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Abstract

Background: The serotonin transporter gene (SLC6A4; 5-HTT; SERT) is considered a prime candidate in pharmacogenetic 
research in major depressive disorder (MDD). Besides genetic variation, recent advances have spotlighted the involvement of 
epigenetic mechanisms such as DNA methylation in predicting antidepressant treatment response in “pharmaco-epigenetic” 
approaches. In MDD, lower SLC6A4 promoter methylation has been suggested to predict impaired response to serotonergic 
antidepressants. The present study sought to replicate and extend this finding in a large, independent sample of MDD patients.
Methods: The sample comprised n = 236 Caucasian patients with MDD receiving antidepressant medication in a naturalistic 
treatment setting. Functional DNA methylation of 9 CpG sites located in the SLC6A4 promoter region was analyzed via direct 
sequencing of sodium bisulfite– treated DNA extracted from blood cells. Patients were assessed over the course of a 6-week 
in-patient treatment using the Hamilton Depression Scale (HAM-D).
Results: Results confirm relative SLC6A4 hypomethylation to predict impaired antidepressant response both dimensionally 
and categorically (HAM-D reductions < 50%) and to furthermore be indicative of nonremission (HAM-D > 7). This also held 
true in a homogenous subgroup of patients continuously treated with selective serotonin reuptake inhibitors or serotonin/
noradrenaline reuptake inhibitors (n = 110).
Conclusions: Impaired response to serotonergic antidepressants via SLC6A4 hypomethylation may be conveyed by increased gene 
expression and consequently decreased serotonin availability, which may counteract the effects of serotonergic antidepressants. 
The present results could in the future inform clinical decision-making towards a more personalized treatment of MDD.
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Introduction
The serotonergic system has long since been of prime interest 
in pharmacogenetic research in major depressive disorder 
(MDD). In particular, the gene coding for the serotonin trans-
porter (SLC6A4; chr. 17q11.1–12) has garnered much attention in 
this regard given that it codes for the presumed site of action of 
antidepressants such as selective serotonin reuptake inhibitors 
(SSRIs) and serotonin/noradrenaline reuptake inhibitors (SNRIs). 
Despite the well-documented efficacy and tolerability of SSRIs 
and SNRIs, initial treatment nonresponse rates are reported to 
be as high as 60% (Fava, 2003), which has spurred research into 
identifying early biomarkers for the prediction of antidepres-
sant treatment response. A functional length polymorphism in 
the promoter region of the SLC6A4 gene, the serotonin trans-
porter linked polymorphic region (5-HTTLPR) has been widely 
investigated in this regard, although results have been mixed. 
Meta-analytic evidence points to impaired antidepressant treat-
ment response in carriers of the less active 5-HTTLPR S allele in 
European, but not Asian populations (Serretti et al., 2007; Porcelli 
et al., 2012), though the effect is likely of only small magnitude 
(odds ratio = 1.20–1.58) (cf. McGuffin et al., 2011).

In recent years, attention has shifted to the involvement of 
epigenetic processes in predicting and possibly also mediating 
treatment response in affective disorders (Menke et  al., 2012; 
Vialou et  al., 2013; Nestler et  al., 2016; Schiele et  al., 2020a). 
Epigenetic processes such as DNA methylation crucially modu-
late gene function without, however, entailing changes to the 
DNA sequence itself (Moore et al., 2013; Schuebel et al., 2016). 
DNA methylation of gene promoters, enhancers, and transcrip-
tion start sites is associated with gene silencing (Suzuki and 
Bird, 2008). With regard to SLC6A4, differential methylation of 
a CpG island located within the transcriptional control re-
gion was found to functionally influence SLC6A4 mRNA levels, 
with hypermethylation resulting in reduced mRNA expression 
(Philibert et al., 2007). Functional in vitro assays have further-
more shown SLC6A4 promoter hypermethylation to result in de-
creased reporter gene activity (Wang et al., 2012; Schiele et al., 
2019). Increased SLC6A4 promoter methylation has been linked 
to MDD diagnosis (Philibert et al., 2008; Iga et al., 2016; Shi et al., 
2017), higher depressive symptom severity (Kang et  al., 2013; 
Zhao et al., 2013), post-stroke depression (Kim et al., 2013), and 
comorbid MDD in panic disorder (Schiele et al., 2019) (for review, 
see Palma-Gudiel and Fananas, 2017). So far, only 2 studies have 
adopted a pharmaco-epigenetic approach in an attempt to probe 
SLC6A4 methylation as a potential predictor of antidepressant 
treatment response in MDD. In n = 108 Korean patients with MDD, 
apart from a trend-level association with 1 CpG site, no overall 
predictive effect of SLC6A4 promoter methylation on treatment 

outcome after 12 weeks of antidepressant treatment in a nat-
uralistic study design could be discerned (Kang et al., 2013). By 
contrast, we recently demonstrated relative SLC6A4 promoter 
hypomethylation to predict impaired antidepressant treat-
ment response after 6 weeks of SSRI treatment in a study com-
prising n = 94 Caucasian patients with MDD (Domschke et  al., 
2014). The aim of the present study was to validate this pilot 
finding by investigating the same CpG region as in Domschke 
et al. (2014) as well as in Kim et al. (2013), Kang et al. (2013), and 
Schiele et al. (2019) (see above) in an independent but otherwise 
comparable sample of MDD patients, which to the best of our 
knowledge constitutes the largest sample investigated in this 
regard to date in a naturalistic treatment setting as well as in 
a subsample of patients continuously receiving SSRIs/SNRIs as 
primary treatment.

Methods

Sample

A total of 236 in-patients with MDD (138 female; mean age ± SD: 
48.26 ± 15.90  years) were recruited at the Department of 
Psychiatry and Psychotherapy, University of Muenster, Germany, 
between 2004 and 2011 in a naturalistic study design. To maxi-
mize comparability, inclusion/exclusion criteria were identical 
to those applied by Domschke et al. (2014). Briefly, only patients 
treated with antidepressants for at least 6 consecutive weeks 
were eligible for the present analysis. Medication with mono-
amine oxidase inhibitors or valproate or concomitant electro-
convulsive treatment led to study exclusion. Co-medication 
with other psychopharmacological agents was permitted and 
recorded; side effects were not systematically assessed. Only 
patients with a primary diagnosis of MDD according to DSM-IV 
criteria were included. Patients with bipolar disorder, cyclo-
thymia, psychotic disorders including schizoaffective disorder, 
comorbid substance abuse/addiction, intellectual disability, and 
severe neurological, neurodegenerative, cardiological, endo-
crinological (apart from diabetes), and immunological disorders 
were excluded from analysis. Diagnoses were ascertained by 
experienced psychiatrists on the basis of medical records and 
a structured clinical interview according to DSM-IV criteria. 
A  total of n = 11 patients had comorbid panic disorder and/or 
agoraphobia, n = 7 patients were additionally diagnosed with 
social phobia, n = 7 met criteria for somatoform disorder, n = 5 
for stress-related disorders, and n = 2 for obsessive-compulsive 
disorder. All patients were assessed for depressive symptoms 
using the Hamilton Depression Scale (HAM-D-21) on a weekly 

Significance Statement
The high treatment resistance rates observed in major depressive disorder (MDD) stress the need for the identification of early 
treatment response markers informing expert decision-making towards more personalized and thus more efficacious pharma-
cological interventions. Biomarkers such as epigenetic profiles carry great potential in this regard. “Pharmacoepigenetic” inves-
tigations form a young but burgeoning field that has produced first promising results, which, however, still warrant replication. 
The present study thus sought to replicate a previous pilot finding of lower serotonin transporter gene (SLC6A4) promoter DNA 
methylation—assumed to result in increased gene expression and decreased serotonin availability—to predict the clinical 
response to antidepressant treatment. In a sample of 236 MDD patients, SLC6A4 hypomethylation was again found to pre-
dict impaired dimensional and categorical response to serotonergic antidepressants as well as nonremission after a 6-week 
antidepressant treatment, suggesting SLC6A4 methylation as a biomarker that in the future is hoped to translate into clinical 
application.
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basis. At admission, the Beck Depression Inventory and the 
Global Assessment of Functioning scale were recorded as well. 
Caucasian descent was ascertained by Caucasian background 
of both parents. Ethical approval was granted by the ethical 
board of the University of Muenster, Germany. Written informed 
consent was obtained from all patients, and the study was 
conducted according to the ethical principles of the Helsinki 
Declaration.

Medication

All patients received antidepressant treatment in a naturalistic 
design. In week 1, n = 69 received SNRIs, n = 32 SSRIs, n = 32 tri- 
or tetracyclic antidepressants (TCAs), n = 85 a noradrenergic and 
specific serotonergic antidepressant (NaSSA; partly in subclin-
ical dosage for sleep promotion only), n = 8 a norepinephrine re-
uptake inhibitor, and n = 1 a norepinephrine-dopamine reuptake 
inhibitor either as stand-alone medication or in combination. 
In addition to antidepressants, co-medication with atypical 
antipsychotics (n = 77), typical antipsychotics (n = 12), anticon-
vulsants (n = 13), lithium (n = 15), benzodiazepines (n = 61), or 
zopiclone/zolpidem (n = 17) was used as partly off-label aug-
mentation of antidepressant treatment.

In a subgroup analysis, patients receiving either an SSRI or 
SNRI as primary antidepressant for the duration of the observa-
tion period of 6 weeks (initiation of SSRI/SNRI treatment no later 
than in week 2 of in-patient treatment to account for the delay 
in onset of effect) were considered, resulting in a total of n = 110 
patients: n = 23 were treated continuously with an SSRI, and 
n = 87 received continuous SNRI treatment. Co-medication com-
mencing either at admission or during the course of treatment 
with TCAs (n = 14), NaSSA (n = 57; partly in subclinical dosage 
for sleep promotion), norepinephrine reuptake inhibitor (n = 6), 
atypical antipsychotics (n = 70), typical antipsychotics (n = 5), 
anticonvulsants (n = 11), lithium (n = 6), benzodiazepines (n = 36), 
or zopiclone/zolpidem (n = 13) was allowed.

SLC6A4 Methylation Analysis and Genotyping

DNA was isolated from whole blood using the FlexiGene DNA 
Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s 
instructions. A 635-bp amplicon comprising part of the SLC6A4 
promoter upstream of exon 1A (chr17:30  235  634-30 236 268; 
GRCh38.p2 Primary Assembly, UCSC Genome Browser) was 
chosen for DNA methylation analysis in analogy to previous 
studies (e.g., Kang et al., 2013; Kim et al., 2013; Domschke et al., 
2014; Schiele et  al., 2019). The amplicon was PCR amplified 
using the following set of oligonucleotide primers recognizing 
bisulfite modified DNA (F: 5’ TAAGGGTTTTTAAGTTGAGTTTA- 
TATTTTA 3′ and R: 5’ CTAATCCCRAACTAAACAAACRAACTAA 
3′). Commercially available fully methylated and fully 
nonmethylated DNA were included in all experiments as a con-
trol. All samples were tested in duplicates to account for run 
variability, resulting in a mean individual methylation score for 
each CpG site as well as an individual SD for each duplicate (for 
a detailed description, see Domschke et al., 2014; Schiele et al., 
2019). The resulting electropherograms were robustly readable 
for 9 individual CpG sites. CpG sites were numbered in analogy 
to previous studies on SLC6A4 methylation (Domschke et  al., 
2014; Schiele et  al., 2019;  for a detailed overview, see Palma-
Gudiel and Fananas, 2017): CpG1 = chr17:30 236 071; CpG2 = chr1
7:30 236 083; CpG3 = chr17:30 236 088; CpG4 = chr17:30 236 090; CpG
5 = chr17:30 236 101; CpG6 = chr17:30 236 120; CpG7 = chr17:30 236 1
25; CpG8 = chr17:30 236 141; CpG9 = chr17:30 236 156. The obtained 

sequences were quantitatively analyzed using the Epigenetic 
Sequencing Methylation analysis software (Lewin et  al., 2004) 
as successfully applied in previous studies (e.g., Alasaari et al., 
2012; Domschke et al., 2012, 2014; Tadic et al., 2014; Ziegler et al., 
2016, 2018; Schartner et al., 2017; Schiele et al., 2018, 2019, 2020b, 
2020c). Average SLC6A4 methylation status and methylation at 
single CpG sites at admission is given in Table 1.

To address a potential influence of 5-HTT gene variation 
on DNA methylation status, all samples were genotyped ac-
cording to published protocols (see Schiele et al., 2016, 2020d) for 
5-HTTLPR and the functionally related single nucleotide poly-
morphism rs25531 functionally modifying 5-HTTLPR (Wendland 
et al., 2006). Genotype information was unavailable for n = 14 pa-
tients due to genotyping failures. Genotypes were grouped into a 
“low expression” group containing SS, SLG, SLA, LGLG, or LALG geno-
types (n = 166) and a “high expression” group comprising LALA 
genotype carriers (n = 56) as done in previous studies (e.g., Baune 
et al., 2008a; Klauke et al., 2011; Odgerel et al., 2013; Schiele et al., 
2016). Hardy-Weinberg criteria as determined by the online pro-
gram DeFinetti (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl) were ful-
filled for the 5-HTTLPR/rs25531 triallelic model (Hu et al., 2006) 
(LALA, n = 56; LALG/SLA, n = 123; LGLG/SLG/SS, n = 43; P = .108).

Statistical Analysis

Dimensional treatment response was defined as the intra-
individual relative change (%) of HAM-D-21 scores after week 
6 relative to HAM-D at week 1 according to the American 
College of Neuropsychopharmacology (ACNP) task force 
guidelines on response and remission in MDD (Rush et  al., 
2006). Initial changes in HAM-D scores occurring during week 
1 were not included given that HAM-D changes during this 
period were likely unrelated to the presently evaluated anti-
depressant medication. Therefore, in the present naturalistic 
study design, HAM-D score at week 1 was considered the 
pre-treatment HAM-D-21 baseline score as done in previous 
pharmacogenetics studies (cf. Baune et al., 2008b; Domschke 
et al., 2008, 2010, 2014; Baffa et al., 2010). DNA methylation was 
included as continuous variable in all analyses. For confounder 
analysis, dimensional data were analyzed using Pearson cor-
relations, and methylation differences between categorical 
variables were tested by means of independent t tests. The 
influence of SLC6A4 methylation on dimensional treatment 
response (Δ% HAM-D) was investigated via linear regression 
analysis corrected for HAM-D score at admission. Categorical 

Table 1. SLC6A4 Methylation Levels in Patients With Major Depres-
sive Disorder (n = 236) 

Methylation Mean SD

Average .035 .017
CpG 1 .052 .044
CpG 2 .028 .027
CpG 3 .050 .038
CpG 4 .020 .021
CpG 5 .016 .026
CpG 6 .014 .023
CpG 7 .040 .038
CpG 8 .049 .036
CpG 9 .047 .041

Abbreviations: CpG1 = chr17:30 236 071; CpG2 = chr17:30 236 083; CpG3 = chr17:30 

236 088; CpG4 = chr17:30 236 090; CpG5 = chr17:30 236 101; CpG6 = chr17:30 236 120; 

CpG7 = chr17:30 236 125; CpG8 = chr17:30 236 141; CpG9 = chr17:30 236 156. 

http://ihg.gsf.de/cgi-bin/hw/hwa1.pl
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treatment response was defined as a HAM-D reduction of 50% 
or more from week 1 to week 6 (cf. Fava et al., 2008). Remission 
was defined as a HAM-D total score of 7 points or less after 6 
weeks of antidepressant treatment (cf. Fava et al., 2008). For 
analysis of categorical response prediction and prediction of 
remitter status, logistic regression analyses were applied with 
HAM-D at admission entered as a covariate. The significance 
level was set at P < .05. For secondary analyses (9 single CpG 
sites), Bonferroni correction for multiple testing was applied, 
which corrected the significance level to P = .006.

Results

Confounder Analysis

Average SLC6A4 methylation status was not related to age 
(r = .107, P = .101), sex (t234 = 1.402, P = .162), Global Assessment of 
Functioning at admission (r = −.054, P = .410), Beck Depression 
Inventory at admission (r = .054, P = .465), HAM-D-21 at admission 
(r = .068, P = .298), age of onset (r = .127, P = .087), illness duration 
(r = −.076, P = .313), number of hospitalizations (F14 = .667, P = .804), 
number of suicide attempts (F3 = .240, P = .868), or 5-HTTLPR/
rs25531 genotype (t220 = .216, P = .829). Additionally, medication at 
the beginning of treatment with SNRIs (n = 69; t234 = −.035, P = .972), 
SSRIs (n = 48; t234 = −.701, P = .484), TCAs (n = 32; t234 = 1.105, P = .270), 
NaSSA (n = 85; t234 = −.220, P = .826), anticonvulsants (n = 13; 
t234 = −1.252, P = .212), benzodiazepines (n = 61; t234 = −.140, P = .889), 
zopiclone/zolpidem (n = 17; t234 = −.451, P = .653), lithium (n = 15; 
t234 = .873, P = .383), atypical antipsychotics (n = 77; t234 = −1.659, 
P = .098), or typical antipsychotics (n = 12; t234 = −.880, P = .380) did 
not affect SLC6A4 average methylation status.

SLC6A4 Methylation and Dimensional Treatment 
Response

Full Sample
Average SLC6A4 methylation significantly predicted relative 
changes in HAM-D scores from week 1 to week 6 (β = −.152, 
P = .015; overall model fit R2 = .116) (see Figure  1A). That is, a 
decrease in methylation values went along with fewer differ-
ences (i.e., fewer reductions) or even increases in HAM-D scores 
and vice versa. Secondary analysis on a single-CpG level re-
vealed—although not withstanding correction for multiple 

testing—nominally significant associations with HAM-D change 
for CpGs 8 and 9 (for details, see Table 2).

SSRI/SNRI Sample
In patients primarily and continuously treated with SSRIs or 
SNRIs, SLC6A4 average methylation also emerged as a signifi-
cant predictor of HAM-D reduction after 6 weeks of treatment 
in the same direction as in the full sample (β = −.211, P = .021; 
overall model fit R2 = .139) (see Figure 1B). On a single CpG level, 
trendwise associations between CpGs 7 and 8 and HAM-D 
changes emerged (for details, see Table 2).

SLC6A4 Methylation and Categorical Treatment 
Response

Full Sample
Average SLC6A4 methylation significantly predicted categorical 
treatment response (HAM-D reduction ≥50% in week 6 relative 
to week 1) (P = .005, OR = 1.273; for full statistics, see Table 2). That 
is, each unit increase in methylation values increased the odds 
of being classified as a responder, and vice versa. Follow-up ana-
lyses regarding methylation at single CpG sites revealed signifi-
cant associations between CpG 2, CpG 8, and—on a trend-level 
(after Bonferroni correction)—CpG 9 with treatment responder 
status (for statistics, see Table 2).

SSRI/SNRI Sample
In the subgroup of patients receiving continuous SSRI/SNRI 
treatment, average SLC6A4 methylation predicted categorical 
treatment response in the same direction (P = .003, OR = 1.490). 
Secondary analyses regarding single CpGs revealed a signifi-
cant effect for CpG 8 and, while not withstanding surviving 
Bonferroni correction for multiple testing, suggestive effects for 
CpGs 1 and 7 (for statistics, see Table 2).

SLC6A4 Methylation and Remission Status

Full Sample
Average SLC6A4 methylation significantly predicted remission 
status (HAM-D ≤ 7) at week 6 (P = .010, OR = 1.237). That is, each unit 
increase in methylation values increased the odds of being cat-
egorized as a remitter and vice versa. Secondary analyses revealed 
significant effects in particular for CpG 1 and, on a nominally sig-
nificant level, for CpGs 2, 8, and 9 (for statistics, see Table 2).

Figure 1. Hamilton Depression Scale (HAM-D; 21 items) scores over the course of 6-week antidepressant treatment by SLC6A4 methylation status. For graphical rep-

resentation only, average methylation was dichotomized into a low and high methylation group by means of median split (Domschke et al., 2014). Statistical analyses 

were performed using dimensional methylation data. 
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SSRI/SNRI Sample
In the group of patients receiving continuous SSRI/SNRI treat-
ment, remitter status also was predicted by average SLC6A4 
methylation (P = .044, OR = 1.275). On a single CpG level, although 
not surviving Bonferroni-correction for multiple testing, methy-
lation at CpG 1 was most strongly related to remission status.

Discussion

In the present study, the predictive value of SLC6A4 promoter 
methylation on naturalistic antidepressant response was inves-
tigated in n = 236 patients with MDD in what is the largest sample 
investigated in this regard to date. Average SLC6A4 emerged as 
a significant predictor of dimensional antidepressant treatment 
response (relative reductions in HAM-D scores), categorical re-
sponse (HAM-D reduction ≥50%), and remission status (HAM-D 
≤ 7)  after 6 weeks of antidepressant treatment, with rela-
tive hypomethylation being associated with nonresponse and 
nonremission, respectively. The predictive effect of SLC6A4 pro-
moter methylation on dimensional and categorical treatment 
response as well as on remission status also held true in the 
more homogenous subgroup of patients continuously treated 
with SSRIs or SNRIs (n = 110), which supports the conclusion of 
SLC6A4 methylation to predict treatment outcome in relation to 
treatment with serotonergic antidepressants. The present re-
sults confirm a previous finding of SLC6A4 hypomethylation of 
the same region as investigated presently to predict impaired 
dimensional treatment response (Domschke et al., 2014) and ex-
tend it by providing additional evidence for SLC6A4 promoter 
methylation to also predict categorical responder as well as re-
mission status in MDD.

Functionally, DNA promoter methylation is generally as-
sumed to result in gene silencing (Suzuki and Bird, 2008), and 
methylation of the presently investigated region has been shown 
to go along with reduced 5-HTT mRNA levels (Philibert et al., 2007) 
as well as with decreased reporter gene activity in functional in 
vitro assays (Wang et al., 2012; Schiele et al., 2019). Accordingly, 
the observation of SLC6A4 promoter hypomethylation to confer 
impaired antidepressant response may be due to increased gene 
transcription and consequently decreased 5-HT availability in 
the synaptic cleft, which, on a mechanistic level, may coun-
teract the serotonergic effects of serotonergic antidepressants 
and thus impair treatment response. However, the suggested 
mechanistic effect of lower methylation resulting in higher 
SLC6A4 expression to confer impaired treatment response is in 
contrast to previous studies reporting association of impaired 
antidepressant treatment response in carriers of the less active 
5-HTTLPR S allele (see Serretti et al., 2007; Porcelli et al., 2012) as 
well as lower in vivo SERT binding with depression itself (Yeh 
et al., 2015) and nonremission (e.g., Miller et al., 2008). Both clin-
ical (e.g., history of suicide attempts [cf. Yeh et  al., 2015]) and 
biological factors (e.g., alterations on several other levels of the 
serotonergic system such as the 5-HT1A receptor [cf. Parsey 
et  al., 2006], or different polygenic backgrounds [cf. Biernacka 
et al., 2015; García-González et al., 2017]) might constitute po-
tential confounders, which could explain diverging findings. 
Also, in the present study, 9 CpG sites were selected for analysis 
as those have been subject to investigation in previous studies 
on 5-HTT DNA methylation with respect to stress-related meas-
ures and depression (Devlin et  al., 2010; Alasaari et  al., 2012; 
Kang et al., 2013; Schiele et al., 2019) as well as on the relation 
of 5-HTT methylation status with antidepressant treatment re-
sponse (Kang et al., 2013; Domschke et al., 2014). However, other 
CpG sites further upstream or downstream towards exon IA, 

within exon IA, or even in intron I  have not been considered 
in the present analysis but might crucially impact functionality 
(for a detailed schematic representation of CpG sites assessed by 
49 studies on 5-HTT methylation: see Figure 4 in Palma-Gudiel 
and Fananas, 2017). Furthermore, trait and state characteristics 
of the serotonergic system as potentially differentially conferred 
by genetic and epigenetic factors might partly account for dis-
crepancies across studies. Finally, given the present blood-based 
analysis, region specificity of SERT distribution in the brain as 
demonstrated in human positron emission tomography (PET) 
studies in the context of antidepressant treatment response (cf. 
Lanzenberger et al., 2012) cannot be and thus was not taken into 
account in the present study, but might be of high relevance in 
explaining the contradictory findings on the role of SERT ac-
tivity in conferring antidepressant treatment response in the 
literature.

When interpreting the current results, it should be noted that 
in the full sample antidepressant treatment was administered 
in a naturalistic setting, which entails that, although all patients 
received serotonergic antidepressants as the primary medica-
tion, different drug classes were used. Additionally, in both the 
full sample and the SSRI/SNRI subsample, dosages varied be-
tween patients and were not held constant over the course of 
treatment, drug switches (initiation/discontinuation) were per-
mitted, and co-medication with other pharmacological agents 
(e.g., mood stabilizers, atypical antipsychotics) was allowed, 
which may have confounded the present results. Of note, pa-
tients receiving a MAO inhibitor, which might act as an epigen-
etic drug (Binda et al., 2010), or valproic acid, which in its function 
as a histone deacetylase inhibitor indirectly also affects DNA 
methylation (Veronezi et  al., 2017) (for review, see Boks et  al., 
2012), were not included in this study. Furthermore, given that 
the naturalistic study design did not allow for a placebo control 
arm, medication effects on the course of MDD cannot presently 
be dissected. Also, no healthy control group was investigated in 
parallel, precluding conclusions about SLC6A4 methylation as a 
trait or state marker of MDD. Given that no follow-up data were 
available, conclusions cannot be drawn regarding the long-term 
stability of treatment response and remission effects and the 
predictive quality of SLC6A4 methylation thereon. Also, infor-
mation on smoking status was unavailable, which may have 
confounded the present results given that smoking has been 
found to affect global DNA methylation levels (Gao et al., 2015). 
However, a number of studies investigating SLC6A4 promoter 
methylation have observed methylation levels to be unaffected 
by smoking status (e.g., Domschke et al., 2014; Booij et al., 2015; 
Schiele et al., 2019). Therefore, while an effect of smoking cannot 
be fully excluded, it appears to be highly unlikely that the pre-
sents findings are a result of nicotine consumption. Additionally, 
although SLC6A4 methylation status was presently observed to 
be unaffected by 5-HTTLPR genotype, an interactive effect of 
genotype and methylation status on treatment response cannot 
be fully excluded. While inclusion of genotype or the interaction 
term of genotype × methylation did not increase, or even de-
creased the predictive value of the model, detecting cross-level 
interactions would require a much larger number of cases and 
therefore should be addressed in future studies in larger, suffi-
ciently powered samples. Finally, a general limitation pertains to 
the fact that DNA methylation levels were derived from whole 
blood, which precludes conclusions about brain methylation 
status. However, accumulating evidence points to peripheral 
methylation patterns to constitute valid proxies for central pro-
cesses (see, e.g., Ursini et al., 2011; Davies et al., 2012; Provencal 
et al., 2012). With regard to SLC6A4, employing PET, methylation 
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levels measured in peripheral cells were shown to be inversely 
related to 5-HT synthesis (Wang et al., 2012) and 5-HTT avail-
ability (Drabe et al., 2017) in the human brain, supporting the 
notion of peripheral SLC6A4 methylation to possibly mirror cen-
tral processes.

In conclusion, the present study applying a pharmaco-
epigenetic approach to investigate the predictive quality of 
SLC6A4 promoter methylation on treatment response in MDD 
replicates and extends a previous pilot finding of SLC6A4 pro-
moter hypomethylation to drive impaired response to anti-
depressant treatment and to furthermore be related to 
nonremission in a large independent but phenotypically com-
parable cohort of patients. The detrimental effect of SLC6A4 
hypomethylation on treatment outcome might be conveyed by 
increased gene expression and, in turn, decreased 5-HT avail-
ability, which may counteract the effects of serotonergic anti-
depressants. The present results are hoped to inform future 
clinical decision-making and to enable early treatment modifi-
cation towards a more personalized treatment of MDD.
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