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ABSTRACT

Electroconvulsive therapy (ECT) remains one of the most effective treatments for patients with treatment-resistant major
depressive disorder (TR-MDD). However, the biological mechanisms underlying its therapeutic effects are not yet fully
understood. Epigenetic regulation has recently emerged as a promising field for elucidating the molecular underpinnings
of ECT response. This systematic review aimed to identify and synthesize existing studies investigating epigenetic biomark-
ers associated with ECT outcomes in human populations. A systematic review was conducted in PubMed and Scopus for
studies published between January 2015 and March 2025. The review adhered to PRISMA 2020 guidelines. Inclusion criteria
were: (1) original, peer-reviewed studies; (2) investigation of ECT-induced effects on epigenetic markers; and (3) diagnosis
of major depressive disorder. Extracted data included epigenetic targets, patient characteristics, ECT parameters, and clin-
ical outcomes. Risks of bias and heterogeneity were taken into account in the synthesis. Eleven studies met the inclusion
criteria, encompassing a total of 498 patients with TR-MDD. Across studies, 31 promising epigenetic biomarkers were iden-
tified, including genes involved in neuroplasticity, hypothalamic—pituitary-adrenal (HPA) axis regulation, inflammation,
immune signaling, and non-coding RNAs. DNA methylation and microRNA (miRNA) expression were the most frequently
studied mechanisms. No studies to date have investigated histone modifications in human subjects undergoing ECT. This
systematic review provides preliminary evidence that epigenetic mechanisms—particularly DNA methylation and miRNA
expression—may play a role in modulating response to ECT in patients with TR-MDD. While these findings offer important
insights for clinical stratification and precision psychiatry, they are limited by small sample sizes and methodological vari-
ability. Larger, standardized, and longitudinal studies are needed to validate these initial findings and support translational
applications.
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Introduction sistant mood and psychotic disorders, including major

Electroconvulsive Therapy (ECT) is a noninvasive depressive disorder (MDD), bipolar disorder, schizo-

brain stimulation involving controlled induction of ~ Phrenia, and catatonia.? Among these, ECT remains the
generalized seizures under anesthesia and muscle re- ~ most effective intervention for severe MDD.' The pro-
laxation.! It has demonstrated robust and consistent ~ cedure typically involves unilateral (sometimes bilater-
efficacy in the treatment of severe and treatment-re-  al) electrode placement over the non-dominant hem-

Corresponding author: Nikolaos Statharakos, Adult Psychiatry, Papanikolaou Hospital, Papanikolaou blvd, 571 00 Exochi, Thessaloniki,
Greece - e-mail: nicstath@gmail.com, nstathaa@auth.gr



isphere to deliver an electrical stimulus that induces
tonic-clonic seizures. There is a complex interplay be-
tween the stimulus parameters, including the position
of electrodes, dosage, and waveform of electricity, and
its efficacy.

ECT is rarely used as first-line therapy, except in an
emergency where the person’s life is at risk because of
refusal to eat or drink, or in cases of attempted suicide.
Most patients fail one or more antidepressant medica-
tions before receiving ECT, and those who respond to
ECT usually receive continuation pharmacotherapy.>-
Regarding its effectiveness, in controlled studies, ECT
has a response rate of 70% to 90%. However, in natural-
istic population-based community-setting studies, ECT
remission rates reach levels less than 50%.3-> Despite its
effectiveness, ECT is often underutilized due to persis-
tent stigma and limited understanding of modern pro-
tocols.®

Even though several theories have been proposed
for its mechanism of action, it remains poorly elucidat-
ed. Potential Mechanisms of action include (a) altered
activity of the monoamine neurotransmitter system,
(b) effect on neurotrophins, (c) alteration in the con-
centration of inflammatory factors, (d) epigenetic mod-
ifications, (e) structural neuroplasticity, (f) increased
neuronal functional changes.” Given the current lack of
conclusive data, it is unlikely that any single biomark-
er will fully define a psychiatric disorder or account for
the inherent heterogeneity of psychiatric diagnoses.
Instead, it is more plausible that multiple biological
mechanisms interact in complex and dynamic ways,
collectively contributing to the treatment response.

Optimization of treatment strategies and enabling
personalized medicine in the long term are necessities.
Currently, there is a lack of clinically useful biomarkers
predictive of treatment response.t Therefore, prospec-
tive indicators of ECT response are thus in great need.
Although treatment resistance in MDD is a robust clini-
cal predictor of poor response for most antidepressant
strategies, including ECT, this might be related more to
the depressive episode per se than to the intervention.

Regarding ‘precision psychiatry, it is envisaged to
bring a paradigm shift in clinical psychiatry through
the process of integrating data from the complex na-
ture of psychiatric diseases to give biomarkers that can
enable more efficacious and personalized treatment
strategies.’ Precision medicine initiative, as it applies to
ECT, can be advanced through the study of epigenet-
ics.'? Epigenetics comprises a highly increasing area of
studies in psychiatry, especially in mood and psychotic
disorders, because it acts as a link between environ-
mental factors and the genome, enabling to decipher-
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ing of the complex interplay of factors and the nature
of psychiatric disorders." The novel field of epigenetic
effects of ECT is increasingly studied as a key mecha-
nism mediating the impact of environmental factors
on brain function and thus enables the research to
yield biomarkers.'?

The individual genetic constitution provides a base-
line for the vulnerability to certain diseases, but ad-
ditional environmental factors are often necessary to
provoke the onset. Epigenetics refers to the study of
heritable phenotype alterations that do not involve
alterations in the DNA sequences, or “the mitotical-
ly and meiotically heritable changes in gene expres-
sion that do not entail variation in the DNA sequence”.
Epigenetics is an evolving area of research, especially
in psychiatry, due to the nature of psychiatric disor-
ders, where genetic and environmental factors inter-
act. Epigenetics mechanistically links life experiences
with the structural DNA code, providing an opportu-
nity to potentially study the effect of both at once.”
The three pillars of epigenetic mechanisms are (a) DNA
methylation,'*'¢ (b) Histone Modifications,' (c) RNA in-
terference with non-coding (nc) RNAs.”'® These mecha-
nisms determine the transcriptional state by regulating
the access to the DNA sequence of the transcriptional
machinery.'* Environmental factors seem to influence
and play a major role in psychiatric diseases according
to the genetic profile of the patients. Epigenetics, be-
ing a link between environmental and internal factors,
provides the opportunity to further understand this
complex interplay of factors and increase the efficacy
of treatment methods."

The investigation of epigenetic effects induced by
electroconvulsive therapy (ECT) offers a unique molec-
ular perspective that integrates previously document-
ed alterations in gene expression, cellular dynamics,
neurocircuitry, and functional brain activity. A recent
systematic review by Castro et al (2023) synthesized
human studies on epigenetic mechanisms related to
ECT and identified nine studies, with the majority fo-
cusing on DNA methylation and microRNA expres-
sion.?° Building on this foundation, the objective of the
present systematic review is to comprehensively exam-
ine and synthesize the current literature on epigenetic
biomarkers associated with ECT response in individuals
diagnosed with treatment-resistant major depressive
disorder (TR-MDD). Through a critical evaluation of
existing studies, this review aims to identify potential
molecular signatures that could inform future transla-
tional research and advance the development of pre-
cision psychiatry approaches in mood disorders. The
review critically reassesses prior findings in light of re-
cent methodological advancements, enabling a more
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nuanced and clinically actionable synthesis of the da-
ta. Thus, it not only updates the existing evidence base
but also reorients the field toward precision-based in-
terpretations of the epigenetic effects of ECT.

Material and Method

This systematic review was conducted following the
PRISMA 2020 guidelines?' (figure 1). The aim was to
identify, evaluate, and synthesize all relevant studies in-
vestigating the relationship between Electroconvulsive
Therapy (ECT) response in TR-MDD and epigenetic

mechanisms, including DNA methylation, histone mod-
ification, and non-coding RNA expression. A systematic
literature search was performed in PubMed and Scopus
from 2015 to 2025. The following Boolean queries were
used:

e PubMed: (Electroconvulsive Therapy [MeSH Terms] OR
Electroconvulsive Therapy [Title/Abstract] OR ECT[Title/
Abstract]) AND (Epigenetics [MeSH Terms] OR Epigenetics
[Title/Abstract] OR “non-coding RNA"[Title/Abstract] OR
“Histone Modification”[Title/Abstract] OR Methylation
[Title/Abstract])

[ Identification of studies via databases and registers ] [ Identification of studies via other methods ]
'
- Records removed
'% Records identified from*: before.screemng:
S Databases Duplicate records
= (n=125) > removed (n=24)
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2 for other reasons Records identified from:
(n=124) Citation searching (n=3)
~—/
) A4
Recor(cri]s_‘s‘%e)ened > Record excluded**
- (n=11)
A
Reports not Reports not
Reports sought . retprieved Reports sought for retﬁ'ieved
g’ for retrieval (n=0) retrieval (n=0)
= (n=9) (n=3)
9]
3
Reports assessed for
eligibility
Reports excluded (n=3)
Reports assessed > (1)
for eligibility
(n=9) Reports excluded:
(n=0)
N
o Studies nduded
-§ in review <
S (n=11)
£

[

Figure 1. PRISMA flow diagram.



”

e Scopus: TITLE-ABS-KEY (“Electroconvulsive Therapy
ORECT) AND TITLE-ABS-KEY (epigenetics OR“non-cod-
ing RNA” OR “histone modification” OR methylation)

Additional studies were identified through manu-
al screening of references in eligible articles. Eligible
studies were peer-reviewed original research articles
that examined the effects of ECT on epigenetic mark-
ers in humans diagnosed with MDD and were pub-
lished in English. Exclusion criteria included animal
studies, review articles, conference abstracts, opinion
pieces, studies not directly involving ECT, and studies
without reported epigenetic outcomes. All referenc-
es were managed using Rayyan for deduplication and
organization. Two reviewers independently screened
titles and abstracts, followed by full-text reviews, with
disagreements resolved by a third reviewer. Data ex-
traction was conducted using a standardized form and
included study characteristics, design, population/
sample details, ECT protocol, epigenetic outcomes,
and key findings. Due to the heterogeneity of study de-
signs, no formal risk of bias tool was applied. However,
potential sources of bias were considered narratively.

Results

This systematic review synthesized current evidence
from eleven studies exploring the epigenetic mecha-
nisms associated with electroconvulsive therapy (ECT)
in patients with treatment-resistant major depressive
disorder (TR MDD) (table 1). The results provide con-
verging but preliminary evidence that ECT may induce
epigenetic changes—potentially underlying thera-
peutic response and symptom improvement. Eight
studies investigated the role of DNA methylation as
a potential biomarker or mechanistic correlation of
Electroconvulsive Therapy (ECT) response, while three
studies explored the role of microRNAs (miRNAs) in the
context of ECT, utilizing both discovery and validation
approaches. In total, ' promising epigenetic biomark-
ers were examined in the studies (table 2).

ECT and DNA Methylation Findings
Epigenome-Wide and Genome-Wide Analyses

Carvalho Silva et al (2024) conducted a comprehen-
sive epigenome-wide association study (EWAS) to
identify methylation changes associated with clinical
outcomes of ECT. Longitudinal analyses revealed differ-
entially methylated probes (DMPs) and regions (DMRs)
nominally associated with symptom improvement
and response status, including genes such as ADARBT,
FAM20C, IQCE, and SLC25A24. Female-specific analy-
ses uncovered additional significant and trend-signifi-
cant DMRs in genes implicated in psychiatric disorders
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(ZFP57, GAS7, ADORA2A), trauma exposure (RIPOR2),
and immune regulation (TOLLIP, LAT, FAM30A).
Although none of the findings survived false discovery
rate correction, the results suggest potential biological
pathways modulated by ECT, particularly in sex-specif-
ic contexts.??

Similarly, Sirignano et al (2021), using a genome-wide
DNA methylation approach, identified two differential-
ly methylated genes, TNKS and FKBP5, surpassing the
stringent genome-wide significance threshold, both
of which have been previously implicated in stress-re-
sponse regulation and psychiatric vulnerability.?

Candidate Gene Methylation Studies

Several studies focused on targeted DNA methyla-
tion analysis of stress-related and neuroplasticity-asso-
ciated genes. Maier et al. (2023) assessed methylation
of NR3C1 (glucocorticoid receptor) and POMC, report-
ing lower baseline NR3C1 methylation in unmedicated
depressed controls compared to both ECT-treated pa-
tients and healthy controls. ECT induced a reduction
in methylation levels of both genes, with responders
showing lower post-treatment NR3C1 methylation
than non-responders.?*

Schurgers et al (2022) observed increased mRNA ex-
pression of BDNF, ERK1, and NR3C1 during ECT, with
corresponding changes in DNA methylation, highlight-
ing dynamic transcriptional regulation during treat-
ment.?> Similarly, Kleimann et al (2015) found that ECT
remitters exhibited significantly lower methylation in
BDNF promoter regions (particularly exon 1), suggest-
ing epigenetic modulation of neurotrophic signaling as
a mechanism of ECT efficacy.?

Moschny et al (2020) performed a genome-wide
methylation screen and implicated several novel genes
(RNF175, TBC1D14, TRERF1) in ECT response.” In a sep-
arate analysis, while no baseline methylation differences
were observed in t-PA and PAI-1 between remitters and
non-remitters, cell-type-specific methylation differences
were noted, underscoring the relevance of immune cell
heterogeneity in peripheral biomarkers.?®

In an independent replication study, Neyazi et al
(2018) demonstrated higher p11 promoter methyla-
tion in ECT responders across two clinical cohorts, re-
inforcing the potential predictive utility of this locus in
antidepressant response.?

ECT and Non-Coding RNA Findings

Genome-Wide and Transcriptomic Analysis

Israel-Elgali et al (2021) conducted a genome-wide
assessment of miRNA expression profiles before and
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Table 1. Key findings of the included studies.

Author (Year) N (ECT Biomarker/ ECT Protocol Concomitant Outcome Key Findings
pts) Epigenetic Target Medication Scale
Kleimann etal 11 BDNF promoter Thymatron IV; 3 medications MADRS Lower baseline exon |
2015 (exons 1, IV, VI) ECT sessions/week including antide- Score <12 methylation predicted
methylation; serum  over 3, 5 weeks. pressants (n=10), remission; no serum
BDNF antipsychotics BDNF change
(n=9) remained
unchanged
Gururajan et 24 miRNA transcrip- bi-weekly brief- Usual antidepres- MADRS let-7b/c lower vs
al 2016 tome (let-7b, let-7c)  pulse bitemporal sants continued >50% controls but neither
ECT (not specified decrease  predicted or changed
further) with ECT
Kolshus et al 16 miRNA  miR-126-3p, hand-held elec- Mixed; psychotic HDRS, Psychotic depression
2017 cohort; miR-106a-5p; trodes on the subgroup often on  BPRS-5 showed elevated
37 miRNA  VEGF-A mRNA Spectrum 5000M antipsychotics miRNAs & VEGF-A;
validation device; Two normalised post-ECT.
cohort; group, parallel, No miRNA changes in
97 VEGF-A double-blind non-psychotic depres-
cohort randomised con- sion
trolled non-infe-
riority trial com-
paring high-dose
R-unilateral with
standard-dose
bitemporal ECT;
2 times/week
Neyazi et al 76 (11 p11 (S100A10) Not specified medication MADRS Higher baseline p11
2018 Proof of promoter remained >50 % methylation robustly
Concept + methylation unchanged decrease  predicted response
65 replica-
tion)
Moschny et al 17 Genome-wide DNA  Thymatron IV; medication MADRS 8 novel CpGs (RNF175,
2020a methylation R-unilateral 3 remained =50 % RNF213, etc.) associat-
times/weekly up unchanged decrease  ed with response
to 4 weeks
followed by main-
tenance ECTs
applied only once
a week.
Moschny et al ~ first t-PA (PLAT) & Ultra-brief pulse medication HAM-D or Strong cell-type meth-
2020b cohort PAI-1 (SERPINET1) devices [Mecta remained MADRS ylation differences; no
(n=59) DNA methylation 5000Q and unchanged >50% global ECT effect
second (cell-sorted) Thymatron IV]; decrease
group R-unilateral; 3 was inter-
(n=28) times/week up to preted as
4 weeks response,
<7
HAM-D
or <10
MADRS as
remission
Sirignano et al 34 Differentially meth-  Thymatron IV; uni- Not specified HDRS-17  CpG in TNKS (g<0.05)
2021 ylated CpG sites, lateral stimulation A or & FKBP5 were differen-
Genome-wide DNA  with the possibility >50 % tially methylated above

methylation

to change to bilat-
eral stimulation at
the discretion of
the ECT supervi-
sor; 2-3times/week

stringent statistical
threshold, related to
response

Continues



Table 1. Continued.

Psychiatriki 327

Author (Year) N (ECT Biomarker/ ECT Protocol Concomitant Outcome Key Findings
pts) Epigenetic Target Medication Scale
Israel-Elgaliet 17 miRNA & mRNA hand-held elec- Compared with HAM-D24  TFKBP5, LITGA2B,
al. 2021 transcriptome trodes ; unilateral;  SSRI & ketamine >50 % TmiR—24—3p unique to
2 times/week groups decrease  ECT responders
and a
score <16
at the end
of treat-
ment
Schurgers et 19 mRNA (BDNF, ERK1, ThymatronR Benzodiazepines MADRS mRNA T for BDNF,
al. 2022 NR3C1) & DNA System IV device;  were stopped >50 % ERK1, NR3C1; correlat-
methylation bitemporal elec- before the first decrease  ed with DNA methyla-
trode position; 2 ECT session. tion levels.
times/week Other medications
mean sessions = including antide-
6.1 (3-11) pressants remained
unchanged.
Maier et al. 31 NR3C1-1F & POMC  Thymatron IV; Registry patients MADRS Responder baseline
2023 DNA methylation unilateral; 3times/  on standard medi- =50 % lower NR3C1 meth-
week up to 10 cation decrease  ylation; both genes
(£4) sessions demethylated acutely
Carvalho Silva 32 EPIC EWAS Thymatron medication MADRS Identified multiple
et al. 2024 DG ;Bilateral remained >50 % DMPs and DMRs relat-
brief-pulse; unchanged decrease  ed to symptom varia-
3times/week tion and response,eg.
for 4 weeks CYB5B, PVRL4, ADARBT1,
IQCE, SLC25A24.
Female-specific DMRs
involved psychiatric,
trauma-related, and
immune-related genes
(e.g., ZFP57, POLDA4,
H19). Pathway analysis
highlighted transcrip-
tional, growth, and
immune processes.
Table 2. Promising epigenetic biomarkers of ECT response.
Epigenetic Mechanism Biomarker

DNA Methylation
(candidate genes

NR3C1, POMC, BDNF (exon |, IV, VI), FKBP5, TNKS, SLC25A24, ADARB1, FAM20C, IQCE, RNF175, RNF213,
TRERF1, TBC1D14, WSCD1, TOLLIP, LAT, FAM30A, ZFP57, GAS7, ADORA2A, RIPOR2, t-PA, PAI-1, p11

(S100A10, promoter methylation), VEGF-A (mRNA)

microRNAs (miRNAs)

let-7b, let-7c, miR-126-3p, miR-106a-5p, miR-24-3p

after ECT in patients with TR MDD. While no statistically
significant changes remained after correction for mul-
tiple comparisons, exploratory analyses revealed a po-
tential upregulation of miR-24-3p associated with ECT
response, warranting further investigation in larger co-
horts.

Gururajan et al (2016) examined baseline and
post-treatment expression of let-7b and let-7¢, two
miRNAs implicated in neuroinflammation and synap-
tic plasticity. Although expression levels were reduced

in patients relative to healthy controls at baseline, no
significant changes were observed post-ECT, nor was
there an association with treatment outcome.”

Targeted and Subtype-Specific miRNA Studies

Kolshus et al (2017) employed a discovery-validation
framework to examine peripheral blood miRNA and
VEGF-A (Vascular endothelial growth factor A) mRNA
levels in MDD patients undergoing ECT. In individuals
with psychotic depression, levels of miR-126-3p and
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miR-106a-5p were elevated at baseline and normalized
following ECT, in parallel with reductions in VEGF-A.
These changes were not observed in patients with
non-psychotic depression, suggesting a potential sub-
type-specific epigenetic signature responsive to ECT.?

Discussion

Across eight studies, DNA methylation emerged as a
frequently examined epigenetic marker, with several
investigations identifying differentially methylated po-
sitions (DMPs) and regions (DMRs) before and after ECT.
Notably, Carvalho Silva et al (2024), employing an epig-
enome-wide association approach, found DMPs and
DMRs associated with symptom changes and clinical
response, annotated in genes such as ADARBT1, IQCE,
FAM20C, and immune-related loci such as SLC25A24
and NLRP6. Although these findings did not survive
false discovery rate correction, they highlight genes in-
volved in transcriptional regulation, immune signaling,
and stress response.?

Several studies investigated candidate genes pre-
viously implicated in HPA axis regulation. Maier et al
(2023) and Schurgers et al (2022) both reported altered
methylation in NR3C1, the gene encoding the gluco-
corticoid receptor. Maier et al. found that responders
to ECT exhibited lower NR3C1 methylation post-treat-
ment, suggesting normalization of stress-related epi-
genetic patterns.?* Similarly, Schurgers et al observed
increased NR3C1 mRNA and correlated DNA methyla-
tion changes during ECT, supporting functional rele-
vance.”

The BDNF gene, a critical gene for neuroplasticity, was
also differentially methylated in responders. Kleimann
et al (2015) found that ECT remitters had significantly
lower BDNF promoter methylation (especially exon I),%
whereas Schurgers et al additionally demonstrated an
increase in BDNF mRNA expression, linked to methyl-
ation dynamics.? It has been previously suggested as
a biomarker able to distinguish between healthy and
depressed subjects.?? These findings support previous
hypotheses that BDNF regulation may mediate ECT-
induced neuroadaptive processes.

Other genome-wide or targeted studies identified
novel epigenetic candidates: TNKS and FKBP5 23;
RNF175, WSCD1, TRERF1;27 and p11 (ST00A10)*° the
latter showing higher promoter methylation among
ECT responders in two independent samples. However,
some methylation effects were found to be cell-type
dependent,? highlighting the complexity of interpret-
ing peripheral epigenetic data.

The role of non-coding RNAs, particularly microRNAs
(miRNAs), was evaluated in three studies. The findings

remain mixed and methodologically heterogeneous.
Kolshus et al (2017) conducted a multi-phase investi-
gation, identifying normalization of elevated miR-126-
3p and miR-106a-5p levels post-ECT in patients with
psychotic depression. These miRNAs are known to reg-
ulate VEGF-A, whose mRNA levels also decreased after
treatment, indicating a possible coordinated epigenetic
and transcriptomic response in specific depression sub-
types.®' Although the present systematic review focused
exclusively on studies involving patients with major
depressive disorder (MDD), it is worth noting related
work in other psychiatric populations. A recent study by
Saglam et al (2024) investigated peripheral microRNA
expression in patients with schizophrenia undergoing
ECT. The authors examined miRNA expression before
and after ECT, identifying differential expression of miR
20a 5p and miR 598 in patients with schizophrenia rel-
ative to healthy controls.32 However, no statistically
significant changes were observed post-treatment, ech-
oing findings from some MDD studies where miRNA re-
sponses to ECT were similarly variable or inconclusive.
These results underscore the methodological challenges
and inter-individual variability inherent in miRNA bio-
marker research, and further support the need for larger,
diagnosis-specific, and well-powered studies.

In contrast, Israel-Elgali et al (2021) reported no ge-
nome-wide significant changes in circulating miRNAs
but observed an upregulation of miR-24-3p under less
stringent statistical thresholds, suggesting potential
sensitivity limitations in miRNA detection methodolo-
gies.’® Gururajan et al (2016) similarly found reduced
let-7b/c expression in TRD patients relative to controls,
but no predictive or treatment-related changes, cast-
ing doubt on their utility as dynamic biomarkers of ECT
response.’

The focus of research in animal studies was to prove
a well-established epigenetic effect of the electrocon-
vulsive seizures (ECS), analogous to ECT in animal stud-
ies, in the brain of rodents, and provide the knowledge
background and a stimulus for further research. The an-
imal studies literature reveals that Electroconvulsive sei-
zures have multiple epigenetic effects that are hypothe-
sized to adjust the therapeutic effects of ECT. Based on
the studies included in the de Jong et al review' and
more recent studies,?®3435 the epigenetic effects of ECS
cover all the spectrum of epigenetic mechanisms and
include increased histone acetylation in c-Fos, BDNF,
and CREB genes; demethylation of BDNF promoter12,
ECS-induced HDAC2 upregulation and decreased H3
acetylation at Arc promoter 32 significant decline in
H3K9 acetylation in the hippocampus following chronic
electroconvulsive seizure,** p11 promoter and changes
in the level of various hippocampal miRNAs.?



Nonetheless, the results cannot be extrapolated to
a clinical population of individuals with severe and/or
chronic depression, and the results can be considered
explorative due to the early phase of neuroepigenetic
research and the lack of replication in most of the find-
ings. In contrast to this viewpoint, the most recent an-
imal study of Neyazi et al*® managed to yield results in
a proof-of-concept clinical trial. Utilizing a chronic mild
stress model of MDD, the group obtained citalopram-re-
sistant rats, and ECS was used. Besides, the group pro-
posed cortical ECS as a more valid procedure to mimic
ECT than auricular ECS. The results depict a higher p11
promoter methylation, which was also found in the first
clinical trial and was then replicated in a second one.
This translational study successfully validates the first
biomarker reliably predicting the responsiveness to ECT.

Collectively, the evidence suggests that ECT is as-
sociated with measurable epigenetic modifications,
primarily in DNA methylation and to a lesser extent in
non-coding RNA expression. Genes involved in neuro-
plasticity (BDNF), HPA axis modulation (NR3C1, FKBP5),
inflammation, and synaptic regulation appear to be
central mediators. The heterogeneity of findings across
studies reflects both the complexity of epigenetic
regulation and the diversity of analytic strategies em-
ployed. No studies in humans concerning histone mod-
ifications were found, leading to the recommendation
of future research.

Despite the promising insights presented, several lim-
itations must be acknowledged. The included studies
were heterogeneous in terms of sample size, ECT pro-
tocols, clinical populations, and methods used to assess
epigenetic changes, limiting the comparability of find-
ings. It is important to note that more research is need-
ed before a reliable conclusion can be made, not only in
terms of the reproducibility of the results in larger sam-
ple sizes. Most studies featured small cohorts and lacked
replication, which increases the risk of false-positive re-
sults. Additionally, most of the studies did not report or
control for key confounders such as medication status,
comorbidities, or baseline inflammation, all of which
may influence epigenetic signatures. Formal risk of bias
assessment was constrained by the variability in study
design, but methodological limitations, such as the ab-
sence of blinding, small sample sizes, and lack of longi-
tudinal follow-up, were common.

Furthermore, the reliance on peripheral blood as
a proxy for brain-based changes introduces an addi-
tional layer of uncertainty, given the tissue specificity
of epigenetic mechanisms. Due to ethical reasons, the
most acceptable sample is peripheral blood, leading
the focus of studies to shift in search of biomarkers that

Psychiatriki 329

can be traced in the blood. However, since epigenet-
ic changes are cell- and tissue-specific, there is a pos-
sibility that some results may not to reflect the actual
changes in the brain. Though DNA methylation varies
between tissues, some inter-individual variations are
reflected across the brain and blood in humans.3¢

From a future perspective, further research is need-
ed to lead to more conclusive results. We recommend
research in a multi-omics approach for ECT effects and
biomarkers, incorporating longitudinal designs, and
considering cell-specific and brain-derived samples
where feasible. Strategies that would enhance biomark-
er validity include adequately powered sample sizes and
a priori hypotheses for the role of the markers of inter-
est. Ideally, as stated in the studies choice of prior un-
medicated patients will potentially yield more accurate
results. Moreover, assessment of SNPs in cases of overlap
with areas of interest can eliminate bias and potential in-
fluence in the results. Considering research for optimiza-
tion of therapies for MDD, studies can be conducted for
biomarkers for second-and third-line treatment of treat-
ment-resistant MDD, including repetitive transcranial
magnetic stimulation (rTMS). There is a plethora of mo-
lecular mechanisms involved in the pathophysiology of
depression, which can be a target for epigenetic studies.
Instances with evidence of epigenetic changes include
serotonin transporter-regulating genes, glucocorticoid
receptors, and GABA receptors.*’

Epigenetics is a promising type of novel biomark-
er for treatment response for ECT and could improve
predictability when used in combination with more es-
tablished predictors.*® Epigenetic modifications across
the genome represent orchestrated phenomena that
modulate the transcriptional output of the genetic
code. In this sense, identifying the aberrant changes in
the epigenetic landscape associated with human dis-
ease and the factors promoting such alterations pro-
vides the potential for new biomarkers that contribute
to clinical decisions. A patient’s epigenetic profile may
represent a measurable combination of genetic and
clinical predictors that could have more prognostic val-
ue than either alone, potentially improving physician
decision-making and patient experience. 34

Conclusion

This systematic review synthesized evidence from
eleven studies investigating epigenetic mechanisms as-
sociated with electroconvulsive therapy (ECT) response
in patients with treatment-resistant major depressive
disorder (TR-MDD). Across these studies, a total of 31
promising epigenetic biomarkers were identified, in-
cluding DNA methylation patterns in genes related to
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HPA axis regulation, neuroplasticity, inflammation, and
immune modulation, as well as miRNAs. While the most
consistently investigated mechanism was DNA methyl-
ation, a smaller number of studies explored non-coding
RNAs, with no human studies addressing histone modi-
fications. The findings suggest that epigenetic changes
may play a mediating role in ECT-induced symptom im-
provement, reflecting underlying molecular adaptations
to treatment. However, the overall body of evidence
remains preliminary, due to limitations such as small
sample sizes, heterogeneity in patient populations and
methodologies, lack of replication, and reliance on pe-
ripheral blood samples rather than brain-derived tissue.
The observed variability in epigenetic signatures across
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MEPINHWH

H nAektpoomacpoBepansia (HXO) amoteAei pia amd TI¢ MO amoTEAECUATIKEG OepameieC yia A0OEVEIC e YAPUAKOAVOEKTIKN

peiCova katabAimTikn Siatapayr. Qotoo0, ol Bloloyikoi unxaviopoi mou Siémouv tn BepameuTikn TS SpAon MAPAUEVOUV EV

pépeL adleukpivioTol. H emyeveTikn pUOUIoN €xel avadeixBei Mpoo@aTa we £Vag UTTOCXOUEVOS TOUENG YIO TNV KATAvONnon Tng

Moplakng Bdong tTng amdkplong otnv HXO. IKomO¢ AuTr¢ TNG CUCTNUATIKAG AVACKOTTNONG ATAV N KATAypa®r Kat cuvOeon Twv

UTTAPXOUOWV LEAETWV TTOU SLEPEVVOUV EMIYEVETIKOUG BlodeikTeG OXeTICOUEVOUG PE Ta BepameuTIKA amoTteNéopaTa TG HXO oe

avBpwmivoug MANBuopoUC. AlevepyriOnKe CUOTNUATIKY avackomnon oTi¢ Bdoelc Sedopévwv PubMed kat Scopus yia HENETEC

mou SnpootevOnkav petadl lavovapiov 2015 kat Maptiou 2025, cUpewva pe Tig 0dnyieg PRISMA 2020. Kpitripla évtaéng amo-
Téleoav: (1) mpwtdTUTEG, AEloNOYNUEVEC ATTO OUOTIUOUG EpYanieg, (2) Siepevvnon Twv emdpdoewv TG HXO o€ emyeVETIKOUG

SeikTeg Kal (3) dtayvwon peiCovog KatabNmTIKAG Slatapayng. AmOomaopa SESOUEVWY aPOPOUCE GTOUG ETTIYEVETIKOUG OTO-
XOUG, TA XAPAKTNPLIOTIKA TwV aoBevwy, TIC TAPAUETPOUS TNG HXO Kal Ta KAVIKA amoteAéopata. EA@Onoav umdyn o kivbuvog
MEPOANYIAC KAl N ETEPOYEVELQ TWV MEAETWV. EVTEKA LEAETEC TTANPOVCAV Ta KPLTrPla évTaéng, mepAapBAvovTag GUVOAIKA 498

aoBeveic pe TR-MDD. 310 6UVOAO TWV PEAETWY EVTOTIOTNKAV 31 UTTOOXOUEVOL ETTIYEVETIKOI BLOSEIKTEG, TTOU OXETI(OVTAL PE TN

VEUPOTTAAOTIKOTNTA, TN PpUOUION Tou d€ova YYE (UmoBaAduou-unmopuUONC-eMVEPPLSIWVY), TN GAEYUOVH, TNV AVOCIAKI) CNUATO-
60tnon kal ta un Kwdikd RNAs. Ot mo ouxvd peAeTnpévol unyaviopoi ntav n pebuliwon tou DNA Kai n ékgpacn microRNA
(MiRNA). Kapia perétn og avBpwmoug Sev eE£TACE TPOTIOTOLAOELG IOTOVWY. H TapoUoa GUOTNMATIKA AVAOKOTTNGN TTAPEXEL
TIPOKATAPKTIKA EUPAMATA TTOU UTTOOTNPICOUV TOV PONO TWV ETTIYEVETIKWY UNXAVIOHWY —16iwg TNG HEBUAiwong Tou DNA kat
¢ ékppaonc MiRNA- otn puBUIoN TNG avtamokplong otnv HXO o€ acBeveic pe TR-MDD. Av Kal Ta euprpaTa avadelkvUouV
uTTOYRPLOUG BLoSEIKTEG Yia KAWVIKA Ta&vopunon Kal Yuxlatpikn akplBeiag, ol pikpoi mAnBuopoi detypdtwy Kat n pebodoloyikn

€TEPOYEVELD TTEPLOPICOUV TN YEViIKELON. ATTAITOUVTAL HEYOANUTEPEG, TUTTOTTIOINUEVEG KAl TIPOOTITIKEG LEAETEC Yla TNV EMKUPWON
Kal mepaltépw aglomoinon auTwy Twv MPWIHWY SESOUEVWV.

NEZEIX EYPETHPIOY: H\ektpoomaopoBeparneia, appakoavOeKTIKR KATAOAn, EMYEVETIKN, BlodeikTeg, YuxlaTpIKn akpIBEiag.
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