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Abstract

Background and Aim: Recent studies in patients with anorexia nervosa suggest that oxytocin may be involved in the
pathophysiology of anorexia nervosa. We examined whether there was evidence of variation in methylation status of the
oxytocin receptor (OXTR) gene in patients with anorexia nervosa that might account for these findings.

Methods: We analyzed the methylation status of the CpG sites in a region from the exon 1 to the MT2 regions of the OXTR
gene in buccal cells from 15 patients and 36 healthy women using bisulfite sequencing. We further examined whether
methylation status was associated with markers of illness severity or form.

Results: We identified six CpG sites with significant differences in average methylation levels between the patient and
control groups. Among the six differentially methylated CpG sites, five showed higher than average methylation levels in
patients than those in the control group (64.9–88.8% vs. 6.6–45.0%). The methylation levels of these five CpG sites were
negatively associated with body mass index (BMI). BMI, eating disorders psychopathology, and anxiety were identified in a
regression analysis as factors affecting the methylation levels of these CpG sites with more variation accounted for by BMI.

Conclusions: Epigenetic misregulation of the OXTR gene may be implicated in anorexia nervosa, which may either be a
mechanism linking environmental adversity to risk or may be a secondary consequence of the illness.
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Introduction

Anorexia nervosa (AN) is characterized by abnormal eating

patterns, low body weight, and weight and shape concerns. Other

features of the illness often include anxiety, social difficulties, and

repetitive and rigid behaviors. Genetic factors contribute to the

risk of developing AN [1] as do a variety of environmental risk

factors [2]. Four critical environmental periods are thought to

contribute to alter the neural, physiological, and behavioral

aspects of brain function [3]. These include the prenatal period,

the neonatal period, early childhood, and adolescence. Adversities

in all of these phases of development have been found in patients

with AN.

Several studies suggest that factors within the prenatal and

perinatal environment may increase the risk of developing an

eating disorder. For example, low vitamin D levels during

pregnancy are associated with an increased risk of developing an

eating disorder [4]. High levels of maternal anxiety during early

development have also been implicated [5]. However, a systematic

review and meta-analysis concluded that evidence supporting

premature birth and obstetric complications as risk factors is weak

[6]. Thus, there is some uncertainty about the role of perinatal

factors in increasing the risk of an eating disorder. There is also

evidence that early childhood factors can increase the risk [2].

Some of these factors produce risk through interaction with

genetic factors. For example, a European study found that siblings

with the short form of the serotonin transporter were more

susceptible to develop AN in the context of early parenting

difficulties [7]. Further studies in general populations have also

found a similar interaction effect with other markers of environ-

mental adversity (e.g., childhood trauma) [8] and life events [9].

Finally, the onset of AN is during adolescence. It is possible that

some of the precipitating factors such as bullying manifest as fat

talk [10,11] or the secondary consequences of the illness

(starvation, fasting, and feasting) may impact brain development

and later behavior. In a new maintenance model of AN, secondary

consequences of starvation are thought to cause the illness to
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persist by further impairing social processes, emotional regulation,

and cognitive flexibility [12,13].

Anomalies in social and emotional development have been

linked to oxytocin systems. There has been particular interest in

the oxytocin receptor (OXTR) gene as certain single nucleotide

polymorphisms (SNPs) have been linked to empathy, trust, and

maternal behavior [14,15,16] and interact with exposure to life

events to increase the risk of anxiety and depression in females

[17]. This is in part due to alterations in brain activation in the

ventral striatum [18]. Epigenetic mechanisms such as DNA

methylation may underpin the action of some of the interactions

between environmental risk factors and oxytocin mechanisms.

Hypermethylation of the OXTR gene can suppress its expression

[19,20]. Elevated methylation of the CpG site 934 bp upstream of

the translation initiation site is correlated with decreased mRNA

level of the OXTR gene in the brain cortex tissue of autism cases

[21]. The level of DNA methylation of the OXTR gene is

associated with variations in social perception in patients with

autistic spectrum disorders [22]. DNA methylation of the OXTR

gene and reduced levels of oxytocin are associated with callous

unemotional traits and conduct disorder [23]. Thus, methylation

status in the MT2 region of the OXTR gene reflects the state of

expression of the gene and social functioning.

Oxytocin systems may be of relevance in the psychopathology

of eating disorders. A recent review synthesised evidence for

abnormal oxytocin functioning in patients with AN [24].

Cerebrospinal fluid levels of oxytocin decrease during the

starvation phase of AN [25,26,27]. Nocturnal serum oxytocin

levels in patients with AN are also reduced [28]. Lawson [29]

reported that the release of oxytocin increases in response to a

meal in the acute state of AN and decreases after recovery.

Anomalies in oxytocin secretion are correlated with severity of the

disordered eating psychopathology and with the level of activation

in the brain circuitry in response to images of food [29]. It is

possible that there are both state and trait anomalies in oxytocin

function in patients with AN, and anomalies in OXTR function

may account for some of these anomalies.

An additional thread of research in the literature that makes

oxytocin of relevance is the possible association between autism

and AN. Gillberg [30] suggested that there may be an association

between developmental traits such as low empathy and later

development of an eating disorder. The two conditions share traits

such as difficulties in social cognition, rigidity, and a focus on detail

[31]. Several lines of evidence summarized in recent reviews

describe similar patterns of neuropsychological functioning and

shared traits [32–34]. People with eating disorders have higher

than normal scores on the autism spectrum quotient (AQ), a

questionnaire developed as a self-report measure of typical autism

spectrum traits and summarized in a systematic review [35] and

recent studies [36–38]. It is possible that abnormalities in the

oxytocin system may account for these shared traits.

A recent review summarized the evidence suggesting that AN

and other psychiatric disorders may be associated with changes in

the DNA methylation profile [39]. Research into the epigenetics of

eating disorders is at a preliminary stage. One study found global

DNA hypomethylation in patients with AN [40] but a more recent

small study failed to find differences in the methylation of highly

repetitive long interspersed nuclear element sequences [41]. No

studies have examined genome-wide epigenetic modifications, as

most have investigated candidate gene sites relating to reward and

appetite and metabolic function. Anomalies in DNA methylation

in the promoter regions of alpha synuclein [40], the dopamine

transporter, and the dopamine 2 receptor D2 (DRD2) [42] have

been reported in patients with AN, and atrial natriuretic peptide

for bulimia nervosa [43]. Normal patterns of methylation have

been found for the following candidate genes in AN: proopiome-

lanocortin [44], leptin, serotonin transporter gene (SERT/

SLC6A4), brain derived neurotrophic factor, DRD2 [45], D4

receptor gene [42], vasopressin [46], and insulin-like growth factor

[41], in bulimia nervosa for the dopamine D2 DRD2 receptor [47]

and glucocorticoid receptor gene (NR3C1) [48]. Nutrition has a

major impact on epigenetic processes and it is possible that

differences in methylation may result from dietary and metabolic

changes [49,50].

The aim of this study was to examine whether there is evidence

of anomalies in methylation status of the OXTR gene in patients

with AN. Our first hypothesis is that patients with AN show

anomalies in methylation status of the OXTR gene. Our second

hypothesis is that methylation status is associated with markers of

disease severity such as the severity of weight loss and the level of

psychopathology. A third hypothesis is that the pattern of

methylation in the MT2 region of the OXTR gene in patients

with AN is similar to that seen in autistic disorders [21] and that

the methylation status might be linked to the intensity of autistic

traits.

Materials and Methods

Participants
Characteristics of the sample are shown in Table 1. Fifty-one

women (15 patients with AN and 36 healthy university students)

were recruited. The patients with AN were recruited from the

Eating Disorders Clinic at Seoul Paik Hospital, Seoul, South

Korea, and the control group was recruited from an advertisement

at a women’s university in Seoul, South Korea. The diagnosis of

AN was confirmed by the Structured Clinical Interview from the

Diagnostic and Statistical Manual of Mental Disorders, Fourth

Edition [51]. Exclusion criteria for patients were: active substance

use disorder, diagnosis of a psychotic disorder (schizophrenia,

schizoaffective, psychosis not otherwise specified), and diagnosis of

autism or Asperger’s syndrome. The main inclusion criteria for

controls were: healthy females without a history of medical or

psychiatric illnesses and a minimum of 18 years of age. All subjects

were nonsmokers, heterosexual, nulliparous, and were not taking

any medications (including the contraceptive pill). The healthy

controls were tested during the follicular phase of their menstrual

cycle (approximately days 4–12). None of the patients was

menstruating. This study protocol was approved by the Institu-

tional Review Board of Seoul Paik Hospital (IIT-2012-096). All

participants provided written informed consent prior to participa-

tion in the study. Consent was provided by both the patients and

their guardians in the case of patients ,17 years of age.

Eating Disorder Examination self-report version
Questionnaire (EDE-Q) [52]

The EDE-Q assesses the main behavioral features of an eating

disorder over the past 28 days. The questionnaire consists of 36

items on a 7-point forced choice rating scale. It measures weight,

shape, eating concerns, and dietary restraint. We used the

standardized Korean version of the 12th edition of the EDE-Q,

which has high internal consistency and good 2 week reliability

Autism Spectrum Quotient (AQ) [53]
The AQ is a 50-item, self-administered questionnaire that

assesses the degree to which adults with normal intelligence have

autism spectrum traits. It has five sub-scales, including social skill,

attention switching, attention to detail, communication, and

imagination.
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Other measurements
Depression and anxiety were assessed in each subject using the

standardized Korean versions of the Beck Depression Inventory

(BDI) [54] and the Spielberger State and Trait Anxiety Inventory

(STAI) [55], respectively.

Analysis of methylation status
Genomic DNA was purified from buccal cells collected with

DNA Buccal Swabs (Isohelix, Kent, UK) using a PureLink

Genomic kit (Invitrogen, Carlsbad, CA, USA). We employed

buccal cells for the methylation analysis to avoid the homogeneity

issue of peripheral blood mononuclear cells [19,56] and to take

advantage of their common origin with brain tissue. The purified

genomic DNA (200 ng) was treated with bisulfite according to the

manufacturer’s protocol (EpiTect Bisulfite Kit, Qiagen, Valencia,

CA, USA). A region of the OXTR gene corresponding to

nucleotide positions 8,810,652–8,811,310 of chromosome 3 in the

GRCh37.p11 coordinates (Fig. 1) was amplified by the polymerase

chain reaction (PCR) using bisulfite-treated DNA as the template.

The PCR primers were designed with Methyl Primer Express

software v1.0 (Applied Biosystems, Foster City, CA, USA), and

their nucleotide sequences were 59 TAAATTTATTTGT-

TAAGGTTTTGGG 3 and 59 TTCCCAAACCCTAACA-

TAAAC 39. PCR was conducted using the following reaction

conditions: one cycle: 95uC for 15 min, 40 cycles: 95uC for 45 s,

55uC for 45 s, followed by 72uC for 1.5 min, and a final extension

at 72uC for 10 min. The correct PCR product with a length of

659-bp was collected by 1.5% agarose gel electrophoresis, cloned

with pDrive vector (Qiagen), and then transformed into E. coli

EC100 (Epicentre, Charlotte, NC, USA) by electroporation. The

methylation status of each CpG site was determined by nucleotide

sequencing of the plasmid DNA purified from each E. coli colony

with a 3730xl DNA Analyzer (Applied Biosystems). At least 15

clones per subject were sequenced, and their nucleotide sequences

were compiled with BISMA software [57] for quality control.

Sequences with a bisulfite conversion rate .95% were included,

and sequences clonally amplified from the same genomic template

were excluded in the final alignments. The BISMA default values

were used for all other parameters. The methylation level for the

individuals at each of the CpG sites was determined using

nucleotide sequences that survived quality control filtering (n$10)

by dividing the number of methylated CpG sites by the total

number of CpG sites analyzed at that locus. These values were

used to calculate an average methylation level for the AN and

control groups. Average methylation levels at each CpG site were

compared between the AN and control groups with Student t-tests.

CpG sites were considered significantly differentially methylated if

the p-value was ,0.01, and the difference in average methylation

levels between the AN and control groups was .20%. CpG sites

with a methylation level .65% was considered highly methylated

[58]. CpG sites that overlapped with SNPs registered in the SNP

database (www.ncbi.nlm.nih.gov/projects/SNP/) were excluded

from the final statistical analysis as a confounding factor.

Statistical analysis
The clinical and demographic data between the AN and healthy

control (HC) groups were compared using paired t-tests. After

Pearson’s correlation analysis to assess the relationship between

methylation status of the OXTR gene and clinical variables (BMI,

eating disorders psychopathology, and other clinical variables), a

linear regression analysis was conducted for each CpG site to select

factors affecting methylation status of the OXTR gene. P values ,

0.05 were considered significant, and two-tailed tests were used. A

Bonferroni correction was applied if multiple testing is used.

Analyses were performed using SPSS 19.0 (SPSS Inc., Chicago,

IL, USA).

Results

Subject characteristics
The demographic and group characteristics of the participants

are shown in Table 1. Mean age and IQ level were similar in the

AN and HC groups. As expected, significant differences were

observed in BMI (kg/m2) and the EDE-Q scales. The AN group

had higher scores on the BDI, the STAI, and on the AQ total

subscales of Social Skill, Attention, and Communication than

those in the HC group.

Differential methylation of the OXTR promoter region
between the AN and HC groups

We analyzed the methylation status of the CpG sites within the

region of the OXTR gene from +1 bp to +582 bp (Fig. 1), which

includes the first exon and the MT2 region [20] using bisulfite

sequencing. The methylation pattern of the CpG sites was

compared in buccal cells from the AN and HC groups. The

average methylation levels at the CpG sites for the AN and HC

groups are shown in Fig. 1. All CpG sites in exon 1 (CpG 1 to

CpG 39) had low levels of methylation (,30% of the average

methylation level) in the HC group, with slightly elevated

methylated CpG 35 (24.3%), and CpG sites 45–48 in the intron

part of the MT2 region were intermediately methylated (30.1–

50.0%). We found six CpG sites with significantly different

methylation patterns between the AN and control groups (P,0.01)

(average methylation level .20%). In particular, CpG 1, CpG 34,

Table 1. Characteristics of the study population.

AN (n = 15)
Controls
(n = 36) t (df = 49) p

Age 24.73(10.73) 22.14(2.17) 21.402 0.167

BMI 15.06 (2.58) 21.04 (2.23) 8.332*** 0.000

EDE-Q

Restraint 2.28(2.12) 0.82 (1.00) 3.284** 0.002

Eating Concern 1.65(1.93) 0.47 (0.85) 3.197** 0.002

Weight Concern 2.20(1.54) 1.30 (1.15) 2.497* 0.016

Shape Concern 2.63(1.77) 1.97 (1.36) 1.500 0.140

Global 2.19(1.67) 1.14 (0.97) 2.936** 0.005

AQ

Social Skill 4.27 (1.83) 2.68 (1.79) 22.849** 0.006

Attention Switching 4.33 (2.32) 4.26 (1.38) 20.129 0.898

Attention to Detail 5.60 (2.06) 3.85 (2.16) 22.642* 0.011

Communication 3.00 (1.93) 1.71 (1.53) 22.520* 0.033

Imagination 2.73 (1.79) 2.18 (1.51) 21.125 0.607

Total 19.93 (5.79) 14.68 (4.28) 23.547** 0.001

BDI 24.50 (16.31) 7.36 (6.78) 25.026*** ,0.001

STAI_State 57.08 (18.19) 43.48 (11.14) 23.032** 0.004

STAI_Trat 55.75 (17.76) 43.91 (11.19) 22.664* 0.011

Data are means (standard deviation).
AN, anorexia nervosa; BMI, body mass index; EDE-Q, Eating Disorder
Examination Questionnaire; AQ, Autism-Spectrum Quotient; BDI, Beck
Depression Inventory, STAI, Spielberger State and the Trait Anxiety Inventory.
** p,0.01, *** p,0.001.
doi:10.1371/journal.pone.0088673.t001

DNA Methylation of Oxytocin Receptor Gene in AN

PLOS ONE | www.plosone.org 3 February 2014 | Volume 9 | Issue 2 | e88673



CpG 35, CpG 46, and CpG 47 were highly methylated in the AN

group (average methylation levels $65%). The average methyl-

ation levels in the HC group were at least 25% lower (Table 2).

We focused on these five CpG highly methylated sites for further

statistical analyses.

Relationship between methylation levels of the OXTR
promoter and severity of the disordered eating
psychopathology

We examined the association between the five highly methyl-

ated CpG sites and clinical features including age, BMI, EDE-Q,

AQ, BDI, and STAI (Table 3). Across all participants, the

individual methylation levels at all CpG sites correlated negatively

with BMI (all p-values ,0.05). A Bonferroni correction was

applied in the correlation analysis due to multiple testing with the

EDE-Q and AQ (alpha = 0.05/6). The restraint subscale and

global scores were positively correlated with methylation level at

CpG 1 (r = 0.499, p,0.001 in the restraint subscale; r = 0.382,

Figure 1. Profile of the average methylation levels at the CpG sites analyzed. The region of the OXTR gene analyzed in this study is
represented by a thick horizontal line (top). A total of 48 CpG dinucleotides (vertical lines) were bisulfite sequenced, which covered all CpG sites in
exon 1 (black box) and the MT2 region [20] (white box). The CpG sites were counted from transcription start site (TSS) (+1). The CpG sites that
overlapped with the single nucleotide polymorphisms registered in the dbSNP database (www.ncbi.nlm.nih.gov/projects/SNP/) were excluded from
the statistical analysis (dots below the CpG sites). Those CpG sites with high methylation levels in patients with anorexia nervosa (AN) are indicated by
arrows and the relative positions from the TSS of the OXTR gene. The average methylation levels at each CpG site in the control (black) and anorexia
nervosas (AN) (grey) groups are shown with the standard error of the mean (bottom). CpG sites that showed significantly different average
methylation levels between the AN and control groups are indicated by asterisks.
doi:10.1371/journal.pone.0088673.g001

Table 2. Average methylation levels of the CpG sites highly
methylated in the anorexia nervosa (AN) group.

Position AN (n = 15)
Controls
(n = 36) t (df = 49) p

CpG 1 21 66.4 (12.7) 6.6 (16.0) 212.877*** ,.001

CpG 34 327 64.9 (19.8) 16.7 (20.8) 27.663*** ,.001

CpG 35 330 72.7 (14.7) 24.3 (21.9) 27.834*** ,.001

CpG 46 503 88.8(12.5) 47.0 (24.2) 26.334** ,.001

CpG 47 526 72.7(14.9) 45.0 (22.3) 24.417** ,.001

Data are means (standard deviation).
Position: relative position from the transcription start site of the oxytocin
receptor (OXTR) gene.
** p,0.01, *** p,0.001.
doi:10.1371/journal.pone.0088673.t002

DNA Methylation of Oxytocin Receptor Gene in AN

PLOS ONE | www.plosone.org 4 February 2014 | Volume 9 | Issue 2 | e88673



p = 0.006 in the global subscale). The communication subscale and

total score for autism traits were positively correlated with

methylation level at CpG 1 (r = 0.414, p = 0.003 in the commu-

nication subscale; r = 0.406, p = 0.004 in the total subscale).

Depression state on the depression scale was positively correlated

with methylation level at CpG 1 (r = 0.425, p = 0.004) and CpG 35

(r = 0.514, p,0.001), and anxiety on the anxiety scale was

positively correlated with methylation level at CpG 35

(r = 0.433, p,0.001 for state anxiety; r = 0.428, p = 0.003 for trait

anxiety). No correlation was observed between the methylation

levels of the CpG sites and clinical variables in the AN group only

or in the HC group only.

A multiple regression analysis was performed with methylation

levels at candidate CpG sites as the dependent variable to identify

the contribution of the confounders to methylation level, with age,

BMI, EDE-Q global, AQ total, BDI, and STAI as independent

variables (Table 4). When controlled for these factors, BMI and

eating disorder psychopathology were the main determinants of

methylation level at CpG 1 (b= 20.756, p,0.001 in BMI;

b= 0.436, p = 0.002 in EDE-Q global). At CpG 34, BMI, eating

disorder psychopathology, and anxiety were the main determi-

nants of methylation level (b= 20.845, p,0.001 in BMI;

b= 0.368, p = 0.008 in EDE-Q global; b= -0.803, p,0.001 in

anxiety). At CpG 35 and 47, BMI was the main determinant of

methylation level at CpG 35 (b= 20.575, p = 0.001), and at CpG

47 (b= 20.469, p = 0.015).

Discussion

We examined whether there was evidence that variation in

methylation status of the OXTR gene is associated with patients

with AN. Our first hypothesis was confirmed in that individuals

with AN had different levels of methylation compared to those in

the control sample. Thus, methylation status at several sites within

the OXTR gene, in particular, at CpG 1, 34, 35, 46, and 47

showed high levels of methylation in patients with AN but low or

intermediate levels of methylation in healthy women. Our second

hypothesis was also confirmed in that methylation status was

associated with markers of disease severity such as weight loss

severity. Our third hypothesis was unsupported in that autistic

traits were not included in the final regression model of OXTR

gene methylation.

In addition to the 4 CpG sites located in the MT2 region (CpG

33, 34, 45, and 46), we also identified a CpG site at + 21 from the

TSS (CpG 1), which was highly methylated in patients with AN.

The extent of methylation correlated with markers of severity

(BMI) and eating disorder psychopathology. Methylation at this

CpG site has not been implicated in epigenetic regulation of the

OXTR gene, so further research may be warranted. The presence

of highly methylated CpG sites in the OXTR promoter region in

patients with AN may act to suppress OXTR gene expression

[20,21,59]. This might explain some of the anomalies in oxytocin

function found by Lawson and colleagues [27,29]. High levels of

methylation of the OXTR gene are associated with callous

unemotional traits in young males presenting with conduct

problems [23]. It is possible that this methylation may account

for anomalies in social processing seen in AN [60,61].

The association between methylation and markers of disease

severity such as weight (BMI) suggest that this could be causally

related to AN. However, it is also possible that illness-related

factors such as weight loss and changes in dietary composition may

have contributed to the increased methylation. Nutrients and

bioactive food components are known to impact epigenetic

phenomena such as DNA methylation and histone modifications

[62]. Folic acid, a cofactor in one-carbon metabolism, regulates

epigenetic processes, and folate deficiency provokes reduced DNA

methylation [63].

Our study had some limitations. First, we had a low number of

subjects in the AN group and all were included in the acute,

malnourished state. Thus, replication is required in larger,

independent samples and after weight and full recovery. The

second limitation is that we measured methylation status of the

OXTR gene in buccal cells. It is uncertain whether the

methylation pattern in buccal cells reflects the pattern in brain

Table 3. Correlations coefficients between methylation levels
and severity of disordered eating psychopathology.

CpG 1 CpG 34 CpG 35 CpG 46 CpG 47

AGE r 0.262 0.159 0.195 0.080 0.035

p 0.063 0.266 0.170 0.576 0.809

BMI r 20.700* 20.681* 20.587* 20.415* 20.351

p ,0.001 ,0.001 ,0.001 0.002 0.011

EDE

Restraint r 0.499* 0.211 0.351 0.325 0.256

p ,0.001 0.138 0.011 0.020 0.070

Eating Concern r 0.390* 0.240 0.328 0.259 0.252

p 0.005 0.090 0.019 0.066 0.087

Weight Concern r 0.282 0.191 0.297 0.196 0.100

p 0.045 0.179 0.034 0.169 0.486

Shape Concern r 0.190 0.135 0.269 0.122 0.101

p 0.182 0.345 0.056 0.396 0.481

Global r 0.382* 0.216 0.348 0.253 0.197

p 0.006 0.128 0.012 0.074 0.167

AQ

Social Skill r 0.307 0.330 0.292 0.190 0.094

p 0.032 0.021 0.042 0.191 0.522

Attention Switching r 0.008 20.004 0.027 20.074 0.036

p 0.958 0.981 0.853 0.616 0.806

Attention to Detail r 0.202 20.020 0.338 0.234 0.254

p 0.164 0.889 0.017 0.106 0.078

Communication r 0.414* 0.208 0.293 0.300 0.277

p 0.003 0.151 0.041 0.036 0.054

Imagination r 0.160 0.161 0.173 0.062 0.039

p 0.273 0.270 0.233 0.674 0.791

ASQ_Total r 0.406* 0.243 0.431* 0.279 0.269

p 0.004 0.093 0.002 0.053 0.062

BDI r 0.425* 0.352 0.514* 0.291 0.337

p 0.004 0.018 ,0.001 0.052 0.024

STAI

State r 0.314 0.109 0.433* 0.174 0.359

p 0.046 0.476 0.003 0.254 0.015

Trait r 0.290 0.203 0.428* 0.130 0.273

p 0.053 0.181 0.003 0.395 0.070

BMI, body mass index; EDE-Q, Eating Disorders Examination-Questionnaire; AQ,
Autism-Spectrum Quotient; BDI, Beck Depression Inventory; STAI, Spielberger
State and the Trait Anxiety Inventory
A Bonferroni correction was applied (alpha = 0.05/6). * p , 0.008.
doi:10.1371/journal.pone.0088673.t003
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tissue even though they have a common ectodermal origin. It

would be of interest to examine whether these findings might be

replicated in other tissues (brain tissue if possible would be

optimal). The third limitation is that we did not assess smoking

behavior or folate levels, which impact on methylation, and that

may differ between controls and patients with eating disorders.

It is possible that environmental factors during development

may account for the high levels of methylation within the OXTR

gene. An alternative hypothesis is that the profound physiological

perturbations of the illness may themselves contribute to

anomalous methylation. Further research will be needed to

explore this potential risk factor.

In summary, our data suggest that epigenetic mechanisms in the

OXTR gene may be implicated in AN. We identified four highly-

methylated CpG sites (CpG 34, CpG 35, CpG 46, and CpG 47) in

the MT2 region that are known to regulate expression of the

OXTR gene in patients with AN. Methylation level was inversely

related to BMI.

Author Contributions

Conceived and designed the experiments: YK JK JT. Performed the

experiments: JK MK. Analyzed the data: YK JK. Contributed reagents/

materials/analysis tools: JK. Wrote the paper: YK JK JT.

References

1. Trace SE, Baker JH, Penas-Lledo E, Bulik CM (2013) The Genetics of Eating

Disorders. In: NolenHoeksema S, editor. Annu Rev Clin Psychol 9: 589–620.

2. Jacobi C, Fittig E, Bryson SW, Wilfley D, Kraemer HC, et al. (2011) Who is

really at risk? Identifying risk factors for subthreshold and full syndrome eating

disorders in a high-risk sample. Psychol Med 41: 1939–1949.

3. Mecawi AS, Vilhena-Franco T, Araujo IG, Reis LC, Elias LLK, et al. (2011)

Estradiol potentiates hypothalamic vasopressin and oxytocin neuron activation

and hormonal secretion induced by hypovolemic shock. Ame J Physiol Regul

Integr Comp Physiol 301: R905–R915.

4. Allen KL, Byrne SM, Kusel MM, Hart PH, Whitehouse AJ (2013) Maternal

vitamin D levels during pregnancy and offspring eating disorder risk in

adolescence. Int J Eat Disord 46: 669–676.

5. Taborelli E, Krug I, Karwautz A, Wagner G, Haidvogl M, et al. (2013)

Maternal Anxiety, Overprotection and Anxious Personality as Risk Factors for

Eating Disorder: A Sister Pair Study. Cognit Ther Res 37: 820–828.

6. Krug I, Taborelli E, Sallis H, Treasure J, Micali N (2012) A systematic review of

obstetric complications as risk factors for eating disorder and a meta-analysis of

delivery method and prematurity. Physiol Behav 109: 51–62.

7. Karwautz A, Wagner G, Waldherr K, Nader I, Fernandez-Aranda F, et al.

(2011) Gene-environment interaction in anorexia nervosa: Relevance of non-

shared environment and the serotonin transporter gene. Mol Psychiatry 16:

590–592.

8. Stoltenberg SF, Anderson C, Nag P, Anagnopoulos C (2012) Association

between the serotonin transporter triallelic genotype and eating problems is

moderated by the experience of childhood trauma in women. Int J Eat Disord

45: 492–500.

9. Akkermann K, Kaasik K, Kiive E, Nordquist N, Oreland L, et al. (2012) The

impact of adverse life events and the serotonin transporter gene promoter

polymorphism on the development of eating disorder symptoms. J Psychiatr Res

46: 38–43.

10. Menzel JE, Schaefer LM, Burke NL, Mayhew LL, Brannick MT, et al. (2010)

Appearance-related teasing, body dissatisfaction, and disordered eating: A meta-

analysis. Body Image 7: 261–270.

11. Schober I, Sharpe H, Schmidt U (2013) The Reporting of Fidelity Measures in

Primary Prevention Programmes for Eating Disorders in Schools. Eur Eat

Disord Rev 21: 374–381.

12. Treasure J, Schmidt U (2013) The cognitive-interpersonal maintenance model of

anorexia nervosa revisited: A summary of the evidence for cognitive, socio-

emotional and interpersonal predisposing and perpetuating factors. J Eat Disord

In press.

13. Schmidt U, Treasure J (2006) Anorexia nervosa: Valued and visible. A cognitive-

interpersonal maintenance model and its implications for research and practice.

Br J Clin Psychol 45: 343–366.

14. Rodrigues SM, Saslow LR, Garcia N, John OP, Keltner D (2009) Oxytocin

receptor genetic variation relates to empathy and stress reactivity in humans.

Proc Natl Acad Sci U S A 106: 21437–21441.

15. Krueger F, Parasuraman R, Iyengar V, Thornburg M, Weel J, et al. (2012)

Oxytocin receptor genetic variation promotes human trust behavior. Front Hum

Neurosci 6:4.

16. Bakermans-Kranenburg MJ, van Ijzendoorn MH (2008) Oxytocin receptor

(OXTR) and serotonin transporter (5-HTT) genes associated with observed

parenting. Soc Cogn Affect Neurosci 3: 128–134.

17. Thompson RJ, Parker KJ, Hallmayer JF, Waugh CE, Gotlib IH (2011)

Oxytocin receptor gene polymorphism (rs2254298) interacts with familial risk for

psychopathology to predict symptoms of depression and anxiety in adolescent

girls. Psychoneuroendocrinology 36: 144–147.

18. Loth E, Poline JB, Thyreau B, Jia T, Tao C, et al. (2013, in press) Oxytocin

Receptor Genotype Modulates Ventral Striatal Activity to Social Cues and

Response to Stressful Life Events. Biol Psychiatry doi: 10.1016/j.biopsych.

2013.1007.1043.

19. Kumsta R, Hummel E, Chen FS, Heinrichs M (2013) Epigenetic Regulation of

the Oxytocin Receptor Gene: Implications for Behavioral Neuroscience. Front

Neurosci 7:83.

20. Kusui C, Kimura T, Ogita K, Nakamura H, Matsumura Y, et al. (2001) DNA

Methylation of the Human Oxytocin Receptor Gene Promoter Regulates

Tissue-Specific Gene Suppression. Biochem Biophys Res Commun 289: 681–

686.

Table 4. Regression models for oxytocin receptor (OXTR) methylation across participating women.

Model CpG 1 CpG 34 CpG 35 CpG 46 CpG 47

R2 0.648 0.646 0.522 0.221 0.288

P ,0.001 ,0.001 ,0.001 0.198 0.063

Factors Beta p Beta p Beta p Beta p Beta p

Age 0.124 0.259 0.021 0.850 20.019 0.882 0.064 0.695 20.151 0.334

BMI 20.756*** ,0.001 20.845*** ,0.001 20.575*** ,0.001 20.327 0.098 20.469* 0.015

EDE-Q global 0.436** 0.002 0.368** 0.008 0.234 0.134 0.244 0.219 0.188 0.320

AQ total 0.039 0.743 20.072 0.548 0.156 0.266 0.051 0.774 0.082 0.629

BDI 20.120 0.563 0.015 0.943 20.054 0.825 0.219 0.479 20.184 0.534

STAI_State 20.376 0.057 20.803*** ,0.001 20.161 0.476 20.184 0.523 0.169 0.539

STAI_Trait 0.324 0.132 0.553* 0.013 0.331 0.186 20.099 0.754 0.102 0.735

BMI, body mass index; AN, anorexia nervosa; EDE-Q, Eating Disorder Examination Questionnaire; AQ, Autism-Spectrum Quotient; BDI, Beck Depression Inventory; STAI,
Spielberger State and the Trait Anxiety Inventory.
* p,0.05, ** p,0.01, *** p,0.001.
doi:10.1371/journal.pone.0088673.t004

DNA Methylation of Oxytocin Receptor Gene in AN

PLOS ONE | www.plosone.org 6 February 2014 | Volume 9 | Issue 2 | e88673



21. Gregory S, Connelly J, Towers A, Johnson J, Biscocho D, et al. (2009) Genomic

and epigenetic evidence for oxytocin receptor deficiency in autism. BMC Med 7:
62.

22. Jack A, Connelly JJ, Morris JP (2012) DNA methylation of the oxytocin receptor

gene predicts neural response to ambiguous social stimuli. Front Hum Neurosci
6:280.

23. Dadds MR, Moul C, Cauchi A, Dobson-Stone C, Hawes DJ, et al. (2013)
Methylation of the oxytocin receptor gene and oxytocin blood levels in the

development of psychopathy. Dev Psychopathol 23: 1–8.

24. Maguire S, O’Dell A, Touyz L, Russell J (2013) Oxytocin and Anorexia
Nervosa: A Review of the Emerging Literature. Eur Eat Disord Rev 21: 475–

478.
25. Demitrack MA, Lesem MD, Listwak SJ, Brandt HA, Jimerson DC, et al. (1990)

CSF oxytocin in anorexia nervosa and bulimia nervosa: clinical and
pathophysiologic considerations. Am J Psychiatry 147: 882–886.

26. Chiodera P, Volpi R, Capretti L, Marchesi C, d’Amato L, et al. (1991) Effect of

estrogen or insulin-induced hypoglycemia on plasma oxytocin levels in bulimia
and anorexia nervosa. Metabolism 40: 1226–1230.

27. Lawson EA, Donoho DA, Blum JI, Meenaghan EM, Misra M, et al. (2011)
Decreased nocturnal oxytocin levels in anorexia nervosa are associated with low

bone mineral density and fat mass. J Clin Psychiatry 72: 1546–1551.

28. Lawson EA, Donoho DA, Blum JI, Meenaghan EM, Misra M, et al. (2011)
Decreased nocturnal oxytocin levels in Anorexia Nervosa are associated with low

bone mineral density and fat mass. J Clin Psychiatry 72: 1546–1551.
29. Lawson EA, Holsen LM, Santin M, Meenaghan E, Eddy KT, et al. (2012)

Oxytocin secretion is associated with severity of disordered eating psychopa-
thology and insular cortex hypoactivation in Anorexia Nervosa. J Clin

Endocrinol Metab 97: E1898–E1908.

30. Gillberg CL (1992) The Emanuel Miller Memorial Lecture 1991. Autism and
autistic-like conditions: subclasses among disorders of empathy. J Child Psychol

Psychiatry 33: 813–842.
31. Sabatier N, Rowe I, Leng G (2007) Central release of oxytocin and the

ventromedial hypothalamus. Biochem Soc Trans 35: 1247–1251.

32. Zucker NL, Losh M, Bulik CM, LaBar KS, Piven J, et al. (2007) Anorexia
nervosa and autism spectrum disorders: guided investigation of social cognitive

endophenotypes. Psychol Bull 133: 976–1006.
33. Oldershaw A, Hambrook D, Stahl D, Tchanturia K, Treasure J, et al. (2011)

The socio-emotional processing stream in Anorexia Nervosa. Neurosci Biobehav
Rev 35: 970-988.

34. Treasure J (2012) Coherence and other autistic spectrum traits and eating

disorders: Building from mechanism to treatment. The Birgit Olsson lecture.
Nord J Psychiatry 67: 38–42.

35. Huke V, Turk J, Saeidi S, Kent A, Morgan JF (2013) Autism Spectrum
Disorders in Eating Disorder Populations: A Systematic Review. Eur Eat Disord

Rev 21: 345–351.

36. Hambrook D, Tchanturia K, Schmidt U, Russell T, Treasure J (2008) Empathy,
systemizing, and autistic traits in anorexia nervosa: a pilot study. Br J Clin

Psychol 47: 335–339.
37. Baron-Cohen S, Jaffa T, Davies S, Auyeung B, Allison C, et al. (2013) Do girls

with anorexia nervosa have elevated autistic traits? Mol Autism 4: 24.
38. Courty A, Maria AS, Lalanne C, Ringuenet D, Vindreau C, et al. (2013) Levels

of autistic traits in anorexia nervosa: a comparative psychometric study. BMC

Psychiatry 13: 222.
39. Toyokawa S, Uddin M, Koenen KC, Galea S (2012) How does the social

environment ‘get into the mind’? Epigenetics at the intersection of social and
psychiatric epidemiology. Soc Sci Med 74: 67–74.

40. Frieling H, Gozner A, Romer KD, Lenz B, Bonsch D, et al. (2007) Global DNA

hypomethylation and DNA hypermethylation of the alpha synuclein promoter
in females with anorexia nervosa. Mol Psychiatry 12: 229–230.

41. Saffrey R, Novakovic B, Wade TD [published online ahead of October 2, 2013]
Assessing global and gene specific DNA methylation in anorexia nervosa: A pilot

study. Int J Eat Disord doi: 10.1002/eat.22200.

42. Frieling H, Romer KD, Scholz S, Mittelbach F, Wilhelm J, et al. (2010)
Epigenetic Dysregulation of Dopaminergic Genes in Eating Disorders. Int J Eat

Disord 43: 577–583.

43. Frieling H, Bleich S, de Zwaan M, Hillemacher T (2008) Epigenetic down-

regulation of atrial natriuretic peptide mRNA expression in females with eating

disorders. Eur Neuropsychopharmacol 18: S13–S13.

44. Ehrlich S, Weiss D, Burghardt R, Infante-Duarte C, Brockhaus S, et al. (2010)

Promoter specific DNA methylation and gene expression of POMC in acutely

underweight and recovered patients with anorexia nervosa. J Psychiatr Res 44:

827–833.

45. Pjetri E, Schmidt U, Kas MJ, Campbell IC (2012) Epigenetics and eating

disorders. Curr Opin Clin Nutr Metab Care 15: 330–335.

46. Frieling H, Bleich S, Otten J, Romer KD, Kornhuber J, et al. (2008) Epigenetic

downregulation of atrial natriuretic peptide but not vasopressin mRNA

expression in females with eating disorders is related to impulsivity.

Neuropsychopharmacology 33: 2605–2609.

47. Groleau P, Steiger H, Joober R, Bruce KR, Israel M, et al. (2012) Dopamine-

system genes, childhood abuse, and clinical manifestations in women with

Bulimia-spectrum Disorders. J Psychiatr Res 46: 1139–1145.

48. Steiger H, Labonte B, Groleau P, Turecki G, Israel M (2013) Methylation of the

glucocorticoid receptor gene promoter in bulimic women: associations with

borderline personality disorder, suicidality, and exposure to childhood abuse.

Int J Eat Disord 46: 246–255.

49. Niculescu MD (2013) Pregestational nutrition and the epigenetic landscape in

next generations: still an almost virgin land to be explored. Epigenomics 5: 13–

15.

50. Anderson OS, Sant KE, Dolinoy DC (2012) Nutrition and epigenetics: an

interplay of dietary methyl donors, one-carbon metabolism and DNA

methylation. J Nutr Biochem 23: 853–859.

51. First MB SR, Gibbon M, Williams JBW (2002) Structured Clinical Interview for

DSM-IV Axis I Disorders, Research Version (SCID-I). New York, NY:

Biometrics Research: New York State Psychiatric Institute.

52. Fairburn CG, Beglin SJ (1994) Assessment of eating disorders: interview or self-

report questionnaire? Int J Eat Disord 16: 363–370.

53. Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E (2001) The

Autism-Spectrum Quotient (AQ): Evidence from Asperger Syndrome/High-

Functioning Autism, Malesand Females, Scientists and Mathematicians. J Autism

Dev Disord 31: 5–17.

54. Beck AT, Ward CH, Mendelson MM, Mock JJ, Erbaugh JJ (1961) AN inventory

for measuring depression. Archiv Gen Psychiatry 4: 561–571.

55. Spielberger CD GR, Lushene R, Vagg PR, Jacobs GA (1983) Manual for the

state-trait anxiety inventory. Palo Alto, CA: Consulting Psychologists Press.

56. Heijmans BT, Mill J (2012) Commentary: The seven plagues of epigenetic

epidemiology. Int J Epidemiol 41(1): 74–78.

57. Rohde C, Zhang Y, Reinhardt R, Jeltsch A (2010) BISMA - Fast and accurate

bisulfite sequencing data analysis of individual clones from unique and repetitive

sequences. BMC Bioinformatics 11: 230.

58. Hwang CK, Song KY, Kim CS, Choi HS, Guo X-H, et al. (2007) Evidence of

Endogenous Mu Opioid Receptor Regulation by Epigenetic Control of the

Promoters. Mol Cell Biol 27: 4720–4736.

59. Deaton AM, Bird A (2011) CpG islands and the regulation of transcription. Gen

Dev 25: 1010–1022.

60. Treasure J (2012) Emotion in Eating Disorders. Eur Eat Disord Rev 20: 429–

430.

61. Caglar-Nazali HP, Corfield F, Cardi V, Ambwani S, Leppanen J, Olabintan O,

Deriziotis S, Hadjimichalis A, Scognamiglio P, Eshkevari E, Micali N, Treasure

J (2013) A systematic review and meta-analysis of ‘Systems for Social Processes’

in eating disorders. Neurosci Biobehav R http://dx.doi.org/10.1016/j.

neubiorev.2013.12.002.

62. Choi SW, Claycombe KJ, Martinez JA, Friso S, Schalinske KL (2013)

Nutritional Epigenomics: A Portal to Disease Prevention. Adv Nutr 4: 530–532.

63. Yi P, Melnyk S, Pogribna M, Pogribny IP, Hine RJ, et al. (2000) Increase in

plasma homocysteine associated with parallel increases in plasma S-adenosylho-

mocysteine and lymphocyte DNA hypomethylation. J Biol Chem 275: 29318–

29323.

DNA Methylation of Oxytocin Receptor Gene in AN

PLOS ONE | www.plosone.org 7 February 2014 | Volume 9 | Issue 2 | e88673


