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Background—The oxytocin (OT) system, including receptor epigenetic mechanisms, has been
shown to influence emotion processing, especially in females. Whether OT receptor (OXTR)
epigenetic alterations occur across psychotic disorders in relation to illness-related disturbances in
social cognition and brain anatomy is unknown.

Methods—~Participants with affective and nonaffective psychotic disorders (92 women, 75 men)

and healthy controls (38 women, 37 men) from the Chicago site of the BSNIP study completed the
Penn Emotion Recognition Test (ER-40), a facial emotion recognition task. We measured cytosine
methylation at site -934 upstream of the OXTR start codon in DNA from whole blood, and for the

first time their relationship with plasma OT levels assessed by enzyme-immunoassay. VVolumes of
brain regions supporting social cognition were measured from MRI scans using FreeSurfer.

Results—Patients with prototypic schizophrenia features showed higher levels of DNA
methylation than those with prototypic bipolar features. Methylation was higher in women than
men, and was associated with poorer emotion recognition only in female patients and controls.
Greater methylation was associated with smaller volumes in temporal-limbic and prefrontal
regions associated previously with social cognition, but only in healthy women and females with
schizophrenia.

Conclusion—DNA methylation of the OXTR site -934 was higher in schizophrenia spectrum
than bipolar patients. Among patients, it was linked to behavioral deficits in social cognition and
neuroanatomic structures known to support emotion processing only in schizophrenia spectrum
individuals.

Keywords

oxytocin; epigenetics; psychosis; emotion recognition; structural imaging; sex differences

Individuals with psychotic disorders often have persistent impairments in social cognition
(1, 2), especially in schizophrenia (2, 3). Multiple lines of clinical and preclinical evidence
indicate that social cognition abilities are influenced by the neuropeptide oxytocin (OT)
(4-6). Epigenetic alteration of genes regulating OT receptor (OXTR) expression may be one
factor influencing social cognition deficits in psychotic disorders. This effect may be greater
in schizophrenia than in other psychotic disorders because of their more severe social
cognition deficits (2), and in females because of the more prominent role of the OT system
in women in regulating social cognition (7-9).

Multiple converging lines of evidence suggest alterations in the OT system are involved in
the social cognitive impairment in schizophrenia. OT peptide levels are altered in psychotic
disorders (9-14) and are related to social cognition deficits with more pronounced
associations in female patients (7-9). Adjunctive exogenous OT administration can improve
social cognition in schizophrenia (15-19). Preliminary data suggests that social cognitive
deficits in schizophrenia have been linked to OXTR polymorphisms (20, 21). However to
date, no studies have examined epigenetic regulation of the OXTR and its relation to OT
levels in psychotic disorders, social cognition or neuroanatomical structures important for
social cognition including temporal-limbic regions where OXTR concentrations are high
(22).
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Examination of OT levels may be important for understanding epigenetic effects because
epigenetic changes in OXTR might represent a response to variations in OT levels (23).
Given the pronounced social cognition deficits in schizophrenia, it is plausible that OT
system alterations might be greater than in affective psychotic disorders in which social
cognition deficits are typically less severe (2), but this has not yet been investigated.
Predictions that OT modulatory effects might be greater in females are supported by several
lines of preclinical and clinical evidence (24). For example, in adult prairie voles acute OT
administration has a greater impact in females than in males (25, 26). In female, but not
male prairie voles, neonatal OT administration influences adult social behavior (27). In
healthy humans, some opposite sex-related effects have been seen, as intranasal OT reduces
neural activation in the amygdala in response to emotional face processing in men (28, 29)
but increases amygdala activity in women (30, 31).

There are multiple possible OT system alterations that could disrupt social cognition. In
autism, there is a defined epigenetic change that leads to decreased expression of the OXTR
gene (32). This change occurs at a cytosine nucleotide that is 934 base pairs upstream of the
OXTR translation start site, and resides within a region of the gene important for DNA
methylation-mediated repression of transcription (33). Alleles isolated from cells in
temporal cortex and blood show increased DNA methylation at this site in autism compared
to matched controls. Methylation at this same OXTR region (site -934) assessed from blood
has been correlated with temporal, limbic, and prefrontal activity measured by fMRI in
healthy individuals performing social cognition tasks (34, 35). In addition, methylation of
site -934 has been associated with high callous-unemotional traits in children with conduct
problems (23, 36) and enhanced risk of postpartum depression in women (37).

In the present study, we assessed OXTR DNA methylation from whole blood in individuals
with psychotic disorders and matched healthy controls. We hypothesized that individuals
with psychotic disorders would demonstrate greater OXTR methylation compared to healthy
controls, that this effect would be greatest in schizophrenia patients and in women, and that
it would be related to social cognition deficits. Given that epigenetic processes have been
associated with brain measures in healthy individuals (38), our second aim was to test
whether higher levels of OXTR DNA methylation were related to volume reductions in brain
regions known to be associated with social cognition deficits in schizophrenia (prefrontal,
temporal, and limbic cortex) (39).

Methods and Materials

Participants

Subjects were participants from the Chicago site of the Bipolar and Schizophrenia Network
on Intermediate Phenotypes (B-SNIP) consortium. Written informed consent was provided
by all participants (participant assent and parental consent for those <18 years). A full
description of subject recruitment and clinical assessment for the B-SNIP study is available
(40). Participants included 167 individuals with a psychotic disorder (schizophrenia,
schizoaffective disorder, psychotic bipolar disorder; 92 women, 75 men) and 75 healthy
controls (38 women, 37 men) (Table 1). A consensus DSM-1V diagnosis was made using
the Structured Clinical Interview for DSM-IV Axis | Disorders (41). Patients were both
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clinically stable and receiving consistent drug treatment for the month preceding testing.
Exclusion criteria included: history of head injury with loss of consciousness >10 minutes;
pregnancy; positive urine toxicology for common drugs of abuse on the day of testing;
diagnosis of substance abuse in the past 30 days or substance dependence in the past 6
months; history of systemic medical or neurological disorder affecting mood or cognition;
and Wide-Range Achievement Test reading test standard score <65.

Emotion processing—The Penn Emotion Recognition-40 Test (ER-40)(42) assesses the
ability to accurately recognize specific emotions conveyed in pictures of faces. Stimuli are
40 faces (half female) expressing one of four emotions or a neutral expression. The primary
outcome measure was the overall accuracy of affect identification. A report of ER-40
performance in the full BSNIP sample is available that includes methods for deriving
performance measures (2).

Epigenotyping procedures

Genomic DNA was isolated from EDTA-treated whole blood using the Gentra Puregene
extraction kit (Qiagen Sciences, Germantown, MD), quantified, standardized to 50ng/ul, and
quality checked with Picogreen (Invitrogen, Eugene, OR) and Nanodrop assays (Thermo
Scientific, Wilmington, DE). Cytosine methylation was measured at site -934 upstream of
the OXTR start codon by bisulfite pyrosequencing as reported in Jack et al. (35) in Dr.
Connelly's laboratory at the University of Virginia. Samples were amplified in triplicate and
randomized for pyrosequencing to account for plate and run variability, and averaged. On
average, samples deviated from the mean £1.4%.

Plasma hormone assays

An enzyme immunoassay was used to measure OT in unextracted plasma samples. Blood
samples were drawn in the morning when possible (90% blood draws before noon). The
percentage of participants drawn before noon was similar across groups and sex (p's>0.45).
OT levels from these participants have been reported previously (43), and are presented here
to inform the analysis of OXTR methylation. For assay details see Rubin et al. (44).

Structural magnetic resonance imaging procedure and measurement

MRI scans were obtained using a 3-Tesla GE Signa HDx scanner. Structural imaging was
acquired using a T1-weighted 3-dimensional inversion recovered fast spoiled gradient echo
sequence [time of repetition (TR)/echo time (TE)/inversion recovery (IR)] = 6.988 ms/2.848
ms/700 ms, flip angle = 8 degrees, 166 slices). FreeSurfer (45, 46) software was used to
extract volumetric data (mm3) in a priori regions of interest (ROI) implicated in facial
emotion processing (47, 48) including four prefrontal regions (superior frontal, middle
frontal, inferior frontal, orbital frontal gyri), and six temporal-limbic regions
(parahippocampal, middle temporal, and fusiform gyri, hippocampus, amygdala, and insula).
A full presentation of the medial temporal lobe data from the full BSNIP sample (49, 50)
and the whole-brain grey matter data (51) are available. 79% of the sample (n=190) had
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MRI scans due to additional exclusion factors related to patient safety and scheduling
difficulties.

Statistical analyses

Results

Prior to analysis, emotion recognition scores were standardized (mean = 0, SD = 1) relative
to healthy controls. Extremely low scores were truncated to z-score=-4 to reduce the effects
of outliers. Multivariable linear regression modeling was used to assess group differences in
methylation levels and to examine the association of methylation levels with emotion
processing and regional brain volumes (primary outcomes) as well as clinical symptoms and
global functional status (secondary outcomes). Only when the omnibus test statistic was
significant for the main effect of group or group by methylation interactions did we further
probe for pairwise group differences using a Bonferroni correction for multiple
comparisons. Patients were assigned a rating on the Schizobipolar Scale (52) depending on
their similarity to prototypic schizophrenia and bipolar disorder, which was used to examine
the relation between diagnostic features and OT measures. Stratification by sex was used in
models examining the degree to which methylation levels were associated with emotion
processing, regional brain volumes and secondary outcomes. Analyses were adjusted for age
and race; intracranial volume was an additional covariate for brain volume analyses. While
we examined methylation level by race interactions as a covariate, adding in this interaction
did not alter the pattern of results presented here and thus for parsimony was not included in
the final models. No adjustments were made for multiple testing for secondary exploratory
analyses performed for heuristic purposes to illustrate the potential clinical significance of
group differences. Associations of epigenetic data with medications were examined; none
were significant except lithium (Table S1 in Supplement 1).

Group differences in behavioral, plasma hormone levels, and MRl measures

Primary analyses of OT levels, MRI data, and PENN ER-40 data are available for the
BSNIP study (2, 40, 44, 49, 50). Analyses with the subset of participants here yielded
similar findings (Table 1; Table S2 in Supplement 1).

Group differences in DNA methylation and associations with plasma oxytocin levels

Although controls and the combined group of individuals with psychotic disorders did not
differ in DNA methylation levels (p=0.70; Figure 1; Figure S1 in Supplement 1), overall
diagnostic group differences in methylation levels were significant only at a trend level
(p=0.08). Only individuals with schizophrenia showed higher levels of methylation
compared to controls (B=2.29, SE=1.15, p=0.04; Cohen's d=0.33). On the Schizo-Bipolar
Scale, patients with greater similarity to prototypic schizophrenia compared to those with
bipolar features (B=0.36, SE=0.15, p=0.02) had higher levels of methylation; this
association remained in the subset of participants not taking lithium. Although the
magnitude of the methylation-Schizo-Bipolar Scale association was similar in male and
female patients (p=0.76), greater methylation at OXTR site -934 was observed in females
patients overall compared to male patients (p=0.005) as seen in controls.
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Associations between DNA methylation and peripheral OT levels were not significant in
controls or in any diagnostic group (Table S3 in Supplement 1). However, associations
between DNA methylation levels and peripheral OT levels were in opposite directions for
male (r=-0.24, p=0.04) and female (r=0.23, p=0.03) patients.

DNA methylation-behavior associations

Among all women, but not men, greater methylation was associated with poorer recognition
of emotional expressions (p<0.001; Table 2, Figure 2). The association did not differ
between patient and control females. Follow-up analyses in women indicated that higher
methylation was associated with greater difficulties identifying angry (p<0.001), sad
(p=0.006), happy (p=0.02) as well as low- (p<0.001) and high-intensity facial expressions
(p=0.004) [trend on fear p=0.07] (Table 2). These associations did not statistically differ
across groups—that is, methylation x group interactions among women were not significant.
OXTR methylation also was not significantly associated with any of the secondary outcome
measures including general social functioning or with positive, negative, depression, or
mania symptom levels in our clinically stable sample.

DNA methylation-regional brain volume associations

There were significant methylation x group interactions in some regional brain volumes in
females but not males (Table 3), including right hippocampus (p=0.006), left middle
temporal gyrus (p=0.007), left superior frontal gyrus (p=0.04), and right inferior frontal
gyrus (p=0.02). In healthy females, greater methylation was associated with smaller volumes
in the right hippocampus ($=-0.29, p=0.04), left middle temporal gyrus ($=-0.28, p=0.04),
and right inferior frontal gyrus (8=-0.34, p=0.008). In females with schizophrenia, higher
methylation was also associated with smaller volumes of right hippocampus (=-0.29,
p=0.04). Conversely, in females with schizoaffective disorder, greater methylation was
associated with larger volumes in the left middle temporal gyrus (3=0.61, p=0.007) and left
superior frontal gyrus (=0.47, p=0.01). In men (combined patients and controls), DNA
methylation was positively associated with volumes of left middle frontal gyrus (p=0.04)
and left insula (p=0.04). Associations between peripheral OT levels and brain regions are
presented in Table S4 in Supplement 1.

Discussion

This is the first study examining the impact of epigenetic modification of OXTR, indexed
here in blood, in individuals with psychotic disorders, and its relation to social cognition
abilities and their neuroanatomical substrate. Greater methylation of OXTR was observed in
individuals with prototypic schizophrenia versus psychotic bipolar disorder, but only in
females (patients and controls) was methylation related to performance on a test of social
cognition and to volumetric measures of neuroanatomic regions subserving social cognition.
These effects were observed despite the absence of altered peripheral OT levels in any
psychatic disorder to which greater methylation might have been a homeostatic
compensation. These findings suggest that the OT pathway may be disrupted at the level of
the receptor and not at the level of the neuropeptide synthesis, and that in psychotic
disorders, this effect is relatively specific to women with schizophrenia. This notion that
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disruptions in the OT system in schizophrenia are downstream from plasma levels is
consistent with our previous report of a dissociation of peptide levels and social cognition
(43). While these methylation changes were observed in blood, not brain, the findings from
our in vivo studies of DNA methylation in blood appear clinically and brain-relevant
because they were disorder specific and related to behavioral measures of social cognition
and to volumetric measures of its neuroanatomic substrate.

Sex differences in methylation occurred across patients and controls, with women showing
higher levels of OXTR CpG site -934 DNA methylation, as previously reported in healthy
individuals (34). Level of methylation was also related to social cognition measures in
females across all subject groups. Thus, our data suggest that increased DNA methylation at
the OXTR site -934 is a general sex-specific effect, but one that appears to amplify social
cognition deficits specifically in females with schizophrenia.

The observation that a general change in OXTR DNA methylation in women may be a sex-
specific contributor to a reduced ability to perceive emotional cues in faces in women with
schizophrenia is novel. One reason differences in DNA methylation could disrupt emotion
processing in women, but not men, might be related to sex differences in OXTR distributions
in frontal, hippocampal, and limbic regions, as indicated by studies of mice and prairie voles
(53, 54). In adulthood, female prairie voles are more sensitive than males to the social
effects of OT administration (26). Consistent with this idea, intranasal OT has sex-divergent
effects on amygdala activity in response to emotion face processing (28, 30). Although
women with psychatic disorders generally have less severe emotion processing deficits than
men (55-57), DNA methylation of OXTR in site -934 may lead to greater social cognition
deficits in female schizophrenia patients and thus could represent a potential sexually-
dimorphic target for therapeutic intervention.

Although the mechanisms through which greater OXTR methylation in women with
schizophrenia influences the severity of social cognition deficits and its neuroanatomic
substrate are unknown, greater methylation may lead to transcriptional down-regulation of
OXTR in the brain (32, 33). It is also unclear whether greater methylation in schizophrenia
represents illness-related pathology, a failed compensation, or a compensation that is
partially successful, without which social cognitive dysfunction could be more severe.
Additional research is needed to determine whether DNA methylation represents an effort to
restore an altered biological system to homeostasis in schizophrenia, or whether it is a
disease or treatment effect. Our data in female patients show a positive association between
OXTR methylation and peripheral levels of OT, whereas a negative association was seen in
male patients. Although the interpretation of this difference is unclear, it suggests that
homeostatic processes or homeostatic demand may be quite different in male and female
patients. While such demand does not appear to involve a response to altered OT plasma
levels, it may represent a response to impaired signal transduction mechanisms or deficit in
widely distributed neural systems supporting social cognition. This sex difference in the
pattern of association between OXTR methylation and peripheral OT levels might help
explain why beneficial effects of intranasal OT have been reported predominantly in male
patients (16,18, 58). In males, exogenous OT might increase signaling at the OXTR to
enhance social and emotional functioning. However, it should be noted that studies of the
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consequences of exogenous OT have been less common in female patients, and little is
known regarding sex differences in response to OT therapies or their variability in relation
to genotype.

The sexually-dimorphic pattern of associations between OXTR methylation and peripheral
OT levels in patients is consistent with the hypothesis that the regulation of OT pathways, as
well as the broader physiological and behavioral consequences of activity in this system, is
different in males and females. Thus, sex differences may need to be systematically
examined in the development of therapeutics that directly or indirectly influence OT
pathways and in developing models of disease-related alterations. One important sex-related
factor might be steroid regulation of OT and OXTR production, as estrogen is known in rats
to modulate the density of OXTR within the ventromedial nucleus of the hypothalamus
(59-62) and OXTR gene expression (63-65). There is some evidence for a protective effect
of estrogen in schizophrenia, but the absence of data regarding steroids in the present study
limits our capacity to speculate on the role of estrogen in the present outcomes.

DNA methylation of OXTR had sex-specific associations not only with behavior, but with
morphometric characteristics of brain regions known to be important for emotion
recognition and social cognition. In healthy women, greater DNA methylation in the blood
was associated with smaller volumes in the hippocampus, middle temporal gyrus, and right
inferior frontal gyrus—all regions previously implicated in processing emotional faces (47)
and regions showing sex differences when processing emotions (47, 57, 66-68). This inverse
pattern of OXTR methylation-volume associations, particularly in the hippocampus, was also
noteworthy in females with schizophrenia. These findings suggest that in healthy women
and women with schizophrenia, DNA methylation of OXTR, possibly associated with less
receptor-mediated activity, may have longer term effects on synaptic density, dendritic
arborization, and/or other factors that determine grey matter volume (69-71). Interestingly,
these associations appear to be relatively specific to schizophrenia as they were not
significant in individuals with bipolar disorder.

The observation of diagnosis-specific associations of DNA methylation in blood with
behavioral and neuroanatomical measures of the social cognition system suggest that in vivo
clinical studies of DNA methylation in peripheral cells are associated with changes in the
brain, and thus may be a promising direction for future research. Yet, more research is
needed to determine the mechanisms of effects reported here. For example, the associations
between OT level and epigenetic changes remain an important target of investigation in
order to clarify what alterations are disease consequences and which are efforts at
compensation. However, since OT levels themselves do not appear to be abnormal, if
changes in methylation do represent a compensatory process, they would appear to be a
response to receptor or other downstream changes in OT signal transduction. The sex
differences are another important issue because of their potential importance for therapeutic
intervention. For example, female patients may be especially sensitive to the consequences
of methylation and presumed reductions in OT receptors. Also, it is important to note that
DNA methylation of other OXTR CpG dinucleotides sites (i.e., -924, -860) may also be
elevated in schizophrenia and impact emotion processing via effects on OXTR expression.
Last, given the multiple biological overlaps across psychotic disorders, the observation of
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schizophrenia-specific findings is important to investigate and confirm since among those
studied here, schizophrenia is the psychotic disorder with the greatest persistent disability in
social cognition.

Our sex-specific findings highlight the complex pathophysiology of schizophrenia, with
female-specific epigenetic factors in OT pathways contributing to and perhaps amplifying
social cognition deficits in this disorder. Our findings complement other data highlighting
the importance of sex differences in schizophrenia which have been reported in cognition
(72-76), clinical symptoms and disease course (77-82), and treatment response (76, 80, 83).
The factors causing more severe illness in males or that preserve social cognition in female
schizophrenia patients remain to be identified. The observations that methylation levels were
similar in male and female patients and that these changes only impacted social cognition in
healthy women and women with schizophrenia provide a clue that mechanisms for sex
differences in schizophrenia at least in terms of social cognition may include sex-specific
changes in OT pathways.

Limitations in this study include a cross-sectional study design and small sample sizes by
diagnostic group and sex thus limiting statistical power. Secondly, we did not formally
assess high callous-unemotional traits or autism features that prior work has shown to be
related to OT levels and its effects in some individuals (23, 32, 36). Third, OT
measurements were conducted at one time point. Fourth, the EIA measurement of peripheral
OT was done in unextracted plasma samples which is associated with higher levels of the
peptide (84, 85). Nevertheless, findings from our previous studies focusing on peripheral OT
levels and social cognition, which have used the present assay methodologies (7), have been
replicated by researchers using different assay methods (9). Fifth, we focused on
methylation levels of a single CpG site in the promoter region of OXTR and assayed
peripherally derived DNA from blood which are imperfect markers of brain DNA
methylation (86). Although we do not know the exact association between blood and brain
methylation at CpG site -934, a number of studies to date reflect the utility of this peripheral
assay in predicting brain endophenotypes related to social cognition (34, 35). The degree to
which methylation and its effects are dynamic (87) or static, the relative importance of other
promotor regions, and the similarity of epigenetic changes in blood and brain remain to be
determined. If methylation of OXTR is dynamic, then it may contribute to the varying levels
of social cognition deficits seen clinically over the course of illness. Sixth, it is important to
note that our patients were being treated with diverse medications and dosages which might
influence emotion perception, blood levels of OT, or methylation. Although medications did
not have a statistical relation to methylation levels, since the majority of patients were
treated with medications, we are unable to fully determine the contribution of treatment
effects. Finally, we focused here on OT and methylation of the OXTR. However, OT
functions in the context of other neuropeptide such as vasopressin and steroid hormones, as
well as the broader neuroendocrine milieu that might influence the OT system and social
cognition deficits (43, 44).

To date, the field does not provide a basis for mechanistic understanding of how OT levels
and methylation impact social cognition and brain anatomy and function. As in many areas
of clinical psychiatry research, especially in early developing areas such as epigenetics, this
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study does not establish mechanism but takes steps forward by showing sex and disorder
selectivity, and the clinical relevance of epigenetic factors to social cognition deficits and
relevant brain anatomy. As to biological mechanism, this is the first study to determine
whether methylation may represent a response to increased OT levels. As peripheral OT
levels were not altered or related to methylation levels, epigenetic changes do not appear to
be a direct response to increased or decreased OT levels, and thus appear to involve a
disease-related change in post-synaptic mechanisms. Taken together, our findings provide a
significant step forward in understanding OT system abnormalities in schizophrenia by
showing greater sex-specific epigenetic effects in schizophrenia but not bipolar disorder, and
that while similar to sex specific effects in controls they had clinical relevance in
schizophrenia as seen in associations with behavioral measures of social cognition and the
neuroanatomic substrate of that neurobehavioral dimension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Level of OXTR DNA methylation in women and men with psychotic disorders and
healthy controls

Note. *p<0.05, +p=0.06. Estimated means and standard errors from the statistical models
that included age and race as covariates. Although controls and the combined group of
individuals with psychotic disorders did not differ in DNA methylation, overall diagnostic
group differences in methylation levels just missed statistical significance (p=0.08).
Specifically, only individuals with schizophrenia showed higher levels of methylation
compared to controls (B=2.29, SE=1.15, p=0.04; Cohen's d=0.33) and schizoaffective
patients (B=3.27, SE= 1.41, p=0.02, Cohen's d=0.38). There was a trend for a similar
increase in individuals with schizophrenia relative to psychotic bipolar patients (B=2.29,
SE=1.21, p=0.06, Cohen's d=0.35). There were no significant differences between controls
and either schizoaffective (B=-0.98, SE=1.34, p=0.46; Cohen's d=0.11) or psychotic bipolar
patients (B=-0.01, SE=1.10, p=0.99; Cohen's d=0.03). Women had significantly higher
methylation levels compared to men (p<0.001). The sex x group interaction was not
significant (p=0.92).
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