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Abstract: Epilepsy is a common and severe chronic neurological disorder. Recently, post-translational
modification (PTM) mechanisms, especially protein acetylation modifications, have been widely stud-
ied in various epilepsy models or patients. Acetylation is regulated by two classes of enzymes, histone
acetyltransferases (HATs) and histone deacetylases (HDACs). HATs catalyze the transfer of the acetyl
group to a lysine residue, while HDACs catalyze acetyl group removal. The expression of many genes
related to epilepsy is regulated by histone acetylation and deacetylation. Moreover, the acetylation
modification of some non-histone substrates is also associated with epilepsy. Various molecules have
been developed as HDAC inhibitors (HDACi), which have become potential antiepileptic drugs
for epilepsy treatment. In this review, we summarize the changes in acetylation modification in
epileptogenesis and the applications of HDACi in the treatment of epilepsy as well as the mechanisms
involved. As most of the published research has focused on the differential expression of proteins
that are known to be acetylated and the knowledge of whole acetylome changes in epilepsy is still
minimal, a further understanding of acetylation regulation will help us explore the pathological
mechanism of epilepsy and provide novel ideas for treating epilepsy.

Keywords: epilepsy; acetylation; deacetylation; histone acetyltransferases (HATs); histone deacetylases
(HDACs); histone deacetylase inhibitors (HDACi)

1. Introduction

Epilepsy is one of the world’s most common and severe chronic neurological diseases.
It is manifested as spontaneous and unprovoked recurrent abnormal discharges in the brain
that might cause related complications, including neurological, psychological, cognitive,
and language issues [1,2]. Any structural lesion in the brain can cause epilepsy due to
its complex pathogenesis [1]. The pathological mechanism of epilepsy is an imbalance in
the excitation and inhibition in the central nervous system, which is closely related to ion
channel dysfunction, abnormal neurotransmitter signal transduction, synaptic structural
changes, glial cell proliferation, and inflammation.

The development of the genome revolution, such as second-generation sequencing
technology, has identified genes related to the occurrence of epilepsy. Different mutations
in the same gene may cause varied epileptic phenotypes. The correlation between genotype
and phenotype is poor, indicating the presence of other factors that affect the stability of
these genes and proteins and determine the type of epilepsy that occurs. Among these, the
post-translational modification (PTM) mechanism plays a vital role [1]. PTM is involved in
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the pathophysiological process of epilepsy, which is crucial for regulating neurobiological
processes such as neural network function, synaptic plasticity, and synaptogenesis [3].
During brain development, PTMs such as acetylation, methylation, phosphorylation, ubiq-
uitination, sulfonation, and ADP ribosylation regulate various processes, including gene
regulation, cell signaling transduction, and cytoskeleton stability. Among these, acetylation
is one of the most important modification methods [4–6].

Acetylation modification is involved in many neurobiological processes, such as
neuronal death, glial cell proliferation, neuroinflammation, changes in ion channels and
neurotransmitter receptors, the plasticity of axons and dendrites, and the remodeling of
neural networks in the occurrence and development of epilepsy [2,3]. Increasing histone
acetylation is reported to ameliorate memory and rescue cognitive impairments in neuro-
logical diseases [7]. Protein acetylation is regulated by histone acetyltransferases (HATs)
catalyzing the transfer of the acetyl group to a lysine residue and histone deacetylases
(HDACs) catalyzing acetyl group removal [8]. During the occurrence and development
of epilepsy, the expressions of genes involved in epileptogenesis, such as immediate early
genes (IEGs), are regulated by histone acetylation and deacetylation [9]. In addition to
the modulation of the dynamic balance of histone acetylation and deacetylation, HATs
and HDACs act on many non-histone substrates and participate in a series of neurological
diseases [2]. Due to the identification of non-histone acetylation, HATs and HDACs are
also referred to as lysine acetyltransferases (KATs) and lysine deacetylases (KDACs). This
review primarily focuses on the changes in protein acetylation modification controlled
by HATs and HDACs in the occurrence of epilepsy. Moreover, investigations of histone
deacetylase inhibitors (HDACi) in the treatment of epilepsy are also summarized to provide
new prospects for the clinical treatment of epilepsy.

2. Protein Acetylation and Deacetylation Modifications

Acetylation is an essential form of PTM of intracellular proteins that was first dis-
covered on lysine residues of histones [10]. To date, over 40 different lysine residues of
histones have been found to be modified by acetylation [11]. With the development of pro-
teomics, protein acetylation was discovered to be as widespread as phosphorylation, and
thousands of acetylation sites have been identified [12]. Acetylation modification affects
protein function through various mechanisms, such as regulating protein stability, enzyme
activity, subcellular localization, and protein–protein and protein–DNA interactions. HATs,
referred to as the histone “writers”, and HDACs, referred to as the histone “erasers”, are the
two classes of enzymes that determine the acetylation levels, and their balance is the key
regulatory mechanism of gene expression that controls different physiological processes
and disease states [13].

2.1. Classification of HATs

HATs are a group of enzymes that transfer the acetyl group of acetyl coenzyme A (CoA)
to the lysine residue at the N-terminal of histone. Subsequently, the negatively charged
acetyl group disrupts the balance of the original histone, resulting in the dissociation of lo-
cal DNA from the histone octamer and relaxing the nucleosome structure such that various
transcription factors (TFs) and synergistic TFs can specifically bind to DNA binding sites
and activate gene transcription [14]. Owing to the similarity in several homologous regions
and acetylation-related motifs, HATs can be divided into five categories (Table 1): (1) The
GCN5-related N-acetyltransferase (GNAT) family is the most classic HAT family, including
GCN5 (KAT2A), p300/CBP-related factors (PCAF, KAT2B), histone acetyltransferase 1
(HAT1), elongator acetyltransferase complex subunit 3 (ELP3), and histone acetyltrans-
ferases HPA2 and HPA3 [15]. (2) The MYST family includes 60 kDa TAT-interacting protein
(Tip60 and KAT5), monocytic leukemia zinc finger protein (MOZ and KAT6A), MOZ-
related factors (MORF and KAT6B), histone acetyltransferase (HBO1 and KAT7) binding to
initiation recognition complex 1 (ORC1), an ortholog of Drosophila males-absent on the first
(MOF and KAT8), and histone acetyltransferases (SAS2, SAS3, and ESA1). The classification
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of this family is based on the presence of a highly conserved MYST domain, which consists
of an acetyl CoA-binding motif and a zinc finger [16,17]. (3) The P300/cAMP response
element binding protein (CBP or CREB) family (KAT3A and KAT3B), which is closely
related to cell differentiation and apoptosis, has multiple non-histone substrates. Members
of this family have four separate transactivation domains, including cysteine–histidine-rich
region 1, kinase-induced domain interacting with CREB, another cysteine–histidine-rich
region, and a nuclear receptor coactivator binding domain. P300/CBP is a coactivator of
several TFs that connect chromatin remodeling and transcription processes to coordinate
physiological activities in vivo, such as signal transduction [18,19]. (4) The transcription ini-
tiation factor TFIID 230/250 kDa subunit (TAFII230/250) family is an integral part of the TF
complex TAFIID in humans [20]. (5) Other HATs, including α-tubulin N-acetyltransferase
1 (ATAT1), catalyze α-tubulin acetylation and promote axonal transport [21]. Various
HATs play different roles in cells, and their stable expression is crucial to maintain the
physiological activities of the cells.
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Table 1. Substrates of HDACs and HATs.

Class/Family Members Localization Histone Substrates Non-Histone Substrates

HDACs

Class I

HDAC1 Nucleus H3K9ac, H3K14ac, H3K18ac, H3K23ac,
H3K27ac [22] p53 (K382ac) [23], Hsp70 [24], STAT3 [25], E2F-1 [26]

HDAC2 Nucleus H3K9ac, H4K12ac [27] p53 (K320ac) [28], Nrf2 [29], Bcl-6, STAT3 [30]

HDAC3 Nucleus
Cytoplasm H3K9ac, H3K14ac, H4K5ac, H4K12ac [31] p65 (K310ac, K314ac, K315ac) [32], MEF2 [33], STAT1, STAT3

[34], GATA1 [35]

HDAC8 Nucleus
Cytoplasm H3K9ac, H3K14ac, H3K56ac [36] ARID1A (K1808ac) [37], cortactin [38]

Class II

Class IIa

HDAC4 Nucleus p53, STAT1 [39], SRF [40], HIF-1α [41], ATF4 [40], FoxO1 [42]

HDAC5 Nucleus reelin [43]

HDAC7 Nucleus HIF-1α [44]

HDAC9 Nucleus

Class IIb
HDAC6 Cytoplasm H3K14ac, H4K5ac, H4K12ac, H4K16ac [45]

G3BP1 (K376ac) [46], cortactin (K124ac) [47], Hsp90
(K294ac) [48], β-Catenin [49], Prx I, Prx II [50], Survivin [51],

AKT (K37ac, K163ac) [51]

HDAC10 Cytoplasm MSH2 [52], MMP2, MMP9 [53], Hsp70 [24]

Class III

SITR1 Nucleus H3K9ac, H3K14ac, H3K56ac, H4K16ac [54] BMAL1 [55], TGF-β [56], PGC-1α [57], p53 (K379ac) [58]

SIRT2 Nucleus
Cytoplasm H3K56ac, H4K16ac [54] G6PD [38], α-tubulin [59]

SIRT3 Nucleus
Mitochondria

H4K16ac [54], H3K4bhb, H3K9bhb,
H3K18bhb, H3K23bhb, H3K27bhb,

H4K16bhb [60], H3K4cr [61]
ACSS1 (K642ac) [62], SDHA (K179ac) [63]

SIRT4 Mitochondria MCCC [64], MCD [65]

SIRT5 Mitochondria PKM2 (K311ac) [66], CPS1 [67]

SIRT6
Nucleus

Endoplasmic Reticulum
Mitochondria

H3K9ac,
H3K56ac [68] TNF (K19ac, K20ac) [69]

SIRT7 Nucleus
Cytoplasm H3K18ac [70] FKBP51 (K28ac, K155ac) [71], Ran (K37ac) [72], U3-55k (K12ac,

K25ac) [73], nucleophosmin (K27ac, K54ac) [74]

Class IV HDAC11 Nucleus IL-10 [75]
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Table 1. Cont.

Class/Family Members Localization Histone Substrates Non-Histone Substrates

HATs

GNAT

GCN5 (KAT2A) Nucleus H3K9 [76] PLK4 (K45, K46) [77], ISWI (K753) [78],
SNF2 (K1493, K1497) [79], TBX5 [77]

PCAF (KAT2B) Nucleus H3K9 [76] ISX (K69) [80], IDH2 (K180) [81]

HAT1 (KAT1)
Nucleus

Cytoplasm
Mitochondria

H4K5, H4K12 [45] TPR (K531) [82]

ELP3 Nucleus
Cytoplasm Bruchpilot [83]

HPA2 Cytoplasm Polyamines, small basic proteins [84]

HPA3 Cytoplasm Polyamines, D-amino acids [84]

MYST

Tip60 (KAT5) Nucleus
Cytoplasm H2AK5, H2AK15, H3K14, H4K5, H4K8, H4K12, H4K16 [76] BMAL1 (K538) [85], ATM (K3016) [86], Ran,

Pacer [87]

MOZ (KAT6A) Nucleus H3K9, H3K14, H3K23 [76] p53 (K120, K382) [88], BRPF1 [89]

MORF (KAT6B) Nucleus H3K14, H3K23 [76] BRPF1 [89], Runx2 [90]

HBO1 (KAT7) Nucleus H3K9, H3K14, H4K5, H4K8, H4K12 [76] CDT1 [91]

MOF (KAT8) Nucleus
Mitochondria H4K5, H4K8, H4K16 [92] Lamin A/C (K311) [93]

SAS2 Nucleus

SAS3 Nucleus

ESA1 Nucleus Atg3 [94]

p300/CBP

p300 (KAT3B) Nucleus
Cytoplasm

H2AK4, H2AK5, H2AK7, H2AK9, H2AK11, H2AK13, H2BK5,
H2BK11, H2BK12, H2BK15, H2BK16, H2BK20, H2BK21, H2BK23,

H2BK24, H3K18, H3K27, H3K36, H4K5 [95]

Sam68, hnRNP M [96], Snail, Smad4,
PCNA [97], FoxO1 [98], GATA1 [99],
NCOA1, NCOA2, NCOA3, ARNT,

ARNT2 [95]

CBP (KAT3A) Nucleus
Cytoplasm

H2AK4, H2AK5, H2AK7, H2AK9, H2AK11, H2AK13, H2BK5,
H2BK11, H2BK12, H2BK15, H2BK16, H2BK20, H2BK21, H2BK23,

H2BK24, H3K18, H3K27, H3K36, H4K5 [95]

TPX2 (K75, K476, and K582) [100],
GATA1 [101], NCOA1, NCOA2, NCOA3,

ARNT, ARNT2 [95], Snail, FoxO1,
PCNA [102]
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Table 1. Cont.

Class/Family Members Localization Histone Substrates Non-Histone Substrates

TAFII230/250 TAFII250 Nucleus TAF1

Others

ATAT1 Nucleus
Cytoplasm α-Tubulin (K40) [103]

ESCO1 Nucleus
Cytoplasm SMC3 (K105, K106) [104]

ESCO2 Nucleus
Cytoplasm SMC3 (K105, K106) [104]

CLOCK
(KAT13D)

Nucleus
Cytoplasm ASS1 (K165, K176) [105]

ATAC2
(KAT14)

Nucleus
Cytoplasm H3K9, H4K5, H4K12, H4K16 [106]
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2.2. Classification of HDACs

HDACs are a class of proteases that remove acetyl groups from lysine residues, subse-
quently restoring their original positive charges. Then, the HDACs are tightly bound to
the negatively charged DNA, making it difficult for TFs to access the promoter, thereby
inhibiting the transcription of specific genes [3]. HDACs are divided into four classes
(Table 1): Class I (1, 2, 3, and 8), class IIa (4, 5, 7, and 9), and class IIb (6 and 10) are
designated according to their functional and structural similarities to yeast deacetylase
proteins, while class III constitutes a family of sirtuin proteins, including SIRT1-7, and class
IV includes HDAC11 [54,107]. Class I, II, and IV HDACs are a family of zinc-ion-dependent
enzymes, while class III HDACs are a family of nicotinamide adenine dinucleotide (NAD+)-
dependent deacetylases [108]. These HDACs have different distribution patterns in the
brain, which are intersecting and specific [109–111]. Moreover, several differences have
been detected in the distribution of HDACs in various types of cells, most of which are
expressed in neurons, and the proportion in the nucleus is greater compared to the cy-
toplasm and neurites [112]. In addition to the expression of HDAC3 in the nucleus and
cytoplasm, class I HDACs are expressed in the nucleus and have high enzyme activity.
Class IIa HDACs can shuttle between the nucleus and cytoplasm in response to various
cell signal responses, with cell and tissue specificity, while class IIb HDACs mainly exist
in the cytoplasm [113]. Class I and II HDACs are widely expressed in the whole brain
and are closely related to the occurrence of epilepsy [114]. Class III HDACs are located
in the nucleus, cytoplasm, and mitochondria and play a critical role in metabolic regula-
tion [54,115]. The class IV HDAC is expressed in the brain, heart, muscle, kidney, and testis;
however, its function is poorly understood [108,116]. In addition to using histones as the
substrate for deacetylation, HDACs can also reduce non-histone acetylation levels and
regulate various neurobiological processes by catalyzing some non-histones, such as TFs,
cytoskeletal proteins, and molecular chaperones (Hsp90 and Hsp70) [2].

3. Substrates of HATs and HDACs
3.1. Histone Substrates

Histones are rich in positively charged basic amino acids and can interact with nega-
tively charged phosphate groups in the DNA to form DNA–histone complexes. According
to the amino acid composition and molecular weight, histones are divided into five cate-
gories: H1, H2A, H2B, H3, and H4. The dimers of four histones, H2A, H2B, H3, and H4,
form the core of nucleosomes. H1 binds to DNA wounds between nucleosomes [117–119]
(Figure 1). The acetylation and deacetylation of lysine residues of histones H2A, H2B, H3,
and H4 are regulated by various HATs and HDACs, as shown in Table 1.

Figure 1. The mechanisms of protein acetylation/deacetylation modifications in neurological diseases.
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Transcriptional disorders are often involved in neurodegenerative diseases and neurodevelopmental
disorders regulated by HATs and HDACs. Typically, DNA is wound around histone to form a
nucleosome structure. When HATs transfer the acetyl group to the lysine residue of histone, the
negatively charged acetyl group breaks the balance of the original histone, resulting in the dissociation
of local DNA from the histone octamer and the relaxation of the nucleosome structure such that
the various TFs and synergistic TFs can specifically bind to DNA binding sites and activate gene
transcription by RNA polymerase II (pol II). HDACs are a class of proteases that remove acetyl
groups from lysine residues. When HDACs remove the acetyl group in the histone lysine residues,
the histone restores its original positive charge and binds tightly to the negatively charged DNA,
making it difficult for TFs to access the promoter, thereby inhibiting the transcription of specific genes.
In addition, HATs and HDACs also act on many non-histone substrates, such as TFs (p53 and MEF2),
chaperones (Hsp90 and Hsp70), signaling pathway molecules (SMAD and NF-κB), and protease. The
key regulatory mechanism of gene expression is the balance between the effects of HATs and HDACs.
The acetylation/deacetylation modifications affect protein function through various mechanisms,
including transcriptional regulation, the regulation of protein stability, enzyme activity, subcellular
localization, and protein–protein interaction. The dysfunction of protein acetylation/deacetylation
modifications may lead to epileptogenesis. HDACi can inhibit the activity of HDACs and promote
antiepileptic functions via neuroprotective, anti-inflammatory, and anti-neurotoxic effects.

3.2. Non-Histone Substrates

The results of a proteomic analysis showed that the high frequency of non-histone
acetylation constitutes the main component of acetylated proteins in mammalian cells [120].
Typically, non-histone acetylation involves key physiological and disease-related cellular
processes, such as gene transcription, DNA damage repair, cell division, signal transduction,
protein folding, autophagy, and metabolism [120]. Acetylation involves the regulation of
more than 100 kinds of non-histone proteins, including TFs, transcriptional coactivators,
nuclear receptors, molecular chaperones, and signal transduction molecules, which are also
regulated by various HATs and HDACs listed in Table 1 (Figure 1).

4. Altered Protein Acetylation in Epileptogenesis

Multiple methods have been developed to determine protein acetylation levels [121].
Western blotting analyses or radiolabeling methods are usually used for the semi-quantification
of acetylated proteins. However, these methods only detect the proteins known to be acety-
lated and peptides enriched by immunoprecipitation. As the protein acetylation networks
regulated by HATs and HDACs are complicated, the understanding of the characterization
of the brain acetylome will be helpful to investigate the underlying cellular and molecular
mechanisms involved in neurological diseases. With the advances in mass spectrometry
(MS)-based quantitative proteomics, the relative or absolute quantification of acetylated
proteins has been applied to understand physiological and pathological conditions [121].
The mouse and rat brain acetylomes have been profiled, which will contribute to under-
standing the molecular mechanisms of protein acetylation related to the development and
disorders of the central nervous system [122,123]. For example, a cohort-scale histone-
acetylome-wide association study (HAWAS) was performed to study the histone acetylome
in autism spectrum disorder (ASD), providing a foundation for studies of histone modi-
fication changes in other neurological diseases [124]. So far, our knowledge of the brain
acetylome in epilepsy is still minimal. In a kainic acid (KA) model of temporal lobe epilepsy
(TLE), altered mitochondrial acetylation profiles were investigated with MS, and 68 acety-
lated proteins were only observed in the KA model [125]. However, most of the research
on acetylation modifications in epilepsy has focused on the differential expression of H3 or
H4 acetylation. On the other hand, the expressions of two classes of enzymes, HDACs or
HATs, are usually detected to indirectly reflect the acetylation modifications.
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4.1. Alteration and Regulation of Histone Acetylation in Epileptogenesis

Histone acetylation is one of the epigenetic mechanisms involved in gene expression
and has been linked to epileptic disorders. The expression of many IEGs, such as c-fos and c-
jun, is increased in epilepsy models due to enhanced histone acetylation, which is regulated
by the balance between HDACs and HATs [3,126,127]. Several studies have reported
that the changes in the expression of class I, II, and IV HDACs in the two mouse TLE
models are significantly different during chronic epilepsy and after acute epileptic seizures
(SE) [128,129]. During KA-induced acute SE, the mRNA expression of HDAC1, HDAC2,
and HDAC11 in the hippocampal granule cells and the pyramidal cell layer is decreased
significantly. Similar changes have been detected after pilocarpine-induced SE, while
decreased HDAC3 and HDAC8 expression was observed during chronic epilepsy [128].
However, the protein expression patterns of HDACs are missing due to the unspecific
antibodies. In addition, the relationship between the expression of HDACs and acetylation
modifications remains to be corroborated. In the two epilepsy models above, the increases
in c-fos, c-jun, and brain-derived neurotrophic factor (BDNF) expression were attributed to
the decreased expression of class I HDACs, the increased phosphorylation of histone H3,
and the excessive acetylation of histone H4 in rat hippocampal neurons [126,130,131].

On the other hand, the increase in HAT expression and activity is also related to the
IEG expression in epilepsy models [132]. CBP is a well-known transcriptional coactivator
with intrinsic HAT activity. Pretreatment with curcumin, an HAT inhibitor specific for
CBP/p300, decreases H4 acetylation of the c-fos gene and reduces IEG expression and the
severity of KA-induced SE. Conversely, HDACi led to excessive acetylation of histones
and increased IEG expression after KA administration [127,131]. As many other cellular
effects of curcumin have been reported, other pathways leading to the suppression of
histone modifications could not be ruled out. Collectively, the above research suggests that
histone acetylation modification plays a key role in IEG expression and the development
of epilepsy.

Some other genes associated with epileptogenesis were also reported to be regulated
by histone acetylation, such as cAMP response element binding protein (CREB), glutamate
decarboxylase (GAD), and N-methyl-d-aspartate (NMDA)-receptor-related genes. CREB is
a major transcriptional activator that regulates a wide range of cellular processes through
calcium signaling, which led to the differential expression of γ-aminobutyric acid type A
receptor (GABAAR) subunits in the hippocampus in an epilepsy model [133]. The CREB
gene promoter is selectively modified by H3 and H4 in the electric-convulsion-induced
epilepsy model. In this model, a decrease in the H4 acetylation level leads to the chronic
downregulation of c-fos transcription, while an increase in H3 acetylation contributes to the
chronic upregulation of BDNF transcription [126]. As the most important inhibitory neuro-
transmitter closely related to epilepsy, γ-aminobutyric acid (GABA) synthesis is catalyzed
by GAD, and the production process is also regulated by acetylation modification [134,135].
In TLE patients and pilocarpine-induced epilepsy models, decreased expression of GAD
is associated with decreased H3 acetylation in hippocampal neurons. Treatment with
HDACi significantly reversed the reduction in H3 acetylation on the GAD promoter and
restored the downregulation of GAD at both the protein and mRNA levels [135]. Repeated
electroconvulsive seizures upregulate HDAC2 expression in the rat frontal cortex and
downregulate HDAC2-targeted NMDA-receptor-related genes through the acetylation of
H3 and/or H4. A ChIP assay indicated a significant increase in the HDAC2 occupancy in
the promoters of these downregulated genes [136].

Taken together, these results suggest that histone acetylation may be involved in
epileptogenesis. However, all above mentioned data related to acetylation detection were
achieved by Western blotting, immunofluorescence staining, and ChIP assays, which could
only identify individual histone acetylation sites or proteins in the experiments. In addition,
most studies detected acetylation modifications after seizure onset, which might be the
outcomes of the occurrence of seizures rather than the primary changes that cause epilepsy.
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Further research should pay more attention to the changes before the first epileptic seizure
and during the time course of the development.

4.2. Regulatory Role of Non-Histone Acetylation in Epileptogenesis
4.2.1. TFs

In neurons, p53 is a pleiotropic transcription factor that controls DNA repair, cell
cycle progression, differentiation, and apoptosis, and its over-expression induces death in
hippocampal neurons [137,138]. The level of p53 in the hippocampal neurons of patients
with epilepsy is elevated, while inhibiting p53 activation in animal models can prevent
neuronal cell death [139,140]. The transcriptional activation of p53 is regulated by several
HDACs. HDAC1 acetylates p53 and inhibits the transcriptional activation of the p53
gene both in vitro and in vivo, thus reducing neuronal apoptosis after seizures [141]. In
the nucleus, immunofluorescence and ChIP assays indicated p53 as a critical non-histone
substrate of HDAC4, and its role is related to neuronal death after epilepsy [142]. SIRT1,
2, and 3 can deacetylate p53 in the nucleus, cytoplasm, and mitochondria, respectively,
thus promoting cell survival and inhibiting aging and apoptosis [143]. In a rat lithium-
pilocarpine epilepsy model, SIRT1 was reported to regulate seizures and neuron death
during epileptogenesis via the deacetylation of p53 [144]. In another epilepsy model,
targeting p53 may have a negative effect. It was reported that the inhibition of p53 by
HDAC4 after DNA damage mediated the deacetylation of the p53 C-terminal lysine residue,
detected by Western blotting and immunofluorescence staining, which might lead to a
severe epileptic phenotype. However, the influence of the genetic background could not be
entirely ruled out in this study [145].

Myocyte enhancer factor 2 (MEF2) is one of the nuclear substrates of HDAC3, which
was confirmed by co-immunoprecipitation (Co-IP), immunofluorescence, and ChIP as-
say [146]. HDAC3 interacts with and deacetylates the MADS-box domain of MEF2, thereby
inhibiting MEF2-dependent transcription. Several studies have reported the role of MEF2
and its target genes in epilepsy. In both TLE patients and rat models, MEF2 expression is
significantly downregulated in the temporal neocortex, suggesting its involvement in the
pathogenesis of TLE [33,147].

4.2.2. Signaling Pathway Molecules

The TGF-β/SMAD signaling pathway has been implicated in the pathophysiology
of epilepsy. SMAD proteins play a key role in the transduction of TGF-β signaling from
cell surface receptors to the nucleus [148,149]. Serine–threonine kinase receptor associated
protein (STRAP) and SMAD7 act synergistically in inhibiting TGF-β signaling as negative
regulators and antagonists, respectively [150]. The acetyltransferase p300 protects SMAD7
from TGF-β-induced degradation by acetylating two lysine residues of SMAD7, detected
by immunoprecipitation and immunoblotting, while HDAC1 mediates the deacetylation of
SMAD7 and thus decreases its stability [150,151]. In the pilocarpine-induced SE model, the
protein levels of STRAP and SMAD7 are significantly reduced in the rat hippocampus and
temporal cortex, indicating that the acetylation modification of SMAD might be involved
in epileptogenesis [150].

High-mobility group box-1 (HMGB1) and Toll-like receptor 4 (TLR4) are increased
in human epileptogenic tissue and a mouse model of chronic seizures, indicating that
the HMGB1/TLR4 axis is involved in generating and perpetuating seizures [152,153].
Lipopolysaccharide (LPS) treatment can promote HDAC4 degradation, leading to the
acetylation of HMGB1, which prevents HMGB1 entry into the nucleus and triggers inflam-
mation [154]. As one of the downstream molecules of HMGB1/TLR4, NF-κB, composed of
p50 and p65 subunits, is a cytoplasmic target of HDAC3. A combination of approaches had
identified NF-κB pathway activation during SE, and one mechanism for the effect of NF-κB
activation is through the regulation of BDNF expression [155]. HDAC3 can deacetylate
p65 to regulate NF-κB activity [156]. In addition, SIRT2 can also interact with p65 in the
cytoplasm and deacetylate p65 at lys310, which in turn regulates the expression of NF-κB-
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dependent genes [157]. It has been reported that the activation of the HMGB1/TLR4/NF-κB
pathway is closely associated with the acetylation of HMGB1 in the hippocampus following
cold exposure [158]. Whether this is a common phenomenon during other stress conditions
in the central nervous system, such as epilepsy, needs further investigation.

4.2.3. Chaperones

The critical role of Hsp70 in regulating neuronal excitability makes it a widely used
indicator of stress in the acute phase of epilepsy [159]. Hsp70 is upregulated in a KA model
of TLE, leading to a proteasomal degradation that mediates related signaling pathways
involved in epilepsy, while the inhibition of Hsp70 suppresses neuronal hyperexcitability
and attenuates epilepsy [24,160]. The acetylation of Hsp70 in the cytoplasm was regulated
by HDAC10 in human neuroblastoma cell lines, which was confirmed by a Co-IP exper-
iment [161]. In another study, Hsp70 was co-immunoprecipitated with class I HDACs,
indicating that the acetylation modification of Hsp70 might also be associated with class I
HDACs [160]. Both HDACi and HDAC6 knockdowns induced Hsp90 acetylation at the
K294 site and reduced its chaperone activity [48]. Studies on animal models and human
samples have shown that Hsp90 expression is elevated in epilepsy, and the inhibition
of Hsp90 is also considered an effective treatment for epilepsy [48,162]. Further studies
based on MS should be performed to identify more acetylation sites in these chaperones to
regulate their functions by acetylation and deacetylation modifications.

5. Role of HDACi in the Treatment of Epilepsy
5.1. Classification of HDACi

HDACi are a small molecules with an HDAC-inhibitory activity that modulates
biological functions by rebuilding or increasing the acetylation levels of lysine residues
in nuclear and cytoplasmic proteins [163,164]. HDACi stimulate gene transcriptional
activity in cells by regulating the level of histone acetylation. On the other hand, it also
promotes the acetylation of non-histone proteins and regulates the interactions, intracellular
localization, and stability of these proteins [163,165]. HDACi are divided into four major
classes according to the chemical structures (Table 2): hydroxamates, benzamide derivatives,
cyclic peptides, and short-chain fatty acids (SCFAs) [166].
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Table 2. Classification of HDACi.

Classification Compounds Structure IC50 HDAC Targets Therapeutic Potential

Hydroxamic acids

Trichostatin A (TSA) 1.8 nM Class I and II Inhibition of breast cancer cell line
proliferation

Vorinostat (SAHA) ~10 nM Class I and II Inhibition of tumor growth

Panobinostat (LBH589) 5 nM Class I and II
Both autophagy and apoptosis can

be induced, effectively disrupting the
latency of HIV in vivo.

Belinostat (PXD101) 27 nM Class I and II Inhibition of tumor cell growth

Givinostat (ITF2357)
10 nM (HD2),

16 nM (HD1-A),
7.5 nM (HD1-B)

Class I and II Improving islet cell survival and
action on multiple myeloma cell lines

Abexinostat (PCI-24781) Class I and II Anti-neoplasmic activity



Biomedicines 2023, 11, 88 13 of 26

Table 2. Cont.

Classification Compounds Structure IC50 HDAC Targets Therapeutic Potential

Dacinostat (LAQ824) 32 nM Class I and II Inhibition of cancer cell
growth

Benzamides

Entinostat (MS-275) 0.51 µM (HDAC1), 1.7 µM (HDAC3) HDAC1, HDAC2,
HDAC3

Induction of autophagy and
apoptosis in tumor cells

Mocetinostat
(MGCD0103)

0.15 µM (HDAC1), 0.29 µM (HDAC2), 1.66 µM
(HDAC3), 0.59 µM (HDAC11)

HDAC1, HDAC2,
HDAC3, HDAC11 Anticancer activity

Cyclic peptides

Romidepsin (FK228,
Depsipeptide) 36 nM (HDAC1), 47 nM (HDAC2) HDAC1, HDAC2

Inhibition of growth and
induced apoptosis in

neuroblastoma tumor cells

Apicidin 0.7 nM HDAC1, HDAC4,
HDAC8

Inhibition of tumor cell
proliferation
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Table 2. Cont.

Classification Compounds Structure IC50 HDAC Targets Therapeutic Potential

Cycloheximide
(NSC-185)

532.5 nM (protein synthesis),
2880 nM (RNA synthesis)

HDACs associated with
protein synthesis Inhibition of iron death and autophagy

SCFAs

Valproic Acid (VPA) 0.4 mM Class I and IIa Treatment of epilepsy

Sodium Butyrate
(NaB) Class I and IIa

Inhibition of cell cycle progression in cancer
cells, promotion of differentiation, and
induction of apoptosis and autophagy

Sodium
Phenylbutyrate

(4-PBA)
Class I and IIa Induction of apoptosis in prostate cancer cells
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Hydroxamates, with short half-lives but long-lasting effects, have the largest molecular
weights among the four types of HDACi. As a class of broad-spectrum HDACi, hydroxam-
ates exhibit low selectivity for the inhibition of HDACs, including Trichostatin A (TSA),
Vorinostat (SAHA), Panobinostat (LBH589), Belinostat (PXD101), Givinostat (ITF2375),
Abexinostat, and Dacinostat [166]. Class I and II HDACs can be inhibited by these com-
pounds. SAHA and TSA are the two most commonly used HDACi hydroxamates in clinical
practice [167]. Benzamide derivatives are a class of HDACi with long half-lives, including
Entinostat and Mocetinostat. Cyclic peptides include Romidepsin (FK228), Apicidin, and
Cycloheximide. SCFAs include small, structurally simple compounds, such as valproic
acid (VPA), sodium butyrate (NaB), and sodium phenylbutyrate (4-PBA), among which
VPA is a commonly used antiepileptic drug in the clinic.

Different HDACi have specific effects on various classes of HDACs. Currently, as a
potential drug or preparation, alone or in combination with other preparations, HDACi
have been widely used in animal models of disease and clinical treatment in humans. Some
HDACi are expected to become good antiepileptic drugs [168,169] (Figure 2).

Figure 2. The applications of HDACi in epilepsy treatment. The HDACi that have been used in animal
models of epilepsy and clinical treatment in humans and their potential targets are illustrated. NaB
and VPA inhibit HDAC1, 3, and 4 in epilepsy models, while TSA and SAHA broadly target HDAC1,
3, 4, 6, and 10. SMAD7, HMGB1, and p53 are substrates of HDAC1 and HDAC4. MEF2 and NF-κB
(p50 and p65) are substrates of HDAC3. Hsp70 and Hsp90 are substrates of HDAC6 and HDAC10.
By regulating the acetylation of the above substrates, HDACi might promote neuroprotective, anti-
inflammatory, and anti-neurotoxic effects to inhibit epileptogenesis.

5.2. Role of HDACi in Epilepsy Treatment

As an antiepileptic drug, VPA inhibits epilepsy by increasing the level of GABA in
the brain. Typically, it is a critical broad-spectrum HDACi [168]. Therefore, it combines
the characteristics of anticonvulsant and epigenetic regulatory drugs. VPA treatment can
significantly protect cholinergic and GABAergic neurons from excitotoxic injury. The
long-term use of VPA increases the histone H3 acetylation level in the brain [170]. The
granule cells produced by seizures may interfere with hippocampal function and lead
to cognitive damage caused by epileptic activity in the hippocampal circuit. VPA can
block epilepsy-induced neurogenesis, which might be mediated by inhibiting HDACs and
normalizing HDAC-dependent gene expression in the hippocampal dentate gyrus [171].
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Tuberous sclerosis (TSC) is a genetic disease characterized by seizures, autism, and
some cognitive deficits [172]. Studies on TSC2 mutant heterozygous mice (TSC2+/−)
showed that hippocampal histone H3 acetylation was reduced and had abnormal synaptic
plasticity and seizure tendency, while attenuating HDAC activity restored normal neuro-
logical function [172]. HDACi, such as VPA, TSA, and SAHA, could restore the histone
H3 acetylation level, improve synaptic plasticity, and reduce the epileptic phenotype in a
TSC2+/− mice model [172]. The limitations of this study were that the mechanism involved
in the global reduction in histone acetylation levels has not been explored and the potential
for diminished HAT activity cannot be eliminated.

NaB is an HDACi of class I/IIa that is used in the treatment of epilepsy. In a rat
hippocampal kindling epilepsy model, daily NaB treatment significantly inhibited HDAC
activity and prevented the development of epileptogenesis [173]. NaB was reported to
increase the acetylation state of H3 and H4 histones in the mouse hippocampus and cerebral
cortex, accompanied with an increase in IEGs [174]. In the WAG/Rij epilepsy rat model
(genetic model of absence epilepsy with mild depression), the decreased acetylation level
of mesencephalic histones H3 and H4 was significantly increased after the administra-
tion of NaB, VPA, and their combination, with decreased expression of HDAC1 and 3,
demonstrating the antiepileptic effect of NaB and VPA [175]. In the stress state, NaB can
regulate the function of MK-801, a non-competitive NMDA receptor antagonist, to delay
the occurrence of epilepsy in mice and reduce the severity of seizures [176]. In addition,
NaB has a long-term effect on functional improvement, even after the cessation of the
treatment [173]. These findings suggest that NaB has a strong antiepileptic effect.

TSA is a selective HDACi of class I/II. In a rat model of pilocarpine-induced SE, the
acetylation of H4 in rat hippocampal CA3 neurons was reduced at the glutamate receptor
2 (GluR2 or GRIA2) promoter but increased at the BDNF promoter P2 after the induction
of SE by a ChIP assay. TSA could quickly prevent and reverse the deacetylation of GluR2-
associated histones as well as blunt the seizure-induced downregulation of GluR2 mRNA
in CA3, thus reversing the seizure-induced neuronal damage [130]. In a KA-induced acute
seizure model, treatment with TSA dramatically elevated Neuregulin 1 (Nrg1) expression
via increasing the acetylated occupancy of H3 and H4 at the Nrg1 promoter locus to
suppress seizures [177].

SAHA is one of the broad-spectrum HDACi that inhibits class I, II, and IV HDACs.
In a rat model of KA-induced seizures, SAHA pretreatment increases seizure latency and
decreases the seizure score. It also inhibits the microglial activation and neuronal apoptosis
caused by epilepsy. SAHA reduces the acetylation level of H3K9, regulates and inhibits the
TLR4/MyD88 signal transduction induced by epilepsy, inhibits TLR4 gene expression, and
prevents brain injuries caused by epilepsy [178]. In a model of intractable zebrafish epilepsy
induced by a GABAAR γ2 subunit (GABRG2) mutation, SAHA reduces the expression
of HDAC1 and HDAC10 and inhibits zebrafish seizures in a dose-dependent manner.
Compared to traditional AEDs, it has a short onset time and has a better curative effect
in intractable epilepsy caused by a GABRG2 mutation [179]. These observations indicate
that SAHA is an effective neuroprotective and anticonvulsant drug that has a potential
application in epilepsy treatment.

So far, most works used HDACi or RNA silencing to investigate the role of acetylation
in epilepsy. Indeed, most HDACi that have been applied are non-specific, and some
of them might display pharmacological effects other than regulating protein acetylation.
Alternatively, HDAC knockout mice would be a useful tool to determine the involvement
of HDACs in epilepsy. However, research in this area is still very limited. Another problem
that should be noticed is that there are many types of epilepsy, and the epileptogenic
processes may not be identical in all of them. Thus, the investigation of the acetylation
modifications in each type of epilepsy will be very important for precise treatments.
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6. Conclusions

This review summarizes the changes in acetylation modification in epileptogenesis
and the regulatory role of HDACi in the treatment of epilepsy. Acetylation modification
on both histone and non-histone substrates regulates a series of neurological functions by
regulating protein stability, enzyme activity, subcellular localization, and protein–protein
and protein–DNA interactions, thus playing a critical role in the occurrence of epilepsy.
Currently, many HDACi have been developed to target various classes of HDACs, and
some of them are expected to become effective antiepileptic drugs with neuroprotective
and anticonvulsant effects. An in-depth understanding of acetylation regulation would be
valuable in exploring the pathological mechanism of epilepsy and providing new ideas
for the treatment of epilepsy. Additional studies of protein acetylation with quantitative
proteomics methods might provide new prospects for the clinical treatment of epilepsy.
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Abbreviations

Abbreviation Full Name
4-PBA Sodium Phenylbutyrate
Acss1 Acyl-CoA Synthetase Short-Chain Family Member 1
AKT Protein Kinase B
ARID1A (A+T)-Rich Interaction Domain 1A
ARNT Aryl Hydrocarbon Receptor Nuclear Translocator
ASD Autism Spectrum Disorder
ASS1 Argininosuccinate Synthase 1
ATAT1 α-tubulin N-acetyltransferase 1
ATF4 Activating Transcription Factor 4
Atg3 Autophagy-Related 3
ATM Ataxia Telangiectasia Mutated
BDNF Brain-Derived Neurotrophic Factor
BET Bromodomain And Extra-Terminal Domain
bHLH Basic Helix–Loop–Helix
BMAL1 Brain And Muscle Arnt-Like 1
BRPF1 Bromodomain And Plant Homeodomain Finger-Containing 1
CBP CREB-binding protein
CDT1 Chromatin Licensing And DNA Replication Factor 1
CoA Acetyl Coenzyme A
Co-IP Co-Immunoprecipitation
CPS1 Carbamoyl Phosphate Synthetase 1
CREB cAMP Response Element Binding Protein
ELP3 Complex Subunit 3
ELP3 Elongator Complex Protein 3
ESCO Establishment Of Sister Chromatid Cohesion N-Acetyltransferase
FKBP51 FK506-Binding Protein 51
FoxO1 Forkhead Box Protein O1
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G3BP1 Ras GTPase-Activating Protein-Binding Protein 1
G6PD Glucose 6-Phosphate Dehydrogenase
GABA γ-aminobutyric Acid
GABAAR γ-aminobutyric Acid Type A Receptor
GABRG2 GABAAR γ2 Subunit
GAD Glutamate Decarboxylase
GATA1 GATA-Binding Factor 1
GCN5 General Control Of Amino Acid Synthesis Protein 5
GluR2/GRIA2 Glutamate Receptor 2
GNAT GCN5-Related N-Acetyltransferase
H3K4bhb β-hydroxybutyrylated Histone H3 Lys4
H3K4cr Crotonylated Histone H3 Lys4
H3K9ac Acetylated Histone H3 Lys9
HATs Histone Acetyltransferases
HAWAS Histone-Acetylome-Wide Association Study
HBO1 Histone Acetyltransferase Binding To ORC1
HDACi HDAC Inhibitors
HDACs Histone Deacetylases
HIF-1α Hypoxia-Inducible Factor-1α
HMGB1 High-Mobility Group Box-1
hnRNP M Heterogeneous Nuclear Ribonucleoprotein M
Hsp70 Heat Shock 70 Kda Protein
IC50 Half-Maximal Inhibitory Concentration
IDH2 Isocitrate Dehydrogenase 2
IEGs Immediate Early Genes
ISWI Imitation Switch
KA Kainic Acid
KAT Lysine Acetyltransferase
KATs Lysine Acetyltransferases
KDACs Lysine Deacetylases
LPS Lipopolysaccharide
MCCC Methylcrotonoyl-CoA Carboxylase
MCD Malonyl-CoA Decarboxylase
MEF2 Myocyte Enhancer Factor 2
MMP2 Matrix Metalloproteinase 2
MOF Ortholog Of Drosophila Males-Absent On The First
MORF MOZ-related Factors
MOZ Onocytic Leukemia Zinc Finger Protein
MSH2 Muts Homolog 2
NaB Sodium Butyrate
NAD+ Nicotinamide Adenine Dinucleotide
NCOA Nuclear Receptor Coactivator
NMDA N-methyl-d-aspartate
Nrf2 Nuclear Factor Erythroid-2 Related Factor 2
Nrg1 Neuregulin 1
ORC1 Initiation Recognition Complex 1
p53 Protein Of 53 kDa
p65 65kda Polypeptide Of The Transcription Factor NF-κB
PCAF P300/CBP-Related Factors
PCNA Proliferating Cell Nuclear Antigen
PGC-1α Peroxisome Proliferator-Activated Receptor-Gamma Coactivator 1 Alpha
PKM2 Pyruvate Kinase M2
PLK4 Polo-Like Kinase 4
pol II RNA polymerase II
Prx Peroxiredoxin
PTM Post-translational Modification
Ran Ras-Related Nuclear Protein
Runx2 Runt-Related Transcription Factor 2
Sam68 Src Associated In Mitosis Of 68 kDa
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SCFAs Short-Chain Fatty Acids
SDHA Succinate Dehydrogenase Complex Subunit A
SE Epileptic Seizures
SIRT Sirtuin
SMC3 Structural Maintenance Of Chromosomes 3
Snail Zinc Finger Protein SNAI1
SNF2 Sucrose Non-Fermenting Protein 2
SRF Serum Response Factor
STAT1 Signal Transducer And Activator Of Transcription 1
STRAP Serine–Threonine Kinase Receptor Associated Protein
TAF1 TATA-Binding Protein (TBP)-Associated Factor 1
TAFII230/250 Transcription Initiation Factor TFIID 230/250 kDa Subunit
TBX5 T-box Protein 5
TFs Transcription Factors
TGF-β Transforming Growth Factor-β
Tip60 60 kDa TAT-interacting Protein
TLE Temporal Lobe Epilepsy
TLR4 Toll-Like Receptor 4
TNF Tumor Necrosis Factor
TPR Translocated Promoter Region
TPX2 Targeting Protein For Xklp2
TSA Trichostatin A
TSC Tuberous Sclerosis
U3-55k U3 Small Nucleolar Ribonucleoprotein (snoRNP) Complex Component
VPA Valproic Acid
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83. Miśkiewicz, K.; Jose, L.E.; Bento-Abreu, A.; Fislage, M.; Taes, I.; Kasprowicz, J.; Swerts, J.; Sigrist, S.; Versées, W.; Robberecht,
W.; et al. ELP3 controls active zone morphology by acetylating the ELKS family member bruchpilot. Neuron 2011, 72, 776–788.
[CrossRef]

84. Sampath, V.; Liu, B.; Tafrov, S.; Srinivasan, M.; Rieger, R.; Chen, E.I.; Sternglanz, R. Biochemical characterization of Hpa2 and
Hpa3, two small closely related acetyltransferases from saccharomyces cerevisiae. J. Biol. Chem. 2013, 288, 21506–21513. [CrossRef]
[PubMed]

85. Petkau, N.; Budak, H.; Zhou, X.; Oster, H.; Eichele, G. Acetylation of BMAL1 by TIP60 controls BRD4-P-TEFb recruitment to
circadian promoters. eLife 2019, 8, 43235. [CrossRef] [PubMed]

86. Sun, Y.; Xu, Y.; Roy, K.; Price, B.D. DNA damage-induced acetylation of lysine 3016 of ATM activates ATM kinase activity. Mol.
Cell Biol. 2007, 27, 8502–8509. [CrossRef] [PubMed]

87. Cheng, X.; Ma, X.; Zhu, Q.; Song, D.; Ding, X.; Li, L.; Jiang, X.; Wang, X.; Tian, R.; Su, H.; et al. Pacer is a mediator of mTORC1
and GSK3-TIP60 signaling in regulation of autophagosome maturation and lipid metabolism. Mol. Cell 2019, 73, 788–802.e7.
[CrossRef]

88. Rokudai, S.; Laptenko, O.; Arnal, S.M.; Taya, Y.; Kitabayashi, I.; Prives, C. MOZ increases p53 acetylation and premature
senescence through its complex formation with PML. Proc. Natl. Acad. Sci. USA 2013, 110, 3895–3900. [CrossRef]

89. Ullah, M.; Pelletier, N.; Xiao, L.; Zhao, S.P.; Wang, K.; Degerny, C.; Tahmasebi, S.; Cayrou, C.; Doyon, Y.; Goh, S.-L.; et al. Molecular
architecture of quartet MOZ/MORF histone acetyltransferase complexes. Mol. Cell Biol. 2008, 28, 6828–6843. [CrossRef]

90. Pelletier, N.; Champagne, N.; Stifani, S.; Yang, X.-J. MOZ and MORF histone acetyltransferases interact with the Runt-domain
transcription factor Runx2. Oncogene 2002, 21, 2729–2740. [CrossRef]

91. Miotto, B.; Struhl, K. HBO1 histone acetylase is a coactivator of the replication licensing factor Cdt1. Genes Dev. 2008, 22,
2633–2638. [CrossRef]

92. Gillette, M.A.; Satpathy, S.; Cao, S.; Dhanasekaran, S.M.; Vasaikar, S.V.; Krug, K.; Petralia, F.; Li, Y.; Liang, W.W.; Reva, B.;
et al. Proteogenomic characterization reveals therapeutic vul-nerabilities in lung adenocarcinoma. Cell 2020, 182, 200–225.e35.
[CrossRef]

http://doi.org/10.1016/j.molcel.2019.06.034
http://doi.org/10.1038/nature11043
http://doi.org/10.1016/j.celrep.2017.01.009
http://doi.org/10.1016/j.bbamcr.2019.05.001
http://doi.org/10.1038/ncomms10734
http://doi.org/10.1073/pnas.2015339118
http://doi.org/10.1038/s41564-020-0756-3
http://doi.org/10.1002/bies.201800078
http://doi.org/10.1038/ncomms13227
http://doi.org/10.1186/1471-2199-8-73
http://doi.org/10.1101/gad.1979710
http://www.ncbi.nlm.nih.gov/pubmed/21159817
http://doi.org/10.15252/embr.201948795
http://doi.org/10.1096/fj.201800788R
http://www.ncbi.nlm.nih.gov/pubmed/30526058
http://doi.org/10.1021/acs.jproteome.9b00843
http://www.ncbi.nlm.nih.gov/pubmed/32081014
http://doi.org/10.1016/j.neuron.2011.10.010
http://doi.org/10.1074/jbc.M113.486274
http://www.ncbi.nlm.nih.gov/pubmed/23775086
http://doi.org/10.7554/eLife.43235
http://www.ncbi.nlm.nih.gov/pubmed/31294688
http://doi.org/10.1128/MCB.01382-07
http://www.ncbi.nlm.nih.gov/pubmed/17923702
http://doi.org/10.1016/j.molcel.2018.12.017
http://doi.org/10.1073/pnas.1300490110
http://doi.org/10.1128/MCB.01297-08
http://doi.org/10.1038/sj.onc.1205367
http://doi.org/10.1101/gad.1674108
http://doi.org/10.1016/j.cell.2020.06.013


Biomedicines 2023, 11, 88 23 of 26

93. Karoutas, A.; Szymanski, W.; Rausch, T.; Guhathakurta, S.; Rog-Zielinska, E.A.; Peyronnet, R.; Seyfferth, J.; Chen, H.-R.; De
Leeuw, R.; Herquel, B.; et al. The NSL complex maintains nuclear architecture stability via lamin A/C acetylation. Nature 2019,
21, 1248–1260. [CrossRef]

94. Yi, C.; Ma, M.; Ran, L.; Zheng, J.; Tong, J.; Zhu, J.; Ma, C.; Sun, Y.; Zhang, S.; Feng, W.; et al. Function and molecular mechanism of
acetylation in autophagy regulation. Science 2012, 336, 474–477. [CrossRef]

95. Weinert, B.T.; Narita, T.; Satpathy, S.; Srinivasan, B.; Hansen, B.K.; Schölz, C.; Hamilton, W.B.; Zucconi, B.E.; Wang, W.W.;
Liu, W.R.; et al. Time-resolved analysis reveals rapid dynamics and broad scope of the CBP/p300 acetylome. Cell 2018, 174,
231–244.e12. [CrossRef]

96. Siam, A.; Baker, M.; Amit, L.; Regev, G.; Rabner, A.; Najar, R.A.; Bentata, M.; Dahan, S.; Cohen, K.; Araten, S.; et al. Regulation of
alternative splicing by p300-mediated acetylation of splicing factors. RNA 2019, 25, 813–824. [CrossRef]

97. Chang, R.; Zhang, Y.; Zhang, P.; Zhou, Q. Snail acetylation by histone acetyltransferase p300 in lung cancer. Thorac. Cancer 2017, 8,
131–137. [CrossRef]

98. Yang, Y.; Cui, J.; Xue, F.; Zhang, C.; Mei, Z.; Wang, Y.; Bi, M.; Shan, D.; Meredith, A.; Li, H.; et al. Pokemon (FBI-1) interacts with
Smad4 to repress TGF-beta-induced transcriptional responses. Biochim. Biophys. Acta 2015, 1849, 270–281. [CrossRef]

99. Boyes, J.; Byfield, P.; Nakatani, Y.; Ogryzko, V. Regulation of activity of the transcription factor GATA-1 by acetylation. Nature
1998, 396, 594–598. [CrossRef]

100. Lin, C.-C.; Kitagawa, M.; Tang, X.; Hou, M.-H.; Wu, J.; Qu, D.C.; Srinivas, V.; Liu, X.; Thompson, J.W.; Mathey-Prevot, B.; et al.
CoA synthase regulates mitotic fidelity via CBP-mediated acetylation. Nat. Commun. 2018, 9, 1039. [CrossRef]

101. Hung, H.-L.; Lau, J.; Kim, A.Y.; Weiss, M.J.; Blobel, G.A. CREB-binding protein acetylates hematopoietic transcription factor
gata-1 at functionally important sites. Mol. Cell Biol. 1999, 19, 3496–3505. [CrossRef] [PubMed]

102. Senf, S.M.; Sandesara, P.B.; Reed, S.A.; Judge, A.R. P300 acetyltransferase activity differentially regulates the localization and
activity of the FOXO homologues in skeletal muscle. Am. J. Physiol. Physiol. 2011, 300, C1490–C1501. [CrossRef] [PubMed]

103. Kalebic, N.; Sorrentino, S.; Perlas, E.; Bolasco, G.; Martinez, C.; Heppenstall, P.A. αTAT1 is the major α-tubulin acetyltransferase
in mice. Nat. Commun. 2013, 4, 1962. [CrossRef] [PubMed]

104. Minamino, M.; Ishibashi, M.; Nakato, R.; Akiyama, K.; Tanaka, H.; Kato, Y.; Negishi, L.; Hirota, T.; Sutani, T.; Bando, M.; et al.
Esco1 acetylates cohesin via a mechanism different from that of Esco2. Curr. Biol. 2015, 25, 1694–1706. [CrossRef] [PubMed]

105. Lin, R.; Mo, Y.; Zha, H.; Qu, Z.; Xie, P.; Zhu, Z.-J.; Xu, Y.; Xiong, Y.; Guan, K.-L. CLOCK acetylates ASS1 to drive circadian rhythm
of ureagenesis. Mol. Cell 2017, 68, 198–209.e6. [CrossRef]

106. Guelman, S.; Kozuka, K.; Mao, Y.; Pham, V.; Solloway, M.J.; Wang, J.; Wu, J.; Lill, J.R.; Zha, J. The double-histone-acetyltransferase
complex ATAC is essential for mammalian development. Mol. Cell Biol. 2009, 29, 1176–1188. [CrossRef]

107. Geneviève, P.D.; Dilshad, H.K.; James, R.D. Roles of histone deacetylases in epigenetic regulation: Emerging paradigms from
studies with inhibitors. Clin. Epigenetics 2012, 4, 5.

108. Haberland, M.; Montgomery, R.L.; Olson, E.N. The many roles of histone deacetylases in development and physiology: Implica-
tions for disease and therapy. Nat. Rev. Genet. 2009, 10, 32–42. [CrossRef]

109. Srivastava, A.; Banerjee, J.; Dubey, V.; Tripathi, M.; Chandra, P.S.; Sharma, M.C.; Lalwani, S.; Siraj, F.; Doddamani, R.; Dixit, A.B.
Role of altered expression, activity and sub-cellular distribution of various histone deacetylases (HDACs) in mesial temporal lobe
epilepsy with hippocampal sclerosis. Cell Mol. Neurobiol. 2022, 42, 1049–1064. [CrossRef]

110. Baltan, S.; Bachleda, A.; Morrison, R.S.; Murphy, S.P. Expression of histone deacetylases in cellular compartments of the mouse
brain and the effects of ischemia. Transl. Stroke Res. 2011, 2, 411–423. [CrossRef]

111. Broide, R.S.; Redwine, J.M.; Aftahi, N.; Young, W.; Bloom, F.E.; Winrow, C.J. Distribution of histone deacetylases 1–11 in the rat
brain. J. Mol. Neurosci. 2007, 31, 47–58. [CrossRef]

112. Cho, Y.; Cavalli, V. HDAC signaling in neuronal development and axon regeneration. Curr. Opin. Neurobiol. 2014, 27, 118–126.
[CrossRef]

113. Martin, M.; Kettmann, R.; Dequiedt, F. Class IIa histone deacetylases: Regulating the regulators. Oncogene 2007, 26, 5450–5467.
[CrossRef]

114. Morrison, B.E.; Majdzadeh, N.; D’Mello, S.R. Histone deacetylases: Focus on the nervous system. Cell Mol. Life Sci. 2007, 64,
2258–2269. [CrossRef]

115. Haigis, M.C.; Sinclair, D.A. Mammalian sirtuins: Biological insights and disease relevance. Annu. Rev. Pathol. Mech. Dis. 2010, 5,
253–295. [CrossRef]

116. Liu, H.; Hu, Q.; Kaufman, A.; D’Ercole, A.J.; Ye, P. Developmental expression of histone deacetylase 11 in the murine brain. J.
Neurosci. Res. 2007, 86, 537–543. [CrossRef]

117. Mariño-Ramírez, L.; Kann, M.G.; Shoemaker, B.A.; Landsman, D. Histone structure and nucleosome stability. Expert Rev. Proteom.
2005, 2, 719–729. [CrossRef]

118. Happel, N.; Doenecke, D. Histone H1 and its isoforms: Contribution to chromatin structure and function. Gene 2009, 431, 1–12.
[CrossRef]

119. Roque, A.; Ponte, I.; Suau, P. Interplay between histone H1 structure and function. Biochim. Et Biophys. Acta 2016, 1859, 444–454.
[CrossRef]

120. Narita, T.; Weinert, B.T.; Choudhary, C. Functions and mechanisms of non-histone protein acetylation. Nat. Rev. Mol. Cell Biol.
2018, 20, 156–174. [CrossRef]

http://doi.org/10.1038/s41556-019-0397-z
http://doi.org/10.1126/science.1216990
http://doi.org/10.1016/j.cell.2018.04.033
http://doi.org/10.1261/rna.069856.118
http://doi.org/10.1111/1759-7714.12408
http://doi.org/10.1016/j.bbagrm.2014.12.008
http://doi.org/10.1038/25166
http://doi.org/10.1038/s41467-018-03422-6
http://doi.org/10.1128/MCB.19.5.3496
http://www.ncbi.nlm.nih.gov/pubmed/10207073
http://doi.org/10.1152/ajpcell.00255.2010
http://www.ncbi.nlm.nih.gov/pubmed/21389279
http://doi.org/10.1038/ncomms2962
http://www.ncbi.nlm.nih.gov/pubmed/23748901
http://doi.org/10.1016/j.cub.2015.05.017
http://www.ncbi.nlm.nih.gov/pubmed/26051894
http://doi.org/10.1016/j.molcel.2017.09.008
http://doi.org/10.1128/MCB.01599-08
http://doi.org/10.1038/nrg2485
http://doi.org/10.1007/s10571-020-00994-0
http://doi.org/10.1007/s12975-011-0087-z
http://doi.org/10.1007/BF02686117
http://doi.org/10.1016/j.conb.2014.03.008
http://doi.org/10.1038/sj.onc.1210613
http://doi.org/10.1007/s00018-007-7035-9
http://doi.org/10.1146/annurev.pathol.4.110807.092250
http://doi.org/10.1002/jnr.21521
http://doi.org/10.1586/14789450.2.5.719
http://doi.org/10.1016/j.gene.2008.11.003
http://doi.org/10.1016/j.bbagrm.2015.09.009
http://doi.org/10.1038/s41580-018-0081-3


Biomedicines 2023, 11, 88 24 of 26

121. Diallo, I.; Seve, M.; Cunin, V.; Minassian, F.; Poisson, J.-F.; Michelland, S.; Bourgoin-Voillard, S. Current trends in protein
acetylation analysis. Expert Rev. Proteom. 2019, 16, 139–159. [CrossRef]

122. Lundby, A.; Lage, K.; Weinert, B.T.; Bekker-Jensen, D.B.; Secher, A.; Skovgaard, T.; Kelstrup, C.D.; Dmytriyev, A.; Choudhary, C.;
Lundby, C.; et al. Proteomic analysis of lysine acetylation sites in rat tissues reveals organ specificity and subcellular patterns. Cell
Rep. 2012, 2, 419–431. [CrossRef] [PubMed]

123. Ji, Y.; Chen, Z.; Cen, Z.; Ye, Y.; Li, S.; Lu, X.; Shao, Q.; Wang, D.; Ji, J.; Ji, Q. A comprehensive mouse brain acetylome-the
cellular-specific distribution of acetylated brain proteins. Front Cell Neurosci. 2022, 16, 980815. [CrossRef] [PubMed]

124. Sun, W.; Poschmann, J.; Del Rosario, R.C.-H.; Parikshak, N.N.; Hajan, H.S.; Kumar, V.; Ramasamy, R.; Belgard, T.G.; Elanggovan,
B.; Wong, C.C.Y.; et al. Histone acetylome-wide association study of autism spectrum disorder. Cell 2016, 167, 1385–1397.e11.
[CrossRef]

125. Gano, L.B.; Liang, L.-P.; Ryan, K.; Michel, C.R.; Gomez, J.; Vassilopoulos, A.; Reisdorph, N.; Fritz, K.S.; Patel, M. Altered
mitochondrial acetylation profiles in a kainic acid model of temporal lobe epilepsy. Free. Radic. Biol. Med. 2018, 123, 116–124.
[CrossRef] [PubMed]

126. Nadia, M.T.; Arvind, K.; Eric, J.N. Histone modifications at gene promoter regions in rat hippocampus after acute and chronic
electroconvulsive seizures. J. Neurosci. 2004, 24, 5603–5610.

127. Taniura, H.; Sng, J.C.G.; Yoneda, Y. Histone modifications in status epilepticus induced by kainate. Histol. Histopathol. 2006, 21,
785–791. [CrossRef]

128. Jagirdar, R.; Drexel, M.; Kirchmair, E.; Tasan, R.O.; Sperk, G. Rapid changes in expression of class I and IV histone deacetylases
during epileptogenesis in mouse models of temporal lobe epilepsy. Exp. Neurol. 2015, 273, 92–104. [CrossRef]

129. Jagirdar, R.; Drexel, M.; Bukovac, A.; Tasan, R.O.; Sperk, G. Expression of class II histone deacetylases in two mouse models of
temporal lobe epilepsy. J. Neurochem. 2016, 136, 717–730. [CrossRef]

130. Huang, Y.; Doherty, J.J.; Dingledine, R. Altered histone acetylation at glutamate receptor 2 and brain-derived neurotrophic factor
genes is an early event triggered by status epilepticus. J. Neurosci. 2002, 22, 8422–8428. [CrossRef]

131. Sng, J.C.G.; Taniura, H.; Yoneda, Y. Histone modifications in kainate-induced status epilepticus. Eur. J. Neurosci. 2006, 23,
1269–1282. [CrossRef]

132. Sng, J.C.G.; Taniura, H.; Yoneda, Y. Inhibition of histone deacetylation by trichostatin A intensifies the transcriptions of neuronal
c-fos and c-jun genes after kainate stimulation. Neurosci. Lett. 2005, 386, 150–155. [CrossRef]

133. Wu, G.; Yu, J.; Wang, L.; Ren, S.; Zhang, Y. PKC/CREB pathway mediates the expressions of GABAA receptor subunits in cultured
hippocampal neurons after low-Mg(2+) solution treatment. Epilepsy Res. 2018, 140, 155–161. [CrossRef]

134. Mizielinska, S.; Greenwood, S.; Connolly, C. The role of GABAA receptor biogenesis, structure and function in epilepsy. Biochem.
Soc. Trans. 2006, 34, 863–867. [CrossRef]

135. Wang, J.G.; Cai, Q.; Zheng, J.; Dong, Y.S.; Li, J.J.; Li, J.C.; Hao, G.Z.; Wang, C.; Wang, J.L. Epigenetic suppression of GADs
expression is involved in temporal lobe epilepsy and pilocarpine-induced mice epilepsy. Neurochem. Res. 2016, 41, 1751–1760.
[CrossRef]

136. Park, H.G.; Yu, H.S.; Park, S.; Ahn, Y.M.; Kim, Y.S.; Kim, S.H. Repeated treatment with electroconvulsive seizures induces HDAC2
expression and down-regulation of NMDA receptor-related genes through histone deacetylation in the rat frontal cortex. Int. J.
Neuropsychopharmacol. 2014, 17, 1487–1500. [CrossRef]

137. Jordan, J.; Galindo, M.F.; Prehn, J.; Weichselbaum, R.R.; Beckett, M.; Ghadge, G.D.; Roos, R.P.; Leiden, J.M.; Miller, R.J. p53
expression induces apoptosis in hippocampal pyramidal neuron cultures. J. Neurosci. 1997, 17, 1397–1405. [CrossRef]

138. Morrison, R.S.; Kinoshita, Y. The role of p53 in neuronal cell death. Cell Death Differ. 2000, 7, 868–879. [CrossRef]
139. Engel, T.; Murphy, B.M.; Schindler, C.K.; Henshall, D.C. Elevated p53 and lower MDM2 expression in hippocampus from patients

with intractable temporal lobe epilepsy. Epilepsy Res. 2007, 77, 151–156. [CrossRef]
140. Sakhi, S.; Sun, N.; Wing, L.L.; Mehta, P.; Schreiber, S.S. Nuclear accumulation of p53 protein following kainic acid-induced

seizures. Neuroreport 1996, 7, 493–496. [CrossRef]
141. Jie, X.; Xiaomin, X.; Qimei, Z. Inhibited p38/p53 signaling pathway protects on neuron injury in epilepsy rats. J. Practical. Med.

2021, 37, 1666–1669+1673.
142. Basile, V.; Mantovani, R.; Imbriano, C. DNA damage promotes histone deacetylase 4 nuclear localization and repression of G2/M

promoters, via p53 C-terminal lysines. J. Biol. Chem. 2006, 281, 2347–2357. [CrossRef]
143. Redondo, P.M.; Vaquero, A. The diversity of histone versus nonhistone sirtuin substrates. Genes Cancer 2013, 4, 148–163. [CrossRef]

[PubMed]
144. Wang, D.; Li, Z.; Zhang, Y.; Wang, G.; Wei, M.; Hu, Y.; Ma, S.; Jiang, Y.; Che, N.; Wang, X.; et al. Targeting of mi-croRNA-199a-5p

protects against pilocarpine-induced status epilepticus and seizure damage via SIRT1-p53 cascade. Epilepsia 2016, 57, 706–716.
[CrossRef] [PubMed]

145. Engel, T.; Tanaka, K.; Jimenez-Mateos, E.M.; Caballero-Caballero, A.; Prehn, J.H.; Henshall, D.C. Loss of p53 results in pro-tracted
electrographic seizures and development of an aggravated epileptic phenotype following status epilepticus. Cell Death Dis. 2010,
1, e79. [CrossRef]

146. Grégoire, S.; Xiao, L.; Nie, J.; Zhang, X.; Xu, M.; Li, J.; Wong, J.; Seto, E.; Yang, X.-J. Histone deacetylase 3 interacts with and
deacetylates myocyte enhancer factor 2. Mol. Cell Biol. 2007, 27, 1280–1295. [CrossRef]

147. Zhang, Z.; Zhao, Y. Progress on the roles of MEF2C in neuropsychiatric diseases. Mol. Brain 2022, 15, 8. [CrossRef]

http://doi.org/10.1080/14789450.2019.1559061
http://doi.org/10.1016/j.celrep.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22902405
http://doi.org/10.3389/fncel.2022.980815
http://www.ncbi.nlm.nih.gov/pubmed/36111245
http://doi.org/10.1016/j.cell.2016.10.031
http://doi.org/10.1016/j.freeradbiomed.2018.05.063
http://www.ncbi.nlm.nih.gov/pubmed/29778462
http://doi.org/10.14670/HH-21.785
http://doi.org/10.1016/j.expneurol.2015.07.026
http://doi.org/10.1111/jnc.13440
http://doi.org/10.1523/JNEUROSCI.22-19-08422.2002
http://doi.org/10.1111/j.1460-9568.2006.04641.x
http://doi.org/10.1016/j.neulet.2005.06.003
http://doi.org/10.1016/j.eplepsyres.2017.11.004
http://doi.org/10.1042/BST0340863
http://doi.org/10.1007/s11064-016-1891-3
http://doi.org/10.1017/S1461145714000248
http://doi.org/10.1523/JNEUROSCI.17-04-01397.1997
http://doi.org/10.1038/sj.cdd.4400741
http://doi.org/10.1016/j.eplepsyres.2007.09.001
http://doi.org/10.1097/00001756-199601310-00028
http://doi.org/10.1074/jbc.M507712200
http://doi.org/10.1177/1947601913483767
http://www.ncbi.nlm.nih.gov/pubmed/24020006
http://doi.org/10.1111/epi.13348
http://www.ncbi.nlm.nih.gov/pubmed/26945677
http://doi.org/10.1038/cddis.2010.55
http://doi.org/10.1128/MCB.00882-06
http://doi.org/10.1186/s13041-021-00892-6


Biomedicines 2023, 11, 88 25 of 26

148. Zhang, W.; Du, Y.; Zou, Y.; Luo, J.; Lü, Y.; Yu, W. Smad anchor for receptor activation and phospho-smad3 were upregulated in
patients with temporal lobe epilepsy. J. Mol. Neurosci. 2019, 68, 91–98. [CrossRef]

149. Yu, W.; Du, Y.; Zou, Y.; Wang, X.; Stephani, U.; Lü, Y. Smad anchor for receptor activation contributes to seizures in temporal lobe
epilepsy. Synapse 2017, 71, e21957. [CrossRef]

150. Wei, L.; Rui, S.; Wenxiu, Y.; Nan, Z.; Yingshi, D.; Yan, Z.; Weihua, Y. Synchronous alteration pattern between serine-threonine
kinase receptor-associated protein and Smad7 in pilocarpine-induced rats of epilepsy. Synapse 2014, 68, 275–282.

151. Simonsson, M.; Heldin, C.-H.; Ericsson, J.; Gronroos, E. The balance between acetylation and deacetylation controls smad7
stability. J. Biol. Chem. 2005, 280, 21797–21803. [CrossRef]

152. Maroso, M.; Balosso, S.; Ravizza, T.; Liu, J.; Aronica, E.; Iyer, A.M.; Rossetti, C.; Molteni, M.; Casalgrandi, M.; Manfredi, A.A.; et al.
Toll-like receptor 4 and high-mobility group box-1 are involved in ictogenesis and can be targeted to reduce seizures. Nat. Med.
2010, 16, 413–419. [CrossRef]

153. Zhang, S.; Chen, F.; Zhai, F.; Liang, S. Role of HMGB1/TLR4 and IL-1beta/IL-1R1 signaling pathways in epilepsy. Front Neurol.
2022, 13, 904225. [CrossRef]

154. Park, E.J.; Kim, Y.M.; Kim, H.J.; Chang, K.C. Degradation of histone deacetylase 4 via the TLR 4/ JAK / STAT 1 signaling pathway
promotes the acetylation of high mobility group box 1 ( HMGB 1) in lipopolysaccharide-activated macrophages. FEBS Open Bio.
2018, 8, 1119–1126. [CrossRef]

155. Lubin, F.D.; Ren, Y.; Xu, X.; Anderson, A.E. Nuclear factor-kappa B regulates seizure threshold and gene transcription fol-lowing
convulsant stimulation. J. Neurochem. 2007, 103, 1381–1395. [CrossRef]

156. Chen, L.; Fischle, W.; Verdin, E.; Greene, W.C. Duration of nuclear NF-kappaB action regulated by reversible acetylation. Science
2001, 293, 1653–1657. [CrossRef]

157. Karin, M.R.; Süheda, E.; Susanne, W.; Bernhard, L.; Michael, O.H. SIRT2 regulates NF-κB dependent gene expression through
deacetylation of p65 Lys310. J. Cell Sci. 2010, 123, 4251–4258.

158. Xu, B.; Lang, L.-M.; Lian, S.; Guo, J.-R.; Wang, J.-F.; Liu, J.; Yang, H.-M.; Li, S.-Z. Neuroinflammation induced by secretion of
acetylated HMGB1 from activated microglia in hippocampi of mice following chronic cold exposure. Brain Res. 2020, 1726, 146495.
[CrossRef]

159. Yang, T.; Hsu, C.; Liao, W.; Chuang, J.S. Heat shock protein 70 expression in epilepsy suggests stress rather than protection. Acta
Neuropathol. 2008, 115, 219–230. [CrossRef]

160. Johnson, C.A.; White, D.A.; Lavender, J.S.; O’Neill, L.P.; Turner, B.M. Human class I histone deacetylase complexes show enhanced
catalytic activity in the presence of ATP and co-immunoprecipitate with the ATP-dependent chaperone protein Hsp70. J. Biol.
Chem. 2002, 277, 9590–9597. [CrossRef]

161. Oehme, I.; Linke, J.-P.; Böck, B.C.; Milde, T.; Lodrini, M.; Hartenstein, B.; Wiegand, I.; Eckert, C.; Roth, W.; Kool, M.; et al. Histone
deacetylase 10 promotes autophagy-mediated cell survival. Proc. Natl. Acad. Sci. USA 2013, 110, E2592–E2601. [CrossRef]
[PubMed]

162. Longze, S.; Xueqin, W.; Jing, L.; Xinze, S.; Liwen, W.; Yan, S.; Qi, X. Pharmacologic inhibition of Hsp90 to prevent GLT-1
degradation as an effective therapy for epilepsy. J. Exp. Med. 2017, 214, 547–563.

163. Marks, P.A. Histone deacetylase inhibitors: A chemical genetics approach to understanding cellular functions. Biochim. Biophys.
Acta 2010, 1799, 717–725. [CrossRef]

164. Lopez-Atalaya, J.P.; Ito, S.; Valor, L.M.; Benito, E.; Barco, A. Genomic targets, and histone acetylation and gene expression profiling
of neural HDAC inhibition. Nucleic Acids Res. 2013, 41, 8072–8084. [CrossRef] [PubMed]

165. Glozak, M.A.; Sengupta, N.; Zhang, X.; Seto, E. Acetylation and deacetylation of non-histone proteins. Gene 2005, 363, 15–23.
[CrossRef]

166. Dokmanovic, M.; Clarke, C.; Marks, P.A. Histone deacetylase inhibitors: Overview and perspectives. Mol. Cancer Res. 2007, 5,
981–989. [CrossRef]

167. Hsing, C.-H.; Hung, S.-K.; Chen, Y.-C.; Wei, T.-S.; Sun, D.-P.; Wang, J.-J.; Yeh, C.-H. Histone deacetylase inhibitor trichostatin a
ameliorated endotoxin-induced neuroinflammation and cognitive dysfunction. Mediat. Inflamm. 2015, 2015, 163140. [CrossRef]

168. Sara, E.; Boris, Y.; Eyal, S.; Yoram, A.; Miriam, S.; Meir, B. The activity of antiepileptic drugs as histone deacetylase inhibitors.
Epilepsia 2004, 45, 737–744.

169. Younus, I.; Reddy, D.S. Epigenetic interventions for epileptogenesis: A new frontier for curing epilepsy. Pharmacol. Ther. 2017,
177, 108–122. [CrossRef]

170. Eleuteri, S.; Monti, B.; Brignani, S.; Contestabile, A. Chronic dietary administration of valproic acid protects neurons of the rat
nucleus basalis magnocellularis from ibotenic acid neurotoxicity. Neurotox. Res. 2009, 15, 127–132. [CrossRef]

171. Jessberger, S.; Nakashima, K.; Clemenson, G.D., Jr.; Mejia, E.; Mathews, E.; Ure, K.; Ogawa, S.; Sinton, C.M.; Gage, F.H.; Hsieh, J.
Epigenetic modulation of seizure-induced neurogenesis and cognitive decline. J. Neurosci. 2007, 27, 5967–5975. [CrossRef]

172. Basu, T.; O’Riordan, K.J.; Schoenike, B.A.; Khan, N.N.; Wallace, E.P.; Rodriguez, G.; Maganti, R.K.; Roopra, A. Histone deacetylase
inhibitors restore normal hippocampal synaptic plasticity and seizure threshold in a mouse model of tuberous sclerosis complex.
Sci. Rep. 2019, 9, 5266. [CrossRef]

173. Reddy, S.D.; Clossen, B.L.; Reddy, D.S. Epigenetic histone deacetylation inhibition prevents the development and persistence of
temporal lobe epilepsy. J. Pharmacol. Exp. Ther. 2018, 364, 97–109. [CrossRef]

http://doi.org/10.1007/s12031-019-01285-0
http://doi.org/10.1002/syn.21957
http://doi.org/10.1074/jbc.M503134200
http://doi.org/10.1038/nm.2127
http://doi.org/10.3389/fneur.2022.904225
http://doi.org/10.1002/2211-5463.12456
http://doi.org/10.1111/j.1471-4159.2007.04863.x
http://doi.org/10.1126/science.1062374
http://doi.org/10.1016/j.brainres.2019.146495
http://doi.org/10.1007/s00401-007-0297-3
http://doi.org/10.1074/jbc.M107942200
http://doi.org/10.1073/pnas.1300113110
http://www.ncbi.nlm.nih.gov/pubmed/23801752
http://doi.org/10.1016/j.bbagrm.2010.05.008
http://doi.org/10.1093/nar/gkt590
http://www.ncbi.nlm.nih.gov/pubmed/23821663
http://doi.org/10.1016/j.gene.2005.09.010
http://doi.org/10.1158/1541-7786.MCR-07-0324
http://doi.org/10.1155/2015/163140
http://doi.org/10.1016/j.pharmthera.2017.03.002
http://doi.org/10.1007/s12640-009-9013-5
http://doi.org/10.1523/JNEUROSCI.0110-07.2007
http://doi.org/10.1038/s41598-019-41744-7
http://doi.org/10.1124/jpet.117.244939


Biomedicines 2023, 11, 88 26 of 26

174. Maejima, H.; Kitahara, M.; Takamatsu, Y.; Mani, H.; Inoue, T. Effects of exercise and pharmacological inhibition of histone
deacetylases (HDACs) on epigenetic regulations and gene expressions crucial for neuronal plasticity in the motor cortex. Brain
Res. 2021, 1751, 147191. [CrossRef]

175. Citraro, R.; Leo, A.; De Caro, C.; Nesci, V.; Gallo Cantafio, M.E.; Amodio, N.; Mattace Raso, G.; Lama, A.; Russo, R.; Calignano, A.;
et al. Effects of histone deacetylase inhibitors on the development of epilepsy and psychiatric comorbidity in WAG/Rij Rats. Mol.
Neurobiol. 2020, 57, 408–421. [CrossRef]

176. Deutsch, S.I.; Rosse, R.B.; Long, K.D.; Gaskins, B.L.; Burket, J.A.; Mastropaolo, J. Sodium butyrate, an epigenetic interventional
strategy, attenuates a stress-induced alteration of MK-801’s pharmacologic action. Eur. Neuropsychopharmacol. 2008, 18, 565–568.
[CrossRef]

177. Wang, J.; Huang, J.; Yao, S.; Wu, J.-H.; Li, H.-B.; Gao, F.; Wang, Y.; Huang, G.-B.; You, Q.-L.; Li, J.; et al. The ketogenic diet increases
neuregulin 1 expression via elevating histone acetylation and its anti-seizure effect requires ErbB4 kinase activity. Cell Biosci. 2021,
11, 93. [CrossRef]

178. Qing-Peng, H.; Ding-An, M. Histone deacetylase inhibitor SAHA attenuates post-seizure hippocampal microglia TLR4/MYD88
signaling and inhibits TLR4 gene expression via histone acetylation. BMC Neurosci. 2016, 17, 22.

179. Shen, D.; Chen, J.; Liu, D.; Shen, M.; Wang, X.; Wu, Y.; Ke, S.; Macdonald, R.L.; Zhang, Q. The GABRG2 F343L allele causes
spontaneous seizures in a novel transgenic zebrafish model that can be treated with suberanilohydroxamic acid (SAHA). Ann.
Transl. Med. 2020, 8, 1560. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.brainres.2020.147191
http://doi.org/10.1007/s12035-019-01712-8
http://doi.org/10.1016/j.euroneuro.2007.11.004
http://doi.org/10.1186/s13578-021-00611-7
http://doi.org/10.21037/atm-20-3745

	Introduction 
	Protein Acetylation and Deacetylation Modifications 
	Classification of HATs 
	Classification of HDACs 

	Substrates of HATs and HDACs 
	Histone Substrates 
	Non-Histone Substrates 

	Altered Protein Acetylation in Epileptogenesis 
	Alteration and Regulation of Histone Acetylation in Epileptogenesis 
	Regulatory Role of Non-Histone Acetylation in Epileptogenesis 
	TFs 
	Signaling Pathway Molecules 
	Chaperones 


	Role of HDACi in the Treatment of Epilepsy 
	Classification of HDACi 
	Role of HDACi in Epilepsy Treatment 

	Conclusions 
	References

