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Abstract. Depression is a prevalent mood disorder that heavily 
affects the quality of life of affected individuals. The patho‑
genesis of depression is relatively complex, with the existing 
hypotheses focusing on alterations in monoamine signaling, 
the dysfunction of the hypothalamus‑pituitary‑adrenal 
glands axis, and a deregulated immune response. Moreover, 
the effectiveness of currently used pharmacotherapy, which 
is mostly based on the monoamine hypothesis, is not satis‑
factory. The study of epigenetics, i.e., heritable, and stable 
structural and biochemical alterations of the chromosome 
that are not associated with DNA sequence alterations, may 
help to elucidate the molecular mechanisms underlying 
depression and the response of patients to antidepressants. 
Epigenetic mechanisms, such as DNA methylation, histone 
modifications and regulation by non‑coding RNAs appear to 
affect the disease pathogenesis and appear to play a crucial 
role in the functions of antidepressants. Therefore, research 
on the influence of epigenetics on depression may prove 
to be fruitful. The present review aims to accumulate all 
known information regarding the biological mechanisms 
underlying depression, epigenetics and the response of 
patients to antidepressants.
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1. Introduction

Depression is a mood disorder characterized by an enduring 
feeling of sadness and interest loss. According to the 
Diagnostic and Statistical Manual of Mental Disorders‑ 5th 
Edition (DSM‑5) (1), depressive disorders can be classified 
into different groups, including major depressive disorder 
(MDD) and dysthymia (2).  As of 2019, depressive disorders 
are the leading cause of non‑fatal disease worldwide (3). The 
burden of mental disorders, such as depression is prevalent 
throughout the entire lifespan in both sexes and across multiple 
locations (4). Therefore, it is not surprising that depression is 
of increasing concern, since it negatively affects the quality of 
life of affected individuals on a global scale (5). 

Depression is a multifactorial disease with a relatively 
complex etiology and great variability in presentation. For this 
reason, treatment, which includes pharmacotherapy, psycho‑
therapy, or a combination of both, is a complex issue (3,5). 
Antidepressant drugs, the most widely used and effective form 
of treatment, still do not lead to complete remission in a consid‑
erable percentage of patients, and showcase a delayed clinical 
onset, which may vary from 2 to 4 weeks (6,7). The variable 
effects of drugs may be due to several reasons, including but 
not limited to, drug interactions, disease‑related mechanisms, 
complex pathophysiology and genetics (8). Emerging evidence, 
though, highlights that epigenetics also play a pivotal role in 
psychiatric disorders, such as depression and appear to affect 
the responses of patients to the drugs (9). The present review 
aims to accumulate information from the currently available 
literature in order to highlight the mechanisms through which 
epigenetics may affect depression and the response of patients 
to antidepressants.

2. Depression

The pathogenesis of mood disorders is not yet fully under‑
stood; however, several theories have arisen regarding 
depression, such as the monoamine and cytokine hypotheses, 
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plus hypotheses based on the dysfunction of the hypothal‑
amus‑pituitary‑adrenal gland (HPA) axis (10,11). 

The most commonly accepted theory regarding the patho‑
genesis of depression is the monoamine hypothesis, which 
states that the decrease in monoamines, such as serotonin 
(5HT), noradrenaline (NA) and dopamine (DA) in synaptic 
gaps can lead to depression (10). This hypothesis emerged 
when the anti‑hypertensive drug, reserpine, caused the deple‑
tion of monoamines and, subsequently, depression in patients 
who did not suffer from the mentioned disorder prior to drug 
administration (12). The monoamine hypothesis is supported 
by the fact that currently used antidepressants, such as tricy‑
clic antidepressants (TCAs), monoamine oxidase inhibitors 
(MAOIs), selective serotonin reuptake inhibitors (SSRIs), and 
serotonin and noradrenaline reuptake inhibitors (SNRIs) are 
considered to function by increasing monoamine levels (13).  
Moreover, an extensive number of studies have focused 
on the role of serotonin in depression, with many reporting 
low 5‑HT levels and an altered 5‑HT receptor expression in 
depressed individuals (14). Nevertheless, the response to such 
antidepressants is extremely varied and several studies have 
questioned the importance of monoamine dysregulation in 
depression (15).

Stress is also known to play a critical role in the emergence 
of major depressive disorder (16) and the possible role the HPA 
axis hyperactivity may have on depression pathophysiology 
has gained an increasing amount of scientific interests (10). 
All organisms are programmed to maintain an inner equilib‑
rium for optimal organism function termed homeostasis and 
stress refers to the state of threatened or perceived as such 
homeostasis. The stress response system is a sophisticated 
regulatory system, whose role is to maintain or re‑establish 
homeostasis (17). The HPA axis is a vital component of 
the fight‑or‑flight response that regulates the production of 
glucocorticoids (GCs), which are main mediators of the stress 
response system. Specifically, a stressful stimulus triggers the 
synthesis and secretion of arginine vasopressin (AVP) and 
corticotropin‑releasing hormone (CRH) by the paraventricular 
nucleus of the hypothalamus (PVN), with the mentioned 
hormones eliciting the secretion of adrenocorticotropic 
hormone (ACTH) in the anterior pituitary, which in turn acts on 
the adrenal glands to promote the release of GCs (18). Elevated 
glucocorticoid levels then suppress CRH and ACTH secretion 
through a negative feedback loop by acting on glucocorticoid 
receptors (GRs) in the hippocampus and thus reversing their 
levels to normal (Fig. 1) (19). It is considered that chronic 
stress leads to the dysfunction of the HPA axis, causing an 
abnormal increase in GC levels that in turn induce a decrease 
in the volume of the hippocampus, which is a main character‑
istic of MDD. These elevated GC levels may promote atrophy 
in hippocampal mature neurons and/or decrease hippocampal 
neurogenesis (10). A potential mediator of the effect of stress 
on hippocampus is the brain‑derived neurotrophic factor 
(BDNF). GR appears to downregulate BDNF expression, an 
event that may lead to negative morphological changes in 
hippocampal neurons (10,20). This theory is supported by the 
fact that depressed patients display lower BDNF serum levels 
and antidepressants can recover stress‑related morphological 
changes in the hippocampus by increasing BDNF expres‑
sion (10). The hypothesis of the dysfunction of the HPA axis 

is reinforced by findings on SSRIs and TCAs, which appear to 
affect GC signaling (21,22).

The cytokine theory hypothesis claims that depression 
is dependent on the activation of the inflammatory response 
system and altered levels of immunomodulatory molecules 
cause the various symptoms observed in this disorder (11). 
Specifically, cytokines, which are a category of small proteins 
that regulate the immune response, have been implicated in 
the pathogenesis of MDD (23). Cytokines can be grouped 
into pro‑inflammatory and anti‑inflammatory cytokines, with 
pro‑inflammatory cytokines, such as interleukin (IL)‑1, IL‑6 
and tumor necrosis factor α (TNFα), being directly or indirectly 
involved in the inflammatory process and anti‑inflammatory 
cytokines, such as IL‑4 and IL‑10 suppressing the immune 
response (11). Research has demonstrated that non‑depressed 
individuals may display symptoms similar to depression 
following exposure to pro‑inflammatory cytokines, an effect 
that can be ameliorated by antidepressant treatment (24). 
Moreover, patients with MDD exhibit higher levels of TNFα, 
which can be significantly decreased following the admin‑
istration of an SNRI antidepressant, such as venlafaxine. A 
possible mechanism through which inflammation causes 
depression involves microglia activation (25). Chronic stress 
induces microglia activation (26), which in turn causes the 
production of IL‑1 and TNFα. These pro‑inflammatory 
cytokines can hinder long‑term potentiation (LTP) induction, 
which can lead to symptoms characteristic of MDD (25). 
There exist several other mechanisms in which cytokines may 
cause depression. One such mechanism includes the activation 
of indoleamine‑2,3‑dioxygenase by IL‑6 and TNFα, which 
results in serotonin reduction and changes in monoamine 
oxidase production (27). Moreover, cytokines such as IL‑6 
and TNFα may prevent the entry of the GR complex into 
the neuronal nucleus and inhibit its binding to DNA, thus 
promoting the hyperactivity of the HPA axis and the loss of its 
negative feedback loop (28). 

3. Antidepressants 

As aforementioned, the currently used antidepressants include 
TCAs, MAOIs, selective SSRIs and SNRIs. These drugs are 
considered to mainly function through mechanisms supportive 
of the monoamine hypothesis. 

TCAs and MAOIs were the first antidepressant classes 
discovered and were the sole medication for depression 
for ~30 years (29). TCAs achieve their effect by acting on 
distinct neurotransmitter pathways. Specifically, they block 
the reuptake of serotonin and noradrenaline in the synaptic 
cleft, increasing the concentrations of mentioned monoamines 
and exerting an antidepressant effect (30). TCAs function 
mainly by targeting the serotonin transporter (SERT) and the 
norepinephrine transporter (NET), but also influence other 
neurotransmitter systems such as cholinergic, adrenergic, 
muscarinic and histaminergic receptors (30‑32). MAOIs 
achieve their antidepressant effects by blocking monoamine 
oxidase function. This enzyme is responsible for breaking 
down neurotransmitters, such as serotonin, noradrenaline 
and dopamine in the brain. The use of MAOIs suppresses 
the breakdown of the aforementioned neurotransmitters, 
thus increasing their levels and exerting an antidepressant 
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effect (33). Both TCAs and MAOIs are associated with severe 
side‑effects, a fact that has led to their decreased prescription in 
favor of more modern types of antidepressants, such as SSRIs 
and SNRIs which are associated with less severe side‑effects. 
In particular, MAOIs may cause a possibly fatal hypertensive 
crisis after excessive tyramine consumption, while TCAs may 
cause cardiac sodium channel blockage and arrhythmia (34). 
Nonetheless, these drugs continue to play a key role in battling 
depression, particularly in treatment‑resistant patients (29). 

SSRIs along with SNRIs are among the most commonly 
prescribed drugs in the USA (35). The function of SSRIs, as 
their name suggests, is based on the inhibition of serotonin 
reuptake, and more precisely by inhibiting SERT at the presyn‑
aptic axon terminal, therefore increasing the amount of 5‑HT 
in the synaptic cleft. The side‑effects of SSRIs are fewer than 
those of TCAs and MAOIs, since they have a minimal effect 
on other monoamines, such as dopamine and noradrenaline, 
and do not affect the functions of histaminergic, adrenergic and 
cholinergic receptors (36).  SNRIs, as their name also suggests, 
function by inhibiting the presynaptic neuronal uptake of 5‑HT 
and noradrenaline, and act on SERT and NERT in a specific 
manner (37).  These drugs are considered to have a dual effect, 
though the precise degree of serotonin or adrenaline inhibition 
is both agent‑ and dose‑dependent (38). Selective serotonin and 
noradrenaline reuptake inhibitors have been shown to exert 
their antidepressant effect more rapidly than SSRIs in a clinical 
setting (39). SNRIs have similar side‑effects with SSRIs; 
however, due to their enhancement of noradrenergic activity, 
they may also increase blood pressure and heart rate (40). 

Lastly, studies published over the last decade have high‑
lighted the potential use of ketamine, an N‑methyl‑D‑aspartate 
(NMDA) glutamate receptor antagonist, as an antidepres‑
sant (41). Chronic stress has been shown to increase glutamate 
release, and subsequently impair LTP and promote the atrophy 
of apical dendrites in the hippocampus (42). As an NMDA 
receptor antagonist, ketamine functions by inhibiting the 
action of glutamate. In contrast to generally used antidepres‑
sants, which require 2 to 4 weeks to ameliorate depressive 
symptoms, a single intravenous administration of ketamine 

ameliorates depressive symptoms in 1 to 3 days, and displays 
a long‑lasting effect (10,42). However, the use of ketamine is 
associated with severe adverse effects, including psychoto‑
mimetic effects and dissociative properties, and may lead to 
drug abuse. Therefore, other research has focused on ketamine 
enantiomers and metabolites as potential antidepressants (43).

4. Epigenetics

Epigenetics, i.e., heritable and stable structural and biochem‑
ical alterations of the chromosome that are not associated 
with DNA sequence alterations, have been associated with 
numerous physiological and pathological processes, such 
as metabolic disorders, autoimmune diseases, cancer and 
neuropsychiatric disorders (44‑50). Epigenetic mechanisms 
include DNA methylation, regulation by non‑coding RNAs 
(ncRNAs) and histone modifications (Fig. 2). These mecha‑
nisms are responsible for fine‑tuning gene expression (51). 
Gene expression, which refers to the production of a functional 
gene product using the information provided by the DNA 
sequence, is a quintessential process in all living organisms, 
since it allows them to adjust the amount and type of gene 
product in response to different environmental factors (52). A 
main part of gene expression is achieved at the transcriptional 
level, although several post‑transcriptional events also play a 
key role, such as the aforementioned histone modifications and 
regulation by ncRNAs (53,54).  

DNA methylation includes the extensively studied attach‑
ment of a methyl group to the carbon‑5 position of cytosine 
(m5C) and the lesser‑studied linkage of a methyl group to the 
adenosine base at the nitrogen‑6 position of deoxyadenosine 
(m6dA) (55). The methylation of m5C is considered the 
predominant form of DNA methylation and occurs on DNA 
regions known as CpG islands. These genomic regions are at 
least 500 bp in length and display a high content of cytosine 
and guanine nucleotides (>55%). The methylation of CpG 
islands is performed by DNA methyltransferases (DNMTs), 
while the demethylation of 5‑methylcytosine makes use of 
TET methylcytosine dioxygenases 1, 2, and 3, and leads to the 
production of m5C oxidative derivatives. The methylation and 
demethylation of these sites alteres the expression of nearby 
genes (56). DNA methylation may function either as a repres‑
sive or activating mark for gene transcription. Specifically, 
methylation can make transcription machinery binding more 
difficult or create a landscape prime for transcription (57).

ncRNAs are RNA molecules that are incapable of protein 
coding (58). Non‑coding RNAs can be classified into two 
major categories, those with a length of <200 nucleotides, 
which are termed small ncRNAs, and those with a length 
>200 nucleotides, which create a distinct category known s 
long ncRNAs (lncRNAs). Small ncRNAs include RNA types, 
such as microRNAs (miRNAs/miRs), small interfering RNAs 
(siRNAs), small nuclear RNAs (snRNAs), small nucleolar 
RNAs (snoRNAs) and PIWI‑interacting RNAs (piRNAs) (59). 
The majority of ncRNAs have been found to be associ‑
ated with the regulation of gene expression (60). miRNAs 
are  short single‑stranded RNA molecules with a length of 
~22 nucleotides (59). Generally, miRNAs silence gene expres‑
sion by RNA‑induced silencing at a post‑transcriptional level. 
lncRNAs can regulate pre‑mRNA splicing, inhibit mRNA 

Figure 1. Schematic diagram illustrating a synopsis of the function of the 
HPA axis. Corticotropin‑releasing hormones and AVP produced in the para‑
ventricular nucleus of the hypothalamus promote the secretion of ACTH in 
the anterior pituitary, which in turn acts on the adrenal glands to promote the 
release of glucocorticoids. Glucocorticoids then suppress CRH and ACTH 
secretion through a negative feedback loop. ACTH, adrenocorticotropic 
hormone; CRH, corticotropin‑releasing hormone; AVP, arginine vasopressin.
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translation or promote chromatin remodeling. siRNAs are 
double‑stranded RNAs that function by dividing into their 
single strands and binding to a distinct target mRNA to 
suppress gene expression (61). snRNAs, which are ~150 nucle‑
otides in length, are primarily found in the splicing regions of 
eukaryotic cell nuclei, and thus can affect pre‑miRNA splicing. 
snoRNAs are generally located in the nucleoli of eukaryotic 
cells and play a role in rRNA processing. PIWI‑interacting 
RNAs bind to PIWI proteins, a subfamily of ARGONAUTE 
proteins, to influence chromatin function (60). Lastly, lncRNAs 
have the ability to interact with mRNA, DNA, several protein 
complexes and miRNAs and affect gene expression at multiple 
regulatory levels (62). 

In eukaryotic cells, genomic DNA is organized into chro‑
matin, a polymer whose main structural unit is the nucleosome. 
The nucleosome core consists of a histone octamer composed 
of two copies of core histones, H2A, H2B, H3, H4 and 146 
DNA base pairs wrapped around it (63). Chromatin conden‑
sation influences gene expression, since a highly condensed 
structure hinders DNA accessibility and thus interferes with 
gene transcription. Histone modifications can affect chromatin 
condensation and organize the genome into transcriptionally 
active or inactive regions (64). These modifications include 
methylation, acetylation, phosphorylation and the ubiqui‑
tination of histone proteins, plus chromatin remodeling 
and regulation by ncRNAs, piRNAs and lncRNAs (65,66). 
Histone modifications occur predominantly, although not 
exclusively, at the N‑terminal tails of histone proteins and 
can alter gene expression (66). Histone methylation usually 
includes the addition of methyl groups at lysine (K) residues 
of histones H3 and H4. Histone lysine residues can be mono‑, 
di‑ and tri‑methylated in order to act as repressive or active 
marks of gene expression, a process mediated by the histone 
methyltransferase (HMT) group of enzymes (65). Histone 
acetylation occurs on lysine residues via the addition of an 
acetyl group from an acetyl‑coenzyme A donor to an ε‑amino 
group of a lysine side chain (67). This modification is consid‑
ered an active gene expression mark and is regulated by the 
equilibrium between histone acetyltransferases and histone 

deacetylases (HDACs) (65). Specifically, the addition of an 
acetyl group weakens the positive charge of a lysine residue, 
thus reducing the tail's affinity for chromatin and leaving the 
underlying DNA exposed (67). Histone ubiquitination involves 
the covalent attachment of ubiquitin, a small 76 amino‑acid 
protein, to a ε‑amino group of a lysine residue. This process 
is catalyzed by E1 ubiquitin activating enzymes, E2 ubiquitin 
conjugating enzymes, and E3 ubiquitin ligases (68). Histone 
ubiquitination is a reversible process with deubiquitinating 
enzymes, a family of proteases and metalloproteases, being 
able to remove ubiquitin moieties from histones (69). The effect 
histone ubiquitination has on gene expression depends on the 
number of ubiquitin moieties being added to the lysine residue 
and which specific core histone is being altered. Histone 
phosphorylation is regulated by two enzymes of opposing 
function, specifically kinases which add phosphate groups and 
phosphatases which remove phosphate groups. Histone phos‑
phorylation mostly funcionts in conjunction with other histone 
modifications creating a complex regulating network with 
varied effects on gene expression (66). Chromatin remodeling 
is the process of dynamic changes on chromatin structure that 
alters how condensed or uncondensed a chromatin region is, 
thereby influencing the exposure of the underlying DNA and 
subsequently gene expression. This process in undertaken 
by chromatin‑remodeling protein complexes (65). Lastly, as 
aforementioned, ncRNAs, i.e., RNA molecules that do not 
code a protein product, can be mediators of histone modifi‑
cation. Specific cases include piRNAs that can bind to PIWI 
proteins and recruit histone methyltransferases to influence 
chromatin function and lncRNAs that can change chromatin 
status by recruiting protein complexes that influence histone 
methylation and acetylation (65).

5. Epigenetics and depression

Epigenetic mechanisms appear to play a vital role in depres‑
sion and may help provide a biological framework in which 
genetic and environmental factors interact and influence 
disease pathogenesis and pathophysiology (70). 

Figure 2. Schematic diagram illustrating a synopsis of the main epigenetic mechanisms which include: (A) Histone modifications, such as histone acetylation, 
that occur at the N‑terminal tail of histone proteins. (B) DNA methylation, in which a methyl group is either added to the carbon‑5 position of cytosine or the 
adenosine base at the nitrogen‑6 position of deoxyadenosine. (C) Regulation by ncRNAs, such as miRNAs, in which ncRNA molecules interfere with gene 
expression on a transcriptional, post‑transcriptional, translational and post‑translational level. ncRNA, non‑coding RNA; miRNA; microRNA.
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Epigenetics can regulate the expression of antidepressant 
molecular targets, which are also main participants of mono‑
amine signaling (71). SERT is coded by the SLC6A gene and 
sustained alterations on its gene expression profile have been 
implicated in depression. These alterations may emerge due to 
epigenetic modifications in response to stressful events (72). 
Indeed, the differential methylation of the SLC6A4 gene has 
been shown to be associated with a risk of mental illness, 
including depression (73). A previous study on the SLC6A2 
gene, which codes for NET, also demonstrated epigenetic 
modifications on the mentioned gene, and more specifically 
DNA acetylation, which may be responsible for a mechanism 
underlying depression in conjunction with hypertension (74). 
Lastly, epigenetic alterations on the monoamine oxidase A 
(MAOA) gene may be a factor associated with the pathogen‑
esis of depression. Specifically, the hypomethylation of the 
MAOA gene may increase monoamine oxidase expression and 
subsequently, its activity, thereby reducing monoamine utiliza‑
tion by the brain. This increased monoamine oxidase activity 
has been detected in patients with depressive symptoms and is 
in accordance with the monoamine hypothesis and the use of 
MAOIs as antidepressants (75). 

Epigenetic alterations on genes regulating HPA func‑
tion may play a crucial role in disease pathogenesis and 
onset age (76). A previous study on mice demonstrated that 
early‑life stress (ELS) affected AVP expression in the PVN 
through methyl CpG binding protein 2 phosphorylation and 
AVP enhancer hypomethylation, which in turn promoted 
neuroendocrine and behavioral features that are present in 
depression (77). Moreover, animal models which associate 
ELS with depression have shown that CRH, ACTH are also 
hypomethylated while the gene encoding GR (NR3C1) is 
hypermethylated (78). Thus, epigenetics may provide a frame‑
work in which HPA axis dysfunction may promote depression. 

Genome‑wide methylation analysis has identified differ‑
entially methylated regions that are associated both with the 
pathogenesis of depression and immune dysfunction (79). 
Another study has also proposed that IL‑6 methylation may 
be used as a biomarker for depression (80). Particularly, 
depressed patients display IL‑6 hypomethylation in periph‑
eral tissue. This epigenetic modification possibly leads to a 
higher IL‑6 expression (80) which in turn may play a role in 
the pathology of depression or even its pathogenesis, through 
some of the mechanisms mentioned in the previous chapters.  
These findings give credence to the cytokine hypothesis. 
Thereby, the role of DNA methylation in depression has both 
been extensively observed and can be described through the 
view of all major hypotheses of disease pathogenesis.

Histone methylation has been found to be associated with 
depression in genome‑wide association studies. Studies on 
mice have demonstrated than chronic social defeat stress can 
downregulate HMTs, specifically G9α and G9α‑like protein, 
which catalyze the dimethylation of the lysine 9 residue of 
H3 (H3K9me2). H3k9me2 is known to be a major repressive 
mark in the NAc of the hypothalamus (81). This brain region is 
essential in the regulation of reward behavior (82). On the other 
hand, G9α overexpression in the NAc exerts antidepressant‑like 
effects, and increases in H3K9me2 at distinct gene promoters 
may be some of the mechanisms of action of fluoxetine, an 
SSRI. Thus, it is possible that stress leads to maladaptive 

alterations in the specific brain action via the repression of 
histone methylation, a process that can be ameliorated by the 
use of antidepressants (81). Chronic social defeat stress also 
transiently suppresses histone acetylation in the mouse NAc, 
with HDAC inhibition resulting in antidepressant effects (82). 
Studies on the direct association between histone phosphoryla‑
tion and depression are limited. These studies have focused on 
the stress response and have detected that H3 phosphorylation 
is increased in the hippocampus and prefrontal cortex of mice 
and rats, respectively that have been subjected to stress (83). 
Research on histone ubiquitination and its role in depression is 
also limited. A previous study demonstrated that the UBE2A 
gene, which is an E2 ubiquitin conjugating enzyme is upregu‑
lated in the post‑mortem dorsolateral prefrontal cortex of 
MDD patients. Histone ubiquitination by the UBE2A protein 
is considered a transcriptional activation tag. However, it 
should be mentioned that this protein also participates in the 
ubiquitin‑proteasome system, which is the main mechanism of 
protein catabolism, and this process has already been associ‑
ated with MDD (84). As regards chromatin remodeling, several 
types of stress have been demonstrated to induce repressive 
chromatin complexes in the mouse NAc. The same complexes 
are induced in the NAc of depressed humans (81). The effects of 
lncRNAs on chromatin have also been associated with MDD. 
A prime example is the BDNF antisense RNA (BDNF‑AS) that 
functions as a scaffold to recruit chromatin modifiers to act on 
the BDNF gene promoter and repress its expression, a process 
implicated in MDD (85).

Multiple studies have highlighted the fact that the dysregu‑
lation of ncRNAs is present in depressed patients and in 
animal models of depression (86,87). miRNAs and lncRNAs 
are the most extensively studied type of ncRNAs in MDD (88). 
miRNAs are considered to affect the pathogenesis of depression 
via the regulation of monoamine and glutamate signaling (86). 
Numerous miRNAs have displayed altered expression levels in 
depressed patients. It has been demonstrated the downregula‑
tion of several miRNAs in the prefrontal cortex of patients 
with MDD post‑mortem (86). Some of these miRNAs are 
known to target depression‑associated mRNAs. In particular, 
miR‑20α, miR‑20b, miR‑34α, and miR‑34b target VEGF, 
whose protein levels are elevated in the peripheral blood of 
patients with MDD, miR‑34α targets BCL2, whose protein 
levels are downregulated in depressed patients, and miR‑148b 
targets DNMT3B, whose protein levels are downregulated in 
depressed individuals. Additionally, microarray studies on 
patients with MDD have demonstrated the upregulation of 
miRNAs, such as let‑7d‑5p and let‑7f‑5p, whose expression 
can be influenced by antidepressant treatment (86). The most 
well‑known depression‑associated lncRNA is the aforemen‑
tioned BDNF‑AS. Apart from BDNF‑AS, other lncRNAs have 
also been implicated in the pathogenesis of depression, with 
a prime example being the growth arrest specific 5 (GAS5). 
GAS5 is upregulated in the hippocampal tissues of mice with 
depressive‑like behaviors, and its silencing appears to elimi‑
nate such behaviors. It appears that GAS5 influences early 
growth response gene 1 via miR‑26α binding, and promotes 
the release of inflammatory factors and the apoptosis of hippo‑
campal neurons in mice with depressive‑like behaviors (89). 
Additionally, the overexpression of GAS5 may lead to the 
increased expression of the type 1 receptor of CRH and a 
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subsequent long‑term activation of the HPA axis, a common 
feature of depression (90).  

6. Epigenetics and antidepressants

Current antidepressants may exert some of their effects via 
epigenetic mechanisms, while differences in gene expression 
in patients due to epigenetic alterations may be one of the 
underlying causes of variations in drug responses (50,91). 
Classical antidepressants, such as TCAs and SSRIs have an 
indirect effect on DNA methylation and chromatin struc‑
ture (82). Imipramine, a TCA, reverses changes induced by 
social defeat stress in H3 methylation in the mouse NAc. 
Furthermore, chronic imipramine treatment decreases 
histone methylation, increases histone acetylation at BDNF 
promoters and downregulates HDAC5 in the mouse hippo‑
campus (92). Citalopram, a commonly used SSRI, affects 
DNA methylation on a large scale and influences the gene 
expression of a large set of genes that are involved in depres‑
sion pathogenesis and pathology (93). Moreover, some data 
suggest that paroxetine, another SSRI, has the ability to 
affect DNMT activity and thus influence DNA methylation. 
On the other hand, DNA methylation itself can influence drug 
response. The promoter methylation of depression‑associated 
genes, such as BDNF, HTR1A, HTR1B, SLC6A4 and IL11 
appear to be predictive of an antidepressant response (91). 
Some examples include the hypermethylation of the SLC6A4 
promoter, which is a predictor for an improved SSRI drug 
response, and the hypomethylation of the BDNF promoter, 
which is a predictor of non‑responsiveness to TCAs, MAOIS, 
SSRIs and SNRIs (92).

7. Conclusions and future perspectives 

Epigenetics appear to play a significant role in the pathology 
and pathogenesis of depression, while also influencing the 
response of patients to antidepressants and vice versa. Further 
research on the epigenetics of depression may help to elucidate 
the molecular peculiarities of depression, while it may also 
help to predict the response of patients to antidepressants. The 
latter is of immense interest, since it can help clinicians tailor 
therapy to each individual patient.
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