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A B S T R A C T   

Background: Epigenetic changes are considered the main mechanisms behind the interplay of environment and 
genetic susceptibility in major depressive disorder (MDD). However, studies focusing on epigenetic dysregulation 
of the HPA axis stress response in MDD are lacking. Our objective was to simultaneously asses DNA methylation 
of the glucocorticoid receptor gene (NR3C1) and serotonin transporter gene (SLC6A4) and HPA axis response to 
stress in MDD. 
Methods: We recruited 80 depressed inpatients and 58 gender and age matched healthy controls. All participants 
underwent the Trier Social Stress Test (TSST) and salivary cortisol was repeatedly measured to assess HPA axis 
reactivity. DNA methylation of the NR3C1 (exon 1 F) and SLC6A4 CpG islands was quantified from whole blood 
DNA. In the MDD group, clinical assessment was repeated at 8-week follow-up to test the predictive potential of 
DNA methylation for symptom improvement. 
Results: Depressed patients had blunted cortisol reactivity to TSST compared to healthy controls (p = 0.01). In 
addition, they presented with increased average SLC6A4 (p = 0.003) and NR3C1 methylation (p = 0.03), as well 
as methylation of two individual NR3C1 CpG loci overlapping with the NGFI-A-binding sites (CpG12 and 
CpG20). Methylation of one of these two loci (CpG20) predicted lower symptom improvement at the follow-up 
(p = 0.007). Both, average NR3C1 and SLC6A4 methylation were associated with lower cortisol reactivity in the 
MDD group and explained about 16% of variability in cortisol response to TSST. 
Conclusions: We provide evidence of the role of NR3C1 and SLC6A4 DNA methylation in HPA axis dysregulation 
in MDD, which needs to be further explored.   

1. Introduction 

Major depressive disorder (MDD) is a multifactorial disease and it is 
well established that the interplay between genetic susceptibility and 
adverse environmental factors occurring across lifespan contributes to 
its development (Klengel et al., 2014). A recent meta-analysis indicates 
that about 40% of depression risk can be attributed to genetics, whereas 
the other 60% are associated with individual environmental factors 
(Sullivan et al., 2000). Epigenetic mechanisms, particularly DNA 

methylation, are considered to be the main mechanism by which this 
gene-environment interplay takes place (Kular and Kular, 2018). Briefly, 
DNA methylation involves the addition of a methyl group at the 5’ po-
sition of cytosines in CpG dinucleotides, which leads to gene silencing, 
mainly when located in a gene promoter region (Newell-price et al., 
2000). In the context of MDD, DNA methylation changes have been 
investigated with regard to diagnosis, symptom severity as well as pre-
dictors of treatment response and remission (Li et al., 2019). 

In addition, relevance of DNA methylation in dysregulation of the 
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hypothalamic-pituitary-adrenal (HPA) axis response to stress in MDD 
has attracted a growing interest. 

Among the potential gene-candidates that could contribute to 
epigenetic dysregulation of the HPA axis and MDD in general, two 
gained particular interest: glucocorticoid receptor gene (NR3C1) and 
serotonin transporter gene (SLC6A4) (Bakusic et al., 2017). NR3C1 en-
codes for the glucocorticoid receptor (GR), responsible for the effects of 
cortisol on peripheral tissues, but also the self-regulatory negative 
feedback of the axis (Lee and Sawa, 2014). DNA methylation changes in 
NR3C1 have been extensively investigated with regard to early adverse 
environment (Oberlander et al., 2008) (McGowan et al., 2009) (Hompes 
et al., 2013), suggesting that early life stress induces hypermethylation 
of the NR3C1 region overlapping with the nerve growth factor-inducible 
protein A (NGFI-A) binding site (promoter of exon 1 F) (Weaver et al., 
2004a). As NGFI-A regulates GR expression, these alterations are further 
associated with the impaired regulation of the HPA axis (Liu and 
Nusslock, 2018). Even though there is some evidence that NR3C1 
methylation changes linked to early life adversity can persist into 
adulthood (Liu and Nusslock, 2018), it is not clear yet whether this 
would correspond to phenotypic modifications. In fact, NR3C1 methyl-
ation changes in MDD were only investigated in a few studies (Nantharat 
et al., 2015) (Na et al., 2014) (Bustamante et al., 2016) (Roy et al., 
2017), without any functional measurement of the HPA axis activity. In 
addition, longitudinal studies exploring the potential role of NR3C1 
methylation in predicting symptoms improvement and recovery in MDD 
are missing. 

In contrast to NR3C1, DNA methylation changes of SLC6A4 have 
been more systematically explored in MDD, however the results were 
inconsistent (Li et al., 2019). While cross-sectional and case-control 
studies somewhat consistently reported hypermethylation of this gene 
in depression, outcomes of longitudinal studies are not so uniform, 
reporting both increased and decreased SLC6A4 methylation to be 
associated with treatment response as well as absence of any correlation 
(Li et al., 2019). SLC6A4 encodes for the serotonin transporter (SERT) 
involved in the reuptake of serotonin or 5-hydroxytryptamine (5-HT) 
from the synaptic cleft (Mohammad-Zadeh et al., 2008). Apart from the 
role of 5-HT in brain development and mood (dys)regulation, the sero-
tonergic system also plays an important role in the control of our stress 
response system (Booij et al., 2013a). Despite this interplay, little is 
known about the link between the epigenetic regulation of SLC6A4 and 
disruption in the HPA axis reactivity. To the best of our knowledge, only 
a couple of studies investigated neuroendocrine correlates of SLC6A4 
methylation. One of them was done on monozygotic twin pairs discor-
dant for bullying victimization, where hypermethylation of SLC6A4 was 
associated with blunted stress reactivity (Ouellet-Morin et al., 2012). 
The other two studies were done on healthy adults and similarly re-
ported a link between increased methylation of SLC6A4 and disrupted 
stress reactivity (Alexander et al., 2014a) Alexander et al., 2019 . 
However, in the context of MDD, no such research was performed. 

The fact that methylation changes of NR3C1 and SLC6A4 in 
depression are mostly investigated in separate studies and without 
functional measurements of the HPA axis reactivity is hindering our 
understanding of their interplay. Therefore, with the present study, we 
aimed to bridge this gap by assessing DNA methylation of these two 
genes, together with the HPA axis response to the Trier Social Stress Test 
(TSST) (Kudielka et al., 2007) in depressed patients and healthy con-
trols. In addition, we used a longitudinal design in order to test whether 
DNA methylation changes in NR3C1 and SLC6A4 couldpredict symptom 
improvement in depressed patients at follow-up assessment. 

2. Methods and materials 

2.1. Study population 

Eighty depressed patients and 58 age and gender matched control 
subjects were included in the study at baseline. All patients were 

hospitalized at the University Psychiatric Centre of the University of 
Leuven in Belgium. A detailed recruitment procedure and inclusion/ 
exclusion criteria were described previously (Vrieze et al., 2013) (Vrieze 
et al., 2014). Briefly, patients with a current MDD diagnosis were 
included in the study. MDD diagnosis was set by a psychiatrist based on 
DSM-IV criteria (First et al., 2002). Patients with psychotic comorbidity, 
substance abuse or unstable medical conditions were excluded. Almost 
all MDD patients started antidepressant treatment before admission to 
the hospital. During follow-up, patients were treated with psychotropic 
medication and/or psychotherapy and were clinically assessed after 8 
weeks. Healthy participants did not have any current or past psychiatric 
disorder or unstable medical condition and were assessed only at the 
baseline. 

The study was approved by the UZ Leuven Medical Ethics Committee 
and all participants signed the informed consent. 

2.2. Design and procedure 

All patients were evaluated within the first week of admission to the 
hospital. All appointments started at the same hour (1:00 p.m.). Upon 
arrival, patients underwent a psychiatric interview after which they 
were asked to fill out the questionnaires and blood samples were drawn. 
At 2:20 p.m., patients rested for 40 min and at 3:00 p.m., they under-
went the TSST. TSST and blood collections were performed at the 
baseline for both groups. For depressed patients, follow-up appoint-
ments were made after 8 weeks where collection of clinical data was 
repeated. 

2.3. Clinical assessment 

The Structured Clinical Interview for DSM-IV-TR (SCID-I) (First 
et al., 2002) was used to set the MDD diagnosis, according to DSM-IV 
criteria. The 17-item Hamilton Rating Scale for Depression (HDRS) 
(Hamilton, 1960) was used to assess the severity of depression. Early life 
stress (ELS) was assessed using the Structured Trauma Interview (STI), 
which is focused on childhood experience with sexual and physical 
violence (Draijer and Langeland, 1999). Positive and negative affect 
were measured using the Positive and Negative Affect Scale (PANAS) 
(Watson et al., 1988) and anhedonia was assessed using the 
Snaith-Hamilton Pleasure Scale (SHAPS) (Snaith et al., 1995). In addi-
tion, the personality trait neuroticism was assessed using the NEO-Five 
Factor Inventory (NEO-FFI) (Costa and McCrae, 1992). In the depres-
sion group, clinical assessment was repeated at the 8-week follow-up. 
Symptom improvement was calculated as the difference between 
HDRS score at 8-week follow-up and baseline. 

2.4. Stress induction and cortisol measurements 

The Trier Social Stress Test (TSST) was used to induce the endocrine 
response of the HPA axis to stress (Allen et al., 2017) and was performed 
at the baseline. A detailed protocol of the procedure has been described 
elsewhere (Kudielka et al., 2007). Briefly, after a 40-min rest and 
preparation phase, all participants were asked to perform a public 
speech and arithmetic tasks in front of two experts, who also recorded 
the procedure with a video camera. Participants were informed that they 
would be judged on their performance, but they were not aware of the 
real objective before completing the whole protocol. 

Saliva samples were collected before the task (− 2 min) and repeat-
edly during the recovery period after completing the stress task (+15, 
+25, +35, +45, +60 and + 105 min). Saliva samples were collected 
using Salivettes (Sarstedt, Numbrecht, Germany). Cortisol concentra-
tions were determined using radio-immunoassay (Sulon et al., 1978) 
and the analyses were performed in duplicates. 
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2.5. DNA methylation analysis 

DNA methylation analysis was performed at the baseline. DNA was 
extracted from whole blood and the quantity and purity of DNA were 
determined using a NanoDrop spectrophotometer. DNA samples were 
bisulphite-converted using the EZ-96 DNA Methylation-Gold™ Kit 
(#D5008, Zymo Research) according to the manufacturer’s protocol. 
Next, bisulphite-converted DNA was amplified by PCR and pyrose-
quencing was performed on the PyroMark Q24 instrument (Qiagen) 
following the manufacturer’s instructions. Pyrosequencing results were 
analyzed using the PyroMark analysis 2.0.7 software (Qiagen) with 
standard quality-control settings. All samples were randomized prior to 
DNA methylation analysis to reduce any potential bias during different 
steps in the methylation analysis and ensure that each reaction plate 
includes both patients and controls in random order. The primer se-
quences and the PCR protocols were based on those previously pub-
lished by Alexander et al. (2018) and Vangeel et al. (2015) for NR3C1 
and Wankerl et al. (2014) for SLC6A4. The primers were designed to 
target the whole CpG island of NR3C1 1 F region and part of the CpG 
island overlapping with the SLC6A4 promoter region (Figure A1 and 
A2). Positive controls (highly methylated) were used in each plate to 
validate the analysis and test variability between the plates. A detailed 
protocol with all analyzed amplicons, PCR and sequencing primers is 
provided in the Appendix. 

2.6. Statistical analysis 

Socio-demographic and clinical characteristics of the depression and 
the control group were compared using an independent sample t-test for 
continuous variables, and Chi-Square test for categorical variables. 
Because NR3C1 1 F and SLC6A4 methylation data were not normally 
distributed, a non-parametric Mann-Whitney U test was applied to 
compare DNA methylation levels between groups. 

Since cortisol data were skewed, we performed log-transformation of 
the data to achieve normal distribution. In order to test the effect of the 
group and methylation on cortisol stress reactivity over time, we used a 
general linear model for repeated measurements, using cortisol as the 
outcome variable and time (− 2, 15, 25, 35, 45, 60 and 105 min) as a 
fixed factor (categorical variable). Group, methylation data and other 
covariates (such as age, gender, and early life stress) were added to the 
model as explanatory variables. To test potential moderation effects, 
interactions between explanatory variables were added (e.g. methyl-
ation and early life stress). Since the sphericity assumption was violated, 
we used the Huynh-Feldt adjustment when interpreting the outcomes. 

In addition to the analysis using linear model for repeated measures, 
we computed the cortisol area under the curve with respect to the 
ground (AUCg) and the increase (AUCi), using the trapezoid model 
formula described by Pruessner (Pruessner et al., 2003). These variables 
were computed for the sake of data visualization and confirmatory 
analysis. 

Spearman correlation was used to test basic associations between 
continuous variables. The identified associations were further explored 
in linear regression models, adding covariates and testing potential 
interactions. 

All statistical analyses were performed using the SPSS software 
package, version 26.0. All tests were two-sided, and the significance 
level was set at 0.05. 

3. Results 

3.1. Sample characteristics 

At baseline, 80 depressed patients and 58 control subjects were 
tested. Socio-demographic and clinical characteristics of the participants 
included at the baseline are presented in Table 1. Participants from the 
control and the depression group differed in education level, as well as 

the presence of an early life stress event, which was more common in the 
depression group. As shown in Table 1, most depressed patients were 
taking either selective serotonin reuptake inhibitors (SSRIs) or seroto-
nin–norepinephrine reuptake inhibitors (SNRIs) at the moment of in-
clusion and a smaller number of patients were taking antidepressants 
other than SSRIs and SNRIs (tricyclic antidepressants (TCA), mirtaza-
pine or bupropion). DNA methylation analyses were done in all partic-
ipants. Salivary cortisol data were missing for two participants in the 
MDD group. At 8-week follow-up, fifteen depressed patients dropped 
out. The MDD subsample that dropped out did not differ from the rest of 
the MDD group in basic socio-demographic and clinical characteristics 
(Table A6). 

3.2. Cortisol reactivity to stress 

As expected, TSST induced an increase in cortisol in the overall 
sample over the different time measurements (F (6,750) = 74.50, p <
0.001, ηp

2 = 0.37) as well as in each group separately (all ps < 0.05). 
When comparing the stress response between the groups, we observed a 
significant Group (F (1,124) = 5.86, p = 0.017, ηp

2 = 0.05) and Group*-
Time effect (F (6,750) = 6.09, p = 0.001, ηp

2 = 0.05), indicative of a 
blunted cortisol reactivity in depressed patients. Bonferroni-adjusted 
post hoc tests revealed that depressed patients had significantly lower 
cortisol levels at four out of seven time points (t = 25, 35, 45 and 60 min, 
all p-values <0.05), as illustrated in Fig. 1. The observed differences in 
cortisol reactivity were confirmed when comparing AUCg and AUCi. 
Depressed patients had significantly lower overall cortisol output 
(AUCg = 42.3 ± 25.9 nmol/L) compared to healthy controls (AUCg =

Table 1 
Socio-demographic and clinical characteristics of participants at baseline.   

Control group 
(N = 58) 

MDD group 
(baseline, N = 80) 

Significance 

Age (year, mean ± SD) 45.5 ± 12.0 45.4 ± 12.1 t = 0.08 
p = 0.93 

Gender (female/male) 31/27 47/33 X2 = 0.38 p =
0.53 

Educational level 
(low/high)a 

13/45 48/32 X2 = 19.3 p <
0.001** 

Age of onset (year, 
mean ± SD) 

– 36.1 ± 13.2 – 

Number of episodes (%) 
First – 33.8 – 
Second 32.4 
Third or higher 33.8 
Early life stress event 

(% yes)b 
10.3 38.0 X2 = 13.18 p <

0.001** 
Antidepressant use (%) 
None 96.6 4 – 
SSRI 1.7 41 
SNRI 0 34 
Other (TCA, 

mirtazapine, 
bupropion) 

1.7 21 

Depression severity 
(HDRS) 

0.6 ± 1.3 16.9 ± 5.0 p < 0.001** 

Positive affect 
(PANAS) 

36.3 ± 5.6 18.1 ± 5.8 p < 0.001** 

Negative affect 
(PANAS) 

14.7 ± 4.2 33.2 ± 8.7 p < 0.001** 

Anhedonia (SHAPS) 19.2 ± 4.1 35.7 ± 7.6 p < 0.001** 
Neuroticism (NEO-FFI) 3.4 ± 1.6 8.1 ± 1.3 p < 0.001** 

P-values are derived from statistical analysis using independent sample t-test for 
continuous variables or Chi-Square test for categorical variables. 
HDRS: Hamilton Rating Scale for Depression; PANAS: Positive and Negative 
Affect Scale; SHAPS: Snaith¬Hamilton Pleasure Scale; NEO-FFI: NEO-Five Fac-
tor Inventory Scale. 

a Low education = finished secondary school or less; High education = any 
additional education after secondary school. 

b Early life stress event: assessed by Structured Trauma Interview (STI). 
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51.7 ± 22.6 nmol/L; mean difference 9.45, p = 0.029) as well as lower 
increase in cortisol over time (depressed patients: AUCi = − 1.1 ± 18.8 
nmol/L, healthy controls: AUCi = 6.0 ± 19.9 nmol/L; mean difference 
7.11, p = 0.037). Among depressed patients, type of antidepressant 
(SSRI, SNRI or other) did not have an impact on cortisol levels (p =
0.224). 

3.3. NR3C1 and SLC6A4 methylation 

Group comparison between all analyzed regions of both genes is 
provided in Table A4. Comparing the average NR3C1 methylation of the 
whole CpG island between the groups (Fig. 2B), we observed 

significantly higher methylation % in the depression group (p = 0.030). 
Next, we compared average methylation levels of the four analyzed 
amplicons, which revealed a significant increase in Amplicon1 (p <
0.001) and Amplicon 4 (p = 0.006). Looking at the individual CpGs 
within the individual amplicons (Fig. 2A), CpGs in Amplicon 1 over-
lapping with the NGFI-A binding site (CpG12 and CpG20) had higher 
methylation levels in the depression group. However, after applying 
Bonferroni correction, only the difference in CpG 12 remained signifi-
cant. To reduce multiple testing, we kept the differentially methylated 
averages as well as the 2 CpGs overlapping with the NGFI-A binding site 
in the further exploratory analysis. 

Group comparison of the total methylation level of the SLC6A4 CpG 

Fig. 1. Cortisol concentrations (mean ± SEM) before and after a social stressor (TSST) in the control group and the depression group. P-values are derived from 
generalized linear model for repeated measurements, using Bonferroni-adjusted post hoc tests (significance: p < 0.05*, p < 0.01**). 

Fig. 2. Overview of NR3C1 1 F methylation per individual CpG (A) and as average (B) in the control group (lighter shade) and the depression group (darker shade). 
Different colors correspond to the different analyzed amplicons and total average of the whole CpG island is presented in grey (B). Data are presented as the median 
(central line), 25th-75th percentile (box), 2.5th and 97.5th percentile (whiskers) and outliers (individual points). NGFI-A binding sites are underlined (canonical - 
solid line and noncanonical - broken line). Significance: p < 0.05*, p < 0.01** 
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island (Fig. 3B) showed no significant difference (p = 0.161). However, 
when comparing the averages of the three analyzed amplicons, we 
observed significantly higher methylation levels in Amplicon 1 (p =
0.003). In the same amplicon, two individual CpGs (CpG8 and CpG10) 
were hypermethylated in depressed patients, and this remained signif-
icant after Bonferroni correction for multiple testing (Fig. 3A). In 
Amplicon 2 and 3, there were no significant difference in methylation 
levels between the groups (all ps > 0.05). To avoid the multiple testing 
issue, we kept CpG8, CpG10 and the average methylation of Amplicon 1 
in further exploratory analysis. 

As a confirmatory analysis, we applied a dimensional approach to 
test whether the observed methylation differences were associated with 
clinical symptoms (presented in Table A5). In the overall sample, we 
observed significant correlations between most of the differentially 
methylated regions and the depression measures in the expected direc-
tion (higher methylation indicating higher severity). However, within 
the depression group, no significance was observed (all ps > 0.05), 
indicating that methylation of these regions is not an indicator of 
depression severity. Finally, age, gender, early life stress and type of 
antidepressant (SSRI, SNRI or other) did not have a direct effect on any 
of the differentially methylated regions (all ps > 0.05). 

3.4. Associations between methylation and cortisol reactivity 

Associations between methylation and cortisol response to TSST are 
presented in Table 2. Looking at the association between the average 
NR3C1 methylation and cortisol response to stress, we observed a sig-
nificant Methylation*Group interaction effect (Methylation*Group: F 
(1,123) = 5.72, p = 0.018, ηp

2 = 0.04, Methylation*Group*Time: F (6,738) 
= 3.38, p = 0.022, ηp

2 = 0.03), indicating that higher NR3C1 methylation 
was associated with lower cortisol response to stress in depressed pa-
tients. Repeating the analysis in the depression group confirmed this 
association, also when age, gender, early life stress and neuroticism were 
added to the model as covariates (Methylation: F (1,65) = 5.45, p =
0.023, ηp

2 = 0.08, Methylation*Time: F (6,390) = 3.14, p = 0.010). Early 
life stress did not have a moderation effect on the association between 
NR3C1 methylation and cortisol (F (1,64) = 0.26, p = 0.613, ηp

2 =

0.004). Confirmatory linear regression analyses using cortisol AUC as 
the dependent variable and NR3C1 methylation as the predictor yielded 
the same outcome, confirming the negative impact of NR3C1 methyl-
ation on both AUCg (B = − 37.49, p = 0.017, R2 = 0.076) and AUCi (B =

− 22.51, p = 0.049, R2 = 0.052) in the depression group (Fig. 4A). 
Methylation of specific differentially methylated regions (CpG12, 

CpG20 and averages of Amplicons 1 and 4) did not have a significant 
effect on cortisol levels (all ps > 0.05, data not shown). 

Next, testing the effect of SLC6A4 methylation (Amplicon 1) on 
cortisol response to stress, we observed a significant negative association 
in the overall sample (F (1,124) = 6.83, p = 0.01, ηp

2 = 0.052) without 
the Methylation*Group interaction. When we analyzed each group 
separately, this association was significant in the depression group (F 
(1,71) = 5.02, p = 0.028, ηp

2 = 0.066), but not in the healthy control 
group (F (1,51) = 1.34, p = 0.253, ηp

2 = 0.026). In the depression group, 
this effect was still significant when covariates (age, gender, early life 
stress and neuroticism) were added to the model (F (1,65) = 5.18, p =
0.026, ηp

2 = 0.07) and early life stress did not moderate this association 
(F (1,64) = 0.18, p = 0.668, ηp

2 = 0.003). Linear regression analysis with 
AUC as the outcome confirmed a significant negative impact of SLC6A4 
methylation (Amplicon 1) on AUCg (B = − 36.48, p = 0.017, R2 =

0.075), but not AUCi (B = − 20.88, p = 0.063, R2 = 0.047) (Fig. 4B). 
In multivariate analysis, methylation of NR3C1 and SLC6A4 

(Amplicon 1) could explain 16.4% of variability in cortisol response to 
stress in depressed patients (R2 = 0.164, p = 0.002). 

3.5. Association between baseline methylation and symptom improvement 

Basic correlation analysis between baseline methylation and symp-
tom improvement revealed a significant negative correlation between 
CpG20 of NR3C1 and symptom improvement at 8-weeks (Spearman’s 
Rho = − 0.275, p = 0.028). As presented in Fig. 5, linear regression 
analysis confirmed that baseline methylation of NR3C1 CpG20 was a 
significant predictor of symptom improvement as the outcome variable 
in univariate model (R2 = 0.115, B = − 12.22, p = 0.006) but also in the 
multivariate model with baseline depression severity, age, gender and 
early life stress as covariates (B = − 11.23, p = 0.008). This association 
was not significantly different in treatment responders (≥50% 
improvement in HDRS score at 8 weeks) and non-responders (<50% 
improvement in HDRS score at 8 weeks), presented by non-significant 
Methylation*Response interaction (B = − 3.47, p = 0.61). The other 
NR3C1 and SLC6A4 regions were not significantly associated with the 
symptom improvement (all ps > 0.05, data not presented). 

Fig. 3. Overview of SLC6A4 methylation per individual CpG (A) and as average (B) in the control group (lighter shade) and the depression group (darker shade). 
Different colors correspond to the different analyzed amplicons and total average of the whole CpG island is presented in grey (B). Data are presented as the median 
(central line), 25th-75th percentile (box), 2.5th and 97.5th percentile (whiskers) and outliers (individual points). Significance: p < 0.01** 

J. Bakusic et al.                                                                                                                                                                                                                                 



Neurobiology of Stress 13 (2020) 100272

6

Table 2 
Associations between NR3C1 and SLC6A4 methylation and cortisol response to TSST in both groups and in MDD patients Data are analyzed using linear model for 
repeated measures with cortisol as the outcome measure and methylation as a predictor. All analyses were corrected for age, gender, early life stress and neuroticism. 
Significance: p < 0.05*   

Both groups (N = 138) MDD group (N = 80) 

df F p ηp
2 df F p ηp

2 

NR3C1 
CpG12 1, 116 1.033 0.312 0.009 1, 63 0.143 0.706 0.002 
CpG20 1, 117 0.859 0.356 0.007 1, 63 2.294 0.135 0.035 
Amplicon 1 (CpG9-21) 1, 117 0.649 0.422 0.006 1, 63 0.716 0.401 0.011 
Amplicon 4 (CpG40-47) 1, 119 1.039 0.310 0.009 1, 65 0.002 0.968 0.000 
Total average 1, 119 0.907 0.343 0.008 1, 65 5.451 0.023* 0.077 
SLC6A4 
CpG8 1, 118 0.004 0.952 0.000 1, 65 0.007 0.936 0.000 
CpG10 1, 118 4.081 0.046* 0.033 1, 65 2.873 0.095 0.042 
Amplicon 1 (CpG8-12) 1, 118 6.963 0.010* 0.056 1, 65 5.180 0.026* 0.074  

Fig. 4. Association between average NR3C1 methylation (4 A) and SLC6A4 (Amplicon 1) methylation (4 B) with cortisol response to TSST (AUCg) in healthy controls 
(black) and depressed patients (red). R2 values are derived from linear regression analyses and are presented for both groups separately. Significance: p < 0.05* 

Fig. 5. Association between NR3C1 methylation 
(CpG20) at the baseline and change in HDRS score 
in depressed patients at the 8-week follow-up. Re-
sponders to treatment (≥50% improvement in 
HDRS score) are presented in blue and non- 
responders (<50% improvement in HDRS score) 
in grey. R2 value is derived from linear regression 
analysis and is presented for both groups together 
since there was no significant group difference. 
HDRS: Hamilton Rating Scale for Depression. Sig-
nificance: p < 0.01**   
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4. Discussion 

In the present study, we aimed to investigate the relevance of DNA 
methylation changes of NR3C1 and SLC6A4 for HPA axis dysregulation 
in MDD. In addition, we tested whether differentially methylated pat-
terns at baseline have a predictive value for symptoms improvement in 
depressed patients at the 8-week follow-up. 

First, we identified lower cortisol release after the TSST in patients 
with MDD compared to the healthy control group, which is in line with 
the previous literature. Whereas studies investigating diurnal cortisol or 
HPA axis response to a chemical stressor (such as dexamethasone sup-
pression test) in MDD more commonly reported HPA axis hyperactivity 
(Pariante and Lightman, 2008) (Stetler and Miller, 2011) (Knorr et al., 
2010), literature indicates that depressed patients are more likely pre-
sented with blunted cortisol when exposed to a psychosocial stressor 
(Burke et al., 2005) (Ahrens et al.,) (Booij et al., 2013b). In particular, a 
meta-analysis showed that depressed patients express blunted cortisol in 
the recovery phase, which starts approximately 25 min after the stress 
task (Burke et al., 2005). Our results support this finding, as our post-hoc 
analysis revealed that depressed patients had lower cortisol levels at four 
measurement points, all of which fall within the recovery period (25, 35, 
45 and 60 min after the TSST). The same meta-analysis showed that 
chronically depressed patients and those who were hospitalized are 
more likely to have blunted cortisol reactivity. In our study, all 
depressed participants were inpatients and therefore potentially more 
prone to a chronic course of illness. The main postulated mechanism 
behind the blunted HPA axis reactivity assumes that this bluntness re-
flects the adaptation of the stress system to a prolonged period of 
stressful events and elevated cortisol levels and is linked to inefficient 
coping with stressors (Miller et al., 2013) (Heim et al., 2000). 

Further, we observed hypermethylation of NR3C1 and SLC6A4 in 
depressed patients, which could explain about 16% of the blunted 
cortisol response to TSST. NR3C1 methylation differences were reflected 
in the average values of the whole 1 F CpG island, as well as 2 specific 
CpGs overlapping with NGFI-A binding site. In line with our findings, 
two authors reported hypermethylation of this gene in depressed pa-
tients (Nantharat et al., 2015) (Roy et al., 2017), which was associated 
with lower NR3C1 expression in one of them (Roy et al., 2017). In 
contrast, two other studies reported lower NR3C1 methylation in pa-
tients with MDD (Bustamante et al., 2016) (Na et al., 2014). However, in 
these two studies, patients with a lifetime MDD prevalence were 
included and only one part of the CpG island was assessed, in which we 
observed no significant differences between the groups. Both hypo- and 
hypermethylation of NR3C1 are considered maladaptive and different 
direction of these changes might depend on the illness phase, severity 
and other clinical features (Palma-gudiel et al., 2015). Interestingly, in 
our study, hypermethylation of one particular site (CpG12) was the most 
pronounced, which is the same site previously reported to moderate the 
effect of childhood trauma on cortisol reactivity to stress (Alexander 
et al., 2018). In our study, blunted reactivity to stress was associated 
with the average methylation of the whole island, and not this specific 
CpG, indicating that this might be a rather cumulative effect. There are 
no other studies assessing the link between NR3C1 methylation and 
cortisol reactivity in MDD to support this hypothesis, however NR3C1 
hypermethylation was previously associated with blunted cortisol 
reactivity in healthy adults with a history of childhood maltreatment 
(Tyrka et al., 2012). Hypermethylation at the NGFI-A binding sites of 
this region was shown to reduce hippocampal GR expression in rodents 
(Weaver et al., 2004b) and humans (McGowan et al., 2009). If we as-
sume that blunted HPA axis reactivity is a consequence of a prolonged 
period of HPA axis hyperactivity, it could be hypothesized that chroni-
cally elevated cortisol levels lead to NR3C1 hypermethylation and lower 
GR expression, promoting glucocorticoid resistance, finally resulting in 
a failure to adequately respond to novel stressors. In addition, literature 
indicates the existence of intermediary mechanisms such as neural at-
rophy in hippocampus (Dranovsky and Hen, 2006) and dendritic 

remodelling in amygdala (Mitra and Sapolsky, 2008), which make this 
link more complex and difficult to elucidate. 

In addition to NR3C1, higher SLC6A4 methylation was also a sig-
nificant predictor of blunted HPA axis reactivity in our MDD group. 
These findings are in line with two other studies that showed the higher 
SLC6A4 methylation to be a significant predictor of blunted cortisol 
reactivity to stress in victims of childhood bullying (Ouellet-Morin et al., 
2012) as well as low hair cortisol levels in healthy adults (Alexander 
et al., 2019). In another study, SLC6A4 methylation was investigated as 
a predictor of cortisol response to TSST in healthy adults, relative to the 
5-HTTLPR polymorphism (Alexander et al., 2014b). The main findings 
indicated a dose-dependent interaction between 5-HTTLPR and 
methylation in a sense that 5-HTTLPR had an impact on stress reactivity 
only if SLC6A4 methylation was low, whereas high methylation out-
weighed the genotype effect. However, in this study, higher methylation 
of the SERT gene predicted higher cortisol response to stress, which is 
opposite to what we found. As previously mentioned, these differences 
could be linked to different type and timing of stressors and phases in the 
HPA axis disruption, which were previously identified as important 
contributors to the potentially variable effects of SLC6A4 methylation 
changes (Palma-Gudiel and Fananas, 2017). In addition, the association 
of SLC6A4 hypermethylation and blunted stress reactivity seems logical 
looking at our cross-sectional comparison, where we observed increased 
SLC6A4 methylation in depressed patients compared to healthy con-
trols, which is also in line with previous studies (Philibert et al., 2008) 
(Van Der Knaap et al., 2015) (Iga et al., 2016) (Okada et al., 2014) (Zhao 
et al.,). Even though hypermethylation of SLC6A4 was previously 
associated with lower expression of SERT (Palma-Gudiel and Fananas, 
2017), whether this is the main functional effect in depression is not so 
evident and still remains to be explored. Since in our study we did not 
assess mRNA expression of SERT, we cannot make further conclusions 
on this. 

In our study, we tested the predictive potential of NR3C1 and 
SLC6A4 methylation for treatment response at the 8-week follow-up and 
found that NR3C1 methylation of a specific CpG site could predict 
symptom improvement in depressed patients after 8 weeks. To the best 
of our knowledge, this is the first study to report such findings in patients 
with MDD. Previously, in a study on combat veterans with PTSD, pre- 
treatment NR3C1 1 F methylation predicted treatment response to 
psychotherapy at 12-week follow-up (Yehuda et al., 2013). In the same 
study, treatment responders had higher post-treatment GR expression, 
but NR3C1 methylation did not change in response to treatment, indi-
cating potentially enduring nature and stability of NR3C1 epigenetic 
signature. Unlike some previous studies (Iga et al., 2016) (Domschke 
et al., 2014), we did not observe any predictive value of baseline SLC6A4 
methylation in depressed patients for treatment response at the 
follow-up. This could be due to fact that our participants took antide-
pressants prior to inclusion, which might have had an effect on SLC6A4 
methylation and its predictive potential for treatment outcome. 
Anyhow, the predictive potential of NR3C1 and SLC6A4 methylation for 
treatment response in MDD deserves further exploration. 

When interpreting the results of the present study, several limitations 
need to be taken into account. First, almost all depressed patients were 
taking antidepressant medication for approximately 2 weeks at the 
moment of inclusion, which could have an impact on cortisol stress 
response (Mckay and Zakzanis, 2010) and methylation (Webb et al., 
2020) (Booij et al., 2015). However, we tested whether the cortisol 
response to TSST and the differentially methylated regions were asso-
ciated with the type of antidepressant and found no significant associ-
ation. In addition, even if the blunting of the cortisol response to the 
TSST in depressed patients could be partly due to the use of antide-
pressants, this would not explain the association with NR3C1 and 
SLC6A4 methylation levels. Next, even though the observed differences 
in DNA methylation between depressed patients and healthy controls 
were statistically significant, they were very small effect sizes, especially 
in the case of NR3C1 and therefore their biological plausibility can be 
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questioned. However, these subtle differences are consistent with pre-
vious findings, especially for NR3C1 methylation and were previously 
shown to affect mRNA expression or functional HPA axis tests (Ober-
lander et al., 2008) (Nantharat et al., 2015) (Na et al., 2014) (Busta-
mante et al., 2016) (Roy et al., 2017) (Yehuda et al., 2015) (Vangeel 
et al., 2018) (Perroud et al., 2011). The fact that the 1 F region of NR3C1 
is uniformly unmethylated (methylation <5%) suggests that small 
methylation increases in functional CpG sites can have the potential to 
influence transcription (Palma-gudiel et al., 2015). In our study, we did 
not collect RNA samples and therefore mRNA expression analysis could 
not be performed, which is another limitation of the study as these data 
would help get a clearer picture of the functional effects of the observed 
DNA methylation changes. However, we found an association between 
methylation of both NR3C1 and SLC6A4 and cortisol response to TSST, 
which supports the idea of biological relevance of these subtle methyl-
ation changes, at least in patients with MDD. Finally, we used whole 
blood for DNA methylation analysis and it is possible that DNA 
methylation profiles of different cell types had a confounding effect for 
which we did not account. Future studies focusing on epigenetic sig-
natures of specific cell types could provide more insight into potentially 
more pronounced vulnerability of specific cell types to stress and their 
role in stress-related disorders such as MDD. 

5. Conclusions 

To conclude, we found hypermethylation of NR3C1 and SLC6A4 in 
depressed patients, which was associated with blunted cortisol reac-
tivity to TSST in the same population and was predictive of poorer re-
covery. These findings, together with the previous literature, prove that 
the role of methylation of these two genes in HPA axis dysregulation in 
MDD deserves to be further explored. We recommend future studies to 
apply an integrative approach including simultaneous assessment of 
different genes and potentially other epigenetic mechanisms (histone 
modifications and/or microRNAs) together with mRNA expression and 
cortisol reactivity in order to learn more about their role in MDD. 
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