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W) Check for updates

Maternal and infant NR3CT7 and SLC6A4 epigenetic signatures of
the COVID-19 pandemic lockdown: when timing matters
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Stress exposure during pregnancy is critically linked with maternal mental health and child development. The effects might involve
altered patterns of DNA methylation in specific stress-related genes (i.e., glucocorticoid receptor gene, NR3C1, and serotonin
transporter gene, SLC6A4) and might be moderated by the gestational timing of stress exposure. In this study, we report on NR3C1
and SLC6A4 methylation status in Italian mothers and infants who were exposed to the COVID-19 pandemic lockdown during
different trimesters of pregnancy. From May 2020 to February 2021, 283 mother—infant dyads were enrolled at delivery. Within 24 h
from delivery, buccal cells were collected to assess NR3C1 (44 CpG sites) and SLC6A4 (13 CpG sites) methylation status. Principal
component (PC) analyses were used to reduce methylation data dimension to one PC per maternal and infant gene methylation.
Mother-infant dyads were split into three groups based on the pregnancy trimester (first, second, third), during which they were
exposed to the COVID-19 lockdown. Mothers and infants who were exposed to the lockdown during the first trimester of
pregnancy had lower NR3C7 and SLC6A4 methylation when compared to counterparts exposed during the second or third
trimesters. The effect remained significant after controlling for confounders. Women who were pregnant during the pandemic and
their infants might present altered epigenetic biomarkers of stress-related genes. As these epigenetic marks have been previously
linked with a heightened risk of maternal psychiatric problems and less-than-optimal child development, mothers and infants

should be adequately monitored for psychological health during and after the pandemic.
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INTRODUCTION

During the last decades, evidence has accumulated suggesting that
environmental exposures to adverse life events might critically alter
the developmental trajectories of infants’ development and mental
health by contributing to the epigenetic regulation of stress-related
genes [1, 2]. Pregnancy is a sensitive period for women’s mental
health [3, 4] as well as for the embedding of environmental
exposures into the developmental phenotype of infants [5].
Concerning this latter, previous studies showed that timing and
severity of the exposure during gestation are likely to influence the
nature and degree of these effects [6], providing further support for
the notion that fetal brain development is characterized by a
sequence of sensitive time windows, during which specific biological
structures and systems, usually undergoing rapid developmental
change at that given point, are particularly vulnerable to environ-
mental influences. Thus, for example, studies on the risk for
schizophrenia indicated that the most sensitive period for prenatal
exposure to adversity was the first trimester [7] when the processes
of neuronal migration occur. In contrast, the strongest effects of
antenatal adverse exposure on cognitive outcomes [8], stress
regulation [9, 10, 109] and offspring’s emotional problems [11] have
been more frequently reported in late pregnancy when rapid fetal
brain development, including synaptogenesis, neural migration, and
the beginning of synaptic differentiation, takes place.

Early stressful or traumatic events that occur during the first
1000 days—and especially during pregnancy—might leave stable
signatures in the epigenome of mothers and infants [12, 13].
Changes in the DNA methylation status of specific portion of
stress-related genes are among the most studied epigenetic
signatures of early exposures to adverse life events. DNA
methylation is fostered by DNA methyltransferase enzymes
(DNMTSs) that are responsible for the binding of the methyl group
from donor S-adenosyl-methionine onto the 5’ position of the CpG
dinucleotide. DNA methylation occurring in regions relevant for
gene regulation and expression, characterize by high density of
CpG sites (i.e., CpG islands) are of great concern for researchers
and clinicians. These regions include exons, promoter regions, and
enhancers. Nonetheless, methylation occurring in other regions is
thought to interact with other epigenetic mechanisms and to
contribute to the emergence of increased or reduced transcrip-
tional sensitivity. For instance, higher methylation in both exonic
and intronic regions is effective in recruiting histone deacetylases,
leading to gene silencing. DNA methylation usually alter the
accessibility of a gene coding region to the molecular transcrip-
tional agents and could lead to altered expression and a
consequently altered availability of proteins that are necessary
for the adequate development of individuals. The methylation
dynamics of genes encoding for the glucocorticoid receptor
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(NR3CT) and the serotonin transporter (SLC6A4) are key targets of
behavioral epigenetics, as they are deeply involved in stress
regulation and mental health.

The hypothalamic—pituitary-adrenal (HPA) axis is key in
regulating the mobilization of energy in the organism [14]. It is
involved in stress reactivity and regulation and it supports the
development of behavioral, cognitive, and socio-emotional
domains as well as mental health. The HPA axis response to
challenging and stressful conditions involves a cascade of
hormonal activations that finally leads to secreting glucocorticoids
(cortisol in humans) from the adrenal glands. Cortisol secretion is
regulated by feedback mechanisms that involve the activation
and binding of the hormone to specific glucocorticoid receptors
(GRs) in the brain. The NR3C1 gene encodes for specific GRs in the
mammalian brain and is epigenetically regulated by environ-
mental exposures. The epigenetic regulation of the NR3CT gene is
highly sensitive to environmental adverse and protective condi-
tions during sensitive periods, including pregnancy. Available
evidence shows that the methylation status of NR3C1 gene in cord
blood was predicted by maternal psychological distress [15-17],
experiences of war-related stress [18, 19] and partner violence [20]
during pregnancy.

The serotonergic neurotransmission is also known to affect a
wide range of developmental outcomes in infants and mental
health in adults. In humans, serotonin is located both in the
central nervous system and in peripheral tissues [21]. In the brain,
it is located in the neurons of the median and dorsal raphe nuclei,
in the cortex, and in the hippocampus. The amygdala, hypotha-
lamus, and the pituitary adrenal gland, which are deeply involved
in stress regulation mechanisms, are densely innervated by
serotonin neurons [22]. The serotonin transporter is a crucial
regulator of the serotonergic system: it removes the serotonin
released in the synaptic cleft, and it is synthesized by a specific
gene, namely the SLC6A4. The expression of this gene is regulated
by polymorphic allelic variants and epigenetic mechanisms
[23, 24]. A systematic review has recently reported on the
potential of the SLC6A4 gene's methylation as a biomarker of
exposure to life adversity which also associates with less-than-
optimal outcomes in child development and adult mental health
[12]. However, few studies have investigated the link between
antenatal exposure to adversity and SCL6A4 gene methylation and
these have yielded inconsistent findings. Either negative [25],
positive [26], or null [27] associations between maternal antenatal
psychological distress and infant SLC6A4 methylation patterns
have been reported.

The COVID-19 pandemic dramatically hit northern Italy at the
beginning of 2020 [28]. With the increasing number of patients
requiring intensive care and with unprecedented mortality rates
associated with this clinical condition, the COVID-19 pandemic
rapidly grew as a potential collective trauma. The effects of
pandemic-related stress have been already highlighted in
healthcare professionals working at the forefront of the pandemic
emergency [29, 30] as well as in the general population [31].
Moreover, individuals who are experiencing periods of heightened
neuroplasticity might be especially sensitive to environmental
stress and life adversity. Not surprisingly, a large number of studies
are documenting detrimental associations of pandemic-related
stress with both infants’ developmental outcomes and maternal
mental health indexes. Epigenetic pathways are likely to play a
role in mediating the impact of exposure to the pandemic during
gestation on maternal and fetal phenotypes, yet they are still
largely unknown. It is important to obtain information on the
potential epigenetic pathways underlining these associations in
order to increase our knowledge of the neurobiology of stress.
Furthermore, major stressful events, such as the pandemic or
natural disasters, provide the unique opportunity to test for timing
effects [32], which are rarely addressed in studies examining the
epigenetic underpinnings of antenatal stress exposures. Obtaining
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information on time periods during pregnancy differentially
sensitive to epigenetic regulation by life adversities is key to
provide innovative evidence basis to the programming of
preventive and care actions during and after the pandemic time.

In this study, we report on NR3C1 and SLC6A4 methylation in
mothers and infants who were exposed to the initial stage of
COVID-19 pandemic in Northern Italy—the first lockdown period
—between March and May 2020. We focused on the first
lockdown period as this constituted an acute major stressful
event for the Italian population with a clear and sudden onset and
characterized by features of uncertainty, fear, and lack of social
support [33]. This provides greater leverage for exploring timing
effects of pandemic stress-related exposure across gestation on
maternal and infant epigenome. More specifically, we assessed
the presence of significant differences in NR3C1 and SLC6A4
methylations among those individuals—both mothers and infants
—who experienced the lockdown period during different
trimesters of pregnancy.

METHODS

Participants

The Measuring the Outcomes of Maternal COVID-19-related Prenatal
Exposure (MOM-COPE) research project is a longitudinal and multi-centric
cohort study that involves ten neonatal units in Northern Italy [34]. The
study is registered at ClinicalTrials.gov with unique identifier NCT04540029.
Here, we report cross-sectional evidence on a sample of 283 mother-infant
dyads who provided complete self-report and biological data at delivery.
The dyads were enrolled from May 2020 to February 2021. Mothers were
included if at least 18 years old, in the absence of prenatal and perinatal
diseases or injuries, if they delivered at term (ie, from 3740 to
41 + 6 weeks of gestational age), and if they were negative for SARS-
CoV-2 at delivery as by PCR testing. Mothers were first contacted at
antepartum classes or immediately following the postpartum period.
Socio-demographic and neonatal data were obtained from medical
records. The study was approved by the Ethics Committees of the project
lead institution (IRCCS Mondino Foundation, Pavia, Italy) and the
participating hospitals. All the procedures were performed in accordance
with the 2018 Declaration of Helsinki for studies conducted with human
participants. All mothers provided informed consent to participate to
the study.

Context

To further characterize the present sample and to optimize the possibility
of cross-country comparisons, we report a brief description of the historical
context of COVID-19 pandemic in the local area where the study was
conducted. The neonatal units were all placed in the Northern Italy region
of the first SARS-CoV-2 spread - specifically among the provinces of
Bergamo, Cremona, Lodi, Pavia, and Piacenza. The first Italian COVID-19
case in this region was officially registered on February 21, and the first
death on February 22. By the first week of March, the virus had spread to
multiple regions in the Italian territory. The first lockdown was issued on
March 8 and was in place until June 3.

Procedures and measures

Within 48 h from delivery, mothers self-reported on depressive symptoms
and anxiety by replying to an online adapted version of the well-validated
Beck Depression Inventory (BDI-Il [35] and State-Trait Anxiety Inventory
(STAI-Y [36]) questionnaires, respectively. The Italian version of the BDI-II
[37] is a 21-item self-report questionnaire that provides a descriptive and
non-diagnostic account of the severity of symptoms of depression. Each
item is rated on a 4-point Likert scale, and the total continuous score
ranges from 0 (low) to 63 (high). The state anxiety subscale of the Italian
version of the STAI-Y [38] was used here; it features 20 4-point Likert-scale
items and provides a descriptive and non-diagnostic account of the
severity of symptoms of anxiety. The total continuous score ranges from 20
(low) to 80 (high).

Between 6 and 24 h from delivery, buccal cells were obtained from
mothers and infants using OraCollect for Pediatrics kit OC-175 (DNA
Genotek, Ottawa, Canada). Methylation assessment was conducted
according to previous validated procedures from this lab [26, 39]. The
genomic DNA was extracted following the manufacturer’s protocols, and
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Table 1. Sample characteristics.

Whole sample Third trimester Second trimester First trimester Comparison

N =283 N=118 N=284 N =81

Mean SD Mean SD Mean SD Mean SD F
Gestational age (weeks) 39.66 1.08 39.76 1.02 39.75 1.11 3942 1.09 3.04 ns
Birth weight (grams) 3347.42 433.49 3376.44 435.89 3331.85 397.14 3321.30 467.65 0.46 ns
Head circumference (cm) 34.20 1.21 3441 1.29 34.09 0.99 34.18 1.27 1.97 ns
Apgar at 1 min 9.20 0.69 9.26 .59 9.15 0.65 9.15 .85 0.46 ns
Apgar at 5min 9.87 0.37 9.92 .30 9.83 0.43 9.84 37 0.14 ns
Maternal age (years) 33.27 442 32.80 4.85 32.81 4.30 34.42 3.64 3.94 *
Maternal depression (BDI score) 7.29 5.86 6.07 5.45 6.82 6.45 7.30 5.16 0.31 ns
Maternal anxiety (STAI score) 34.08 10.60 35.34 9.85 35.35 10.63 37.56 9.55 0.24 ns

N % N % N % N % X
Sex: males 141 49.8 141 49.8 141 49.8 141 49.8 0.16 ns
Sex: females 142 50.2 142 50.2 142 50.2 142 50.2

Note. ns, P> 0.0, *P < 0.05.

its quality was assessed using a Qubit fluorometer Invitrogen, Thermo
Fisher Scientific, Waltham, Massachusetts, USA. The methylation status of
the SLC6A4 gene’s region (chr17:28562750-28562958; 13 CpGs) and NR3C1
gene’s region (chr5:142763694-142764254; 44 CpG sites) was assessed by
PCR amplification of bisulfite-treated DNA followed by next-generation
sequencing (NGS) on a NEXTSeqg-500 (lllumina, San Diego, California, USA).
Target regions were chosen based on previous literature on the serotonin
transporter gene and glucocorticoid receptor gene epigenetic regulation
by stress exposure [12, 40]. The position of each CpG site is reported in
Supplementary File S1.

Data reduction

The trimester of exposure to the lockdown was obtained by considering
the actual dates of lockdown in Italy (see “Context”) and according to the
date of birth of the included infants. Consequently, infants born between
May and July had been exposed to the lockdown during the third
trimester, those born between August and October had been exposed
during the second trimester, and the remaining infants born after October
have been assigned to the first-trimester group. Among the 283 dyads,
three mothers had no valid NR3CT7 methylation data and were thus
excluded from the present sample leaving 280 available mothers for the
analyses. For infant NR3C1 and for both maternal and infants SLC6A4
methylation, complete data were available. The reduce the number of
testable CpG sites on maternal and infant SLC6A4 and NR3C1, separate
principal component analyses were carried setting simplimax rotation [41],
suppressing coefficients lower than 0.40, and extracting principal
components (PCs) based on eigenvalue greater than one (Revelle, 2019).
For mothers, 12 out of 13 SLC6A4 CpG sites loaded on one unique PC, M-
SLC6A4, which explained 51% of variance in maternal SLC6A4 methylation,
whereas 15 out of 44 CpG NR3C1 CpG sites loaded on a PC, M-NR3CI,
which explained 14% of total variance in maternal NR3C1 methylation. For
infants, 10 out of 13 SLC6A4 CpG sites loaded on one PC, I-SLC6A4, which
explained 29% of the variance in infant SLC6A4 methylation, whereas 16
out of 44 CpG NR3C1 CpG sites loaded on a PC, I-NR3C1, which explained
14% of total variance in infant NR3C1 methylation. The results of the four
principal component analyses are reported in details in Supplementary File
S2. These four PCs were included in further analyses.

Plan of analyses

First, the presence of significant differences in socio-demographic,
neonatal, and maternal mental health variables among mother-infant
dyads who were exposed to the COVID-19 pandemic lockdown during the
third, second, or first trimester of pregnancy was explored by means of
one-way analyses of variance (ANOVAs). To assess the presence of
significant differences in maternal and infant methylation of SLC6A4 and
NR3C1 genes by pregnancy trimester of exposure to the COVID-19
pandemic lockdown, four separate one-way ANOVAs were carried out with
Trimester (levels: third, second, first) as the between-subject variable and
each of the methylation PCs. Significant ANOVA effects were further
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explored by means of Tukey-adjusted post hoc tests. A correlation matrix
was used to identify potential confounding associations among socio-
demographic, neonatal, and maternal mental health variables and
maternal and infant methylation of the SLC6A4 and NR3C1 genes. Variables
for which a significant association emerged were included together with
Trimester in a general linear model (GLM) [42] to estimate variations in
SLC6A4 and NR3C1 genes’ methylation; models were run separately for
each gene as well as mothers and infants. All the analyses were performed
with JAMOVI 2.2.5 [43] and setting P < 0.05.

RESULTS
Socio-demographic and neonatal variables are reported in Table 1.
No significant differences by Trimester emerged for infants’
gestational age, birth weight, head circumference, and Apgar
score at minute 1 and minute 5. No differences by Trimester
emerged for maternal anxiety and depression. At post hoc,
mothers who were exposed to the COVID-19 pandemic lockdown
during the first trimester were older (mean age = 34.43 years,
SD = 3.64) than counterparts exposed during the second (mean
age =32.81, SD=4.30) and third trimester (mean age =32.80
years, SD = 4.85) of pregnancy. No statistically significant differ-
ences emerged by sex in |-SLC6A4, t(281) =0.16, P=0.875, and |-
NR3C1, t(281) = 0.80, P =0.423, methylation scores. The correla-
tions between maternal and infant SLC6A4 and NR3CT methylation
PC scores are reported in Fig. 1. As such maternal age was
included as a covariate in the following ANOVAs on methylation
PCs. Maternal depression and anxiety scores were not significantly
correlated with infants and maternal methylation PC scores.
Significant differences in DNA methylation by Trimester of
exposure to COVID-19 pandemic lockdown emerged for mothers
(see Fig. 2), M-SLC6A4, F(2,280)=20.79, P<0.001, M-NR3C1,
F(2,277) =45.73, P<0.001, and for infants (see Fig. 3), I-SLC6A4,
F(2,280) = 7.96, P < 0.001, I-NR3C1, F(2,280) = 21.69, P < 0.001. The
effects remained significant when including maternal age as a
covariate (Supplementary File S3). Post hoc tests revealed that in
dyads exposed to the COVID-19 pandemic lockdown during the
first trimester of pregnancy the methylation status of both genes
was lower compared to counterparts exposed during the second
or third trimester (M-SLC6A4: 3rd trimester vs. 2nd trimester,

=399, P<0.01; 2nd

t(280) = 2.14, P = 0.085; M-NR3C1: 3rd trimester vs. 2nd trimester,

t(280)=1.30, P=0.398; 3rd trimester vs. 1st trimester,

t(280) =6.29, P<0.001; 2nd trimester vs. 1st trimester,

t(280) = 4.64, P < 0.001; I-SLC6A4: 3rd trimester vs. 2nd trimester,

t(280) = 1.70, P=0.206; 3rd trimester vs. 1st trimester,

t(280) trimester vs. 1st trimester,
(280)
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Fig. 1 Correlation matrix for maternal and infant SLC6A4 and NR3C1 principal component scores. X- and Y axes report methylation

percentage. Density plots on diagonal. Note. ***P < 0.001.

t(277) =217, P=0.079; 3rd trimester vs. 1st trimester,

t(277) =9.38, P<0.001; 2nd trimester vs. 1st trimester,

t(277) = 6.67, P<0.001; I-NR3C7: 3rd trimester vs. 2nd trimester,

t(280) =2.09, P=0.094; 3rd trimester vs. 1st trimester,

t(280) =6.55, P<0.001; 2nd trimester vs. 1st trimester,
(280)

t(280) = 4.16, P < 0.001).

DISCUSSION

In this study, we assessed the presence of a significant difference
in the methylation status of target regions of the SLC6A4 and
NR3C1 genes in mothers and infants who were exposed to the
COVID-19 pandemic lockdown during different trimesters of
pregnancy. The findings provide novel evidence suggesting the
presence of a similar trend for both mothers and infants and for
both genes examined, with a heightened sensitivity to epigenetic
upregulation by life adversities when the lockdown was experi-
enced during the second and third trimesters of pregnancy
compared to the earlier gestation period.

For what pertains to infant NR3C7 and SLC6A4 methylation,
previous research suggested that prenatal exposure to life
adversities may link with altered patterns of methylation, although
evidence concerning the direction of the associations is incon-
clusive [44]. Differences related to the specific trimester of
exposure might contribute to findings inconsistency; however,
they were not systematically addressed in previous human
studies. For instance, Stonawski et al. [45] found a significant
positive association between maternal depression during the third
trimester of pregnancy and school-age children’ SLC6A4 and
NR3C1 CpG-specific methylation. Nonetheless, the effect of
maternal depression during other trimesters was not investigated.

SPRINGER NATURE

Devlin et al. [25] reported on the association of maternal prenatal
depressed mood during the second trimester of pregnancy—but
not the third trimester—with lower infant SLC6A4 promoter
methylation at birth. Oberlander and colleagues [15] found a
significant association of maternal prenatal depression during the
third trimester of pregnancy—»but not the second trimester—and
methylation of NR3C1 in newborns. Maternal community depriva-
tion during the second or third trimester of pregnancy was found
to be significantly associated with greater infant DNA methylation
in eight CpG sites of the SLC6A4 gene, but not of the NR3C7 gene
[46]. Dereix et al. [47] recently reported higher NR3C1 methylation
in infants of mothers with high levels of prenatal anxiety, but not
depression, although gestational timing of exposure was not
specified. Similarly, in a cohort of 83 pregnant women, prenatal
maternal anxiety was found to be significantly linked with infant
NR3C1 methylation in specific CpG sites located into exon 1F [48].
Notably, in this study the association between prenatal adversity
(i.e, maternal anxiety) and the epigenetic regulation of the
glucocorticoid receptor gene was documented for all three
trimesters. A recent meta-analysis published by Palma-Gudiel
and colleagues [49] was supportive of an association between
prenatal exposure to life adversities, and CpG-specific increased in
the methylations status of the NR3C7 gene promoter. Nonetheless,
the meta-analytic study was inconclusive on the role of pregnancy
timing as a mediator of the association, as in a very limited subset
of original papers the specific trimesters were reported separately.

Accordingly, the present findings contribute to cover a gap in
the existent literature, as they highlight a unique contribution of
adversities occurring during the second and third trimesters
of pregnancy—and not the first— on the epigenetic regulation of
the SLC6A4 and NR3C1 gene in infants. Current findings suggest

Translational Psychiatry (2022)12:386



S. Nazzari et al.

’M |
é 3rd trim 2 4 m
7]
€
= O
% 2, .
g z
& 2nd trim 4 =
o
[9)
2
o 2
; 0
Tst trim A 44
-2.5 0.0 25 3rd trim 2nd trim 1st trim
M-NR3C1 Pregnancy trimester
3 E
. 3rd trim A 21
2
3
1 4
E b
- 8 .
Py 2 0 -
& 2nd trim =
@ 2nd trim <
=)
[9)
— _1 -
o
-2 4
1st trim
2 0 2 3rd trim 2nd trim 1st trim
M-SLC6A4 Pregnancy trimester

Fig. 2 Maternal SLC6A4 and NR3C1 methylation by pregnancy trimester. Note. ***P < 0.001.

that those genes are, to some extent, developmentally sensitive to
prenatal exposure to a major stressful event such as the pandemic.
Questions remain about the mechanisms by which pandemic
exposure in late pregnancy might initiate greater epigenetic
changes in fetal brain development, as compared to earlier
exposures. Biological alterations, for example, in levels of cortisol
or inflammatory markers, underline maternal antenatal stress
experiences [50, 51] and are likely to affect the transcriptional and
epigenetic activity during critical periods of development [1].
Notably, the fetal brain is partially protected from elevations in
maternal cortisol by the activity of the placental 11b-
hydroxysteroid-dehydrogenase type 2 (11-BHSD2); it has been
shown that the expression of this enzyme is reduced in the last
stages of gestation, thus allowing more cortisol to cross the
placenta and influence fetal brain development [52]. Furthermore,
the fetal HPA axis is not fully developed until the second trimester,
so it is possible that stress-related effects on this system may not
be apparent unless the stressors occur late in gestation [53].
Noteworthy, maternal and fetal physiology are strongly
connected across pregnancy [54]. In line with this notion, maternal
and infant levels of methylation of the NR3C7 and SLC6A4 genes
were moderately to strongly associated in the current sample.
Further, we provided evidence of an association between timing
of prenatal exposure to the COVID-19 lockdown and maternal
methylation of the NR3C7 and SLC6A4 genes, which parallels the
association we reported in newborns. The association between
environmental adversity and methylation of the NR3CT or SCL6A4
genes is well-established in the general population [55, 56]. Less is
known regarding how stressful experiences influence the mater-
nal epigenome during pregnancy. Literature on the effects of life
adversities experienced during pregnancy and maternal NR3C1
and SLC6A4 genes’ methylation is limited. Kertes and colleagues
[57] found an association between chronic stress and war-related
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trauma in levels of maternal NR3C1 gene methylation soon after
delivery in a small sample of Congolese women (N = 24) exposed
to severe war-related stressors during pregnancy. Further, changes
in methylation of NR3CT gene were reported in women who were
exposed to interpersonal violence [58] and to the Tutsi genocide
during pregnancy [59]. Devlin and colleagues [25] reported a
negative association between maternal depressive symptoms in
the second—but not third—trimester of pregnancy and maternal
methylation levels in the SLC6A4 gene. Albeit preliminary, the
current findings extend available evidence by showing that the
second and third trimester of pregnancy might represent more
vulnerable windows for the effects of stressful experiences on
maternal epigenetic regulation of genes involved in stress
regulation mechanisms. Importantly, levels of maternal depressive
or anxiety symptoms were unrelated to methylation of target
genes in the current sample, thus possibly suggesting that the
objective stress experience, rather than the subjective one, might
be more closely implicated in shaping maternal epigenetic
regulation. However, this hypothesis needs to be explicitly
addressed in future studies. Mechanisms underlying the observed
effects of timing of exposure on maternal methylation remain an
open area for future inquiry. Maternal stress response systems
undergo substantial changes as gestation advances in order to
support fetal growth and development. Generally, an increase in
cortisol levels and pro-inflammatory cytokines have been reported
in the third trimester of pregnancy [60, 61]. We might speculate
that a greater than typical increase in stress hormones and
inflammatory markers related to the stressful experience of the
pandemic in the third trimester of pregnancy might affect more
significantly maternal epigenetic regulation, leading to greater
methylation of stress-related genes in late gestation.
Interpretation of these findings should be carefully done
considering the following limitations. First, NR3CT and SLC6A4

SPRINGER NATURE
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Fig. 3 Infants’ SLC6A4 and NR3C1 methylation by pregnancy trimester. Note. ***P < 0.001.

methylation were peripherally assessed in buccal cells. It is unclear
how epigenetic variation in the peripheral tissue relates to epigenetic
change within the brain. Partial evidence exists on the cross-tissue
consistency of DNA methylation measures in humans. It is plausible
that the methylation status of genes that have widespread effects
and actions across central and peripheral tissues—such as the NR3CT1
and the SLC6A4 genes—may be tissue- and site-specific [62-64].
Second, previous review [12] and meta-analytic [40] evidence were
not conclusive on the directionality of epigenetic regulatory
mechanisms in association with adverse exposures. While increased
methylation of SLC6A4 and NR3CT genes is reported in many papers,
patterns of hypomethylation have been also reported in individuals
exposed to adversities [65] or in subjects with less-than-optimal
outcomes [66]. From this perspective, our findings do not necessarily
suggest the presence of better or worse outcomes according to the
trimester of adversity of exposure; rather, they highlight the presence
of different gradients of susceptibility, which might be reflected in
increased or reduced patterns of methylation in stress-related genes.
The functional and adaptive consequences of hyper- and hypo-
methylation patterns cannot be conclusively addressed here. Third,
while we examined target genes related to stress regulation and
serotonin transmission, it should be underlined that several different
genomic regions might be impacted by the stress-related pandemic
exposure and also that gene polymorphisms are likely to moderate
the impact of stress and their impact should not be underestimated.
Fourth, the lack of a pre-pandemic control group is another limitation
of this study. As we cannot compare the present sample with
mother-infant dyads who were not exposed to the COVID-19
pandemic, complementary or additional explanations of our findings
might be considered. For instance, it is possible that those exposed
during the first trimester of pregnancy had more time to recover
from the traumatic experience of the lockdown. Similarly, a proximity
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effect between exposure and testing might further act as an
uncontrolled bias in the absence of a non-pandemic control
condition. Fifth, while neonatal levels of methylation were measured
soon after birth and are, thus, independent of the effects of the
postnatal environment, we did not measure additional sources of
antenatal stress, whose effects on maternal and fetal methylation
levels could not be ruled out. For example, we did not control for the
number of previous children or other traumatic experiences that may
have occurred in women's life. Lastly, interpretation of findings
should be cautious as findings are correlational, and causality cannot
be inferred from this initial study.

CONCLUSIONS

The outbreak of COVID-19 pandemic represents an unprecedented
adversity for the global population which might have potentially
long-term effects, particularly in vulnerable populations, such as
women who were pregnant at the time of the pandemic and their
infants. While the literature on the impact of the pandemic on
women and infant mental health is burgeoning, little is known about
the possible underlining biological mechanisms and windows of
vulnerability. The current study is among the first to show a greater
impact of exposure to the COVID-19 pandemic on levels of maternal
and infant methylation of target stress-related genes (i.e, NR3CT and
SLC6A4) in late gestation, as compared to earlier exposures. It is
noteworthy that high methylation of the NR3C7 gene has been
linked with altered stress regulation [15] and poorer neurodevelop-
mental outcomes [67]. Likewise, greater methylation of the SCL6A4
gene has been associated with altered socio-emotional development
and stress regulation [12, 26]. Future research will help to clarify
whether the observed heightened methylation at these sites has
functional consequences for maternal and infant health. This
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knowledge could allow for timely identification of and intervention
with high-risk mother—infant dyads.
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