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Social anxiety disorder (SAD) is a commonly occurring and highly disabling disorder. The neuropeptide oxytocin and its receptor

(OXTR) have been implicated in social cognition and behavior. This study—for the first time applying a multilevel epigenetic approach—

investigates the role of OXTR gene methylation in categorical, dimensional, and intermediate neuroendocrinological/neural network

phenotypes of social anxiety. A total of 110 unmedicated patients with SAD and matched 110 controls were analyzed for OXTR

methylation by direct sequencing of sodium bisulfite-converted DNA extracted from whole blood. Furthermore, OXTR methylation was

investigated regarding SAD-related traits (Social Phobia Scale (SPS) and Social Interaction Anxiety Scale (SIAS)), salivary cortisol response

during the Trier social stress test (TSST), and amygdala responsiveness to social phobia related verbal stimuli using fMRI. Significantly

decreased OXTR methylation particularly at CpG Chr3: 8 809 437 was associated with (1) the categorical phenotype of SAD (po0.001,

Cohen’s d¼ 0.535), (2) increased SPS and SIAS scores (po0.001), (3) increased cortisol response to the TSST (p¼ 0.02), and (4)

increased amygdala responsiveness during social phobia-related word processing (right: pcorro0.001; left: pcorr¼ 0.005). Assuming that

decreased OXTR methylation confers increased OXTR expression, the present finding may reflect a compensatory upregulation for

pathologically reduced oxytocin levels or a causally relevant increased OXTR activation in SAD and related traits. OXTR methylation

patterns might thus serve as peripheral surrogates of oxytocin tone and aid in establishing accessible biomarkers of SAD risk allowing for

indicated preventive interventions and personalized treatment approaches targeting the oxytocin system.
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INTRODUCTION

Social anxiety disorder (SAD) is characterized by marked
fear or anxiety about and avoidance of one or more social
situations that involve the possibility of being scrutinized,
being negatively evaluated by others, or being embarrassed,
humiliated, or rejected (American Psychiatric Association,
2013). SAD is a commonly occurring mental disorder
affecting 15 million adults, or 6.8% of the US population,

and confers a high individual and socioeconomic burden
(Stein and Stein, 2008).
Oxytocin (OT; OXT), a neuropeptide consisting of nine

amino acids, is produced in the hypothalamic paraventri-
cular and supraoptic nuclei, is secreted mainly into the
posterior lobe of the pituitary gland, and binds to a G
protein-coupled receptor (OTR; OXTR) widely expressed in
the central nervous system. Oxytocin is frequently termed
the ‘prosocial neuropeptide’ as it facilitates social affiliative
and approach behaviors, even in response to social threat,
increases positive social interaction, and fosters pair
bonding, trust, empathy, and attachment in humans and
animals. Furthermore, oxytocin has been suggested as a
promising anxiolytic pharmacotherapeutic agent in disorders
related to social dysfunctioning (for review see Bakermans-
Kranenburg and van Ijzendoorn, 2013; Meyer-Lindenberg
et al, 2011). Specifically, in SAD, decreased baseline oxytocin
plasma levels have been observed (Hoge et al, 2012), and
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intranasal application of oxytocin as an adjunct to five
weekly exposure therapy sessions significantly improved
self-reported speech performance compared with placebo
(Guastella et al, 2009). On a brain network level, oxytocin
attenuates excessive amygdala activation in response to
socially relevant or fear-conditioned emotional stimuli
(Domes et al, 2007a; Kirsch et al, 2005; Labuschagne et al,
2010; Petrovic et al, 2008)—a brain activation pattern
linked to social avoidance and phobia (Phan et al, 2006).
The oxytocin system has furthermore been implicated in

social cognition and behavior on a genetic level: the G allele
of the 6930G4A (rs53576) variant in intron 3 of the
oxytocin receptor gene (OXTR) located on chromosome
3p25.3 was found to be associated with beneficial social
traits such as increased empathy, optimism, and trust,
whereas A allele carriers displayed lower empathy, lower
optimism, and self-esteem, higher levels of state loneliness,
more concerns about negative perceptions of company, and
higher levels of physiological and dispositional stress
reactivity (for review see Kumsta and Heinrichs, 2013).
Recently, epigenetic modifications including methylation

of the cytosine pyrimidine ring in CpG dinucleotides have
been suggested as flexible and temporally dynamic regula-
tory mechanisms that are responsive to environmental
stimuli and crucially shape gene expression. The OXTR gene
contains a CpG island spanning exons 1 to 3 (Chr3:8 808
962–8 811 280, GRCh37/hg19) (Kumsta et al, 2013), with
evidence for increased OXTR methylation to confer
decreased OXTR expression: in hepatoblastoma cells,
methylation of this OXTR CpG island significantly sup-
pressed OXTR mRNA expression by 70% (Kusui et al,
2001). Accordingly, Gregory et al (2009) observed methyla-
tion of two CpG sites within this island to result in a 20%
reduction in OXTR mRNA expression, and lower plasma
oxytocin levels were associated with increased OXTR
methylation in peripheral blood (Dadds et al, 2014). Also,
in murine cell lines, negative correlations between OXTR
methylation and mRNA expression were observed (Mamrut
et al, 2013). So far, OXTRmethylation of this CpG island has
been investigated with regard to several phenotypes related
to social cognition and functioning: in a sample of male
adolescents with oppositional-defiant or conduct disorder,
increased OXTR methylation in peripheral blood was
associated with callous–unemotional traits (Dadds et al,
2014). In autism, significantly increased OXTR methylation
was observed in peripheral blood mononuclear cells and
temporal cortex tissue (Gregory et al, 2009). Applying an
imaging epigenetic approach in healthy subjects, Jack et al
(2012) discerned increased OXTR methylation to be asso-
ciated with neural processes underlying social interpreta-
tion of ambiguous stimuli, particularly enhanced activation
in the temporoparietal junction and the dorsal anterior
cingulate cortex. Finally, healthy subjects displayed
increased peripheral blood OXTR methylation in the protein-
coding part of exon 3 directly after exposure to the Trier
social stress test (TSST), but significantly decreased
methylation at follow-up (Unternaehrer et al, 2012).
Given the above-mentioned findings of decreased base-

line oxytocin plasma levels in SAD and, reciprocally, of
oxytocin improving clinical symptoms in patients with SAD
and attenuating neural correlates of social anxiety, it is
hypothesized that one key pathomechanism of SAD might

be a diminished oxytocin synthesis and/or OXTR dysregu-
lation possibly linked to epigenetic mechanisms. Thus, in
this study we for the first time applied a multilevel epi-
genetic approach to elucidate the role of OXTR methylation
in categorical, dimensional, and intermediate neuroendo-
crinological/neural network phenotypes of social anxiety. In
detail, it was investigated whether OXTR methylation was
associated (1) with the categorical phenotype of SAD, (2)
with dimensional traits related to social anxiety in both
patients and healthy probands, (3) with cortisol response to
the TSST as a nonclinical intermediate phenotype of social
anxiety in healthy probands, and (4) with brain activation
correlates of social phobia-related word processing in
patients with SAD.

PATIENTS AND METHODS

Samples and Procedures

Overall sample. The overall sample comprised 111 SAD
patients of Caucasian descent recruited at the Department
of Psychiatry and the Institute of Psychology, University of
Muenster, Germany (f¼ 77, m¼ 34; age¼ 30.1þ 9.9
yearsþ SD). The diagnosis of SAD was ascertained by
experienced psychiatrists and/or clinical psychologists on
the basis of medical records and structured clinical interviews
(SCID-I) according to the criteria of DSM-IV (Wittchen,
1997). A total of 21 patients were comorbidly diagnosed
with a concurrent mild to moderate major depressive
episode (18.9%; data lacking for 7 patients), in line with
epidemiological data reporting 19.5–35% of individuals with
primary SAD meeting diagnostic criteria for currently
comorbid or lifetime major depression, respectively
(Ohayon and Schatzberg, 2010; Stein et al, 1990), 5 patients
with specific phobia, and 1 patient with panic disorder and
agoraphobia. Patients with psychotic disorders including
schizoaffective disorder, bipolar disorder, mental retarda-
tion, or neurological/neurodegenerative disorders impairing
psychiatric evaluation were not included in this analysis.
Current or past drug or alcohol abuse or dependence and
any severe somatic disorder were further exclusion criteria.
Axis II disorders were not evaluated and thus not explicitly
excluded. Females were not included if pregnant. Some of
the patients were included in previous studies on a different
topic (Domschke et al, 2009; Stevens et al, 2008). Patients
(except one male patient on 15mg citalopram every other
day) were not taking any psychoactive medication so that a
confounding effect of antidepressant medication such as
serotonin reuptake inhibitors (SSRIs), which have been
suggested to elevate oxytocin levels (Uvnas-Moberg et al,
1999), can be excluded.

The control group comprised 111 healthy Caucasian
subjects matched to the patient group by sex (f¼ 77,
m¼ 34; p¼ 0.56) and age (30.9þ 10.5 yearsþ SD; p¼ 0.59).
Absence of DSM-IV axis I disorders was established by
experienced psychologists on the basis of a structured
clinical interview (Mini International Neuropsychiatric
Interview (MINI); SCID-I) according to the criteria of
DSM-IV (Wittchen, 1997). Current or past drug or alcohol
abuse or dependence and any severe somatic disorder were
exclusion criteria. Females were excluded if pregnant.
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Dimensional measures of social anxiety severity were
assessed in patients (N¼ 110) and controls (N¼ 108) using
the following psychometric instruments: Social Phobia Scale
(SPS; Stangier et al, 1999) and Social Interaction Anxiety
Scale (SIAS; Stangier et al, 1999) (Table 1).

fMRI sample. A total of 25 female patients (age¼ 28.8þ 8.3
yearsþ SD) with current SAD according to DSM-IV criteria
(SCID-I) constituting a subsample of the overall sample of
SAD patients described above also took part in an fMRI
experiment assessing amygdala responsiveness to social
phobia-relevant verbal stimuli in relation to OXTR methyla-
tion status. This patient subsample and the fMRI task have
been described elsewhere (Laeger et al, 2014a), with patients
showing greater amygdala responsiveness to social phobia-
related words than to generally negative words when
compared with healthy controls. All patients fulfilled the
inclusion/exclusion criteria mentioned above for the overall
sample and did not take any psychotropic medication
including benzodiazepines. Comorbid diagnoses in the
fMRI sample were currently remitted depressive disorder
(N¼ 3), currently remitted single major depressive episode
(N¼ 2), currently remitted anorexia nervosa (N¼ 1), and
specific phobia (N¼ 3). None of them had a comorbid
diagnosis of a current major depressive episode or general-
ized anxiety disorder. Additional exclusion criteria for
all fMRI patients were neurological illnesses or a history
of seizures or head trauma, head movements of 42mm
and/or 21, and the general MRI contraindications. All
participants were German native speakers and had normal
or corrected-to-normal vision.

TSST sample. An independent sample of N¼ 20 healthy
subjects (f¼ 9, m¼ 11; age¼ 26.7þ 9.0 yearsþ SD) was
recruited via advertisement at the Institute of Psychology,
University of Dresden, Germany, for analysis of a potential
association of OXTR methylation and salivary cortisol

response to a standardized stress situation (TSST;
Kirschbaum et al, 1993). Subjects were included if the stem
questions of the Composite International Diagnostic Inter-
view (DIA-X/M-CIDI (Wittchen and Pfister, 1997) indicated
no lifetime psychiatric disorder, and if the individuals did
not smoke 410 cigarettes per day (Kirschbaum et al, 1992),
and had not participated in a study applying the TSST
before.

This study was approved by the ethics committees of the
Universities of Muenster and Dresden, Germany, and was
conducted according to the ethical principles of the Helsinki
Declaration. Written informed consent was obtained from
all participants.

Isolation of DNA

DNA was isolated from human whole blood using the
FlexiGene DNA Kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s instructions.

Genotyping of OXTR rs53576

Isolated DNA was genotyped for the OXTR SNP rs53576
according to published protocols (Wu et al, 2005) with
minor modifications. DNA was amplified by PCR (45 s at
95 1C, 45 s at 62.5 1C, 45 s at 72 1C for 35 cycles) using
oligonucleotide primers F: 50-ATTTGTACCCAGAAGGGC
CG-30 and R: 50-ACAGAACTGGCAACCTGGAA-30 flanking
the polymorphic region. PCR products were run on a 3%
agarose gel and visualized by ethidium bromide staining
using ultraviolet light. Genotypes were determined by inve-
stigators blinded for clinical diagnoses. Hardy–Weinberg
criteria, as calculated by the online program DeFinetti
(http://ihg.gsf.de/cgi-bin/hw/hwa1.pl; TF Wienker and TM
Strom), were fulfilled for OXTR rs53576 genotype distribu-
tion (patients: AA¼ 9, AG¼ 53, GG¼ 49, p¼ 0.39; controls:
AA¼ 12, AG¼ 49, GG¼ 50, p¼ 1.00). For further analyses,
genotypes were grouped according to previous studies (AA/
AG vs GG; see, eg, Rodrigues et al, 2009; Saphire-Bernstein
et al, 2011).

Bisulfite Sequencing

Treatment of DNA with sodium bisulfite converts non-
methylated cytosine to uracil, whereas methylated cytosine
remains unaltered. Aliquots of isolated DNA were treated
with sodium bisulfite using the EZ DNA Methylation-Gold
Kit (Zymo Research, HiSS Diagnostics GmbH, Freiburg,
Germany) according to the manufacturer’s protocol for all
samples in one batch. Briefly, 450 ng of DNA was submitted
to bisulfite treatment at 98 1C for 10min and 53 1C for 4 h in
a thermal cycler (Professional Thermocycler, Biometra).
DNA was eluted after desulfonation and purified using
Zymo-Spin IC columns (Zymo Research, HiSS Diagnostics
GmbH, Freiburg, Germany). As a control, commercially
available fully methylated and fully nonmethylated
DNA (Human Methylated and Non-Methylated DNA Set,
Zymo Research, HiSS Diagnostics GmbH) was used in all
experiments.
An amplicon covering exon 3 of the OXTR gene was

chosen as the target sequence for further analysis in analogy
to a previous study on OXTR gene methylation investigating

Table 1 Characteristics of Patient and Control Sample

Characteristics Patients
(N¼110)

Controls
(N¼110)

Sex f¼ 76; m¼ 34 f¼ 77; m¼ 33

Age (yrs; meanþ SD) 30.1þ 9.9 30.9þ 10.5

OXTR rs53576 genotype AA¼ 9; AG¼ 53;
GG¼ 48

AA¼ 12; AG¼ 48;
GG¼ 50

OXTR rs53576 grouped
genotype (AA/AG vs GG)

62 vs 48 60 vs 50

SPS scores (mean±SE) 36.6±1.3 (N¼ 110) 3.6±0.4 (N¼ 108)

SIAS scores (meanþ SE) 45.5±1.3 (N¼ 110) 9.1±0.6 (N¼ 108)

Abbreviations: f, female; m, male; N, sample size; SPS, Social Phobia Scale
(Stangier et al, 1999); SIAS, Social Interaction Anxiety Scale (Stangier et al,
1999).
Patient and control samples did not differ regarding sex (w2¼ 0.02, p¼ 0.88),
age (Mann–Whitney U-test, p¼ 0.46), OXTR rs53576 genotype (w2¼ 0.72,
p¼ 0.70), or OXTR rs53576 grouped genotype AA/AG vs GG (w2¼ 0.07,
p¼ 0.79). SPS and SIAS scores differed significantly between the two groups
(Mann–Whitney U-test, po0.001).
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a phenotype related to social cognition and functioning
(Unternaehrer et al, 2012). This amplicon spans the region
Chr3: 8 809 281–8 809 534 (UCSC Human Genome Browser;
February 2009; GRCh37/hg19) and contains 22 CpG sites.
The amplicon was PCR-amplified using oligonucleotide
primers designed for bisulfate-converted DNA (50-TTGG
TTAAGTATTTGTAGGTGGTG-30 and 50-TAAATCCCCAA
AACTAAATAAAAAC-30, length: 253 bp) under the follow-
ing PCR conditions using the HotStarTaq Plus Master Mix
Kit (QIAGEN): denaturation at 94 1C for 1min, annealing
at 59.5 1C for 1min, and extension at 72 1C for 2min (40
cycles).
Amplified PCR products were purified (EXO/SAP

(Exonuclease I/Shrimp Alkaline Phosphatase) clean-up)
and sequenced by LCG Genomics (Berlin, Germany). The
sequencing services were delivered on the ABI 3730 XL
platforms for traditional Sanger sequencing. Because of
technical difficulties particularly at the 30 and 50 ends of the
amplicon, in the present sample, electropherograms were
robustly readable for 12 CpG sites using Chromas
(Technelysium) and Sequence Scanner software (Applied
Biosystems by Life Technologies, Darmstadt, Germany).
These 12 CpG sites were therefore included in all further
analyses (Figure 1).
The obtained sequences were quantitatively analyzed by

determining relative peak heights (C/CþT) from the norma-
lized sequence trace files using the Epigenetic Sequencing
Methylation analysis software (ESME) specifically designed

and evaluated for artificially generated SNPs (C/T and G/A).
ESME performs quality control, normalizes signals, corrects
for incomplete bisulfite conversion, and aligns generated
bisulfite sequence and reference sequence to compare C
with T peak heights at CpG sites (Lewin et al, 2004) as
successfully used to analyze methylation profiles in other
psychiatric phenotypes (see, eg, Alasaari et al, 2012;
Domschke et al, 2013; Domschke et al, 2012; Domschke
et al, 2014b; Domschke et al, 2014a; Tadic et al, 2013). To
account for run variability, all samples were tested in
duplicate, yielding a mean individual methylation score for
each CpG.

Statistical Analysis

In the overall sample, categorical data were analyzed using
the w2 test. Differences in continuous variables were
evaluated by Student’s t-test and multivariate ANOVA
corrected for age and genotype, respectively. Correlations
between dimensional variables (eg, SPS and SIAS) and
methylation were calculated by means of correlation or
regression analyses. The post hoc Bonferroni correction for
multiple comparisons regarding the main outcome variable
(OXTR methylation in patients vs controls) set the
significance level to pr0.004 (p¼ 0.05 divided by 13 tests,
as methylation across the entire amplicon plus methylation
at 12 individual CpGs were tested). The overall sample size
of N¼ 220, with an assumed a-error of 0.05 and a low effect

Figure 1 (a) The OXTR gene on chromosome 3p25-3p26.2 consists of four exons with the translation start site (ATG (þ 1)) in exon 3 and the stop
codon (TGA) in exon 4. OXTR SNP rs53576 is localized in the third intronic region (not to scale). The presently analyzed amplicon (not to scale) is located
within OXTR exon 3 downstream to the translation start site (Kumsta et al, 2013; Mamrut et al, 2013; Unternaehrer et al, 2012). (b) The sequence is
displayed as per GRCh37 build, National Center for Biotechnology Information (NCBI) reference sequence NC_000017.10 (Chr3:8 809 281–8 809 534),
and encompasses the presently analyzed amplicon with primer pair binding sites double underlined. CpG sites 1–12 analyzed in the present study are boxed
and numbered (CpG1¼Unternaehrer (U) CpG2 (Unternaehrer et al, 2012)¼Chr3: 8 809 464 (NC_000017.10), CpG2¼ (U) CpG3¼Chr3: 8 809 442,
CpG3¼ (U) CpG4¼Chr3: 8 809 437, CpG4¼ (U) CpG5¼Chr3: 8 809 433, CpG5¼ (U) CpG6¼Chr3: 8 809 428, CpG6¼ (U) CpG7¼Chr3:
8 809 425, CpG7¼ (U) CpG8¼Chr3: 8 809 422, CpG8¼ (U) CpG9¼Chr3: 8 809 417, CpG9¼ (U) CpG10¼Chr3: 8 809 413, CpG10¼ (U) CpG11¼
Chr3: 8 809 399, CpG11¼ (U) CpG12¼Chr3: 8 809 394, CpG12¼ (U) CpG13¼Chr3: 8 809 387), CpGs contained in the amplicon, but not readable
because of technical difficulties particularly at the 30 and 50 ends of the amplicon, are underlined.
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size of 0.10 when applying MANOVA (2 groups, 13 response
variables), achieved a post hoc power of 87% (G*Power,
Version 3.1.9.2; Faul et al, 2007).

Trier Social Stress Test

All female participants were tested in the luteal phase of
their menstrual cycle (Kirschbaum et al, 1999). Participants
were requested to abstain from alcohol the evening before
and on the day of testing, they were asked to have a regular
meal on the testing day, and to avoid smoking, drinking,
and eating 2 h before arriving at the laboratory. The stress
paradigm comprised three phases: a 60min rest period, a
15min stressor period (TSST), and a 60min post-stressor
period. The TSST (Kirschbaum et al, 1993) consisted a short
preparation period (5min), a standardized public speaking
task (5min), and a mental arithmetic task (5min) in front
of a committee. Saliva samples were obtained 45 (t1) and
1min (t2) before, and 1 (t3), 10 (t4), 20 (t5), 30 (t6), 45 (t7),
and 60 (t8) min after the TSST. For testing the maximum
salivary cortisol response to the TSST, the highest salivary
cortisol level at time points t3 to t5 was selected, as peak
levels of cortisol are to be expected with a latency of 10–
20min after a presented stressor (Kudielka et al, 2007).
Furthermore, we calculated a delta score subtracting base-
line salivary cortisol (t2) from the maximum salivary
cortisol level at time points t3 to t5. Four individuals
with a cortisol increase of o1.5 nmol/l were defined as
nonresponders (Miller et al, 2013) and therefore excluded
for all further analyses. To analyze the potential association
of OXTR mean methylation across all 12 CpG sites and
specifically at CpG3, respectively, with maxima and delta
measures of salivary cortisol, pairwise partial correlations
with age as covariate were calculated.

fMRI Task

Stimulus material consisted of a total of 96 German nouns,
24 negative (eg, pain, victim), social phobia-related (eg,
disgrace, audience), positive (eg, holidays, baby), and
neutral (eg, pencil, arm) words. Negative, positive, and
neutral words constituted a subset of the stimuli from
Kissler et al (2007) that have already been shown to induce
amygdala activation in healthy subjects (Laeger et al, 2012).
Social phobia-related nouns were taken from Schmidt et al
(2010), who demonstrated appropriate limbic and frontal
activations in response to these stimuli in 19 patients with
SAD. All word categories were matched for word length and
frequency of use (CELEX database; Baayen et al, 1995).
Words were presented in white color in the center of a black
screen in alternating 15 s blocks of 12 words per block.
Presentation time was 1000ms per word, with a fixed
interstimulus interval of 250ms. The blocks of words were
presented in a pseudorandomized order. A 10 s resting
phase (white fixation cross in the center of a black screen)
was following each block of words. In all, the paradigm took
400 s (6:40min), and consisted of 8 word blocks (2 negative,
2 social phobia related, 2 positive, and 2 neutral). The
stimuli were projected onto a screen at the rear end of
the MR tunnel, using a projector shielded against radio
frequency interference. Each block was presented two times

and the participants were instructed to read the words
attentively.

fMRI Methods

T2* functional data were acquired on a 3-Tesla scanner
(Gyroscan Intera T3.0, Philips Medical Systems, Best, The
Netherlands) using a single-shot echo planar imaging (EPI)
sequence (whole brain coverage, TE¼ 30ms, TR¼ 2.5 s,
FA¼ 901, 40 slices, slice thickness 3.6mm, no gap, matrix
64� 64, FOV 230mm, in-plane resolution 3.6mm� 3.6mm).
The slices were tilted 251 from the anterior commissure/
posterior commissure line to minimize dropout artifacts in
the orbitofrontal and mediotemporal regions. Functional
imaging data were analyzed using Statistical Parametric
Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) using
published protocols (see, eg, Laeger et al, 2014b). Images
were realigned and unwarped, spatially normalized to
standard MNI space (Montreal Neurological Institute),
and smoothed with a Gaussian kernel of 6mm full width
at half maximum (FWHM). Onsets and durations of the
different word conditions were modeled with a canonical
hemodynamic response function based on the general linear
model. As we focused on amygdala responsiveness to social
phobia-related words (in contrast to neutral or generally
negative words), two individual fixed-effects first-level
contrasts (social phobia-related4neutral words, and social
phobia-related4negative words) were calculated for each
subject, and the resulting contrast images were entered in
the second-level (group) random-effects analysis. A multi-
ple regression model predicting amygdala responsiveness
by OXTR methylation status was conducted. Age was
entered as nuisance regressor. Based on the results in the
overall sample, we used mean methylation across all 12 CpG
sites as well as methylation rate specifically at CpG3 as
predictors. According to our hypothesis, a region of interest
(ROI) analysis of the bilateral amygdala (defined according
to the AAL Atlas; Tzourio-Mazoyer et al, 2002) was per-
formed. In order to control for multiple statistical testing,
group results were calculated with a combined height and
extent threshold based on Monte Carlo simulations, as
implemented in the AlphaSim procedure (Forman et al,
1995). A corrected false-positive detection rate at po0.05
was maintained, with a cluster extent (k) empirically
determined by computing 5000 simulations (yielding
k¼ 38 for the bilateral amygdala).

RESULTS

Sample Characteristics

A total of 111 patients with social anxiety disorder and 111
controls were matched for sex and age. Because of non-
sufficient quality of sequencing data for methylation analysis
(see Patients and methods), sample size was reduced to
N¼ 220 (f¼ 153, m¼ 67) with complete methylation status
at all 12 CpG sites being available for N¼ 110 patients
(f¼ 76, m¼ 34) and N¼ 110 healthy subjects (f¼ 77,
m¼ 33). Characteristics of the patient and control samples
entering further analyses regarding age, sex, OXTR
rs53576 genotype status, SPS, and SIAS scores are given
in Table 1.
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OXTR Variation and SAD

OXTR rs53576 grouped genotype distribution (AA/AG vs
GG) did not differ significantly between SAD patients and
healthy controls (Table 1; w2¼ 0.074, p¼ 0.786).

OXTR DNA Methylation Status

In the combined sample across patients and controls, only
minor average methylation across all 12 CpGs was discerned
in the investigated amplicon (meanþ SD: 0.157±0.106,
individual min: 0.000, individual max: 0.440), with levels of
methylation at single CpGs varying considerably with a
range (individual min–max) between 0.000 and 0.685 (CpG1:
meanþ SD: 0.132±0.106, CpG2: 0.078þ 0.077, CpG3:
0.228þ 0.174, CpG4: 0.120þ 0.108, CpG5: 0.212þ 0.159,
CpG6: 0.218þ 0.151, CpG7: 0.185þ 0.134, CpG8: 0.118þ
0.097, CpG9: 0.182þ 0.134, CpG10: 0.214±0.153, CpG11:
0.067±0.065, and CpG12: 0.133±0.105). Correlations be-
tween individual methylation levels at all 12 CpG residues
calculated by pairwise correlations ranged between 0.53 and
0.95 reaching statistical significance (po0.05) for correla-
tion between all 12 CpG sites.

Influence of Age, Sex, Depression, and OXTR rs53576
Genotype on OXTR Methylation

In the overall sample, age was positively correlated with
average methylation status across all 12 CpGs as well as at
individual CpG sites 2 and 5–12 (r¼ 0.14–0.22, po0.05).
Therefore, age was included as a covariate in further
analyses. Neither overall OXTR methylation nor methyla-
tion at single CpGs in the analyzed amplicon showed
association with sex (p40.26) or comorbid major depres-
sion (p40.24). Average OXTR DNA methylation (p¼ 0.007)
and methylation at CpG sites 1, 2, 5–10, and 12 (p¼ 0.03–
0.001) were associated with OXTR rs53576 genotype, in
that A allele carriers showed decreased methylation. When
analyzing patients and controls separately, this latter
association seemed to be driven by the patient group
(patients: average methylation as well as methylation at CpG
sites 1–12; p¼ 0.05–0.003; controls: average methylation as
well as methylation at CpG sites 1–12; p¼ 0.10–0.95; for
details see Supplementary Table 1).

OXTR Methylation and SAD

Average methylation across all 12 OXTR CpG sites was
significantly lower in patients with SAD as compared with
healthy controls (patients: meanþ SD 0.151þ 0.114, con-
trols: 0.164þ 0.097; p¼ 0.03; Cohen’s d¼ 0.119). Multi-
variate analysis of variance for single CpG sites corrected
for age revealed a significant effect of group (po0.001), with
univariate tests showing significantly lower methylation in
patients than in healthy controls at CpG sites 2, 3, 6, 7, 8,
and 9, with p-values ranging from 0.03 to o0.001 (Table 2).
Only at CpG12, methylation was significantly higher in
patients than in controls (Table 2). After Bonferroni correc-
tion for multiple testing (corrected p-value of o0.004; see
Patients and methods) that—given strong correlations
between individual methylation levels at all 12 CpG residues
(see above)—is extremely conservative, association of

hypomethylation at CpG3 (Chr3:8 809 437) with SAD
remained significant (Figure 2).
When additionally considering OXTR rs53576 genotype

(AG/AG vs GG) as second fixed factor in the MANCOVA
(see above) in order to control for an influence of genotype
on methylation, results remained stable (po0.001), with
univariate tests showing significantly lower methylation in
patients than in healthy controls across all 12 OXTR CpG
sites (p¼ 0.02) and at individual CpG sites 2, 3, 6, 7, 8, 9,
and 12 (p¼ 0.05–0.001).

Table 2 Mean Methylation at Single OXTR CpG Sites in SAD
Patients and Controls

Position Patients
(N¼ 110)

Controls
(N¼110)

P-value Cohen’s d

Mean SE Mean SE

CpG1 0.141 0.010 0.123 0.010 0.29 � 0.173

CpG2 0.078 0.007 0.079 0.008 0.03* 0.012

CpG3 0.183 0.014 0.273 0.018 o0.001*** 0.535

CpG4 0.109 0.009 0.131 0.011 0.07 0.120

CpG5 0.202 0.015 0.223 0.015 0.06 0.136

CpG6 0.204 0.015 0.232 0.014 0.02* 0.184

CpG7 0.179 0.014 0.192 0.012 0.03* 0.096

CpG8 0.116 0.009 0.120 0.009 0.01** 0.043

CpG9 0.178 0.013 0.186 0.012 0.01** 0.061

CpG10 0.213 0.016 0.214 0.013 0.10 0.006

CpG11 0.071 0.006 0.064 0.006 0.07 � 0.108

CpG12 0.139 0.011 0.128 0.009 0.01** � 0.109

Mean methylation levels at single OXTR CpG sites for patients with social anxiety
disorder (SAD) and healthy controls (mean; standard error (SE)). N¼ sample
size, p-value from MANOVA corrected for age.
*significant at pr0.05; **significant at pr0.01; ***significant at pr0.001.

Figure 2 Mean methylation at OXTR CpG3 (Chr3: 8 809 437) in healthy
controls (N¼ 110; white bar, mean¼ 0.273) and patients with social
anxiety disorder (SAD; N¼ 110; black bar, mean¼ 0.183). Error bar±SE.
***Significant at po0.001.
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OXTR Methylation and Dimensional Traits Related to
Social Anxiety

In the combined sample (N¼ 218; patients¼ 110, controls¼
108), a negative correlation between average OXTRmethylation
across all 12 CpGs and scores on the SPS (Stangier et al, 1999);
r¼ � 0.20, p¼ 0.02) and the SIAS (Stangier et al, 1999);
r¼ � 0.18, p¼ 0.04) was detected. This was particularly robust
for OXTR CpG3, with decreased methylation at CpG3 correlat-
ing significantly with increased SPS (r¼ � 0.39, po0.001;
Figure 3a) and SIAS (r¼ � 0.40, po0.001; Figure 3b) scores.

OXTR Methylation and Cortisol Response to the TSST

In healthy subjects (N¼ 16), a significant negative correla-
tion of OXTR methylation and maximum salivary cortisol
response to the TSST was observed for average OXTR
methylation across all 12 CpGs (r¼ � 0.56, p¼ 0.03;
Figure 4) and CpG3 in particular (r¼ � 0.59, p¼ 0.02).

The same pattern was discerned for association of
delta salivary cortisol response to the TSST and OXTR
methylation, both across all 12 CpGs (r¼ � 0.56, p¼ 0.03)
and CpG3 (r¼ � 0.53, p¼ 0.04).

OXTR Methylation and Neural Responsiveness During
Social Phobia-Related Word Processing

In patients with SAD (N¼ 25), a strong negative correlation
of mean OXTR methylation across all 12 CpGs and
amygdala responsiveness to social phobia-related words vs
generally negative words was discerned (right: x¼ 26,
y¼ � 2, z¼ � 14, Z¼ 3.70, k¼ 178, pcorr¼ 0.0002; left:
x¼ � 30, y¼ 0, z¼ � 28, Z¼ 2.68, k¼ 118, pcorr¼ 0.0018;
Figure 5). Similar values were found for methylation at
CpG3 (right: x¼ 28, y¼ � 2, z¼ � 12, Z¼ 3.26, k¼ 172,
pcorr¼ 0.0002; left: x¼ � 24, y¼ 0, z¼ � 14, Z¼ 2.74,
k¼ 87, pcorr¼ 0.0054). Also, using the contrast social
phobia-related words vs neutral words yielded significant
associations of amygdala responsiveness with mean methy-
lation (right: x¼ 24, y¼ 2, z¼ � 22, Z¼ 2.26, k¼ 127,
pcorr¼ 0.0014; left: x¼ � 20, y¼ � 2, z¼ � 24, Z¼ 2.50,
k¼ 61, pcorr¼ 0.017) and methylation at CpG3 (right:
x¼ 24, y¼ 2, z¼ � 20, Z¼ 2.14, k¼ 65, pcorr¼ 0.0148; left:
x¼ � 20, y¼ � 2, z¼ � 24, Z¼ 2.22, k¼ 22, pcorr¼ 0.0962,
trend).

DISCUSSION

In this first multilevel epigenetic study of OXTRmethylation
in categorical, dimensional, and neuroendocrinological/
neural network intermediate phenotypes of social anxiety,
decreased OXTR methylation of exon 3 particularly at CpG3
(Chr3: 8 809 437) was significantly associated (1) with the
categorical phenotype of SAD, (2) with dimensional traits
related to social anxiety (SPS/SIAS scores), (3) with
increased cortisol response to the TSST in healthy subjects,
and (4) with increased amygdala activation during social
phobia-related word processing in patients with SAD.

Figure 3 (a) Correlation of decreased methylation at OXTR CpG3
(Chr3: 8 809 437) with increased Social Phobia Scale (SPS; Stangier et al,
1999) scores (r¼ � 0.39, po0.001) and (b) Social Interaction Anxiety
Scale (SIAS; Stangier et al, 1999) scores (r¼ � 0.40, po0.001) in the
combined sample of 110 patients with social anxiety disorder and 108
healthy controls (data missing for two controls).

Figure 4 Correlation of decreased mean OXTR methylation across all 12
CpGs with increased cortisol salivary cortisol response after the Trier social
stress test (TSST) in healthy subjects (N¼ 16) (r¼ � 0.56, p¼ 0.03).
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Previously, decreased baseline oxytocin plasma levels
were observed to be associated with SAD (Hoge et al, 2012),
and intranasal application of oxytocin adjunct to psycho-
therapy significantly improved self-reported speech perfor-
mance in SAD patients (Guastella et al, 2009). Assuming
decreased OXTR methylation resulting in increased OXTR
mRNA expression (see Introduction; Dadds et al, 2014;
Gregory et al, 2009; Kusui et al, 2001; Mamrut et al, 2013),
the present finding of OXTR hypomethylation being asso-
ciated with SAD as well as with social phobia-related
dimensional measures may reflect a compensatory mechanism
leading to an upregulation of oxytocin receptor expression
against the background of pathologically low oxytocin levels
in SAD and social phobia-related phenotypes. This inter-
pretation is reciprocally analogous to studies showing
oxytocin-induced OXTR desensitization as evidenced by
downregulated OXTR mRNA (Phaneuf et al, 2000), and is
furthermore consistent with significantly decreased OXTR
methylation 90min after stress exposure (TSST) potentially
indicating a compensatory upregulation of the oxytocin
system serving to buffer social stress (Unternaehrer et al,
2012; for review see Marazziti et al, 2014).
Accordingly, the present finding of decreased OXTR

methylation being associated with an increased cortisol
response to the TSST in healthy subjects provides sub-
stantial support for the notion of a compensatory mechan-
ism against the background of an impaired physiological
stress buffering function because of a lower overall oxytocin
tone in certain individuals. These results are in keeping with
reports of a negative relationship between endogenous
oxytocin and salivary cortisol levels during the TSST
(Pierrehumbert et al, 2010) and of intranasal oxytocin
administration attenuating the stress-induced cortisol
response to the TSST in healthy subjects receiving social
support (Heinrichs et al, 2003).
OXTR hypomethylation—potentially reflecting an overall

decreased oxytocin tone as discussed above—was further-
more associated with increased amygdala responsiveness to
social phobia-related verbal stimuli in patients with SAD.
This again is in line with previous reports of oxytocin
administration resulting in attenuated amygdala activation

in response to socially relevant or fear-conditioned emo-
tional stimuli in healthy subjects as well as in patients with
SAD (Domes et al, 2007a; Kirsch et al, 2005; Labuschagne
et al, 2010; Petrovic et al, 2008). SAD has frequently been
characterized by increased limbic and particularly amygdala
hyperresponsiveness to social threat stimuli, in particular
social phobia-related words (Schmidt et al, 2010). Accord-
ingly, fMRI studies showed positive associations of
amygdala responsiveness and dimensional measures of
anxiety and social anxiety (Laeger et al, 2012; Phan et al,
2006). Given the strong expression of OXTR in the amygdala
(Bale et al, 2001), one might speculate that OXTR
hypomethylation is a mediator of increased vulnerability
to and maintenance of SAD by inducing disorder-relevant
emotion processing biases based on limbic hyperrespon-
siveness to signals of rejection, defeat, or humiliation.
Hence, the present results further underline the suggested
pivotal role of oxytocin in modulating the emotion-
processing neural network implicated in SAD.
The present findings provide converging evidence for an

association of OXTR hypomethylation with SAD and social
phobia-related traits, suggesting that a decreased oxytocin
tone may be involved in the pathophysiology of SAD.
However, given the nuanced role of oxytocin in different
aspects of social interaction and anxiety traits, its interplay
with other neuromodulators, and the complex relation of
peripheral and central mechanisms (see Macdonald and
Feifel, 2014), the interpretation given above might not fully
capture the intricacy of oxytocin system functioning in
social cognition and behavior. Notably, several findings
challenge the overly simplistic view of oxytocin as an
‘anxiolytic’ or ‘prosocial peptide’. For instance, increased
oxytocin plasma levels were associated with social anxiety
symptom severity in patients with SAD (Hoge et al, 2008).
Moreover, a positive correlation between oxytocin levels
and anxiety symptoms was observed regarding experience
in close relationships (Marazziti et al, 2006). In addition,
oxytocin did not increase approach behavior to threatening
stimuli in high social anxiety (Radke et al, 2013).
Furthermore, adults with autistic spectrum disorder (ASD)
showed increased basal oxytocin levels (Jansen et al, 2006),

Figure 5 Association of mean OXTR methylation across all 12 CpGs and amygdala responsiveness to social phobia-related words vs negative words in
patients with social anxiety disorder (N¼ 25). (Left) Coronal view depicting the negative correlation thresholded at po0.05, k¼ 38, yielding a cluster-
corrected po0.05. Color bar, correlation coefficient r. (Right) Scatter plot depicting the correlation of mean OXTR methylation rate across all 12 CpGs and
the fMRI contrast value extracted from x¼ 26, y¼ � 2, z¼ � 14 (r¼ � 0.663, p¼ 0.0003).
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and oxytocin intensified the salience of social stimuli
(Domes et al, 2007b; Guastella et al, 2008). Finally, oxytocin
was associated with increased amygdala reactivity to scenes
depicting social and nonsocial threat in healthy female
individuals (Lischke et al, 2012). Thus, the present finding
of OXTR hypomethylation—most probably increasing
OXTR expression and therefore oxytocin tone—rather than
reflecting compensatory upregulation could also be inter-
preted as an etiological risk factor along the lines of ‘when
too much of a good thing is bad’ as discussed by Young
(2013). In sum, the role of OXTR methylation status in
social anxiety is still highly speculative warranting thorough
investigation in the future, preferably in longitudinal
studies in order to determine whether the presently
observed OXTR hypomethylation status is a cause or
consequence of social anxiety.
Interestingly, although we failed to discern association of

OXTR rs53576 genotype with the categorical phenotype of
SAD, decreased OXTR methylation was predominant in
patients carrying the OXTR rs53576 A allele, and this has
previously been reported to constitute a risk allele for lower
empathy, optimism, and self-esteem, on one hand, and
more concerns about negative perceptions of company as
well as higher levels of state loneliness and physiological
and dispositional stress reactivity on the other hand (see
Kumsta and Heinrichs, 2013). The failure to replicate
categorical associations in complex genetic phenotypes such
as SAD is in accordance with the notion that direct
association between genotype and phenotype might be
masked or revealed, respectively, by epigenetic modifica-
tions. Allele-specific methylation (ASM) as presently
detected has previously been discerned in psychiatric
phenotypes (see, eg, Klengel et al, 2013) and might partly
account for the ‘missing heritability’ troubling the field of
complex genetics (cf. Meaburn et al, 2010).
The present results should be interpreted in light of some

limitations: presently, it was not investigated whether
differences in OXTR methylation relate to oxytocin peptide
levels or lead to any difference in OXTR expression or brain
function, respectively. Although located within a CpG island
previously found to influence OXTR expression (see
Introduction), the exact functional relevance of the
presently investigated CpGs on an mRNA and protein level
therefore remains to be elucidated, particularly given their
location in exon 3, that is, the first translated exon rather
than the promoter region of the gene (cf. Figure 1;
Unternaehrer et al, 2012). Furthermore, it is duly noted
that DNA methylation patterns in peripheral biomaterial
most certainly do not allow for direct conclusions regarding
the respective DNA methylation patterns in brain tissue,
although Gregory et al (2009) reported high similarity of
OXTR methylation patterns in peripheral blood cells and
the temporal cortex. Also, several rodent, monkey, and
human studies provide support for a certain comparability
between DNA methylation in peripheral blood cells/saliva
and several brain regions in general (Davies et al, 2012;
Provencal et al, 2012; Ursini et al, 2011; for detailed
discussion see Domschke et al, 2012). A confounding effect
of medication (Uvnas-Moberg et al, 1999) or comorbidity
with depression (Parker et al, 2010) is highly unlikely, as all
patients but one were not taking any psychoactive medica-
tion and no effect of comorbidity with depression on OXTR

methylation was found. However, stressful life events not
accounted for in our study might have confounded the
present results, given dynamic regulation of OXTR methyla-
tion after acute psychosocial stress (Unternaehrer et al,
2012). Along these lines, it has to be taken into account that
chronic stress or cortisol levels might have confounded the
present results, particularly as stress response has not been
manipulated pharmacologically in this study. Finally, although
we did not detect an effect of sex on overall OXTR methy-
lation or methylation at single CpGs in the analyzed
amplicon, a conclusive interpretation of the present
findings regarding the impact of sex is not possible given
the heterogeneity of the present samples/subsamples, with
the overall sample being heavily weighted for females,
whereas the fMRI subsample was exclusively female and
the TSST sample had approximately equal proportions of
both sexes.
In summary, the present findings for the first time

provide converging multilevel evidence for OXTR hypo-
methylation to be associated with SAD and social phobia-
related traits potentially reflecting a decreased oxytocin
tone to be pathogenetically relevant in SAD. Given robust
replication of the present results, OXTR methylation
patterns as peripheral surrogates of oxytocin tone hopefully
will aid in establishing accessible biomarkers of SAD,
possibly allowing for indicated preventive interventions as
well as more personalized treatment approaches targeting
the oxytocin system.
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