute inflammation but also actively recruits
histone-modifying enzymes (such as SET7) to the promoters of inflam-
matory genes, thereby embedding activating H3K4mel marks. By
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upregulating RAGE and downregulating endogenous antioxidants via
these stable epigenetic marks, the nerve microenvironment remains
locked in a cycle of DAMP release, ROS generation, and neuro-
inflammation long after the primary hyperglycemic trigger is removed
[53].

5.4. Implications for Treating diabetic neuropathy

Understanding metabolic memory fundamentally shifts the thera-
peutic paradigm for diabetic neuropathy. While strict glycemic control
remains essential to prevent the initiation of nerve damage, it is me-
chanically insufficient to reverse established neuropathic changes
driven by epigenetic memory. Therefore, adjunctive therapies that
directly sever the ROS-DAMP-epigenetic feedback loop are critical.
Emerging and future strategies must look beyond simple glucose-
lowering to include epigenetic modulators (e.g., SET7 inhibitors, HAT
inhibitors, or DNMT-targeted therapies), alongside targeted RAGE an-
tagonists and advanced antioxidants, to successfully erase metabolic
memory and enable peripheral nerve regeneration [28,54].

6. Therapeutic implications and future Directions

6.1. Epigenetic therapies: DNMT inhibitors, HDAC inhibitors, miRNA
modulators

Epigenetic therapies provide a promising means to disrupt the
persistent maladaptive gene expression programs underlying diabetic
neuropathy, with DNMT inhibitors, histone deacetylase (HDAC) in-
hibitors, and miRNA-based modulators emerging as the principal ther-
apeutic strategies (Table 3) [55].

6.1.1. DNMT inhibitors

DNMT inhibitors, including the nucleoside analogues 5-azacytidine
and decitabine and the non-nucleoside inhibitor RG108, suppress
pathological DNA methylation and promote reactivation of genes
silenced under diabetic conditions. In neuropathic pain models relevant
to diabetes, pharmacological inhibition of DNMTs or genetic ablation of
DNMT1 attenuates mechanical allodynia and nociceptor hyperexcit-
ability by restoring expression of pain-inhibitory targets, such as the
p-opioid receptor (MOR) and potassium channels, in dorsal root ganglia
neurons. Beyond analgesic effects, DNMT inhibition has been shown to
reverse hypermethylation of cytoprotective genes, including Nrf2,
thereby enhancing antioxidant defences implicated in diabetic compli-
cations. Notably, dietary bioactives such as sulforaphane also exhibit
demethylating activity and confer neuroprotective effects in preclinical
models of diabetes [56].

6.1.2. HDAC inhibitors

HDAC inhibitors function by preventing the removal of acetyl groups
from histone proteins, thereby maintaining a relaxed chromatin
conformation that facilitates gene transcription. In the context of dia-
betic neuropathy, this epigenetic modulation has shown promising
therapeutic implications. Experimental studies demonstrate that FK228
(romidepsin), a class T HDAC inhibitor, effectively reverses both thermal
and mechanical pain hypersensitivity in type 2 diabetic mice. Treatment
with FK228 upregulates nerve regeneration markers, such as growth-
associated protein 43 (GAP-43), while concurrently reducing inflam-
matory mediators and histone citrullination within the DRGs and spinal
cord. These findings highlight HDAC inhibition as a means of attenu-
ating neuroinflammation and enhancing axonal repair in diabetic con-
ditions [57]. Similarly, Ricolinostat (ACY-1215), a selective HDAC6
inhibitor, has been shown to improve mitochondrial transport, amelio-
rate neuropathic structural changes, and facilitate functional recovery in
rodent models of diabetic neuropathy [58]. Collectively, these studies
underscore the therapeutic potential of HDAC inhibitors as dual-acting
agents capable of alleviating pain and promoting neural regeneration
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Table 3
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Therapeutic strategies and emerging epigenetic biomarkers in diabetic neuropathy. The table summarises experimental and translational approaches targeting
epigenetic dysregulation, DAMP signalling, and inflammation in diabetic neuropathy (DN). Included are DNA methyltransferase (DNMT) inhibitors, histone deace-
tylase (HDAC) inhibitors, microRNA (miRNA) modulators, RAGE/TLR4/NLRP3-targeted agents, multifunctional natural compounds, and cytokine/NF-kB-directed
strategies. For each, molecular mechanisms, preclinical or clinical evidence, and translational considerations are provided. The table also highlights emerging bio-
markers, including DNA methylation and histone modifications, which differentiate painful versus painless DN, predict progression, or reflect neuroinflammation and
nerve regeneration. Collectively, these data illustrate potential disease-modifying targets and biomarkers for precision therapeutic development.

Category Therapy / Target Key Mechanisms Preclinical / Clinical Translational Notes Key
Evidence References
Epigenetic DNMT inhibitors (5- | Pathological DNA | Mechanical allodynia, | Repurposed oncology drugs; [55,56]
Therapies Azacytidine, Decitabine; hypermethylation restores MOR, nociceptor excitability; DNMT1 sulforaphane shows dietary
RG108) K* channels, and Nrf2 KO mimics effects in DN models demethylation +
neuroprotection
HDAC inhibitors (FK228/ 1 Histone acetylation; 1 GAP-43, Reverses thermal/mechanical Dual analgesic + regenerative [57,58]
romidepsin; Ricolinostat/ACY- mitochondrial transport; | hypersensitivity; enhances potential; isoform selectivity
1215) inflammation, citrullination axonal regeneration in T2D may limit toxicity
rodents
miRNA modulators (miR-146a, Post-transcriptional regulation of | Hyperalgesia/allodynia; Precision targeting; delivery [59,601]
miR-25 mimics; miR-29¢ TLR4/NF-kB, NOX4, PKCi preserves IENFD and nerve remains experimental
antagomirs) conduction
DAMP Pathway RAGE antagonists (Azeliragon) Blocks AGE/DAMP-RAGE-NF-xB Reverses mechanical Glucose-independent; [61,62]
Inhibitors signalling hypersensitivity (~ pregabalin) repeated dosing required
in STZ mice; RAGE KO 1
regeneration
TLR4 modulation (genetic KO; | TLR4/NF-B signalling; | Preserves IENFD and sensory Avoids the safety issues of [63-68]
indirect: photobiomodulation, macrophage infiltration function in STZ mice direct TLR4 inhibitors
SGLT2i)
NLRP3 inflammasome inhibitors | IL-1pB, caspase-1; blocks TXNIP- | Neuropathic pain, Targets sterile inflammation; [69-71]
(MCC950; TXNIP inhibitors) NLRP3 assembly inflammation, and nerve disease-modifying potential
damage in DN models
Multifunctional Curcumin, Resveratrol, Antioxidant + anti-inflammatory | Oxidative stress, NF-kB; 1 Broad pathway coverage; [45,72-76]
Natural Agents Quercetin, EGCG, Sulforaphane + epigenetic (| HAT, 1 SIRT1; Nrf2, nerve conduction in STZ bioavailability limits
DNMT/miRNA modulation) models translation
Anti-cytokine / NF-  TNF-o, IL-1, IL-6 biologics Neutralisation of downstream Limited preclinical and early Infection risk, high cost; not [9,77]
kB Strategies inflammatory effectors clinical signals for pain DN-specific
reduction
BET inhibitors / NF-xB Suppress acetyl-lysine-dependent | Cytokines, oxidative stress in Targets metabolic memory; [78,79]
epigenetic blockers inflammatory transcription metabolic models long-term safety unclear
Emerging DNA methylation signatures Reflect nervous system and MAPK  Distinguish painful vs painless Blood- or nerve-based risk [40,82,83]
Epigenetic (CHMP6, CACNA1B, PKNOX1; pathway dysregulation DN; predict progression stratification
Biomarkers GCH1, MYT1L)
Histone acetylation (H3K9ac) Index of NF-kB-driven Correlates with pain severity; Peripheral and CNS [84]
neuroinflammation reversed by HDAC inhibition applicability
Histone citrullination (CitH3) NET formation; regeneration- Reduced following FK228; 1 Potential circulating [84]
linked chromatin remodelling GAP-43 biomarker
Histone methylation (H3K9me2,  K' channel silencing; glial Correlates with pain Epigenetically targetable [85]
H3K27me3; EZH2/G9a) activation hypersensitivity
STAT3 acetylation Astrocyte survival and anti- HDACS inhibition restores CNS-specific biomarker of [871]

inflammatory signalling

STAT3 acetylation, reduces pain

painful DN

in experimental diabetic neuropathy.

6.1.3. miRNA modulators

miRNAs are small noncoding RNAs that regulate gene expression at
the post-transcriptional level and have emerged as key epigenetic reg-
ulators in the pathogenesis of diabetic neuropathy. Aberrant miRNA
expression in diabetic conditions contributes to altered neuronal excit-
ability, neuroinflammation, oxidative stress responses, and impaired
axonal regeneration, core mechanisms underlying neuropathic
dysfunction [59]. Preclinical studies have identified several dysregu-
lated miRNAs, including miR-146a, miR-25, miR-29¢, and miR-199a-3p,
that modulate transcriptional networks governing pain signalling, in-
flammatory cascades, and neuroprotective pathways. Targeted modu-
lation of these miRNAs using antisense oligonucleotides or synthetic
mimics has demonstrated significant therapeutic potential in experi-
mental diabetic neuropathy models [60].

Among these, miR-146a, miR-25, and miR-29c play complementary
and mechanistically distinct roles in disease progression. miR-146a
functions as a critical negative regulator of innate immune signalling
by targeting the TLR4/NF-«kB pathway; its downregulation in diabetic
models leads to sustained activation of pro-inflammatory cytokines,
including TNF-o and IL-1p, whereas restoration with miR-146a mimics
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suppresses inflammatory signalling and alleviates thermal hyperalgesia
and mechanical allodynia [60]. In parallel, miR-25 directly targets
NADPH oxidase 4 (NOX4), and reduced miR-25 expression results in
excessive reactive oxygen species generation in Schwann cells, oxidative
DNA damage, and distal axonal apoptosis effects that are markedly
attenuated by miR-25 mimic administration, preserving nerve structural
integrity. Conversely, elevated miR-29c expression in dorsal root
ganglia impairs nerve function by inhibiting protein kinase C iota
(PKCu); silencing miR-29¢ with antagomirs restores motor nerve con-
duction velocity and improves intraepidermal nerve fibre density in
long-term diabetic models. Collectively, these findings underscore
miRNA-based modulation as a promising, precision-oriented therapeu-
tic strategy for diabetic neuropathy, although translation to clinical
application remains in the experimental stage [60].

6.2. Targeting DAMP Pathways: RAGE, TLR4, and inflammasome
inhibitors

Strategies aimed at blocking DAMP signalling offer potent thera-
peutic potential in DN by disrupting chronic inflammatory cycles and
oxidative stress (Table 3).
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6.2.1. RAGE antagonism

Azeliragon (oral RAGE inhibitor): In streptozotocin (STZ)-induced
diabetic mice, administration of azeliragon reversed mechanical hy-
persensitivity in a manner comparable to pregabalin and without
altering blood glucose levels. This antinociceptive effect required
repeated dosing to persist, supporting the role of RAGE as a therapeutic
target for DN. [61]. RAGE-deficient diabetic mice: Global deletion of
RAGE in diabetic mice resulted in significantly improved axonal
regeneration and conduction velocity following sciatic nerve injury,
confirming RAGE’s role in nerve injury and repair mechanisms. [62].

6.2.2. TLR4 inhibitors

TLR4-driven innate immune signalling is a key contributor to neu-
roinflammation in DN. Although direct TLR4 inhibitors such as TAK-242
(resatorvid), CLI-095, and Eritoran have not been evaluated in STZ-
diabetic models, likely due to their sepsis-oriented development, the
failure of Eritoran in phase III trials, and concerns regarding immuno-
suppression in diabetic patients’ genetic studies provide strong support
for TLR4 involvement [63-65]. TLR4 knockout in STZ-diabetic mice
prevents small-fibre sensory deficits, preserves intraepidermal nerve
fibre density, and reduces dermal macrophage infiltration, implicating
TLR4-mediated inflammation in DN pathogenesis [66]. Given safety
concerns surrounding direct inhibition, indirect modulation of TLR4
signalling has emerged as a promising alternative. Photobiomodulation
therapy suppresses RAGE/NF-kB activity in peripheral nerves, attenu-
ates DAMP-mediated TLR4/RAGE crosstalk, and improves neuropathic
outcomes in diabetic rodents [63]. Similarly, SGLT2 inhibitors exert
anti-inflammatory effects that partially converge on TLR4-dependent
pathways [67]. Collectively, these strategies offer safer, translational
avenues for targeting TLR4 in DN [68].

6.2.3. NLRP3 inflammasome inhibitors

MCC950 is a selective small-molecule inhibitor that targets the
NLRP3 inflammasome, a critical mediator of sterile inflammation
implicated in diabetic neuropathy. Preclinical studies in diabetic animal
models have demonstrated that MCC950 effectively suppresses NLRP3
activation, leading to decreased production of IL-1p and inhibition of
caspase-1 activity. These molecular effects translate into significant re-
ductions in inflammatory marker expression, attenuation of neuropathic
pain behaviours, and preservation of peripheral nerve structure and
function [69,70].

Similarly, TXNIP has emerged as a pivotal upstream regulator of
NLRP3 activation. Both genetic silencing and pharmacological inhibi-
tion of TXNIP have been shown to impede NLRP3 inflammasome as-
sembly, thereby reducing neuroinflammatory responses and mitigating
neuropathic alterations in experimental DN models [71]. Collectively,
these findings emphasise the therapeutic promise of targeting the
TXNIP-NLRP3 axis to suppress neuroinflammation, alleviate neuro-
pathic pain, and protect neuronal integrity in diabetes-induced nerve

injury.
6.3. Antioxidants and anti-inflammatory agents with epigenetic effects

A growing list of natural compounds, including curcumin and
resveratrol, exhibits combined antioxidant, anti-inflammatory, and
epigenetic-modulating properties that are beneficial in DN [72-74].
Curcumin suppresses high-glucose-induced inflammation in monocytes
by inhibiting CBP/p300 HAT activity, decreasing histone acetylation at
NF-kB-responsive promoters, and increasing HDAC2 expression [45].
Beyond modulating HATs, curcumin has been shown to reverse aberrant
DNA methylation and regulate miRNA expression, reinforcing its role as
a multifaceted epigenetic agent. [75]. Resveratrol protects peripheral
nerves in STZ-induced diabetic mice by activating Nrf2, inhibiting NF-
kB, reducing oxidative stress, and ameliorating neuropathic pain and
nerve conduction deficits. Mechanistically, resveratrol enhances SIRT1
activity, resulting in deacetylation of NF-kB—p65 and H3K9, and restores
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epigenetic balance. [76]. It thus simultaneously targets oxidative stress,
inflammation, and epigenetic dysregulation via a single pathway. Other
natural antioxidants such as quercetin, epigallocatechin gallate (EGCG),
and sulforaphane display similar epigenetic effects, including inhibition
of DNMTs and modulation of ncRNAs, suggesting a broader therapeutic
potential [76].

6.4. Anti-cytokine and NF-xB-targeted therapeutic strategies

Given that sustained cytokine activation is a key downstream
effector of metabolic memory and neuroinflammatory damage in dia-
betic neuropathy, targeting pro-inflammatory cytokines and their tran-
scriptional regulators is a rational therapeutic approach. Clinically
approved biologics targeting tumour necrosis factor-a (TNF-a),
interleukin-6 receptor (IL-6R), and interleukin-1p (IL-1p) have demon-
strated robust anti-inflammatory efficacy in autoimmune and metabolic
inflammatory disorders [9]. Preclinical and very limited clinical evi-
dence suggest that these agents may attenuate peripheral nerve
inflammation, reduce nociceptor sensitisation, and improve pain out-
comes by interrupting cytokine-mediated crosstalk among macro-
phages, Schwann cells, and neurons. However, their application in
diabetic neuropathy remains restricted by systemic immunosuppression
(including increased infection risk), high cost, and the absence of large,
neuropathy-specific clinical trials with clearly defined risk-benefit
profiles for this predominantly non-life-threatening complication [77].

Beyond direct cytokine neutralisation, epigenetic modulation of in-
flammatory signalling offers a more upstream and potentially more
durable strategy. Bromodomain and extra-terminal (BET) protein in-
hibitors suppress NF-kB-dependent transcription by disrupting acetyl-
lysine recognition at pro-inflammatory gene promoters [78]. Preclini-
cal studies have shown that BET inhibition reduces TNF-«, IL-6, and IL-
1P expression, attenuates oxidative stress, and limits neuroinflammatory
amplification in metabolic disease models. Such agents are proposed to
counteract the persistent transcriptional activation characteristic of
metabolic memory, positioning them as candidates with disease-
modifying potential rather than purely symptomatic effects. At the
same time, their broad impact on gene expression, uncertainty regarding
long-term safety, and risk of off-target epigenomic and immune effects
presently constrain clinical translation [79]. Collectively, these phar-
macological approaches illustrate complementary strategies for target-
ing cytokine-driven nerve injury, with biologics acting at the effector
cytokine level and epigenetic NF-kB-directed inhibitors addressing up-
stream transcriptional persistence. Future therapeutic paradigms may
benefit from combining stringent glycaemic control with selective
cytokine blockade or carefully targeted epigenetic modulation to disrupt
the self-sustaining inflammatory circuits implicated in the progression
of diabetic neuropathy [80].

6.5. Emerging biomarkers based on epigenetic signatures in diabetic
neuropathy

Emerging research highlights that specific epigenetic modifications
stable disease-associated changes in DNA methylation and histone
marks, can serve as biomarkers for DN. These molecular signatures hold
promise for early diagnosis, disease monitoring, and risk stratification
[81].

6.5.1. DNA methylation signatures in peripheral nerves and blood

A cohort study evaluated sural nerve biopsies from type 2 diabetic
patients over 52 weeks. Patients with progressive neuropathy showed
3,460 differentially methylated CpG sites compared to those with nerve
regeneration. Affected genes are enriched in pathways tied to nervous
system structure and MAPK signalling, indicating potential for molec-
ular phenotyping of neuropathy progression [82]. A whole genome DNA
methylation study across two cohorts (PROPGER and PROPENG)
revealed distinct CpG methylation patterns separating painful from

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en abril 10, 2026.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.



F.B. Razi et al.

painless diabetic neuropathy. Genes like GCH1, MYT1L, and MED16
emerged as top biomarkers and potential therapeutic targets [83]. In the
Pittsburgh Epidemiology of Diabetes Complications cohort (28-year
follow-up), three CpG sites (CHMP6, CACNA1B, PKNOX1) were
inversely associated with risk of peripheral neuropathy. Methylation
quantitative trait loci (meQTLs) near PKNOX1 further supported a
causal role of epigenetic regulation [40].

6.5.2. Histone modification biomarkers in CNS injury

Epigenetic histone modifications have emerged as both mechanistic
drivers and potential biomarkers of painful diabetic neuropathy. In type
2 diabetic models, increased histone H3 lysine 9 acetylation (H3K9ac) in
dorsal root ganglia correlates with upregulation of inflammatory me-
diators, including HMGB1, IL-1p, and TLR4, and interventions that
reduce H3K9ac are associated with attenuation of thermal hyperalgesia,
supporting its utility as an index of neuroinflammatory activity [84]. In
parallel, elevated levels of citrullinated histone H3 (CitH3) have been
linked to neutrophil extracellular trap formation in diabetic neuropathy
models, and modulation of CitH3 expression following HDAC inhibition
(e.g., FK228) coincides with increased expression of nerve regeneration
markers, suggesting translational relevance as a circulating biomarker
[84]. Beyond acetylation and citrullination, aberrant histone methyl-
ation also contributes to neuropathic pathology: nerve injury induces
upregulation of the methyltransferases G9a and EZH2 in sensory neu-
rons, leading to increased H3K9me2 and H3K27me3 occupancy at
promoters of potassium channel genes, while elevated EZH2/
H3K27me3 signalling in the spinal dorsal horn promotes microglial and
astrocytic activation and pro-inflammatory cytokine overproduction
[85]. Consistent with these findings, increased expression of histone
deacetylases in the dorsal root ganglia and spinal cord alongside
heightened TNF-a and IL-1p levels has been observed in diabetic models
[84,86]. Notably, elevated HDAC5 activity in spinal astrocytes of dia-
betic rats with painful neuropathy leads to STAT3 deacetylation,
astrocytic dysfunction, and pain hypersensitivity, whereas pharmaco-
logical inhibition of HDAC5 restores STAT3 acetylation, rescues astro-
cyte loss, and alleviates neuropathic pain, highlighting STAT3
acetylation as a potential histone-based biomarker of central nervous
system involvement in diabetic neuropathy [87].

7. Current research gaps & future perspectives
7.1. Longitudinal human studies & nerve-specific epigenomics

There's a critical need for longitudinal, tissue-specific epigenomic
studies in humans to establish causal links between epigenetic changes
and DN. While cross-sectional human sural nerve methylome studies
identified differentially methylated CpGs associated with nerve degen-
eration vs. regeneration [53], the absence of serial sampling limits un-
derstanding of temporal dynamics. Future research should pursue
repeated nerve biopsies alongside epigenomic profiling to capture
epigenetic drift, metabolic memory markers, and correlate these with
nerve conduction changes and pain scores [53].

7.2. Multi-Omics integration in diabetic neuropathy

Isolated omics analyses provide valuable snapshots but lack insight
into molecular networks. Integration of epigenomics, transcriptomics,
and proteomics, as applied to diabetic nephropathy can identify driver
mechanisms and robust biomarkers [88]. In DN, similar multi-omics
pipelines would enable the discovery of causal regulatory axes,
revealing therapeutic targets and early diagnostic signatures [88].

7.3. Sex—specific and tissue—specific epigenetic responses

Emerging evidence indicates sex and tissue specificity in DN patho-
genesis. Animal studies suggest differences in lipid metabolism
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pathways and macrophage infiltration in neuropathy between male/
female diabetic mice. However, epigenetic profiling has largely over-
looked sex as a biological variable. Future research must incorporate
sex-balanced cohorts and single-cell approaches to uncover cell type-
and sex-specific epigenetic signatures contributing to DN progression
and pain susceptibility [54].

7.4. Personalised therapy guided by epigenetic profiling

Identification of epigenetic biomarkers, such as CpG methylation in
CHMP6, CACNA1B, or PKNOX1 predictive of neuropathy risk [89],
holds promise for precision medicine. Integrating such markers with
pharmacoepigenomic insights (e.g., methylation affecting drug
response) enables stratified treatment with DNMT inhibitors, HDAC
modulators, or natural epigenetic agents such as resveratrol. Longitu-
dinal biomarker-guided trials could then assess tailored therapy effi-
cacy, optimising prevention, symptom control, and nerve regeneration.
Develop the Machine Learning-derived Epigenetic Model (MLEM) to
identify prognostic epigenetic gene patterns in DN [90].
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