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Abstract 

Background  Electroconvulsive therapy (ECT) benefits patients with treatment-resistant depression (TRD), 
but the underlying biological processes are unclear. We conducted an epigenome-wide association study in 32 TRD 
patients undergoing ECT to depict ECT-associated methylation changes. Illness severity and ECT outcomes were 
assessed with the Montgomery–Åsberg Depression Rating Scale at baseline (T0) and 1 month after its end (T1). Meth-
ylation was profiled at T0 and T1 with the Illumina Infinium Methylation EPIC BeadChip array.

Results  Longitudinal T0–T1 analyses showed 3 differentially methylated probes (DMPs) with nominal p values ≤ 10−5, 
with 2 annotated in the genes CYB5B and PVRL4. Including covariates, we found 4 DMPs for symptoms variation, anno-
tated in FAM20C, EPB41, OTUB1 and ADARB1, and 3 DMPs for response status, with 2 annotated in IQCE and FAM20C. 
Regional analysis revealed 54 differentially methylated regions (DMRs) with nominal p value area ≤ 0.05, with 9 pre-
senting adjusted p-value area ≤ 0.10, annotated in MCF2L, SLC25A24, RUNX3, MIR637, FOXK2, FAM180B, POU6F1, ALS2CL 
and CCRL2. Considering covariates, we found 21 DMRs for symptoms variation and 26 DMRs for response (nominal p 
value area ≤ 0.05), with 4 presenting adjusted p-value area ≤ 0.10 for response, annotated in SNORD34, NLRP6, GALNT2 
and SFT2D3. None remained significant after false discovery rate correction. Notably, ADARB1 variants are associated 
with suicide attempt in patients with psychiatric disorders, and SLC25A24 relates to conduct disorder. Several DMPs 
and DMRs are annotated in genes associated with inflammatory/immune processes. Longitudinal analyses on females 
(n = 22) revealed statistically significant DMRs (adjusted p value area ≤ 0.05) and trend-significant DMRs (adjusted p 
value area ≤ 0.07) for symptoms variation and response status, annotated in genes related to psychiatric disorders 
(ZFP57, POLD4, TRIM10, GAS7, ADORA2A, TOLLIP), trauma exposure (RIPOR2) and inflammatory/immune responses (LAT, 
DLX4, POLD4, FAM30A, H19). Pathway analysis on females revealed enrichment for transcriptional activity, growth fac-
tors, DNA maintenance, and immune pathways including IRF7 and IRF2.

Conclusion  Although no significant results were found for the whole cohort, the study provides insights into ECT-
associated methylation changes, highlighting DMPs and DMRs related to ECT outcomes. Analyses on females 
revealed significant DMRs and pathways related to psychiatric disorders and inflammatory/immune processes.
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Background
Electroconvulsive therapy (ECT) is a well-established 
treatment for patients with severe and treatment-
resistant depression (TRD) [1, 2]. This therapy reaches 
response rates varying from 60 to 80%, remission rates 
of 50–60%, quicker clinical response when compared to 
pharmacological treatments, and reduced hospital length 
of stay and number of hospitalizations [2, 3].

The biological processes underlying ECT mecha-
nisms of action are still largely unclear, and the study of 
molecular changes associated with therapeutic response 
to ECT in TRD patients enables a wider insight into the 
pathophysiology of severe depression and treatment 
response [4]. The majority of the studies present in the 
literature focused on effects on proteins, the few genetic 
studies conducted to date used a candidate gene method, 
and there is currently no genomic investigation of ECT 
response. Currently, expression studies that look at RNA 
or miRNA levels as well as epigenetic research are rare.

Concerning epigenetic mechanisms, such as DNA 
methylation, current research on ECT has usually 
focused on candidate gene approaches [5–7], but, given 
the diversity and complexity of the mechanisms involved 
in major depressive disorder (MDD) pathophysiology, a 
whole methylome approach has the potential to provide a 
wider picture of the disease neurobiology and treatment 
responses.

Few recent studies have been performed to investi-
gate methylomic changes in depressed patients undergo-
ing ECT [8, 9]. Analyzing DNA methylome in 12 TRD 
patients receiving ECT, Moschny and collaborators [8] 
found no significant differences in longitudinal global 
methylation measures or between responders and non-
responders, but revealed eight genes that may be involved 
in ECT response, including RNF213, related to immu-
nological mechanisms, angiogenesis and MDD. Using a 
similar approach in 34 depressed patients, Sirignano et al. 
[9] found significant differentially methylated cytosine-
phosphate-guanine dinucleotide (CpG) sites associated 
with binary or continuous response to ECT, highlighting 
TNKS, associated with MDD and other psychiatric dis-
eases, and FKBP5, which regulates the stress–response 
system being linked to psychiatric disorders, including 
MDD.

On these bases, we conducted an epigenome-wide 
association study (EWAS) in a cohort of TRD patients 
undergoing ECT sessions, aiming at identifying meth-
ylation changes associated with ECT outcomes, in order 

to find potential biomarkers related to antidepressant 
response and gain a deeper insight into ECT biological 
mechanisms of action.

Methods
Study participants and clinical assessment
Thirty-two TRD patients were voluntarily enrolled in the 
study. The diagnostic criterion for inclusion was a diag-
nosis of MDD according to the Diagnostic and Statistical 
Manual of Mental Disorders-IV (DSM-IV) classification 
system. The exclusion criteria were the following: (a) 
cognitive impairment or mental retardation; (b) history 
of bipolar disorder, schizophrenia or schizoaffective dis-
order; (c) primary diagnosis of substance abuse, alcohol 
abuse or dependency, obsessive compulsive disorder, per-
sonality disorder or PTSD; and (d) comorbidity with eat-
ing disorders; (e) comorbidity with alcohol and substance 
dependence; (f ) neurological disorders (i.e., Parkinson’s 
disease, multiple sclerosis, Alzheimer’s and other demen-
tias, epilepsy, stroke, brain tumors, traumatic conditions 
of the nervous system); (g) comorbidity with other severe 
medical illness and severe autoimmune diseases (i.e., can-
cers, Crohn’s disease, rheumatoid arthritis (RA), sclero-
derma, psoriasis, myasthenia gravis, Sjögren syndrome, 
systemic lupus erythematosus); and (h) pregnancy. 
Patients were referred to the Psychiatric Hospital “Villa 
Santa Chiara” in Verona, Italy. The study was approved 
by the Ethics Committee for Clinical Trials of province 
of Verona and Rovigo (N: 4997/09.11.01). Participants 
received full explanation about study procedures and gave 
written informed consents to participate.

All the patients were evaluated as having TRD. TRD 
definition was the failure to respond to at least two tri-
als with two or more classes of antidepressant drugs and 
to a trial with a tricyclic drug, corresponding to stage III 
or above, in accordance with the Thase and Rush staging 
system [10].

All the patients were scheduled to undergo ECT. ECT 
was performed three times a week, between 7:00 and 9:00 
a.m., using a Thymatron DG (Somatics, Inc., Lake Bluff, 
IL, USA) with standard settings with a bipolar brief pulse 
square wave and bilateral electrode placement. The ECT 
procedure has been described in detail elsewhere [11]. 
The mean number of treatments received was 7.4 ± 2.2, 
and ECT treatment was completed on the basis of the 
clinical judgment of the treating physicians. Illness sever-
ity and the outcomes of ECT were assessed using the 
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Montgomery–Åsberg Depression Rating Scale (MADRS) 
[12] before the treatment (T0) and about 1 month after 
the last ECT session (T1). Patients were considered as 
responders if the MADRS reduction was > 50% at T1. In 
addition, symptom improvement at both time points was 
defined as the % variation (Delta) of MADRS score com-
pared to baseline computed as ((T1 score − T0 score) / 
T0 score) * 100.

DNA extraction and methylation analysis
Fasting blood samples were collected at T0 and T1 using 
EDTA tube, and the DNA was extracted from whole 
blood samples using the Gentra Puregene Blood kit (Qia-
gen), according to the manufacturer’s instructions. DNA 
quantification and quality evaluation were performed 
through spectrophotometric analysis (NanoDrop 2000, 
Thermo Scientific). DNAs were pipetted on 96-well pro-
cessing plates: same-subject T0 and T1 DNAs on the 
same plate; and between-subjects randomized based on 
sex and age on separate plates.

Methylation was profiled at T0 and T1 with Illumina 
Infinium Methylation EPIC BeadChip array (850 k) using 
HiScan array scanning systems (chips and scanner from 
Illumina, San Diego, CA).

Methylation levels were quantified after quality con-
trol and normalization using ChAMP R package. Probes 
with detection p-value cutoff below 0.01 and with a bead 
count less than 3 in at least 5% of patients were removed. 
We also removed probes containing single-nucleotide 
polymorphisms (SNPs) with minor allele frequency 
above 0.01 within 10 base pair (bp) of the single base 
extension position based on the list from Pidsley and col-
laborators [13]. Probes linked to X- and Y-chromosomes 
were removed. None of the samples has more than 10% 
of not available (NA), and all were retained for analysis. 
Normalization was performed on beta-values using Beta-
Mixture Quantile (BMIQ) normalization as implemented 
in ChAMP R package. After normalization, beta-values 
were transformed to M-values to perform association 
[14].

Statistical analysis
A mixed linear model approach implemented in the 
Limma R package was used to perform association anal-
ysis using patient as blocking factor. To adjust for con-
founding factors, we included white blood cell fractions 
estimated for granulocytes, monocytes, B cells, NK cells, 
CD4 + T cells and CD8 + T cells, and 2 principal compo-
nents from control probes.

We estimated white blood cellular composition using 
the estimateCellCounts function from the R minfi pack-
age [15]. Principal component analysis (PCA) was per-
formed on EPIC chip control probes to correct for 

technical artifacts. Optimal number of principal compo-
nents to use was determined using the findPC R package 
[16].

Differentially methylated probes (DMPs) were reported 
at the suggestive threshold of p ≤ 10−5. Cytosine guanine 
dinucleotide (CpG) site annotation was performed using 
IlluminaHumanMethylationEPICanno.ilm10b2.hg19 R 
package (hg19 genome reference).

Differentially methylation region (DMR) analysis was 
performed using bumphunter R package. Single probe 
statistic was calculated using a univariate model with 
patient as blocking factor and the phenotype/feature of 
interest as explanatory variable. Probes were aggregated 
in clusters/regions with at least 8 probes, with maxi-
mum distance of 300 bp within each probe. Region p val-
ues were computed by permutation procedure over 250 
permutations. Differentially methylated regions (DMRs) 
were considered those with adjusted p value ≤ 0.05, but 
also those with adjusted p value ≤ 0.1 are reported in the 
supplementary tables. DMRs were considered relevant 
with adjusted p value area ≤ 0.05.

Enrichment analysis was performed with enricher and 
enrichGO functions from clusterProfiler R package. Gene 
sets were obtained from graphite [17, 18], msigdbr and 
hsa-ord-db R packages. Significant enriched gene sets 
were considered as those with an adjusted p value ≤ 0.2. 
P values were adjusted using the Benjamini & Hochberg 
method unless otherwise stated.

Results
The socio-demographical and clinical characteristics 
of the studied patients (n = 32) are depicted in Table  1. 
The mean age of the enrolled participants was 56.9 years 
(standard deviation of 14.3  years) and 68.7% were 
females. After ECT sessions, at the follow-up visit (T1), 
23 patients were considered responders and 9 patients 
were classified as non-responders.

Single CpG site analysis
In order to evaluate possible epigenome-wide methyla-
tion changes before and after ECT sessions, we performed 
longitudinal analyses to evaluate DMPs between T0 and 
T1 in the whole cohort of patients. We identified 3 DMPs 
with nominal p values ≤ 10−5, with 2 annotated in the 
genes CYB5B and PVRL4. After FDR correction, none 
of these probes remained significant (Supplementary 
Table  1Sa). Additionally, we conducted T0–T1 analyses 
adding covariates into the model, i.e., clinical symptoms 
variations assessed by MADRS and response status. 
We found 4 DMPs when including the covariate clinical 
symptoms variations, annotated in the genes FAM20C, 
EPB41, OTUB1 and ADARB1 (Supplementary Table 1Sb), 
and 3 DMPs for the covariate response status at T1, with 
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2 annotated in the genes IQCE and FAM20C (Supplemen-
tary Table  1Sc), all with nominal p values ≤ 10−5. How-
ever, after FDR correction, none of these probes remained 
significant.

Separate longitudinal analyses were performed in the 
female cohort, consisting of 22 patients. We found 4 
DMPs with nominal p values ≤ 10−5, with 3 annotated 
in the genes CUL1, FOXK1 and CYB5B. After FDR cor-
rection, none of these probes remained significant 
(Supplementary Table  3Sa). Adding clinical symptoms 
variations to the model, we identified 7 DMPs with 
nominal p values ≤ 10−5, with 4 annotated in the genes 
EIF3H, PHLPP2, FAM20C and DOCK4 (Supplementary 
Table  3Sb). Adding response status, we found 6 DMPs 
with nominal p values ≤ 10−5, with 5 annotated in the 
genes MUC4, SEC16A, CDH4, MBD4 and PARD3 (Sup-
plementary Table  3Sc). After FDR correction, none of 
these probes remained significant.

Differentially methylated regional analysis
To identify DMRs in longitudinal correlational analy-
ses performed between T0 and T1, regional analyses 
were conducted in the entire cohort. The DMR analysis 
between T0 and T1 resulted in 54 DMRs with nomi-
nal p value area ≤ 0.05. From these regions, 9 presented 
adjusted p value area results ≤ 0.10, annotated in the 
genes MCF2L, SLC25A24, RUNX3, MIR637, FOXK2, 
FAM180B, POU6F1, ALS2CL and CCRL2, with none 
remaining significant after FDR adjustment (Supplemen-
tary Table  2Sa). Moreover, the first 6 regions presented 
trend-significant adjusted p value area results annotated 

in the following genes: MCF2L, SLC25A24, RUNX3, 
MIR637, FOXK2 and FAM180B.

Separate longitudinal regional analyses were per-
formed on the female cohort (n = 22). The DMR analysis 
between T0 and T1 identified 56 DMRs with adjusted 
p value ≤ 0.05. Among these regions, 7 had adjusted 
p  value area results ≤ 0.10, annotated in the genes 
MIR637, AVPI1, RUNX3, MCF2L, FOXK2, FAM124B 
and POU6F1, but none remained significant after FDR 
adjustment (Supplementary Table 4Sa).

When considering the covariates into the model, we 
found several DMRs with nominal p value area ≤ 0.05: 
21 DMRs when considering clinical symptoms variation 
as measured by MADRS (Supplementary Table 2Sb) and 
26 DMRs for response status (Supplementary Table 2Sc). 
From these regions, 4 presented adjusted p value area 
results ≤ 0.10, when considering the covariate response 
status, annotated in the genes SNORD34, NLRP6, 
GALNT2 and SFT2D3. However, after FDR correction 
none of these regions remained significant.

In the separate analyses in the female cohort, consider-
ing clinical symptom variation, we found 53 DMRs with 
nominal p value area ≤ 0.05. Among these regions, 5 had 
significant adjusted p-value area, annotated in the genes 
ZFP57, LAT, DLX4, POT1 and POLD4. Additionally, 8 
DMRs had adjusted p value area results ≤ 0.10, anno-
tated in the genes MCIDAS, OTX1, ARMC9, GDNF, 
NPRL2, FBXO27, ADORA2A and AQP1 (Supplemen-
tary Table  4Sb). When considering response status, we 
identified 49 DMRs with nominal p value area ≤ 0.05. Of 
these, 9 had significant adjusted p  value area, annotated 

Table 1  Patients’ demographical and clinical characteristics

Note: BMI: body mass index, ECT: electroconvulsive therapy, F: females, MADRS: Montgomery–Åsberg depression rating scale, MDD: major depressive disorder, SD: 
standard deviation

Whole cohort
(n = 32)

Responders
(n = 23)

Non-responders
(n = 9)

Age in years, mean (SD) 56.9 (± 14.3) 56.9 (± 15.5) 57.0 (± 11.5)

Gender, n (% F) 22 (68.7) 18 (78.2) 4 (44.5)

Education in years, mean (SD) 8.0 (± 2.9) 8.0 (± 3.1) 8.6 (± 2.3)

BMI, mean (SD) 26.8 (± 5.3) 27.0 (± 5.8) 27.1 (± 4.0)

Smokers, n (%) 10 (31.2) 7 (30.4) 3 (33.4)

MADRS at T0, mean (SD) 33.4 (± 7.4) 33.0 (± 7.2) 34.1 (± 8.7)

MADRS at T1, mean (SD) 11.0 (± 10.0) 5.5 (± 3.9) 25.0 (± 6.1)

Delta% MADRS at T1, mean (SD) 65.9 (± 29.6) 82.2 (± 11.8) 24.2 (± 17.5)

Psychotic symptoms, n (%) 23 (71.8) 16 (69.5) 7 (77.8)

Recurrent MDD, n (%) 29 (90.6) 20 (86.9) 9 (100)

Comorbidity with personality disorders, n (%) 6 (18.8) 3 (33.3) 3 (13.0)

Comorbidity with anxiety disorders, n (%) 3 (9.4) 3 (13.0) 0 (0.0)

ECT sessions, mean (SD) 7.4 (2.2) 7.0 (1.7) 8.2 (3.2)
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Table 2  Top 10 genes for differentially methylated regions (DMRs) in correlational analyses performed in T0-T1 for the whole cohort 
and for the female cohort. The Table shows a) the DMRs at T0-T1 and the DMRs analysed with covariates including b) clinical symptoms 
variations (assessed by delta MADRS) and c) response (reduction greater than 50% in MADRS score at T1). MADRS: Montgomery-
Åsberg Depression Rating Scale. Statistically significant genes are highlighted in bold

(a) T0–T1—Whole cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene associated or predicted function

1 MCF2L chr13 0.0001 0.0524 Encodes a guanine nucleotide exchange factor that interacts with the guanosine-5’-triphosphate 
(GTP)-bound Rac1 and plays a role in the Rho/Rac signaling pathways1

Associates with osteoarthritis [19]

2 SLC25A24 chr1 0.0002 0.0524 Encodes a carrier protein that transports adenosine triphosphate (ATP)-Magnesium exchanging 
it for phosphate1

Associated with conduct disorder trait [20]

3 RUNX3 chr1 0.0002 0.0524 Encodes a member of the runt domain-containing family of transcription factors, functions 
as tumor suppressor gene1

4 MIR637 chr19 0.0002 0.0524 Micro-RNA gene associated with squamous cell carcinoma, renal cell carcinoma and systemic 
lupus erythematosus1

5 FOXK2 chr17 0.0002 0.0524 Involved in the regulation of viral, cellular promoter elements and various types of cancers [21]

6 FAM180B chr11 0.0002 0.0524 Predicted to be associated with leprosy1

7 POU6F1 chr12 0.0005 0.0870 Associated with corticotropin-releasing hormone expression regulation, neuroplasticity [22] 
and lung adenocarcinoma [23]

8 ALS2CL chr3 0.0005 0.0870 Enables identical protein binding activity, associated with deafness and megalencephalic 
leukoencephalopathy1

9 CCRL2 chr3 0.0006 0.0870 Encodes a chemokine receptor like protein, a seven transmembrane protein and related 
to chemokine receptor 11

Involved in immune processes and lung cancer growth [24]

10 TEX55 chr3 0.0008 0.1036 Predicted to be active in nucleus, involved in cryptorchidism1

(a) T0–T1—Female cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene associated or predicted function

1 MIR637 chr19 0.0001 0.0781 Micro-RNA gene associated with squamous cell carcinoma, renal cell carcinoma and systemic 
lupus erythematosus1

2 AVPI1 chr10 0.0002 0.0781 Associated with melanoma cells [25] and alcohol dependence [26]

3 RUNX3 chr1 0.0003 0.0781 Encodes a member of the runt domain-containing family of transcription factors, functions 
as tumor suppressor gene1

4 MCF2L chr13 0.0003 0.0781 Associated with different types of cancer [27, 28] and osteoarthritis1

5 FOXK2 chr17 0.0003 0.0781 Involved in the regulation of viral, cellular promoter elements and various types of cancers [21]

6 FAM124B chr2 0.0004 0.0781 Associated with anorexia nervosa [29], leukemia and other types of cancer [30]

7 POU6F1 chr12 0.0004 0.0824 Associated with corticotropin-releasing hormone expression regulation, neuroplasticity [22] 
and lung adenocarcinoma [23]

8 DAZL chr3 0.0013 0.1330 Associated with schizophrenia [31]

9 IL3 chr5 0.0014 0.1330 Related to inflammatory and immune processes1

10 SPECC1 chr17 0.0016 0.1330 Associated with some cancer types1

(b) T0–T1 (Delta MADRS)—Whole cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene function

1 ARFGAP1 chr20 0.0006 0.1283 Encodes a GTPase-activating protein, associated with the Golgi apparatus1

2 DYNLRB1 chr20 0.0004 0.1283 Encodes a cytoplasmic protein that binds intermediate chain proteins and interacts with trans-
forming growth factor-beta1

3 DLK1 chr14 0.0001 0.1283 Encodes a transmembrane protein that contains multiple epidermal growth factor repeats func-
tioning as a regulator of cell growth1

4 SGF29 chr16 0.0005 0.1283 Component of the SAGA (Spt-Ada-Gcn5 acetyltransferase) transcriptional coactivator complex, 
related to chromatin organization1

5 PCDHGA5 chr5 0.0005 0.1283 Member of the protocadherin gamma gene cluster, involved in immunoglobulin-like 
organization1

6 CACFD1 chr9 0.0013 0.1371 Predicted to be involved in vesicle-mediated transport1
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Table 2  (continued)

(b) T0–T1 (Delta MADRS)—Whole cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene function

7 ECI1 chr16 0.0008 0.1317 Encodes a member of the hydratase/isomerase superfamily, a key mitochondrial enzyme 
involved in beta-oxidation of unsaturated fatty acids1

8 POT1 chr7 0.0015 0.1371 Member of the telombin family and encodes a nuclear protein involved in telomere 
maintenance1

9 LEPROTL1 chr8 0.0010 0.1371 Predicted to be involved in late endosome to vacuole transport via multivesicular body sorting 
pathway and negative regulation of growth hormone receptor signaling pathway1

10 ARMC9 chr2 0.0013 0.1371 Predicted to be involved in cilium assembly and positive regulation of smoothened signaling 
pathway1

(b) T0–T1 (Delta MADRS)—Female cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene function

1 ZFP57 chr6 0.0000 0.0313 Associated with autism 
spectrum [32] and PTSD 
symptoms [33]

2 LAT chr16 0.0001 0.0313 Associated with immune 
processes1

3 DLX4 chr17 0.0001 0.0313 Associated with various 
cancer types1

4 POT1 chr7 0.0001 0.0313 Member of the telombin 
family and encodes a 
nuclear protein involved 
in telomere mainte-
nance1

5 POLD4 chr11 0.0002 0.0448 Associated with schizo-
phrenia [34] and various 
cancer types

6 MCIDAS chr5 0.0005 0.0844 Related to the respiratory 
epithelium and infectious 
diseases1

7 OTX1 chr2 0.0005 0.0844 Associated with autism 
spectrum disorders [35]

8 ARMC9 chr2 0.0006 0.0873 Predicted to be involved 
in cilium assembly 
and positive regulation 
of smoothened signaling 
pathway1

9 GDNF chr5 0.0008 0.0985 Related to the neuro-
trophic system1

10 NPRL2 chr3 0.0009 0.0985 Associated with epilepsy1

(c) T0–T1 (Response status)—Whole cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene function

1 SNORD34 chr19 0.0002 0.0754 Predicted to act upstream 
of or within glucose 
metabolic process; insulin 
secretion; and reactive 
oxygen species metabolic 
process1

2 NLRP6 chr11 0.0003 0.0754 Involved in the arginine 
vasopressin-mediated 
regulation of renal salt–
water balance1

Maintains tissue homeo-
stasis, involved in inflam-
matory processes [36]
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Table 2  (continued)

(c) T0–T1 (Response status)—Whole cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene function

3 GALNT2 chr1 0.0003 0.0754 Encodes a member 
of the glycosyltransferase 
2 protein family, associ-
ated in O-linked glycosyla-
tion of the immunoglobu-
lin A1 hinge region1

Involved in several types 
of metabolic diseases 
and cancer pathology [37]

4 SFT2D3 chr2 0.0002 0.0754 Predicted to be involved 
in protein transport 
and vesicle-mediated 
transport1

5 ARFGAP1 chr20 0.0005 0.1067 Encodes a GTPase-acti-
vating protein, associated 
with the Golgi apparatus1

6 FAM30A chr14 0.0013 0.1587 Affiliated with the long 
noncoding lncRNA class, 
associated with gallblad-
der cancer1

7 EFNA1 chr1 0.0024 0.1928 Comprises a subfam-
ily of receptor protein 
tyrosine kinases, 
implicated in mediating 
developmental events 
in the nervous system 
and in erythropoiesis1

8 STRADA chr17 0.0011 0.1587 Involved in catalytic 
activity, mutations result 
in polyhydramnios, mega-
lencephaly and sympto-
matic epilepsy1

9 GMCL1 chr2 0.0012 0.1587 Encodes a nuclear 
envelope protein involved 
in spermatogenesis1

10 PPP1R14A chr19 0.0013 0.1587 Encodes a protein 
that is inhibitor 
of smooth muscle myosin 
phosphatase1

(c) T0–T1 (Response status)—Female cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene function

1 KBTBD11 chr8 0.0002 0.0416 Associated with deaf-
ness1

2 PPP1R14A chr19 0.0002 0.0416 Encodes a protein that 
is inhibitor of smooth 
muscle myosin phos-
phatase1

3 ARFGAP1 chr20 0.0003 0.0416 Encodes a GTPase-
activating protein, 
associated with the 
Golgi apparatus1

4 RIPOR2 chr6 0.0003 0.0416 Associated with altered 
methylation in trauma 
exposure [38] and some 
cancer types1
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in the genes KBTBD11, PPP1R14A, ARFGAP1, RIPOR2, 
FAM30A, DLX4, LAT, SNORD34 and POLD4. Addition-
ally, 19 had adjusted p value area ≤ 0.10, annotated in the 
genes H19, GALNT2, TRIM10, SFT2D3, MACROH2A1, 
GAS7, ADORA2A, INPP5D, TOLLIP, SLC35A4, SEP-
TIN9, POU2AF1, ZNF205-AS1, BHLHE40, C16orf54, 
POT1, TENM3, UBXN11 and GNAS, with the first 12 
showing adjusted p value area results ≤ 0.07 (Supplemen-
tary Table 4Sc).

Table  2 shows the top 10 genes for the DMRs analy-
ses in T0-T1, as well as analyses with the covariates just 
described above.

Table 3 provides a summary of the main DMPs, DMRs 
and gene sets known to be associated with inflammatory 
and immune responses, psychiatric disorders, neuroplas-
ticity and other biological pathways.

Gene and pathway enrichment analysis in the female 
cohort
Gene enrichment analyses in the female cohort were con-
ducted on the 40, 56 and 63 genes located on the DMRs 
(adjusted p value ≤ 0.05) identified in the T0–T1 analyses 
performed without covariates, including clinical symp-
toms variations (assessed by delta MADRS) at T1, and 
including response status at T1, respectively. We found 

no relevant enrichments for the T0–T1 analysis without 
covariates. This may be due to the small number of genes 
overlapping DMRs in this comparison.

When analyzing DMR-associated genes obtained by 
including clinical symptoms variations, we observed 
enrichment for several pathways (Supplementary Fig. 1). 
We found genes associated with gene ontology (GO) 
molecular functions (MF) such as regulation of tran-
scriptional activity and growth factor (Supplementary 
Fig.  1A; adjusted p value ≤ 0.2). Using KEGG pathways, 
we observed enrichment for alcoholism pathways (Sup-
plementary Fig.  1B; p value = 0.005 and adjusted p value 
0.14). When using Reactome pathways, we observed 83 
significant pathways (Supplementary Fig.  1C; adjusted 
p value ≤ 0.2). Overall, most significant pathways can 
be referred to DNA maintenance. Notably, we observed 
enrichment for the hallmark “MYC Targets V2” (Supple-
mentary Fig.  1D; adjusted p value 0.18). Examining the 
Transcription factor targets, we identified 7 gene sets and 
12 genes with an adjusted p value ≤ 0.2 in the Legacy (Sup-
plementary Fig. 2A) and GTRD (Supplementary Fig. 2B) 
gene sets as defined by the Molecular Signature Database. 
Enrichments include targets of IRF7, IRF2 and AUTS2.

In the analysis including response status at T1, we 
found 58, 8 and 2 enriched terms with adjusted p 

Table 2  (continued)

(c) T0–T1 (Response status)—Female cohort

DMR Main genes CHR p Value area Adjusted
p value area

Gene function

5 FAM30A chr14 0.0003 0.0416 Affiliated with the long 
noncoding lncRNA 
class, associated with 
gallbladder cancer1

6 DLX4 chr17 0.0003 0.0416 Associated with some 
cancer types, neuro-
genesis and Alzheimer 
disease [39]

7 LAT chr16 0.0003 0.0416 Related to inflamma-
tory/immune processes1

8 SNORD34 chr19 0.0003 0.0416 Predicted to act 
upstream of or within 
glucose metabolic pro-
cess; insulin secretion; 
and reactive oxygen 
species metabolic 
process1

9 POLD4 chr11 0.0003 0.0417 Associated with schizo-
phrenia [34] and some 
cancer types1

10 H19 chr11 0.0005 0.0561 Associated with cognitive 
impairment, Alzheimer 
disease [40] and some 
cancer types1

Note: 1Provided by Alliance of Genome Resources/The Human Gene Database (https://​www.​genec​ards.​org/)

https://www.genecards.org/
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Table 3  Summary of genes in differentially methylated probes (DMPs), differentially methylated regions (DMRs) and pathway 
enrichment analyses in correlational analyses performed in T0–T1, as well as with covariates including clinical symptoms variations and 
response status. Statistically significant genes are highlighted in bold

Single CpG site analysis—Whole cohort

Genes Main known associations
Genes in DMPs related to inflammatory and immune processes PVRL4 Breast and ovarian cancer

EPB41 Liver and lung cancer

OTUB1 Pro-carcinogenic roles

FAM20C Bladder, brain and stomach cancer

Genes in DMPs related to psychiatric disorders ADARB1 Bipolar disorder, MDD, schizophrenia

Single CpG site analysis—Female cohort

Genes Main known associations
Genes in DMPs related to inflammatory and immune processes FOXK1 Some types of cancer

CYB5B Some types of cancer

PHLPP2 Some types of cancer

FAM20C Bladder, brain and stomach cancer

Genes in DMPs related to psychiatric disorders EIF3H Autism spectrum

DOCK4 Schizophrenia and autism

Regional analysis—Whole cohort

Genes Main known associations
Genes in DMRs related to inflammatory and immune processes MCF2L Inflammatory processes and osteoarthritis

RUNX3 Oncogenic and tumor suppression func-
tions

MIR637 Renal cell carcinoma

FOXK2 Various cancer cell types

POU6F1 Lung cancer

CCRL2 Lung cancer

NLRP6 Inflammatory processes

GALNT2 Various cancer cell types

Genes in DMRs related to psychiatric disorders SLC25A24 Conduct disorder

Genes in DMRs related to neuroplasticity POU6F1 Neurogenesis and neuroplasticity

Regional analysis—Female cohort

Genes Main known associations
Genes in DMRs related to inflammatory and immune processes LAT Immune processes

FAM30A Gallbladder cancer

DLX4 Various cancer cell types

RUNX3 Oncogenic and tumor suppression functions

MCF2L Inflammatory processes and osteoarthritis

FOXK2 Various cancer cell types

MIR637 Renal cell carcinoma

AVPI1 Melanoma

Genes in DMRs related to psychiatric disorders ZFP57 Autism spectrum and PTSD symptoms

POLD4 Schizophrenia

RIPOR2 Altered in trauma exposure

TRIM10 Schizophrenia

GAS7 Schizophrenia

ADORA2A Anxiety disorders

AVPI1 Alcohol dependence

DAZL Schizophrenia

FAM124B Anorexia nervosa
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values ≤ 0.2 for GO biological processes (BP), GO MF 
and GO cellular components (CC), respectively. Among 
the biological processes in enriched terms, we observed 
several processes related to oxidative stress (Supplemen-
tary Fig. 3A). Among molecular functions, we observed 
“glutamate receptor binding” (adjusted p value 0.13) and 
other DNA binding functions (Supplementary Fig.  3B). 
Regarding cellular components, we identified “neuron 
projection membrane” and “axolemma” terms, both with 
adjusted p values ≤ 0.05 (Supplementary Fig. 3C).

Discussion
Our study investigated epigenome-wide longitudinal 
changes in a cohort of TRD patients undergoing ECT. The 
aim was to identify methylation changes associated with 
ECT treatment, with the goal of finding potential bio-
markers related to treatment outcomes. While we identi-
fied some DMPs and DMRs related to ECT outcomes in 
the T0–T1 analyses, the results did not remain statisti-
cally significant after FDR correction.

In the single CpG site analysis, considering only probes 
annotated in genes, we found 2 DMPs in the CYB5B and 
PVRL4 genes. When including covariates in the model, 
we identified 4 DMPs, annotated in the genes FAM20C, 
EPB41, OTUB1 and ADARB1, when considering clini-
cal symptom variations. Additionally, we found 2 DMPs, 
annotated in the genes IQCE and FAM20C, when includ-
ing response status at T1. Variants in the ADARB1 gene, 
located in a region probably linked to familial bipolar 
disorder and whose product has an action in the editing 
of the pre-mRNA of glutamate receptor B subunit, have 
been associated with suicide attempt vulnerability, along 
with recent stressful life events and childhood trauma in 
patients with MDD, bipolar disorder and schizophrenia 

[41]. Additionally, altered expression levels of ADARB1 
have been observed in postmortem brain samples of 
major depressive suicide victims [42].

In the longitudinal regional analysis, we found 9 DMRs 
annotated in the genes MCF2L, SLC25A24, RUNX3, 
MIR637, FOXK2, FAM180B, POU6F1, ALS2CL and 
CCRL2. When considering covariates, we found 4 DMRs 
annotated in genes (SNORD34, NLRP6, GALNT2 and 
SFT2D3) when adding response status. Notably, the gene 
SLC25A24, a member of a solute carrier gene family, is 
associated with adenosine triphosphate-mediated calcium 
buffering at the mitochondrial matrix, potentially involved 
in protecting cells against oxidative stress-induced cell 
death. In adolescent girls with conduct disorder, elevated 
levels of callous–unemotional traits correlated with 
decreased SLC25A24 gene expression, while in typically 
developing girls, conduct disorder traits were positively 
associated with SLC25A24 gene expression [20]].

To date, the literature on this theme is scarce, with few 
studies conducted to investigate methylomic changes in 
depressed patients undergoing ECT [8, 9, 43]. Moschny 
et  al. [8] examined epigenome-wide DNA methylation 
changes associated with ECT treatment response in 12 
TRD patients. They found no global DNA methylation 
differences between measured time points (before and 
after the first and last ECT session) or between ECT 
responders (8 patients) and non-responders (4 patients). 
No significant effects were observed for time, response or 
the interaction between time and response in the global 
DNA methylation analysis considering ECT response. In 
single CpG site analyses, they identified 5 protein-coding 
candidate genes implicated in ECT response (RNF175, 
RNF213, TBC1D14, TMC5 and WSCD1). Addition-
ally, they observed differences between ECT responder 

Table 3  (continued)

Regional analysis—Female cohort

Genes in DMRs related to neuroplasticity DLX4 Neurogenesis and Alzheimer disease

POU6F1 Neurogenesis and neuroplasticity

Gene set and biological pathway analysis—Female cohort

Main pathways
Gene ontology biological processes Oxidative stress

Gene ontology molecular functions Regulation of transcriptional activity

Growth factor activity

Glutamate receptor binding and other binding functions

Gene ontology cellular components Neuron projection membrane and axolemma terms

KEGG pathways Alcoholism pathway

Reactome pathways DNA maintenance

MSigDB MYC targets V2

Transcription factor targets Targets of IRF7, IRF2, AUTS2
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groups within 3 gene regions encoding for long non-
coding RNA transcripts (AC018685.2, AC098617.1 and 
CLCN3P1) and reported changes in DNA methylation 
of 2 CpG sites, located within AQP10 and TRERF1, dur-
ing the treatment course. Sirignano et al. [9] studied the 
effects of ECT on epigenome-wide DNA methylation 
levels associated with response in 34 patients with TRD. 
They measured global DNA methylation levels before the 
first and after the last ECT session, identifying one dif-
ferentially methylated CpG site annotated in TNKS asso-
ciated with ECT binary response and one differentially 
methylated CpG site annotated in FKBP5 associated with 
continuous response. Regional analyses identified two 
DMRs on chromosomes 8 and 20 associated with con-
tinuous response. A recent study combined neuroimag-
ing and transcriptomic gene expression analyses in MDD 
patients receiving ECT found that increased gray matter 
volume correlated with higher expression levels of MDD 
risk genes including CNR1, HTR1A, MAOA, PDE1A and 
SST, as well as ECT related genes of BDNF, DRD2, APOE, 
P2RX7 and TBC1D14 [43].

Although we did not find similar DMPs and/or DMRs, 
our results indicate possible mechanisms of action and 
response-related biomarkers in ECT treatment that 
should be replicated in subsequent studies. The compari-
son of our results with the available literature is limited 
by some factors. Moschny et  al. [8] utilized the TruSeq 
Methyl Capture EPIC Library Kit for methylation analy-
sis, while we used the Illumina Infinium Methylation 
EPIC BeadChip, similar to Sirignano et  al. [9]. The use 
of diverse microarrays covering different CpG sites and 
regions certainly limits the comparison of results. Addi-
tionally, Moschny and Sirignano and their colleagues 
[8, 9], employed a slightly different ECT protocol com-
pared to ours. They applied right unilateral electrical 
stimulation or bilateral electrode placement in case of 
non-response, while we exclusively applied bilateral 
electrode placement in all ECT sessions. Also, the stud-
ies differ in the measured time points. Moschny et  al. 
[8] collected blood samples at four time points, imme-
diately before and 15  min after the first and last ECT 
sessions, with treatment administered for up to four 
weeks. Sirignano et  al. [9] measured DNA methylation 
at baseline and 1–7  days after the last ECT session. In 
our study, we measured DNA methylation at two time 
points: at baseline and one month after the last ECT ses-
sion. Evaluating antidepressant effects of ECT treatment 
over a 4-week period following the last session may allow 
for the detection of midterm epigenome-wide changes, 
extending beyond immediate- or short-term effects. Pre-
vious studies investigating longitudinal epigenome-wide 
effects of treatments for MDD or PTSD assessed meth-
ylation changes over more extended periods [44, 45]. In 

our study, we aimed to capture lasting changes induced 
by ECT by conducting a longer follow-up period, in con-
trast to previous EWAS on ECT that focused on more 
immediate effects [8, 9]. Lastly, Sirignano et al. [9] used 
Hamilton Depression Rating Scale for evaluating symp-
toms changes and treatment response, while in our study 
and in Moschny et  al. [8] one MADRS score was used. 
These differences should be considered when comparing 
the results.

In our findings, we have identified numerous DMPs 
and DMRs annotated in genes associated with inflam-
matory and immune processes. For instance, among the 
DMPs annotated in genes, the PVRL4 gene is linked to 
breast tumor cell lines, lung and ovarian cancer [46]. 
FAM20C is widely expressed across various cancers, 
including bladder urothelial carcinoma, brain lower 
grade glioma and stomach adenocarcinoma [47]. Dys-
regulation of EPB41 is implicated in hepatocellular car-
cinoma [48] and lung cancer [49]. Finally, OTUB1 has a 
pro-carcinogenic role and is known for its association 
with immune responses [50]. Among the DMRs anno-
tated in genes, MCF2L, which regulates neurotrophin-3 
induced cell migration, is associated with inflammatory 
processes and osteoarthritis [19]. RUNX3 plays a role in 
immunity and has been implicated in both oncogenic 
and tumor suppressive functions [51]. MIR637 is down-
regulated in most cancers and up-regulated in clear cell 
renal cell carcinoma [52]. FOXK2 plays a crucial role in 
the transcriptional regulation of various cancer types 
[21]. POU6F1 is associated with corticotropin-releasing 
hormone expression regulation, neuroplasticity [22] and 
the proliferation of lung adenocarcinoma [23]. CCRL2 is 
involved in immune processes and lung cancer growth 
[24]. The NLRP6 inflammasome is critical in maintain-
ing tissue homeostasis, while improper inflammasome 
activation may contribute to the development of multi-
ple diseases [36]. GALNT2 is involved in several types of 
metabolic diseases and cancer pathology [37]. In sum-
mary, our findings suggest alterations in mechanisms 
such as neurogenesis and neuroinflammatory immune 
response, which have been proposed to be related to the 
mechanisms of action of ECT [4, 53, 54].

Given the higher prevalence of MDD in females, who 
typically present with greater disease severity and dif-
ferent responses to antidepressant treatment compared 
to males [55], we conducted a separate analysis con-
sidering only the female cohort. In regional analyses 
between the two time points, we found no significant 
DMRs, although some genes known to be associated 
with inflammatory and immune processes (MIR637, 
RUNX3, AVPI1, MCF2L, FOXK2, POU6F1) were noted. 
Moreover, FAM124B is related to anorexia nervosa [29], 
and AVPI1 is associated with alcohol dependence [26]. 
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In the regional analyses including clinical symptoms 
variation as a covariate, we identified several significant 
DMRs annotated in notable genes. For example, ZFP57 
is associated with autism spectrum disorder [32] and 
PTSD symptoms [33], while POLD4 is linked to schizo-
phrenia [34]. Other significant genes, such as LAT, DLX4 
and POLD4, are related to inflammatory/immune pro-
cesses and various cancer types. The longitudinal analy-
ses revealed the highest number of significant DMRs 
when we included the covariate response status, uncov-
ering several interesting genes. For instance, altered 
methylation of RIPOR2 was associated with trauma 
exposure [38], and POLD4 is linked to schizophrenia 
risk [34]. Other significant genes, including RIPOR2, 
FAM30A, DLX4 and LAT, are associated with inflam-
matory/immune processes and various cancer etiolo-
gies. Additionally, DLX4 is linked to neurogenesis and 
Alzheimer’s disease [39]. In the same covariate analy-
ses, when considering trend-significant associations, 
we identified genes such as TRIM10 and GAS7, associ-
ated with schizophrenia [56, 57], MACROH2A1, related 
to autism-like behaviors [58], and ADORA2A, associ-
ated with anxiety disorders [59]. Many trend-significant 
genes, including H19, GALNT2, TRIM10, MACROH2A1, 
GAS7, ADORA2A, INPP5D, SEPTIN9 and POU2AF1, 
are associated with inflammatory processes and various 
cancer types. SLC35A4 is related to epileptic encepha-
lopathy [60], while H19, ADORA2A and INPP5D are 
linked to cognitive impairment and Alzheimer’s disease 
[40, 61, 62]. Most interestingly, although the TOLLIP 
gene showed a trend-significant association, it is related 
to inflammation in patients with MDD and stress-related 
disorders [63] and is more highly expressed in patients 
with MDD compared to controls, regardless of childhood 
trauma exposure [64].

Contrasting the female group with the whole patient 
group, we found some DMRs with gene overlaps, albeit 
with different levels of significance. For example, in the 
T0–T1 regional analyses, the genes MCF2L, RUNX3, 
MIR637 and FOXK2 were trend-significant for the whole 
group but nonsignificant in females. Considering clini-
cal symptoms variation, POT1 was nonsignificant in the 
whole group but significant in women, whereas ARMC9 
was nonsignificant in both groups. Regarding response 
status, the DMRs annotated in the genes SNORD34, 
ARFGAP1, FAM30A and PPP1R14A were all nonsig-
nificant in the whole group but significant in women. 
These divergences may highlight important sex-based 
differences in TRD pathophysiology and ECT treatment 
response, underscoring the importance of conducting 
research considering sex-related differences.

Gene and pathway analysis on the female cohort 
revealed enrichment several pathways in the analyses 

including symptom variations, with genes associated 
with transcriptional activities, growth factors, alcoholism 
pathways, DNA maintenance and targets of IRF7, IRF2 
and AUTS2. IRF7 plays an important role in immunity 
and autoimmunity [65], while IRF2 is involved in inflam-
matory and cancer pathogenesis [66]. AUTS2 is related to 
neurodevelopment, autism spectrum disorders and intel-
lectual disability [67]. When including response status, 
we observed processes related to oxidative stress, gluta-
mate receptor binding and other DNA binding functions, 
as well as neuron projection membrane and axolemma 
terms. Sirignano et al. also performed gene and pathway 
analysis in patients undergoing ECT, but found no sig-
nificant results in their models [9]. Sun et al. performed 
enrichment analysis in their cohort undergoing ECT and 
found genes mainly related to synaptic signaling, cell 
junction organization, axon, presynapse and calcium ion 
binding [43]. Our significant results add to the scarce lit-
erature on this topic, and further studies are necessary to 
replicate the current findings in larger samples.

Our study has several strengths that highlight the rel-
evance of the findings. It contributes to the limited num-
ber of studies analyzing the longitudinal effects of ECT 
in TRD patients, representing one of the few pieces of 
evidence supporting potential biological effects of ECT 
through a longitudinal epigenomic approach. Other 
strengths of our study include the use of standardized 
clinical assessments performed before and after ECT 
treatment. This approach ensures the reliability and com-
parability of measurements, enabling an accurate longi-
tudinal evaluation of symptoms changes. Additionally, 
we employed an unbiased epigenome-wide approach and 
conducted a comprehensive biological longitudinal char-
acterization of DMPs and DMRs.

Also, some limitations should be acknowledged when 
interpreting the results. One limitation that may be 
considered is the relatively small sample size. While 
this factor may limit the generalizability of the find-
ings, it should be viewed in the context of the original-
ity of the study design, as it represents one of the few 
longitudinal EWAS evaluating the effects of ECT in a 
cohort of TRD patients. Other considerations should be 
taken into account regarding the small size. The inher-
ent challenges in performing a longitudinal study with 
TRD patients treated with ECT treatment should be 
considered and explain the small sample size. Indeed, 
to date, few studies performed EWAS analyses in rela-
tion to ECT in TRD patients in longitudinal studies on 
similar sample sizes with a similar duration of treat-
ment. In detail, in the studies performed by Moschny 
et  al. [8] and by and Sirignano et  al. [9], 17 and 34 
TRD patients, respectively, were treated with ECT for 
4/5  weeks. Finally, clinical intervention studies use 
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more homogenous patient groups, reducing the need 
for very large samples. Despite these limitations, our 
study with a small cohort may provide valuable infor-
mation to be replicated in further studies employ-
ing multicenter approaches and collaborative efforts. 
These efforts can increase sample sizes, allowing a more 
robust characterization of ECT response and providing 
better insights into the biological processes underly-
ing the effects of ECT. Another limitation is associated 
with the relevance of peripheral blood methylation to 
the brain and the biological correspondence between 
the brain and peripheral tissues. It is important to rec-
ognize that methylation differences can vary consid-
erably across different tissues, despite the observed 
consistent effects of various methylation quantitative 
trait loci across tissues [68]. Considering this aspect, it 
is important to consider the difficulties associated with 
directly assessing brain tissue, as well as the advantages 
of analyzing peripheral blood samples. This is because 
epigenetic and transcriptional alterations in peripheral 
blood, to some extent, reflect the molecular and cellular 
changes occurring in the brain. Possible effects of anes-
thesia and pharmacotherapy are potential confounding 
factors in methylation studies. However, medication 
in each patient was kept relatively constant during the 
ECT treatment, and there were no significant differ-
ences between patients regarding anesthesia admin-
istration. Furthermore, we did not consider potential 
confounding factors such as gender-related effects, 
and our analyses were not structured within a control 
group design. These aspects should be considered and 
addressed in future studies. Although we did not find 
significant CpG sites or DMRs after correction for mul-
tiple analyses, our results may suggest mechanisms of 
action of ECT response that need further investigation 
in larger studies.

Conclusion
Our study provides valuable insights into the limited 
available evidence concerning DNA methylation changes 
associated with ECT treatment. It highlights potential 
differentially methylated CpG sites DMRs that may play a 
role in ECT outcomes. The findings point to some genes, 
regions and pathways involved in the inflammatory and 
immune system, which is consistent with the inflamma-
tory/immune hypothesis of MDD pathophysiology. Our 
results may enhance our understanding of the biological 
mechanisms of action of ECT, as well as its outcomes, in 
TRD patients.

From a practical clinical perspective, our study may 
enhance the understanding of the biological underpin-
nings of ECT’s mechanisms of action and treatment 
response, allowing for the identification of individuals 

at higher risk for poor outcomes and the selection of 
patients who would benefit more from targeted inter-
vention strategies. Better stratification and personal-
ized treatment for patients with TRD, who chronically 
suffer from the disease, imposing significant individual 
and socioeconomic burden, are imperative for improved 
patient care and healthcare management.

In future, well-designed studies may help elucidate 
additional biomarkers that can predict MDD treatment 
response and potentially help in treatment options for 
patients suffering from TRD. The considerable cost 
and inherent challenges of conducting controlled clini-
cal trials in large samples of patients with TRD, requir-
ing multicenter collaborative efforts, pose difficulties in 
reproducing findings in larger cohorts. Therefore, results 
from smaller studies are valuable and should be consid-
ered relevant for replication in larger cohorts.
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