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A B S T R A C T

Epilepsy is associated with several epigenetic changes, such as DNA methylation, histone modification, and
alterations in the synthesis and functioning of non-coding RNAs (ncRNAs). Paradoxically, antiepileptic drugs
(AEDs) that are widely used to control epilepsy may also induce epigenetic modifications and alter the structure
of chromatin. As a consequence, changes in the expression of various factors involved in the pathology of epi-
lepsy may positively or negatively affect the course of the disease. It should be noted that while AEDs are widely
used in the treatment of epilepsy and other neurological disorders, many of their epigenetic consequences are
still unknown. Moreover, an improved understanding of AED-induced epigenetic alterations could provide new
targets for future therapeutic interventions. In this review, we give a general overview of the current scientific
evidence concerning the epigenetic effects of AEDs that are currently in clinic use and have been evaluated to
date.

1. Introduction

Epilepsy is a neurological disorder with a high prevalence world-
wide (4.7 to 12 per 1000) (Ngugi et al., 2010). People suffering from
epilepsy present with spontaneous recurrent seizures that are a result of
brain alterations. The quality of life for people with epilepsy can be
impaired due to seizure activity, a high likelihood of mood and psy-
chiatric disorders, cognitive alterations and the side effects of anti-
epileptic drugs (AEDs).

The purpose of any pharmacological anticonvulsant treatment is to
control the epileptic activity and comorbid disorders, as well as to
improve the quality of life for the patient (Wei et al., 2015). However,
AEDs induce a number of side effects that include cognitive and be-
havioral disorders (Cavanna et al., 2010; Loring and Meador, 2001) and
emotional (Brodie et al., 2016) and endocrine impairments (Hamed,
2016).

People with epilepsy present a high comorbidity of psychiatric
disorders including psychosis, neuroses, mood disorders and behavioral
changes with epilepsy (Tellez-Zenteno et al., 2007). Depression in
epilepsy, the most common comorbidity, is associated with multiple
risk factors, specific types of seizures and various biochemical altera-
tions (Gaitatzis et al., 2004). Moreover, people with epilepsy are 2–11

times more likely to have schizophrenia than the people without epi-
lepsy, depending upon the severity of seizures (Fruchter et al., 2014).
Personality disorders, especially Borderline Personality Disorder (BPD)
and bipolar disorder (BD), have a high prevalence (18%) in people with
epilepsy. A number of explanations of the high comorbidity of psy-
chiatric disorders in epilepsy have been put forth, including genetics,
structural changes and pharmacological therapies (Sucksdorff et al.,
2015; Swinkels et al., 2003). In addition, people with epilepsy may
develop treatment-emergent psychiatric adverse events of AEDs, re-
gardless of the mechanism of action of the drug (Mula, 2017; Mula
et al., 2007). This information leads to suggest that epigenetic changes
induced by AEDs in people with epilepsy may be involved in the high
prevalence of comorbid psychiatric disorders (see Section 4), and they
have to be considered during clinical therapy.

Epigenetic modifications at the level of DNA or histones that are
associated with epilepsy, as well as other mediating factors, could re-
present new targets for the development of more selective and effective
AEDs that have fewer side-effects (Wei et al., 2015). For example, the
design of epigenetic therapies that selectively inhibit DNA methylation
and thereby reactivate the expression of silenced genes represents an
option for epilepsy treatment.

The first section of this review includes a general description of
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epigenetics. The next section presents information regarding the in-
volvement of epigenetic regulation in human epilepsy. The last section
focuses on the presentation of evidence of the induction of epigenetic
changes by AEDs. This information was obtained through bibliographic
searches of PubMed (NIH) and Google Scholar using the following
search terms: “epigenetics and epilepsy”, “epilepsy and DNA methyla-
tion”, “epilepsy and histones modifications”, “epilepsy and… (each one
of the most common histone modifications)”, “epilepsy and ncRNAs”,
“epigenetics and AEDs” and “epigenetics and…(each one of the 33
AEDs in clinical use currently)” (Supplementary Table). This search
found evidence of involvement in epigenetic changes for only 13 AEDs,
while for the remainder (20 AEDs), no such evidence was found.

2. Epigenetic regulation of gene expression

DNA is compressed hierarchically into the cell nucleus via its as-
sociation with positively charged small alkaline proteins known as
histones. Each of the histones (H2 A, H2B, H3 and H4) consists of a
globular domain, a flexible domain, and a charged amino (NH2)-term-
inal end that protrudes from the nucleosome, known as the “histone
tail” (Fischle et al., 2003; Jenuwein and Allis, 2001; Marino-Ramirez
et al., 2005). In addition, histone variants are isoforms of the four ca-
nonical histones that also can be incorporated into the nucleosome,
undergo modifications and perform specific functions (Marino-Ramirez
et al., 2005; Vaquero et al., 2003). Together, DNA and histones are part
of the nucleosomes, each of which consists of ∼147 bp of DNA wrapped
1.75 times around an octamer histone core and constitutes the first level
of chromatin compaction (Devaskar and Raychaudhuri, 2007). The
second level of chromatin organization is the pearl necklace, which is
composed of 11-nm beads (nucleosomes) connected by a fragment of
DNA of ∼10–60 bp (Hansen, 2012; Vaquero et al., 2003). The third
level of chromatin organization results when the "pearl necklace" is
wrapped approximately six times to form a circular fibrillary structure
of ∼30 nm in diameter that is stabilized by a histone known as an H1
linker (Vaquero et al., 2003). The fourth level of chromatin compaction
consists of 300-nm loops. The fifth level of compaction occurs when
these loops are folded into 250-nm fibers that are packed together to
form chromatids, which comprise one-half of the two identical
threadlike strands that make up each chromosome (Annunziato, 2008)
(Fig. 1).

The mechanism known as chromatin remodeling regulates the
transcriptional state of DNA via a coordinated system of ATP-dependent
protein complexes that are known as chromatin remodeling complexes
(CRCs). These complexes regulate the degree of compaction of the
chromatin by moving, expelling or restructuring the nucleosomes
(Clapier and Cairns, 2009), in order to favor or prevent the binding of
transcription factors to their specific binding sites within DNA (Li et al.,
2015).

Chromatin is found in two states: a) heterochromatin, which is in-
accessible to the transcription process due to its tightly packed condi-
tion, and b) euchromatin, which is less tightly packed in a way that
facilitates the transcription process (Bannister and Kouzarides, 2011;
Devaskar and Raychaudhuri, 2007; Grewal and Moazed, 2003) (Fig. 1).
The conversion of heterochromatin into euchromatin and vice versa
depends on the cell cycle and the environmental requirements of the
cell (Bannister and Kouzarides, 2011).

Epigenetics, strictly speaking, is defined as “genetics out of the or-
dinary" (Jaenisch and Bird, 2003) and refers to heritable changes in
gene expression and cell phenotype outside of modifications that affect
the Watson-Crick pairing of bases (Goldberg et al., 2007). These mod-
ifications can regulate the structure of chromatin and provide a 'fin-
gerprint' based on the environmental experiences of the cell (including
its history of exposure to pharmaceuticals). The known epigenetic
mechanisms that can modify gene expression without altering the DNA
sequence are described below.

2.1. DNA methylation

Methylation is the covalent addition of methyl groups (eCH3) to
cytosine residues that reside predominantly in CpG islands. These are
regions of greater than 500 bp that are rich in guanine and cytosine
(G+C) and are usually located within promoter regions, which are
sites involved in the initiation and regulation of transcription (Bannister
and Kouzarides, 2011; Egger et al., 2004; Fazzari and Greally, 2004).
Over 60% of eukaryotic genes contain CpG islands in their promoters,
and most are demethylated or hypomethylated (i.e., having a low
proportion or loss of methyl groups) at all stages of development and in
all tissues (Antequera, 2003). During aging or in several pathologies,
however, a fraction of the CpG islands are liable to be methylated or
hypermethylated (i.e., having excessive methyl groups) (Issa, 2000).

Methylation is carried out by DNA methyltransferases (DNMTs),
proteins that are responsible for the de novo methylation of genes
during the early stages of development (DNMT 3A and 3B) as well as
the maintenance of established patterns of methylation (DNMT 1)
(Bhutani et al., 2011; Tost, 2010). In contrast, the ten-eleven translo-
cation (TET) protein family is primarily responsible for demethylation,
which involves the removal or modification of 5mC methyl groups by
hydroxylation via the formation of 5-hydroxymethylcytosine (5hmC)
and other oxidation processes (Bhutani et al., 2011) (Fig. 1).

The methylation of CpG dinucleotides may induce the inhibition of
transcription and thereby repress genes by stabilizing their inactivation
(Bird, 2002). Indeed, gene coding regions can also be strongly methy-
lated as a mechanism of silencing alternative promoters, retro-
transposons and other functional elements in order to maintain tran-
scriptional efficiency (Yang et al., 2014).

Various factors are involved in the methylation process. Methyl-CpG
binding proteins (MBPs, complexes containing proteins such as MBD1,
MBD2, MBD3 and MeCP2) mediate transcriptional repression via par-
ticipation in three mechanisms: a) the addition of methyl groups that
interfere with DNA-protein interactions, b) the methylation of CpG is-
lands that attract inhibitory proteins; c) the recruitment of other asso-
ciated proteins, such as histone deacetylases (HDACs), which are en-
zymes that remove acetyl groups (Bird, 2002; Nan et al., 1998; Tost,
2010).

2.2. Histone modifications

Histone modification is another type of epigenetic mechanism by
which more than 100 different post-translational modifications may
occur at the amino (N)-terminal ends of the histone tails in nucleo-
somes. Such modifications include methylation, acetylation, ubiquiti-
nation, phosphorylation, citrullination, ADP-ribosylation, sumoylation,
and proline isomerization (Li et al., 2007) (Fig. 1). These modifications
can result in the activation or repression of gene transcription, de-
pending on the identity and location of the amino acid residue that is
modified (Bernstein et al., 2007; Devaskar and Raychaudhuri, 2007; Li
et al., 2007). Currently, the most commonly studied modifications are
histone methylation, which leads to transcriptional silencing, and
acetylation, which leads to transcriptional activation. There are a
number of different types of effector proteins that mediate histone
modification, including histone methyltransferases (HMTs), which are
responsible for histone methylation, histone acetyltransferases (HATs),
which mediate histone acetylation, and histone demethylases
(HDMets), which remove methyl groups and HDACs (Devaskar and
Raychaudhuri, 2007). In particular, the acetylation of lysine 9 in his-
tone 3 (H3K9ac) and the trimethylation of lysine 4 in histone 3
(H3K4me3), as well as the general acetylation of H3, are associated
with the active state of euchromatin, while the trimethylation of lysine
27 in histone 3 (H3K27me3) is associated with the silencing of het-
erochromatin (Lee et al., 2015).

ADP-ribosylation is another post-translational modification of his-
tones that is mediated by ADP-ribose transferases, which transfer single
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or multiple ADP-ribose moieties from NAD+ to histone tails. This
modification is of great biological importance due to its participation in
the processes of DNA repair, cell proliferation, apoptosis, gene tran-
scription and signal transduction (Liu and Yu, 2015; Messner and
Hottiger, 2011).

In addition, there is a code that can be read and interpreted by the
CRCs, known as the histone code, that transmits information about the
presence of epigenetic changes and how they may influence other
modifications (Jenuwein and Allis, 2001; Nightingale et al., 2006) and
thereby modifies the rate of gene transcription (Egger et al., 2004;
Strahl and Allis, 2000).

2.3. Non-coding RNAs

Non-coding RNAs (ncRNAs) are RNA transcripts that do not encode
proteins and therefore cannot be translated (Saetrom et al., 2007). They
can be classified as short/micro (< 200 nt) or long/macro (> 200 nt)
ncRNAs, depending on their size (Henshall and Kobow, 2015). The
most studied ncRNAs are small interfering RNAs (siRNAs) and micro-
RNAs (miRNAs), which are both processed by the proteins Dicer and
RISC but differ in their biogenesis (Fig. 1). In their mature form, these
ncRNAs are 21–26 nucleotides in length and must be joined to the
complementary mRNA sequence to induce effects (Valencia-Sanchez
et al., 2006). The regulation of genes by siRNAs is via the highly specific
(single target) endonucleolytic cleavage of mRNA. miRNAs, on the
other hand, usually induce transcriptional repression via the degrada-
tion and proteolytic cleavage of mRNA within the 3′UTR region of as
many as 100 target genes (Lam et al., 2015).

In addition to regulating the stability and translation of mRNAs,
siRNAs and miRNAs induce gene silencing through the promotion of
methylation and the alteration of the structure of chromatin
(Castanotto et al., 2005; Godfrey et al., 2007; Holmes and Soloway,
2006; Morris et al., 2004; Suzuki et al., 2005). Specifically, miRNAs are
able to bind to histones and induce DNA methylation at specific loci

(Egger et al., 2004; Godfrey et al., 2007; Wang et al., 2015), whereas
siRNAs regulate the structure of chromatin via their interaction with
the nuclease Dicer (Fukagawa et al., 2004)

The long non-coding RNAs (lncRNAs) are a family of molecules
located primarily in the nucleus that includes enhancer RNAs (eRNAs),
antisense transcripts and intergenic RNAs (Henshall and Kobow, 2015).
These lncRNAs control the structure and function of chromatin via the
promotion of DNA methylation through the recruitment of DNMTs, the
repositioning of the nucleosome and the formation of chromatin loops
(Bohmdorfer and Wierzbicki, 2015). They also regulate, both positively
and negatively, the transcriptional machinery and the stability of
mRNA (Bohmdorfer and Wierzbicki, 2015; Kung et al., 2013). In the
brain, the expression of lncRNAs differs depending on the region, stage
of development, pluripotential conditions, and the status of neuronal
and glial differentiation (Briggs et al., 2015; Quan et al., 2017).
lncRNAs are involved in developmental processes, such as X-chromo-
some silencing and genomic imprinting, as well as diseases such as
cancer (Kung et al., 2013) and α-thalassemia (Tufarelli et al., 2003). At
present, lncRNAs are considered to be potential targets for the treat-
ment of neurological disorders. In an experimental model of Dravet
Syndrome that was caused by a heterozygous loss-of-function mutation
in the SCNA1 gene, Hsiao et al., (2016) demonstrated that the blockage
of the repressor effect mediated by a lncRNA known as SCN1ANAT
resulted in upregulation of the SCNA1 gene, leading to subsequent
improvement in the control of convulsive activity and the excitability of
hippocampal interneurons.

3. Epigenetic regulation in human epilepsy

Epilepsy is a neurological disorder that is associated with great
complexity in its epigenetic influences due to the presence of multiple
etiologies (Qureshi and Mehler, 2010). The results of studies of both
human and experimental models indicate that epileptogenesis and
epilepsy itself are associated with the alteration of DNA methylation

Fig. 1. Spatial organization of the genome and its epigenetic modifications. Chromosomes are formed from DNA "packaged" by histones into nucleosomes, and
their structure depends on the degree of chromatin compaction, with heterochromatin being highly compacted and transcriptionally silent, while euchromatin has a
more open structure and is transcriptionally active. The state of chromatin compaction can be regulated by epigenetic changes (DNA methylation via DNMTs; histone
modifications through effector proteins; and the expression of ncRNAs) and depends on the transcriptional requirements of the cells. -NH2, N (amino)-terminal
group;−CH3, methyl group; ncRNAs; DNMT, DNA methyltransferase; H1, histone 1, H2 A, histone 2 A; H2B, histone 2B; H3, histone 3; H4, histone 4; siRNA, miRNA,
micro-RNA; non-coding RNAs; small interfering RNA; TET, Ten-Eleven traslocation protein.
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Table 1
Epigenetic modifications induced by Antiepileptic Drugs (AEDs).

DNA methylation

AED Specific genes DNMT TET family

Hypermethylation Hypomethylation

CBZ GABRA1 gene
64 promoters in SK-N-SH neuroblastoma cells.

SLC6A4 gene
14 promoters in SK-N-SH neuroblastoma cells.

NA NA

LCM NA NA NA NA
LMT Contradictory results Contradictory results

Global
MTHFR amplicon

NA NA

OXC GABRB2 promoter NA NA NA
PHT NA Global NA NA
ESX NA NA Induces DNMT 1 and DNMT 3A NA
GBP NA NA NA NA
PB CDKN2 A gene (tumor suppressor protein p16) Global

HRAS gene
CYP2D10 gene

Induces DNMT 1 NA

VGB NA NA NA NA
CBD Global

KRT10 promoter
NA Inhibit DNMT 1 NA

LVT NA NA NA NA
TPM NA NA Inhibit DNMT 1, DNMT 3A and DMAP1 NA
VPA 64 promoters in SK-N-SH neuroblastoma cells.

RELN gene.
36 promoters in SK-N-SH neuroblastoma cells.
ALOX5 gene
Global in epilepsy patients

NA Inhibit mitochondrial TET1

Histones Modifications

H1 H2A H2B H3 H4 HDACs

Induction Inhibition

CBZ NA NA NA NA Induction of Acetylation HDACs 2, 3, 5 and 8
Binding of HDAC1
to CYP3 A4
promoter

HDACs of class I
& II

LCM NA NA NA NA NA NA YES
LMT NA NA NA Induction of acetylation Induction of acetylation HDACs 2, 3, 5 and 8 YES

HDACs 1 and 7
OXC NA NA NA NA NA NA NA
PHT NA NA NA NA NA NA NO
ESX NA NA NA NA NA NA NO
GBP NA NA NA NA Does not induce acetylation NA NO
PB Induction of ADP-

ribosylation
Not dependent ADP-
ribosylation

Induction of ADP-
ribosylation

Induces H3K4me3 and inhibits
H3K9me3 in UGT1A gene.
Induces H3K27me3, H3K4me2 and
H3K9ac and inhibits H3K27me3 in
CYP2B10 gene.
Induces H3K4me3 in CYP3 A11
gene.

Not dependent ADP-
ribosylation

NA NA

VGB NA NA NA NA Induction of acetylation NA NO
CBD NA NA NA Induces H3K9ac NA NA NA
LVT NA NA NA Induction of acetylation NA HDACs 2, 3, 5 and 8 NA
TPM NA NA NA NA Induction of acetylation NA NO
VPA NA Induction of

acetylation.
NA Induction of acetylation

Induces H3K9ac and H3K4me3 in
LEPR gene.
Induces acetylation in GAD1(67),
MAGEB2 and MMP2 genes.
Inhibits H3K27me3 in LEPR gene.

Induction of acetylation.
Induction of acetylation in
CDKN1A (p21WAF1/CIP1)
gene.
Induction of acetylation in,
MAGEB2 and MMP2 genes

NA HDACs of class I
& II
HDACs 1, 2, 3, 5
and 7

ncRNAs
Long
RNAs

Short RNAs
miRNAs siRNAs
Induction Inhibition

CBZ NA NA NA NA
LCM NA NA NA NA
LMT NA NA NA NA
OXC NA miR-134 NA NA
PHT NA NA NA NA
ESX NA NA NA NA

(continued on next page)
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signatures throughout the entire genome (Debski et al., 2016; Kobow
and Blumcke, 2012). People with drug-resistant temporal lobe epilepsy
(TLE) show an increase in the expression of DNMT1 and DNMT3 A in
the temporal neocortex, which is associated with alterations in the
excitability of neural networks and synaptic plasticity (Zhu et al.,
2012). Human TLE is also associated with aberrant methylation of the
promoters of genes that are involved in the development of seizures
(Cpa6) and the dispersion of hippocampal granule cells (Reln) (Belhedi
et al., 2014; Kobow et al., 2009).

With regard to histone modification, epilepsy has been found to be
associated with the overexpression of HDAC2, which is associated with
an increase in deacetylase activity and inactivation of chromatin. These
processes are involved in the regulation of genes associated with sy-
naptic activity, plasticity and NMDA receptors, in both human (BDNF)
and experimental models (Erg1, Creb1, fos) (Guan et al., 2009; Huang
et al., 2012; Park et al., 2014).

Epilepsy has been associated with modifications of ncRNAs. It has
been suggested that a polymorphism in the 3′-UTR of the AP3M2 gene
blocks the miR-422a binding site, which in turn facilitates epilepto-
genesis in humans (Huang et al., 2007). Fragile X syndrome people who
develop epilepsy show changes in the expression of the FMR4 and
ASFMR1 lncRNAs (Khalil et al., 2008; Ladd et al., 2007), as well as
alterations in the function of FMRP (Fragile X Mental Retardation
protein), which is associated with the deregulation of miRNA pathways
(Qureshi and Mehler, 2010).

Seizure activity is also associated with the alteration of factors that
are involved in regulating epigenetic modification. For example, in Rett
syndrome, which is a neurodevelopmental disorder characterized by
mental retardation, stereotypical behaviors, and recurrent seizures,
there are mutations and duplications of the MECP2 gene that have
functional implications for DNA methylation processes (Amir et al.,
1999; Jian et al., 2006; Kinde et al., 2016). Alpha-thalassemia X-linked
intellectual disability (ATR-X) syndrome, characterized by mental re-
tardation, altered facial and genital morphology, and the development
of epilepsy in 30% of those affected, results from mutation of the ATR-X
gene that encodes a CRC that is involved in the formation of hetero-
chromatin at mammalian centromeres and telomeres (De La Fuente
et al., 2011; Guerrini et al., 2000). People with Sotos syndrome, also
known as cerebral gigantism, have a high risk of seizures that is asso-
ciated with mutations and deletions in the NSD1 gene, which encodes a
histone methyltransferase (Baujat and Cormier-Daire, 2007). Mutations

in the KDM5C (SMCX/JARID1C) histone demethylase gene have been
directly associated with epilepsy and X-linked mental retardation
(Abidi et al., 2008; Tzschach et al., 2006). Repressor element 1 (RE1)-
silencing transcription factor/neuron-restrictive silencer factor (REST/
NRSF) represses the transcription of many neurological genes, in-
cluding those related to epileptogenesis and epilepsy (Tahiliani et al.,
2007). The absence of the interaction of REST/NRSF with the LIM
domain protein as a consequence of mutations within the REST-inter-
acting LIM domain protein (PRICKLE1/RILP) induces an autosomal-
recessive, progressive myoclonus epilepsy-ataxia syndrome (Bassuk
et al., 2008).

Overall, there is much evidence to support the fact that epigenetic
modifications commonly play a role in epilepsy. However, it is un-
known at present whether or not epigenetic alterations are the con-
sequence of treatment with AEDs.

4. Epigenetic modifications associated with AEDs

According to the International League Against Epilepsy (ILAE),
there are four types of epilepsy: focal epilepsies, which include unifocal
and multifocal syndromes as well as seizures comprising one hemi-
sphere; generalized epilepsies, in which the epileptiform activity ap-
pears in the whole brain and is detected by EEG; combined generalized
and focal epilepsy; this represents a combination of the first two types;
and epilepsy of unknown type, a condition difficult to be determinate
due to the lack of information (Scheffer et al., 2017).

Therapy with AEDs focuses on the reduction of excessively fast
neural firing during seizures and the avoidance of the spread of epi-
leptic activity to surrounding brain areas through activity against dif-
ferent targets that modulate neuronal activity.

The most important channels that are involved in maintaining
neuronal function (Na+, K+, Ca2+ and Cl− channels) are critical tar-
gets for old and new AEDs (Brodie et al., 2016). The augmentation of
inhibitory effects mediated by γ-aminobutyric acid (GABA) or the re-
duction of neuronal excitation through the blockade of glutamatergic
effects are also mechanisms utilized by AEDs (Barker-Haliski and
White, 2015). Additionally, AEDs may also induce epigenetic changes
that modify the course of the disease. This section describes the pre-
sently known epigenetic effects of 13 AEDs that are in wide clinical use.
Although other AEDs can induce epigenetic changes, there is not in-
formation to support this notion (Table 1, Figs. 2–4).

Table 1 (continued)

ncRNAs
Long
RNAs

Short RNAs
miRNAs siRNAs
Induction Inhibition

GBP NA Does not induce miR-107 NA NA
PB miR-200a/200b/429 and miR-96/182 miR-122 NA NA
VGB NA NA NA NA
CBD NA NA NA NA
LVT miR-206, miR-374, miR-142-5p and miR-468 NA NA NA
TPM NA NA NA NA
VPA miR-144, miR-331, miR-30a-5p, miR-20a, miR-34a, miR-449a, miR-221,

miR-15a, miR-16, miR-129, miR-519e, miR-194, miR-214, miR-449a, miR-
182, miR-206, miR-133a and miR-10a

let-7b, let-7c, miR-128a, miR-24a, miR-30c, miR-34a, miR-885-3p,
miR-222, miR-15a, miR-16, miR-144, miR-451, miR-155, miR-127a,
miR-124a, miR-128 and miR-137

NA NA

ALOX5, 5-lipoxygenase gene; CBD, Cannabidiol; CBZ, Carbamacepine; CDKN1A, cyclin-dependent kinase inhibitor 1 gene; CDKN2 A, cyclin dependent kinase
inhibitor 2 A gene; CYP3 A4, Cytochrome P450 Family 3 Subfamily A polypeptide 4 gene; CYP3 A11, cytochrome P450 family 3 subfamily A polypeptide 11 gene;
CYP2D10, cytochrome P450 family 2 subfamily D polypeptide 10 gene; DMAP1, Protein Associated with Dnmt1; DNMT, DNA methyltransferase; ESX, ethosuximide;
GBP, gabapentin; GABRA1, GABAA receptor subunit α1 gene; GABRB2, GABAA receptor subunit β2 gene; GAD67, Glutamate Decarboxylase 1 (67 kDa) gene; H1,
histone 1, H2 A, histone 2 A; H2B, histone 2B; H3, histone 3; H4, histone 4; HRAS, ha-ras proto-oncogene; HDAC, histone deacetylases; KRT10, keratin 10 gene; LCM,
lacosamide; LEPR, Leptin Receptor gene; LMT, lamotrigine; LVT, levetiracetam; MAGEB2, Melanoma-associated antigen B2 gene; MMP2, Matrix Metallopeptidase 2
gene; MTHFR, methylenetetrahydrofolate reductase gene; miRNA, micro-RNA; NA, No information Available; OXC, oxcarbazepine; PHT, phenytoin; PB, pheno-
barbital; RELN, reelin gene; siRNA, small interfering RNA; SLC6A4, solute carrier family 6 member 4 gene; TET, Ten-Eleven traslocation protein; TPM, topiramate;
UGT1A, UDP-Glucuronosyltransferase Family 1 polypeptide A gene; VPA, valpric acid; VGB, vigabatrine.
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4.1. AEDs that target voltage-dependent Na+ channels

4.1.1. Carbamazepine (CBZ)
The main mechanism of action of carbamazepine is the blockade of

voltage-gated Na+ channels. It is used to control focal or generalized
seizures (Cotterman-Hart, 2015a; Sheets et al., 2008; Willow et al.,
1984). Regarding its epigenetic effects, there is evidence that CBZ has
effects on DNA methylation; the results of an in silico study suggested
that CBZ modifies the methylation patterns of the GABAA receptor
subunit α1 (GABRA1) gene (Houtepen et al., 2016). An in vitro genome-
wide methylation study analyzing 14,475 genes in SK-N-SH neuro-
blastoma cells demonstrated that CBZ induced hyper- and

hypomethylation in CpGs in 64 and 14 gene promoters, respectively.
One of the hypomethylated promoters is that of SLC6A4, which encodes
a protein that transports serotonin in presynaptic neurons and could
therefore affect the therapeutic efficacy of CBZ (Asai et al., 2013)
(Table 1, Fig. 2).

Concerning histone modification, observations indicate that CBZ
diluted in hydroxypropyl-β-cyclodextrin (HBC) induces H4 acetylation
and inhibition of HDAC I and II in HepG2 cells (human liver cancer cell
line) (Beutler et al., 2005). However, this effect was not detected in
HeLa cells when CBZ was diluted in DMSO (Eyal et al., 2004). In
C57BL/6 mice, CBZ induced the synthesis of HDACs in the striatum
(HDAC2, HDAC3, and HDAC8), nucleus accumbens (HDAC2 and

Fig. 2. Changes in DNA methylation elicited
by AEDs. AEDs such as carbamazepine (CBZ),
phenobarbital (PB) and valproic acid (VPA)
can induce both genome-wide and gene-spe-
cific hypermethylation and hypomethylation.
Cannabidiol (CBD) induces both genome-wide
and gene-specific hypermethylation and the
inhibition of DNA methyltransferase (DNMT)
1. Genome-wide and gene-specific hypo-
methylation is induced by lamotrigine (LMT),
oxcarbazepine (OXC) and phenytoin (PHT).
Ethosuximide (ESX) induces the expression of
DNMT1 and 3 A; in contrast, topiramate (TPM)
inhibits the expression of DNMT1 and the
Protein Associated with Dnmt1 (DMAP1). VPA
inhibits the expression of mitochondrial TET
(Ten-Eleven traslocation protein) 1. Black ar-
rows indicate active transcriptional processes;
brown arrows indicate the induction of pro-
cesses; and the dashed blue lines indicate in-
hibition. 5-LOX, 5-lipoxygenase gene; A, ade-
nine; CYP2D10, cytochrome P450, family 2,

subfamily d, polypeptide 10 gene; C, cytosine; G, guanine; GABRA1, GABAA receptor subunit α1 gene; GABRB2, GABAA receptor subunit β2 gene; HA-RAS, ha-ras
oncogene; K10, keratin 10 gene; MTHFR, methylenetetrahydrofolate reductase gene; P16, P16 gene; RELN, reelin gene; SLC6A4, solute carrier family 6 member 4
gene; T, timine.

Fig. 3. Histone modifications mediated by AEDs. CBZ, LMT, TPM and vigabatrine (VGB) induce the acetylation (ac.) of H4, while VPA induces the acetylation of
H2 A, H3 and H4. Acetylation of H3 is induced by LMT, levetiracetam (LVT) and CBD. PB can induce or inhibit the methylation (me) and acetylation of H3, and it can
also affect the ADP-ribosylation of H1 and H2B, but not of H2 A and H4. Gabapentin (GBP) does not induce acetylation of H4. CBZ, LMT and LVT induce the
expression of HDAC (Histone deacetylases) 2, 3 5 and 8. The expression of class I and II HDACs is reduced by CBZ, LMT, VPA and lacosamide (LCM). ESX, PHT, GBP,
TPM and VGB do not inhibit (red X) HDACs. Some notations and abbreviations are the same as those used in Figs. 1–2 and Table 1.
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HDAC3), and amygdala (HDAC3 and HDAC5) (Ookubo et al., 2013).
Furthermore, it is known that CBZ induces the binding of HDAC1 to the
CYP3 A4 promoter, which is an isoform of CYP3A that metabolizes
various drugs (Wu et al., 2012) (Table 1, Fig. 3). At present, there is no
evidence that CBZ regulates the synthesis or function of ncRNAs.

4.1.2. Lacosamide (LCM)
Its pharmacological mechanism involves the inactivation of voltage-

gated Na+ channels (Asconape, 2013; Errington et al., 2008; Sheets
et al., 2008). Concerning its role in epigenetic processes, one study has
demonstrated its ability to inhibit HDACs in the cerebral cortex of
Wistar rats at a dosage of 30mg/kg (Bang et al., 2015) (Table 1, Fig. 3).
No evidence exists that LCM induces DNA methylation or changes in the
synthesis or function of ncRNAs.

4.1.3. Lamotrigine (LMT)
The pharmacological activity of LMT involves the blockade of vol-

tage-sensitive Na+ channels, Ca2+ currents and the reduction of the
release of excitatory amino acids (Stefani et al., 1996; Xie et al., 1995).
It is used to control focal and generalized seizures, such as those as-
sociated with Lennox-Gastaut syndrome (Cotterman-Hart, 2015b;
Rathaur et al., 2017). Some studies have suggested that LMT does not
induce changes in DNA methylation patterns (Ni et al., 2015; Perisic
et al., 2010). However, other studies have shown a decrease in genome-
wide levels of methylation in the umbilical cord blood and placenta of
infants prenatally exposed to LMT and other drugs (Smith et al., 2012).
In the peripheral blood of people with epilepsy, LMT induced a re-
duction in the level of methylation of the methylenetetrahydrofolate
reductase (MTHFR) amplicon (Ni et al., 2015). LMT modifies DNA
methylation levels in blood cells of people with BPD, supporting epi-
genetic effects of psychotropic drugs (Houtepen et al., 2016) (Table 1,
Fig. 2).

In relation to histone modification, it is known that LMT increases
H3 acetylation in the cingulate cortex and the nucleus accumbens of
C67BL/6 mice (Ookubo et al., 2013). In cerebellar granule cells, LMT,
in association with VPA, induced the hyperacetylation of H3 and H4,
the inhibition of HDAC activity, and other effects associated with
neuroprotective processes against glutamate-induced excitotoxicity
(Leng et al., 2013). In C57BL/6 mice, LMT inhibited the synthesis of
HDACs in the hippocampus (HDAC5 and HDAC7) and their activity in
the striatum (HDAC2, HDAC3, and HDAC8), nucleus accumbens
(HDAC2 and HDAC3), and amygdala (HDAC3 and HDAC5) (Ookubo
et al., 2013) (Table 1, Fig. 3). At present, there is no evidence that LMT
regulates the synthesis or function of ncRNAs.

4.1.4. Oxcarbazepine (OXC)
OXC acts via the blockade of voltage-gated Na+ (and possibly Ca2+)

channels and is used to control focal seizures (Cotterman-Hart, 2015b;
Huang et al., 2008; Wellington and Goa, 2001). Regarding its epige-
netic effects, a previous study suggested that OXC induces the methy-
lation of CpG sites in the Alu region of the GABRB2 (subunit GABAb2)
gene in people with schizophrenia (Zong et al., 2017) (Table 1, Fig. 2).
The results of another study revealed that treatment with OXC inhibited
the expression of miR-134 in people with psychosis and BPD (Rong
et al., 2011) (Table 1, Fig. 4). There is no current evidence that OXC
induces histone modification.

4.1.5. Phenytoin (PHT)
PHT inhibits voltage-gated Na+ channels and, at high concentra-

tions, augments GABAergic neurotransmission by reducing K+ efflux
(De Weer, 1980; Wong and Teo, 1986). PHT is used to control focal and
generalized seizures (Hanaya and Arita, 2016). With regard to DNA
methylation, an overall decrease in the level of methylation was ob-
served in neonates prenatally exposed to multiple AEDs, including PHT
(Smith et al., 2012) (Table 1, Fig. 2). In addition, an experimental study
indicated that PHT does not have inhibitory effects on HDACs in HeLa
cells (Eyal et al., 2004) (Table1, Fig. 3). There is no current evidence
that suggests that PHT regulates the synthesis or function of ncRNAs.

4.2. AEDs that target Ca2+ channels

4.2.1. Ethosuximide (ESX)
ESX is used to control absence seizures, and its main pharmacolo-

gical action is the reduction of low-threshold T-type Ca2+ currents
(Cotterman-Hart, 2015a; Coulter et al., 1989; Kostyuk et al., 1992).
Regarding its epigenetic effects, chronic treatment with ESX increases
the expression of Dnmt1 and Dnmt3A mRNAs in the somatosensory
cortex of Strasbourg rats that are used as a genetic model of absence
seizures (Dezsi et al., 2013) (Table 1, Fig. 2). ESX does not inhibit HDAC
activity, even at concentrations that are five-fold higher than a typical
therapeutic dose (Eyal et al., 2004) (Table 1, Fig. 3). Currently, there is
no evidence that ESX regulates the synthesis or function of ncRNAs.

4.2.2. Gabapentin (GBP)
GBP is used to reduce focal seizures and neuropathic pain

(Czapinski et al., 2005), and its pharmacological effects result from the
inhibition of high-threshold Ca2+ channel currents and the enhance-
ment of GABA levels (Bryans et al., 1998; Gee et al., 1996; Honmou
et al., 1995). GBP is not able to inhibit HDACs or induce H4 acetylation

Fig. 4. Regulation of ncRNAs by AEDs. PB can
induce and inhibit the expression of miRNAs
related to hepatotoxicity. VPA reduces the ex-
pression of miRNAs related to neurogenesis,
axonal orientation, neurite growth, neurodeve-
lopment, ischemia, cancer, erythropoiesis, psy-
chosis and BPD. LVT induces the expression of
miRNAs associated with its pharmacological
response. OXC inhibits miR134. GBP does not
modify miR-107 expression. Some notations and
abbreviations are the same as those used in
Figs. 1–3.
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in HeLa cells (Eyal et al., 2004) (Table 1, Fig. 3). It does not regulate
miR-107 in K562 or KCL-22 myeloid leukemia cells (Ruan et al., 2015)
(Table 1, Fig. 4). At present, the participation of GBP in DNA methy-
lation processes has not been evaluated.

4.3. AEDs that affect GABAergic neurotransmission

4.3.1. Phenobarbital (PB)
PB is effective in the treatment of multiple types of seizures, in-

cluding focal, generalized and absence seizures (Czapinski et al., 2005;
Macdonald and Barker, 1977), and it induces inhibitory effects as a
consequence of the activation of GABAA receptors.

PB also induces hepatotoxicity as a consequence of epigenetic
changes. With regard to DNA methylation, chronic treatment with PB
produces hypomethylation throughout the genome, mainly in cells
susceptible to liver tumorigenesis (C3H/He and B6C3F1) (Watson and
Goodman, 2002); such hypomethylation is also correlated with the
transcriptional activation of the Ha-ras gene and other genes associated
with angiogenesis, invasion, and metastasis. In B6C3F1 mice, PB in-
duces the demethylation of two CpG islands in the Cyp2b10 gene, which
is involved in drug metabolism (Bachman et al., 2006; Lempiainen
et al., 2011; Phillips and Goodman, 2008). PB increases the activity and
expresion of DNMTs and induces silencing of the p16 tumor-suppressor
gene promoter via hypermethylation (Kostka et al., 2007). DNMT1
mRNA and protein levels have been shown to be augmented in the liver
of Wistar rats who were administered PB (Urbanek-Olejnik et al., 2014)
(Table 1, Fig. 2).

It has been shown that PB augments H3K4me3 (thalamus and the
striatum) and reduces H3K9me3 (thalamus) in Sprague Dawley rats.
These variations promote the transcriptional activation of genes that
encode UGT1A, which is a drug-metabolizing enzyme (Sakakibara
et al., 2016). PB mediates the epigenetic modification of genes encoding
other drug-metabolizing enzymes, such as those of the Cyp450 family.
For example, in B6C3F1/Crl mice, chronic PB treatment leads to the
conversion of the Cyp2b10 gene promoter from a repressed state (in-
creased H3K27me3) to an activated state (increased H3K4me2 and
H3K9ac, and decreased H3K27me3) (Lempiainen et al., 2011). Also,
neonatal exposure to PB was found to induce Cyp450 gene expression in
the liver of adult C57BL/6 mice, a condition that is associated with the
presence of H3K4me3 in the Cyp3 A11 gene promoter (Tien et al.,
2016). In Wistar rats, PB induced ADP-ribosylation in H1 and H2B
histones but not in H2 A, H3 A, and H4 histones, a state that has been
implicated in the regulation of hepatic metabolism (Braz and Lechner,
1986) (Table 1, Fig. 3).

With respect to the regulation of ncRNAs, chronic treatment with PB
induces the synthesis of miR-200a/200b/429 and miR-96/182 in the
liver of Fisher rats (Koufaris et al., 2013). In contrast, PB inhibited the
synthesis of miR-122, which is related to the function and differentia-
tion of hepatocytes in C3H/HeN mice and in HepG2 and HuH-7 human
hepatoma cells. Indeed, inhibition of miR-122 was also found to lead to
the activation of the constitutive androstane receptor (CAR) gene,
which regulates the expression of genes such as CYP2B and CYP3 A
(Shizu et al., 2012) (Table 1, Fig. 4).

4.3.2. Vigabatrin (VGB)
VGB enhances GABA levels via the inhibition of GABA transami-

nase. It is used to control focal seizures and infantile spasms
(Cotterman-Hart, 2015b; Jung et al., 1977). Regarding its epigenetics
effects, one study in HeLa cells showed that VGB induces an insignif-
icant increase in H4 acetylation and does not inhibit HDACs (Eyal et al.,
2004) (Table 1, Fig. 3). At present, there is no evidence that VGB affects
DNA methylation or synthesis and function of ncRNAs.

4.4. AEDs with multiple mechanisms of action

4.4.1. Cannabidiol (CBD)
CBD is currently considered a multitargeted drug since it interacts

with various endocannabinoid and non-endocannabinoid systems. It is
a non-competitive antagonist of CB1 receptors and an inverse agonist of
CB2 receptors. CBD acts as an agonist towards TRPV1-4, TRPA1, 5-
HT1A, PPAR-γ and the α1 and α3 glycine receptor subunits. It is also an
antagonist of TRPM8, GPR55 and voltage-gated T-type Ca2+ channels.
CBD also modulates the TNFα, VDAC1 and adenosine (A1 and A2) re-
ceptors (Ibeas Bih et al., 2015; Perucca, 2017). There is evidence to
suggest that CBD is effective in the control of drug-resistant epilepsy
(Friedman and Devinsky, 2016).

With regard to its epigenetic effects, CBD increases the methylation
of the keratin 10 (K10) gene promoter, as well as overall methylation in
HaCaT human keratinocytes, via a process mediated by CB1 receptors.
It also inhibits the overexpression of the DNMT1 gene without mod-
ifying DNMT 3A, 3B, and 3L levels (Pucci et al., 2013) (Table 1, Fig. 2).

CBD induces H3K9 acetylation in the ventral tegmental area (VTA)
in C57BL/6 mice, which has been associated with processes related to
addiction (Todd et al., 2017) (Table 1, Fig. 3). At present, there is no
evidence that CBD regulates the synthesis or function of ncRNAs.

4.4.2. Levetiracetam (LVT)
The antiepileptic effects of LVT result from its inhibition of N- and

T-type Ca2+ channels and its binding to SV2 A synaptic proteins
(Lukyanetz et al., 2002; Lynch et al., 2004; Madeja et al., 2003; Rigo
et al., 2002). It has been found to be effective in controlling focal and
generalized seizures (Hovinga, 2001).

With regard to its epigenetic effects, studies have shown that LVT
induces H3 acetylation in the cingulate cortex and the nucleus ac-
cumbens and stimulates the production of HDAC2, HDAC3, and HDAC8
in the striatum and HDAC3 and HDAC5 in the amygdala of C57BL/6
mice (Ookubo et al., 2013) (Table 1, Fig. 3).

There is some evidence to suggest that LVT regulates the expression
of miRNAs, especially miR-206, miR-374, miR-142-5p, and miR-468, all
of which have been found to regulate pharmacological responses in a
murine model of pilocarpine-induced epilepsy (Moon et al., 2014)
(Table 1, Fig. 4). At present, there is no evidence that LVT participates
in DNA methylation.

4.4.3. Topiramate (TPM)
TPM has been demonstrated to block voltage-dependent Na+

channels, potentiate GABAergic neurotransmission, antagonize non-
NMDA-type receptors and reduce the currents generated by high vol-
tage-activated Ca2+ channels (Mula et al., 2006). It is used to control
focal and generalized seizures (Cotterman-Hart, 2015b; Czapinski et al.,
2005). Concerning its epigenetic effects, there is evidence that indicates
that TPM prevents ethanol-induced overexpression of DNMT1,
DNMT3 A, and DMAP1 (Dnmt1-Associated Protein 1) in Wistar rats
(Echeverry-Alzate et al., 2014) (Table 1, Fig. 2).

An in vitro study in HeLa cells revealed that TPM induces H4 hy-
peracetylation while having no effects on the competitive inhibition of
HDACs (Table 1, Fig. 3) (Eyal et al., 2004). There is no evidence that
TPM regulates the synthesis or function of ncRNAs.

4.4.4. Valproic acid (VPA)
The pharmacologic effects of VPA include blockade of voltage-gated

Na+ and T-type Ca2+ channels and inhibition of GABA degradation via
the blockade of GABA transaminase. VPA is used to control generalized
and absence seizures (Hanaya and Arita, 2016; Kelly et al., 1990;
Macdonald and Bergey, 1978).

With regard to DNA methylation, it has been found that VPA in-
duces the hyper- and hypomethylation of 64 and 14 genes, respectively,
in SK-N-SH cells (Asai et al., 2013). In another study, which was con-
ducted in primary cultures derived from cerebellar granule cells, it was
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demonstrated that VPA induced hypomethylation of the promoter of
the neuronal 5-LOX (5-lipoxygenase) gene, leading to its transcriptional
activation and the consequent stimulation of cell proliferation (Manev
and Uz, 2002). In mouse 3T3-L1 fibroblasts, VPA reduced the level of 5-
hydroxymethylcytosine in mitochondrial DNA (mtDNA) and decreased
the mRNA and protein levels of the mitochondrial demethylation en-
zyme TET1 (Chen et al., 2012). In people with Major Depressive Dis-
order, BPD and schizophrenia, VPA was shown to induce hy-
permethylation (silencing) of the RELN gene (approved name reelin),
whose protein is involved in neuronal migration and regeneration
(Chen et al., 2002; Houtepen et al., 2016). VPA has also been found to
induce genome-wide hypomethylation in the peripheral blood cells of
people with epilepsy (Tremolizzo et al., 2012) (Table 1, Fig. 2).

VPA has been found to increase H3 acetylation in NIH 3T3 fibro-
blasts, which leads to subsequent chromatin decondensation in both
euchromatin and heterochromatin (Felisbino et al., 2014). The induc-
tion of transcriptional repression by H3 hyperacetylation (e.g., by
H3K27me3 in the KAT2B and HDAC9 genes) in human embryonic stem
cells (hESCs) is mediated by similar changes in chromatin structure
(Balmer et al., 2012). In contrast, a study conducted in the rat hippo-
campal cell line H19-7/IGF-IR demonstrated that VPA increases the
levels of H3K9ac and H3K4me3 and reduces the level of H3K27me3 in
the Lepr (leptin receptor) gene, which leads to alterations in neuro-
genesis and behavior (Lee et al., 2015). In primary cultures derived
from astrocytes, VPA-mediated H3 acetylation increases the expression
of Glial Cell-Derived Neurotrophic Factor (GDNF), which promotes
neuroprotective effects in dopaminergic neurons (Wu et al., 2008). VPA
also increases H3 acetylation in the cingulate cortex and the nucleus
accumbens of C57BL/6 mice (Ookubo et al., 2013). VPA-induced H3
acetylation in the hippocampus of B6129SF2/J mice was associated
with behavioral changes (Yildirim et al., 2003). H3 acetylation medi-
ated by VPA was also shown to have neuroprotective and anti-in-
flammatory effects in the cortex and striatum of Sprague-Dawley rats
affected by cerebral ischemia (Kim et al., 2007; Ren et al., 2004). In the
lymphocytes of people with schizophrenia and BPD, VPA induces
genome-wide acetylation of H3 as well as the specific acetylation of
RELN and glutamate decarboxylase 67 (GAD67) (Dong et al., 2007;
Sharma et al., 2006). VPA-induced H3 acetylation has neuroprotective
effects in rats suffering from intracerebral hemorrhage (Sinn et al.,
2007). VPA treatment has been found to be associated with an increase
in H3 acetylation in the peripheral blood of both people with epilepsy
and healthy subjects (Tremolizzo et al., 2012) (Table 1, Fig. 3).

H4 acetylation is also associated with transcriptional activation. It
has been shown that VPA increases H4 acetylation and the binding of
the transcription factors Ets-1 and Ets-2 to the promoter of FOXP3,
which has been found to be indispensable in the regulation of T-reg
cells, in human T-cells derived from umbilical cord blood (Fayyad-
Kazan et al., 2010). VPA increases genome-wide H4 acetylation (Eyal
et al., 2004). Indeed, the antiproliferative effects of VPA in a number of
cancer cell lines have been explained by its increase in H4 hyper-
acetylation in genes such as p21WAF1/CIP1 (Travaglini et al., 2009)
(Table 1, Fig. 3).

It is also known that VPA can induce simultaneous H3 and H4
acetylation in several carcinoma cell lines, including F9 (ter-
atocarcinoma), HeLa (human cervical cancer) (Gottlicher et al., 2001),
U937 (human monocytic lymphoma), K562 (human erythroleukemia)
(Gurvich et al., 2004), and OVCAR-3 (human ovarian cancer)
(Kwiecińska et al., 2014). In MCF-7 cells (human breast cancer), VPA
induces the depletion of proteins that comprise the structural support
for heterochromatin, including SMCs, DNMT1, and HP1 (Marchion
et al., 2005). In H322, H513, and TE12 (thoracic carcinoma) cells, VPA
induces cell cycle arrest and apoptosis (Ziauddin et al., 2006). Simi-
larly, in medulloblastoma cells, VPA induces the expression of p21 and
suppresses TP53, CDK4, and CMYC expression, leading to growth ar-
rest, apoptosis and senescence (Li et al., 2005). This suggests that VPA
may be an effective therapeutic agent for use in cancer treatment.

However, the H3 and H4 hyperacetylation that is induced by VPA has
been shown to also take place in non-neoplastic cells, such as the
splenocytes of mice (Gottlicher et al., 2001). In neurons, this effect
could modify cell excitability by altering the expression of certain
genes, such as BDNF and GABAARα4 (Fukuchi et al., 2009). In HEK
293 T embryonic kidney cells, VPA induces H3 and H4 acetylation,
which leads to the activation of MAGEB2 (melanoma antigen B2) and
MMP2 (metalloproteinase 2) (Milutinovic et al., 2007) and the inhibi-
tion of the JARID1A and EZH2 demethylases; it also leads to the hypo-
and hypermethylation of H3K27 and H3K4, respectively (Ganai et al.,
2015). VPA also induces the acetylation of H3 and the H2A variant in
the peripheral blood of people with epilepsy (Tremolizzo et al., 2012)
(Table 1, Fig. 3).

Previous studies have indicated that VPA inhibits the activity of
class I and II HDACs, with the exception of HDAC6 and HDAC10, in F9,
HEK 293 T (Gottlicher et al., 2001; Gurvich et al., 2004), HeLa (Eyal
et al., 2004), and NIH 3T3 cells (Felisbino et al., 2014) via the pro-
teasomal degradation pathway (Kramer et al., 2003). Also, VPA has
been demonstrated to inhibit the expression of HDAC1, HDAC2,
HDAC5, and HDAC7 in various cancer cell lines (Kwiecińska et al.,
2014; Papi et al., 2010). The inhibition of HDACs leads to alterations in
the nuclear structure of prostate carcinoma LNCaP, C4-2, DU145, and
PC3 cells (Kortenhorst et al., 2009). The teratogenic potential of VPA is
mediated by its inhibition of HDACs and induction of H4 hyper-
acetylation (Eikel et al., 2006). These mechanisms appear to be im-
portant to the increase of the formation of GABAergic neurons (GABA
neurogenesis) induced by VPA (Laeng et al., 2004). On the other hand,
experimental evidence indicates that VPA blocks seizure-induced
aberrant neurogenesis (Jessberger et al., 2007). In the hippocampus of
C57BL/6 mice, VPA inhibits the production of HDAC5 and HDAC7,
whereas in the cingulate cortex, it increases the production of HDAC3
and HDAC5 (Ookubo et al., 2013). In the pancreas, VPA induces a
decrease in cell proliferation and differentiation via its inhibition of
HDACs, which delays cellular recovery after pancreatitis (Eisses et al.,
2015) (Table 1, Fig. 3).

VPA participates in the regulation, synthesis and function of
ncRNAs (Detich et al., 2003; Dong et al., 2010; Phiel et al., 2001). VPA
reduces the expression of let-7b, let-7c, miR-128a, miR-24a, miR-30c,
miR-34a, and miR-221 while increasing the expression of miR-144 in
the hippocampus of Wistar rats. These changes involve processes re-
lated to neurogenesis, axonal orientation, neurite growth, and neuro-
development, as well as the PTEN, ERK, Wnt/β-catenin, and β-adre-
nergic signaling pathways. Additionally, it has been shown that the
inhibition of miR-34a by VPA induced the expression of metabotropic
glutamate receptor 7 (GRM7) (Zhou et al., 2009). In experimental
models of ischemia, VPA treatment induces miR-331 overexpression
while reducing miR-885-3p overexpression. The functional implications
of these changes, however, are not yet well understood (Hunsberger
et al., 2012). In SH-SY5Y neuroblastoma cells, combined treatment with
lithium and VPA induces the expression of miR-30a-5p, which is a post-
transcriptional inhibitor of BDNF (Croce et al., 2014). In LNCaP and
PC3 cells, VPA treatment induces the expression of miR-20a, miR-34a,
and miR-449a, all of which participate in the regulation of processes
underlying epithelial-mesenchymal transition in cancer (Xia et al.,
2016). With regard to erythropoiesis-related miRNAs, VPA induces
miR-221 and inhibits miR-222, miR-15a, and miR-16 in Epo/TF1 cells.
In K562 cells, VPA induces miR-221, miR-15a, and miR-16 and inhibits
miR-222. VPA inhibited erythropoiesis via the inhibition of miR-144,
miR-451, and GATA-1 transcription factor, while it induced mega-
karyocyte differentiation via the inhibition of miR-155 and the induc-
tion of GATA-2 and miR-127a (Trecul et al., 2014). In HEK 293 cells,
the decrease in miR-92a-1 (and other miRNAs) upon VPA treatment is
mediated by the proteasomal degradation of DICER, which is an en-
zyme that participates in the synthesis of miRNAs. Under the same
experimental conditions, VPA was also found to increase the expression
of miR-129, miR-519e, miR-194, miR-214, miR-449a, and miR-182,
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which most likely occurred via a DICER-independent mechanism, such
as the Argonaut-2-dependent synthesis of miRNAs (Zhang et al., 2013).
During the neural to myogenic lineage shift, VPA induced the over-
expression of muscle-related miRNAs, such as miR-206, miR-133a, and
miR-10a, and inhibited specific neurological miRNAs, such as miR-
124a, miR-128, and miR-137 (Smirnova et al., 2014). Finally, it has
been observed that the inhibition of HDACs by VPA induces changes in
the expression of miR-21 and miR-31 in umbilical cord blood T cells
(Fayyad-Kazan et al., 2010) (Table 1, Fig. 4).

People with psychosis and BPD were found to have a low level of
miR-134, a condition that could be reversed by a number of anti-
psychotic drugs, including VPA (Rong et al., 2011). Also, in people with
BPD, the administration with VPA facilitates the expression of miR-206,
which is associated with BDNF gene polymorphisms that contribute to
the treatment response and the susceptibility to this particular pa-
thology (Wang et al., 2014) (Table 1, Fig. 4).

5. Concluding remarks

This review provides specific evidence that supports the hypothesis
that a number of AEDs induce epigenetic changes. It is important to
consider that epigenetic research related to the use of AEDs has been
insufficient to reach any definite conclusions. Further research is ne-
cessary to fully investigate all of the epigenetic modifications that are
induced by each AED. In the future, the epigenetic modifications in-
duced by AEDs, whether they be beneficial or harmful, and their clin-
ical consequences must be considered during clinical use in epileptic
people. In addition, epigenetic modifications associated with epilepsy
represent potential clues in the search for novel AEDs that are more
effective and selective and have fewer side effects (Wei et al., 2015).

Acknowledgments

VNM is a Ph.D. student from the program of Biomedical Sciences at
the National Autonomous University of México (UNAM). This study was
supported by the National Council of Science and Technology
(CONACyT) (scholarship 243431, grant 220365), and Instituto
Mexicano del Seguro Social (IMSS) (Project R-2017-785-100).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.eplepsyres.2018.11.
006.

References

Abidi, F.E., Holloway, L., Moore, C.A., Weaver, D.D., Simensen, R.J., Stevenson, R.E.,
Rogers, R.C., Schwartz, C.E., 2008. Mutations in JARID1C are associated with X-
linked mental retardation, short stature and hyperreflexia. J. Med. Genet. 45,
787–793.

Amir, R.E., Van den Veyver, I.B., Wan, M., Tran, C.Q., Francke, U., Zoghbi, H.Y., 1999.
Rett syndrome is caused by mutations in X-linked MECP2, encoding methyl-CpG-
binding protein 2. Nat. Genet. 23, 185–188.

Annunziato, A., 2008. DNA packaging: nucleosomes and chromatin. Nat. Educ. 1, 26.
Antequera, F., 2003. Structure, function and evolution of CpG island promoters. Cell. Mol.

Life Sci. 60, 1647–1658.
Asai, T., Bundo, M., Sugawara, H., Sunaga, F., Ueda, J., Tanaka, G., Ishigooka, J., Kasai,

K., Kato, T., Iwamoto, K., 2013. Effect of mood stabilizers on DNA methylation in
human neuroblastoma cells. Int. J. Neuropsychopharmacol. 16, 2285–2294.

Asconape, J.J., 2013. Epilepsy: new drug targets and neurostimulation. Neurol. Clin. 31,
785–798.

Bachman, A.N., Phillips, J.M., Goodman, J.I., 2006. Phenobarbital induces progressive
patterns of GC-rich and gene-specific altered DNA methylation in the liver of tumor-
prone B6C3F1 mice. Toxicol. Sci. 91, 393–405.

Balmer, N.V., Weng, M.K., Zimmer, B., Ivanova, V.N., Chambers, S.M., Nikolaeva, E.,
Jagtap, S., Sachinidis, A., Hescheler, J., Waldmann, T., Leist, M., 2012. Epigenetic
changes and disturbed neural development in a human embryonic stem cell-based
model relating to the fetal valproate syndrome. Hum. Mol. Genet. 21, 4104–4114.

Bang, S.R., Ambavade, S.D., Jagdale, P.G., Adkar, P.P., Waghmare, A.B., Ambavade, P.D.,
2015. Lacosamide reduces HDAC levels in the brain and improves memory: potential

for treatment of Alzheimer’s disease. Pharmacol. Biochem. Behav. 134, 65–69.
Bannister, A.J., Kouzarides, T., 2011. Regulation of chromatin by histone modifications.

Cell Res. 21, 381–395.
Barker-Haliski, M., White, H.S., 2015. Glutamatergic mechanisms associated with sei-

zures and epilepsy. Cold Spring Harb. Perspect. Med. 5, a022863.
Bassuk, A.G., Wallace, R.H., Buhr, A., Buller, A.R., Afawi, Z., Shimojo, M., Miyata, S.,

Chen, S., Gonzalez-Alegre, P., Griesbach, H.L., Wu, S., Nashelsky, M., Vladar, E.K.,
Antic, D., Ferguson, P.J., Cirak, S., Voit, T., Scott, M.P., Axelrod, J.D., Gurnett, C.,
Daoud, A.S., Kivity, S., Neufeld, M.Y., Mazarib, A., Straussberg, R., Walid, S.,
Korczyn, A.D., Slusarski, D.C., Berkovic, S.F., El-Shanti, H.I., 2008. A homozygous
mutation in human PRICKLE1 causes an autosomal-recessive progressive myoclonus
epilepsy-ataxia syndrome. Am. J. Hum. Genet. 83, 572–581.

Baujat, G., Cormier-Daire, V., 2007. Sotos syndrome. Orphanet J. Rare Dis. 2, 36.
Belhedi, N., Perroud, N., Karege, F., Vessaz, M., Malafosse, A., Salzmann, A., 2014.

Increased CPA6 promoter methylation in focal epilepsy and in febrile seizures.
Epilepsy Res. 108, 144–148.

Bernstein, B.E., Meissner, A., Lander, E.S., 2007. The mammalian epigenome. Cell 128,
669–681.

Beutler, A.S., Li, S., Nicol, R., Walsh, M.J., 2005. Carbamazepine is an inhibitor of histone
deacetylases. Life Sci. 76, 3107–3115.

Bhutani, N., Burns, D.M., Blau, H.M., 2011. DNA demethylation dynamics. Cell 146,
866–872.

Bird, A., 2002. DNA methylation patterns and epigenetic memory. Genes Dev. 16, 6–21.
Bohmdorfer, G., Wierzbicki, A.T., 2015. Control of chromatin structure by long non-

coding RNA. Trends Cell Biol. 25, 623–632.
Braz, J., Lechner, M.C., 1986. ADP-ribosylation of nuclear proteins is increased by phe-

nobarbital. Identification of the ADP-ribosylated histone fractions in rat liver nuclei.
FEBS Lett. 199, 164–168.

Briggs, J.A., Wolvetang, E.J., Mattick, J.S., Rinn, J.L., Barry, G., 2015. Mechanisms of
long non-coding RNAs in mammalian nervous system development, plasticity, dis-
ease, and evolution. Neuron 88, 861–877.

Brodie, M.J., Besag, F., Ettinger, A.B., Mula, M., Gobbi, G., Comai, S., Aldenkamp, A.P.,
Steinhoff, B.J., 2016. Epilepsy, antiepileptic drugs, and aggression: an evidence-based
review. Pharmacol. Rev. 68, 563–602.

Bryans, J.S., Davies, N., Gee, N.S., Dissanayake, V.U., Ratcliffe, G.S., Horwell, D.C.,
Kneen, C.O., Morrell, A.I., Oles, R.J., O’Toole, J.C., Perkins, G.M., Singh, L., Suman-
Chauhan, N., O’Neill, J.A., 1998. Identification of novel ligands for the gabapentin
binding site on the alpha2delta subunit of a calcium channel and their evaluation as
anticonvulsant agents. J. Med. Chem. 41, 1838–1845.

Castanotto, D., Tommasi, S., Li, M., Li, H., Yanow, S., Pfeifer, G.P., Rossi, J.J., 2005. Short
hairpin RNA-directed cytosine (CpG) methylation of the RASSF1A gene promoter in
HeLa cells. Mol. Ther. 12, 179–183.

Cavanna, A.E., Ali, F., Rickards, H.E., McCorry, D., 2010. Behavioral and cognitive effects
of anti-epileptic drugs. Discov. Med. 9, 138–144.

Clapier, C.R., Cairns, B.R., 2009. The biology of chromatin remodeling complexes. Annu.
Rev. Biochem. 78, 273–304.

Cotterman-Hart, S., 2015a. Antiepileptic drugs: first generation. In: Newton, H.B.,
Maschio, M. (Eds.), Epilepsy and Brain Tumors. Elsevier Inc., USA, pp. 275.

Cotterman-Hart, S., 2015b. Antiepileptic drugs: second and Third generation. In: Newton,
H.B., Maschio, M. (Eds.), Epilepsy and Brain Tumors. Elsevier Inc., USA, pp. 275.

Coulter, D.A., Huguenard, J.R., Prince, D.A., 1989. Characterization of ethosuximide
reduction of low-threshold calcium current in thalamic neurons. Ann. Neurol. 25,
582–593.

Croce, N., Bernardini, S., Caltagirone, C., Angelucci, F., 2014. Lithium/Valproic acid
combination and L-glutamate induce similar pattern of changes in the expression of
miR-30a-5p in SH-SY5Y neuroblastoma cells. Neuromolecular Med. 16, 872–877.

Czapinski, P., Blaszczyk, B., Czuczwar, S.J., 2005. Mechanisms of action of antiepileptic
drugs. Curr. Top. Med. Chem. 5, 3–14.

Chen, H., Dzitoyeva, S., Manev, H., 2012. Effect of valproic acid on mitochondrial epi-
genetics. Eur. J. Pharmacol. 690, 51–59.

Chen, Y., Sharma, R.P., Costa, R.H., Costa, E., Grayson, D.R., 2002. On the epigenetic
regulation of the human reelin promoter. Nucleic Acids Res. 30, 2930–2939.

De La Fuente, R., Baumann, C., Viveiros, M.M., 2011. Role of ATRX in chromatin struc-
ture and function: implications for chromosome instability and human disease.
Reproduction 142, 221–234.

De Weer, P., 1980. Phenytoin: blockage of resting sodium channels. Adv. Neurol. 27,
353–361.

Debski, K.J., Pitkanen, A., Puhakka, N., Bot, A.M., Khurana, I., Harikrishnan, K.N.,
Ziemann, M., Kaspi, A., El-Osta, A., Lukasiuk, K., Kobow, K., 2016. Etiology matters -
genomic DNA methylation patterns in three rat models of acquired epilepsy. Sci. Rep.
6, 25668.

Detich, N., Bovenzi, V., Szyf, M., 2003. Valproate induces replication-independent active
DNA demethylation. J. Biol. Chem. 278, 27586–27592.

Devaskar, S.U., Raychaudhuri, S., 2007. Epigenetics–a science of heritable biological
adaptation. Pediatr. Res. 61, 1R–4R.

Dezsi, G., Ozturk, E., Stanic, D., Powell, K.L., Blumenfeld, H., O’Brien, T.J., Jones, N.C.,
2013. Ethosuximide reduces epileptogenesis and behavioral comorbidity in the
GAERS model of genetic generalized epilepsy. Epilepsia 54, 635–643.

Dong, E., Chen, Y., Gavin, D.P., Grayson, D.R., Guidotti, A., 2010. Valproate induces DNA
demethylation in nuclear extracts from adult mouse brain. Epigenetics 5, 730–735.

Dong, E., Guidotti, A., Grayson, D.R., Costa, E., 2007. Histone hyperacetylation induces
demethylation of reelin and 67-kDa glutamic acid decarboxylase promoters. Proc.
Natl. Acad. Sci. U. S. A. 104, 4676–4681.

Echeverry-Alzate, V., Gine, E., Buhler, K.M., Calleja-Conde, J., Olmos, P., Gorriti, M.A.,
Nadal, R., Rodriguez de Fonseca, F., Lopez-Moreno, J.A., 2014. Effects of topiramate
on ethanol-cocaine interactions and DNA methyltransferase gene expression in the

V. Navarrete-Modesto et al. Epilepsy Research 149 (2019) 53–65

62

https://doi.org/10.1016/j.eplepsyres.2018.11.006
https://doi.org/10.1016/j.eplepsyres.2018.11.006
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0005
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0005
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0005
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0005
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0010
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0010
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0010
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0015
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0020
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0020
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0025
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0025
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0025
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0030
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0030
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0035
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0035
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0035
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0040
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0040
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0040
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0040
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0045
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0045
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0045
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0050
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0050
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0055
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0055
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0060
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0060
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0060
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0060
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0060
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0060
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0060
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0065
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0070
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0070
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0070
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0075
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0075
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0080
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0080
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0085
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0085
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0090
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0095
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0095
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0100
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0100
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0100
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0105
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0105
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0105
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0110
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0110
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0110
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0115
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0115
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0115
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0115
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0115
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0120
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0120
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0120
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0125
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0125
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0130
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0130
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0135
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0135
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0140
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0140
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0145
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0145
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0145
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0150
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0150
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0150
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0155
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0155
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0160
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0160
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0165
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0165
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0170
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0170
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0170
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0175
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0175
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0180
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0180
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0180
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0180
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0185
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0185
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0190
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0190
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0195
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0195
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0195
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0200
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0200
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0205
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0205
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0205
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0210
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0210
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0210


rat prefrontal cortex. Br. J. Pharmacol. 171, 3023–3036.
Egger, G., Liang, G., Aparicio, A., Jones, P.A., 2004. Epigenetics in human disease and

prospects for epigenetic therapy. Nature 429, 457–463.
Eikel, D., Lampen, A., Nau, H., 2006. Teratogenic effects mediated by inhibition of his-

tone deacetylases: evidence from quantitative structure activity relationships of 20
valproic acid derivatives. Chem. Res. Toxicol. 19, 272–278.

Eisses, J.F., Criscimanna, A., Dionise, Z.R., Orabi, A.I., Javed, T.A., Sarwar, S., Jin, S.,
Zhou, L., Singh, S., Poddar, M., Davis, A.W., Tosun, A.B., Ozolek, J.A., Lowe, M.E.,
Monga, S.P., Rohde, G.K., Esni, F., Husain, S.Z., 2015. Valproic acid limits pancreatic
recovery after pancreatitis by inhibiting histone deacetylases and preventing acinar
redifferentiation programs. Am. J. Pathol. 185, 3304–3315.

Errington, A.C., Stohr, T., Heers, C., Lees, G., 2008. The investigational anticonvulsant
lacosamide selectively enhances slow inactivation of voltage-gated sodium channels.
Mol. Pharmacol. 73, 157–169.

Eyal, S., Yagen, B., Sobol, E., Altschuler, Y., Shmuel, M., Bialer, M., 2004. The activity of
antiepileptic drugs as histone deacetylase inhibitors. Epilepsia 45, 737–744.

Fayyad-Kazan, H., Rouas, R., Merimi, M., El Zein, N., Lewalle, P., Jebbawi, F., Mourtada,
M., Badran, H., Ezzeddine, M., Salaun, B., Romero, P., Burny, A., Martiat, P., Badran,
B., 2010. Valproate treatment of human cord blood CD4-positive effector T cells
confers on them the molecular profile (microRNA signature and FOXP3 expression) of
natural regulatory CD4-positive cells through inhibition of histone deacetylase. J.
Biol. Chem. 285, 20481–20491.

Fazzari, M.J., Greally, J.M., 2004. Epigenomics: beyond CpG islands. Nat. Rev. Genet. 5,
446–455.

Felisbino, M.B., Gatti, M.S., Mello, M.L., 2014. Changes in chromatin structure in NIH 3T3
cells induced by valproic acid and trichostatin A. J. Cell. Biochem. 115, 1937–1947.

Fischle, W., Wang, Y., Allis, C.D., 2003. Histone and chromatin cross-talk. Curr. Opin. Cell
Biol. 15, 172–183.

Friedman, D., Devinsky, O., 2016. Cannabinoids in the treatment of epilepsy. N. Engl. J.
Med. 374, 94–95.

Fruchter, E., Kapara, O., Reichenberg, A., Yoffe, R., Fono-Yativ, O., Kreiss, Y., Davidson,
M., Weiser, M., 2014. Longitudinal association between epilepsy and schizophrenia: a
population-based study. Epilepsy Behav. 31, 291–294.

Fukagawa, T., Nogami, M., Yoshikawa, M., Ikeno, M., Okazaki, T., Takami, Y., Nakayama,
T., Oshimura, M., 2004. Dicer is essential for formation of the heterochromatin
structure in vertebrate cells. Nat. Cell Biol. 6, 784–791.

Fukuchi, M., Nii, T., Ishimaru, N., Minamino, A., Hara, D., Takasaki, I., Tabuchi, A.,
Tsuda, M., 2009. Valproic acid induces up- or down-regulation of gene expression
responsible for the neuronal excitation and inhibition in rat cortical neurons through
its epigenetic actions. Neurosci. Res. 65, 35–43.

Gaitatzis, A., Trimble, M.R., Sander, J.W., 2004. The psychiatric comorbidity of epilepsy.
Acta Neurol. Scand. 110, 207–220.

Ganai, S.A., Kalladi, S.M., Mahadevan, V., 2015. HDAC inhibition through valproic acid
modulates the methylation profiles in human embryonic kidney cells. J. Biomol.
Struct. Dyn. 33, 1185–1197.

Gee, N.S., Brown, J.P., Dissanayake, V.U., Offord, J., Thurlow, R., Woodruff, G.N., 1996.
The novel anticonvulsant drug, gabapentin (Neurontin), binds to the alpha2delta
subunit of a calcium channel. J. Biol. Chem. 271, 5768–5776.

Godfrey, K.M., Lillycrop, K.A., Burdge, G.C., Gluckman, P.D., Hanson, M.A., 2007.
Epigenetic mechanisms and the mismatch concept of the developmental origins of
health and disease. Pediatr. Res. 61, 5R–10R.

Goldberg, A.D., Allis, C.D., Bernstein, E., 2007. Epigenetics: a landscape takes shape. Cell
128, 635–638.

Gottlicher, M., Minucci, S., Zhu, P., Kramer, O.H., Schimpf, A., Giavara, S., Sleeman, J.P.,
Lo Coco, F., Nervi, C., Pelicci, P.G., Heinzel, T., 2001. Valproic acid defines a novel
class of HDAC inhibitors inducing differentiation of transformed cells. EMBO J. 20,
6969–6978.

Grewal, S.I., Moazed, D., 2003. Heterochromatin and epigenetic control of gene expres-
sion. Science 301, 798–802.

Guan, J.S., Haggarty, S.J., Giacometti, E., Dannenberg, J.H., Joseph, N., Gao, J., Nieland,
T.J., Zhou, Y., Wang, X., Mazitschek, R., Bradner, J.E., DePinho, R.A., Jaenisch, R.,
Tsai, L.H., 2009. HDAC2 negatively regulates memory formation and synaptic plas-
ticity. Nature 459, 55–60.

Guerrini, R., Shanahan, J.L., Carrozzo, R., Bonanni, P., Higgs, D.R., Gibbons, R.J., 2000. A
nonsense mutation of the ATRX gene causing mild mental retardation and epilepsy.
Ann. Neurol. 47, 117–121.

Gurvich, N., Tsygankova, O.M., Meinkoth, J.L., Klein, P.S., 2004. Histone deacetylase is a
target of valproic acid-mediated cellular differentiation. Cancer Res. 64, 1079–1086.

Hamed, S.A., 2016. The effect of epilepsy and antiepileptic drugs on sexual, reproductive
and gonadal health of adults with epilepsy. Expert Rev. Clin. Pharmacol. 9, 807–819.

Hanaya, R., Arita, K., 2016. The new antiepileptic drugs: their neuropharmacology and
clinical indications. Neurol. Med. Chir. (Tokyo) 56, 205–220.

Hansen, J.C., 2012. Human mitotic chromosome structure: what happened to the 30-nm
fibre? EMBO J. 31, 1621–1623.

Henshall, D.C., Kobow, K., 2015. Epigenetics and epilepsy. Cold Spring Harb. Perspect.
Med. 5.

Holmes, R., Soloway, P.D., 2006. Regulation of imprinted DNA methylation. Cytogenet.
Genome Res. 113, 122–129.

Honmou, O., Oyelese, A.A., Kocsis, J.D., 1995. The anticonvulsant gabapentin enhances
promoted release of GABA in hippocampus: a field potential analysis. Brain Res. 692,
273–277.

Houtepen, L.C., van Bergen, A.H., Vinkers, C.H., Boks, M.P., 2016. DNA methylation
signatures of mood stabilizers and antipsychotics in bipolar disorder. Epigenomics 8,
197–208.

Hovinga, C.A., 2001. Levetiracetam: a novel antiepileptic drug. Pharmacotherapy 21,
1375–1388.

Hsiao, J., Yuan, T.Y., Tsai, M.S., Lu, C.Y., Lin, Y.C., Lee, M.L., Lin, S.W., Chang, F.C., Liu
Pimentel, H., Olive, C., Coito, C., Shen, G., Young, M., Thorne, T., Lawrence, M.,
Magistri, M., Faghihi, M.A., Khorkova, O., Wahlestedt, C., 2016. Upregulation of
haploinsufficient gene expression in the brain by targeting a long non-coding RNA
improves seizure phenotype in a model of dravet syndrome. EBioMedicine 9,
257–277.

Huang, C.W., Huang, C.C., Lin, M.W., Tsai, J.J., Wu, S.N., 2008. The synergistic inhibitory
actions of oxcarbazepine on voltage-gated sodium and potassium currents in differ-
entiated NG108-15 neuronal cells and model neurons. Int. J. Neuropsychopharmacol.
11, 597–610.

Huang, M.C., Okada, M., Nakatsu, F., Oguni, H., Ito, M., Morita, K., Nagafuji, H., Hirose,
S., Sakaki, Y., Kaneko, S., Ohno, H., Kojima, T., 2007. Mutation screening of AP3M2
in Japanese epilepsy patients. Brain Dev. 29, 462–467.

Huang, Y., Zhao, F., Wang, L., Yin, H., Zhou, C., Wang, X., 2012. Increased expression of
histone deacetylases 2 in temporal lobe epilepsy: a study of epileptic patients and rat
models. Synapse 66, 151–159.

Hunsberger, J.G., Fessler, E.B., Wang, Z., Elkahloun, A.G., Chuang, D.M., 2012. Post-
insult valproic acid-regulated microRNAs: potential targets for cerebral ischemia.
Am. J. Transl. Res. 4, 316–332.

Ibeas Bih, C., Chen, T., Nunn, A.V., Bazelot, M., Dallas, M., Whalley, B.J., 2015. Molecular
targets of cannabidiol in neurological disorders. Neurotherapeutics 12, 699–730.

Issa, J.P., 2000. CpG-island methylation in aging and cancer. Curr. Top. Microbiol.
Immunol. 249, 101–118.

Jaenisch, R., Bird, A., 2003. Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat. Genet. 33, 245–254.

Jenuwein, T., Allis, C.D., 2001. Translating the histone code. Science 293, 1074–1080.
Jessberger, S., Nakashima, K., Clemenson Jr, G.D., Mejia, E., Mathews, E., Ure, K., Ogawa,

S., Sinton, C.M., Gage, F.H., Hsieh, J., 2007. Epigenetic modulation of seizure-in-
duced neurogenesis and cognitive decline. J. Neurosci. 27, 5967–5975.

Jian, L., Nagarajan, L., de Klerk, N., Ravine, D., Bower, C., Anderson, A., Williamson, S.,
Christodoulou, J., Leonard, H., 2006. Predictors of seizure onset in Rett syndrome. J.
Pediatr. 149, 542–547.

Jung, M.J., Lippert, B., Metcalf, B.W., Bohlen, P., Schechter, P.J., 1977. Gamma-Vinyl
GABA (4-amino-hex-5-enoic acid), a new selective irreversible inhibitor of GABA-T:
effects on brain GABA metabolism in mice. J. Neurochem. 29, 797–802.

Kelly, K.M., Gross, R.A., Macdonald, R.L., 1990. Valproic acid selectively reduces the low-
threshold (T) calcium current in rat nodose neurons. Neurosci. Lett. 116, 233–238.

Khalil, A.M., Faghihi, M.A., Modarresi, F., Brothers, S.P., Wahlestedt, C., 2008. A novel
RNA transcript with antiapoptotic function is silenced in fragile X syndrome. PLoS
One 3, e1486.

Kim, H.J., Rowe, M., Ren, M., Hong, J.S., Chen, P.S., Chuang, D.M., 2007. Histone dea-
cetylase inhibitors exhibit anti-inflammatory and neuroprotective effects in a rat
permanent ischemic model of stroke: multiple mechanisms of action. J. Pharmacol.
Exp. Ther. 321, 892–901.

Kinde, B., Wu, D.Y., Greenberg, M.E., Gabel, H.W., 2016. DNA methylation in the gene
body influences MeCP2-mediated gene repression. Proc. Natl. Acad. Sci. U. S. A. 113,
15114–15119.

Kobow, K., Blumcke, I., 2012. The emerging role of DNA methylation in epileptogenesis.
Epilepsia 53 (Suppl 9), 11–20.

Kobow, K., Jeske, I., Hildebrandt, M., Hauke, J., Hahnen, E., Buslei, R., Buchfelder, M.,
Weigel, D., Stefan, H., Kasper, B., Pauli, E., Blumcke, I., 2009. Increased reelin pro-
moter methylation is associated with granule cell dispersion in human temporal lobe
epilepsy. J. Neuropathol. Exp. Neurol. 68, 356–364.

Kortenhorst, M.S., Isharwal, S., van Diest, P.J., Chowdhury, W.H., Marlow, C., Carducci,
M.A., Rodriguez, R., Veltri, R.W., 2009. Valproic acid causes dose- and time-depen-
dent changes in nuclear structure in prostate cancer cells in vitro and in vivo. Mol.
Cancer Ther. 8, 802–808.

Kostka, G., Urbanek, K., Ludwicki, J.K., 2007. The effect of phenobarbital on the me-
thylation level of the p16 promoter region in rat liver. Toxicology 239, 127–135.

Kostyuk, P.G., Molokanova, E.A., Pronchuk, N.F., Savchenko, A.N., Verkhratsky, A.N.,
1992. Different action of ethosuximide on low- and high-threshold calcium currents
in rat sensory neurons. Neuroscience 51, 755–758.

Koufaris, C., Wright, J., Osborne, M., Currie, R.A., Gooderham, N.J., 2013. Time and
dose-dependent effects of phenobarbital on the rat liver miRNAome. Toxicology 314,
247–253.

Kramer, O.H., Zhu, P., Ostendorff, H.P., Golebiewski, M., Tiefenbach, J., Peters, M.A.,
Brill, B., Groner, B., Bach, I., Heinzel, T., Gottlicher, M., 2003. The histone deace-
tylase inhibitor valproic acid selectively induces proteasomal degradation of HDAC2.
EMBO J. 22, 3411–3420.

Kung, J.T., Colognori, D., Lee, J.T., 2013. Long noncoding RNAs: past, present, and fu-
ture. Genetics 193, 651–669.

Kwiecińska, P., Wróbel, A., Taubøll, E., Gregoraszczuk, E.Ł., 2014. Valproic acid, but not
levetiracetam, selectively decreases HDAC7 and HDAC2 expression in human ovarian
cancer cells. Toxicol. Lett. 224, 225–232.

Ladd, P.D., Smith, L.E., Rabaia, N.A., Moore, J.M., Georges, S.A., Hansen, R.S., Hagerman,
R.J., Tassone, F., Tapscott, S.J., Filippova, G.N., 2007. An antisense transcript
spanning the CGG repeat region of FMR1 is upregulated in premutation carriers but
silenced in full mutation individuals. Hum. Mol. Genet. 16, 3174–3187.

Laeng, P., Pitts, R.L., Lemire, A.L., Drabik, C.E., Weiner, A., Tang, H., Thyagarajan, R.,
Mallon, B.S., Altar, C.A., 2004. The mood stabilizer valproic acid stimulates GABA
neurogenesis from rat forebrain stem cells. J. Neurochem. 91, 238–251.

Lam, J.K., Chow, M.Y., Zhang, Y., Leung, S.W., 2015. siRNA versus miRNA as therapeutics
for gene silencing. Mol. Ther. Nucleic Acids 4, e252.

Lee, R.S., Pirooznia, M., Guintivano, J., Ly, M., Ewald, E.R., Tamashiro, K.L., Gould, T.D.,
Moran, T.H., Potash, J.B., 2015. Search for common targets of lithium and valproic
acid identifies novel epigenetic effects of lithium on the rat leptin receptor gene.

V. Navarrete-Modesto et al. Epilepsy Research 149 (2019) 53–65

63

http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0210
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0215
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0215
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0220
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0220
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0220
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0225
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0225
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0225
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0225
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0225
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0230
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0230
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0230
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0235
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0235
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0240
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0240
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0240
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0240
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0240
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0240
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0245
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0245
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0250
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0250
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0255
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0255
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0260
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0260
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0265
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0265
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0265
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0270
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0270
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0270
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0275
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0275
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0275
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0275
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0280
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0280
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0285
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0285
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0285
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0290
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0290
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0290
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0295
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0295
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0295
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0300
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0300
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0305
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0305
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0305
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0305
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0310
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0310
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0315
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0315
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0315
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0315
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0320
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0320
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0320
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0325
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0325
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0330
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0330
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0335
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0335
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0340
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0340
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0345
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0345
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0350
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0350
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0355
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0355
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0355
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0360
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0360
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0360
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0365
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0365
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0370
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0370
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0370
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0370
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0370
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0370
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0375
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0375
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0375
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0375
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0380
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0380
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0380
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0385
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0385
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0385
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0390
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0390
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0390
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0395
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0395
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0400
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0400
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0405
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0405
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0410
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0415
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0415
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0415
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0420
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0420
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0420
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0425
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0425
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0425
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0430
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0430
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0435
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0435
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0435
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0440
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0440
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0440
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0440
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0445
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0445
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0445
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0450
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0450
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0455
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0455
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0455
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0455
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0460
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0460
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0460
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0460
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0465
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0465
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0470
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0470
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0470
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0475
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0475
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0475
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0480
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0480
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0480
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0480
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0485
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0485
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0490
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0490
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0490
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0495
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0495
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0495
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0495
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0500
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0500
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0500
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0505
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0505
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0510
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0510
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0510


Transl. Psychiatry 5, e600.
Lempiainen, H., Muller, A., Brasa, S., Teo, S.S., Roloff, T.C., Morawiec, L., Zamurovic, N.,

Vicart, A., Funhoff, E., Couttet, P., Schubeler, D., Grenet, O., Marlowe, J., Moggs, J.,
Terranova, R., 2011. Phenobarbital mediates an epigenetic switch at the constitutive
androstane receptor (CAR) target gene Cyp2b10 in the liver of B6C3F1 mice. PLoS
One 6 e18216.

Leng, Y., Fessler, E.B., Chuang, D.M., 2013. Neuroprotective effects of the mood stabilizer
lamotrigine against glutamate excitotoxicity: roles of chromatin remodelling and Bcl-
2 induction. Int. J. Neuropsychopharmacol. 16, 607–620.

Li, B., Carey, M., Workman, J.L., 2007. The role of chromatin during transcription. Cell
128, 707–719.

Li, M., Hada, A., Sen, P., Olufemi, L., Hall, M.A., Smith, B.Y., Forth, S., McKnight, J.N.,
Patel, A., Bowman, G.D., Bartholomew, B., Wang, M.D., 2015. Dynamic regulation of
transcription factors by nucleosome remodeling. Elife 4.

Li, X.N., Shu, Q., Su, J.M., Perlaky, L., Blaney, S.M., Lau, C.C., 2005. Valproic acid induces
growth arrest, apoptosis, and senescence in medulloblastomas by increasing histone
hyperacetylation and regulating expression of p21Cip1, CDK4, and CMYC. Mol.
Cancer Ther. 4, 1912–1922.

Liu, C., Yu, X., 2015. ADP-ribosyltransferases and poly ADP-ribosylation. Curr. Protein
Pept. Sci. 16, 491–501.

Loring, D.W., Meador, K.J., 2001. Cognitive and behavioral effects of epilepsy treatment.
Epilepsia 42 (Suppl 8), 24–32.

Lukyanetz, E.A., Shkryl, V.M., Kostyuk, P.G., 2002. Selective blockade of N-type calcium
channels by levetiracetam. Epilepsia 43, 9–18.

Lynch, B.A., Lambeng, N., Nocka, K., Kensel-Hammes, P., Bajjalieh, S.M., Matagne, A.,
Fuks, B., 2004. The synaptic vesicle protein SV2A is the binding site for the anti-
epileptic drug levetiracetam. Proc. Natl. Acad. Sci. U. S. A. 101, 9861–9866.

Macdonald, R.L., Barker, J.L., 1977. Phenobarbital enhances GABA-mediated post-
synaptic inhibition in cultured mammalian neurons. Trans. Am. Neurol. Assoc. 102,
139–140.

Macdonald, R.L., Bergey, G.K., 1978. Valproic acid: effect on GABA-mediated post-
synaptic inhibition in cultured mammalian spinal cord neurons. Trans. Am. Neurol.
Assoc. 103, 254–256.

Madeja, M., Margineanu, D.G., Gorji, A., Siep, E., Boerrigter, P., Klitgaard, H.,
Speckmann, E.J., 2003. Reduction of voltage-operated potassium currents by leve-
tiracetam: a novel antiepileptic mechanism of action? Neuropharmacology 45,
661–671.

Manev, H., Uz, T., 2002. DNA hypomethylating agents 5-aza-2’-deoxycytidine and
valproate increase neuronal 5-lipoxygenase mRNA. Eur. J. Pharmacol. 445, 149–150.

Marchion, D.C., Bicaku, E., Daud, A.I., Sullivan, D.M., Munster, P.N., 2005. Valproic acid
alters chromatin structure by regulation of chromatin modulation proteins. Cancer
Res. 65, 3815–3822.

Marino-Ramirez, L., Kann, M.G., Shoemaker, B.A., Landsman, D., 2005. Histone structure
and nucleosome stability. Expert Rev. Proteomics 2, 719–729.

Messner, S., Hottiger, M.O., 2011. Histone ADP-ribosylation in DNA repair, replication
and transcription. Trends Cell Biol. 21, 534–542.

Milutinovic, S., D’Alessio, A.C., Detich, N., Szyf, M., 2007. Valproate induces widespread
epigenetic reprogramming which involves demethylation of specific genes.
Carcinogenesis 28, 560–571.

Moon, J., Lee, S.T., Choi, J., Jung, K.H., Yang, H., Khalid, A., Kim, J.M., Park, K.I., Shin,
J.W., Ban, J.J., Yi, G.S., Lee, S.K., Jeon, D., Chu, K., 2014. Unique behavioral char-
acteristics and microRNA signatures in a drug resistant epilepsy model. PLoS One 9,
e85617.

Morris, K.V., Chan, S.W., Jacobsen, S.E., Looney, D.J., 2004. Small interfering RNA-in-
duced transcriptional gene silencing in human cells. Science 305, 1289–1292.

Mula, M., 2017. Epilepsy and psychiatric comorbidities: drug selection. Curr. Treat.
Options Neurol. 19, 44.

Mula, M., Cavanna, A.E., Monaco, F., 2006. Psychopharmacology of topiramate: from
epilepsy to bipolar disorder. Neuropsychiatr. Dis. Treat. 2, 475–488.

Mula, M., Trimble, M.R., Sander, J.W., 2007. Are psychiatric adverse events of anti-
epileptic drugs a unique entity? A study on topiramate and levetiracetam. Epilepsia
48, 2322–2326.

Nan, X., Ng, H.H., Johnson, C.A., Laherty, C.D., Turner, B.M., Eisenman, R.N., Bird, A.,
1998. Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves
a histone deacetylase complex. Nature 393, 386–389.

Ngugi, A.K., Bottomley, C., Kleinschmidt, I., Sander, J.W., Newton, C.R., 2010. Estimation
of the burden of active and life-time epilepsy: a meta-analytic approach. Epilepsia 51,
883–890.

Ni, G., Qin, J., Li, H., Chen, Z., Zhou, Y., Fang, Z., Chen, Y., Zhou, J., Huang, M., Zhou, L.,
2015. Effects of antiepileptic drug monotherapy on one-carbon metabolism and DNA
methylation in patients with epilepsy. PLoS One 10, e0125656.

Nightingale, K.P., O’Neill, L.P., Turner, B.M., 2006. Histone modifications: signalling
receptors and potential elements of a heritable epigenetic code. Curr. Opin. Genet.
Dev. 16, 125–136.

Ookubo, M., Kanai, H., Aoki, H., Yamada, N., 2013. Antidepressants and mood stabilizers
effects on histone deacetylase expression in C57BL/6 mice: brain region specific
changes. J. Psychiatr. Res. 47, 1204–1214.

Papi, A., Ferreri, A.M., Rocchi, P., Guerra, F., Orlandi, M., 2010. Epigenetic modifiers as
anticancer drugs: effectiveness of valproic acid in neural crest-derived tumor cells.
Anticancer Res. 30, 535–540.

Park, H.G., Yu, H.S., Park, S., Ahn, Y.M., Kim, Y.S., Kim, S.H., 2014. 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. 17, 1487–1500.

Perisic, T., Zimmermann, N., Kirmeier, T., Asmus, M., Tuorto, F., Uhr, M., Holsboer, F.,
Rein, T., Zschocke, J., 2010. Valproate and amitriptyline exert common and

divergent influences on global and gene promoter-specific chromatin modifications in
rat primary astrocytes. Neuropsychopharmacology 35, 792–805.

Perucca, E., 2017. Cannabinoids in the treatment of epilepsy: hard evidence at last? J.
Epilepsy Res. 7, 61–76.

Phiel, C.J., Zhang, F., Huang, E.Y., Guenther, M.G., Lazar, M.A., Klein, P.S., 2001. Histone
deacetylase is a direct target of valproic acid, a potent anticonvulsant, mood stabi-
lizer, and teratogen. J. Biol. Chem. 276, 36734–36741.

Phillips, J.M., Goodman, J.I., 2008. Identification of genes that may play critical roles in
phenobarbital (PB)-induced liver tumorigenesis due to altered DNA methylation.
Toxicol. Sci. 104, 86–99.

Pucci, M., Rapino, C., Di Francesco, A., Dainese, E., D’Addario, C., Maccarrone, M., 2013.
Epigenetic control of skin differentiation genes by phytocannabinoids. Br. J.
Pharmacol. 170, 581–591.

Quan, Z., Zheng, D., Qing, H., 2017. Regulatory roles of long non-coding RNAs in the
central nervous system and associated neurodegenerative diseases. Front. Cell.
Neurosci. 11, 175.

Qureshi, I.A., Mehler, M.F., 2010. Epigenetic mechanisms underlying human epileptic
disorders and the process of epileptogenesis. Neurobiol. Dis. 39, 53–60.

Rathaur, B.P., Garg, R.K., Malhotra, H.S., Kumar, N., Sharma, P.K., Verma, R., Uniyal, R.,
2017. Lennox-gastaut syndrome: a prospective follow-up study. J. Neurosci. Rural
Pract. 8, 225–227.

Ren, M., Leng, Y., Jeong, M., Leeds, P.R., Chuang, D.M., 2004. Valproic acid reduces brain
damage induced by transient focal cerebral ischemia in rats: potential roles of histone
deacetylase inhibition and heat shock protein induction. J. Neurochem. 89,
1358–1367.

Rigo, J.M., Hans, G., Nguyen, L., Rocher, V., Belachew, S., Malgrange, B., Leprince, P.,
Moonen, G., Selak, I., Matagne, A., Klitgaard, H., 2002. The anti-epileptic drug le-
vetiracetam reverses the inhibition by negative allosteric modulators of neuronal
GABA- and glycine-gated currents. Br. J. Pharmacol. 136, 659–672.

Rong, H., Liu, T.B., Yang, K.J., Yang, H.C., Wu, D.H., Liao, C.P., Hong, F., Yang, H.Z.,
Wan, F., Ye, X.Y., Xu, D., Zhang, X., Chao, C.A., Shen, Q.J., 2011. MicroRNA-134
plasma levels before and after treatment for bipolar mania. J. Psychiatr. Res. 45,
92–95.

Ruan, J., Liu, X., Xiong, X., Zhang, C., Li, J., Zheng, H., Huang, C., Shi, Q., Weng, Y., 2015.
miR107 promotes the erythroid differentiation of leukemia cells via the down-
regulation of Cacna2d1. Mol. Med. Rep. 11, 1334–1339.

Saetrom, P., Snove Jr, O., Rossi, J.J., 2007. Epigenetics and microRNAs. Pediatr. Res. 61,
17R–23R.

Sakakibara, Y., Katoh, M., Kondo, Y., Nadai, M., 2016. Effects of phenobarbital on ex-
pression of UDP-Glucuronosyltransferase 1a6 and 1a7 in rat brain. Drug Metab.
Dispos. 44, 370–377.

Scheffer, I.E., Berkovic, S., Capovilla, G., Connolly, M.B., French, J., Guilhoto, L., Hirsch,
E., Jain, S., Mathern, G.W., Moshe, S.L., Nordli, D.R., Perucca, E., Tomson, T., Wiebe,
S., Zhang, Y.H., Zuberi, S.M., 2017. ILAE classification of the epilepsies: position
paper of the ILAE commission for classification and terminology. Epilepsia 58,
512–521.

Sharma, R.P., Rosen, C., Kartan, S., Guidotti, A., Costa, E., Grayson, D.R., Chase, K., 2006.
Valproic acid and chromatin remodeling in schizophrenia and bipolar disorder:
preliminary results from a clinical population. Schizophr. Res. 88, 227–231.

Sheets, P.L., Heers, C., Stoehr, T., Cummins, T.R., 2008. Differential block of sensory
neuronal voltage-gated sodium channels by lacosamide [(2R)-2-(acetylamino)-N-
benzyl-3-methoxypropanamide], lidocaine, and carbamazepine. J. Pharmacol. Exp.
Ther. 326, 89–99.

Shizu, R., Shindo, S., Yoshida, T., Numazawa, S., 2012. MicroRNA-122 down-regulation is
involved in phenobarbital-mediated activation of the constitutive androstane re-
ceptor. PLoS One 7, e41291.

Smirnova, L., Block, K., Sittka, A., Oelgeschlager, M., Seiler, A.E., Luch, A., 2014.
MicroRNA profiling as tool for in vitro developmental neurotoxicity testing: the case
of sodium valproate. PLoS One 9, e98892.

Smith, A.K., Conneely, K.N., Newport, D.J., Kilaru, V., Schroeder, J.W., Pennell, P.B.,
Knight, B.T., Cubells, J.C., Stowe, Z.N., Brennan, P.A., 2012. Prenatal antiepileptic
exposure associates with neonatal DNA methylation differences. Epigenetics 7,
458–463.

Stefani, A., Spadoni, F., Siniscalchi, A., Bernardi, G., 1996. Lamotrigine inhibits Ca2+
currents in cortical neurons: functional implications. Eur. J. Pharmacol. 307,
113–116.

Strahl, B.D., Allis, C.D., 2000. The language of covalent histone modifications. Nature
403, 41–45.

Sucksdorff, D., Brown, A.S., Chudal, R., Jokiranta-Olkoniemi, E., Leivonen, S., Suominen,
A., Heinimaa, M., Sourander, A., 2015. Parental and comorbid epilepsy in persons
with bipolar disorder. J. Affect. Disord. 188, 107–111.

Suzuki, K., Shijuuku, T., Fukamachi, T., Zaunders, J., Guillemin, G., Cooper, D., Kelleher,
A., 2005. Prolonged transcriptional silencing and CpG methylation induced by
siRNAs targeted to the HIV-1 promoter region. J. RNAi Gene Silencing 1, 66–78.

Swinkels, W.A., Duijsens, I.J., Spinhoven, P., 2003. Personality disorder traits in patients
with epilepsy. Seizure 12, 587–594.

Tahiliani, M., Mei, P., Fang, R., Leonor, T., Rutenberg, M., Shimizu, F., Li, J., Rao, A., Shi,
Y., 2007. The histone H3K4 demethylase SMCX links REST target genes to X-linked
mental retardation. Nature 447, 601–605.

Tellez-Zenteno, J.F., Patten, S.B., Jette, N., Williams, J., Wiebe, S., 2007. Psychiatric
comorbidity in epilepsy: a population-based analysis. Epilepsia 48, 2336–2344.

Tien, Y.-C., Pope, C., Piekos, S., Zhong, Xb., 2016. Neonatal phenobarbital exposure re-
sults in decreased proton pump inhibition by omeprazole in adult mouse. Faseb J. 30
713.712.

Todd, S.M., Zhou, C., Clarke, D.J., Chohan, T.W., Bahceci, D., Arnold, J.C., 2017.
Interactions between cannabidiol and Δ9-THC following acute and repeated dosing:

V. Navarrete-Modesto et al. Epilepsy Research 149 (2019) 53–65

64

http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0510
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0515
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0515
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0515
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0515
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0515
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0520
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0520
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0520
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0525
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0525
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0530
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0530
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0530
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0535
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0535
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0535
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0535
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0540
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0540
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0545
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0545
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0550
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0550
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0555
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0555
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0555
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0560
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0560
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0560
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0565
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0565
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0565
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0570
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0570
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0570
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0570
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0575
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0575
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0580
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0580
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0580
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0585
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0585
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0590
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0590
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0595
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0595
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0595
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0600
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0600
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0600
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0600
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0605
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0605
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0610
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0610
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0615
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0615
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0620
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0620
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0620
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0625
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0625
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0625
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0630
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0630
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0630
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0635
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0635
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0635
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0640
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0640
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0640
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0645
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0645
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0645
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0650
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0650
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0650
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0655
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0655
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0655
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0655
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0660
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0660
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0660
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0660
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0665
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0665
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0670
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0670
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0670
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0675
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0675
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0675
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0680
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0680
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0680
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0685
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0685
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0685
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0690
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0690
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0695
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0695
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0695
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0700
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0700
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0700
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0700
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0705
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0705
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0705
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0705
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0710
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0710
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0710
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0710
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0715
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0715
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0715
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0720
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0720
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0725
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0725
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0725
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0730
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0730
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0730
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0730
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0730
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0735
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0735
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0735
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0740
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0740
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0740
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0740
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0745
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0745
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0745
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0750
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0750
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0750
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0755
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0755
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0755
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0755
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0760
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0760
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0760
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0765
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0765
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0770
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0770
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0770
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0775
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0775
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0775
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0780
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0780
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0785
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0785
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0785
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0790
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0790
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0795
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0795
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0795
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0800
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0800


rebound hyperactivity, sensorimotor gating and epigenetic and neuroadaptive
changes in the mesolimbic pathway. Eur. Neuropsychopharmacol. 27, 132–145.

Tost, J., 2010. DNA methylation: an introduction to the biology and the disease-asso-
ciated changes of a promising biomarker. Mol. Biotechnol. 44, 71–81.

Travaglini, L., Vian, L., Billi, M., Grignani, F., Nervi, C., 2009. Epigenetic reprogramming
of breast cancer cells by valproic acid occurs regardless of estrogen receptor status.
Int. J. Biochem. Cell Biol. 41, 225–234.

Trecul, A., Morceau, F., Gaigneaux, A., Schnekenburger, M., Dicato, M., Diederich, M.,
2014. Valproic acid regulates erythro-megakaryocytic differentiation through the
modulation of transcription factors and microRNA regulatory micro-networks.
Biochem. Pharmacol. 92, 299–311.

Tremolizzo, L., Difrancesco, J.C., Rodriguez-Menendez, V., Riva, C., Conti, E., Galimberti,
G., Ruffmann, C., Ferrarese, C., 2012. Valproate induces epigenetic modifications in
lymphomonocytes from epileptic patients. Prog. Neuropsychopharmacol. Biol.
Psychiatry 39, 47–51.

Tufarelli, C., Stanley, J.A., Garrick, D., Sharpe, J.A., Ayyub, H., Wood, W.G., Higgs, D.R.,
2003. Transcription of antisense RNA leading to gene silencing and methylation as a
novel cause of human genetic disease. Nat. Genet. 34, 157–165.

Tzschach, A., Lenzner, S., Moser, B., Reinhardt, R., Chelly, J., Fryns, J.P., Kleefstra, T.,
Raynaud, M., Turner, G., Ropers, H.H., Kuss, A., Jensen, L.R., 2006. Novel JARID1C/
SMCX mutations in patients with X-linked mental retardation. Hum. Mutat. 27, 389.

Urbanek-Olejnik, K., Liszewska, M., Kostka, G., 2014. The effect of phenobarbital on gene
expression levels of p53 and Dnmt1 in the liver of Wistar rats. Rocz. Panstw. Zakl.
Hig. 65, 199–203.

Valencia-Sanchez, M.A., Liu, J., Hannon, G.J., Parker, R., 2006. Control of translation and
mRNA degradation by miRNAs and siRNAs. Genes Dev. 20, 515–524.

Vaquero, A., Loyola, A., Reinberg, D., 2003. The constantly changing face of chromatin.
Sci. Aging Knowl. Environ. 2003, RE4.

Wang, X., Zheng, G., Dong, D., 2015. Coordinated action of histone modification and
microRNA regulations in human genome. Gene 570, 277–281.

Wang, Z., Zhang, C., Huang, J., Yuan, C., Hong, W., Chen, J., Yu, S., Xu, L., Gao, K., Fang,
Y., 2014. MiRNA-206 and BDNF genes interacted in bipolar I disorder. J. Affect.
Disord. 162, 116–119.

Watson, R.E., Goodman, J.I., 2002. Effects of phenobarbital on DNA methylation in GC-
rich regions of hepatic DNA from mice that exhibit different levels of susceptibility to
liver tumorigenesis. Toxicol. Sci. 68, 51–58.

Wei, C.X., Bian, M., Gong, G.H., 2015. Current research on antiepileptic compounds.
Molecules 20, 20741–20776.

Wellington, K., Goa, K.L., 2001. Oxcarbazepine: an update of its efficacy in the man-
agement of epilepsy. CNS Drugs 15, 137–163.

Willow, M., Kuenzel, E.A., Catterall, W.A., 1984. Inhibition of voltage-sensitive sodium
channels in neuroblastoma cells and synaptosomes by the anticonvulsant drugs

diphenylhydantoin and carbamazepine. Mol. Pharmacol. 25, 228–234.
Wong, P.T., Teo, W.L., 1986. The effect of phenytoin on glutamate and GABA transport.

Neurochem. Res. 11, 1379–1382.
Wu, X., Chen, P.S., Dallas, S., Wilson, B., Block, M.L., Wang, C.C., Kinyamu, H., Lu, N.,

Gao, X., Leng, Y., Chuang, D.M., Zhang, W., Lu, R.B., Hong, J.S., 2008. Histone
deacetylase inhibitors up-regulate astrocyte GDNF and BDNF gene transcription and
protect dopaminergic neurons. Int. J. Neuropsychopharmacol. 11, 1123–1134.

Wu, Y., Shi, X., Liu, Y., Zhang, X., Wang, J., Luo, X., Wen, A., 2012. Histone deacetylase 1
is required for Carbamazepine-induced CYP3A4 expression. J. Pharm. Biomed. Anal.
58, 78–82.

Xia, W., Lan, X., Lv, J., Ma, J., Chen, W., Gao, L., Xia, Q., 2016. Valproic acid (VPA)
suppresses the expression of SMAD4 in prostate carcinoma by up-regulating miR-34a.
Int. J. Clin. Exp. Med. 9.

Xie, X., Lancaster, B., Peakman, T., Garthwaite, J., 1995. Interaction of the antiepileptic
drug lamotrigine with recombinant rat brain type IIA Na+ channels and with native
Na+ channels in rat hippocampal neurones. Pflugers Arch. 430, 437–446.

Yang, X., Han, H., De Carvalho, D.D., Lay, F.D., Jones, P.A., Liang, G., 2014. Gene body
methylation can alter gene expression and is a therapeutic target in cancer. Cancer
Cell 26, 577–590.

Yildirim, E., Zhang, Z., Uz, T., Chen, C.Q., Manev, R., Manev, H., 2003. Valproate ad-
ministration to mice increases histone acetylation and 5-lipoxygenase content in the
hippocampus. Neurosci. Lett. 345, 141–143.

Zhang, Z., Convertini, P., Shen, M., Xu, X., Lemoine, F., de la Grange, P., Andres, D.A.,
Stamm, S., 2013. Valproic acid causes proteasomal degradation of DICER and in-
fluences miRNA expression. PLoS One 8, e82895.

Zhou, R., Yuan, P., Wang, Y., Hunsberger, J.G., Elkahloun, A., Wei, Y., Damschroder-
Williams, P., Du, J., Chen, G., Manji, H.K., 2009. Evidence for selective microRNAs
and their effectors as common long-term targets for the actions of mood stabilizers.
Neuropsychopharmacology 34, 1395–1405.

Zhu, Q., Wang, L., Zhang, Y., Zhao, F.H., Luo, J., Xiao, Z., Chen, G.J., Wang, X.F., 2012.
Increased expression of DNA methyltransferase 1 and 3a in human temporal lobe
epilepsy. J. Mol. Neurosci. 46, 420–426.

Ziauddin, M.F., Yeow, W.S., Maxhimer, J.B., Baras, A., Chua, A., Reddy, R.M., Tsai, W.,
Cole Jr, G.W., Schrump, D.S., Nguyen, D.M., 2006. Valproic acid, an antiepileptic
drug with histone deacetylase inhibitory activity, potentiates the cytotoxic effect of
Apo2L/TRAIL on cultured thoracic cancer cells through mitochondria-dependent
caspase activation. Neoplasia 8, 446–457.

Zong, L., Zhou, L., Hou, Y., Zhang, L., Jiang, W., Zhang, W., Wang, L., Luo, X., Wang, S.,
Deng, C., Peng, Z., Li, S., Hu, J., Zhao, H., Zhao, C., 2017. Genetic and epigenetic
regulation on the transcription of GABRB2: genotype-dependent hydroxymethylation
and methylation alterations in schizophrenia. J. Psychiatr. Res. 88, 9.

V. Navarrete-Modesto et al. Epilepsy Research 149 (2019) 53–65

65

http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0800
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0800
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0805
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0805
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0810
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0810
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0810
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0815
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0815
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0815
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0815
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0820
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0820
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0820
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0820
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0825
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0825
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0825
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0830
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0830
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0830
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0835
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0835
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0835
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0840
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0840
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0845
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0845
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0850
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0850
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0855
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0855
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0855
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0860
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0860
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0860
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0865
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0865
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0870
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0870
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0875
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0875
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0875
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0880
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0880
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0885
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0885
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0885
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0885
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0890
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0890
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0890
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0895
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0895
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0895
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0900
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0900
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0900
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0905
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0905
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0905
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0910
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0910
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0910
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0915
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0915
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0915
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0920
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0920
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0920
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0920
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0925
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0925
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0925
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0930
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0930
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0930
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0930
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0930
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0935
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0935
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0935
http://refhub.elsevier.com/S0920-1211(18)30174-8/sbref0935

	The molecular hallmarks of epigenetic effects mediated by antiepileptic drugs
	Introduction
	Epigenetic regulation of gene expression
	DNA methylation
	Histone modifications
	Non-coding RNAs

	Epigenetic regulation in human epilepsy
	Epigenetic modifications associated with AEDs
	AEDs that target voltage-dependent Na+ channels
	Carbamazepine (CBZ)
	Lacosamide (LCM)
	Lamotrigine (LMT)
	Oxcarbazepine (OXC)
	Phenytoin (PHT)

	AEDs that target Ca2+ channels
	Ethosuximide (ESX)
	Gabapentin (GBP)

	AEDs that affect GABAergic neurotransmission
	Phenobarbital (PB)
	Vigabatrin (VGB)

	AEDs with multiple mechanisms of action
	Cannabidiol (CBD)
	Levetiracetam (LVT)
	Topiramate (TPM)
	Valproic acid (VPA)


	Concluding remarks
	Acknowledgments
	Supplementary data
	References




