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ABSTRACT

Traumatic brain injury (TBI) initiates a cascade of secondary molecular and cellular events that drive long-term
neurological dysfunction. Increasing evidence positions epigenetic regulation as a central integrative mechanism through
which acute injury-related signals are translated into sustained alterations in gene expression, cell state, and circuit
function. Epigenetic mechanisms—including DNA methylation, histone modifications, and non-coding RNAs—act in a
coordinated, cell type—specific manner to shape transcriptional programs underlying neuroinflammation, synaptic
remodeling, and behavioral outcomes after TBI. Recent advances in epigenomic and transcriptomic profiling, particularly
single-cell, spatial, and integrative multi-omics approaches, have enabled systems-level interrogation of injury-induced
regulatory networks across neurons, glia, and the neurovascular unit. Beyond mechanistic insight, epigenetic
reprogramming provides a conceptual framework for biomarker discovery and therapeutic development, given the
accessibility and reversibility of epigenetic states. This review synthesizes current evidence to highlight how epigenetic
mechanisms link acute brain injury to chronic neurological sequelae and discusses emerging opportunities for epigenetically
informed precision medicine in TBI.

KEYWORDS
traumatic brain injury (TBI), epigenetic reprogramming, multiomics, precision medicine

positioning, and non-coding RNA regulation (including
microRNAs, long non-coding RNAs, and circular RNAs) [3].
Importantly, the epigenetic landscape after TBI is highly
dynamic and reversible, exhibiting pronounced cell type-
specific, temporal, and spatial heterogeneity. This complexity
helps explain why conventional morphological, biochemical,
or electrophysiological measures fail to account for the
striking interindividual variability in cognitive, emotional, and
neurodegenerative outcomes among patients with comparable
structural injuries. Although early research largely focused on
inflammation, apoptosis, and axonal degeneration, recent

Traumatic brain injury (TBI) remains a leading cause of
disability and mortality worldwide. Its pathogenesis reflects a
complex interplay between the initial mechanical insult and
secondary cascades involving metabolic dysfunction,
inflammatory amplification, and disruption of neural circuits.
Clinically and pathologically, TBI is broadly classified into
focal and diffuse injuries [1]. Focal injuries typically arise from
direct impact and are characterized by contusion and
hemorrhage, whereas diffuse injuries—common in falls and

vehicular accidents [2]—result from rapid acceleration-
deceleration or rotational forces that induce widespread
axonal deformation.

Beyond structural damage, accumulating evidence indicates
that TBI induces profound and sustained epigenetic
reprogramming. These alterations emerge in the acute phase
but may persist for months or years, exerting lasting effects on
neuroplasticity, immune responses, and functional recovery.
Epigenetic remodeling encompasses multiple regulatory
layers, including DNA methylation and hydroxymethylation,
histone modifications, chromatin remodeling and nucleosome

epigenomic and multi-omics studies have revealed far more
intricate regulatory architectures underlying TBI pathology.
Reductionist analyses centered on individual molecules or
pathways are insufficient to capture the multisystem,
multicellular interactions that drive injury progression and
recovery. The emergence of multi-omics technologies now
provides a powerful system-level framework. Integration of
methylome profiling, chromatin accessibility assays (ATAC-
seq), histone modification mapping (ChIP-seq or CUT&Tag),
transcriptomics  (bulk, single-cell, and spatial RNA
sequencing), together with proteomic and metabolomic
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analyses, enables reconstruction of causal relationships linking
epigenetic alterations to transcriptional outputs and
functional phenotypes.

TBI is inherently heterogeneous, with disease trajectories
shaped by age, genetic background, comorbidities, injury
mechanism, and immune status [4]. Growing evidence
suggests that much of this heterogeneity is encoded at the
epigenetic and multi-omic level, giving rise to distinct
inflammatory profiles, neuroplastic responses, repair
capacities, and vulnerabilities to long-term cognitive or
affective disorders [5]. These insights position epigenetics at
the core of emerging precision medicine approaches for TBI.
Epigenetic and multi-omic signatures hold promise not only
for patient stratification and subtype classification, but also for
prognostic prediction, longitudinal monitoring, and the
identification of therapeutic windows. Such a framework
shifts TBI management away from a “one-size-fits-all”
paradigm toward molecularly informed, individualized
interventions tailored to specific populations, including
children, older adults, and patients across injury severities.

In this review, we integrate multi-layered epigenetic
remodeling after TBI—including DNA methylation and
hydroxymethylation, histone modifications, chromatin
accessibility, three-dimensional genome organization, and
non-coding RNA regulation—within a multicellular,
spatiotemporal framework. Following a “heterogeneity-
network modules-translatable targets” conceptual pathway,
we highlight how integrative multi-omics approaches
reconstruct causal chains from regulatory elements to
transcriptional programs and functional outcomes. We
further discuss translational avenues for patient stratification,
outcome prediction, and therapeutic development, and
identify key challenges and opportunities for future progress,
including multimodal single-cell and spatial analyses and
cross-cohort validation. Together, this synthesis aims to
provide a roadmap for mechanism-driven precision medicine
in TBL
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TBI arises from cascades of interconnected molecular and
cellular responses triggered by mechanical damage rather than
a single pathway abnormality [6]. These responses drive
dynamic remodeling across neurons, glial cells, endothelial

cells, and infiltrating immune populations. Increasing
evidence identifies epigenetic regulation as a central
mechanism linking acute injury cues to persistent

transcriptional and phenotypic alterations (Fig. 1). Advances
in multi-omics technologies have therefore become essential
for systematically dissecting epigenetic reprogramming and its
functional consequences after TBI.

2.1 Epigenetic regulatory networks

Epigenetic mechanisms modulate transcriptional states by
regulating chromatin structure and gene accessibility without
altering DNA sequence. In TBI, multiple regulatory layers act
in concert. DNA methylation at CpG dinucleotides influences
transcription factor binding and gene expression [7, 8]. Injury-
induced inflammatory and stress signals drive global and
locus-specific ~ methylation = remodeling,  generating
differentially methylated regions that exert long-lasting effects
on neuronal plasticity, synaptic function, and
neuroinflammatory gene programs [9-11]. Histone
modifications further regulate chromatin accessibility by
altering nucleosome organization and the recruitment of
transcriptional regulators [12]. In parallel, non-coding RNAs
provide a complementary regulatory layer. MicroRNAs
modulate  mRNA stability and translation, influencing
neuronal survival, glial activation, and blood-brain barrier
(BBB) function [13, 14]. Long non-coding RNAs coordinate
chromatin-modifying complexes and transcription factors,
whereas circular RNAs, owing to their stability, have emerged
as candidate regulators and biomarkers in TBI [15, 16].
Together, these epigenetic mechanisms form interconnected
regulatory networks that shape cell fate decisions after injury.
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Figure 1 'TBI induces extensive epigenetic reprogramming. TBI triggers widespread and persistent epigenetic reprogramming in the injured brain, which
involves coordinated alterations across multiple epigenetic layers, including DNA methylation, histone modifications, and non-coding RNAs.
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2.2 Multi-omics integration framework

Single-omics approaches are insufficient to capture the
complexity of TBI pathology, necessitating integrative multi-
omics strategies [17]. Methylome profiling identifies injury-
associated DNA methylation changes, which, when integrated
with transcriptomic data, link regulatory alterations to
functional gene expression outcomes [18, 19]. Chromatin
accessibility assays reveal dynamic, cell type-specific
remodeling of regulatory elements following injury [20], while
histone modification mapping defines shifts in active and
repressive chromatin states at enhancers and promoters [21].
These data help define changes in active enhancers and
promoters after TBI, linking regulatory elements to target
genes. At the functional level, bulk and single-cell
transcriptomics connect epigenetic remodeling to biological
processes in defined cell populations [22]. Proteomic and
metabolomic analyses further map these transcriptional
changes to signaling pathways, metabolic states, and oxidative
stress responses [23, 24]. Spatial omics technologies add
anatomical context, enabling the resolution of epigenetic and
transcriptional heterogeneity across brain regions and cellular
niches after TBI [25, 26].

2.3 Three-dimensional genome organization and
regulatory rewiring

Beyond linear genomic features, three-dimensional genome
architecture plays a key role in gene regulation after TBIL
Enhancer-promoter interactions, the stability of topologically
associated domains, and insulation mediated by architectural
proteins collectively determine transcriptional specificity [27].
Injury-associated DNA damage, metabolic stress, and
inflammatory signaling remodel this spatial architecture,
reconnecting or reinforcing regulatory contacts. Such
regulatory “rewiring” provides a mechanistic basis for the long-
term consequences of TBI. Stabilized three-dimensional
interactions involving neuroplasticity- or immune-related
genes can sustain maladaptive transcriptional programs even
after acute injury resolution, contributing to chronic
neuroinflammation, impaired synaptic remodeling, and
persistent cognitive or affective dysfunction [28, 29]. Within
this context, individual epigenetic layers can be examined not
in isolation, but as components of coordinated regulatory
programs shaping post-injury trajectories.

DNA methylation is one of the most extensively studied
epigenetic mechanisms in TBI [30]. Injury-associated
inflammation, oxidative stress, and metabolic disturbance
rapidly modulate DNA methyltransferase and demethylation
pathways, reshaping genome-wide methylation landscapes
across acute and chronic phases (Fig. 2). These alterations
contribute not only to immediate stress and inflammatory
responses but also to persistent epigenetic reprogramming
that may underlie long-term neurological dysfunction.

3.1 Genome-wide DNA methylation signatures after
TBI
Genome-wide methylation studies consistently show that

genes involved in neuronal plasticity, axon guidance, and
inflammation undergo substantial remodeling after TBIL

Methylation changes at promoters and enhancers of
neurotrophic genes, such as BDNF, are closely linked to
neuronal survival and synaptic remodeling [31, 32]. In
pediatric TBI, reduced brain-derived neurotrophic factor
(BDNF) promoter methylation is observed acutely, with a
subset of CpG sites remaining altered up to one year post-
injury, suggesting durable epigenetic modification of
neurotrophic pathways during recovery [33].

Epigenome-wide association studies have further identified
aberrant methylation of axon guidance regulators, including
repulsive guidance molecule A (RGMA), with specific CpG
hypomethylation associated with intracranial hypertension
and injury severity [34]. In parallel, neurodegeneration-
related genes such as genes coding amyloid precursor protein
(APP) and microtubule-associated protein tau (MAPT), as
well as cytoskeletal and myelination-associated genes, exhibit
differential methylation across experimental and clinical TBI
cohorts [35, 36]. These findings provide molecular links
between TBI, impaired structural remodeling, and increased
vulnerability to long-term cognitive and motor deficits.
Temporally, DNA methylation changes display phase-
dependent features. Acute injury is characterized by rapid and
partially reversible methylation shifts, whereas chronic
neuroinflammatory states are associated with more stable
methylation signatures linked to brain atrophy and cognitive
decline [37, 38]. This pattern supports the concept that TBI
can induce persistent epigenetic “imprints” that predispose to
chronic neurological impairment and neurodegenerative
processes.

3.2 Cell type-specific DNA methylation remodeling

Advances in single-cell methylome profiling have revealed
pronounced cell type-specific methylation heterogeneity
following TBI. Differentially methylated regions are
frequently enriched at enhancers and non-CpG sites,
underscoring regulatory complexity that is obscured in bulk
tissue analyses [39]. Inflammatory and immune-related
methylation changes are predominantly observed in non-
neuronal populations, particularly microglia and astrocytes,
implicating glial epigenetic reprogramming as a driver of
sustained neuroinflammation [40]. By contrast, neuronal
methylation changes preferentially affect distal regulatory
elements controlling synaptic function, plasticity, and
behavior, highlighting enhancer-centered regulation as a key
mechanism linking TBI to long-term circuit dysfunction [41].

3.3 DNA methylation and clinical outcomes

Importantly, TBI-associated DNA methylation changes are
also detectable in peripheral blood, providing a translational
avenue for biomarker development [42]. Methylation states at
specific loci correlate with injury severity, recovery
trajectories, and neuropsychiatric outcomes, supporting their
potential use in prognosis and patient stratification [43].
Pediatric TBI displays distinct methylation signatures
compared with adult injury, reflecting disruption of
developmentally programmed epigenetic trajectories and
underscoring the need for age-specific frameworks when
interpreting epigenetic biomarkers and therapeutic targets [44].
These observations indicate that DNA methylation changes
after TBI are dynamic, context-dependent, and tightly linked
to both cellular identity and clinical outcome. At the same
time, their functional impact is inseparable from higher-order
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Figure2 Acute TBI induces DNA methylation remodeling that shapes neuropathological trajectories. Following TBI, acute inflammatory signaling and
oxidative stress rapidly drive cell type-specific epigenetic reprogramming. Neurons predominantly exhibit enhancer-associated DNA methylation
changes, whereas glial and immune cells show promoter-centered methylation remodeling. During the acute post-injury phase, these pathological cues
also disrupt chromatin architecture, leading to aberrant CpG methylation at genes governing synaptic dysfunction, axonal injury, and neurodegenerative
progression.

chromatin  organization and  additional regulatory upregulation of gene modules involved in neural regeneration
mechanisms that jointly determine transcriptional states. and functional recovery [47] (Fig. 3).

4.2 Chromatin remodeling complexes

Beyond covalent histone modifications, ATP-dependent
chromatin remodeling complexes regulate gene accessibility
by repositioning nucleosomes. Major remodeling families—

4.1 Dynamic changes in active and repressive histone including SWI/SNF, ISWI, CHD, and INOSO/SWR—play

marks essential roles in neuronal differentiation, synaptic plasticity,
TBI induces pronounced alterations in histone modifications inflammatory responses, and DNA damage repair [48, 49]
associated with transcriptional activation, most notably (Fig. 3). In neuroimmune contexts, polycomb repressive
acetylation of histone H3 residues. At inflammation-related complex 2 (PRC2) maintains transcriptional repression
genes, active histone marks become enriched at promoters through H3K27me3, whereas disruption of PRC2 activity
and enhancers, coinciding with increased chromatin promotes microglial activation, implicating chromatin
accessibility and sustained expression of pro-inflammatory silencing mechanisms in injury-related inflammation [50].
mediators. In experimental TBI models, changes in histone Although these regulatory systems are well characterized in
H3 acetylation—such as at H3K9—correlate with pain neurobiology, their specific roles and dynamics in TBI remain
sensitization ~ and  neurological  dysfunction  [45]. incompletely understood, representing an important area for
Pharmacological inhibition of histone deacetylases (HDACs) future investigation.

increases histone acetylation and attenuates microglia-driven . . . L
inflammatory responses, highlighting histone acetylation as a 4.3 Therapeutic targeting of histone modifications

dynamic regulator of both injury amplification and repair ~ The reversibility of histone modifications has positioned
processes [46]. Genome-wide profiling of active enhancer  histone-modifying enzymes as promising therapeutic targets
marks, including H3K27ac, further demonstrates that injury in TBL In animal models, HDAC inhibitors consistently
or regeneration paradigms can reactivate developmental and enhance histone acetylation, reduce neuroinflammation,
repair-associated transcriptional programs through enhancer promote neural plasticity, and improve behavioral outcomes.
remodeling. This epigenetic reactivation drives coordinated Agents such as DMA-PB and valproic acid increase histone
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Figure 3 TBI-induced histone modification changes shape neuropathological outcomes. TBI elicits inflammation, calcium imbalance, and metabolic
stress, which collectively remodel histone modification patterns. This epigenetic reprogramming alters gene expression, contributing to blood-brain
barrier disruption, neuroinflammation, synaptic dysfunction, and cognitive deficits.

H3 and H4 acetylation in injury-vulnerable brain regions,
attenuate microglial activation, reduce tissue damage, and
improve cognitive and motor recovery [51, 52]. These
findings support the concept that restoring transcriptional
accessibility facilitates post-injury repair. More recently,
attention has  shifted toward modulating histone
acetyltransferase (HAT) activity and histone metabolic
pathways to achieve greater regulatory specificity (Fig. 3).
Targeted HAT activators and related small molecules may
selectively reinforce neuroprotective and repair-associated
transcriptional programs while minimizing off-target effects
associated with broad epigenetic modulation [53-55].
Collectively, alterations in histone marks and chromatin
remodeling complexes highlight the plasticity of the post-
injury chromatin landscape and its capacity to sustain both
maladaptive and reparative transcriptional programs. Such
chromatin-based regulation operates in concert with post-
transcriptional control mechanisms that further refine injury
responses. In addition to chromatin modifications, non-
coding RNAs also play a role in the epigenetics of TBL

5.1 MicroRNAs: biomarkers for acute diagnosis and
prognosis

MicroRNAs (miRNAs) are the most extensively studied
ncRNAs in TBIL Injury consistently alters miR-124, miR-21,
miR-9, and miR-155, among others. miR-124 is linked to
neuronal homeostasis and anti-inflammatory phenotypes,
with downregulation indicating neuronal injury and glial
activation [56]. In contrast, miR-21 and miR-155 modulate
inflammatory amplification and immune responses, with
expression levels correlating with injury severity and clinical
outcomes [57, 58]. Temporally, miR-21 and miR-155 change

rapidly in the acute phase, suggesting utility as early
diagnostic biomarkers, whereas sustained dysregulation of
miR-9-5p and miR-423-3p is associated with chronic
cognitive and affective impairments, highlighting prognostic
potential [59] (Fig. 4). Exosome-derived miRNAs are
particularly promising for non-invasive detection due to their
stability and ability to cross the blood-brain barrier [60].

52 Long RNAs:
neuroinflammation and cell fate

non-coding regulators  of

Long non-coding RNAs (IncRNAs) modulate transcriptional
networks, miRNA activity, and chromatin states, exerting cell-
type-specific regulation after TBI (Fig. 4). For example,
MALAT1 functions as a molecular sponge for miR-139-5p,
influencing the CXCR4/NF-kB axis and microglial activation
[61], while NEAT1 regulates apoptosis and inflammatory
pathways to support functional recovery [62]. Transcriptome
analyses reveal extensive IncRNA dysregulation in the
peripheral blood of TBI patients, enriched in immune and
inflammatory pathways [63]. Certain IncRNAs also regulate
apoptosis in neurons and oligodendrocytes, underscoring
their role in long-term injury responses. Compared with
miRNAs, IncRNAs provide more refined and context-specific
control, albeit with greater mechanistic complexity.

5.3 Circular RNAs:
plasticity

Circular RNAs (circRNAs), covalently closed and highly
stable, are abundantly expressed in the CNS. Following TBI,
numerous circRNAs are altered in memory-related regions
such as the hippocampus, correlating with impaired neural
plasticity [64]. Functionally, circRNAs often act as miRNA
sponges  within  circRNA-miRNA-mRNA  networks,
modulating downstream gene expression and contributing to

modulators of hippocampal
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Figure 4 Distinct regulatory roles of non-coding RNAs in TBI-induced neuropathology. IncRNAs act as molecular scaffolds or sponges, modulating
transcriptional networks, signaling pathways, and miRNA activity to influence neuroinflammation, cell survival, and functional recovery. miRNAs fine-
tune post-transcriptional gene expression, contributing to acute neuronal and glial responses as well as chronic cognitive and affective impairments.
circRNAs, through miRNA and protein interactions, regulate gene expression and synaptic plasticity, promoting long-term neurodegenerative processes.

synaptic remodeling deficits and memory dysfunction [65, 66]
(Fig. 4). For example, circHtral promotes neuronal apoptosis
and neuroinflammatory responses after experimental TBI by
sponging miR-3960 and derepressing GRB10 signaling,
leading to worsened neurological outcomes [67]. Similarly,
circlgfbp2 regulates synaptic and mitochondrial dysfunction
through a circlgfbp2-miR-370-3p-BACH1 axis, with
demonstrated relevance to post-injury cognitive and affective
phenotypes. In addition to miRNA-mediated regulation,
emerging evidence indicates that circRNAs can interact with
RNA-binding proteins (RBPs) and influence epigenetic
regulators such as TETI, thereby linking post-injury
transcriptomic remodeling to neurodegeneration-associated
pathways [68, 69]. High-throughput and network-based
analyses have systematically identified circRNAs implicated in
plasticity and long-term cognitive outcomes, revealing their
potential as both mechanistic targets and biomarkers [70, 71].
Taken together, non-coding RNAs add an additional layer of
regulatory precision, fine-tuning gene expression programs
across acute and chronic phases of injury. These molecular
adjustments ultimately converge with chromatin-level
remodeling to shape cellular behavior and neural circuit
function. We can then link epigenetic alterations to the
heterogeneous functional phenotypes of TBI.

6.1 Linking molecular remodeling to cellular and
circuit-level dysfunction

Epigenetic changes after TBI propagate across multiple
regulatory layers—chromatin remodeling, transcriptional

Sci.pen | https://www.sciopen.com/journal/2957-8701

reprogramming, protein expression, and cellular function—
ultimately impacting neural circuits and behavior. Integrated
methylome and transcriptome analyses in rodent models
reveal disrupted molecular networks involving inflammatory,
metabolic, and synaptic pathways, with key regulatory hubs
driving system-level outcomes [42]. DNA methylation and
histone modifications reshape chromatin accessibility at
promoters and enhancers, sustaining activation or repression
of transcriptional programs that influence synaptic
architecture, signal transduction, and cellular metabolic states.
Multi-omics integration—including methylome, ATAC-seq,
transcriptome, and proteome—enables identification of core
regulatory modules comprising transcription factors,
chromatin remodelers, and downstream gene networks, many
of which display conserved or cell type-specific activation
patterns [72, 73]. For example, post-TBI hippocampal neural
stem cells (NSCs) exhibit altered fate decisions, favoring
neurogenesis over astrocyte generation, illustrating how
molecular remodeling shapes lineage outcomes [74].

6.2 Epigenetic mechanisms of neuroinflammation
and glial activation

Neuroinflammation is a central driver of TBI pathology, with
epigenetic reprogramming orchestrating glial responses.
Microglia transition from homeostatic to pro-inflammatory
or reparative states, characterized by type I interferon
signaling and major histocompatibility complex (MHC) class
I pathway activation [75-77]. Astrocytes undergo reactive
changes regulated by DNA methylation and histone
modifications, which influence proliferation, scar formation,
and neurotrophic support, correlating with clinical markers
such as BBB disruption [78-80]. Microglia and astrocytes
interact dynamically: microglial cytokines (IL-1a, TNF-a, and
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C1q) induce neurotoxic astrocytic phenotypes, while astrocyte-
derived exosomal miRNAs (e.g., miR-873a-5p) suppress pro-
inflammatory microglial states, forming stage-dependent
bidirectional feedback loops [81, 82]. This coordinated
network underlies the temporal evolution of post-TBI
neuroinflammation.

6.3 Epigenetic alterations and long-term brain

disease risk

Persistent epigenetic remodeling may link TBI to chronic
neurodegenerative  disorders. DNA methylation and
chromatin states can remain altered for months to years post-
injury, with enrichment in neuroinflammation, synaptic, and
proteostasis pathways [83, 84]. In chronic traumatic
encephalopathy (CTE) and Alzheimer’s disease (AD), tau-
related chromatin alterations correlate with sustained
inflammation and  synaptic  dysfunction [85,  86].
Epidemiological and neuropathological studies indicate that
acute TBI can trigger early amyloid-B accumulation and
impaired APP processing, establishing a molecular cascade
that predisposes to late-life AD [87]. These findings support a
model in which TBI establishes stable epigenetic “memory”
effects, reshaping neural networks and increasing
susceptibility to long-term  cognitive decline and
neurodegeneration. These multi-layered regulatory processes
illustrate how epigenetic remodeling propagates across
biological scales, linking molecular alterations to cellular
dysfunction, circuit reorganization, and long-term behavioral
outcomes. This convergence of mechanisms provides a
conceptual bridge between experimental observations and
clinical relevance.

7.1 Peripheral and CSF biomarkers

Peripheral blood and cerebrospinal fluid (CSF) provide
accessible windows into TBI-induced epigenetic remodeling.
Specific miRNA signatures in plasma, serum, or CSF are
reproducibly altered after injury and correlate with severity,
imaging features, and functional outcomes [88]. miRNA
panels also outperform single-molecule markers in
reproducibility and predictive accuracy [89]. DNA
methylation signatures similarly offer prognostic potential,
with acute-phase alterations reflecting injury severity and
chronic-phase marks predicting long-term cognitive and
neuropsychiatric sequelae [62].

7.2 Epigenetic therapeutics

The reversibility of epigenetic modifications enables
targeted interventions. HDAC inhibitors enhance histone
acetylation, promote neural plasticity, and attenuate
neuroinflammation [90, 91], while DNA methyltransferase
(DNMT) inhibitors modulate aberrant DNA methylation,
though their safety and efficacy in TBI remain under
investigation [92]. miRNA mimics and inhibitors offer
precision modulation of neuroinflammatory and apoptotic
pathways, but in vivo stability and targeted delivery remain
challenges [93]. Nanoparticle- and exosome-based platforms,

including intranasal exosome delivery, have shown promise in
directing epigenetic therapies to injured brain regions, reducing
systemic effects, and improving functional outcomes [94].
Despite strong preclinical evidence that HDAC inhibitors
improve synaptic plasticity and reduce neuroinflammation
after TBI, clinical translation remains limited, with most
agents still at early Phase I/II stages and no large-scale trials
completed to date [95]. In contrast, DNMT-targeting
strategies have shown beneficial effects in experimental
settings but lack corresponding human clinical data, reflecting
ongoing challenges in safety and translational development.

7.3 Multi-omics integration for precision medicine

Integrating DNA  methylation, ncRNA  profiles,
transcriptomics, metabolomics, and clinical variables enables
predictive models that surpass traditional injury-based
classifications [96]. Prospective studies demonstrate that
combining multi-omics data with clinical scoring can identify
molecular subtypes and predict outcomes in children with
severe TBI [97]. Successful translation requires attention to
sampling time windows, therapeutic interventions, and
peripheral immune status, with external validation and cross-
platform reproducibility as critical prerequisites. Multi-omics
integration thus offers a path toward mechanism-driven,
individualized =~ TBI = management, enabling patient
stratification, prognostic prediction, and targeted epigenetic
or immune-modulatory therapies. Together, these
translational efforts underscore both the promise and the
current limitations of leveraging epigenetic information in
clinical contexts. Realizing their full potential will depend on
continued integration of molecular insight with longitudinal,
patient-centered, and mechanistically informed approaches.

Traumatic brain injury is increasingly recognized as a
dynamic and heterogeneous disorder in which long-lasting
functional outcomes are shaped not only by the initial
mechanical insult but also by sustained epigenetic and
transcriptional reprogramming. Accumulating evidence
demonstrates that DNA methylation, histone modifications,
chromatin  accessibility, =~ three-dimensional =~ genome
organization, and non-coding RNA regulation act in a
coordinated manner to reshape gene regulatory networks
across neurons, glial cells, vascular components, and
infiltrating immune populations. These multilayered
epigenetic alterations link acute injury signals to persistent
changes in neuroinflammation, synaptic plasticity, cellular
metabolism, and circuit function, thereby providing a
mechanistic framework for the marked interindividual
variability =~ observed in  cognitive, emotional, and
neurodegenerative outcomes after TBL

The integration of epigenomics with transcriptomic,
proteomic, metabolomic, and spatially resolved data has
enabled a shift from reductionist pathway analyses toward
network-based models of TBI pathophysiology. Such multi-
omics approaches reveal that injury-induced regulatory
rewiring occurs in a cell type-specific and spatiotemporally
structured manner, generating stable molecular states that can
persist long after the resolution of acute pathology.
Importantly, these epigenetic “memory” effects offer a
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unifying explanation for the transition from acute injury to
chronic neuroinflammation, impaired repair, and increased
susceptibility to late-life neurodegenerative disease. Together,
current findings position epigenetic regulation as a central
organizing principle of TBI biology and a critical interface
between molecular mechanisms and clinical phenotypes.
Looking forward, several challenges must be addressed to
translate these insights into clinical impact. Greater resolution
will be required through multimodal single-cell and spatial
multi-omics to disentangle cell type-specific regulatory
programs and their anatomical context. Causal inference
frameworks integrating longitudinal data and targeted
epigenetic perturbations will be essential to identify driver
regulatory modules and actionable targets. Finally, rigorous
cross-cohort validation is needed to establish robust
epigenetic biomarkers and to guide the development of
precise, cell type-directed epigenetic therapies. Continued
integration of epigenetic mechanisms within a systems-level,

precision medicine framework holds promise for
transforming TBI  management from  injury-based
classification  to  mechanism-informed, individualized
intervention.
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