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The Epigenetic Effects Associated with 
Selective Serotonin Reuptake Inhibitors 
Treatment 

Review Article

ABSTRACT
Depression is the most predominant psychiatric disorder worldwide. Selective 
serotonin reuptake inhibitors (SSRIs) are well-known drugs among the 
extensively used antidepressants. Additionally, SSRIs are used in the treatment 
of other behavioral disorders. The etiology of major depressive disorder (MDD) 
involves gene-environment interactions. Epigenetic modifications have a crucial 
role in managing treatment and prognostic benefits. It was shown that there is a 
clear relationship between SSRIs and epigenetic modifications. The epigenetic 
mechanisms underlying antidepressant drug treatment remain incompletely 
understood. Numerous studies have reported correlations between epigenetic 
modifications in genes such as BDNF, MAOA, SLC6A4, HTR1A, and HTR1B, 
as well as genome-wide methylation patterns, and treatment with selective 
serotonin reuptake inhibitors (SSRIs) in adult patients. Similarly, evidence 
suggests that prenatal and early-life exposure to SSRIs is associated with 
adverse outcomes, potentially affecting a child’s physiological, emotional, and 
psychological development by altering methylation patterns in specific genes 
compared to non-exposed ones. These findings point to the potential use of 
epigenetic profiles as biomarkers to predict antidepressant treatment response, 
as well as to explain their toxicities and side effects. This review examines the 
impact of SSRI exposure on epigenetic modifications.

Keywords: selective serotonin reuptake inhibitors, epigenetic modifications, 
methylation.
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1. Introduction 

Selective serotonin reuptake inhibitors (SSRIs) are 
well-known drugs among antidepressants, with ex-
tensive use because of their ability to treat many 
mental disorders. They provide improvement for de-
pressive and other behavioral disorders such as anxi-
ety, obsessive-compulsive disorder, panic disorder, 
and bulimia nervosa. SSRIs are safer alternatives 
to tricyclic antidepressants (TCAs) and monoamine 
oxidase inhibitors (MAOIs) [1]. 

Several studies have suggested an association be-
tween epigenetic modification and the clinical symp-
toms of depression. The epigenetic regulation of gene 
expression elicited by environmental stimuli contin-
uously changes its expression. Exposure to prenatal 
and adult stress could be associated with epigenetic 
alteration of genes involved in mood regulation. In 
the same way, these epigenetic changes may serve 
to identify and treat symptom groups specifically for 
mental disorders [2]. This review focuses on the im-
pact of SSRI treatment on epigenetic modifications 
in adults with depressive and behavioral disorders.

2. Material and Methods

A comprehensive literature review was conducted 
using databases accessible through the Istanbul 
University Library, including ScienceDirect, Clini-
calKey, UpToDate, and Web of Science. Additional 
searches were performed in Google Scholar, Scopus, 
the National Thesis Center, and PubMed using rel-
evant keywords. Search terms included “SSRI” in 
combination with “epigenetic,” “methylation,” or 

“chromatin,” as well as “Fluoxetine” (along with oth-
er drugs listed in Table 1) paired with the same terms

3. Results and Discussion

3.1. Epigenetic modifications and SSRIs

The term ‘epigenetics’, first defined by Conrad Wad-
dington in 1942, now refers to the examination of 
non-genotoxic and heritable alterations in the gene 
expression profile without any changes in DNA se-
quence [3]. Epigenetic mechanisms are fundamental 
to regulating gene expression in cellular processes 
such as embryogenesis, cellular differentiation, de-
velopment, homeostasis, genomic imprinting, and 
disease pathogenesis through processes such as DNA 

methylation, histone modifications, and microRNA 
regulation [4, 5] (Table 1).

3.2. The effect of exposure to SSRIs during 
early life on epigenetic modifications

SSRIs are among the most used antidepressants 
during pregnancy, as their mechanism of action in-
volves inhibiting the reuptake of monoamines and 
increasing their concentration outside the nerves 
in the brain. In the fetus, catecholamines and sero-
tonin play a critical role in managing and regulat-
ing neuronal proliferation, migration, differentiation, 
neurogenesis, cerebral cortex maturation, and neuro-
endocrine development. Since SSRIs may cross the 
placenta and blood-brain barrier, and enter the breast 
milk, they may adversely affect the fetal brain lead-
ing to functional, developmental, behavioral, cogni-
tive, and mental disorders [6,7]. 

SSRIs play a role in changing the level of DNA 
methylation during fetal development; the level of 
DNA methylation in cord blood was compared be-
tween neonates born to mothers who suffered from 
untreated depression or anxiety and neonates born 
to mothers who used SSRIs. Altered DNA methyla-
tion levels were observed in 42 CpG sites of moth-
ers’ DNA who did not receive any treatment. These 
changes were not observed in neonates born to moth-
ers exposed to SSRIs. It was also found that DNA 
methylation at only one CpG site altered gene ex-
pression. Researchers concluded that SSRIs could 
change DNA methylation patterns and at the same 
time may reduce depression that negatively affects 
DNA methylation [8]. Another study demonstrated 
that cord blood DNA methylation of NR3C1 was 
associated with increased cortisol levels in moth-
ers with depression and who used SSRIs. However, 
in the same study, the hypothesis of altered levels 
of methylation DNA methylation in cord blood due 
to depression in mothers was not proven. This was 
attributed to the fact that DNA extracted from um-
bilical cord blood does not fully reflect methylation 
changes in the tissues of the newborn’s central nerv-
ous system [9]. 

Fluoxetine (FLX), an antidepressant in the SSRI 
class, is widely prescribed for the treatment of anxi-
ety disorders during pregnancy due to its relatively 
reduced side effects. Studies have reported that RNA 
expression patterns, regulatory enzyme gene ex-
pression, and behavioral changes were observed in 
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the offspring of female rats exposed to FLX before 
pregnancy. FLX alters the serotonergic transmission 
pathway by inhibiting serotonin transporter and in-
creasing synaptic serotonin levels. This inhibition of 
serotonin reuptake may affect the oocytes, leading to 
a change in gene expression patterns; FLX has been 
shown to increase the RNA expression of HTR2C 
and influence the RNA expression of RNA-editing 
enzymes in the brains of offspring. The impact of 
FLX on newborns varies based on their sex, as it in-
creases the aggressiveness of males and delays the 
initiation of maternal behavior in females [10].

Meyer et al. [11] reported changes in levels of sero-
tonin receptors (HT-5), serotonin transporter (HTT-
5), and tryptophan hydroxylase (TPH2) mRNA in 
the cerebral cortex following exposure to sertraline. 
Also, an unexplained increase in cortical mRNA lev-
els of TPH2 and 5-HT2C receptors was observed. 
However, these molecular changes did not result in 
alterations in the behavioral phenotype in mice.

Exposure to FLX throughout pregnancy and lac-
tation reveals brain DNA reprogramming effects 
through abnormal DNA methylation patterns, nota-
bly in the hippocampus and cortex, post-weaning. 
Given the hippocampus’ pivotal role in learning, 
memory, and stress response, it demonstrates height-
ened sensitivity to environmental changes, maintain-
ing early-induced epigenetic patterns throughout life 
[12]. Additionally, another study conducted on preg-
nant and breastfeeding rats also supports the possi-
bility that SSRIs modulate epigenetic mechanisms. 
demonstrating that early exposure to FLX leads to 
permanent genetic changes that may cause late-onset 
concerns. [13].

Boulle et al. [6] demonstrated that FLX was also ad-
ministered to offspring during the postnatal period, 
which is equivalent to the 3rd trimester of human 
neural development. Results indicated that develop-
mental FLX treatment led to a rise in H3K27me3-
enrichment at promoter IV of the brain-derived 
neurotrophic factor (BDNF) gene in prenatally 
stressed female offspring. These results suggest that 
the lasting neurochemical effects of developmental 
exposure to fluoxetine may be linked to prolonged 
epigenetic repression of gene transcription. Another 
study investigated DNA methylation in cord blood in 
relation to prenatal depressive symptoms (PND) and 
escitalopram use. The study found a relationship be-
tween PND and suboptimal fetal growth, suggesting 

epigenetic programming effects on the fetus. How-
ever, differential methylation (DM) was not directly 
associated with PND alone. Nonetheless, differences 
in cord blood methylation were observed in infants 
whose mothers experienced anxiety and were treated 
with SSRIs [14].

 It has been shown that early life stress and chronic 
stress in adults modulate epigenetic mechanisms. A 
study examining the epigenetic mechanisms of the 
BDNF gene in the hippocampus, which may un-
derlie the effects of postpartum maternal separation 
stress and adult self-control stress, found decreased 
levels of BDNF gene expression, acetylated histone 
H3 and H4 in the BDNF promoter, and an increase 
in HDAC5 mRNA. Treatment with escitalopram 
restored these alterations, indicating that these epi-
genetic mechanisms are involved in escitalopram’s 
action [15].

Exposure to antidepressants during the prenatal 
period, compared to unexposed infants, revealed 
a significant relationship between higher SLC6A4 
methylation at CpG9 and CpG10 in infants exposed 
to antidepressants. This may suggest that prenatal 
exposure to SSRIs, due to the mother’s treatment, 
could mitigate the negative physiological effects of 
the mother’s situation [16]. 

Citalopram is one of the SSRIs commonly pre-
scribed to pregnant women. Perinatal exposure to 
citalopram induced an increase in mRNA expres-
sion of brain angiogenesis inhibitor 3 (BAI3) and its 
ligands in the early postnatal dentate gyrus of both 
male and female offspring. This provides evidence 
for alterations in BAI signaling in individuals with 
depression and schizophrenia [17]. Moreover, expo-
sure to citalopram during early neuronal differentia-
tion has been shown to induce gene expression and 
DNA methylation of several genes, including BDNF, 
DDIT4, and GDF11. This suggests that citalopram 
exposure is linked to neurodevelopment and depres-
sion [18] (Table 1).

3.3. The effect of SSRIs in adults on epigenetic 
modifications 

Several studies have demonstrated interactions be-
tween depressive symptoms and epigenetic mecha-
nisms. An association has been observed between 
SSRIs and genes including BDNF, MAOA, SLC6A4, 
HTR1A, HTR1B, IL6, IL11, as well as whole-genome 
methylation [19] (Table 1).
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3.3.1. BDNF

BDNF plays a critical role in neuronal survival, 
synaptic plasticity, cognition, and response to anti-
depressants [19]. It promotes the growth and differ-
entiation of nerve cells, maintains their survival and 
normal functionality, and prevents their death [20]. 
A significant correlation has been observed between 
decreased BDNF levels and the diagnoses of depres-
sion and anxiety. Since decreased BDNF levels in 
the brain may result in the atrophy and loss of cells in 
the hippocampus and prefrontal cortex, antidepres-
sants work by increasing BDNF expression, revers-
ing neuronal atrophy, and preventing cell loss [21]. 
Blaze et al. [22] reported that levels of BDNF IV 
gene methylation are higher in rats with prenatally 
stressed mothers compared to rats with non-stressed 
mothers. The research suggests that the BDNF gene 
contains distinct variants controlled by specific pro-
moter regions. The most common of these variants 
is BDNF-IV, and alterations in its expression are as-
sociated with depressive and behavioral disorders, as 
well as epigenetic modifications. The exon-IV pro-
moter region is a key candidate for epigenetic regu-
lation, as it includes specific binding sites for some 
epigenetic-related proteins. 

A study on patients with MDD treated with citalo-
pram for 8 weeks indicated significantly increased 
mRNA expression of BDNF in patients with depres-
sion. However, no significant alterations in BDNF 
mRNA levels were observed after treatment. This 
suggests a relationship between mRNA expression 
levels and treatment response. Chromatin immuno-
precipitation (ChIP) results showed a substantial re-
duction in H3K27me3 levels at promoter region- VI 
of BDNF in all patients receiving citalopram treat-
ment for 8 weeks [23]. Serum BDNF levels were de-
creased in untreated depressed patients but increased 
during treatment with sertraline and escitalopram. 
After 8 weeks of treatment with sertraline or esci-
talopram, patients with higher levels of baseline 
serum BDNF showed greater improvements than 
patients with lower levels of BDNF. This suggests 
that individuals with relatively higher pre-treatment 
levels of BDNF may experience a more significant 
reduction in depressive symptoms. However, no 
statistically significant relationship was found be-
tween serum BDNF levels and depression severity 
before treatment. It has been suggested that adequate 
BDNF levels during treatment with antidepressants 

are necessary to achieve the therapeutic effects of 
antidepressants by enhancing activity-dependent 
neuronal plasticity, facilitating neural adaptations, 
and increasing the effects of antidepressants on sero-
tonin levels in the hippocampus [24]. Furthermore, 
it was found that FLX could exacerbate depressive 
behavior by upregulating the expression of BDNF 
promoter region IV in the hippocampus [25]

In another study, an association was found between 
DNA methylation and SSRI response in MDD pa-
tients treated with escitalopram for 8 weeks. Addi-
tionally, three DMPs located on the CHN2 and JAK2 
genes were closely linked to alterations in mRNA ex-
pression. These alterations may serve as potential bi-
omarkers for SSRI treatment response [26] (Table 1).

3.3.2. MAO-A

Monoamine oxidase (MAO-A) plays an important 
role in regulating monoamine neurotransmitter lev-
els. It also influences mood, stress reactions, and 
brain developmental functions [17]. Domschke et 
al. [27] investigated the association between MAO-A 
methylation and antidepressant response in 94 pa-
tients with major depressive disorder. According to 
their results, while there is no significant major effect 
of MAO-A methylation in depression, MAO-A DNA 
hypomethylation may be a potential biomarker for 
escitalopram treatment in female patients with major 
depressive disorder (Table 1).

3.3.3. SLC6A4

SLC6A4 plays a crucial role in the therapeutic re-
sponse of antidepressant treatment. Iga et al. [28] in-
vestigated the association between SLC6A4 methyl-
ation at CpG sites in patients with major depressive 
disorder (MDD), both before and after eight weeks 
of treatment with different antidepressants including 
escitalopram, fluvoxamine, and sertraline. Accord-
ing to the findings, before treatment, patients with 
MDD exhibited significantly elevated expression of 
serotonin receptor (5-HTT) protein compared to un-
affected controls. After treatment, these levels were 
significantly reduced. Methylation at CpG-2, CpG-3, 
and CpG-5 in SLC6A4 may be associated with de-
pressive symptoms. Similarly, treatments with par-
oxetine and fluvoxamine induced differential DNA 
methylation at CpG 3 [29] (Table 1).
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3.3.4. DNA Methylation

DNA methylation is an important epigenetic mecha-
nism that regulates gene expression. Zhou et al. [30] 
identified several genes with both hypomethylation 
and hypermethylation, along with altered mRNA ex-
pressions in patients treated with escitalopram. In an 
experiment conducted on Balb/c mice, the efficacy 
of the antidepressant FLX was enhanced when his-
tone deacetylase (HDAC) was inhibited. In FLX-ex-
posed mice, HDAC inhibitors raised the levels of H4 
histone acetylcholinesterase, and RNA polymerase II 
at promoter 3 of the BDNF gene, thereby enhancing 
BDNF transcription from this promoter. Inhibition of 
HDAC activity also reduced BDNF-stimulated tro-
pomyosin kinase B receptor activation in fluoxetine-
treated mice, thereby abrogating the behavioral ef-
fects of FLX. These data obtained from an animal 
model with strong responsiveness to fluoxetine sug-
gest that HDAC inhibitors could serve as a potent 
adjunct to fluoxetine treatment for adolescents with 
minimal response to fluoxetine monotherapy and 
for those at risk of suicidality, as well as for adults 
not responding to an SSRI [31]. In another study, 
comprehensive analyses of DNA methylation were 
performed to investigate the relationship between 
clinical responses to paroxetine treatment and levels 
of DNA methylation. Results indicate the possible 
association between differential DNA methylation of 
PPFIA4 and HS3ST1 genes and clinical responses to 
paroxetine [32] (Table 1).

A genome-wide association study (GWAS) evalu-
ated the potential differences in DNA methylation 
after FLX treatment in children and adolescents and 
found that 21 CpG sites showed a significant rela-
tionship with the response to FLX treatment. Also, 
RHOJ and OR2L13 were identified at critical CpG 
sites which play a critical role in DNA methylation 
differences between blood and brain. This suggests 
that the methylation in specific genes may serve as 
possible biomarkers for the prediction of antidepres-
sant treatment response [33]. Additionally, increased 
DNA methylation in patients treated with sertraline 
(including those exposed to trauma) was associated 
with a higher risk of premature mortality in these pa-
tients [34] (Table 1).

3.3.5 HTR1A and HTR1B

The serotonin receptors 1A and 1B (HTR1A, HTR1B) 
play important roles in both the pathogenesis of ma-

jor depressive disorder (MDD) and the clinical ef-
fects of SSRIs. DNA methylation of the HTR1A and 
HTR1B promoters was evaluated in patients treated 
with escitalopram. Two of the 96 CpG sites assessed 
were identified as potential predictors of antidepres-
sant treatment response. Four CpG hypomethylation 
sites at HTR1A/1B, influenced by stress, were found 
to correlate with a poor response to antidepressant 
medications. Furthermore, it has been shown that 
age, environment, and antidepressant treatment may 
influence DNA methylation status. However, no sig-
nificant effect of HTR1A and HTR1B genotypes on 
antidepressant treatment response and DNA meth-
ylation status was observed [35]. However, Gassó et 
al. [36] reported a negative correlation between the 
methylation levels of the HTR1B promoter and the 
response to FLX treatment in children and adoles-
cents (Table 1). 

3.3.6. P11

Several studies have highlighted the role of p11 in 
the underlying mechanism of depression in both 
experimental models and humans. Certain classes 
of antidepressants result in increased p11 levels in 
specific brain regions. Additionally, p11 gene ther-
apy has been effective in reversing depression-like 
behavior in mice. An association between decreased 
p11 levels and increased DNA methylation has been 
observed in rodent models. This effect was reversed 
by treatment with escitalopram. Exposure to escit-
alopram induced hypomethylation, which led to an 
increase in p11 gene expression and a decrease in the 
mRNA levels of two DNA methyltransferases [37] 
(Table 1).

4. Conclusion

In conclusion, epigenetic modifications can offer 
valuable insights into the management of SSRI treat-
ment. Tailoring antidepressant therapy to the specific 
epigenomic profile of patients with major depressive 
disorder (MDD) has the potential to enhance treat-
ment efficacy and shorten the overall treatment dura-
tion.
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Table 1. The epigenetic effects of SSRI drugs and the affected genes. 

Drug Gene Epigenetic mechanism Model References

Fluoxetine

HTR2C increased mRNA expression Rat Zaidan et al. 2018 [10]

ADAR, ADARB1 decreased mRNA expression Rat Zaidan et al. 2018 [10]

BDNF decreased mRNA levels of promoter-IV, 
increased H3K27me3 at promoter-IV Rat Boulle et al. 2016 [6]

BDNF increased DNA methylation of BDNF promoter-
IV Mice Jin et al. 2017 [25]

BDNF increased acetylated histon H4 protein at 
promoter-III Mice Schmaus, 2014 [31]

decreased Global methylation in hyppocampus, 
hypothalamus and PAG, 

increased in cortex
Rat Toffoli et al. 2014 [12]

increased global methylation in hyppocampus Rat Silva et al. 2018 [13]

RHOJ, OR2L13 differential DNA methylation Human Martinez-Pinteño et al. 2021 
[33]

Sertraline

BDNF decreased methylation of exon I Human Xing et al. 2021 [20]

5-HTT, TPHR increased mRNA expression Mice Meyer et al. 2018 [11]

increased DNA methylation Human Katrinli et al. 2023 [34]

Escitalopram

DNMT1, DNMT3A decreased DNA methylation Rat Melas et al. 2012 [37]

P11 increased mRNA expression Rat Melas et al. 2012 [37]

CHN2, JAK2 decreased DNA methylation, 
decreased mRNA expression Human Ju et al. 2019 [26]

MAO-A differential DNA methylation Human Domschke et al. 2015 [27]

HTR1A, HTR1B decreased DNA methylation at two CpG sites Human Wang et al. 2018 [35]

many genes 
including CBL, 

MPZL3, RAB31
differential DNA methylation Human Zhou et al. 2023 [30]

Citalopram

BDNF decreased in H3K27me3 levels at promoter-IV Human Lopez et al. 2013 [23]

BAI3 increased mRNA expression Rodent Unroe et al. 2021 [17]

many genes 
including BDNF, 

DDIT4
differential DNA methylation In vitro Spildrejorde et al. 2024 [18]

Paroxetine
SLC6A4 differential DNA methylation at CpG 3 Human Okada et al 2014 [29]

HS3ST1, PPFIA4 differential DNA methylation Human Takeuchi et al. 2017 [32]

Fluvoxamine SLC6A4 differential DNA methylation at CpG 3 Human Okada et al 2014 [29]
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