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Epigenetic modifications influenced by environmental exposures are molecular sources of phenotypic heterogeneity found in
schizophrenia and bipolar disorder and may contribute to shared etiopathogenetic mechanisms of these two disorders. Newborns
who experienced perinatal asphyxia have suffered reduced oxygen delivery to the brain around the time of birth, which increases
the risk of later psychiatric diagnosis. This study aimed to investigate DNA methylation in blood cells for associations with a history
of perinatal asphyxia, a neurologically harmful condition occurring within the biological environment of birth. We utilized
prospective data from the Medical Birth Registry of Norway to identify incidents of perinatal asphyxia in 643 individuals with
schizophrenia or bipolar disorder and 676 healthy controls. We performed an epigenome wide association study to distinguish
differentially methylated positions associated with perinatal asphyxia. We found an interaction between methylation and exposure
to perinatal asphyxia on case—control status, wherein having a history of perinatal asphyxia was associated with an increase of
methylation in healthy controls and a decrease of methylation in patients on 4 regions of DNA important for brain development
and function. The differentially methylated regions were observed in genes involved in oligodendrocyte survival and axonal
myelination and functional recovery (LINGO3); assembly, maturation and maintenance of the brain (BLCAP;NNAT and NANOS2) and
axonal transport processes and neural plasticity (SLC2A14). These findings are consistent with the notion that an opposite
epigenetic response to perinatal asphyxia, in patients compared with controls, may contribute to molecular mechanisms of risk for
schizophrenia and bipolar disorder.
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INTRODUCTION

Schizophrenia (5Z) and bipolar disorders (BD) are highly heritable
(60-85%) [1-3] and are often regarded as part of a clinical
continuum [4]. Some of the heritability may be attributed to an
overlapping polygenic architecture [5-8] between the disorders
and to epigenetic modifications [9-12] influenced by environ-
mental exposures throughout development, starting as early as
the prenatal period [13, 14]. Adverse events during pregnancy and
birth are some of the best-replicated environmental risk factors for
psychosis [13], and of these adverse events, fetal hypoxia is
among those most consistently implicated [15-17]. Perinatal
asphyxia (PA) is a condition where affected newborns experience
a deprivation of oxygen (i.e., hypoxia) in the whole body including

the brain, with or without concomitance of reduced cerebral
blood flow. Population-based studies have found that a history of
PA increases the risk of developing SZ (Odds Ratio =4.4) [13, 18]
and BD (Hazard Ratio = 5.3) [19], consistent with evidence of an
altered response to hypoxia and oxidative stress that influenced
brain development [20-22]. Most individuals with a history of PA
do not develop any psychiatric condition. However, factors
underlying the effect of PA on a trajectory of resilience or on a
trajectory of altered neurodevelopment linked with psychiatric
disorders are still unknown.

Hypoxia modulates a cascade of systemic and cell/tissue
specific hormonal and molecular homeostatic responses in the
body. Having experienced perinatal hypoxia impacts
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developmental plasticity (i.e., the ability of genes to be
differentially expressed according to environmental cues) and
has been linked to increased risk of disease later in life such as
diabetes, inflammation, cardiac dysfunction, hypertension, ather-
osclerosis, accelerated age-related cognitive decline and other
neurological conditions [23]. This indicates that PA can induce
complex broad system-level responses, which could be revealed
by changes at the level of peripheral tissues, such as epigenetic
modifications.

Epigenetic modifications, such as DNA methylation (DNAm),
influence gene expression by the recruitment of methyl-binding
proteins and disruption of transcription factor binding that initiate
gene silencing and chromatin compaction [24]. Both increases and
decreases in gene expression are associated with DNAm [25],
which has initiated a growing interest in epigenetic variation
influenced by environmental exposures (i.e. non-genetic factors)
in the molecular etiology of psychiatric disorders [26]. While most
gene variants identified with genome-wide association studies
(GWAS) do not directly code for changes affecting protein
structure and function [27], it was recently shown that many of
the SZ GWAS loci overlap with DNAm modifications associated
with SZ [9]. Thus, DNAm can be influenced by both genetic and
environmental factors and can contribute to the regulation of
gene expression of GWAS loci associated with psychiatric
disorders [9].

As part of the response to hypoxia, recent findings have
identified modifications in DNAm, which reflect a regulation in the
expression and function of several important genes including
membrane receptors, ion channels, key enzymes and signaling
proteins in fetal organs and tissues [23]. Given that DNAm is
sensitive to environmental factors and the response to PA is
usually systemic, DNAm changes in peripheral tissues can
represent an important molecular marker to study the role of
the response to PA in mental disorders.

The aim of the current study was to assess the putative
interactions between DNAm profiles and PA, a variable obtained
from prospective birth registry data, in association with case-
control status. We hypothesize that PA is associated with
divergent epigenetic modifications in individuals with SZ or BD
compared to healthy controls.

MATERIALS AND METHODS

Participants

The current study used data from 598 individuals with SZ (n = 388) or BD
(n=210) from the Thematically Organized Psychosis (TOP) study, the main
study protocol of the Norwegian Centre for Mental Disorders Research
(NORMENT; Oslo, Norway), 14 individuals with SZ from the Youth Thematic
Organized Psychosis (Youth-TOP; Oslo, Norway) study and 31 individuals
with SZ (n = 28) or BD (n = 3) from the Early Diagnostic and Treatment of
Psychosis (TIPS; Stavanger, Norway) study. The 676 healthy controls (HC)
from the TOP or Youth-TOP study were recruited from the greater Oslo
area based on random selection from the Norwegian national population
registry. Participants were of European ancestry, between the ages of
13-49years (median age =29years) and 45% female (589/1319). All
participants gave written informed consent. The study was conducted in
accordance with the Helsinki Declaration with approval from the Regional
Committees for Medical Research Ethics South East Norway (REC South
East) and the Norwegian Data Inspectorate.

Between October 2002 and 2013, adult TOP and adolescent Youth-TOP
individuals with SZ and BD spectrum disorders, respectively, were
consecutively recruited from psychiatric units (outpatient and inpatient
units) of public hospitals in the Oslo region and Stavanger area for the TIPS
participants. All participants with SZ and BD underwent thorough clinical
investigation by trained psychologists and physicians. Blood samples were
drawn from fasting participants and within a narrow time window in the
morning. Clinical diagnoses were assessed using the Structured Clinical
Interview for DSM-IV axis 1 disorder (SCID-I) module A-E [28]. For the
Youth-TOP sample, we used the Norwegian version of the Kiddie-Schedule
for Affective Disorders and Schizophrenia for School Aged Children
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(6-18 years): Present and Lifetime Version (K-SADS-PL) [29]. Psychosocial
function was assessed with the Global Assessment of Functioning scale,
split version (GAF) [30]. Current psychotic symptoms were rated by the use
of the Positive and Negative Syndrome Scale (PANSS) [31]. The Alcohol Use
Disorders Identification Test (AUDIT) [32] and Drug Use Disorders
Identification Test (DUDIT) [33] were used to evaluate alcohol and drug
use. HC were interviewed by trained research assistants and examined with
the Primary Care Evaluation of Mental Disorders (Prime-MD) to ensure no
current or previous psychiatric disorders [34].

Exclusion criteria for both patients (PT) and HC were organic disorders
(substance-induced psychotic disorder, somatic health condition, brain
damage or head trauma with unconsciousness over 5 min, neurological
diseases and autism spectrum disorder). Additional exclusion criteria for
HC were current or previous somatic illness and substance misuse
disorders or dependency within the last 6 months. HC were excluded if
they or a first-degree relative had a lifetime history of a severe psychiatric
disorder. Additionally, TOP and Youth-TOP participants underwent
magnetic resonance imaging (MRI), and scans were assessed by a
neuroradiologist using a graded scheme (See TOP MRI Grading Scheme)
[35]. If brain pathology was detected, the participant was also excluded.

A flow diagram of the selection of participants for this study is found in
Fig. 1. Individuals with one of the following DSM-IV diagnoses were
included in this study: [1] within the SZ spectrum, n = 430 [schizophrenia
(DSM-IV 295.1, 295.2, 295.3, 295.6, and 295.9; n = 254), schizophreniform
disorder (DSM-IV 295.4; n = 29), and schizoaffective disorder (DSM-IV 295.7;
n=48) or other psychosis (psychosis not otherwise specified, DSM-IV
298.9, n=72; brief psychotic disorder, DSM-IV 298.8, n=7; delusional
disorder, DSM-IV 297.1, n =20)] and [2] within the BD spectrum, n=213
[Bipolar | disorder (DSM-IV 296.0-7; n = 133), Bipolar Il disorder (DSM-IV
296.89; n = 63) or bipolar disorder not otherwise specified (DSM-IV 296.80;
n=17).

Perinatal asphyxia (PA)

The birth data was collected from the Medical Birth Registry of Norway
(MBRN), which has mandatory reporting on all births after 16-weeks
gestational age. The PA variable included complications coded AS53
(asphyxia without other signs), AS54 (asphyxia with poor sound), AS55
(asphyxia and discolored amniotic fluid), AS61 (asphyxia), P211 (mild or
moderate birth asphyxia) in the registry.

DNAm analysis
Methylation quantification was completed using the lllumina Infinium®
Methylation EPIC BeadChip (lllumina, Inc. San Diego, USA).

Pre-processing and quality control (QC)

Epigenome-wide DNA methylation was measured in a total of 2365 blood
samples. The measurements were performed in three batches of 1000, 283
and 1082 samples, respectively. Quality control (QC) and preprocessing
were performed on the data from each batch separately using the
following pipeline: (1) removal of sites with a detection p-value > 0.01 in at
least 1% of the samples, and removal of samples where at least 1% of the
sites had a detection p-value > 0.01, together with removal of sites with a
bead count <3 in 5% of the samples; (2) removal of problematic probes
that are known to cross-hybridize or contain single nucleotide polymorph-
isms (SNPs) that are close to target cytosine-phosphate-guanine sites
(CpGs) [36]; (3) samples from individuals that were predicted to be of
European ancestry with a probability of <0.9 were removed. Ancestry was
predicted from genetic data, using a Random Forest classifier. Populations
from the 1000 genome project were used to train the model; (4) functional
normalization of the data was performed to reduce non-biological
variation. The number of principal components (PCs) used in the
normalization was 20 PCs for the first and second batches, and 25 PCs
for the third batch; (5) removal of samples with a mismatch between SNP
genotypes from the EPIC array and genotype data from the same samples;
(6) removal of samples where the predicted and the reported sex did not
match; (7) removal of sex chromosome probes; and (8) removal of batch
effects from AMP plate, Sentrix ID, Sentrix Position, run date and scanner ID
using ComBat [37] as implemented in the bioconductor package sva. The
statistical programming software R (version 4.0.0) and Bioconductor
(version 3.1.1) packages minfi, wateRmelon, sva and ChAMP were used
during the QC and preprocessing of the data. After the QC and
preprocessing procedures, the data from the three batches were merged,
and ComBat was used to remove the batch effects.

Translational Psychiatry (2024)14:16
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Sample overview Asphyxia project

Bad quality, failed genotype
and/or sex check: 139

> Non-european 212
Missing ethnic information: 196

» Missing MBRN data
(i.e. no information about Asphyxia): 442

> Forensic: 5
Other: 1
Missing
> predicted ethnicity:
11

Predicted ethnicity < 0.9:

3 15
- Age > 50
1 (aged 73)

Fig. 1 Overview of the participants included in the sample. Perinatal asphyxia data from the Medical Birth Registry of Norway (MIBRN) is
available on births from 1967; therefore, if the participant was not born in Norway or is >50 years, they would not have birth registry
information in the MBRN. Quality control (QC); European ancestry (EUR); schizophrenia (SZ); bipolar disorder (BD); major depressive
disorder (MDD).
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Finally, the subset of samples for which information about PA status is
available was extracted and used for the analyses in this study. The final
dataset had 1319 samples and 760668 probes.

Epigenome wide association study (EWAS). We performed an epigenome
wide association study (EWAS) to identify differentially methylated
positions (DMPs) associated with PA. Because cigarette smoking and
white blood cell composition can affect methylation [9], smoking scores
and white blood cell ratios were used as covariates in analyses, together
with age and sex. The smoking scores were calculated using a method
described by Elliott and colleagues [38]. The blood cell ratios were
calculated using the estimateCellCounts2 function from the bioconductor
package, FlowSorted.Blood.EPIC. Differentially methylated regions (DMRs)
were identified using the comb-p algorithm [34], specifying parameters as
seed p-value = 0.05 and maximum distance between probes of 750 base
pairs, as recommended by Mallik and colleagues [39]. The comb-p
algorithm was also run with the more stringent seed p-value =0.001.
Sidak correction was used to account for multiple testing. Consistent with
previous studies, a significance threshold was set to false discovery rate
(FDR)<0.05 for DMPs or Siddk p<0.05 for DMRs [37]. DMRs were
considered significant with three or more probes and a Sidék p < 0.05.
DMPs and DMRs were annotated using the bioconductor package
llluminaHumanMethylation EPICanno.iim10b4.hg19 [35].

Because we were interested in whether DNAm in blood is altered in
response to PA and the relevance these alterations might have for
associated loci in the brain, we used the online Blood Brain DNA
Methylation Comparison Tool [40]. This online tool is a searchable
database containing correlations between DNAm in blood and four brain
regions (prefrontal cortex, entorhinal cortex, superior temporal gyrus and
cerebellum) for each of the CpGs that are included on the lllumina 450 K
DNA methylation chip.

Other statistical analyses. As we hypothesized a different response to PA
in cases and controls, we used linear models to evaluate the interaction of
Blood methylation status (M-values) [41] and PA on case-control status
(Dx ~ M-Values*PA + covariates). Initial analyses with age, sex, smoking
score and blood cell ratios as covariates inflated the QQ-plots. The first 10
principal components calculated from the DNAm data were therefore also
added as covariates, which effectively dampened the inflation. Nominal p-
values were converted to FDR values following the Benjamini and
Hochberg approach [42]. We used summary statistics from the EWAS
and Pearson'’s correlation to assess the relationship of PA related DNAm
between groups [43]. We re-ran significant analyses stratified by sex or
patient subgroups. We also explored the relationship between M-values
and PA on age of onset and current symptom severity (total PANSS score)
using the model: age of onset or severity ~ M-Values*PA + covariates,
stratified by sex (males/females only).

RESULTS

PT and HC differed in age by 3 years (mean age of 28 and 31 years,
respectively; F = 57.54, p < 0.001), but not in the distribution of sex
(47 and 43% female; y* =1.73, p=0.19). Both age and sex were
included as covariates in the analyses. The incidence of PA was
also similar 12% in the PT group and 15% in the HC group
(¥’ =2.52, p=0.13). Further, demographic and clinical data are
presented in Table 1.

Genome-wide identification of differentially methylated
positions

No significant associations were found for any of the models
(EWAS or interaction analysis) at the single position level, after
correction for multiple testing. A Manhattan plot for the main
effect of PA is presented in the SI, Supplementary Fig. 1.

Genome-wide identification of differentially methylated
regions

Significant interactions between four DMRs and PA on case-
control status were identified in genes encoding leucine-rich
repeat and immunoglobulin-like domain-containing nogo
receptor-interacting protein 3 (LINGO3, Sidak corrected
p = 1.71E-03), the overlapping bladder cancer-associated protein
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and neuronatin (BLCAP; NNAT, Sidak corrected p = 4.88E-03),
nanos C2HC-type zinc finger 2 (NANOS2, Sidak corrected
p =6.92E-03) and solute carrier family 2 member 14 protein
(SLC2A14, Sidak corrected p = 3.95E-02; Fig. 2 and Table 2), so that
HC with PA had higher methylation at these DMRs compared with
HC without PA, while the opposite was the case in patients (PT).
From another point of view, HC and PT had different methylation
at these DMR:s if they had a history of PA exposure, with HC having
higher methylation compared with PT (Fig. 2).

We analyzed the correlation of DNAm profiles associated with
PA between PT and HC, to explore whether the interaction
detected at the DMR in LINGO3, BLCAP; NNAT, NANOS2 and
SLC2A14 may reflect a global pattern of opposite response to PA.
We observed a weak, albeit significant, positive correlation of
DNAm profiles associated with PA between PT and HC, r =0.134,
p <2.2e-16 (Fig. 3). Stratified by sex, we found a weak negative
correlation of DNAm profiles associated with PA between female
PT and HC (r =-0.120, p < 2.2e-16) and a weak positive correlation
between male PT and HC (r=0. 088, p < 2.2e-16; Supplementary
Fig. 2).

We found significant correlations between methylation in blood
and methylation in previously tested brain regions, namely
prefrontal cortex, entorhinal cortex, and superior temporal gyrus,
for probes associated with LINGO3, BLCAP,NNAT, NANOS2 and
SLC2A14 (Supplementary Figs. 3-6).

Sex, PA and differentially methylated regions

In males, we found significant interactions between DMRs and PA
on case-control status in six genes encoding TNFAIP8, ADARB2,
SLC35C1, SORBS2, NRIP2 and MOBP (Supplementary Table 1). In
females, we identified one gene, DUSP19, with a significant
interaction between DMRs and PA on case-control status
(Supplementary Table 2).

Differentially methylated regions and PA on Age of onset or
disease severity

One DMR for the gene encoding TACSTD2 in male PT, and one in
female PT—LGALSS, had a significant interaction between PA and
methylation on disease severity (Supplementary Table 3). In male
PT, we identified one DMR for the gene encoding TMEM232 that
showed a significant interaction between PA and methylation on
age of onset (Supplementary Table 4). No associations between
PA and methylation on age of onset were observed in female PT.

Differentially methylated regions and PA on SZ and BD
subgroups

Significant interactions between six DMRs and PA on SZ case-
control status were identified for the HOXA4, SLC2A14,
CTBP1,;C40rf42, MOBP, BAHCC1 and NANOS2 genes (Supplementary
Table 5). Significant interactions between two DMRs and PA on BD
case-control status were identified for the HKR1 and LRRC34 genes
(Supplementary Table 6). We observed a significant positive
correlation of DNAm profiles associated with PA between SZ and
BD, r=0.295, p < 2.2e-16 (Supplementary Fig. 7).

DISCUSSION
By analyzing the interaction between DNAm and PA on case-
control status, we identified DMRs in genes encoding LINGO3,
BLCAP;NNAT, NANOS2 and SLC2A14. In the absence of PA, PT and
HC have the same methylation level; while PA exposure
corresponded to an increase of methylation in HC and a decrease
of methylation in PT. Consistently, we found a weak global
correlation in methylation profiles associated with PA between
groups.

The increase of methylation at these DMRs in HC may be part of
an adaptive epigenetic response to PA, which could be absent in
PT, who indeed have lower DNAm at these DMRs, in the context of
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Fig. 2 Differentially methylated regions (DMRs) with a significant perinatal asphyxia x DNAm interaction on case/control status. Across
the four DMRs, methylation patterns differed between groups with perinatal asphyxia exposure. Shaded area represents standard error of the

mean (SE). Beta values are for blood methylation status (y-axis).

PA. PA may induce different responses in the epigenome, and
some of these paths may increase the risk for psychiatric disorders.
Since previous studies have found alterations with LINGO3
[44-47], BLCAP.NNAT [48-51] and SLC2A14 [52, 53] genes or
associated functions in SZ and BD, it might be possible that an
altered response to PA at the DNAm and/or gene expression levels
may disrupt brain development and function in PT. DNAm
increases in HC might represent epigenetic modifications
influenced by environmental exposure of PA, which may be
associated with increased susceptibility to somatic diseases later
in life, but not necessarily the transition to severe mental
disorders. It may also represent protective-adaptive alterations
that may increase resilience in healthy individuals later in life.
Due to its availability and ease of collection, this EWAS used
blood as a surrogate tissue rather than disease specific tissue;
however, methylation levels in blood and brain-tissue have a
concordance [54]. To further address this issue, we performed
secondary analyses on the probes associated with LINGO3,
BLCAP;NNAT, NANOS2 and SLC2A14 to investigate the relationship
between DNAm in blood and at the same genomic loci in four
brain regions (prefrontal cortex, entorhinal cortex, superior
temporal gyrus and cerebellum) [40] and found significant
correlations. However, because the response to PA is systemic
and given the stability of DNAm profiles, our findings have
relevance to psychiatric disorder even in the absence of a proven
brain-blood correlation. In other words, changes in DNAm detected
in blood may reveal an epigenetic mechanism of response to PA
which is relevant for the development of psychiatric disorders.
Nonetheless, we detected significant interactions between PA
and DNAm at the level of DMR mapping to loci containing genes

SPRINGER NATURE

with relevant brain functions. Particularly, LINGO3, a paralog to
LINGO1, is expressed in neurons and a highly restricted population
of Olig2-expressing oligodendroglia cells. A functional overlap
between LINGO3 and LINGOT has been suggested [55]. The more
studied, LINGO1, is a potent negative regulator of neuron and
oligodendrocyte survival, axon regeneration, neurite extension,
oligodendrocyte differentiation, axonal myelination and functional
recovery; these processes are highly involved in numerous brain
functions [56]. Reduced oligodendrocyte densities have been
reported in both SZ and BD [44-47]. In SZ, LINGO1 has been found
to be upregulated in the dorsolateral prefrontal cortex and
hippocampus [57] and associated with the dysregulation in
apoptosis of neurons [58], which might explain previously
observed reductions in mean total neuron number in the
putamen and caudate nucleus of individuals with SZ [59]. So, if
the DNAm changes that we detected in blood are mirrored by
DNAm changes in the brain, as our results suggest, we could
speculate that PA may lead to a decrease of methylation in
individuals who later in life developed SZ or BD. Such DNAm
decrease may be associated with an increased LINGO3 expression,
consistent with the findings of increased LINGOT expression and
reduced oligodendrocyte densities in SZ and BD.

For the overlapping BLCAP;NNAT genes, the BLCAP gene
encodes a protein that reduces cell growth by stimulating
apoptosis, and the imprinted gene NNAT encodes a protein
associated with brain development, assembly, maturation and
maintenance of the central nervous system (CNS) [60]. A recent
EWAS study found that the DNAm of BLCAP,NNAT were strongly
associated with left-handedness [61], a trait with low heritability
and where epigenetic mechanisms have been proposed as an

Translational Psychiatry (2024)14:16
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p

3.01E-02
3.19E-02
3.25E-02
3.69E-02

v

n probes

4
3

DNAm
Min p
2.96E-02
1.53E-02
1.16E-02
2.03E-03

dak p

)

n probes

PA
Min p

Sidak p

n probes

PA* DNAm
Min p

gene
STX2

continued
chr12:131322960-131323042
chr13:113655964-113656212

Sidak p <0.05
chr12:117470875-117471115
chr19:8274853-8275083
chr6:31508106-31508318

DMR

Table 2.
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7
3
6
4
4

MCF2L
LASS4
BAT1

3.70E-02
3.88E-02

1.17E-02
3.21E-02
1.95E-02

chr12:132340356-132340570
chr2:204801413-204801510

3.90E-02

ICOS

Positions of DMRs are given according to hg19 reference genome with chromosome: start-end. DMRs were identified using a seed with a p-value of < 0.05. For each DMR, the table lists the minimum p-value

(Min p), the number of probes (n probes) and the Sidék corrected p-value (Sidak p). PA perinatal asphyxia

underlying etiological mechanism. Numerous scientific studies
have demonstrated a higher occurrence of left-handedness in an
array of psychiatric disorders, supporting the view that there is a
genetic link between handedness and brain lateralization [48-51].
It is also known that left-handedness is associated with complica-
tions in the perinatal period [48, 62]. Consistent with these studies,
we report here a higher frequency of non-right handers among PT
who experienced PA compared to PA in the HC.

Of note, NNAT is an imprinted gene [60], and alterations in the
DNAm of imprinted genes (i.e. genes that carry parental allele-
specific methylation profiles) have been documented in studies of
in utero exposure to dietary micronutrients [63, 64], caloric
restriction [65-67], protein restriction [68] and cigarette smoking
[69]. The PA related differences in the DNAm of the NNAT gene
reported here may be an example of a methylation alteration in an
imprinted gene that can serve as a useful biosensor of adverse
environmental exposures that also include PA [70].

NANOS2 and Nanos genes are expressed in fetal and adult testis
and ovary and the adult brain, particularly the hippocampus [71],
and are known for their evolutionarily preserved role in germ cell
pluripotency and survival [72]. Nanos proteins are important in the
development of the CNS [71, 73], but also their overexpression is
associated with various human cancers [72, 74], consistent with
the link between cancer and gene regulatory network acting
during development. Specifically, alterations due to DNAm of
Nanos genes have been associated with hepatocellular carcinoma
[75], prostate cancer [76], thyroid carcinomas [77], adult [78] and
childhood [79] asthma, type Il diabetes [80] and metabolic
syndrome [81]. Of interest, an animal study has detected increased
NANOS2 expression in the hypothalamus following exposures to
maternal deprivation, consistent with the possibility that other
early life stressors, in addition to PA, may alter the epigenetic
status of this gene, whose function as a zinc finger protein may
contribute to regulate the translation of genes relevant for
development [82].

SLC2A14 gene, a paralog of SLC2A3, is highly expressed in the
brain and other tissues: cardiomyocytes, placenta, white blood cells,
and others [83]. In both the neocortex and in deeper cortical
structures, SLC2A3 seems to be primarily localized to axonal and
dendritic processes, suggesting an important role for SLC2A3 in ATP-
dependent axonal transport processes and synaptic plasticity [84].
Furthermore, SLC2A3 has been shown to strongly respond to
hypoxic stress [85] and it has been shown that hypoxia-induced
chromatin conformation changes influence SLC2A3 expression and
functions in multiple cell types [86]. Consistent with our findings, it
has been suggested that alterations in SLC2A3 gene dosage interfere
with neurodevelopment of individuals later diagnosed with a
neuropsychiatric disorders, such as ADHD [87], SZ [52] and BD [53].

A strength of this study is the prospective birth registry
information on PA that was available on a large sample of
individuals with SZ or BD and HC. A limitation to the study is
represented by our sample size, which reduces the power to
detect changes at the differentially methylated position level.
Stratifying by sex reduced the sample size considerably, so we
interpret these findings and associations with disease severity and
age of onset with caution.

Another limitation to this study is that we define PA based on
codes from the MBRN, which may not fulfill modern criteria for PA
[88]. Indeed, most of the participants were born before 1990, thus
before the definition of current criteria for PA [88]. Additionally, the
use of encoded data from the MBRN may not accurately describe
the clinical picture of the condition and may account for the over-
registration of PA (>10%) in this study. However, given that MBRN
data are collected from maternity wards in Norwegian hospitals, we
can assume that the conditions classified as PA in the MBRN
(asphyxia without other signs, asphyxia with poor sound, asphyxia
and discolored amniotic fluid, asphyxia, mild or moderate birth
asphyxia) were defined based on the ICD classification of asphyxia

Translational Psychiatry (2024)14:16
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t-statistics of controls

Fig. 3 Scatterplot demonstrating the correlation between DNA methylation profiles associated with perinatal asphyxia between groups.

(e.g., “failing to initiate and sustain breathing at birth”), which should
also capture more recent strict definition of this important
complication. Inflammatory presentation is unclear in the MBRN.
Since inflammation together with PA increases the risk for neural
damage [89], milder insults may cause injury or alterations in those
with a genetic liability for SZ development [90]. Given that PA is
associated with neurodevelopmental deficits later in life, the
exclusion criteria of the TOP study (i.e., exclusion based neurological
diseases and intellectual impairments) might not fully capture the
full range of PA exposure in our patient sample. Additionally, the
exclusion criteria might be the reason for the lower percentage of
PA in the SZ group, which have a higher genetic liability for SZ but
may also have a lower tolerance for PA.

Since common genomic variants and epigenetic modifications
influenced by environmental risk factors are frequent in a
population and in part shared with other psychiatric disorders
[91], future studies might include larger and more diverse cohorts
of mental and neurodevelopmental disorders to investigate the
specificity of these findings. Given the polypharmacy among
patients, a potential effect of medication was unavoidable and is a
limitation of any clinical study, including ours. Future studies
addressing the influence of psychiatric medication and simulta-
neous use of several psychiatric medications on DNAm, also in
combination with early life complications, might be important.
Since  PA commonly co-occurs with other severe obstetric
complications [35], we cannot rule out that other underlying
conditions like placental pathophysiology, in which placental
failure can lead to asphyxia and subsequent growth restriction or
preterm births [92] (see Supplementary Note 1), might influence
DNAm in our sample. Additionally, possible maternal risk factors,
such as preeclampsia, maternal diabetes and BMI, could influence
developmental outcomes in offspring and may explain both the
DMRs as well as later PT status. Future work in larger samples
should include additional environmental risk factors like maternal

Translational Psychiatry (2024)14:16

and placental conditions and exposures in combination with
DNAm and offspring patient status to better define what may
drive the differential methylation in response to PA.

We identified four DMRs for LINGO3, BLCAP;NNAT, NANOS2 and
SLC2A14 genes that significantly interacted with PA on case-
control status, where methylation patterns differed with PA
exposure between groups. These findings provide further
evidence of alterations in the response to hypoxia and oxidative
stress and may underscore the contribution of PA as a source of
the shared etiopathogenetic mechanisms leading to the abnormal
brain development commonly observed in schizophrenia and
bipolar disorder. Prevention strategies may benefit from under-
standing the possible divergent epigenetic responses to PA that
give rise to a healthy brain development or to trajectories of risk
for psychiatric disorders. We mainly assessed DNAm in adults but
examining infants or young children might be of interest for future
studies aimed at detecting epigenetic changes specific to early
stages of development, which could represent biomarkers of risk.
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