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ARTICLE INFO ABSTRACT

Handling Editor: Shoji Nakayama Background: Accumulating evidence suggests that prenatal chemical exposure triggers epigenetic modifications
that could influence health outcomes later in life. In this study, we investigated whether DNA methylation

Keywords: (DNAm) levels at the glutamate ionotropic receptor NMDA type subunit 2B (GRIN2B) gene underlies the asso-

DNA f{lethylaﬁon ciation between prenatal exposure to an endocrine disrupting chemical (EDC), bisphenol F (BPF), and lower

E](;gcr:twn cognitive functions in 7-year-old children.

Bisphenol F Methods: Data from 799 children participating in the Swedish Environmental Longitudinal Mother and child

BPF Asthma and allergy (SELMA) pregnancy cohort was analyzed. Prenatal BPF exposure was assessed by measuring

GRIN2B BPF levels in maternal urine. At age 7, DNAm of three CpG sites in a regulatory region of the GRIN2B gene was

analyzed from buccal swabs using bisulfite-Pyrosequencing. Cognitive functions, including full-scale IQ and four
subscales, were evaluated using the Wechsler Intelligence Scale for Children (WISC-IV). Associations between
prenatal BPF exposure and GRIN2B DNAm, as well as between GRIN2B DNAm and cognitive functions, were
determined using regression models adjusted for potential confounders. Generalized structural equation models
(gSEM) were used to evaluate if GRIN2B DNAm mediates the association between prenatal BPF exposure and
cognitive functions at 7 years of age.

Results: Prenatal BPF exposure was positively associated with GRIN2B DNAm levels at the third CpG site (CpG3),
while CpG3 methylation was inversely associated with cognitive test scores. Mediation analyses showed that
CpG3 methylation exerted 6-9% of the association between BPF exposure and full-scale IQ, as well as verbal
comprehension and perceptual reasoning in boys, while not significant in girls.

Conclusions: This study is the first to identify locus-specific DNAm as a mediating factor underlying an epide-
miological association between prenatal EDC exposure and cognitive functions in childhood. It also confirms
previous findings, that GRIN2B DNAm is responsive to environmental exposures.

1. Introduction 2018). Therefore, it is of concern that human populations are constantly
exposed to chemicals that interfere with hormonal signaling, so called

The developing brain is vitally dependent on proper hormonal endocrine disrupting chemicals (EDCs), even from the time in utero
signaling of, e.g., thyroid and sex steroid hormones (Miranda and Sousa, (Bergman et al., 2013). Both animal studies and human epidemiological

* Corresponding author at: Uppsala University, Department of Organismal Biology, Environmental Toxicology, Norbyv. 18A, 752 36 Uppsala, Sweden.
E-mail address: elin.engdahl@ebc.uu.se (E. Engdahl).

1 These authors contributed equally to this work.

2 Address: School of Psychiatry, University of New South Wales, Sydney, Australia. South Western Sydney Local Health District, Liverpool, Australia.

3 Address: Canadian Neurological Centre, Mississauga, Ontario, Canada.

https://doi.org/10.1016/j.envint.2021.106617

Received 4 November 2020; Received in revised form 28 April 2021; Accepted 30 April 2021

Available online 18 May 2021

0160-4120/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:elin.engdahl@ebc.uu.se
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2021.106617
https://doi.org/10.1016/j.envint.2021.106617
https://doi.org/10.1016/j.envint.2021.106617
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2021.106617&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E. Engdahl et al.

data repeatedly show that prenatal exposure to certain EDCs, like
Bisphenol A (BPA), affects neurodevelopment (Engdahl and Riiegg,
2020; Wolstenholme et al., 2011). We have recently demonstrated that
prenatal exposure to bisphenol F (BPF), used as a substitute for BPA in
the production of polycarbonate plastics and epoxy resins (Chen et al.,
2016), is associated with impaired cognition in children, primarily in
boys, at 7 years of age (Bornehag et al., 2021; Tanner et al., 2020). The
mechanism underlying this association is not known, but other studies
have shown that changes in DNA methylation (DNAm) patterns can
mediate persistent effects of early-life events on human health later in
life (Checknita et al., 2018; Fasanelli et al., 2015; Tobi et al., 2018;
Wiklund et al., 2019).

DNAm is a stable epigenetic modification that can, in interaction
with other epigenetic modifications like histone modifications, change
DNA accessibility and thereby regulate gene transcription over genera-
tion of cells (Bernstein et al., 2007; Miller and Grant, 2013). Epigenetic
regulation plays a critical role in cell differentiation and tissue organi-
zation during development, not least of the brain (Smith and Meissner,
2013; Spiers et al., 2015). Animal studies have established that early-life
exposure to environmental factors can induce epigenetic changes in the
brain, which are linked to cognitive or behavioral changes later in life
(Kundakovic and Jaric, 2017). Also, in humans, there is increasing ev-
idence for associations between the prenatal environment (e.g., chem-
icals and metals, maternal smoking, alcohol consumption, and stress)
and epigenetic changes in genes important for brain development and
functions (Boschen et al., 2018; Jacobs et al., 2017; Tran and Miyake,
2017). Prenatal EDC exposure has been associated with altered mental
and behavioral child development in a sex-dependent way (Braun et al.,
2011; Evans et al., 2014; Harley et al., 2013; Kim et al., 2011; Kobrosly
et al.,, 2014; Perera et al., 2016; Whyatt et al., 2012) as well as with
altered DNAm patterns in a sex dependent way (Alavian-Ghavanini
et al., 2018; Miura et al., 2019; Montrose et al., 2018).

In a previous study, we found that in utero exposure to BPA induces
DNAm changes in a regulatory region of GRIN2B, the gene encoding the
Glutamate ionotropic receptor [NMDA] subunit 2b, in the hippocampus
of adult female rats, which correlated with changes in gene expression
(Alavian-Ghavanini et al., 2018). Additionally, we found significant
associations between GRIN2B methylation in buccal swabs samples from
7 year old children and prenatal BPA exposure in the SELMA study
(Alavian-Ghavanini et al., 2018) and between GRIN2B methylation in
saliva samples from adults and early-life stress in the PART study
(Engdahl et al., 2021), suggesting that this region is susceptible to
epigenetic changes in response to early life environmental impact also in
humans. GRIN2B expression is important for brain development as
mutations in GRIN2B have been associated with neurodevelopmental
disorders such as intellectual disability, developmental dyslexia and
autism spectrum disorders (ASD) (Hu et al., 2016; Mascheretti et al.,
2015; Myers et al., 2019; Platzer and Lemke, 1993).

Here, we aimed at addressing whether GRIN2B methylation, ana-
lysed in buccal swab samples, is associated with cognitive function in the
SELMA children at 7 years of age. Furthermore, we explored if GRIN2B
methylation can mediate the statistical association between prenatal
BPF exposure and cognitive outcomes.

2. Methods
2.1. Study population

We have analyzed data from the Swedish Environmental Longitu-
dinal, Mother and child, Asthma and allergy (SELMA) study; a preg-
nancy cohort study designed to investigate early life exposure to
environmental chemicals and health and development in children.
SELMA recruited 2,582 pregnant women in the county of Varmland,
Sweden at their first antenatal care visit between the years 2007 and
2010 with 39% response rate. Detailed recruitment selection criteria
and sample collection procedures have been published previously
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(Bornehag et al., 2012). Participants provided written consent and the
study was approved by the Regional Ethical Review Board (Uppsala,
Sweden). For the current study, we used data from 799 children for
which maternal BPF levels had been measured, child oral swab samples
and cognitive functions collected at 7 years of age, and data on all
covariates were available.

2.2. Biological samples

First morning void urine samples were obtained in week 3-27 of
pregnancy (median week 10, and 96% of the samples were taken before
week 13) at enrollment to the study. Urine samples were collected in
supplied glass containers at home and, at a laboratory, transferred into
polypropylene tubes without any other assisting equipment. Samples
were stored at —20 °C before being processed at the laboratory at the
division of occupational and environmental medicine, Lund University,
Sweden. The samples were prepared and quantitatively analyzed for
urinary BPF concentrations according to a method described in (Berge
et al., 2017; Gyllenhammar et al., 2017) using liquid chromatography
triple quadrupole linear ion trap mass spectrometry (QTRAP 5500; AB
Sciex, USA; LC-MS/MS). The laboratory has qualified as HBM4EU lab-
oratory for BPF analysis in urine.

DNA material from the mucosal lining of the mouth of the children
was collected with buccal swabs by a nurse at the health examination at
7 years. The buccal swabs were then stored at —70 °C in a biobank until
analysis.

2.3. Cognitive function measurements

Children’s cognitive functions at age 7 were evaluated by trained
psychologists using the Wechsler Intelligence Scale for Children (WISC-
IV; (Wechsler, 2003)), 4th edition. The test measures intellectual func-
tioning of children in four sub-domains (indices) that make up the full
scale IQ score. The four indices are: verbal comprehension index (VCI)
measuring verbal reasoning and concept formation; perceptual
reasoning index (PRI) measuring visual perception and organization,
and nonverbal concept formation; working memory index (WMI)
measuring memory processes and mental control; and processing speed
index (PSI) measuring the speed and accuracy of visual information
processing (Prifitera et al., 2005).

2.4. DNA methylation

Methylation status of three CpG sites in a regulatory region of
GRINZ2B were assessed by bisulfite-Pyrosequencing (Alavian-Ghavanini
et al., 2018). The sequenced region is located in a CpG island upstream
of the GRIN2B gene on Chromosome 12, more specifically at
chr12:14,134,920-14,134,943 (in the GRCh37/hgl9 genome assem-
bly). The first analyzed CpG in this sequence (“CpG1”) is identical with
the Ilumina 450 K probe ID ¢g10091102, located at position
chr12:14,134,922. CpG2 and CpG3 are located at position
chr12:14,134,932 and chr12:14,134,934. In addition, a fourth CpG was
analyzed at position chr12:14,134,936 but this position was excluded
from statistical analyses due to a low rate of passing quality control
check in the Pyrosequencing assay. The samples were analyzed in two
separate batches. Genomic DNA was isolated from oral swabs using the
BuccalAmp™ DNA extraction kit (Epicentre) according to manufac-
turers’ protocol. DNA was bisulfite converted using the EZ-96 DNA
Methylation-Gold MagPrep kit (Zymo Research Corporation). After that,
the region of interest was amplified using the PyroMark PCR kit (Qia-
gen) together with 0.2 uM forward primer (5'- TGATTTAGGGGGGAG-
GAGAAATT — 3') and biotinylated reverse primer (Batch 1 = 5'-
AAACTACCTCCCCCAAAATCTTAACA — 3/, Batch 2 = 5-AAAAC-
TACCTCCCCCAAAATCTTAACAAA-3') and with the addition of 1 pl
MgCl, (25 mM) per 25 pl reaction, according to manufacturer’s proto-
col. Pyrosequencing was performed on a PyroMark ID instrument (Batch
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1 = Q24 format, Batch 2 = Q96 format; Qiagen) using PyroMark Gold
reagents (Qiagen) and 0.4 uM sequencing primer (Batch 1 = 5'-
GGAAGATATTGTTTTTGTTTTTAG - 3, Batch 2 = 5-
TATTGTTTTTGTTTTTAGG-3') according to the manufacturer’s proto-
col. Methylation level at the four sequenced CpG sites were obtained
using the PyroMark software (Qiagen).

Standard curves of commercial DNA with known methylation status
were analyzed in both batches (batch 1 and batch 2: 0-100% methyl-
ation; Batch 2: 0-15% methylation) and showed linearity (R2 > 0.97)
between measured and predicted methylation. A technical control
sample with very low methylation level at GRIN2B was used to deter-
mine the resolution for low methylation values. This sample was read
both as low methylated (<5%) and unmethylated, indicating that the set
limit between unmethylated and low positive may be close to the
technical detection limit of this method.

2.5. Adjustments

To account for urine dilution, BPF levels were adjusted to creatinine
urinary concentration, which had been analyzed according to an enzy-
matic method described by Mazzachi et al. (2000). The creatinine
adjusted BPF values were log( transformed prior to statistical analyses.
Maternal IQ was assessed using the short version of Ravens matrices, a
test of nonverbal intelligence (Van der Elst et al., 2013), and included as
a potential confounder in the statistical models. Also, for CpG1 and
CpG2, but not for CpG3, the cluster distribution of samples varied be-
tween analysis batch 1 and 2 (Table S1), indicating a batch effect in the
data. Therefore, all statistical models were adjusted for analytical batch.
Since cognition varied between boys and girls (Table 1), also sex was
added as a covariate to the statistical models.

2.6. Statistical analysis

All analyses were performed using the statistical software STATA
version 14, and R version 3.5.2.

2.6.1. Clustering analysis for DNAm data

DNAm levels of the three CpG sites were found to form highly
skewed-to-right distributions because a large proportion of the DNAm
levels was zero. To overcome this skewed distribution in the statistical
models, DNAm levels were categorized into three clusters and defined as
follows: the first cluster included unmethylated samples (i.e. DNAm
level equivalent to 0%), the second cluster included low methylated
samples (i.e. DNAm levels between 0.1 and 5%), and the third cluster

Table 1
Characteristics of the Study Population (N = 799).
All Boys Girls P-
value”
(m =799) (n = 398) (n = 401)
BPF" (ng/ml) [GM (GSD)] 0.16 0.16 0.15 0.566
(5.23) (4.97) (5.51)
Maternal IQ [mean + SD] 114.9 + 115.2 + 114.5 + 0.226
15.1 15.6 14.5
Child IQ
Full scale IQ [mean + SD] 99.8 + 98.1 + 101.5 + <0.001
12.6 12.8 12.3
Working memory [mean + 89.9 + 88.7 + 91.1 + 0.013
SD] 13.7 13.4 13.8
Processing speed [mean + 98.6 + 95.6 + 101.5 £ <0.001
SD] 15.4 15.3 14.8
Perceptual reasoning [mean 106.3 + 106.0 + 106.6 + 0.547
+ SD] 12.3 12.6 12.0
Verbal comprehension 100.7 + 99.5 + 101.8 + <0.001
[mean + SD] 11.4 11.7 10.9

@ P-values from Mann-Whitney t-test, comparing boys and girls.
b Not creatinine adjusted BPF urinary concentrations
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included methylated samples (i.e. DNAm levels > 5%). The 5% cutoff
was set based on the uncertainty to accurately determine low methyl-
ation in the range of <5% due to technical limitations of the method,
determined by the low methylated control sample. The DNAm distri-
bution for each CpG site is shown in Fig. S1. To obtain a better separa-
tion between the unmethylated samples from the methylated samples in
the mediation analyses described below, we excluded the second cluster
of low methylated samples from the main analyses. However, sensitivity
analyses were also performed including all three clusters and are pre-
sented as supplementary information.

2.6.2. Descriptive analysis

Descriptive statistics were used to describe the study population in
terms of prenatal BPF levels, cognitive test scores, and DNAm cluster
proportions across three CpG sites, in the full sample and by sex. Dif-
ferences by sex in continuous variables were evaluated using Mann-
Whitney t-test as these variables had a significant Shapiro-Wilks
normality test. The DNAm cluster proportions across three CpG sites
were compared using the Chi-squared test. Spearman correlation co-
efficients between the three CpG sites showed significant but weak
correlations ranging between 0.11 and 0.27.

2.6.3. Exploratory analyses

To establish the premise for mediation effects, we examined if DNAm
at any CpG site (CpGl, CpG2, and CpG3) was associated with both
cognitive functions and prenatal exposure to BPF. Statistically signifi-
cant associations of the DNAm of a CpG site with both BPF and cognition
would be considered a potential mediating factor of prenatal BPF
exposure on cognitive functions, and were further analyzed for media-
tion effects. In these exploratory analyses, the DNAm clusters were
regarded as categorical values representing the three clusters of unme-
thylated, low methylated and methylated samples, where the unme-
thylated cluster was used as the reference group.

For each CpG site we first investigated associations between DNAm
and cognition, using separate generalized linear models (GLMs) on full
scale IQ, and each of the four subscales, adjusting for child’s sex,
analytical batch (of pyrosequencing) and maternal IQ score. Second, we
investigated associations between BPF exposure and DNAm, using
multinomial logistic regression models on DNAm cluster adjusted for
urinary creatinine, child’s sex, and analytical batch. This model allowed
to identify differences in the association between BPF exposure and
DNAm clusters. Alpha values below 0.05 were considered significant.

2.6.4. Mediation analyses

We used the principles recommended by Baron and Kenny (Baron
and Kenny, 1986), Judd and Kenny (Judd and Kenny, 1981), and James
and Brett (James and Brett, 1984) - using three steps to establish
mediation. The mediation effect of DNAm on the relation between BPF
and cognitive functions was determined with the generalized structural
equation model (§SEM) coding the CpG3 methylation in two clusters as
a continuous variable. The two clusters used were the unmethylated
group (0% methylation) and the methylated group (>5% methylation),
excluding the middle cluster of low methylated samples in order to
better distinguish between the unmethylated and methylated samples
and to avoid the uncertainty of low methylated values due to the tech-
nical limitation of the assay. By using gSEM it is possible to construct a
web of relationships between multiple variables, where all variables are
included to build the model. The significance level of the indirect effect
was hence estimated using robust corrections to standard errors that
takes the batch effect, urinary creatinine, child’s sex and maternal IQ
into consideration. We then calculated mediation proportion as the in-
direct effect divided by the total effect. Those effects with an alpha
below 0.05 were considered significant.

Based on the knowledge that associations between prenatal EDC
exposure and neurodevelopmental outcomes often shows differences for
boys and girls (Braun et al., 2011; Evans et al., 2014; Harley et al., 2013;
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Kim et al., 2011; Kobrosly et al., 2014; Perera et al., 2016; Whyatt et al.,
2012), we also conducted stratified analyses by sex.

As a sensitivity analysis, we ran the mediation analysis including the
low methylated (0.1-5% methylation) group, i.e. this analysis used the
full study population divided into three methylation clusters. Also in this
analysis, the methylation clusters were treated as a continuous variable.

3. Results
3.1. Description of the study population

The results from the descriptive analysis are presented in Table 1.
Prenatal urinary BPF concentrations had a geometric mean (GM) of 0.16
(ng/ml) and did not differ between sexes. On the other hand, girls
exhibited significantly higher full IQ and higher scores in all subscales
than boys, except for perceptual reasoning where boys and girls had
similar scores. There was no difference in DNAm cluster distribution at
7 years of age between boys and girls (Table 2).

3.2. Exploratory analysis

Among the three GRIN2B CpG sites, prenatal BPF levels were
significantly and positively associated with DNAm level of the third CpG
site (CpG3) after adjusting for sex and analytical batch. A one-unit in-
crease in BPF on the log( scale was associated with 42% higher odds (p
= 0.047) of having > 5% CpG3 methylation, compared to having this
CpG site unmethylated. Cognitive test scores were significantly and
inversely associated with DNAm at CpG3, but not CpG1 and CpG2, after
adjusting for sex, analytical batch and maternal IQ scores. Having > 5%
CpG3 methylation was associated with a 3.4 lower full-scale IQ score (p
= 0.033), and a 3.6 lower score for the subscale verbal comprehension
(p = 0.014), compared to having this CpG site unmethylated. BPF
exposure was not associated with low (0.1-5%) CpG3 methylation, nor
was low CpG3 methylation associated with cognitive test scores. Based

Table 2
Individuals allocated to each cluster for the three GRIN2B CpG sites analyzed
from children’s saliva at 7 years of age.

DNAm range in All Boys Girls P-
cluster® value”
(n= (n= (n=
799) 398) 401)
n (%) n (%) n (%)
CPG 1
Unmethylated ©  0.00-0.00 544 271 273 0.942
(68%) (68%) (68%)
Low methylated  2.51-4.99 91 44 47
N (11%) (11%) (12%)
Methylated ¢ 5.01-29.10 164 83 81
(21%) (21%) (20%)
CPG2
Unmethylated ©  0.00-0.00 553 263 290 0.154
(69%) (66%) (72%)
Low methylated ~ 2.24-5.00 106 57 49
¢ (13%) (14%) (12%)
Methylated d 5.01-26.50 140 78 62
(18%) (20%) (15%)
CPG3
Unmethylated ©  0.00-0.00 673 334 339 0.957
(84%) (84%) (85%)
Low methylated  2.33-5.00 64 (8%) 33(8%) 31 (8%)
Methylated d 5.01-28.2 62 (8%) 31 (8%) 31 (8%)

@ P-values from chi-square test, comparing CpG cluster distribution between
boys and girls.

b Unmethylated cluster: 0% DNA methylation.

¢ Low methylated cluster: 0.1 — 5% DNA methylation.

4 Methylated cluster: >5% DNA methylation.

¢ DNAm values of the samples included in the respective cluster.
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on the significant associations between BPF exposure and CpG3
methylation (>5%), as well as between CpG3 methylation (>5%) and
cognition, we continued with analyzing the role of only CpG3 methyl-
ation in the mediation analyses.

3.3. Mediation analyses

To further evaluate the potential mediating role of GRIN2B CpG3
methylation in the relationship between prenatal exposure to BPF and
cognition, mediation analyses were performed. When evaluating the
individual associations in this model, both prenatal BPF exposure and
CpG3 methylation were associated with lower cognitive test scores, but
the association between BPF exposure and CpG3 methylation did not
reach significance in the full study population (Table 3). When strati-
fying the data for sex, both the association between BPF exposure and
CpG3 methylation, and the association between CpG3 methylation and
cognitive outcomes were significant in boys (Table 3).

Mediation effects were then calculated in boys based on three sig-
nificant relationships in the model (Fig. 1). In boys, CpG3 methylation
was found to mediate 8% of the effect of prenatal BPF exposure on Full
scale IQ, as well as 9% and 6% on the subscales verbal comprehension
and perceptual reasoning, respectively (Table 3). However, not all as-
sociations were significant in girls, holding further mediation analysis.

3.4. Sensitivity analyses

To test the stability of the model, individuals allocated to the low
methylation cluster (DNAm 0.1%-5%) were included in the analyses. In
this 3-cluster model (Table S2), 6% of the association between prenatal
exposure to BPF and full scale IQ was found to be mediated by DNAm of
CpG3 in boys, which is similar to the result of the 2-cluster model
(Table 3). The similarity of the results using the two models shows that
the detected associations are stable despite some uncertainty of
measuring methylation in the lowest range.

4. Discussion

The results of the current study show, for the first time, that DNAm
levels of the GRIN2B gene mediate an association between prenatal EDC
exposure (in this case BPF) and cognitive function in children at 7 years
of age. More specifically, the results of our mediation analyses suggest
that prenatal level of BPF is associated with a lower cognitive function
through higher levels of DNAm at CpG3 of the GRIN2B gene in boys.
These results lend support to our earlier findings of the adverse male-
dominant effects of BPF on the IQ scores (Bornehag et al., 2021; Tan-
ner et al., 2020) and shed light on molecular mechanisms underlying
this association.

The observed sex-specific mediation effect of CpG3 methylation on
cognitive outcomes highlights the complexity of epigenetic regulation,
and that GRIN2B may have different roles in brain development
depending on sex. Although DNA methylation of certain genes is known
to differ between males and females, possibly underlying sex differences
in susceptibility to certain neurological diseases and neurotoxicity of
chemicals (Qureshi and Mehler, 2010; Ratnu et al., 2017; Torres-Rojas
and Jones, 2018), more research is needed to decipher how GRIN2B
CpG3 methylation can have different effects on neurodevelopmental
outcomes in boys and in girls. However, our results that GRIN2B may
play a specific role in mediating an adverse effect on cognitive outcomes
in boys only, is supported by findings by Rooney et al. (2018) studying
children that participated in the Casa Pia Clinical Trial of Dental
Amalgams in Children (N = 330). They observed that lead (Pb) exposure
at 8-12 years of age significantly impaired learning and memory test
scores 2-7 years later in boys, but not in girls, carrying the minor allele
of GRIN2B rs1806201.

GRIN2B encodes the GluN2B subunit of NMDA receptors. NMDA
receptors are key mediators of excitatory synaptic transmission in the
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Table 3
GRIN2B CpG3 mediation of the association between prenatal BPF exposure and cognitive outcomes at 7 years of age.
BPF - CpG3 CpG3 - cognition BPF - cognition Indirect effect Total effect CpG3 mediation”
B1 (SE) p-value B2 (SE) p-value B3 (SE) p-value

Full sample (n = 735)
CpG3 methylation b 0.055 (0.03) 0.113 NA NA NA NA NA NA NA
Full IQ NA NA —1.57 (0.25) <0.001 —1.70 (0.44) <0.001 nd nd nd
Working memory NA NA —0.53 (0.02) <0.001 —1.54 (0.03) <0.001 nd nd nd
Processing speed NA NA —1.04 (0.20) <0.001 —1.53 (1.22) 0.212 nd nd nd
Perceptual reasoning NA NA —1.19 (0.46) 0.010 —1.19 (0.32) <0.001 nd nd nd
Verbal comprehension NA NA —1.71 (0.36) <0.001 —1.11 (0.03) <0.001 nd nd nd
Boys only (n = 365)
CpG3 methylation b 0.069 (0.02) 0.001 NA NA NA NA NA NA NA
Full IQ NA NA —2.69 (1.18) 0.023 —2.03 (0.82) 0.014 -0.19 —2.22 8%
Working memory NA NA —1.79 (1.24) 0.148 —1.30 (0.64) 0.043 nd nd nd
Processing speed NA NA —2.01 (2.19) 0.359 —0.99 (0.46) 0.031 nd nd nd
Perceptual reasoning NA NA —1.86 (0.10) <0.001 —1.93 (0.87) 0.025 -0.13 —2.06 6%
Verbal comprehension NA NA —2.28 (0.50) <0.001 —1.67 (0.46) <0.001 -0.16 —1.83 9%
Girls only (n = 370)
CpG3 methylation b 0.040 (0.08) 0.634 NA NA NA NA NA NA NA
Full IQ NA NA —0.48 (1.20) 0.690 —1.42 (0.04) <0.001 nd nd nd
Working memory NA NA 0.71 (0.76) 0.352 —1.74 (0.61) 0.004 nd nd nd
Processing speed NA NA —0.18 (1.54) 0.909 —2.09 (1.91) 0.275 nd nd nd
Perceptual reasoning NA NA —0.51 (0.62) 0.418 —0.54 (0.33) 0.104 nd nd nd
Verbal comprehension NA NA —1.14 (0.90) 0.206 —0.62 (0.56) 0.273 nd nd nd

Beta coefficients with standard errors, and corresponding p-values from gSEMs for the associations between: ;) Prenatal BPF exposure and CpG3 methylation; 85)
CpG3 methylation and cognitive outcomes; B3) prenatal BPF exposure and cognitive outcomes. In the mediation analysis, nd (not done) denotes that the indirect/total
effects and mediation proportion were not calculated because not all paths (i.e., 81, B2, B3) were significant, p < 0.05. NA = not available (i.e., not possible to calculate).
The full sample model was adjusted for urinary creatinine, maternal IQ, analytical batch and child’s sex, and the stratified models were adjusted for urinary creatinine,

maternal IQ and analytical batch.

@ Mediation proportion x100, expressing to what extent CpG3 methylation mediates the relationship between BPF exposure on cognitive outcomes.

b Categorized as unmethylated (0% DNAm) and methylated (>5% DNAm).

Indirect effect
(a*b) B =-0.19***

GRIN2B
methylation

(a) B, = 0.069%*

Mediation effect = 8%
(indirect / total effect)

(b) B, = -2.69*

BPF exposure

(') B; = -2.03*

Total effect

Fig. 1. Mediation analysis model investigating the
mediating role of GRIN2B CpG3 methylation in the
association between prenatal BPF exposure and
cognitive function in boys at 7 years of age. Gener-
alized structural equation models (gSEM) were used
for assessing relationship between the independent
variable BPF, the mediator DNAm at CpG3 and the
dependent variable Full scale IQ adjusting for uri-
nary creatinine, maternal IQ and analytical batch: a)
the effect of prenatal BPF exposure on DNAm; b) the
effect of DNAm on IQ; ¢’) the direct effect of BPF
exposure on IQ; c) the total effect of BPF exposure
on IQ (i.e., (a*b) + ¢’). f = unstandardized beta

BPF exposure

() B =-2.22%*

brain and they consist of two GluN1 (coded by GRIN1I) subunits and two
regulatory subunits that can be for example GIuN2B and/or GluN2A
(coded by GRIN2A). Depending on subunit composition, the NMDA re-
ceptor has different channel properties such as channel kinetics and
synaptic localization (Paoletti et al., 2013; Wyllie et al., 2013). During
development, when synapse maturation and acquisition of learning
abilities occurs, a switch in subunit composition takes place from pri-
marily GluN2B to primarily GIuN2A subunits (Dumas, 2005). This
switch is evolutionary conserved and occurs in humans mainly during
the first year of life (Law et al., 2003). In mice, males display higher
GluN2B:GluN2A ratio in the frontal cortex during postnatal develop-
ment compared to females (Sinclair et al., 2016), indicating that
GluN2B-containing NMDA receptors may have a more pronounced role

Full scale 1Q values. * p < 0.05, ** p < 0.01, *** p < 0.001.
Full scale IQ
in males.

Our results are consistent with emerging evidence for the link be-
tween prenatal exposure to chemical or psychological factors and
epigenetic patterns of the GRIN2B gene. For example, we have previ-
ously shown that prenatal BPA exposure could lead to hypermethylation
in one CpG site of the same GRIN2B gene region as in the present study
(“CpG1”; (Alavian-Ghavanini et al., 2018)). Furthermore, in another
cohort, we have found that increased GRIN2B CpG3 methylation in
saliva of adult individuals is associated with experience of childhood
adversity (CA; defined as major conflicts, financial problems, and death
within the family during childhood) (Engdahl et al., 2021), indicating
that both bisphenols and CA affect molecular pathways that modulate
methylation at this region. In the present study, we show that prenatal
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BPF exposure is associated with lower IQ at 7 years of age. Interestingly,
CA has also been associated with impaired cognitive performance
(Pechtel and Pizzagalli, 2011), such as lower IQ in adulthood (Aas et al.,
2012; Martins et al., 2019). One possible common molecular pathway
may be that both BPF and CA can affect hormones that regulate tran-
scriptional responses associated with cognitive outcomes. Thus, it is
possible that GRIN2B DNAm, rather than being directly affected, serves
as biomarker for chromatin accessibility resulting from transcriptional
changes in response to these exposures (Davis and Pattenden, 2019).

We have not addressed the role of genetic variation in modulating
GRIN2B DNAm in this study. There are no known SNPs within the
analysed CpGs that could directly affect methylation, yet the analysed
region (chr12:14,134,920-14,134,935) lies between the two SNPs
rs1019385 (chr12:14,134,843) and rs3764028 (chr12:14,135,064).
Genetic variations at both locations have been implicated to affect
GRIN2B expression as well as disease susceptibility: The G allele of
rs1019385 has been reported to inhibit nerve growth factor (NGF)-
induced GRIN2B expression and to be more common in schizophrenic
patients than in controls (Miyatake et al., 2002). The CC genotype of
rs3764028 has been reported to decrease transcriptional activity of the
GRIN2B promoter, and this genotype has been associated with sporadic
Alzheimer’s disease (Jiang and Jia, 2009). While these genetic associ-
ations emphasise the importance of this region for GRIN2B regulation,
there are, to our knowledge, no reports that they, or other SNPs, influ-
ence methylation status of the CpGs analysed in our study. However, we
cannot exclude that GRIN2B DNAm at this region is also influenced by
genetic variation, which would make it an interesting target to study
gene-environment interactions.

While it is clear that ideally, DNAm should be assessed in target
tissue, this is, in the majority of human studies, not possible and thus
surrogate tissue such as blood, saliva or buccal swab samples are
commonly used. Our results are based on methylation in non-invasive
buccal cell samples, which, in children, consist almost exclusively of
epithelial cells (90.3% based on microscopy analysis). The remaining
cell types include immune cells like neutrophils, B cells, natural killer
cells, CD4 + T cells and monocytes to varying degree (Theda et al., 2018;
van Dongen et al., 2018). How GRIN2B methylation differs between
these cell types is, to our knowledge, not investigated, and therefore we
do not know if cell composition could affect our results.

Findings in surrogate tissue give only limited information on func-
tional changes in the target tissue. Yet, there is some correlation between
DNAm in buccal samples and in brain tissue. For example, DNAm,
assessed by an untarged approach in 27 individuals (5-61 years) with
medically intractable epilepsy, showed correlation (r) of 0.88 within
gene regulatory regions, and 20.4% of “variable CpGs”, i.e. CpGs
showing large inter-individuals DNAm variations, were nominally
correlated between buccal cells and brain cells (Braun et al., 2019).
Furthermore, our previous studies in rat brain showed that CpG3
methylation in a homologous region correlates with Grin2b expression
(Alavian-Ghavanini et al., 2018). While we are unable to determine the
relationship between GRIN2B methylation levels and expression in
buccal swabs and in relevant brain regions of the SELMA children, it is
possible that the levels measured in the buccal swab samples reflect
stable changes induced in early embryonic development in several tis-
sues, including the brain, which in turn would affect GRIN2B expression.
Thus, the observed mediation effect of CpG3 methylation on the asso-
ciation between BPF exposure and cognition might in fact reflect func-
tional processes in the brain rather than being a mere biomarker in
buccal cells.

4.1. Strengths and limitations

The strength of the current study is the longitudinal design based on
a large pregnancy cohort with well-characterized environmental expo-
sures and thorough psychological tests at school age. However, one
limitation of the study is that the BPF urinary levels were measured only
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once during pregnancy. The exposure therefore reflects one time point
and one chemical, but the children have been exposed to various
chemicals from gestational day 1 to 7 years of age. In addition, we
cannot exclude that we have overseen some confounders, for example
oral diseases, genetic variations or other environmental exposures.
Another limitation is that GRIN2B methylation was measured in buccal
swab samples, and we do not have the possibility to address if this
refelcts functional changes in the brain.

A statistical limitation is that the majority of individuals displayed
0% methylation of analyzed GRIN2B region, which made the data
skewed and therefore not suitable for a linear approach. We solved this
issue by allocating the samples in clusters based on methylation ranges,
which were used instead of each individually measured methylation
percentages, see methods section. A further limitation was that
methylation levels were measured in two separate analytical batches.
However, there was no significant difference in CpG3 cluster distribu-
tion of the samples between the two batches.

5. Conclusion

In this study, we showed that DNA methylation in a regulatory re-
gion of GRIN2B can mediate up to 9% of the association between pre-
natal BPF exposure and decrease in cognitive function in boys. The
effects of GRIN2B methylation on cognitive functions were found only in
boys, which warrants more research on the roles of hormones and other
molecular targets in the relationship between BPF exposure, GRIN2B
gene function, and cognition. Further research involving other neuro-
developmental genes is needed to investigate which other molecular
targets contribute to the effect of prenatal exposure to BPF on cognitive
functions.
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