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Ischemic stroke (IS) remains a leading cause of mortality and disability worldwide,
driven by genetic predispositions and environmental interactions, with
epigenetics playing a pivotal role in mediating these processes. Specific
modifying enzymes that regulate epigenetic changes have emerged as
promising targets for IS treatment. DNA methyltransferases (DNMTs), ten-
eleven translocation (TET) dioxygenases, histone acetyltransferases (HATs), and
histone deacetylases (HDACs) are central to epigenetic regulation. These
enzymes maintain a dynamic balance between DNA methylation/
demethylation and histone acetylation/deacetylation, which critically
influences gene expression and neuronal survival in IS. This review is based on
both in vivo and in vitro experimental studies, exploring the roles of DNMT/TET
and HAT/HDAC in IS, evaluating their potential as therapeutic targets, and
discussing the use of natural compounds as modulators of these enzymes to
develop novel treatment strategies.
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1 Introduction

According to recent reports, stroke is projected to cause nearly 10 million deaths by
2050 (The Lancet, 2024). Already a leading contributor to the global disease burden, stroke
remains the second leading cause of death and the third leading cause of disability
worldwide (GBD, 2024). IS, which account for 87% of all stroke cases (Martin et al.,
2024), result from impaired cerebral blood circulation. This leads to ischemia and hypoxia,
causing pathological damage, such as neuroglial cell injury, excitatory neurotoxicity, and
mitochondrial dysfunction, which subsequently trigger a series of pathophysiological
cascade responses. Current treatments for IS primarily focus on intravenous
thrombolysis and mechanical thrombolysis. However, its short therapeutic window and
high surgical risk underscore the urgent need to explore novel treatment approaches
(Powers et al., 2019).

Epigenetics play a crucial role in the pathogenesis of central nervous system diseases
(Bertogliat et al., 2020), with evidence demonstrating its involvement in the regulation of
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brain injury and neurological deficits (Aldridge and West, 2024;
Singh et al., 2025). It is also essential for brain development and
maintenance of brain function (LaSalle, 2025; Xu et al., 2024).
Epigenetic modifications often occur through mechanisms such
as DNA methylation, histone modification, and chromatin
remodeling (Figure 1A). Enzymes responsible for these
modifications are key regulators of gene expression. Thus,
targeting epigenetic enzymes may provide new therapeutic targets
for IS. This article focuses on the therapeutic potential of targeting
two dynamically balanced enzyme systems in IS, DNMT/TET and
HDAC/HAT (Figure 1B).

2 DNA methylation

DNA methylation plays a crucial role in epigenetic
reprogramming and cellular function. Cytosine methylation at
the 5th position is one of the most well-understood epigenetic
modifications (Smith and Meissner, 2013). DNA methylation,
regulated by DNMTs, involves the transfer of a methyl group
from donors such as S-adenosylmethionine to the cytosine
residue in CpG sites on the gene, resulting in 5-methylcytosine

(5mC). This modification condenses the chromatin structure and
suppresses transcription and gene expression. DNMT deficiency can
severely disrupt normal development, often leading to early
embryonic lethality (Okano et al., 1999). Maintaining a
hypomethylated state in promoter CpG islands requires active
involvement of DNMTs (Smith and Meissner, 2013). In
mammals, three main DNMTs mediate the methylation process:
DNA methyltransferase 1 (DNMT1), DNA methyltransferase 3A
(DNMT3A), and DNA methyltransferase 3 B (DNMT3B).

Mammalian DNA demethylation is mediated by the TET
protein family. TET enzymes catalyze the addition of a hydroxyl
group to 5-mC to form 5-hydroxymethylcytosine (5hmC), which is
considered the first step in DNA demethylation (Yamaguchi et al.,
2013). Further oxidation of 5hmC resulted in the formation of 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Lu et al.,
2014). Owing to the relative instability of 5fC and 5caC in
chromatin, they are recognized and removed by thymine-DNA
glycosylase (TDG). Subsequently, through the TDG-mediated
base excision repair (BER) pathway, a cascade of repair enzymes
restores the unmethylated cytosine, completing the active
demethylation process (Figure 2). This provides compelling
evidence for DNA demethylation (He et al., 2011). 5hmC acts as

FIGURE 1
Main types of epigenetic modifications and targeting epigenetic enzymes in ischemic stroke treatment. (A) Epigenetic modifications include histone
modification, DNA methylation, and chromatin remodeling. (B) Epigenetic therapies for ischemic stroke. Following ischemic stroke, DNMT and HDAC
levels are generally elevated and can be suppressed by specific inhibitors, while TET levels are generally downregulated, requiring activators to restore
function. HAT levels may be either upregulated or downregulated depending on specific pathological conditions, necessitating either inhibitors or
activators to maintain epigenetic balance. Targeting these enzymes presents a potential therapeutic strategy for ischemic stroke. DNMT, DNA
methyltransferase; TET, Ten-eleven translocation; HAT, Histone acetyltransferase; HDAC, Histone deacetylase. Symbols: Red arrows indicate the
upregulation of epigenetic enzyme expression levels following ischemic stroke, while green arrows indicate their downregulation.

Frontiers in Pharmacology frontiersin.org02

Guo et al. 10.3389/fphar.2025.1571276

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1571276


an intermediate in DNA demethylation and 5hmC-mediated active
demethylation is required for mammalian neuronal differentiation
and function (Stoyanova et al., 2021). The TET family of enzymes
involved in this process includes three subtypes: TET1, TET2, and
TET3, all of which are widely expressed in the brain (Choi et al.,
2022). DNA methylation is a dynamic process that is primarily
maintained through the cooperation of DNMTs and TET proteins.

2.1 DNA methyltransferases and
their functions

2.1.1 DNMT1
DNMT1 is responsible for maintaining the methylation

status of the genome (Berkyurek et al., 2014; Chialastri et al.,
2024). DNMT1 consists of a C-terminal structural domain and a
large portion of an N-terminal structural domain that interact
with each other in order to catalyze the enzyme activity, which in
turn regulates the DNA methyltransferase function of the variant
(Fatemi et al., 2001). DNMT1 is an indispensable
methyltransferase during embryonic development, playing a
key role in chromatin structure (Martino et al., 2024),
neuronal survival (Bayer et al., 2020), and cell cycle regulation
(Yang et al., 2024). The absence of DNMT1 leads to rapid cell
death in human embryonic stem cells (Liao et al., 2015) and
causes lethal damage to dividing somatic cells (Trowbridge et al.,
2009). During the mitotic S phase, DNMT1 inhibits the
Checkpoint Kinase 1 (Chk1) pathway to protect the
differentiated neurons (Oshikawa et al., 2017). Studies have
shown that DNMT1 is crucial for the development of the
dentate gyrus in mice, and its absence leads to abnormalities
in the molecular and granule cell layers of the dentate gyrus
(Noguchi et al., 2016). Mutations in DNMT1 in the dorsal
forebrain of mice result in significant cortical and

hippocampal degeneration accompanied by neurobehavioral
deficits in learning and memory (Hutnick et al., 2009).
DNMT1 expression is also age-dependent, with high
expression levels in the cortex and hippocampus of young
mice, which gradually decrease with age (Singh and
Thakur, 2014).

2.1.2 DNMT3
The DNMT3 family includes DNMT3A, DNMT3B, and

DNMT3L, with DNMT3A and DNMT3B referred to as de novo
methyltransferases (Okano et al., 1999), in early embryonic
development, DNMT3A and DNMT3B are co-expressed in the
epiblast. Their inactivation blocks de novo methylation in early
embryos, but does not affect the maintenance of genomic DNA
methylation, which is associated with the establishment of new
methylation patterns on previously unmodified DNA during
development (Monsour et al., 2022) DNMT3A has a lower
enzymatic activity than DNMT1, which may be related to its
need for specific interactions with the cofactor ubiquitin like with
PHD and ring finger domains 1 (Uhrf1) during the catalytic process.
DNMT3 is involved in the formation of long-term memory in
hippocampal neurons activated by memory events (Bernstein,
2022). Another regulatory factor, DNMT3L, stimulates the
activity of DNMT3A and DNMT3B in de novo DNA
methylation (Ooi et al., 2007), acting as an auxiliary protein for
DNMT3A and DNMT3B, and participating in the regulation of
repetitive regions and imprinting in germ cells (Bourc’his et al.,
2001). The DNMT3L knockout did not affect the development of
normal mice. Increasing evidence suggests that DNMT3A and
DNMT3B contribute to the maintenance of methylation during
replication, and de novo methylation may also require the
involvement of DNMT1 (Egger et al., 2006), indicating that the
process of methylation is not the action of a single methyltransferase
but requires cooperation among each other.

FIGURE 2
Methylation and demethylation processes. DNA methylation is catalyzed by DNA methyltransferases (DNMTs), converting cytosine to 5-
methylcytosine (5mC), which is associated with gene repression. Active DNA demethylation occurs through the ten-eleven translocation (TET) enzymes,
which sequentially oxidize 5mC to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). Due to the relative
instability of 5fC and 5caC, these modified cytosines are recognized and excised by thymine DNA glycosylase (TDG), initiating the TDG-mediated
base excision repair (TDG-BER) pathway, which restores unmethylated cytosine and completes the demethylation process.
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2.1.3 DNA methyltransferases in ischemic stroke
The involvement of DNMTs in ischemic stroke pathogenesis is

gaining increasing recognition (Stanzione et al., 2020). Cerebral
ischemic injury leads to alterations in gene expression, which are
crucial for the repair of cellular damage in the ischemic region (Choi
et al., 2022). After cerebral ischemia, overall DNAmethylation levels
in the brain are upregulated, inhibiting gene transcription and
expression (Endres et al., 2000). This inhibition exacerbates brain
damage and correlates with increased DNMT activity in the brain.
Consequently, DNAmethylation may contribute to secondary brain
damage following stroke, and inhibition of DNA methylation may
enhance resistance to ischemia (Endres et al., 2001).

2.1.3.1 In vitro studies
DNMT1 plays a crucial role in regulating synaptic functions of

excitatory and inhibitory interneurons (Pensold et al., 2020). An
in vitro study showed that inhibition of DNMT1 expression
impaired the proliferation of HT22 neuronal cells derived from
the mouse hippocampus and exacerbated apoptosis, thereby
affecting brain function (Yang J. et al., 2017). DNMT1 was also
associated with microglial polarization after stroke. A study showed
that DNMT1 was upregulated in activated microglia, and silencing
DNMT1 promoted M2 polarization of microglia, thereby reducing
neuroinflammation (Tan et al., 2022). DNMT1 binds to other
proteins to form complexes that exert neuroprotective effects. For
example, Repressor-Element 1 (RE1)-silencing transcription factor
(REST) downregulated Na+/Ca2+exchanger-1 (Ncx1) in stroke by
forming a complex with the epigenetic writer DNMT1 and the
epigenetic reader methyl-CpG binding protein 2 (MeCP2). Using
primary mouse cortical neurons, oxygen-glucose deprivation/
reperfusion (OGD/R) for 24 h, REST, DNMT1, and
MeCP2 expression increased, while Ncx1 protein expression
decreased at 12 and 24 h. Silencing of DNMT1, MeCP2, and
REST, as well as inhibition of DNA methylation, significantly
prevented OGD/R-induced downregulation of Ncx1 and
prevented neuronal death (Guida et al., 2024). DNMT3A is
involved in the regulation of mitochondrial autophagy following
cerebral ischemia-reperfusion injury. The overexpression of
DNMT3A leads to increased neuronal apoptosis after OGD/R
injury, diminishing its protective effects on neurons (Zhu
et al., 2024).

2.1.3.2 In vivo studies
DNMT mediates DNA methylation. Ischemia and

reperfusion may cause oxidative damage to DNA and
DNMT1 has been shown to stimulate DNA repair (Sharifulina
et al., 2021). In vivo studies have shown that after transient
middle cerebral artery occlusion/reperfusion (MCAO/R), DNMT
levels in ischemic brain tissue increase in the striatum and cortex
(Endres et al., 2000), with a significant increase in 5-mC levels in
the cerebral cortex (Asada et al., 2020), which may contribute to
cell death (Chestnut et al., 2011). Reducing DNMT1 expression
and 5-mC levels, along with hypomethylation of synaptic gene
DNA, has been found to protect synaptic function in the
hippocampus of rats (Shi et al., 2023). The reduction in
DNMT1 expression may be related to delayed neuronal death
caused by transient cerebral ischemia (Lee et al., 2013). Although
reducing DNMT1 levels can protect mice from the effects of

cerebral ischemia, the absence of DNMT1 does not prevent
ischemic brain injury (Endres et al., 2001). Interestingly, mice
with a double knockout of DNMT1 and DNMT3A exhibited
abnormal synaptic plasticity in the hippocampal CA1 region and
deficits in learning and memory (Feng et al., 2010). However, an
opposite trend was observed in diabetic stroke models. After
ischemic injury, DNMT1, DNMT3A, and overall 5-mC levels
decreased in the brains of diabetic mice, whereas these levels
increased in nondiabetic brains following ischemic insult (Kalani
et al., 2015).

Junhe Cui et al. found that targeting DNMT3B after focal
ischemia in rats reduced long interspersed nuclear element-1
(LINE-1) methylation levels (Cui et al., 2020) and inhibiting
DNMT3B-mediated methylation can reduce neuronal apoptosis
and improve neurological function in IS (Deng et al., 2020).
However, this contrasts with previous reports suggesting that
inhibiting DNMT function exerted neuroprotective effects, where
inhibition of DNMT3A in a mouse model of transient cerebral
ischemia increased infarct volume and exacerbated neurobehavioral
impairments, with an increase in the number of neutrophils and
infiltration of peripheral blood and central neutrophils (Lyu et al.,
2024). DNMT can be targeted directly or indirectly to treat stroke.
Elevated homocysteine (Hcy) level is a risk factor for IS. Hcy inhibits
the proliferation of neural stem cells by decreasing DNMT activity
and overall methylation levels in the hippocampus of the brain tissue
of middle cerebral artery occlusion (MCAO) rats. Hcy-induced
DNA hypomethylation may be caused mainly by a decrease in
DNMT activity. Maintaining normal DNA methylation levels by
lowering Hcy levels provides a new therapeutic approach to promote
neurological recovery and reconstruction after stroke (Gou
et al., 2021).

2.2 DNA demethylases and their functions

2.2.1 TET1
TET-mediated DNA demethylation occurs actively in

neuronal enhancers and promotes cell identity (Tian et al.,
2024). The TET1 protein is notably expressed in the fetal
brain, heart, spleen, and kidney, with additional expression
observed in adult ovaries and skeletal muscle (Lorsbach et al.,
2003). TET1 catalyzes a significant increase in 5hmC levels,
where hydroxymethylation modifications are essential for
genomic function. Interestingly, the transcription start sites
(TSS) of gene promoters bound by TET1 are typically devoid
of DNA methylation, in contrast to TET1-unbound promoters,
which are often methylated (Wu et al., 2011). The depletion of
TET1 leads to a reduction in 5hmC levels at the TSS (Huang
et al., 2014). Although the deletion of TET1 does not
substantially impact the demethylation process (Yamaguchi
et al., 2012), the downregulation or knockout of TET1 results
in decreased 5hmC levels and significant transcriptional
alterations (Williams et al., 2011). Mice lacking TET1 exhibit
neurological changes in the hippocampus, including deficits in
learning and memory (Zhang et al., 2013), suggesting a role for
TET1 in memory formation. In embryos with a double knockout
of TET1 and TET3, a decrease in 5hmC and increase in 5mC
have been observed (Liu et al., 2019).
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2.2.2 TET2
TET2 is prominently expressed in various organs including the

heart, liver, spleen, and lungs (Lorsbach et al., 2003). This enzyme
plays a pivotal role in regulating the balance between 5hmC and
5mC, which is essential for preserving genomic integrity (Joshi et al.,
2022). The absence of TET2 results in diminished
hydroxymethylation and a concurrent increase in DNA
methylation levels, particularly in the enhancer regions (Hon
et al., 2014). Intriguingly, the expression levels of TET2 in mouse
embryonic stem cells aligned with the detectable presence of 5hmC,
5fC, and 5caC (Ito et al., 2010). Loss of neuronal Tet2 enhances
hippocampal-dependent cognitive function. TET2 deletion in young
adult mice impairs neurogenesis, whereas TET2 overexpression
suppresses hippocampus-dependent memory. However, in the
hippocampus of aged mice, decreased TET2 expression and
5hmC levels correlate with a decline in neurogenesis (Pratt
et al., 2023).

2.2.3 TET3
TET3 is highly expressed in the brain, where 5hmC is the most

abundant (Antunes et al., 2021). It plays a crucial role in synaptic
gene regulation by modulating 5hmC levels in neurons (Liu et al.,
2024). TET3 is associated with biological processes, such as synaptic
transmission (Yu et al., 2015), and its dysregulation disrupts
homeostatic synaptic plasticity. Additionally, TET3 serves as a
key neuroprotective factor by regulating lysosomal and
autophagy-related genes, thereby preventing neuronal death (Jin
et al., 2016). Deletion of TET3 leads to abnormal differentiation of
neural stem cells, manifested by downregulation of neural gene
expression (MacArthur et al., 2024).

2.2.4 DNA demethylases in ischemic stroke
2.2.4.1 In vitro studies

In an in vitro study, TET1 knockdown led to downregulation of
genes that regulate neuronal activity (Santiago et al., 2020). It also
promoted oxidative stress, which in turn induced neuronal
apoptosis (Xin et al., 2015). Conversely, TET1 overexpression in
astrocytes protected against ischemia-induced autophagy and
apoptosis, induced promoter hypomethylation, and potentially
mitigated brain damage caused by IS (Zhou D. et al., 2021). A
recent study indicated that overexpression of TET1 in microglia
increased the M1/M2 polarization ratio, exacerbating
neuroinflammation induced by cerebral ischemia/reperfusion (Lin
Y. et al., 2024). Therefore, the expression of TET enzymes should be
maintained at an optimal dynamic equilibrium, neither excessively
high or low, to ensure proper physiological function and prevent
adverse effects. Using BV2 microglia, Qingyi Ma et al. found that
knocking down TET2 worsened neonatal HI-induced brain infarct
and neurological deficits and reversed the neuroprotective effect of
miR-210 inhibition, the miR-210-TET2 axis regulated pro-
inflammatory response in microglia (Ma et al., 2021).

2.2.4.2 In vivo studies
A growing body of evidence implicates TET enzymes and 5hmC

in neuroprotection, with increased 5hmC levels being associated
with enhanced neurological recovery following cerebral ischemia
(Bertogliat et al., 2020). 5hmC was rapidly elevated after cerebral
ischemia/reperfusion injury (CI/RI) in mice and remained elevated

for 48h, TET2 expression was increased, and TET2 protein
knockdown increased the area of cerebral infarction after MCAO
(Miao et al., 2015). Furthermore, it has been observed that
TET3 levels rise in peri-infarct cortical neurons and astrocytes of
mice within 24 h of focal ischemia onset. By contrast, the expression
levels of TET1 and TET2 remain stable during this period. Notably,
the increase in 5hmC levels post-ischemia is TET3-dependent;
suppression of TET3 not only reduces 5hmC levels, but also
exacerbates ischemic brain injury. These findings suggest that
TET3 plays a role in endogenous neuroprotection (Morris-Blanco
et al., 2021). Elevated 5hmC levels may be mediated by TET3 or
Tet2 in the peri-infarct region, favoring neurological recovery after
cerebral ischemia (Bertogliat et al., 2020). In mice, the abundance of
5hmC in mitochondrial DNA increases after ischemic brain injury,
and inhibition of Tet2 decreases 5hmC expression while increasing
cellular ATP levels (Ji et al., 2018), leading to mitochondrial
dysfunction, which in turn exacerbates brain injury. Furthermore,
a comprehensive decrease in cortical 5hmC has been documented
following ischemic-hypoxic brain injury in rats, potentially related
to the downregulation of TET1 and TET2 (Zhang et al., 2019b).
Using a mouse model of poststroke depression (PSD) induced by
MCAO and spatial constraint stress, researchers found that
decreased in TET2 expression in the brain caused PSD by
decreasing Wnt/β-catenin/Lymphoid Enhancer Factor-1 (Wnt/β-
catenin/LEF1) pathway signaling to promoting inflammatory factor
IL-18 expression (Wei et al., 2021).

3 Histone modification

Histone modification involves post-translational modifications
(PTMs) on the amino-terminal tails of histones, catalyzed by specific
enzymes, including acetylation, phosphorylation, and methylation
(Zhao et al., 2024) (Figure 3). Among these modifications, histone
acetylation has proven to be more effective for chromatin dynamics
and gene expression. Consequently, acetylation has been particularly
well studied in the context of neurological disorders (Bhaumik et al.,
2007). Histone acetylation facilitated by HATs involves the addition
of acetyl groups to specific lysine residues on the N-terminal tails of
core histones, thereby promoting transcriptional activation in
eukaryotes (Hebbes et al., 1988). However, this process is
reversible: HDACs counteract HATs by removing acetyl groups
and inhibiting gene expression through the deacetylation of ε-amino
acids on conserved lysine residues within the N-terminal tails of
histones (Xia et al., 2007). The interplay betweenHATs andHDACs,
two enzymes with opposing functions, dynamically regulates gene
expression. This delicate balance is crucial not only for gene
expression but also for DNA repair and modulation of disease
states (Haberland et al., 2009).

3.1 Histone acetyltransferases

HATs are primarily classified into two types: type A (nuclear)
and type B (cytoplasmic). Type A HATs are involved in histone
acetylation within chromatin to promote transcription, whereas type
B HATs acetylate newly synthesized histones to influence the
nucleosome structure (Qiu et al., 2025). HATs mediate many
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different biological processes, such as gene regulation and DNA
damage repair (Marmorstein and Zhou, 2014), and play a key role in
both the developing and adult brain (Kabir et al., 2022). CREB-
binding protein (CBP)/p300 and p300/CBP-associated factors (P/
CAFs) are key players in neuronal growth and development.
Neuronal activity promotes repetitive CREB-CRE and CREB-CBP
interactions, leading to rapid gene expression (Atsumi et al., 2024).
CBP/p300 also regulates the expression of brain-derived
neurotrophic factor in rats, in collaboration with the cAMP-
response element binding protein (CREB) family of transcription
factors, which are essential for neuron survival, synaptic plasticity,
and other functions (Esvald et al., 2020). Mice with mutations in the
CBP/p300 genes exhibit pronounced deficits in learning and
memory (Goodman and Smolik, 2000), and the deletion of CBP
and p300 leads to the failure of neural tube closure and extensive
cerebral hemorrhage (Tanaka et al., 2000). Furthermore, the absence
of these proteins induces the abnormal migration of motor neuron
cell bodies, accompanied by a significant reduction in histone
H3 acetylation in motor neuron enhancers (Lee et al., 2009). A
previous study also suggested that p300 may be involved in

oligodendrocyte differentiation in the developing rat brain
(Zhang et al., 2016). Tip60 was the first HAT found in vitro in
primary hippocampal neurons to undergo nucleoplasmic
translocation in neurons (Karnay et al., 2019), which is critical
for regulating plasticity genes in response to the environment
(Armour et al., 2023). Disruption of Tip60 HAT-mediated neural
histone acetylation homeostasis is a common early event in
neurological disorders in a previous report (Beaver et al., 2020).

3.1.1 Histone acetyltransferases in ischemic stroke
HAT1 is thought to be a cytoplasmic protein involved in the

regulation of protein expression profiles after IS (Ortega et al., 2023).
S V Demyanenko et al. constructed a photothrombotic stroke (PTS)
model using rats, and they found that the expression of HAT1 and
P300/CBP-associated factor (PCAF) was upregulated in the
ischemic semi-dark band of the rat cerebral cortex at 4–24 h
after PTS, and that HAT1 being localized in astrocytes
(Demyanenko and Uzdensky, 2019). To further understand the
localization and expression of HAT1 and PCAF in the core infarct
zone induced by stroke, they conducted additional experiments and

FIGURE 3
Histone modification is the PTM of histone amino-terminal tails under the action of relevant enzymes, producing modification processes such as
acetylation, phosphorylation, methylation, among others of which acetylation is dynamically regulated by HATs and HDACs. The upper left shows the
classification of HATs. HATs are categorized into two types: Type A HATs include the GNAT family, the p300/CBP family, the MYST family, the basal TF
family, and the NRCF family. Type B HATs include HAT1, HAT2, HatB3.1, Rtt109, and HAT4. The upper right shows the classification of HDACs, which
is categorized into four types. PTM, Post-translational modification; HAT, Histone acetyltransferase; HDAC, Histone deacetylase; Acyl, Acetylation;
Methyl, Methylation; Phospho, Phosphorylation.
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found that in the PTS model, PCAF levels remained unchanged in
the nuclear fraction, whereas HAT1 was overexpressed only at 24 h
after PTS. However, both HAT1 and PCAF were upregulated in the
cytoplasm, which may be mainly related to their overexpression in
the cytoplasm of neurons, especially astrocytes (Demyanenko et al.,
2020c). Astrocytes respond rapidly after ischemia, and HAT1 may
be involved in the process of astrocyte response in the injured brain.
The level of p53 acetylation was significantly increased after the
induction of a global cerebral ischemia model after bilateral
ovariectomy in SD female rats. CBP/p300, an acetylase that
targets and inhibits p53, has been shown to exert strong
neuroprotective effects on the hippocampal CA1 region after
overall cerebral ischemia, thereby reducing neuronal cell
apoptosis (Raz et al., 2011).

HDAC3 cooperates with p300 to regulate oligodendrocyte and
astrocyte phenotypes, and HDAC3 interacts with p300 to maintain
oligodendrocyte identity while inhibiting signal transducer and
activator of transcription 3 (Stat3)-mediated astrocytogenesis
(Zhang et al., 2016). In addition, p300 is involved in activating
ncx1 transcription. Oxygen and glucose deprivation plus
reoxygenation (OGD/RX) treatment of cortical neurons has
revealed that inhibition of p300 leads to increased neuronal
damage and prevents the increase in ncx1 in cortical neurons. By
contrast, upregulation of p300 activity enhances cellular resistance
to ischemia and reduces the post-ischemic damage (Formisano et al.,
2015). Enhanced activity of matrix metalloproteinase-9 (MMP-9)
leads to disruption of the blood-brain barrier (BBB),
neuroinflammation, and neuronal apoptosis. Increased MMP-9
promoter activity requires HAT activity of PCAF and CBP/
p300 co-activators, and knockdown of these co-activators
decreases MMP-9 expression (Zhao and Benveniste, 2008).
Although changes in the activity of HATs may be associated with
neuroprotective mechanisms, research on HATs in stroke remains
relatively limited, highlighting an avenue for future investigation.

3.2 Histone deacetylases

HDACs can be divided into four classes based on sequence
similarity and structure: Class I (HDAC1-3 and 8), Class II
(HDAC4-7, 9, and 10), and Class IV (HDAC11), all of which are
zinc-dependent enzymes. Class II is further divided into Class IIa
(HDAC4, 5, 7, and 9) and IIb (HDAC6 and 10). Class III HDACs,
also known as sirtuins (SIRT), are nicotinamide adenine
dinucleotide (NAD)-dependent (Milazzo et al., 2020). HDACs
exhibit distinct subcellular distributions in vivo. Class I HDACs
are predominantly nuclear, while Class II and IVHDACs can shuttle
between the nucleus and cytoplasm (Johnstone, 2002). The catalytic
region of Class I HDACs contains conserved tyrosine residues,
which are replaced by histidines in Class IIa HDACs (Park and
Kim, 2020). Class IIa HDACs possess a unique feature: an extended
N-terminal regulatory domain in addition to the core HDAC
structure. Unlike Class I and IIb HDACs, Class IIa HDACs are
not active on acetylated substrates (Lahm et al., 2007). Instead, Class
IIa members recruit various protein modifications to inactivate
transcription factors and enforce transcriptional repression
(Guttzeit and Backs, 2022). HDAC11, the sole member of Class
IV HDACs identified to date (Liu et al., 2020), is widely distributed

in tissues such as the brain, heart, kidney, and skeletal muscle. The
structure of HDAC11 remains elusive; however, structural modeling
based on HDAC8 suggests that HDAC11 shares a structure similar
to that of HDAC8 (Thangapandian et al., 2012). HDACs are not
limited to deacetylation. They also participate in other PTMs that
collectively regulate gene transcription and play crucial roles in
modulating gene expression and metabolic processes (Zhang et al.,
2024). HDACs play a crucial role in maintaining brain homeostasis
(Rathore et al., 2021) by interacting with a variety of protein
molecules and regulating numerous pathways (Cavalieri, 2021),
including apoptotic cascades (Lu et al., 2023), inflammatory
mechanisms (Dai et al., 2021), and protection of the BBB (Han
et al., 2023), thus exerting neuroprotective effects.

Seven SIRTs (SIRT1–SIRT7) have been identified in mammals.
These proteins share a conserved NAD+-binding catalytic domain,
and the distinct localisation and functions of various SIRT types
depend on their sequence and length within the N-terminal and
C-terminal structural domains (Wu et al., 2022). SIRT1 is expressed
in the brain, liver, muscle, endothelium, pancreas, and adipose tissue
(Carrizzo et al., 2022), and is predominantly distributed in neurons
of the cortex, hippocampus, cerebellum, and thalamus (Ramadori
et al., 2008), primarily located in the nucleus and shuttling to the
cytoplasm (Tanno et al., 2007). SIRT1 deacetylates histone H4 lysine
16 (H4K16), H3K9, and H1K26, leading to transcriptional
repression (Zhang et al., 2019a). SIRT2 is mainly found in the
cytoplasm, translocates to the nucleus during the G2/M phase of the
cell cycle (Vaquero et al., 2006), and is able to maintain brain glucose
homeostasis (Park et al., 2015). SIRT3, SIRT4, and SIRT5 are
primarily located in the mitochondria (Satoh and Imai, 2014).
SIRT3 activation in response to oxidative stress regulates
mitochondrial proteins and inhibits the production of
mitochondrial reactive oxygen species (ROS) (Tao et al., 2010).
The absence of SIRT3 exacerbates mitochondrial autophagy and
disrupts mitochondrial homeostasis (Li et al., 2018). SIRTs catalyze
acetylation, and their high expression in the brain and multiple
targets alters multiple biological processes in response to ischemic
stimuli, including attenuating inflammatory responses, inhibiting
oxidative stress, modulating autophagy, protecting the BBB
integrity, and promoting angiogenesis (Liu et al., 2023; Wu
et al., 2022).

3.2.1 Histone deacetylases in ischemic stroke
3.2.1.1 In vitro studies

An in vitro experiment showed that HDAC1 mediated the
transformation of microglial phenotypes after stroke.
Overexpression of HDAC1 reduced the acetylation of histones
H3 and H4, significantly decreasing microglial viability in an
oxygen-glucose deprivation (OGD) model, whereas
downregulation of HDAC1 promoted the transformation of M1-
type microglia to the M2 phenotype (Wang et al., 2017).
HDAC1 knockout reduced the expression of inflammatory
factors in lipopolysaccharide (LPS)-induced BV2 microglia
in vitro, suggesting that HDAC1 inhibitors may play a significant
role in targeting brain damage and neuroinflammation (Durham
et al., 2017). Similarly, HDAC3 acted as a hub to induce microglial
phenotypic transformation. For example, HDAC3 activation
exacerbated neuroinflammation, whereas HDAC3 deficiency
promoted the development of an anti-inflammatory microglial
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phenotype (Zhao et al., 2022). Expression of HDAC3 was increased
in microglia after stroke. HDAC3 activated the transcription factor
PU.1 through chromatin remodeling, and this activation further
promoted the proliferation of pro-inflammatory microglia
(Inglis, 2024).

SIRT3 played a protective role in IS. A study showed that
upregulating of SIRT3 through the SIRT3-FOXO3a-SOD2
pathway reduced brain ischemia-reperfusion injury and repaired
neurons (Yin et al., 2015). Astroglial activation formed neuroglial
scars post-stroke, and Foxo3a was an important mediator of the
inhibition of astroglial proliferation (Cui et al., 2011). Knockdown of
SIRT3 weakened the inhibitory effect of drugs on astroglial
proliferation, whereas overexpression of SIRT3 activated the
inhibition of astroglial activation through the SIRT3-FOXO3a
pathway, reducing neuroglial scar formation and promoting
angiogenesis after IS (Yang X. et al., 2017). Furthermore,
overexpression of SIRT3 activated the mitochondrial unfolded
protein response (Xiaowei et al., 2023), maintained mitochondrial
homeostasis after CI/RI, and restored mitochondrial structure and
function (Chen H. et al., 2024). In SIRT3 knockout mice post-stroke,
neuroprotection occurred through a compensatory increase in
SIRT1 levels, independent of the loss of SIRT3 (Verma et al.,
2019). SIRT7 also exerted neuroprotective effects, and
overexpression of SIRT7 regulated the p53-mediated pro-
apoptotic signaling pathway in the OGD/R model, protected
neurons by inhibiting apoptosis (Lv et al., 2017).

The role of SIRT5 in IS remained controversial.
SIRT5 maintained mitochondrial energy metabolism and
protected against metabolic stressors in the brain by offered
mitochondrial protection after ischemic injury (Morris-Blanco
et al., 2016). Overexpression of SIRT5 under OGD/R conditions
exacerbated microglia-induced neuroinflammation and increased
neurological deficits. Conversely, SIRT5 knockdown prevented
microglial overactivation and reduced pro-inflammatory factor
expression, infarct volume, and neurological deficits (Xia et al.,
2022). Nevertheless, recent research suggested that blocking
SIRT5 enhanced glutamine metabolism and excitotoxicity,
thereby worsening brain ischemic injury (Wang J. et al., 2024).

Two studies demonstrated the neuroprotective effects of
SIRT6 in ameliorating neuroinflammation (He et al., 2021) and
attenuating neuronal death (Cheng et al., 2021). Overexpression of
SIRT6 attenuated OGD-induced neuronal death (Cheng et al., 2021)
and activated mitochondrial autophagy in IS (Song et al., 2024).
Inhibition of Notch signaling ameliorated cellular damage and
promoted angiogenesis in OGD/R-induced neuronal cells (Xiao
et al., 2023). In hypoxia/reoxygenation-induced primary human
brain microvascular endothelial cells, SIRT6 silencing impaired
cellular barrier function and reduced cell viability. Endothelial
SIRT6 played a protective role in IS by maintaining BBB
integrity (Liberale et al., 2020).

3.2.1.2 In vivo studies
Different HDACs had distinct roles in IS. Class I HDACs were

widely distributed throughout the brain (Baltan et al., 2011).
HDAC1 regulated neuronal viability and was neuroprotective in
mice after IS. HDAC1 dysfunction exacerbated neuroinflammation
and BBB destruction after cerebral ischemia-reperfusion injury
(Wang et al., 2023). However, a study with contrasting results

suggested that HDAC1 had cytotoxic effects, promoted apoptosis
and impaired mitochondrial transport; only inhibition of
HDAC1 improved mitochondrial transport (Kim et al., 2010).
Ischemia-induced HDAC3 neurotoxicity was confirmed (Xia
et al., 2007) and the neurotoxicity of HDAC3 was inseparable
from its interaction with HDAC1. HDAC3 knockdown inhibited
HDAC1-induced neurotoxicity and HDAC1 knockout inhibited
HDAC3-induced neurotoxicity (Bardai et al., 2012).

The current understanding attributes post-stroke functional
recovery to brain remodeling and neuroplasticity. Targeting
HDAC2 has been considered a novel approach for promoting
neurofunctional recovery. Six days after thrombotic stroke in
mice, increased expression and activity of HDAC2 were detected
in the peri-infarct cortex, accompanied by loss of motor function
(Lin et al., 2017). HDAC2 overexpression inhibited synaptic
remodeling, reduced dendritic spine density and synapse number,
and led to memory decline (Guan et al., 2009). Conversely,
HDAC2 deletion reversed the downregulation of synaptic
proteins and parvalbumin induced by stroke, thereby promoting
functional recovery in the brain (Tang Y. et al., 2017). HDAC2 may
be a key mediator of post-stroke motor dysfunction.

HDAC4 was highly expressed in the brain, and stroke induced
nuclear shuttling of HDAC4 in neurons of the peri-infarct cortex,
which did not trigger neuronal cell death, but was positively
correlated with neuronal repair after ischemic injury (Kassis
et al., 2015). However, HDAC4 translocated from the cytoplasm
to the nucleus during neuronal stress. This nuclear translocation
induced OGD neuronal death and exacerbated the infarct area and
functional deficits in MCAO mice, thereby worsening the outcome
of stroke (Yuan et al., 2016). Downregulation of HDAC4 enhanced
neuroprotection (Chen et al., 2025; Song et al., 2022). The expression
and activity of HDAC5 significantly increased and the expression of
histone acetyltransferase p300 decreased 6h after CI/RI in the rat
brain. Overexpression of HDAC5 suppressed the anti-apoptotic
effect of myosin-related transcription factor-A (MRTF-A) in the
center of the cell, whereas overexpression of p300 enhanced MRTF-
A-induced anti-apoptotic effects (Li et al., 2017). This also provided
strong evidence for a dynamic balance between HATs and HDACs.

HDAC6was expressed in the cortex and cerebellum of mice, and
the transcription of HDAC6 was significantly upregulated in the
penumbral region of the cortex after PTS-induced. The inhibition of
HDAC6 played a neuroprotective role in ischemic brain injury (Hu
et al., 2022). In the early stages following induced transient middle
cerebral artery occlusion in mice, HDAC6 expression levels
significantly increased, suggesting its potential as a mediator of
neurotoxicity in IS (Chen et al., 2012). A recent study used positron
emission tomography (PET) imaging to observe dynamic changes in
HDAC6 in a mouse model of IS to assess its neuroprotective effects.
These results suggested that the pharmacological inhibition of
HDAC6 had significant anti-neuroinflammatory and
neuroprotective effects (Zhou et al., 2024). Furthermore,
HDAC6 was significantly overexpressed in neurons and
astrocytes in the semi-dark band of the rat cerebral cortex
induced by PTS, and additionally co-localized with TUNEL-
positive apoptotic cells, HDAC6 may be involved in ischemia-
induced apoptotic cell death (Demyanenko et al., 2020b).

HDAC8 expression was consistently increased in cortical
neurons and astrocytes 3–14 days after photothrombotic
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infarction-induced mice, and this upregulation might have been
associated with the recovery process after ischemia (Demyanenko
et al., 2018). A recent study shed light on HDAC8’s role in mediating
a reversible acetylation process, which served as a regulator of the
cell cycle. This study indicated that glucose deprivation triggered the
acetylation of HDAC8 at lysine 202, potentially leading to cell cycle
arrest (Sang et al., 2024). Cell cycle arrest may exacerbate ischemic
injury by affecting the normal function of neurons and glial cells and
even leading to cell death.

HDAC9 played a crucial role in activity-dependent gene
expression and dendritic growth of developing cortical neurons
(Sugo et al., 2010) and was linked to the large vessel variations
observed in IS (Brookes et al., 2018). HDAC9 expression was
upregulated after cerebral ischemic injury (Zhang et al., 2023;
Zhong et al., 2020). A previous study reported significant
upregulation of HDAC9 expression in the ischemic hemisphere
of rat brains following cerebral ischemia-reperfusion injury. This
increase was associated with abnormal endothelial cell permeability,
while the suppression of HDAC9 gene expression alleviated
ischemia-induced endothelial damage and BBB disruption (Shi
et al., 2016). Specific knockdown of HDAC9 from neurons in the
peri-infarct region of MCAOmice reduced infarct volume, inhibited
neuronal apoptosis, and improved neurological outcomes (Lin H.
et al., 2024). Thus, HDAC9 inhibition could be a potential treatment
for stroke (Markus, 2023).

SIRT1 plays a protective role in IS. Increased levels of
SIRT1 during brain repair after stroke were associated with an
increase in synaptic plasticity proteins, one of the key mechanisms
by which the brain recovers its function after injury (Demyanenko S.
et al., 2020). Research indicated that the Sirt1/Foxo3a axis might
have served as a potential therapeutic pathway for MCAO/R (Tan
et al., 2024), with activated SIRT1 reducing infarct volume in mouse
brains, whereas SIRT1 knockout increased infarct volume
(Hernández-Jiménez et al., 2013). A study that utilized
nanotechnology for Sirt1-targeted nasal administration observed
a significant reduction in brain edema caused by IS (Ryu et al., 2024).
This also provided new evidence of the neuroprotective effects of
Sirt1. SIRT2 was associated with stroke-induced
neuroinflammation, microglial activation (Wu et al., 2020), and
neuronal death (Zhang et al., 2021). Increased levels of SIRT2 were
associated with α-microtubule protein acetylation, which decreased
synapse mobility and adversely affected nerve recovery
(Demyanenko S. et al., 2020). SIRT2 diminished the anti-
inflammatory effects of infiltrating regulatory T cells (Treg cells)
in MCAOmouse models and inhibited hypoxia-inducible factor 1-α
(HIF-1α) expression in Treg cells, thereby eliminating the
upregulation of SIRT2 (Shu et al., 2019). SIRT2 was essential for
microglial activation (Wang B. et al., 2016). A study showed that
inhibiting SIRT2 promoted the polarization of rat microglia to
M2 phenotype, which was associated with anti-inflammatory and
neuroprotective effects (Yuan et al., 2024).

Therefore, modulating histone acetylation through either
enhancing or inhibiting HAT activity, as well as targeting
HDACs to regulate histone deacetylation, has been shown to
provide neuroprotection against cerebral ischemia-induced brain
damage. These strategies help restore transcriptional
homeostasis and counteract ischemia-associated gene
expression dysregulation.

4 Targeting epigenetic modifying
enzymes as therapeutic strategies for
ischemic stroke

Epigenetic drugs target enzymes involved in the regulation of
epigenetic changes (Singh et al., 2023) or by inhibiting various
enzymes through articulated proteins involved in epigenetic
inheritance (Sahafnejad et al., 2023) to maintain normal cellular
function. In the past, DNA methylation inhibitors and HDAC
inhibitors were considered the most promising drugs (DeWoskin
and Million, 2013). Most FDA-approved epigenetic drugs are used
in cancer treatment (Davalos and Esteller, 2023). However, they also
provide new directions for the treatment of IS.

4.1 DNMT inhibitors

No approved central nervous system (CNS) drugs directly affect
DNAmethylation (Toth, 2021). However, DNAmethylation inhibitors
have demonstrated efficacy in IS. Decitabine (5-aza-2′-deoxycytidine or
AzadC) and azacitidine (5-azacytidine or AzaC) are prototype cytidine
analogs, known as DNMT inhibitor (Creusot et al., 1982; Laranjeira
et al., 2023). Pharmacological inhibition of DNA methyltransferases by
decitabine alters epigenetic levels. A study showed that decitabine-
induced cytotoxicity was associated with changes in DNMT1 and
DNMT3A expression, which may have affected brain function
(Yang J. et al., 2017). The administration of decitabine in the brain
ventricles before ischemia was observed to significantly reduce ischemic
damage and decrease neurobehavioral deficits in ischemic models
(Endres et al., 2000). Furthermore, it improved ischemia-induced
neuronal death by inhibiting DNA methylation after MCAO
(Hwang et al., 2017) and reduced astrocyte proliferation (Zhang
et al., 2022). Decitabine treatment combined with task-specific
training significantly downregulated DNMT1, DNMT3a, and
DNMT3b protein expression, and promoted motor function
recovery in rats (Choi et al., 2018). Additionally, decitabine may
have ameliorated cerebral ischemia by inhibiting the complexes
formed by DNMT1 with other proteins (Guida et al., 2024). An in
vivo research showed that 5-Aza-CdR increased hypoxia/ischemia
tolerance in mouse neuronal HT22 cells by inducing autophagy (Qi
et al., 2019). Azacitidine can also induced neurogenic differentiation in
human adipose tissue stromal cells, improving functional recovery in
MCAO rats with motor deficits (Kang et al., 2003).

RG108, a non-nucleoside DNMT inhibitor, inhibits the increase
in N-methyl-D-aspartate (NMDA)-induced 5mC-positive cell
numbers in the brain after IS and protects against NMDA-
induced neuronal cell death. Although this study does not
investigate the effect of RG108 on the area of cerebral infarction
after MCAO/R, it may be associated with the severity, time course,
and brain area of the ischemic condition (Asada et al., 2020).

Zebularine is a novel DNMT inhibitor. A study claimed that
zebularine maintained BBB integrity in MCAO mice by increasing
the expression of zona occludens-1 (ZO-1) and vascular endothelial
(VE) calmodulin (Zeng et al., 2022). Knockdown of DNMT1,
DNMT3a, and DNMT3b in Neuro2a cells revealed that it is likely
that at least two or all DNMTs functionally cooperated in the activation
of DNA methylation after glutamatergic excitotoxicity and that
zebularine prevented glutamatergic excitotoxicity in Neuro2a cells

Frontiers in Pharmacology frontiersin.org09

Guo et al. 10.3389/fphar.2025.1571276

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1571276


and primary cortical neurons by inhibiting DNA methylation in
neurons after cerebral ischemia-induced neuronal cell death (Asada
et al., 2022). In summary, DNMT inhibitors have been shown to
mitigate stroke severity, delay ischemic brain damage, and provide
neuroprotection against IS.

4.2 TET activators

Vitamin C, also known as ascorbic acid, serves as a TET activator,
largely due to its cofactor function in Fe(II) and 2-oxoglutarate-
dependent dioxygenase reactions (Liu et al., 2022). This enhances
the catalytic activity of Tet dioxygenases in the oxidation of 5mC
(Yin et al., 2013) and stimulates the expression of TET-associated genes,
especially those involved in axonal guidance and ion channel regulation
(Zhu et al., 2016). Research has indicated that ascorbic acid treatment
following stroke increases TET3 activity and boosts 5hmC levels, which
are instrumental in reducing infarct size after focal ischemia (Morris-
Blanco et al., 2022).

4.3 HAT activators/inhibitors

Lys-CoA, a pioneering HAT inhibitor, has emerged as a selectivity
enhancer for the p300 and PCAF HAT enzymes (Lau et al., 2000). Its
impact on synaptic plasticity is particularly noteworthy, as it has
demonstrated the ability to enhance this critical function in the
synaptic architecture of mice (Marek et al., 2011), a feature that is
indispensable for learning and memory dynamics. Garcinol, extracted
from the rind ofGarcinia morella, is a polyisoprenylated benzophenone
derivative with remarkable inhibitory effects on p300 and PCAF
(Balasubramanyam et al., 2004). Its therapeutic potential is further
underscored by its capacity to mitigate the inflammatory and oxidative
stress responses triggered by ischemia/reperfusion (I/R) injuries, both in
cellular models and within living organisms (Kang et al., 2020),
positioning it as a promising candidate for the prevention of
cerebral ischemic reperfusion injury. In addition, modulating the
function of small-molecule regulatory enzymes may contribute to
the treatment of IS. Compound A485, a small-molecule CBP/
p300 inhibitor (Lasko et al., 2017), exerts neuroprotective effects by
inhibiting the formation of Kla proteins. This action is pivotal in
alleviating the devastating consequences of IS in mice, including a
reduction in neuronal mortality and deactivation of glial cells, which
consequently reduces brain damage (Xiong et al., 2024).

TTK21, in its activated state as a small-molecule activator of
CBP/p300, achieves a new height of efficacy when complexed with
carbon spheres (CSP) to form CSP-TTK21. CSP-TTK21 also
functions as an activator of CBP/p300 (Chatterjee et al., 2013).
This innovative compound not only easily navigates the BBB, but
also does so without incurring significant toxicity, making it a
valuable asset in the realm of neuroregeneration and
enhancement of long-term memory (Chatterjee et al., 2013).

4.4 HDAC inhibitors

HDAC inhibitors are primarily categorized into four classes:
hydroxamic acids (Trichostatin A [TSA] and suberoylanilide

hydroxamic acid [SAHA]), cyclic ketones (such as trapoxins),
short-chain fatty acids (sodium butyrate, phenylbutyrate, and
valproic acid), and benzamide derivatives (Kazantsev and
Thompson, 2008). Given the success of HDAC inhibitors in
cancer treatment, researchers have been exploring the potential
of these drugs for IS therapy, and some HDAC inhibitors have
shown efficacy in treating IS models. Studies using rat stroke models
have demonstrated the neuroprotective effects of HDAC inhibitors
in ischemic brain injury (Chuang et al., 2009; Faraco et al., 2006).
The pan-HDAC inhibitor SAHA has been reported to enhance
neuroplasticity in surviving neurons in the peri-infarct area (Tang Y.
et al., 2017). When administered during early reperfusion in
hypertensive rats following transient middle cerebral artery
occlusion (tMCAO), SAHA significantly reduced cerebral infarct
volume, attenuated microglial activation, and protected the BBB,
thereby exerting potent cerebrovascular protective effects (Díaz-
Pérez et al., 2024). TSA, a hydroxamic acid class of HDAC inhibitor,
has been shown to increase histone H3 acetylation after permanent
middle cerebral artery occlusion (pMCAO), leading to
improvements in motor, sensory, and reflex performance in rats
(Kim et al., 2007). Additionally, TSA ameliorates IS by reducing
autophagy and lysosomal dysfunction in the ischemic penumbra
neurons (Lingling et al., 2022).

Sodium butyrate, a short-chain fatty acid-based HDAC
inhibitor, exhibits neuroprotective effects on IS. Intranasal
administration of sodium butyrate to rats 1h after MCAO
ameliorated MCAO-induced apoptosis (Zhou Z. et al., 2021).
Sodium butyrate reduced glial fibrillary acidic protein (GFAP)
levels in the serum of MCAO rats and decreased BBB
permeability (Park and Sohrabji, 2016). Moreover, sodium
butyrate promoted the LPS-induced microglia to change from
pro-inflammatory to anti-inflammatory, which attenuated
microglia-mediated neuroinflammation and possessed a powerful
anti-inflammatory effect (Patnala et al., 2017). In addition, sodium
butyrate inhibited systemic inflammatory responses by modulating
regulatory T cell levels and related inflammatory pathways,
demonstrating neuroprotective effects in a mouse model of
diabetic stroke and ameliorating brain injury (Li et al., 2023).

Valproic acid (VPA) is another short-chain fatty acid-based
HDAC inhibitor. In a vivo study revealed that treatment with VPA
significantly reduced TUNEL-positive cells in the ischemic border
zone of the brain tissue of MCAO/R rats and attenuated ischemia-
reperfusion injury in the rat brain by inhibiting oxidative stress and
inflammation (Suda et al., 2013). Low-dose VPA treatment did not
alter cerebral infarct volume but partially promoted the polarization
of microglia toward the anti-inflammatory M2 type in the peri-
infarct cortex after 3 days of VPA treatment. The number of
microglia within the peri-infarct cortex of MCAO/R rat brains
was significantly reduced at 7 days. Moreover, a central effect of
VPA onmicroglial morphology was observed on days 2 and 7, which
may have been related to HDAC inhibition-mediated suppression of
galectin-3 production (Kuo et al., 2021). Cerebral ischemia induces
glial scarring. Both in vitro and in vivo experiments have
demonstrated that VPA inhibits HDAC and induces heat-shock
protein 70.1B (Hsp70.1B) to produce neuroprotection and inhibit
glial scarring during recovery from IS (Gao et al., 2022). An in vitro
experiment revealed that VPA treatment attenuated apoptosis in
OGD-induced BV-2 cells and ameliorated OGD-induced microglial
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injury (Li et al., 2020). In vivo, a transient global cerebral ischemic-
reperfusion injury model was constructed with gerbils, and in vitro
hypoxia-hypoxia treatment for hippocampal neuronal injury
showed that VPA attenuated ischemia-reperfusion injury-induced
cellular pyroptosis and hippocampal neuronal injury (Zhu et al.,
2019). VPA exerts neuroprotective effects, which may be due to its
ability to penetrate the BBB (Wang et al., 2011).

Additionally, specific HDAC inhibitors, such as the novel
HDAC6 inhibitor tubastatin A (TubA), improved functional
recovery, reduced brain infarct volume, and ameliorated neuronal
cell death in MCAO rats (Wang et al., 2016a). HDAC6 serves as a
deacetylase for macrophage migration inhibitory factor (MIF), and
its inhibition by TubA treatment markedly enhances MIF
acetylation in methylnitronitrosoguanidine-induced neuro2a cells.
This increase in MIF acetylation plays a critical role in mediating the
neuroprotective effects of HDAC6 inhibitors in IS (Hu et al., 2022).
MI-192, an inhibitor of HDAC2 and HDAC3, reduced cerebral
infarct core volume and apoptosis, partially restored functional
symmetry in forelimb use, and exerted a neuroprotective effect
on the mouse brain in a PTS mouse model (Demyanenko
et al., 2020c).

Sirtinol, a broad-spectrum SIRT inhibitor, acts as an antagonist
of SIRT1, induces microglial activation under OGD/R conditions
(Liao et al., 2023) and exacerbates ischemic injury (Hernández-
Jiménez et al., 2013). SIRT1 overexpression enhances the
deacetylation of SIRT3, boosting its activity and improving
neurological damage caused by cerebral ischemia-reperfusion
injury and mitochondrial dysfunction. However, the
neuroprotective effects of SIRT1 are partially offset by the
SIRT3 inhibitor 3-(1H-1,2,3-triazole-4-yl) pyridine(3-TYP)
(Chen M. et al., 2024). The “SIRT1/SIRT3 activity” axis offers
potential therapeutic prospects for IS-related diseases.
Nonetheless, high doses of Sirt3 inhibitors exacerbate ischemic
injury, and the off-target effects of Sirt1 suggest that targeting
Sirt3 may not be an ideal approach. Instead, strategies aimed at
promoting increased SIRT1 expression may serve as
neuroprotective strategies (Verma et al., 2019). In an in vivo
ischemia-reperfusion injury model, treatment with the
SIRT2 inhibitors AK1 and AGK2 has been shown to reduce
infarct size in the ipsilateral hemisphere, improve neurological
outcomes, and decrease apoptosis-induced cell death in in vitro
OGD models (She et al., 2018). AGK2 (Jiao et al., 2020) and
another SIRT2 inhibitor, AK7, play a positive role in the inhibition
of neuroinflammation (Wu et al., 2020). Additionally, AK7 has
been found to regulate microglial polarization (Wu et al., 2020).
After cerebral ischemic injury, with specific P38 activation, the
administration of AK7 demonstrated concentration-dependent
effects, improving outcomes in cerebral ischemia (Wu et al.,
2018). Recent research has highlighted the SIRT5 inhibitor
MC3482, which upregulates succinylation levels of annexin-A1,
promoting its membrane recruitment and extracellular secretion.
This mechanism alleviates neuroinflammation induced by
microglia after IS and improves the long-term neurological
function in mice with stroke (Xia et al., 2024). Furthermore, in
rat CI/RI and H19-7 hippocampal neuronal injury models,
lentiviral transfection of SIRT5 not only improved the range of
ischemia-induced neurological injuries, but also prevented cell
ferroptosis (Li J. et al., 2024).

5 Natural compounds as epigenetic
enzyme regulators in IS

Epigenetic enzymes, which are key regulators of IS pathology,
have emerged as promising therapeutic targets. Natural compounds
with the ability to modulate these enzymes have attracted
considerable attention, offering novel strategies for
therapeutic (Table 1).

5.1 Curcumin

Curcumin, a polyphenol derived from turmeric rhizomes,
mitigates neuroinflammation and oxidative stress associated with
IS through various mechanisms, including epigenetic modifications
(Hatami et al., 2019). A molecular docking study has demonstrated
that curcumin interacts with DNMT1 and regulates genomic DNA
methylation by inhibiting its activity (Liu et al., 2009). At specific
concentrations, curcumin reduces global DNA methylation to levels
comparable to those of decitabine, underscoring its potential as an
effective DNA hypomethylating agent (Fu and Kruzrock, 2010).
Additionally, curcumin-related compounds, such as
demethoxycurcumin and bisdemethoxycurcumin, influence
epigenetic characteristics (Liu et al., 2011a). These compounds
suppress DNMT1 activity, induce demethylation in the Wnt
inhibitor-1 (WIF-1) promoter region (Liu et al., 2011b), and
exert neuroprotective effects by modulating the canonical Wnt
pathway (Ashrafizadeh et al., 2020).

Curcumin is a specific inhibitor of HAT p300/CBP (Dekker and
Haisma, 2009). In a mouse model of 5-min ischemic
preconditioning, curcumin reduced the acetylation levels of
histones H3 and H4 in a dose-dependent manner, thereby
diminishing neuronal ischemic tolerance induced by ischemic
preconditioning (Yildirim et al., 2014). One of the primary
metabolites of curcumin, tetrahydrocurcumin (THC),
downregulates the expression of DNMT1 and DNMT3A proteins
and genes in the mitochondria of CI/RI mice. It also reverses the
sharp increase in the overall brain DNMT activity, demonstrating
the potential of epigenetic targeted therapy (Mondal et al., 2019).
Computational studies comparing curcumin, curcuminoid
compounds (demethoxycurcumin and bisdemethoxycurcumin),
and FDA-approved HDAC inhibitors for drug similarity and
toxicity revealed that curcumin and its derivatives interact with
the active sites of HDACs, exhibiting inhibitory effects similar to
those of standard HDAC inhibitors (Anandaradje et al., 2024).
Moreover, these natural compounds exhibit no reported toxicity
or mutagenicity and possess a higher lethal dose (LD50) than
chemical drugs (Anandaradje et al., 2024). A molecular docking
study of curcumin with the human HDAC8 enzyme further
predicted its inhibitory activity, revealing a stable 3D inhibitor-
enzyme complex. Notably, curcumin derivatives exhibited superior
inhibitory efficiency compared to the HDAC inhibitor sodium
butyrate (Bora-Tatar et al., 2009). Furthermore, curcumin
mitigates IS-induced brain injury by upregulating
SIRT1 expression (Miao et al., 2016). Collectively, these findings
suggest that curcumin may serve as a dual inhibitor of HAT and
HDAC, exerting epigenetic regulatory effects that modulate IS
pathogenesis.
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5.2 Resveratrol

Resveratrol, a naturally occurring polyphenol, is present in
foods, such as grapes, red wine, blueberries, peanuts, and other
delicacies (Abdelsalam et al., 2023). It is widely recognized as a
potent SIRT1 activator (Shin et al., 2012). Activation of SIRT1 by
resveratrol triggers deacetylation of downstream targets, promoting

IS cell survival and inhibiting apoptosis (Owjfard et al., 2024). A
brief period of ischemia prior to a prolonged ischemic event has been
observed to mitigate the adverse effects on the brain (Dirnagl et al.,
2003). This endogenous protective mechanism is known as ischemic
preconditioning (IPC). The long-term window of ischemic tolerance
induced by IPC can last up to 1 week (Khoury et al., 2016). Notably,
resveratrol preconditioning (RPC) extends this window of cerebral

TABLE 1 Natural compounds targeting epigenetic enzymes in IS.

Phytocompounds Source In vivo model In vitro model Targets References

Curcumin Turmeric rhizomes MCAO/Ra-induced
C57BL/6N mice

OGDb-induced primary
neurons

p300/CBP Yildirim et al. (2014)

MCAO/R-induced
SD rats

— SIRT1 Miao et al. (2016)

Tetrahydrocurcumin Curcumin MCAO/R-induced
C57BL/6J mice

— DNMTs Mondal et al. (2019)

Resveratrol Grapes, red wine, blueberries and
peanuts, red wine and other foods

IPCc- induced SD
rats

OGD/Rd-induced microglia,
primary cortical neurons

SIRT1 Liao et al. (2023), Park et al.
(2012), Wan et al. (2016)

— LPSe-induced ARPE-19 cells DNMT,
SIRT1

Maugeri et al. (2018)

MCAO/R-induced
C57BL/6 mice

OGD-induced primary
cortical neurons

HDAC Lanzillotta et al. (2013)

EGCG Green tea — OGD-induced primary
cortical neurons

HAT Faggi et al. (2019)

Berberine Buttercup, berberidaceae, and
rutaceae families

MCAO/R-induced
C57BL/6J mice

OGD/R-induced primary
neurons and astrocytes co-
culture

METTL3 Hu et al. (2024)

Wogonin Scutellaria baicalensis MCAO/R-induced
SD rats

OGD/R-induced HT-22 cells SIRT1 Cheng et al. (2024)

Apigenin Asteraceae plants MCAO/R-induced
SD rats

— HDAC Tu et al. (2017)

Quercetin Fruits, vegetables, and nuts MCAO/R-induced
SD rats

— SIRT1 Yang et al. (2022)

Icariside II Epimedium brevicornum Maxim PSDf- induced
C57BL/6J mice

— SIRT6 Gao et al. (2025)

Trilobatin Lithocarpus polystachyus MCAO/R-induced
SD rats

OGD/R-induced astrocytes SIRT3 Gao et al. (2020)

MCAO/R-induced
SD rats

— SIRT6/7 Huang et al. (2022)

Astragaloside IV Astragalus membranaceus MCAO/R-induced
SD rats

— SIRT1 Shi et al. (2021)

MCAO/R-induced
SD rats

OGD/R-induced HUVECs
cells

SIRT7 Ou et al. (2023)

Cycloastragenol Astragalus Radix MCAO/R-induced
C57BL/6 mice

— SIRT1 Li and Sui (2020)

Forsythoside B Forsythiae Fructus MCAO/R-induced
SD rats

— SIRT1 Li Q. et al. (2024)

Pterostilbene Sandalwood MCAO/R-induced
C57BL/6N mice

OGD/R--induced primary
microglia

HDAC3 Chen Y. et al. (2024)

aMCAO/R, Middle cerebral artery occlusion/reperfusion.
bOGD, Oxygen-glucose deprivation.
cIPC, Ischemic preconditioning.
dOGD/R, Oxygen-glucose deprivation/reperfusion.
eLPS, Lipopolysaccharide.
fPSD, Poststroke depression.
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ischemic tolerance to 2 weeks in mice (Khoury et al., 2019). A study
has shown that RPC mimics IPC in the hippocampal CA1 region by
significantly increasing SIRT1 activity, and blocking
SIRT1 activation during reperfusion after RPC negates the
neuroprotective effects of RPC (Raval et al., 2006). Similarly,
David Della-Morte et al. confirmed that RPC targets
mitochondrial uncoupling protein 2 (UCP2) via the
SIRT1 pathway, altering mitochondrial function and providing
IPC-like protection against cerebral ischemic injury in rats
(Della-Morte et al., 2009).Additionally, resveratrol upregulates
SIRT1 expression, promotes neurite growth and synaptogenesis,
and reduces neuronal damage following OGD/R (Tang F. et al.,
2017). A key mechanism by which resveratrol attenuates
inflammation is through SIRT1 activation. A recent study
suggests that resveratrol-mediated SIRT1 activation may suppress
OGD/R-induced microglial activation and inflammatory responses
via the Shh/Gli-1 signaling pathway (Liao et al., 2023). Moreover,
resveratrol is thought to indirectly enhance SIRT1 activity through
cAMP and AMPK signaling (Park et al., 2012), modulating the
cAMP/AMPK/SIRT1 pathway to reduce energy expenditure during
ischemia and provide neuroprotection (Wan et al., 2016).

Beyond its role as a SIRT1 activator, resveratrol also functions as
a DNMT inhibitor by suppressing DNMTs activity and expression
(Ionescu et al., 2021). However, its effects on DNMT regulation
appear to be context-dependent. In LPS-induced human retinal
pigment epithelial cells, resveratrol reduces DNMT1 expression and
total DNMT activity. Interestingly, under inflammatory conditions,
it restores DNMT1 expression and total DNMT activity, possibly via
SIRT1-mediated DNMT regulation (Maugeri et al., 2018). Chemical
modifications of resveratrol have yielded more potent and selective
inhibitors of HDAC1 and HDAC2 (Urias et al., 2022). In both in
vivo and in vitro model of cerebral ischemia, combining HDAC
inhibitors with very low doses of resveratrol exerted synergistic
neuroprotective effects, significantly prolonging neuroprotection
(Lanzillotta et al., 2013).

5.3 Tea polyphenols

Tea polyphenols are a collection of bioactive compounds
including catechins, epicatechins, and the notably potent
epigallocatechin-3-gallate (EGCG). These catechin polyphenols
influence DNA methylation through both direct and indirect
inhibition of DNMTs (Yang et al., 2008). EGCG, a primary
constituent of green tea, has been demonstrated to impede
DNMT-driven methylation processes in vitro. This intervention
results in demethylation of promoter CpG islands, subsequently
reactivating genes that have been silenced by methylation (Fang
et al., 2007). As a DNMT inhibitor, EGCG reduces 5mC, DNMT1,
DNMT3A, and DNMT3B protein levels in a dose-dependent
manner, effectively reshaping the DNA methylation profile
(Nandakumar et al., 2011). Research indicates that EGCG
protects neurons from ischemic injury by modulating autophagy
in a phosphorylation-dependent manner in both in vivo and in vitro
models of IS (Wang et al., 2022). Pretreatment of cortical neurons
exposed to OGD with a polyphenol-rich micronutrient mixture
significantly reduced the acetylation of histones H3 and H4,
mimicking the effects of a HAT inhibitor (Faggi et al., 2019).

Furthermore, EGCG regulates the balance between HATs and
HDACs in inflammatory signaling pathways by reducing the
binding affinity of p300/CBP while enhancing the recruitment of
HDAC3 (Choi et al., 2009).

5.4 Berberine

Berberine (BBR), a compound commonly found in plants of the
Buttercup, Berberidaceae, and Rutaceae families, exhibits properties
similar to DNMT inhibitors by significantly downregulating
DNMT1 and DNMT3B levels (Wang X. et al., 2024). BBR also
influences growth arrest and apoptosis in cells where HDAC activity
is inhibited (Kalaiarasi et al., 2016). In U266 cells treated with BBR,
notable alterations in epigenetic regulators were observed, with at
least a 1.5-fold increase. These include upregulation of histone
acetyltransferases (CREBBP, EP300, and HAT1) and histone
deacetylases (SIRT3 and HDAC5/9), along with downregulation
of HDAC2/8 and DNMT1/3B (Wang et al., 2016b). After stroke, the
brain transcriptome undergoes significant remodeling, and
berberine has been shown to exert neuroprotective effects against
ischemic brain injury. This neuroprotection is mediated by the m6A
methyltransferase METTL3 in mouse astrocytes (Hu et al., 2024).

5.5 Flavonoids

Wogonin, a flavonoid naturally extracted from the roots of
Scutellaria baicalensis, effectively activates the AMPK/
SIRT1 signaling pathway, leading to the upregulation of both
SIRT1 expression and activity. Once activated, SIRT1 exerts
neuroprotective effects by deacetylating and downregulating
NLRP3 inflammasome-associated molecules, thereby mitigating
inflammation and alleviating cerebral ischemia-reperfusion injury
(Cheng et al., 2024).

Apigenin. a widely distributed flavonoid formally classified as a
flavone, is primary found in plants of the Asteraceae family. A study
has shown that apigenin significantly reduces hippocampal HDAC
levels in rats subjected to MCAO, restores acetylated histones
H3 and H4 levels, and ameliorates memory deficits (Tu et al., 2017).

Quercetin, a flavonoid and naturally occurring polyphenol, is
most abundantly found in onions. It has been identified as a
potential small-molecule modulator of SIRT for IS treatment (Bai
et al., 2018). Quercetin exerts reparative effects on brain damage by
inhibiting the SIRT1 signaling pathway, thereby improving BBB
permeability and reducing reactive ROS generation in rats with
cerebral ischemia-reperfusion injury (Yang et al., 2022).

Icariside II is a natural flavonoid glycoside extracted from
Epimedium brevicornum Maxim. As a naturally occurring
neuroprotective agent, it exhibits potent Sirt6-inducing activity. A
recent study demonstrated that icariside II functions as a
SIRT6 activator by directly binding to and enhancing
SIRT6 activity. Moreover, it alleviates post-stroke depression in
mice by regulating the microbiota-gut-brain axis (Gao et al., 2025).

Trilobatin is a flavonoid extracted from Lithocarpus
polystachyus. As a novel natural SIRT3 activator, trilobatin not
only directly binds to SIRT3 but also increases its expression and
activity, thereby inhibiting brain I/R-induced neuroinflammation
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and oxidative damage (Gao et al., 2020). In MCAO/R-induced rats,
trilobatin significantly upregulated the protein expression of
SIRT6 and SIRT7, while having no effect on
SIRT1–SIRT5 expression. Moreover, trilobatin directly binds to
SIRT7 and enhances its expression on day 28 post-injury. By
modulating the SIRT7/VEGFA signaling pathway, trilobatin
promotes angiogenesis following cerebral ischemic injury in rats
(Huang et al., 2022).

5.6 Other natural compounds

Astragaloside IV, a major constituent of Astragalus membranaceus,
enhances SIRT1 activity by upregulating its expression and exerts
neuroprotective effects through modulating the SIRT1/Mapt pathway
in a rat model of CI/RI (Shi et al., 2021). Cycloastragenol, the active
metabolite of astragaloside IV isolated fromAstragalus Radix, upregulates
SIRT1 expression and mitigates apoptosis and neuroinflammation
caused by IS (Li and Sui, 2020). Furthermore, astragaloside IV not
only binds to SIRT7 but also increases the expression of SIRT7, which
promotes angiogenesis via the SIRT7/VEGFA signaling pathway to
facilitate post-stroke brain tissue repair (Ou et al., 2023).

Forsythoside B, a bioactive compound derived from Forsythiae
Fructus, has been shown to attenuate oxidative stress and upregulate
SIRT1 expression in MCAO/R rats. Notably, the protective effects of
Forsythoside B against inflammation and oxidative stress were
abolished upon SIRT1 knockdown. These findings suggest that
Forsythoside B exerts neuroprotective and anti-inflammatory effects
in CI/RI through modulation of SIRT1 signaling (Li Q. et al., 2024).

Pterostilbene, a resveratrol derivative originally extracted from
sandalwood, has been shown to inhibit the expression and activity of
HDAC3 in ischemic brain tissue in an MCAO/R-induced mouse
model. Moreover, pterostilbene mitigates OGD/R-induced
microglial injury and suppresses the production of pro-
inflammatory molecules by upregulating HDAC3/Nrf1 signaling
in microglia, thereby ameliorating neurological dysfunction and
neuroinflammation following IS (Chen Y. et al., 2024).

6 Conclusion and future perspectives

Using two groups of epigenetic-modifying enzymes -DNMT
and TET, HAT and HDAC-as examples, this paper reviews their
roles in IS and the therapeutic potential of targeting these enzymes.
As we have explored the role of epigenetic-modifying enzymes in
regulating epigenetic mechanisms, new targets for treating IS have
emerged. Not only do DNMT inhibitors, TET activators, HDAC
inhibitors, and HAT activators/inhibitors show neuroprotective
effects, but natural compounds have also shown promising
results. However, the current studies are mainly based on in vitro
experiments and animal models, and the results of these studies,
although encouraging, do not directly translate into clinical efficacy.

Moreover, we cannot conclude whether these drugs can function
safely and effectively in patients with clinical stroke, and many
challenges remain.
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Glossary
5caC 5-carboxylcytosine

5fC 5-formylcytosine

5hmC 5-hydroxymethylcytosine

5mC 5-methylcytosine

AMPK AMP-activated protein kinase

BBB Blood-brain barrier

CBP CREB-binding protein

CREB cAMP-response element binding protein

CI/RI Cerebral ischemia/reperfusion injury

CPG Cytosine-phosphate-Guanine

CSP Carbon spheres

DNMT DNA methyltransferase

ECGC Epigallocatechin-3-gallate

HAT Histone acetyltransferase

Hcy Homocysteine

HDAC Histone deacetylase

IPC Ischemic preconditioning

IS Ischemic Stroke

LPS Lipopolysaccharide

MCAO Middle cerebral artery occlusion

MCAO/R Middle cerebral artery occlusion/reperfusion

NCX1 Na+/Ca2+exchanger-1

OGD Oxygen-glucose deprivation

OGD/R Oxygen-glucose deprivation/reperfusion

PCAF P300/CBP-associated factor

PTM Post-translational modification

PTS Photothrombotic stroke

RPC Resveratrol preconditioning

SIRT Sirtuin

TET Ten-eleven translocation

VPA Valproic acid
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