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ABSTRACT

Adverse experiences in the perinatal period have been associated with the methylation of the
human glucocorticoid receptor gene (NR3CT7) and long-term diseases. We conducted a systematic
review on the association between adversities in the perinatal period and DNA methylation in the
1  region of the NR3CT gene in newborns. We explored the MEDLINE, Web of Science, Scopus,
Scielo, and Lilacs databases without time or language limitations. Two independent reviewers
performed the selection of articles and data extraction. A third participated in the methodological
quality assessment and consensus meetings at all stages. Finally, ten studies were selected.
Methodological quality was considered moderate in six and low in four. Methylation changes maternal stress; neonatal
were reported in 41 of the 47 CpG sites of exon 1 . Six studies addressed maternal conditions intensive care unit; NR3C1
during pregnancy: two reported methylation changes at the same sites (CpG 10, 13, 20, 21 and gene

47), and four at one or more sites from CpG 35 to 39. Four studies addressed neonatal parameters

and morbidities: methylation changes at the same sites 4, 8, 10, 16, 25, and 35 were reported in

two. Hypermethylation associated with stressful conditions prevailed. Hypomethylation was more

often associated with protective conditions (maternal-foetal attachment during pregnancy, breast

milk intake, higher birth weight or Apgar). In conclusion, methylation changes in several sites of

the 1 ¢ region of the NR3CT1 gene in newborns and very young infants were associated with

perinatal stress, but more robust and comparable results are needed to corroborate site-specific

associations.
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Several studies show that environmental factors
have a direct influence on the phenotypic mani-
festation of genes. This interaction between the
environment and genes, causing gene expression
changes without modifications in the DNA
sequence and transmitted to other generations, is
called epigenetics. DNA methylation is one of the
most studied epigenetic patterns. A methyl group
is added to the nucleotide cytosine linked to gua-
nine on the same DNA strand in so-called CpG
sites, reducing accessibility to transcription factors
and silencing genes [1,2].

Human studies have reported methylation of
the glucocorticoid receptor gene (NR3CI) asso-
ciated with childhood adversities [3,4]. The result
is an imbalance in the hypothalamic-pituitary-

monal response to stress [5,6]. Preclinical and
clinical studies have demonstrated significant asso-
ciations between stressful conditions and epige-
netics alterations [7-9]. The perinatal period has
been considered a crucial period for the develop-
ment of child’s brain, showing great susceptibility
to epigenetic modifications that can influence the
development of the HPA axis [3,10]. Exposure to
psychological and environmental stressors stimu-
lates the hypothalamus to secrete corticotrophin-
releasing hormone (CRH), which in turn activates
the anterior lobe of the pituitary gland to produce
and  secrete  adrenocorticotropic  hormone
(ACTH), which promotes the release of glucocor-
ticoids (GC) by the adrenal glands (Figure 1) [11].
Glucocorticoids are involved in a wide range of
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Figure 1. Overview of the HPA axis activity induced by perinatal stress and its GR epigenetic regulation. Perinatal stress
triggers the over activity of the HPA axis by stimulating hypothalamus to release corticotropin releasing hormone (CRH), which acts
on the anterior pituitary to stimulate the synthesis and secretion of adrenocorticotropic hormone (ACTH). ACTH then stimulates the
production of glucocorticoids (GCs) by the adrenal cortex. In a classic negative feedback loop, GCs binding with glucocorticoid
receptors (GRs) — which are encoded by the NR3CT gene — across the body, to inhibit the release of CRH and ACTH, and thereby limit
the magnitude of the GC increase. However, in response to perinatal stressors, epigenetic mechanisms reduce the ability of GRs to
regulate the negative feedback loop, generating persistent HPA axis dysregulation and increased GC levels. These effects are
mediated by transcriptionally silencing the NR3CT1 via the epigenetic process of DNA methylation. At the cellular level, the inactive
GR is located in the cytoplasm complexed with chaperones (Hsp70, Hsp90, and p23) until it becomes activated upon binding to GCs.
At this point, GR dissociates from the multimeric protein complex and translocate to the nucleus. The GC-GR complex can stimulate
or inhibit transcriptional responses by binding as a homodimer to glucocorticoid response elements (GREs) or possibly as a monomer
to another transcription factor (TF) to enhance or down-regulate the transcription of many genes. When methylated, NR3C7 or other
genes containing the GRE sequence inhibit TF binding and gene transcription, attenuating NR3C7 expression as well as an effective

response to perinatal stress.

immune and endocrine functions, including auto-
regulation of the HPA axis [12].

Conversely, disturbances in the HPA axis reg-
ulation during stress can result in the development
of psychopathologies and have been associated
with increased cortisol secretion and HPA-axis
hyperactivity [13-15]. Predominantly, cortisol is
transported to the blood and released to the tissues
through the action of the corticosteroid-binding
globulin (CBG) [16]. At the cellular level, cortisol,
a lipophilic molecule, passively diffuses through
the plasma membrane and acts by binding the
glucocorticoid receptor (GR), a transcription fac-
tor encoded by the NR3CI gene (Figure 1). Once
attached to cortisol, the inactive GR, connected to
the chaperones proteins Hsp90, Hsp70, and p23,
undergoes a conformational rearrangement that
leads to GR dissociation from its activating cha-
perone machinery [17-19]. Consequently, the
exposure of nuclear localization signals (NLS) in
the active GR protein quickly triggers GR translo-
cation to the nucleus [20,21]. GR acts both as
a transcription factor and as a repressor once in

the nucleus, influencing several stress-related
responses. In favour of eliminating the stress
response signalling, GR can also mediate the nega-
tive-feedback regulation in the HPA axis. Thus,
methylation at CpG-sequence sites in the NR3CI
gene, by decreasing its expression, is a critical epi-
genetic mechanism to impair the negative feed-
back loop’s sensitivity [15]. This mechanism can
create a bidirectional cycle between epigenetic reg-
ulation of NR3CI and the functioning of the HPA
axis, which further enhances cortisol levels and,
subsequently, predisposes individuals to disease.
Upon methylation, NR3CI CpG sites cannot bind
various transcription factors leading to reduced
synthesis of proteins involved in  stress
response [22].

The region known as exon 1 g on the NR3CI
gene promoter contains 47 CpG sites (Figure 2). It
is homologous to region 1, of rodents, described
as hypermethylated in puppies subjected to mater-
nal neglect [23] and has been drawing special
attention for that. The results in rodents support
the idea that epigenetic alterations in CpG sites of
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Figure 2. CpG sites at the 1 ¢ exon of the NR3C7 gene.

exon 1 p can alter transcription. At least four
transcription factors have been identified to bind
CpG sites at the exon 1 g region in NR3CI, includ-
ing activator protein (AP-1), specificity protein
(Sp-1), glucocorticoid receptor DNA binding fac-
tor 1 (GRF-1), and nerve growth factor (NGFI-A)
[24,25]. Regarding NGFI-A, in vitro studies have
demonstrated increased site-specific methylation
of the exon 1 y of the NR3CI in suicide victims
with a history of childhood abuse [25].
Interestingly, the differential methylation of the
human NR3CI diminished NGFI-A binding and
NGFI-A-induced gene transcription, indicating
a relationship between gene expression, differences
in methylation status, and transcription factor
binding [25]. Turecki and Meaney [8] carried out
a systematic review including 40 case-control or
cohort studies with a control group since 2004, 13
in animals and 27 in humans. They sought to
correlate childhood adversities and the methyla-
tion of the NR3CI. Seven of the human studies
considered perinatal stress, but only three of them
followed the inclusion criteria of the present sys-
tematic review [26-28]. In 89% of human studies
and 70% of animal studies, increased methylation
of the NR3CI gene has been reported in indivi-
duals who have experienced traumatic childhood
experiences. Exon 1 p was the most studied in
humans.

The foetal period and the first 2 years of life are
critical for developing and modulating brain archi-
tecture. The so-called first 1000 days represent
a phase of significant vulnerability and susceptibility
to external stimuli, whether positive or negative.
Imbalance in the functioning of genes at this stage
can cause diseases in adulthood, such as alcoholism,
depression, diabetes, and cardiovascular problems

[29,30]. Psychological or environmental stress dur-
ing pregnancy or neonatal period, such as maternal
depression, anxiety, malnutrition or violence [31-
33], as well as premature birth and admission to
the Neonatal Intensive Care Unit (NICU) [34-36],
can generate intense and toxic stress. With techno-
logical advances in the perinatal area, more and
more premature newborns survive and need com-
plex and invasive therapies, with long periods of
hospitalization in NICU [37]. It is a hostile environ-
ment for the newborn since they remain away from
the mother and undergo various procedures, often
painful [38,39]. Studies on the association of methy-
lation of the NR3C1 gene in newborns with perinatal
stress and early neurological and behavioural devel-
opment are still scarce. Small samples and wide
variation in the studied genetic sites’ amplitude
make it difficult to interpret the results.

This systematic review aims to synthesize the
existing data on the association between stress
during the perinatal period and methylation of
the exon 1 p region of the NR3CI gene promoter
in newborns.

Materials and methods

We conducted this systematic review according to
the recommendations of PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-
Analysis) [40].

Bibliographic research

Extensive bibliographic research was carried out
up to 31 January 2020, in the databases of
MEDLINE, SCOPUS, Scielo, LILACS, and Web
of Science, without date or language restriction.
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According to the PICO strategy, we define the
following criteria were to answer the review ques-
tion: (P) participants - pregnant women and/or
newborns; (I) intervention (exposure) — perinatal
stress (during pregnancy or in the neonatal per-
iod); (C) comparison — not applied and (O) out-
come — methylation of the exon 1 g region of the
NR3C1 gene. We used the following terms and
their synonyms in the search strategy: preterm
OR newborn OR infant OR child OR pregnant
women OR prenatal AND epigenetic OR methyla-
tion (complete strategy is available in
Supplementary material).

Selection of studies and data extraction

Two independent reviewers (GC and MBGO)
selected the articles according to the inclusion
and exclusion criteria in three stages: first by the
title, then reading the abstract, and finally read-
ing the full text. Then the same reviewers per-
formed the data extraction in their forms. At the
end of each stage, the reviewers discussed the
divergences concerning selecting and extracting
data to obtain consensus. A third reviewer
(MCMB) solved disagreements between the two
reviewers.

Inclusion and exclusion criteria

Articles should meet all the following inclusion
criteria: 1) original articles with any design; 2)
addressing stress in the perinatal period, during
pregnancy, or in the neonatal period; 3) assessing
methylation of exon 1 ¢ of the NR3CI gene pro-
moter in biological samples of newborns or very
young infants admitted to the NICU. Exclusion
criteria: 1) systematic or other reviews; 2) assessing
only biological material from a pregnant woman
or placenta; 3) not including the NR3CI gene
among the evaluated genes.

Studies analysing methylation only in placenta
were not included in this review. As a maternal-
foetal organ, different patterns of methylation were
reported and not comparable to those in cord
blood [41-43].

Quality assessment of included studies

Three independent reviewers (GC, MCMB, and
MBGO) assessed the studies’ methodological
quality and elaborated a final consensus. The stu-
dies were evaluated for the risk of bias using the
instruments available on the US National
Institute of Health (https://www.nhlbi.nih.gov/
health-topics/study-quality-assessment-tools),
selected according to the design of the included
studies: observational, cohort, or cross-sectional
studies. Each risk of bias related to selection,
measurement, confounding, and specification
was independently classified as low, moderate,
or high. Control for confounders and adjustment
for multiple tests were taken into account. Each
study’s final methodological quality was assigned
as low, moderate, or high, considering the
amount and magnitude of all types of risk of
bias. This review’s protocol was submitted to the
International Prospective Registry for systematic
reviews in November 2019 under the number
158,285, and the title ‘Perinatal stress and methy-
lation of the NR3CI gene in newborns: Systematic
Review.’

Data synthesis

The data were synthesized and presented as figures
and tables.

Results

The search strategy generated 1311 articles. After
excluding duplicates and reading the title and
abstract, 28 articles remained for full-text reading.
Eighteen studies were further excluded: seven per-
formed on animals, nine not eligible, two covering
the same populations of other studies. Ten articles
to synthesize results (Figure 3).

The reviewers assessed the methodological qual-
ity as low in four studies [27,36,44,45] and mod-
erate in six [26,28,34,46-48] (Table 1). Due to the
great heterogeneity in the way of identifying the
studied CpG sites in the studies included in this
review, we performed a mapping of the exon 1
sites reported by each author and created
a standard numbering from 1 to 47, indicating
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Figure 3. Flowchart of article selection for the systematic review.

the correspondence with the sites referred in the
articles (Figure 4). Next, we will always refer to
these sites according to this standard numbering.
Six studies evaluated the association of methyla-
tion in exon 1 g of the NR3CI gene at birth with
adverse exposures during pregnancy (maternal
anxiety and depression) [26-28,44-46]; three
with adverse neonatal exposures (morbidities in
premature newborns admitted to the NICU)
[34,36,47] and one with foetal growth and birth
weight in term newborns [48] (Table 2).
Methylation analysis in newborns was per-
formed predominantly in umbilical cord
blood, but buccal swab and peripheral blood
were also used. The most used technique for
analysing the methylation of the NR3CI gene
was pyrosequencing using bisulphite-treated
genomic DNA. All studies examined the region
of exon 1 g of the NR3CI gene promoter, but

there was great variation in the number and
sites analysed. Hompes et al. (2013) also eval-
uated exons 1l and 1p [28] and Non et al.
(2014) conducted a genome-wide study [44],
but these other genes were not the focus of
the presente review (Table 2).

Figure 5 shows the association between methy-
lation of CpG sites of exon 1 p and maternal or
infant condition in the perinatal period. Most
studies analysed the association between vari-
ables through linear regressions. For the purpose
of comparison between the studies, we arbitrarily
stratified the strength of the association in three
categories: as f < 0.1, B > 0.1 and < 0.5 and
B > 0.5. Hypermethylation of various CpG sites
was the most frequent finding associated with
stressful conditions in the perinatal period; hypo-
methylation was reported in high-risk preterm
newborn with more medical morbidities [36], in
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NR3C1 Exon 1F region CpG sites locations on chromosome 5 (CRCh38p.13, - strand)

63
56
48
19
09
05

099
091
075
073
063
057
043
020
005
002
983
976
973
967
964

o wmegzeoEEeRcenen g
§ 8 IEEERE R R R R R R R R R R R R g H
LT e R R R e R R E R E R E ]
Study 3§ 333333333z eIeeieiegzigig gz gsszzzgzggzgzes Method/technology
sites & 8 3 33 3o 039390900 oUoUUT0os0oUosgsussosouosesoososs
T T I I I IIIIIITITIIIIITITITIIIIIIIIIIIII I3zt
Site numbering for the 1.2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47
current revision
Oberlander et al. 2008 (26) 13 1.2 3 45 6 7 8 9101 1213 Pyrosequencing
Mulligan et al. 2012 (27) 39 12 3 456 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 Clonning + sequencing
Hompes et al. 2013 (28) 47 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 Sequenom MassARRAY
Microarray/lllumina Infinium Human
Non et al. 2014 (44) a 1 a5 s Methylation450 BeadChip

Braithwaite et al. 2015 (45) 10

Mansell et al. 2016 (46) 38 36 35 34 33 32 31 30 29 28

33 188080670

Kantake et al. 2014 (34) 10 11 12 13 14 15 16 17 18 19 20 21

Giarraputo et al. 2017 (36) 4

Kantake et al. 2018 (47) 39 488408064708

10 11 12 13 14 15 16 17 18 19 20

Burris et al. 2014 (48) 5

Figure 4. Standardization of CpG sites location on the exon

—_
-

association with maternal-foetal attachment dur-
ing pregnancy [28], breast milk ingestion [47]
and birth weight [27,34,47].

Maternal mental condition during pregnancy
and NR3C1 DNA methylation in infants

Sites CpG 1 to 29

Three studies on maternal mental condition dur-
ing pregnancy included sites located in the region
from CpG 1 to 29 of exon 1 g in their methylation
analysis in the cord blood.

Methylation rate at sites 10, 20, 21, 23, 24 and
25 were positively associated with intense stress in
the prenatal period and negatively associated with
birth weight [27]; In bivariate analysis, mood in
pregnancy (anxiety or depression or fears related
to childbirth/foetal well-being) was positively asso-
ciated with methylation rate at sites 1-5, 9, 12-13,
and 20-21 and negatively associated with methyla-
tion rate at sites 10-11, and 17-18, but after false-
positive discovery rate (FDR) correction at 0.25 to
deal with multiple tests, only the correlation
between hypermethylation at site 9 and anxiety
related to pregnancy remained significant [28].
Hypermethylation at site 1 and 13 were respec-
tively associated with anxiety and antidepressants
use during pregnancy, but none of these associa-
tions remained significant after Bonferroni

2 25 24 23 22 21 20 19 18 17 16 15

22 23 24 25 26 27 28 29 30 31 32 33

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

and pyrosequencing

1.2 3 45 6 7 89 Pyrosequencing
Sequenom MassARRAY
Mquant method
12 3 4 Pyrosequencing
NGS

12 3 4 s Pyrosequencing

of the NR3CT gene promoter.

correction for multiple comparisons; hypermethy-
lation at both sites (1 and 13) were also associated
with pre-eclampsia, while hypomethylation at site
12 and 13 were respectively associated with pre-
eclampsia and maternal hypertension [46]
(Figure 5).

Briefly, methylation rate at sites 10, 13, 20 and
21 in the cord blood were associated with stressful
conditions during pregnancy in at least two studies
[27,28]. Hypermethylation prevailed, but hypo-
methylation was mainly associated to birth weight
[27].

Sites 30 to 39
Six studies analysed methylation rate at sites
included in the region from CpG 30 to 39 of exon
1 , five in the cord blood [26-28,44,46] and one in
the newborn buccal swabs [45].
Hypermethylation at sites 30 to 39, analysed
together, in male infants at two months of age
was significantly associated with depression during
pregnancy [45]. One or more of the sites 35, 36
and 37 were hypermethylated in newborns in asso-
ciation with one or more conditions during preg-
nancy, such as depression and/or anxiety and/or
fears related to childbirth/foetal ~well-being
[26,28,45,46] while hypermethylation at 34 was
associated with maternal clinical conditions, such
as smoking during pregnancy and hypertension
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Figure 5. NR3C1 promoter exon 1 ¢ region CpG site methylation rate in newborn.

[46]. Hypermethylation at site 37 was associated  altered in two [28,46]. Hypermethylation at sites
with increase in cortisol level in the infant in 43 to 45 and 46-47 analysed together were
response to stress at 3 months of age [26], while  observed in mothers under psychological stress
hypermethylation at sites 38 and 39 was associated ~ during pregnancy [46], and hypermethylation at
with increase in cortisol level during pregnancy  site 47 in mothers with fear of changes in the third
[28]. Hypomethylation at site 35 was associated  trimester of pregnancy [28], though this last asso-

with a good maternal-foetal bond in the first tri-  ciation could not stand FDR correction at 0.25
mester of pregnancy and hypomethylation at sites  (Figure 5).

38 and 39 was associated with fear of changes Briefly, hypermethylation at site 47 associated
during pregnancy [28], although this last associa-  with negative maternal psychological condition
tion could not stand FDR correction at 0.25 for  during pregnancy was reported in at least two
multiple tests. studies [28,46].

Briefly, methylation rate at sites 35 to 39 in the
cord blood or infant buccal swab was more often
positively associated with negative maternal psy-  Neonatal parameters or morbidities and NR3C1
chological or clinical conditions during pregnancy =~ methylation in infants
in at least four studies [26,28,45,46], although not
always in the same direction. Hypomethylation at
site 35 was associated with a positive maternal
attitude [28].

Sites CpG 1 to 39

Four studies analysed associations between neona-
tal parameters or morbidities and methylation rate
at sites located in the region from CpG 1 to 39
[34,36,47,48]. At birth, methylation rate in preterm
Sites CpG 40 to 47 newborns admitted to the NICU was lower at sites
Methylation at one or more sites in this region 1, 5, 8 and higher at site 4, compared to healthy
were evaluated in four studies [26,28,44,46] and  term newborns, but no significant correlations
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were observed between those sites and prenatal
parameters, such as gestational age, birth weight,
SGA, antenatal steroid, and mode of delivery [34].
In preterm newborns with chronic lung disease
(CLD), methylation rate at sites 12,19 and 27 at
birth were associated with sex in variable direc-
tions and methylation rate at sites 25, 36 and 38,
with birth weight, in negative direction [47]. In
term newborns, no associations between methyla-
tion rate at sites 35 to 39 and birth weight were
observed [47]. At day 4, methylation rate was
significantly higher in preterm newborns admitted
to the NICU compared to healthy term newborns.
Increase at 11 CpG sites (sites 1, 2, 8, 9, 10, 14, 16,
25, 26, 28, 29) and decrease at site 4 were observed
between birth and the 4th day of life, while term
newborns kept methylation rates stable in the per-
iod [34]. Some of these changes (day 4 to day 1
methylation ratio) were associated with several
perinatal parameters: CpG4 positively associated
with gestational age and negatively associated
with Apgar at 1 min; CpG 8 positively associated
with Apgar at 5 min, small for gestational age
(SGA), and admission to the NICU and negatively
associated with caesarian delivery; CpG 10 posi-
tively associated with admission to the NICU, and
CpG 25 and 29 positively associated with SGA.
Hypermethylation at CpG 16 on day 4 was posi-
tively associated with neonatal complications [34].
In premature newborns with CLD, between birth
and 1 month, methylation rates were stable at sites
1 to 39. At the age of 1 month, hypomethylation at
site 19 was associated with sex and hypermethyla-
tion at sites 5, 8, 25, 32, 33 and 35, with corticos-
teroid treatment for chronic lung disease (CLD);
between 1 and 2 months of age, methylation rate
increased at nine sites (CpG 3, 4, 5, 11, 15, 18, 19,
23 and 27) and hypermethylation at sites 3, 4, 5,
15, 18, 19 and 23 were associated with corticoster-
oid for shock; at 2 months of age, hypermethyla-
tion at 22 of the 39 sites studied (2-5, 8-10, 12,
15-19, 23-26, 31-34, and 39) were associated with
the use of corticosteroids for shock [47]. In this
same population of preterm newborns with
chronic lung disease, hypomethylation at several
sites were associated with the following para-
meters: sites 2, 10, 15, 16, 17, 24 and 25 with
birth weight; sites 2, 8 and 9 with the use of
antenatal corticosteroids and site 36 with

breastfeeding [47] (Figure 5). Hypomethylation at
site 35 was also observed in high-risk compared to
low-risk preterm infants classified by the Neonatal
Therapeutic Intervention Score System (NTISS)
score at discharge from the NICU [36].

Briefly, in at least two studies hypermethylation
at sites 4, 8, 10, 16 and 25 [34,47], and changes in
methylation rate in both directions at site 35
[36,47] were associated with parameters or mor-
bidities during the first months of life in preterm
newborns admitted to the NICU.
Hypermethylation associated to negative neonatal
conditions prevailed, while hypomethylation at
various sites was associated with good or protec-
tive conditions.

Discussion

In this review, we addressed epigenetic changes in
the NR3CI gene in newborns and very young
infants, specifically the methylation at CpG sites
in the 1 g region, related to perinatal stress,
whether in the foetal period or throughout the
first months of life. Methylation changes were
reported in 41 of the 47 CpG sites of exon 1 .
In general, hypermethylation was the predominant
change associated with stressful situations, while
hypomethylation was more often associated with
protective conditions or better outcomes, such as
good maternal-foetal bonding, breast milk inges-
tion and higher birth weight. However, we could
not define very consistent patterns of site-specific
changes associated with maternal or infant perina-
tal conditions. Several sources of heterogeneity
among studies, such as the type and methods of
measuring exposure and outcome, number and
region of CpG sites analysed, type of tissue sample
used, methods of methylation analysis and presen-
tation of findings hindered the comparison and
synthesis of results.

The adversities experienced by the mother dur-
ing pregnancy and the possible epigenetic reper-
cussions on the foetus and childhood are a topic
widely studied due to its importance for child
neurodevelopment [49]. Since the pioneering
study by Weaver et al. (2004) in rodents, associat-
ing the intensity of maternal care with changes in
methylation at sites 1, and adjacent, homologous
to CpG sites 35, 36, and 37 in humans [23], several



studies have focused on exon 1 p of the NR3ClI
gene, particularly in this region. Methylation of
exon 1 g NR3CI promotor can affect NGFI-
A-induced gene transcription, since canonical
NGFI-A binding sites are between -3215 and
—3204 (concerning the ATG translation initiation
site), containing sites 37 and 38 and also —3361 to
3345, which includes 16 to 21. The noncanonical
binding-sites located between -3405 and -3390,
contains CpG-units 12 and 13 and the second
noncanonical binding site, located between —-3276
and —3250, contains CpG-units 30 to 32 [50]. In
the present review, hypermethylation at sites 35 to
39 in newborns or very young infants were asso-
ciated with depression and/or anxiety in four stu-
dies [26,28,45,46], but hypomethylation at site 38
was also reported in one study [28]. Methylation
changes in cord blood in the region containing
sites 12, 13 and 16 to 21 were associated with
negative maternal psychological or clinical condi-
tions during pregnancy in three studies [27,28,46],
but the direction varied. These contradictory
directions may be partially explained by the great
heterogeneity in the assessment of maternal well-
being during pregnancy, not only regarding the
number of times (one or more times) and the
moment of the assessment (first, second, third
trimester, or at delivery), but also the assessed
condition (depression/anxiety or extreme stress,
such as war situations or very unfavourable socio-
economic conditions) and the different measure-
ment scales used.

The NICU represents a highly hostile envir-
onment for the newborn. They remain away
from their mother and family, receive invasive
therapies, undergo numerous painful procedures
under excessive handling and continuous light
and sound stimuli. Many have transient adrenal
insufficiency in the first week of life, and around
the 14th day, there is adaptation and adequate
response of the HPA axis. Neonates who suffer
prolonged intrauterine hypoxaemia or hypoxic-
ischaemic encephalopathy may remain with ele-
vated cortisol levels for extended periods [51].
Premature birth and NICU admission are asso-
ciated with methylation of genes related to neu-
rological ~and  behavioural  development,
compared to full-term newborns [52,53], espe-
cially in those exposed to more painful
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procedures [54] and those with greater severity
[34,47], in addition to reducing the volume of
brain regions on MRI [55-57]. Imaging studies
have shown that premature newborns admitted
to the NICU [58] and children victims of abuse,
neglect, and extreme poverty [59] may present
a reduction in the parietal and frontal regions,
areas rich in glucocorticoid receptors, which can
cause emotional problems [6]. On the other
hand, animal studies suggest that quality mater-
nal care can reverse methylation associated with
stress [60].

The results of the present review corroborate
these literature findings. Hypermethylation asso-
ciated with neonatal comorbidities predominated
at several sites in the region involving sites 1 to 39.
Remarkably, hypomethylation at some sites were
associated with positive conditions, suggesting
protective effects: sites 35 and 36 respectively asso-
ciated with good maternal-foetal bonding during
pregnancy [28], and breast milk ingestion [47];
hypomethylation at various sites associated with
better birth weight [27,47] and first minute
Apgar [34]. However, contradictory methylation
changes at site 35 was also reported in association
with infant conditions: hypomethylation in sicker
preterm infants [36] and hypermethylation in pre-
term infants receiving corticosteroids for CLD
[47]. We can point out several differences between
these two studies: Kantake et al. (2018) performed
a retrospective longitudinal analysis of methylation
at 39 sites in premature newborns with CLD, at
birth, one and 2 months of age associated with
clinical conditions [47]. Giarraputo et al. (2017)
conducted a cross-sectional analysis on the asso-
ciation between methylation at four sites (CpG 35-
39) and high versus low-risk preterm newborns,
classified according to the Neonatal Therapeutic
Intervention Score System (NTISS) [61]; both con-
ditions (methylation and severity) were assessed at
the same time, before hospital discharge [36].
However, in this study, both groups were of pre-
term newborns admitted to the NICU, different
from studies that compared preterm versus term
newborns. Besides, the moment of hospital dis-
charge and, therefore, of methylation assessment
was very different among premature infants clas-
sified as high and low risk (mean 99 days x 44 days
of life, respectively). If epigenetic changes are
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transient and some factors can reverse them [62],
other analyzes at similar hospitalization times
should have been performed to compare the
groups. Also, there were differences in the type
of tissue collected (cord blood, peripheral blood,
and saliva). Peripheral tissues are more accessible
than brain, and in general the observed genomes
can be compared [63]. However, the use of per-
ipheral tissues and different cell types as brain
methylation markers is controversial. Several stu-
dies have reported a correlation between methyla-
tion levels in peripheral blood [64,65], buccal cells
[66], saliva [67], umbilical cord blood [68] and the
brain. Otherwise, some authors observed great
variation in the methylation of different CpG
sites and different genes comparing peripheral
and cerebral tissues [69,70]. Besides, variations of
DNA methylations in different cell types and tis-
sues of the same individual and between different
individuals [69,71,72], in addition to factors such
as changes in blood T cell count and macrophages
[73] and response to external stimuli, such as drug
use, must be considered [74].

The NR3CI gene plays a central role in regulat-
ing the hormonal stress response. Understanding
the relationship between epigenetic changes and
the balance of the HPA axis and glucocorticoid
metabolism is essential for understanding long-
term psychological, emotional disorders and dis-
eases [75]. The most acceptable theory is that pre-
natal psychological conditions impact on foetal
development via increased maternal cortisol levels.
In conditions such as depression, anorexia ner-
vosa, and panic syndrome, the hormones pro-
duced by the hypothalamus, pituitary and adrenal
remain increased in the systemic circulation
[76,77]. Increased exposure to cortisol in foetuses
can cause an imbalance in the HPA axis [78] and
epigenetic changes in DNA involving several genes
related to its functioning, such as NR3C1, FKBP5,
SLC6A4, 11B-HSD2, and others [49]. However,
results on the association between maternal
depression and cortisol levels in pregnancy are
still controversial [79]. Three studies included in
this review measured cortisol in mothers [28,45]
or babies [26]. Association between its increase
and hypermethylation, especially in the region of
the sites 37 [26], 38 and 39 [28] was found only in
two studies. Moreover, maternal psychological

conditions were not associated with cortisol levels
during pregnancy [28,45], suggesting that cortisol
did not mediate the effects of maternal mood on
epigenetic outcomes in the newborn. Cortisol
levels were not measured in newborns admitted
to the NICU in the studies included in this review.
It would be necessary for better understanding the
relationship between disease severity in the neona-
tal period, hormonal imbalance, and epigenetic
changes [34,36,47]. Kantake et al. (2018) demon-
strated a strong positive association between the
postnatal use of glucocorticoid for CLD or circu-
latory shock in preterm infants and increased
methylation at various CpG sites of exon 1 y of
the NR3CI gene. On the other hand, antenatal
glucocorticoid administration had a moderate
negative effect on NR3CI gene methylation. The
authors suggest that glucocorticoid demand due to
relative adrenal insufficiency may result in NR3CI
methylation, not glucocorticoid administra-
tion [47].

Maternal risk factors such as age, multiple preg-
nancies, infections, chronic diseases such as high
blood pressure and diabetes, nutritional status,
smoking, alcohol, and drug use can contribute to
premature birth and epigenetic changes in the off-
spring [80-82]. In the present review, preeclamp-
sia, maternal arterial hypertension and smoking
during pregnancy were associated with methyla-
tion changes [46]. Birth conditions and newborn
characteristics such as gender, birth weight, gesta-
tional age, type of delivery, Apgar, admission to
the NICU were also factors with repercussions on
the epigenome [27,34,45,47,83]. Animal and
human studies suggest a greater male epigenetic
vulnerability in response to prenatal and postnatal
experiences, considered a critical factor of stress
impact on long-term pregnancy [84-86] which is
corroborated by the findings of one study in this
review, that was the association between depres-
sion in pregnancy and hypermethylation only in
male infants [45].

This review has strengths and limitations. The
lack of standardization in the designation of CpG
sites in the 1 g region of the NR3CI gene hindered
the initial understanding and comparability of the
results of the sites studied by the various authors.
The careful mapping of the sites referred to in each
article and standardization of these sites’



numbering represents a contribution to the under-
standing of the relationship between adverse peri-
natal conditions and changes in the methylation of
the NR3CI gene. The main limitation was the
great heterogeneity among the studies, related to
several aspects, such as design, exposures and out-
comes, varied scales for their measurement, some
not validated, as well as the moment and the
number of times they were applied, location and
number of the analysed CpG sites, type of tissue
sample used, methods of methylation analysis and
way of reporting findings. All these sources of
variability made it difficult to «carry out
a meaningful synthesis of the results. The wide
diversity of cell types, all with great transcriptional
activity of the NR3CI gene, and possible effects
that can go in opposite directions of activation or
silencing its expression according to its function in
the organism’s different cells make the compar-
ability between the findings a complex task.
Besides, most of the existing studies are of limited
methodological quality. No study reported sample
size justification, power description nor precision
estimates. Moreover, considering the observational
nature of the studies and the possibility of inter-
generational transmission of epigenetic changes,
we cannot be sure about all confounders involved
nor about the direction of the association (expo-
sure vs. outcome), so that results do not yield
strong enough evidence to support causal infer-
ences. Finally, we must consider the possibility of
positive publication bias, since only two of ten
studies reported no associations.

Many questions still await evidence-based
answers and may be the subject of future research.
Few studies investigating the association between
adversities, changes in the response of the HPA
axis and methylation of the NR3CI gene have
measured cortisol levels so that the association
between endocrine and neural imbalances, epige-
netic alterations and diseases can be established.
Are these epigenetic changes really mediated by
circulating cortisol? Should other potential media-
tors be considered in future research? Differences
in DNA methylation may be related to inter-
individual and intra-individual tissue and cell
type difference. How to interpret DNA methyla-
tion results observed in different peripheral tis-
sues? Can adversity trigger specific methylation
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patterns in different cell types and tissues? Can
the intensity of the stress experienced generate
epigenetic changes in multiple tissues? Future
research should aim to standardize cell types and
peripheral tissues that better represent the central
nervous system, as well as the identification of the
sites, facilitating the comparability of the results.
Besides, statistical adjustments of the cellular com-
position of the samples would increase the meth-
odological quality of NR3CI gene methylation
studies. Very few studies evaluate the impact of
admission to the NICU, one of the earliest, most
intense, and prolonged negative experiences in an
individual’s life. What is the impact of prematurity
and admission to the NICU on the epigenome? Do
the early observed epigenetic changes persist
throughout childhood and into adulthood, or are
they transitory? What factors could reverse the
epigenetic marks caused by stressful conditions
experienced in the foetal and neonatal period?
Moreover, transmission of methylation profiles
from parents to the offspring must also be consid-
ered. Few studies have an intergenerational
approach. Research on stress in the perinatal per-
iod assess changes in DNA at birth or during
pregnancy. Do the methylation sequences
observed in pregnant women and newborns,
represent maternal or paternal marks transmitted
to the offspring or constitute new marks acquired
by them? Epigenetic mechanisms and changes can
be considered excellent candidate biomarkers and
promising tools for diagnosis and prognosis. The
scientific literature today is enriched by studies
that associate DNA methylation with clinical para-
meters, but they are still unable to extrapolate
most of biomarkers to clinical practice. Which
site-specific methylation change can predict
a particular outcome? Which protective interven-
tion can mitigate it? Finally, research on epigenetic
alterations in specific genes and sites provides
detailed, but sometimes confusing and contradic-
tory results. Will genome-wide research be more
enlightening, by revealing the possible interactions
between different genes?

In conclusion, we are still at the frontier of
knowledge on the impact of adverse perinatal con-
ditions on epigenetic changes, affecting the lives of
individuals and their offspring in the short, med-
ium, and long term. In this review, we were
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interested in answering how perinatal stress affects
methylation of the NR3C1 gene in newborns.
Understanding how stressors or protective condi-
tions affect the methylation of this gene in a phase
of intense brain development and knowledge
acquisition may help reduce short and long-term
morbidities. Other reviews in this topic included
other genes or analysed only maternal tissues, like
blood or placenta, which do not reflect methyla-
tion in the newborn and may confound results.
Moreover, in these previous studies, each investi-
gator identified the CpG sites in their own way,
making it difficult to understand the role of
methylation at specific sites. We thought that nar-
rowing the focus on the methylation of specific
CpG sites and standardizing the designation of
the already studied sites could bring some new
light. Although this review does not make it pos-
sible to conclude about specific CpG sites, we
believe that it contributes to corroborating evi-
dence that adversities experienced in the perinatal
period are associated with epigenetic changes in
exon 1 g of the NR3CI gene. Still, many gaps
remain to be elucidated in future research. We
believe that the standardization presented in this
review may help to systematize the description of
future results.
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