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SUMMARY

Epigenetics involves molecular mechanisms related to gene expression independent of DNA

sequence, mostly mediated by modification of chromatin histones. It has recently been sug-

gested that these transcriptional changes may be implicated in the pathophysiology of mood

disorders. In addition, histone deacetylase (HDAC) inhibitors have been shown to control

epigenetic programming associated with the regulation of cognition and behavior, and may

reverse dysfunctional epigenetic regulation associated with early life events in preclinical

models. In this context, the active and continuous adaptation of chromatin, and the ac-

cess of gene promoters to transcription factor mechanisms may represent a potential ther-

apeutic target in the treatment of mood disorders such as bipolar disorder (BD) and ma-

jor depressive disorder (MDD). Notably, the standard mood stabilizer valproate (VPA) has

been shown to modulate the epigenome by inhibiting HDACs. However, several potential

limitations are associated with this class of agents, including lack of selectivity for specific

HDAC isoforms as well as risk of potentially serious side effects. Further studies regarding

the potential role of chromatin remodeling in the mechanism of action of antidepressants

and mood stabilizers are necessary to clarify the potential role of this class of agents as

therapeutics for mood disorders.

Introduction

Mood disorders such as major depressive disorder (MDD) and

bipolar disorder (BD) affect the lives and functioning of mil-

lions of individuals worldwide. Currently available treatments for

these disorders are inadequate for many. This lack of efficacy in-

creases the prevalence of residual symptoms, functional impair-

ment, episode relapses, suicide risk, and psychosocial disability [1].

An increasing number of studies have evaluated the potential

therapeutic relevance of early intervention in BD, and this work

includes continuous evaluation of prodromal symptoms and iden-

tification of biological markers [2]. The potential clinical relevance

of neuroprotective agents as a suitable form of intervention dur-

ing the early stages of the illness has also been described (reviewed

in [3,4]). It is possible that these early interventions may reverse

dysfunctional epigenetic programming associated with the early

traumatic events thought to trigger the onset of mood episodes

(e.g., the high rates of comorbid BD and posttraumatic stress disor-

der [PTSD], or increased suicide risk in victims of childhood abuse)

[5,6].

In this article, we review the manner in which transcriptional

epigenetic changes may be implicated in the pathophysiology of

mood disorders, and how histone deacetylase (HDAC) inhibitors

may regulate epigenetic programming. We also propose that dys-

functional epigenetic regulation associated with early life events

may play an indirect role in the pathophysiology of mood dis-

orders [7]. We further explore how the active and continuous

adaptation of chromatin and the access of gene promoters to tran-

scription factor mechanisms may represent a potential therapeutic

target in mood disorders. Notably, the standard mood stabilizer

valproate (VPA) modulates the epigenome by inhibiting HDACs,

with potential implications in BD. Limitations of this class of agents

are also reviewed.

Epigenetics: The Critical Balance between
Histone Acetylation and Deacetylation

Epigenetic modifications are reversible chromatin rearrangements

that control gene expression without modifying DNA sequence

[8,9]. Although DNA methylation and histone modifications are

the most studied epigenetic mechanisms, other epigenetic pro-

cesses have been shown to control gene function (e.g., the

small noncoding RNA-mediated regulation of gene expression and
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Figure 1 Histone deacetylation involves the removal of acetyl groups from

lysine on N-termini of histones by histone deacetylase (HDAC) enzymes.

The consequent inactive and silent chromatin blocks gene transcription

by limiting contact with promoter regions. In the opposite direction, the

tails of histones can be acetylated at different sites generating an acces-

sible form of chromatin. The deacetylated histone tails connect tightly to

shape a compressed, unattainable form of chromatin. In addition to histone

deacetylation, methylation of DNA may also be considered relevant in the

context of epigenetics in mood disorders and involves the covalent binding

of a methyl group by enzymes called DNA methyltransferases; following

promoter methylation, reduced gene transcription generally occurs.

chromatin remodeling [10]. Histones are small proteins organized

in complexes with DNA, which together belong to the nucleosome

core. The histone octamer tails are composed of lysine aminoacids

that interact with the negative charges on the DNA backbone [11].

Histone tails are involved in the dynamic regulation of chromatin

structure and gene transcription [12].

Histones can be acetylated (OCH2CH3) or deacetylated at lysine

residues, and these processes are controlled by histone acetyltrans-

ferases (HATs), and HDACs, respectively (Figure 1) [13]. More

than 10 HDAC enzymes and multiple HATs participate in chro-

matin remodeling and gene expression. HDACs remove an acetyl

group from the N-terminal tails of histone proteins, leading to

chromatin compaction and gene expression silencing [14]. Mean-

while, HATs regulate transcription and contact to genomic DNA

by adding acetyl groups and increase acetylation, thus loosening

the nucleosomes and providing access to DNA and docking sites

for transcriptional factors [15]. In other words, when the DNA

needs to interact with proteins or transcription factors, the his-

tones weaken the interaction of their tails with other nucleosomes

by inducing the acetylation of lysines, which removes the positive

charge. Meanwhile, deacetylation of histones induces a tighter en-

velope of proteins around which the DNA winds, thereby block-

ing gene expression of diverse key proteins by physically limiting

the access of transcription factors. DNA methylation generally di-

rectly reduces gene transcription in addition to histone deacetyla-

tion (see Figure 1).

It is important to emphasize that dysregulation in the delicate

interplay between HAT and HDAC function may lead to cellular

dysfunction, including uncontrolled cell growth of abnormal cells

and/or apoptosis. Enhanced acetylation of histones and decreased

methylation of DNA (CH3) change chromatin structure and fa-

cilitate access to transcription factors and gene expression, but

the balance between these effects is critical to maintaining cellu-

lar homeostasis. For instance, abundant deacetylated histones are

usually present in pathological conditions, particularly those asso-

ciated with DNA hypermethylation, chromatin condensation, and

gene silencing [7]. Meanwhile, excessive DNA acetylation may

also lead to the overproduction of certain proteins (e.g., proapop-

totic), thus inducing deleterious effects.

A Potential Role for Histones in the
Pathophysiology of Mood Disorders

Recently, there has been increasing appreciation of gene-

environment interactions and early life events in mood disorders,
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which have not traditionally been considered developmental dis-

orders. Epigenetics has been proposed to mediate diverse environ-

mental aspects involved in the pathophysiology of major psychotic

disorders [7]. Within a translational framework in psychiatry, epi-

genetic changes may involve differential gene expression induced

by various early life events, as well as developmental and envi-

ronmental aspects affecting critical limbic circuits. These modifica-

tions intrinsically entail phenotypic and functional differences that

affect cognition and behavior in a temporally long-lasting man-

ner. Thus, epigenetic regulation can be considered a key molecular

mechanism for “cellular memory.” For instance, recent preclini-

cal findings from models of gene-environment interactions sug-

gest that maternal behavior produces stable alterations of DNA

methylation and chromatin structure, providing a mechanism for

the long-term effects of maternal care on gene expression in the

offspring [16]. Decreased levels of glucocorticoid receptor mRNA,

as well as mRNA transcripts bearing the glucocorticoid receptor

1F splice variant have recently been observed in postmortem hip-

pocampus obtained from suicide victims with a history of child-

hood abuse as compared to those from either suicide victims with

no childhood abuse or controls; increased cytosine methylation

of an NR3C1 promoter was also found in these individuals [17].

These findings suggest a common effect of parental care (adverse

or positive experience dependent) on the epigenetic regulation of

hippocampal glucocorticoid receptor expression in humans and

animals [17].

HDAC inhibition directly or indirectly affects 2–5% of all genes

[18]. In humans, HDAC enzymes can be divided into four ma-

jor classes [19]. Class I HDACs include HDAC1, 2, 3, and 8. Class II

HDACs include HDAC4, 5, 6, 7, 9, and 10; these are further divided

into two subclasses—IIa (HDAC4, 5, 7, and 9) and IIb (HDAC6 and

10)—according to their structural similarities. Class I and II HDACs

have been most extensively investigated in the central nervous

system (CNS). HDAC inhibitors prevent histone deacetylation by

selectively inactivating Class I or II HDACs, thereby enhancing

levels of histone acetylation in the brain. Meanwhile, Class III

HDACs (also known as sirtuins) differ structurally and function-

ally from other HDACs; in humans, the class III HDACs include

seven members. The deacetylation reaction mediated by sirtuins

is coupled to the cleavage of nicotinamide adenine dinucleotide

(NAD+), yielding nicotinamide and 2′-O-acetyl ADP-ribose, along

with the deacetylated lysine residue within the protein substrate

[20].

Recent studies suggest the involvement of HDAC dysfunction

in the pathophysiology of mood disorders, although it is impor-

tant to mention that most of these studies describe preliminary

data. For instance, decreased HDAC2 protein expression was iden-

tified in the nucleus accumbens (NAc) of individuals with MDD

[21]. In another recent postmortem investigation, individuals with

BD had higher baseline levels of total acetylated histone 3 lev-

els compared to subjects with schizophrenia [22]. Another recent

study evaluated 11 HDACs in the peripheral leukocytes of subjects

with MDD and BD during euthymia or depressive episodes and

found increased expression of HDAC2 and HDAC 5 mRNA during

depressive episodes compared to controls and patients in remis-

sion, suggesting a state-dependent alteration [23]. In individuals

with BD, HDAC4 mRNA also showed a state-dependent increase

(during depressive episodes), while HDAC6 and HDAC 8 were de-

creased in both symptomatic and euthymic subjects with BD com-

pared to controls [23]. Repressor element-1 silencing transcription

factor (REST), which is also associated with changes in transcrip-

tional regulation, showed a state-dependent decrease in subjects

with MDD during a depressive episode [24]. REST negatively reg-

ulates genes that contain the repressor element-1 (RE-1) binding

site and has many well-defined target genes associated with the

pathophysiology of MDD, such as corticotropin releasing hormone

(CRH), brain-derived neurotrophic factor (BDNF), and the sero-

tonin 1A receptor. Repression of RE-1-containing genes by REST

is sensitive to the HDAC inhibitor Trichostatin A (TSA), indicating

that histone deacetylation may play a role in repression by REST

through RE-1 [25].

Preliminary data also suggest that HDACs regulate brain

histone-RELN and histone-GAD67 promoter interactions [26]. The

Reelin and GAD67 promoters are activated by epigenetic drugs

that facilitate the disruption of local repressor complexes [27]. In

psychiatric disorders, GAD67 expression was strongly and nega-

tively correlated with mRNA expression levels of HDAC1, HDAC3,

and HDAC4 [28]. Interestingly, these effects at GAD67 and RELN

were described as consistent vulnerability factors for psychoses

[29]. Specifically, prefrontal cortex GAD67 and RELN expres-

sion were significantly decreased in individuals with BD and

schizophrenia who had a history of psychotic symptoms compared

to controls and individuals with MDD without psychosis [29].

Similarly, a significant downregulation of GAD and RELN expres-

sion in cortical gamma aminobutyric acid (GABA) interneurons

was described in individuals with BD, and this was potentially as-

sociated with epigenetic hypermethylation [29]. These effects at

RELN and GAD67 promoters involve dysfunctions in chromatin re-

modeling controlled by GABAergic neurotransmission, which has

been directly implicated in the pathophysiology of BD [30]. With

regard to potential rescue effects at these targets using HDAC in-

hibitors (see below), diverse models noted that significantly in-

creased expression of these proteins seem to involve epigenetic

mechanisms [31,32].

Also, chronic social defeat stress enhanced acetylated histone

H3, thus decreasing HDAC2 levels in the NAc [21]. These effects

have been described as mediating long-lasting positive neuronal

adaptive effects. HDACs also directly interact and deacetylate non-

histone proteins such as cAMP response-element-binding protein

(CREB) [33], which has been directly and indirectly implicated in

the pathophysiology of BD [34,35]. Other transcription factors and

cofactors controlling chromatin remodeling are similarly believed

to regulate memory formation and consolidation [36].

HDACs and HATs are also believed to play a pivotal role in regu-

lating synaptic plasticity [37–41], a mechanism that has been pro-

posed to be involved in the pathophysiology and therapeutics of

mood disorders such as BD [42].

The Potential Therapeutic Role of HDAC
Inhibitors in Mood Disorders

Class I and II HDAC inhibitors include small-molecule hydroxa-

mates (the most potent HDAC inhibitors) such as TSA, suberoy-

lanilide hydroxamic acid (SAHA)/vorinostat and scriptaid, and

derivatives of aliphatic acid such as sodium butyrate (SB), sodium
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phenylbutyrate (SPB), and VPA. Cyclic tetrapeptides such as api-

cidin, trapoxin, depsipeptide (FK-228)/romidepsin, and benza-

mides such as MS-275/SNDX-275 and Cl-994, are different classes

of HDAC inhibitors [43]. Benzamides and cyclic peptides have

been evaluated in diverse clinical trials. VPA (described elsewhere)

is a small chain fatty acid and does not have a strong HDAC inhi-

bition constant [9]. HDAC inhibitors such as SB, phenylbutyrate

(PB), and TSA induce histone hyperacetylation and cause chro-

matin remodeling, also increasing the expression of proteins that

directly modulate the expression of neuroprotective/neurotrophic

proteins [44].

Because data suggest that deficits in molecular brain adap-

tations, including chromatin remodeling and other epigenetic

changes, may play a potential role in the pathophysiology of mood

disorders, it is possible that therapeutics for mood disorders could

work by strengthening the synaptic connections necessary for

long-term behavioral changes. Within this paradigm, it has been

suggested that early life stressors may increase vulnerability to the

first episode for individuals susceptible to BD [45]; these events

may be consistent with subsequent deficits in the ability to pro-

duce more “plastic” chromatin, also indirectly supporting a puta-

tive role for HDAC inhibitors as therapeutics for BD. However, it

is important to note that there is no specific isoform or molecu-

lar target able to explain the potential therapeutic effects of HDAC

inhibitors in neuropsychiatric disorders.

Due to their potential ability to reverse dysfunctional epigenetic

regulation, diverse CNS-penetrant HDAC inhibitors have been

suggested as potential therapeutics for the treatment of mood dis-

orders. Preclinical studies found that central infusion of an HDAC

inhibitor reversed/blocked increased histone deacetylation, DNA

methylation, and hypothalamic–pituitary–adrenal (HPA) stress re-

sponses in rodent models of depression associated with early life

events [16]. Similarly, two preclinical studies evaluating SB, a

nonspecific class I and II HDAC inhibitor, found that it induced

antidepressant-like effects [46,47]. Infusion of two selective class

I and II HDAC inhibitors into the mouse NAc also induced signifi-

cant antidepressant-like effects [21].

With regard to mechanisms of action, diverse class I or class II

HDAC inhibitors have been shown to protect neurons against ox-

idative stress-induced neuronal death [48]. Notably, pulse treat-

ment for 2 h with the HDAC inhibitor TSA protected against

oxidative stress-induced neuronal injury [49]. However, repeated

exposure to this agent in cultured cortical neurons induced toxic-

ity [49]. In mood disorders research, increased oxidative stress has

been consistently described in subjects with BD, and the mood sta-

bilizer lithium has been shown to exert potent antioxidant effects

[50,51]. Also, Leng and colleagues recently showed that treatment

with lithium, HDAC1 siRNA, or other HDAC inhibitors induced

synergistic neuroprotective effects in vitro [52]; these effects were

further corroborated by lithium-induced phospho-acetylation of

histone H3 observed in the amygdala [53].

Besides the direct effects seen at neurons, HDAC inhibitors also

appear to be neuroprotective in nonneuronal cells not intrinsi-

cally associated with histone acetylation. For instance, HDAC in-

hibition in astrocytes protected neurons by inducing the release

of BDNF and glial-derived neurotrophic factor (GDNF) [54,55].

Anxiety is often present in mood disorders. In models of anxi-

ety such as extinction of conditioned fear, a significant increase

in histone H4 acetylation around the BDNF P4 gene promoter

was noted; this effect also upregulated BDNF exon I and IV

mRNA expression in the prefrontal cortex after treatment with

VPA (described in the next section) [56]. Other studies found that

HDAC inhibitors enhanced initial learning in contextual fear con-

ditioning [39,57], potentially involving the extracellular signal-

regulated kinase-activated protein kinase (ERK/MAPK) pathway,

which has also been associated with the pathophysiology of mood

disorders [58].

Enzymes and transcription factors able to generate more “plas-

tic” chromatin via histone acetylation may be involved in mem-

ory formation and may also be relevant as therapeutics for mood

disorders. Indeed, HDAC inhibitors enhance extinction for contex-

tual fear, perhaps by modulating transcription in the hippocampus

[59].

VPA and other HDAC Inhibitors in Mood
Disorders and Beyond

VPA can be considered the prototypical HDAC inhibitor in mood

disorders research. Indeed, the fact that VPA acts as an HDAC in-

hibitor underscores the possibility that this mechanism may be

involved in its mood stabilizing properties. At therapeutic lev-

els, VPA relieves HDAC-dependent transcriptional repression and

causes hyperacetylation of histones in cells and in vivo [60]. VPA

also inhibits HDAC activity in vitro, most probably by binding to

the catalytic center of HDACs, as well as indirectly through tran-

scriptional activation of several promoters [60].

In preclinical models, VPA blocked methionine-induced RELN

promoter hypermethylation and RELN mRNA downregulation,

which resulted in improved social interaction and prepulse inhi-

bition [61]. Similarly, VPA induced a greater than 5-fold increase

in GAD67 mRNA and enhanced total acetylated histone 3 levels

[61]. VPA also inhibited the release of proinflammatory factors

from microglia [62]. It is important to note that in preclinical mod-

els, VPA’s ability to inhibit HDAC may also mediate several severe

side effects, such as teratogenicity or polycystic ovarian syndrome.

For instance, Gurvich and colleagues found that VPA and other

HDAC inhibitors caused defects similar to spina bifida in Xenopus

and zebrafish [63]. Further studies with VPA are necessary to clar-

ify this issue. VPA also induces hyperacetylation of histone H3 in

the α-syn promoter region in neuroblastoma SH-SY5Y cells [64],

with a potential role in plasticity. Overall, VPA has been shown

to inhibit HDAC activity in vitro in several models, thus suggesting

it may play a relevant role in neuroprotection (for a review see

Ref. 65).

Clinical investigations noted that individuals with BD had de-

creased acetylated histone 3 (H3K9, K14ac) and acetylated histone

4 protein levels that were upregulated after 4 weeks of treatment

with VPA [66]; similar—but less pronounced—results were noted

in subjects with schizophrenia. HDAC activity has also been shown

to be dysfunctional in neurological disease [48,67,68], and overac-

tivation of HDACs has been associated with misregulation, overex-

pression, mutation, and amplification of diverse proteins involved

in oncogenesis [69].

Diverse HDAC inhibitors are neuroprotective, and this effect is

believed to be due to their ability to target epigenetic functions

[44]. These agents have been tested in both cell culture models and
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rodent models of diverse neurodegenerative diseases. For instance,

the HDAC inhibitor TSA protected cortical neurons against oxygen

and glucose deprivation secondary to ischemia [70]. As noted ear-

lier, HDAC inhibitors such as TSA and SB enhance the expression

of GDNF and BDNF in astrocytes, thus protecting dopaminergic

neurons [55]. Diverse HDAC inhibitors, such as HDACi 4b, SB, and

SAHA improved motor performance in animal models of Hunt-

ington’s Disease, and these improvements were associated with

increased brain histone acetylation [71–73]. Other agents—such

as VPA, SB, and LBH589—are being evaluated in clinical studies

to treat spinal muscular atrophy (SMA), Alzheimer’s Disease, and

amyotrophic lateral sclerosis (ALS) [43]. Indeed, treatment with

HDAC inhibitors improved the ALS phenotype in animal models

[74]. Studies also suggest that HDAC inhibitors may play a poten-

tial therapeutic role in treating Friedreich’s ataxia (FRDA), a dis-

order caused by a mutation within intron 1 of the frataxin (FXN)

gene that induces hypoacetylation of histones H3 and H4 [75,76].

Notably, two studies have shown that a new class of HDAC in-

hibitors reversed FXN gene silencing in human and preclinical

models. This effect was observed in primary lymphocytes from

individuals with FRDA as well as a murine model of the disease

[76,77].

Conclusions and Perspectives

Protein acetylation has been widely described as a key posttransla-

tional modification that controls diverse cellular functions. Tran-

scriptional dysregulation may contribute to the molecular patho-

physiology of mood disorders. The active and continuous adap-

tations of chromatin and the access of gene promoters to tran-

scription factor mechanisms offers solid rationale for the potential

therapeutic use of HDAC inhibitors in mood disorders. The study

of HDAC inhibitors in several behavioral models and at the level

of gene expression in mood disorders is promising; furthermore,

these agents may also directly target synaptic plasticity and the ex-

pression of neurotrophic factors necessary for long-term behavior

and cognitive changes observed in neurons and glial cells.

However, one concern about this class of agents is their risk of

nonspecific DNA effects, which could lead to severe side effects

and limits their potential clinical usefulness. Thus, this lack of se-

lectivity and consequent potential cytotoxicity must be carefully

evaluated (e.g., cardiovascular side effects were described with

HDAC inhibitors in clinical trials for cancer [43]). The half-life and

affinity of any HDAC inhibitor may also define its potential risk for

toxicity and undesirable side effects in vivo. The synthesis of more

specific HDAC inhibitors is still in its infancy, as is the identifica-

tion of nonhistone targets of these agents.

New agents able to target specific HDAC inhibitors and induce

selective chromatin remodeling and gene expression effects are

necessary. Key to the study of these agents in psychiatric re-

search is our ability to define an appropriate dose, as well as iden-

tify HDAC inhibitors able to cross the blood–brain barrier. Cur-

rently, only SAHA, SB, and VPA have been consistently shown to

cross the blood–brain barrier, although it appears that the struc-

tural properties of identified benzamides may allow greater brain

penetration. Overall, further studies are necessary to clarify the

promising role of HDACs in the pathophysiology and therapeutics

of mood disorders.
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