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Prenatal stress has been widely associated with a number
of short- and long-term pathological outcomes. Epigenetic
mechanisms are thought to partially mediate these
environmental insults into the fetal physiology. One of the
main targets of developmental programming is the
hypothalamic-pituitary-adrenal (HPA) axis as it is the main
regulator of the stress response. Accordingly, an increasing
number of researchers have recently focused on the putative
association between DNA methylation at the glucocorticoid
receptor gene (NR3C7) and prenatal stress, among other
types of psychosocial stress. The current study aims to
systematically review and meta-analyze the existing evidence
linking several forms of prenatal stress with DNA methylation
at the region 1 of the NR3C1 gene. The inclusion of relevant
articles allowed combining empirical evidence from 977
individuals by meta-analytic techniques, whose methylation
assessments showed overlap across 5 consecutive CpG sites
(GRCh37/hg19 chr5:142,783,607-142,783,639). From this
information, methylation levels at CpG site 36 displayed a
significant correlation to prenatal stress (r = 0.14, 95% Cl:
0.05-0.23, P = 0.002). This result supports the proposed
association between a specific CpG site located at the NR3C1
promoter and prenatal stress. Several confounders, such as
gender, methylation at other glucocorticoid-related genes,
and adjustment for pharmacological treatments during
pregnancy, should be taken into account in further studies.

Introduction

The prenatal period constitutes a crucial ontogenic develop-
mental window where environmental influences have a prepon-
derant effect on shaping fetal physiology by means of epigenetic

*Correspondence to: Lourdes Fananas; Email: Ifananas@ub.edu
Submitted: 07/06/2015; Revised: 08/19/2015; Accepted: 08/24/2015
http://dx.doi.org/10.1080/15592294.2015.1088630

www.tandfonline.com

Epigenetics

mechanisms." One of the most complex organs to rapidly
develop is the brain, which presents its fastest rate of expression
change during the fetal period.”” Furthermore, the intrauterine
environment is thought to be essential not only for fetal develop-
ment itself but also for long-term health and disease, as prenatal
environment risk factors, such as fetal nutrition, have been associ-
ated with a number of adult conditions, such as cardiovascular
disease, which has encouraged the notion of a certain program-
ming.> Although early plasticity allows a proper adaptation to
the environment that enables survival until reproductive age, it
might be deleterious for both mental and physical long-term
health.

Maternal stressors experienced during pregnancy that may
influence offspring health include: i) physical stressors, such as
malnutrition and toxins® like alcohol, nicotine, or polychlori-
nated biphenyls; ii) psychosocial chronic stressors,” such as
suffering from a psychiatric disorder, taking care of terminally
ill relatives,® or being exposed to continuous violence (e.g.,
domestic violence or living in a war zone) or poverty (e.g.,
famine’ or low socioeconomic status'®); and iii) being exposed
to severe incontrollable acute trauma (e.g., natural disaster, ™!
terrorism, > or genocidels), which may result in post-trau-
matic stress disorder (PTSD) development. It is important to
note that these prenatal stressors do not present isolated but
rather tend to converge. Intriguingly, the experience of chronic
stress together with the development of anxious-depressive
spectrum disorders have been associated with the onset of glu-
cocorticoid resistance and higher circulating levels of corti-
sol,'*'® whereas PTSD has been consistently described to
involve a higher glucocorticoid sensitivity and decreased corti-
sol levels."® Due to this dual nature of cortisol effects after
exposure to psychosocial stressors, we will focus on chronic
conditions that have been described to increase circulating cor-
tisol levels of pregnant women.

The human fetal hypothalamic-pituitary-adrenal (HPA)
axis is developed and functioning at week 22 of pregnancy,
although its plasticity is maintained during the first 2 years of
life."”'® Thus, maternal experiences of stress during pregnancy
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have the potential to permanently alter the physiology of their
offspring, especially to program the HPA axis functioning. As
the HPA axis regulates a myriad of biological processes, such
as metabolism, blood pressure, and the immune response,
these alterations can predispose prenatally stressed individuals
to suffer metabolic, cardiovascular, and mental disorders in
adulthood."”

Typically, after exposure to an acute stressor, the hypothala-
mus releases corticotropin-releasing hormone (CRH), which pro-
motes the release of adrenocorticotropic hormone (ACTH) from
the pituitary gland. Once in the adrenal glands, ACTH triggers
the release of cortisol. This system is self-regulated by a negative
feedback in which cortisol inhibits CRH and ACTH release
from the central nervous system. Nevertheless, and as discussed
above, during the exposure to chronic stress, this feedback may
be impaired by the development of glucocorticoid resistance
mediated by glucocorticoid receptor (GR) desensitization.?® This
situation leads to an overactivation of the HPA axis that has been
suggested to underpin the development of depressive symptoms
at least in a subset of patients showing alterations of the HPA
axis functioning.”'

Hence, the GR is essential in the modulation and functioning
of the HPA axis. The NR3CI gene, which codes for the GR, has
extensively been studied regarding its role in several psychiatric
disorders characterized by HPA axis dysfunction and in subjects
exposed to several forms of early stress by means of both genetic
and epigenetic approaches.”>*

In this regard, several authors have analyzed DNA methyl-
ation at a CpG island located at the promoter region of this
gene in different paradigms of early stress exposure. First, the
discovery of a CpG-specific hypermethylation as found in
exon 17 of postnatally neglected rat pups when compared to
pups reared by mothers exhibiting high licking, grooming,
and arched-back nursing (LG-ABN) behavior, prompted a
new research field that has extended to human populations in
the last decade.””?** Special attention has been paid to exon
1k due to its homology with rat exon 1;. Nevertheless, there
is still no consensus about the effects of early stress on
NR3C1 methylation due to the heterogeneity of assessed
stress variables, regions analyzed, and subjects included in
human studies.”” Although animal studies have largely
focused in the study of postnatal stress as a modulator of epi-
genetic patterns, prenatal stages arise as a key ontogenic win-
dow of development where stress sensitization can also occur
and become embedded in the epigenome; in fact, there is
one study developed in mice that reported an increase in
methylation in males exposed to early prenatal stress, which
was restricted to an NGF1A binding region within GR pro-
moter exon 17, thus paralleling prior results obtained in post-
natal paradigms.*

By reviewing and meta-analyzing all previously published
empirical reports in human populations, the current work aims
to determine whether there is enough evidence to support a link
between maternal chronic psychosocial stress (as experienced dur-
ing pregnancy) and site-specific NR3C! promoter methylation
(as assessed in their offspring).
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Results

Eligibility of studies and specific CpG sites to be meta-
analyzed

Twenty-five scientific papers concurrently covering for the 3
topics of interest as described in the methodology section were
retrieved by our defined search strategy for further assessment of
eligibility. As can be seen in Figure 1, 15 articles were excluded
due to the lack of new human data reported (reviews, animal stud-
ies, and human reports where there was no prenatal stress assess-
ment); a total of 10 papers analyzed diverse prenatal stressors in
relation to NR3CI promoter methylation. In order to homogenize
the final sample, 3 additional papers were excluded from the meta-
analysis: one of them since smoking during pregnancy was not
considered as a psychosocial stressor,”® and the remaining 2 since,
as discussed in the introduction, PTSD status during pregnancy
has been described to upregulate cortisol inactivation and decrease
cortisol circulating levels, and not the other way around.'>'? The
resulting pool consisted of 7 selected papers for the meta-analysis.
Five of them analyzed maternal anxious-depressive status during
pregnancy.”’ " The remaining 2 papers focused on the effect of
maternal exposure to violence (either intimate partner violence or
war-related events) during pregnancy.”>*?

As depicted in Figure 2, there is an overlap of 5 analyzed CpG
sites (35 to 39) at the promoter of the exon 1 among 6 of the 7
papers meta-analyzed herein (see also Figure 3 for specific loca-
tion in the sequence). Thus, 5 meta-analyses were carried out
individually for each CpG site (Fig. 4) since previous literature
supports the association between distinct early stressors and spe-
cific CpG sites methylation rather than the mean methylation of
a region containing several CpG sites. 3

Since all of the reviewed articles included several CpG sites in
their analyses, which led to a mixture of positive and negative
findings, we expected publication bias to be avoided. Indeed, this
hypothesis has been statistically assessed by funnel plot asymme-
try tests for each individual CpG site included in the meta-

Records from web search
(PubMed & PsycINFO)
n=25

n = 15 records excluded
(articles not including
original human data)

h 4

n = 10 full text articles
assessed for eligibility

.] n=3records excluded
(PTSD and smoking)

A 4

n = 7 results in meta-
analysis

Figure 1. Flowchart of study selection and inclusion of results. Data from
7 papers were included in the meta-analysis.
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Figure 2. CpG site distribution and overlap among included papers in
the meta-analysis. Research groups focused on distinct regions of pro-
moter and exon 1¢. Six out of the 7 papers included in the meta-analysis
assessed the DNA methylation of a small cluster of CpG sites located
immediately preceding exon 1, from 35 to 39; additionally, Murgatroyd
et al. limited their analyses to CpG sites 35 and 36 as they had been
already pointed out as informative in the previous papers. The whole
sequence of this region is displayed in Figure 3.

analysis, further confirming the lack of publication bias (data not
shown). In addition, presence of heterogeneity was statistically
tested by means of 4 different estimators as reported below and

described in the methodology.

NR3CI exon 1g CpG site 35 methylation

DNA methylation at CpG site 35 of the NR3CI gene was
examined in 977 subjects across the 7 studies. We detected no
significant correlation between offspring methylation and prena-
tal stress (r = 0.10, 95% CI: —0.01-0.21, p, = 0.08; : 0.01,
P 54.7%, H> = 1.49, Q = 13.23, pq = 0.04).

NR3CI exon 1k CpG site 36 methylation

DNA methylation at CpG site 36 of the NR3CI gene was
examined in 977 subjects across the 7 studies. We detected a sig-
nificant correlation between offspring’s methylation and prenatal
stress (r = 0.14, 95% CI: 0.05-0.23, p, = 0.002; t*: 0, I:
34.7%, H* = 124, Q = 9.18, pq = 0.16) pointing to an
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Figure 3. Exon 1¢ (NR3CT gene) structure. Exon is underlined. All CpG
sites (CG) are numbered, remarked in bold and capital letters. Reviewed

CpG sites herein (35 to 39) are highlighted in dark red.

Figure 4. Results of meta-analyses of prenatal stress exposure influence
on methylation of the CpG sites 35 to 39. From left to right, displayed
variables consist of: study, sample size (n), a graphical representation of
the computed correlations, correlation values between methylation and
the assessed prenatal stress variable, their corresponding confidence
intervals and the weight of each study in the meta-analysis as deter-
mined by a random effects model.
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increased methylation of CpG site 36 after prenatal stress expo-
sure. Final correlation values obtained by means of both random
effects model and fixed effects model are the same (data not
shown).

NR3C1 exon 1 CpG site 37 methylation

DNA methylation at CpG site 37 of the NR3CI gene was
examined in 794 subjects across the 6 studies; Murgatroyd et al.
did not provide methylation percentages for this CpG site. We
detected no significant correlation between offspring methylation
and prenatal stress (r = 0.01, 95% CI: —0.12-0.13, p, = 0.91;
7°:0.01, I*: 47.6%, H> = 1.38, Q = 9.54, pq = 0.09).

NR3C1 exon 1 CpG site 38 methylation

DNA methylation at CpG site 38 of the NR3CI gene was
examined in 794 subjects across 6 studies; Murgatroyd et al. did
not provide methylation percentages for this CpG site. We
detected no significant correlation between offspring methylation
and prenatal stress (r = —0.01, 95% CI: —0.12-0.10, p, = 0.91;
720, I*: 35.7%, H> = 1.25,Q = 7.78, pq = 0.17).

NR3CI exon 1k CpG site 39 methylation

DNA methylation at CpG site 39 of the NR3CI gene was
examined in 769 subjects across 5 studies; Murgatroyd et al. and
Mulligan et al. did not provide methylation percentages for this
CpG site. We detected no significant correlation between off-
spring methylation and prenatal stress (r = 0.02, 95% CI:
—0.09-0.13, p, = 0.54; T2 0, I*: 35.9%, H* = 1.25, Q = 6.24,
pq=0.18).

Discussion

By meta-analyzing data available in the literature we found a
significant correlation between psychosocial maternal stress and
offspring methylation at a specific CpG site located in the exon
1k of the human glucocorticoid receptor gene NR3CI. Interest-
ingly, we report a significant correlation between DNA methyla-
tion and presence of prenatal stress only in CpG site 36 but not
in its adjacent positions 35, 37, 38, or 39. These results provide
further evidence of the previously suggested biological relevance
of CpG site-specific methylation when compared with average
methylation of a region spanning several CpG sites.””

Interest in the methylation signature of NR3CI exon 1y fol-
lowed the publication of the seminal work developed in rats by
Weaver and collaborators.”* They described a maternally medi-
ated change in DNA methylation in the rat homolog of human
CpG site 37, which is located at a transcription factor (NGFI-
A)-binding region, thus suggesting the functional relevance of
this modification. Although most of the human studies have
focused on this specific CpG site due to its biological relevance,
it is interesting to note that, in their animal model, Weaver et al.
also found significant methylation differences in the adjacent
CpG sites, including those who are homologous to human CpG
sites 35 and 36. These unprecedented results in rats support
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human findings reported herein as other CpG sites located within
the promoter of exon 1 could alter its transcription efficacy.

Of note, there was only one human study that paralleled the
experimental conditions tested in rats. Murgatroyd and col-
leagues®' took into account both early postnatal depression and
maternal tactile stimulation when analyzing newborn methyla-
tion. This design allowed the researchers to describe a mediating
effect of both variables in altering DNA methylation at CpG sites
35 and 36 where postnatal depression in newborns non-exposed
to prenatal depression increased methylation while maternal
stroking decreased it. These results are in line with previous
research from this group where maternal stroking has been
reported to lessen the influence of prenatal depression upon
infant behavioral and physiological outcomes.>®

The evidence of a replicated correlation between prenatal
stress and VR3C1 methylation is particularly relevant in the con-
text of 3 infant neurobehavioral and neuroendocrine studies
developed by Marsit and Lester’s research groups, whose findings
point to a significant effect of placental VNR3CI methylation in
both newborn neurobehavior and cortisol reactivity after a new-
born-adjusted stress procedure (the still-face paradigm).’*® It is
worth noting that the statistically significant correlations between
NR3CI methylation and neurobehavioral parameters were
restricted to either (i) CpG sites 39 to 47, which are located
within the exon 1 and beyond (instead of localizing to a pro-
moter region as CpG sites 35 to 38), or (ii) average methylation
across 13 CpG sites (35 — 47) instead of providing CpG specific
associations. Anyhow, longitudinal follow-up of these infants
will be crucial in order to assess the long-term impact of these
methylation patterns and whether they last into adulthood. Inter-
estingly, an independent study measuring HPA axis functioning
in adults as associated with VR3CI methylation also reported a
correlation between methylation at 1z CpG sites 41 to 47 and
cortisol levels after the Dex/CRH challenge, further supporting
the role of epigenetic modifications at this region in neuroendo-
crine systems.”” Additionally, it would be interesting to assess
DNA methylation in prenatally stressed newborns in CpG sites
40 to 47, as it seems to be associated with several neurobehavioral
and neuroendocrine outcomes.’*>® Nevertheless, meta-analyzed
papers which already assessed methylation in these extended
regions did not report any correlation between pregnant anxious-
depressive symptomatology and methylation at CpG sites 4047,
thus implying that prenatal stress may not modulate neurobehav-
ior and neuroendocrine response as mediated by VNR3CI methyl-
ation.””’

Prenatal stress-induced methylation changes are thought to
partially arise due to increased fetal circulating cortisol levels.
Recent evidence points to the essential role of the placental
enzyme 11 B-hydroxysteroid dehydrogenase type 2 (113-HSD2)
in regulating the cortisol flux from the mother to the fetus.
Maternal cortisol levels increase progressively during pregnancy.
Since high concentrations of cortisol are deleterious to fetal devel-
opment, 113-HSD2 is required to protect the fetus by oxidizing
cortisol into its less active metabolite cortisone.*’ Accordingly,
evidence supports a critical role of this enzyme in preventing cor-
tisol damaging effects; lower 11B8-HSD2 activity has been
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associated with lower birth weight in both humans and
rodents.*"*? Generally, the experience of psychosocial stress
entails the overproduction of cortisol. As previously stated, 113-
HSD2 protects the fetus from the increased cortisol levels present
in maternal blood; nevertheless, it has been described in rats that,
in the presence of chronic maternal stress exposure, 113-HSD2
activity gets downregulated;*® furthermore, a posterior study
determined that the placental effects of this enzyme come from
the fetus and not the mother.* Interestingly, a recent study
reported similar effects due to exposure to maternal prenatal anx-
iety in humans, prenatal trait anxiety scores negatively correlated
to placental 113-HSD2 mRNA expression.”” This decrease on
11B-HSD2 expression is thought to be mediated, at least par-
tially, by epigenetic mechanisms such as DNA methylation.*®
This evidence points to a fetal overexposure to cortisol in stressed
pregnant mothers, which may induce fetal epigenetic changes in
glucocorticoid-related genes as the one reported herein. Thus,
further studies analyzing the interaction between HSD11B2 and
NR3CI methylation are needed to disentangle the role of each
gene in mediating prenatal experiences into adulthood.

Besides, as pointed out by Braithwaite and colleagues,”® new-
born gender may be a key factor in order to assimilate prenatal
stress into the epigenome. As they discuss, only male subjects
exhibited higher VR3CI methylation after prenatal exposure to
depressive maternal status during pregnancy whereas females
tended to be hypomethylated when exposed to prenatal depres-
sion. In this sense, the sex-specific programming effects of prena-
tal stress have been widely discussed in a number of reviews, as
they have been repeatedly reported during the last decade in both
rodents and humans.”>*”° Interestingly, the placenta behaves
differently depending on the fetal sex,”" which could be one of
the mediating mechanisms of the increased male mortality after
exposure to stressful experiences during pregnancy.”® This sexual
dimorphism is currently under study, as its underlying causal
mechanisms remain unknown. This topic is of major relevance
in the psychiatric field, as most of the more prevalent mental dis-
orders are sex-biased and this different sensitivity to maternal pre-
natal stress could be one of the involved mechanisms. From an
evolutionary point of view, females have adapted in order to pro-
tect their offspring under a threat, which can be promoted by
anxious behavior (tend and befriend hypothesis), while males
have adapted to abandon their offspring and look for new mates,
which may involve aggression (flight or fight hypothesis).”® Nev-
ertheless, these hypotheses cannot be tested in this meta-analysis
as Braithwaite and colleagues® were the only group to study
methylation in separate analyses depending on newborn gender.
As a consequence, when averaging male and female methylation
values, the significance of their findings is lost (see Fig. 4). Thus,
gender-specific effects should be further examined in future stud-
ies assessing IVNR3CI methylation.

Notoriously, methylation measures reported by Oberlander
and colleagues®” differ considerably from the ones collected in
this meta-analysis. This is due to a new calculation of unadjusted
correlation coefficients, provided by Oberlander for proper meta-
analysis calculation, instead of analyzing the previously reported
adjusted regressions. As a consequence, exposure to serotonin
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reuptake inhibitors during pregnancy was neglected from the
meta-analysis in order to compare data from the different papers
meta-analyzed herein. Combining adjusted and unadjusted find-
ings in mixed research synthesis can lead to artificial associations;
given the nature of meta-analyzed studies, inclusion of exclusively
unadjusted results appeared more appropriate.” Nevertheless,
this divergence is intriguing as it could suggest a protective role
for serotonin reuptake inhibitor treatment during pregnancy,
which may be minimizing the anxious-depressed-mediated meth-
ylation observed in offspring. Therefore, antidepressant treat-
ment should be thoroughly investigated as a potential protective
factor in further studies.

In the frame of epigenome-wide association studies (EWAS)
examining prenatal stress, it is surprising to find no reference to
either exon 1 of the NR3CI gene or other related genes such as
HSD11B2. On the contrary, these studies detected non-repli-
cated significant hits in a number of genes such as MORCI,
LTA, SGC5, TNFRSF21, CHRNA2, or COL7AI,

others.”””® Interestingly, antidepressant treatment during preg-

among

nancy seems to be a major influencing factor, which would be in
line with the discussion above. In this regard, Non and colleagues
reported several changes in methylation only in the non-medi-
cated depressed group when compared to healthy controls.”” On
the other hand, Schroeder and colleagues found a significant
methylation change at 2 CpG sites only in newborns exposed to
antidepressants, while no global effect of maternal depression
could be found. One of the limitations of this study is that the
comparison group was recruited at a psychiatric center and,
therefore, all controls had a lifetime history of at least one psychi-
atric disorder.’® Of note, 2 EWAS detected associations between
NR3CI1 CpG-specific methylation and prenatal environment:
Non et al.”” found an association between methylation at an
exon 1¢ located CpG site and non-medicated anxious/depressed
group; Teh et al.”” found a gene-environment effect explaining a
variably methylated CpG site located at an intronic region of
NR3CI gene; one the environmental variables assessed in this
study was maternal depression during pregnancy as measured by
EDPS.

As briefly stated in the introduction, we excluded 2 papers
analyzing NR3CI methylation in the offspring of mothers suffer-
ing from PTSD; their results were not eligible to be meta-ana-
lyzed herein due to a number of issues. On the one hand,
Perroud et al.'? studied CpG site-specific methylation in the off-
spring of mothers exposed and non-exposed to the Rwandan
genocide. Nevertheless, they analyzed a posterior region of exon
Ir that exceeds its coding region, starting in CpG site 38.
Although they reported a clear hypermethylation in this region
associated with maternal PTSD status, there was no effect in
CpG sites 38 and 39. Furthermore, this hypermethylation
appeared coupled with lower cortisol levels, which cannot be
explained by lower GR expression; the authors discussed a pre-
ponderant role of the mineralocorticoid receptor rather than GR
in the pathology of PTSD. On the other hand, Yehuda et al.'?
assessed the effects of transgenerational PTSD; however, they did
not study prenatal stress as their included subjects were born after
the World War II and the transversal nature of the study does not
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allow knowing whether parents were suffering from PTSD spe-
cifically before, during, or after pregnancy. In any case, maternal
PTSD was associated with lower NR3CI methylation, thus sup-
porting opposite directions of the effect of maternal depression-
and PTSD-derived epigenetic modifications affecting HPA axis
functioning. Intriguingly, paternal rather than maternal PTSD
status was associated with their offspring’s higher methylation
thus suggesting that the sex-specific effects discussed above are
not limited to the assessed subjects but also affect their progeni-
tors. Finally, both studies analyzed peripheral blood of either
children or adult subjects, thus including a potential confounder
due to immeasurable effects of life events experienced during later
stages of life.

Interestingly, the own nature of the meta-analyzed data points
to a major homogenous effect of anxious-depressive spectrum
disorders in increasing CpG-specific methylation at the NR3CI
exon 1 promoter. Both war stress and intimate partner violence
may be too different from diagnoses of either anxiety or depres-
sion and include a number of additional confusing factors into
the analysis such as ethnicity (since Mulligan et al. scudy was per-
formed in the Democratic Republic of Congo and Radtke et al.
assessed a very reduced sample with a wide ethnic heterogeneity,
further detailed in Table 1) and assessment timing (since Radtke
et al. analyzed methylation in children instead of newborns).

There are some limitations to be noted regarding the reviewed
papers herein. First, each paper assessed DNA methylation by
means of distinct technologies including pyrosequencing, mass
spectrometry, and Sanger sequencing of cloned vectors. This vari-
ability might be biasing the meta-analysis results as each tech-
nique has its own limitations. As a matter of fact, both
Murgatroyd et al.*! and Hompes et al.*” reported methylation
values as for pairs of CpG sites due to the reduced resolution of
mass spectrometry analyses thus compromising the comparison.
Second, none of the studies explored paired GR expression in
association with methylation; therefore, the phenotypic effect of
CpG site 36 methylation remains unknown. Third, the timing of
the psychiatric assessment is fundamental since the developmen-
tal effects of a single stressor fluctuate substantially according to
different windows of susceptibility.'” Accordingly, the epigenetic
modulation caused by anxious-depressive diagnosis during preg-
nancy seems to impact harder the fetuses when it takes place dur-
ing the early stages of pregnancy as shown both in animal and
human studies.”>*”"** Thus, the restricted correlations reported
by Conradt et al.?® could be due to inclusion of women who
experienced either depression or anxiety at any time during preg-
nancy without specifying the trimester. Fourth, given the length
of the NR3CI promoter area and the preliminary results correlat-
ing DNA methylation at additional CpG sites to distinct early
stressors, other regions besides exon 1 could have been investi-
gated. Fifth, all the methylation analyses were performed in
peripheral tissues such as cord blood or saliva (see Table 1 for
further details), which calls into question the comparability with
brain measures; nevertheless, similar NR3C! methylation find-
ings have been found in both peripheral and brain tissues in rela-
tion with early adversity thus suggesting the tissue unspecificity

of the signatures elicited by psychosocial stress in this gene.*”
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Furthermore, NR3C1 peripheral methylation and its correlated
GR differential expression may be informative on their own as a
substantial component of cortisol’s actions occurs at a peripheral
level. Finally, the overall methylation differences reported by all
the reviewed papers, when specified, are modest (below 5 per-
cent) and significance should be interpreted with caution.

There are also several limitations to be noted in this meta-
analysis. To begin with, prenatal anxious-depressive disorder and
exposure to violence may exert differential effects upon fetal
methylation; we have tried to avoid this confounder by excluding
certain prenatal stressors such as smoking or PTSD status as their
long-term effects on offspring’s health are unclear. Furthermore,
the limited number of papers on this topic restricts the statistical
power of this meta-analysis; nevertheless, the relatively large final
sample size (977 subjects), together with the finding of replicated
and significant results, strengthens the notion of epigenetically-
driven changes modulated by very early environment. Finally,
these results should be interpreted with caution since the correla-
tion value is low (0.14). Further studies assessing newborn meth-
ylation with a CpG-specific level resolution controlling for
prenatal maternal psychiatric diagnosis at specific time points of
pregnancy are needed to replicate this correlation, whereas longi-
tudinal studies are required to disentangle the long-term effects
of this methylation in adult health.

Materials and Methods

Search strategy and exclusion criteria

Research was conducted via a systematic literature search in
the PubMed and PsycINFO databases. The search terms were
the following: «*NR3CI or glucocorticoid receptor” and
“methylation” and “prenatal stress or maternal psychiatric
disorder”».

When necessary, corresponding authors of the selected papers
were contacted in order to obtain data required for the meta-
analysis. Selection of specific CpG sites to be studied was in
accordance with the reviewed papers coverage.

NR3CI1 gene and CpG island structure

NR3CI gene contains 9 exons. The first of them includes 9
alternate untranslated variants (1A to 1], excluding 1G) that are
thought to influence GR tissue distribution, mRNA stability and
translational efficiency. ®° Seven of these 9 alternate first exons
are located within a CpG island spanning 3 kb that has been
extensively studied regarding its methylation.

Statistical analysis

All statistical analyses were performed in R.® Since both psy-
chosocial stress and methylation levels are typically measured in
continuous scales and, thus, authors typically report correlation
coefficients, meta-analyses of correlations were performed. How-
ever, as not all manuscripts provide the same effect size measure
(for instance, authors may report mean differences or t-statistics),
correlation coefficients were estimated when necessary using R’s
compute.es package.®” This package allows statistics from one
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study to be converted to many other effect size estimates, using
standard procedures on meta-analysis methodology.®’

The meta-analyses were conducted following conventional
protocols as implemented in R’s meta package.64 The inverse var-
iance weighting method was used for pooling. For comparison,
sensitivity analyses were conducted using both fixed and random
effects. Since there were no large differences between them, and
as random effects models are especially suitable for sets of studies
with different methods and samples, the Results section only
shows the outcome of random effects models.®®

Considering that sample sizes of the studies in the meta-analy-
ses are relatively small, the Fisher’s z transformation of correla-
tions was conducted, and residual heterogeneity was accounted
for through the DerSimonian-Laird estimator, in accordance
with ordinary guidelines on meta-analysis methods.®>¢*

To assess between-study differences, the next measures of het-
erogeneity and variability were computed: 72 (estimated amount
of total heterogeneity), P (total heterogeneity / total variability),
H (square root of the x* heterogeneity statistic / degrees of free-
dom), and Cochran’s Q (evaluation of whether the outcome vari-
ability is greater than expected based on sampling variability).®®

Publication bias was assessed by funnel plot asymmetry tests.
In the present context, these tests should be regarded as explor-
atory due to the small number of studies in each meta-
analysis.®*¢”

Due to the presence of several stress/psychopathology assess-
ment scales in most of the studies, selection of one informative
scale per study was performed if necessary. For Oberlander et al.
data, Edinburgh Postnatal Depression Scale (EPDS) measure-
ments at 2nd trimester of pregnancy were selected (so Ham-A
and EPDS scores at 3rd trimester were dismissed) in order to
reduce heterogeneity between studies given (i) the major force of
Conradt et al. results driving the meta-analyses’ final results,
which were obtained in depressed pregnant mothers, (ii) the tim-
ing of Hompes et al. and Murgatroyd et al. results, which were
restricted to the 2 first trimesters of pregnancy, and (iii) the

timing of the effects reported in animal models, which also are
restricted to early stages of pregnancy.”” For Hompes et al. study,
available data was extracted from their published paper thus
selecting average PRAQ scores for CpG sites 35-36 analyses and
EPDS scores for CpG sites 37-39, following the aforementioned
criteria. For Mulligan et al. paper, war stress was selected as the
variable of interest as it had the largest effect on birth weight.
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