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Abstract

The crosstalk between maternal stress exposure and fetal development may be mediated by
epigenetic mechanisms, including DNA methylation (DNAm). To address this matter, we
collect 32 cord blood samples from low-income Brazilian pregnant adolescents participants
of a pilot randomized clinical intervention study (ClinicalTrials.gov, Identifier: NCT02807818).
We hypothesized that the association between the intervention and infant neurodevelopmental
outcomes at 12 months of age would be mediated by DNAm. First, we searched genome
methylation differences between cases and controls using different approaches, as well as
differences in age acceleration (AA), represented by the difference of methylation age and birth
age. According to an adjusted p-value ≤ 0.05 we identified 3090 differentially methylated posi-
tions- CpG sites (DMPs), 21 differentially methylated regions (DMRs) and one comethylated
module weakly preserved between groups. The intervention group presented a smaller AA
compared to the control group (p= 0.025). A logistic regression controlled by sex and with
gestational age indicated a coefficient of −0.35 towards intervention group (p= 0.016) consid-
ering AA. A higher cognitive domain score from Bayley III scale was observed in the interven-
tion group at 12 months of age. Then, we performed a potential causal mediation analysis
selecting only DMPs highly associated with the cognitive domain (adj. R2 > 0.4), DMRs
and CpGs of hub genes from the weakly preserved comethylated module and epigenetic clock
as raw values. DMPs in STXBP6, and PF4DMR,mediated the association between the maternal
intervention and the cognitive domain at 12 months of age. In conclusion, DNAm in different
sites and regions mediated the association between intervention and cognitive outcome.

Introduction

Environmental exposures during prenatal life, such as maternal diet, alcohol/drug abuse, smok-
ing, preeclampsia, gestational diabetes, and psychosocial stress, may result in sustained effects in
the molecular mechanisms programing offspring health, and contribute to neurodevelopmental
disorders risk.1 Epigenetic mechanisms are associated with environmental stimuli, especially
DNAmethylation (DNAm), which has been suggested as a potential biomarker of andmediator
in health outcomes.2-4 It was previously reported that the environmental input can be mediated
byDNAmon important genes associated with neural circuitry components, therebymodulating
brain plasticity,5 but evidence is still lacking as to whether the relationship between neurode-
velopmental outcomes and prenatal interventions are mediated by modifications in DNAm.

Observational studies in humans have found that specific patterns of DNAm are associated
with stressful prenatal environments and specific behavioral outcomes of the child.6,7 For exam-
ple, differential methylation of specific sites of the BDNF gene in cord blood, placental tissue,
and maternal venous blood were associated with exposure to war trauma and chronic stress
during gestation.8 Indeed, prenatal famine exposure predicted changes in metabolic markers
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in adulthood and were mediated by DNAm in genes related to the
metabolism.9 DNAm levels of specific single CpG sites (CpGs)
and/or entire regions are frequently associated with prenatal stress
and brain development, indicating the relevance of exploring this
mechanism.10,11 At the same time, a recent development is that the
estimation of gestational age using DNAm levels of specific CpGs
has been validated and has been associated with prenatal stress.12

However, these biological outcomes have not been studied in
longitudinal studies using relevant infant health outcomes.

Considering the concept of tissue plasticity during intrauterine
life, psychosocial interventions during pregnancy have been found
to improve conditions for the child’s development.13 Indeed, a
recent meta-analysis reported that psychosocial interventions in
early pregnancy promote positive developmental outcomes.14

Nevertheless, there are only a few randomized controlled trials
testing psychosocial interventions during pregnancy designed to
determine the effect of maternal stressors on the epigenetic mech-
anisms that promote fetal neural development.15 One key example
is the Nurse Family Partnership program that found variations in
DNAm in the blood of offspring at 27 years of age, independent of
sex, ancestry, cellular heterogeneity and a polygenic risk index for
major psychiatric disorders, but dependent of some lifestyle fac-
tors, such as smoking.16 Still, there are a few conceptual nuances
that are not explained in these studies that could be investigated
in a randomized trial of pregnant women.

Indeed, there are relatively few studies that have integrated clin-
icals with epigenetic and phenotypic data to explicitly explore the
role of DNAm as a potential biological mediator of environmental
effects on health outcomes.2,17 While most of the research on this
topic was conducted in high-income countries, the effects may be
different and possibly even greater in low- and middle-income
countries given the high degree of stress due to living in conditions
with high levels of interpersonal violence, natural disasters, pov-
erty, and exposure to infectious diseases,18 food insecurity, dietary
deficiencies, crowded housing, and extremes in temperature.19 To
address this important gap in the literature, we conducted a study
to investigate whether “Primeiros Laços,” a program that provided
support to pregnant teenagers living in extreme social vulnerability
would promote epigenetic changes at CpGs, regions and network
modules as well as differences in age acceleration (AA), repre-
sented here by the difference of methylation age and birth age).
Then we performed a potential causal mediation analysis using
methylation results as potential mediators for neurodevelopmental
outcomes of offspring at 12 months of age.

Method

Study design

A randomized controlled trial was conducted to test the effects of
the “Primeiros Laços” program in improving mother-infant rela-
tionship (NCT02807818).20

Study population

The study included first-time pregnant adolescents living in an
urban area characterized by high rates of poverty and urban vio-
lence in Sao Paulo, Brazil. Eighty women were randomized to the
intervention (n= 40) and to the control (received the usual prena-
tal care, n= 40) groups. The inclusion criteria were (1) women
between 14 and 19 years that were (2) pregnant for the first time,
(3) between 8 and 16 weeks’ gestation, (4) living in western regions
of São Paulo, and (5) low socioeconomic status [classes C–D/E]

according to the Criteria for Economic Classification assessed by
the Brazilian Association of Research Companies questionnaire.21

Exclusion criteria were (1) mental, visual, or hearing disabilities.
Randomization was stratified according to type of basic health unit
and years of grandmother’s schooling. In Brazil, basic care, consid-
ered the preferential path of access of the population to Unified
Health System services, oversees the organization and integration
of public healthcare networks.

Intervention

Primeiros Laços is a home-visit program using visits from trained
nurses to first-time pregnant adolescents and their infants from the
first 16 weeks of pregnancy until the child is 24 months old. The
nurses specialized in maternal or mental health and were super-
vised weekly by senior nurses and psychologists. Primeiros Laços
is based on three theoretical frameworks (Attachment theory,
Bowlby et al., 1979; Self-Efficacy theory, Bandura, 1977; Bioecological
Development theory, Bronfenbrenner, 1998) and was structured in
five axes (health care, health environment, parenting and attach-
ment, social and family network, life project). The program was
developed by our team (Chiesa et al., 2008) based on existing
home-visiting programs (Olds, 2006; Slade et al., 2005). The care
plan for each mother–infant dyad was carefully designed to
strengthen maternal competences for warm and responsive care.
A key factor was establishing positive relationships between home
visitors and the family. During the visits, nurses helped parents
develop child-centered interactions, improve their bond with their
infant, reflect on their own attachment history and parenting they
received, consider their child as an individual with his/her own
needs, feelings, and thoughts, and improve their parenting skills
by modeling. The nurse encouraged attuned parenting and stimu-
lated sensitive behaviors, such as being attentive to the child’s com-
municative signals or following the child´s lead. Parents were also
given support to think in a reflective way. Frequency of visits was
weekly (first/last month of pregnancy/puerperium), biweekly (ges-
tation/2–20 months of child’s age) and monthly (21–24 months of
child’s age). Mothers were expected to receive 60–62 visits in total.

Care-as-usual

Control participants received care-as-usual from the Sistema Único
de Saúde, Brazil’s public health system,22 according to national
guidelines of the Ministry of Health that are in line with the
World Health Organization (WHO) guidelines. Prenatal and post-
natal care is delivered by primary healthcare units free of charge and
focuses on preventive interventions, early detection of gestational
risk, and referral to specialized health services in case of high-risk
pregnancies. Participants from the intervention group also had
access to these public health services.

Behavior and neurodevelopmental outcomes

To assess socioeconomic conditions, the following instruments
were used: Brazilian Scale of Food Security (EBIA),23 monthly fam-
ily income, and maternal education. Data for alcohol/drug abuse
and smoking habits were also collected. Anthropometric data were
used for nutritional status evaluation. To evaluate depression and
anxiety, the Beck Depression and the Anxiety Inventory (BAI),24,25

were collected at baseline and at 30th gestation week. Infant weight
and length were measured at birth by trained professionals. The
values (z-score) of the infant’s growth parameters were based on
the growth standards of the WHO.26
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Finally, the Bayley Scales of Infant Development (BSID-III)27,28

were conducted by trained psychologists at 12 and 24 months of
age to evaluate neurodevelopmental characteristics of the infants.
The five neurodevelopmental domains were considered separately:
Cognitive, Receptive Language, Expressive Language, Fine Motor
Skills and Gross Motor Skills.

Sample processing to collect biological samples

The mothers were advised to contact researchers when going into
labor, however somemothers forgot to notify themwhen the process
began. In addition, others gave birth outside the referral hospital, as
they were geographically far away when they went into labor.
Considering these challenges, we were able to collect biological sam-
ples from 15 women from the control and 17 intervention groups.

From 32 neonates, 4 ml of umbilical cord blood were collected
in EDTA vacutainer tubes (B.D. Scientific) immediately after deliv-
ery and the samples were immediately frozen at −80°C for follow-
ing analyses. DNA was extracted with the QIAamp DNA Mini
Kit (Qiagen). NanoDrop (Thermo Fisher Scientific) and Qubit
(Thermo Fisher Scientific) were used to assess DNA purity and
quantity, respectively. Bisulfite converted DNA (EZ DNA
Methylation kit, Zymo Research Corp) was hybridized in the
HumanMethylation450 BeadChip arrays (HM450K, Illumina),
following the Illumina Infinium HD methylation protocol. Both
experiments were processed by Deoxi Biotecnologia (www.deoxi.
com) according to the manufacturer’s instructions. Raw data were
extracted by the iScan SQ scanner (Illumina) using GenomeStudio
software (v.2011.1), with the methylation module v.1.9.0
(Illumina), into IDAT files, which were used for further analyses.

Minfi package version 1.26.229 was used for quality control of
the samples as well as to apply quantile normalization30 and to cal-
culate M-values. We removed probes that contained SNPs at the
CpGs, those located at the sex chromosomes, and those known
to cohybridize to more than one genomic sequence resulting in
429,174 probes. ChAMPpackage version 2.10.231 was used to iden-
tify and adjust the M-values for batch effects and for sex.

Differential methylation analysis

Differential methylation positions- CpG sites (DMPs) and differ-
entially methylated regions (DMRs) were calculated from M-val-
ues. Differentially methylated CpGs (adjusted p-value ≤ 0.05,
Benjamini–Hochberg method) and DMRs (False Discovery
Rate, adjusted p-value ≤ 0.05) were obtained using the DMP and
DMRcate functions32 respectively, as implemented in ChAMP.
After identifying the DMPs, they were further annotated to obtain
information regarding enhancers, transcription factor binding sites
(TFBSs) and DNAse I Hypersensitivity sites (DHSs). For enhancers,
we used the complete annotations from EnhancerAtlas for Fetal
Brain and Fetal Placenta. For TFBSs and DHSs we used the
wgEncodeRegDnaseClusteredV3 and wgEncodeRegTfbsClustered
V3 tracks from Genome Browser’s Data Integrator (available at
http://genome.ucsc.edu/cgi-bin/hgIntegratorhttp://genome.ucsc.
edu/cgi-bin/hgIntegrator). We considered DMRs sequences of
300 bp containing at least seven CpGs and showing differences of
FDR≤ 0.05.

Weighted correlation network analysis

The weighted correlation network analysis package33 was used to
compare comethylation networks from intervention and control
groups using the previously identified DMPs. For each group,

Pearson correlation between samples M-values were used to con-
struct two correlation matrices, with the estimated network power
value (beta) = 15 was used as a scale-free independence index,
resulting in an R2 of 0.90 and 0.96 for interventional and control
groups, respectively. For both networks, we used the following
parameters: deepsplit = 3, mergecuthigh = 0.25, and minimum
module size = 30.

Z-summary was used to evaluate preservation between net-
works (100 permutations). Modules with a low or moderate level
of preservation are those with Z-summary ≤ 10, which indicates
large topological variation.34 Considering that the Z-summary
indicates a topological variation between each group, modules with
a low Z-summary value indicate the CpGs with the largest
differences in the comethylation pattern. CpGs with a kME corre-
lation ≥ 0.9 were considered hubs of that module.

Epigenetic clock for gestational age at birth

As proposed by Knight et al.,35 an Epigenetic Clock for Gestational
Age at birth was calculated by submitting the DNAm levels of 148
CpGs sites to an elastic net regression based on six training
datasets.

Statistical Analyses

Statistical analyses were performed in R v. 3.5.0. Chi-square and t-
tests were applied to compare the phenotypes between interven-
tion and control groups. False Discovery Rate, Benjamini−
Hochberg and bootstrapping (1000 repetitions) was used to multi-
ple comparations (Adj p-value < 0.05).

Due to 30% of neurodevelopment outcomes missing data from
our sample at 24 months of age, we only use outcomes at 12
months of age to perform the proposed analysis. Moreover, 3 of
32 cord blood samples did not have neurodevelopmental outcomes
collected at 12 months, therefore we analyzed 14 and 15 from con-
trol and intervention, respectively.

Thus, although the cognitive and the gross motor skills were
different between intervention and control groups in this subsam-
ple with cord blood collection, we only analyzed the cognitive score
as an outcome because it was also statistically significantly between
cases and controls in the whole cohort at 12 months of age. RCT
Primeiros Laços had 63 neurodevelopmental evaluations at 12
months of age (Suppl. File 1. Supplementary Table 2). The study
design can be visualized in Suppl. File 1 (Supplementary Fig. 1).

To perform the mediation analysis, we defined by the following
criteria at CpGs, region, ormodule level: (1) Only DMPs associated
with cognition were tested asmediators. DMPs related to cognition
(R2 adj > 0.4) were defined by a linear regression model using M-
values of DMPs as dependent variable and the cognitive domain
score controlled by sex. (2) From coexpression data, all CpGs that
were hubs from the not preserved comethylation module. (3) Each
DMR was represented as the M-values means of all CpGs within
the specific region. (4) Epigenetic clock as raw values.

We used the mediation R package version 3.5.036 to analyze
causal mediation with bootstrap of 1000 replications for confi-
dence intervals. Data from mediation model for each CpGs or
DMRs include estimates and 95% CIs of total, direct, and media-
tion effects. The average causal mediation effects (ACME) states
whether intervention positively (the probability of increasing cog-
nition score) or negatively (decreases the cognitive score) affects
the outcome (cognitive score) through a mediator (DNAm,
according to the selected ones). Total effect and average direct
effect (ADE) show if the intervention is likely to change cognition
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in the mediation models. The functionmedsenswas applied to per-
form sensibility analysis to test effects of unmeasured confounders.
A p-value less than 0.05 was considered statistically significant.

Results

Characteristics of the sample

Cord blood was collected from a total of 32 infants. Three infants
had incomplete neurodevelopmental measures or dropped out
from the study, resulting in 14 infants in the control group and
15 infants in the intervention group (Table 1) at 12 months.
There were no differences in socioeconomic status, smoking, pre-
pregnancy body mass index, anxiety, and depressive symptoms
between the mothers’ groups and no differences in anthropometric
measurements or obstetric differences at birth between infants’
groups. At 12 months, the intervention group presented higher
scores for gross motor and cognitive domains. In comparison to
the whole sample, the subsample where cord blood was collected
had a significantly higher number of boys (p= 0.01) and mothers
presented higher scores on BAI (p= 0.04) (Suppl. File 1.
Supplementary Table 1).

Identification of methylation differences between
intervention and control groups

By comparing DNAm levels for cord blood, intervention and
control group had 3090 DMPs, being 1855 (60%) hypomethylated
CpGs in the intervention group (Suppl. File 1. Suppl. Fig. 2). The

3090 DMPs were in 1267 genes, being 217 mapped within 1500 bp
of the transcriptional start site (Suppl. File 2. Suppl. Table 3).
Nineteen DMPs had delta-beta values > 20% (Suppl. File 1.
Suppl. Table 3A).

The 3090 DMPs were tested for their potential association with
the cognitive score of these infants at 12 months of age by multiple
linear regression controlled by sex and using the cognitive domain
score as outcome. Eighteen CpGs presented adj. R2 > 0.4 (Suppl.
Table 4), with 11 CpG mapped to the genes: C10orf118, C11orf58,
C6orf174, GRIA1, LHFPL4, LOC100240726, MYOM2, RB1,
STXBP6, TBL1XR1, and TOR1AIP2. From the CpGs not annotated
to a gene, using ENCODE annotation, one CpGs (cg19610750) was
located on a DNase hypersensitivity site annotated for multiple
transcription factors, including CTCF.

We identified 21 DMRs, 15 (71%) hypomethylated in the inter-
vention group. Fifteen DMRs were located at genes (HLA-DPB1,
ABAT, ANKRD30B, PLEKHH3, ABCC13, LOC650226, LOC441666,
PAX8, BOLL, RUFY1, LOC149837, HCG4P6, PF4, and TACSTD2),
mostly located next to the transcriptional start site and/or pro-
moter region of the respective gene (Suppl. Table 5). The DMRs
were tested for their potential association with the cognitive score
of these infants at 12 months of age by multiple linear regression
controlled by sex using the cognitive domain score as outcome. PF4
was the unique DMR with a significant p-value (0.006) with a
β (SE)=−5.48 (1.8) and R2 adj= 0.30 associated with the cognitive
outcome at 12 months (Suppl. Table 6).

Comethylation analysis of the 3090 DMPs pointed to six
modules: MEblue (218 CpGs), MEbrown (138 CpGs), MEgreen

Table 1. Characteristics of mothers and their infants in control (n= 14) and intervention groups (n= 15)

Mothers

Baseline

Control Intervention

p-valuen (%) mean (SD) n (%) mean (SD)

Prepregnancy BMI (kg/m2) 21.2 (3.9) 22.5 (6.7) 0.527

ABEP (score) 18.1 (6.4) 17.6 (5.6) 0.825

Beck Depression Inventory 14.0 (6.9) 13.3 (6.3) 0.804

Beck Anxiety Inventory 10.4 (5.9) 16.1 (9.2) 0.179

Family Income* 4.7 (1.6) 4.4 (1.4) 0.626

Smoking before pregnancy 2 (16,7) 3 (20) 0.995

Infant characteristics (at birth)

Gestational age (weeks) 39.3 (1.2) 39.4 (1.4) 0.989

Birth weight (g) 3120.3 (365.4) 3168.2 (409.2) 0.728

BMI/age (z-scores) −0.231 (0.9) 0.109 (0.9) 0.320

Neurodevelopmental outcomes (12 months)

Sex (female) 6 (42,8) 7 (46,7) 0.964

Bayley III domains

Cognitive 41.5 (3.0) 44.2 (4.0) 0.025

Fine motor skills 28.2 (2.2) 30.1 (2.8) 0.051

Gross motor skills 41.2 (4.0) 44.8 (4.1) 0.026

Expressive language 13.1 (3.6) 15.3 (3.4) 0.111

Receptive language 12.5 (2.3) 13.5 (4.5) 0.429

ABEP, Brazilian Association of Survey Companies; BMI, body mass index. We reinforce in bold the statistically significant differences (p-value < 0.05).
*Brazilian Minimal Wage.
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(129 CpGs), MEred (68 CpGs), MEturquoise (219 CpGs) and
MEyellow (136 CpGs). Annotation of CpGs as well as the respec-
tive modules (Suppl. File 3. Suppl. Table 6). MEturquoise (Z-sum-
mary = 7.42, MEcor = 0.13, p-value = 0.055) presented a low
conservation score (Suppl. File 1. Suppl. Fig. 3). MEturquoise
had 126 CpGs (out of 219) mapped to 96 genes. Four CpGs sites
were classified as hub nodes in the MEturquoise module: one
located at the body of CNTNAP1 and three CpGs located on the
TSS200 of FILIP1.

Gestational age estimated by methylation point to a younger
age of newborns receiving the intervention

Intervention and control groups did not present differences in the
chronological gestational age at birth (Table 1; 39.4 × 39.3,

intervention and control, respectively). The intervention group
presented a smaller epigenetic gestational age mean compared
to the control group (39.5 × 40.1 weeks, respectively) (p= 0.038)
and AA (p= 0.025) (Fig. 1). Logistic regression controlled by
sex and with gestational age as outcome variable indicated a coef-
ficient of −0.35 towards intervention group (p= 0.016).

DNAm show mediating effect on cognition at 12 months

Causal mediation analyses were applied to assess whether DNAm
levels might be a mediator between intervention and infant’s
cognition score at 12 months of age. (Suppl. File 1. Suppl. Table
7). Fig. 2 shows the results of CpGs selection pipeline to mediation
analyses: (1) 18 CpGs associated with cognitive domain (adj. R2 >
0.4), (2) 4 CpGs that were hubs in the less preserved comethylation

Fig. 1. (a) Boxplot of the chronological gestational age (GA) at delivery. (b) Boxplot of the epigenetic clock for GA. (c) Age acceleration. (d) Scatter plot of the relationship between
epigenetic clock and GA.
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module, (3) 21 DMRs, considering the averaged M-values of all
CpGs within the region and (4) epigenetic clock as raw values.

A total of 18 DMPs were identified for significant ACME, with
11 located at TBL1XR, C11orf58, C6orf174, TOR1AIP2, MYOM2,
C10orf118, STXBP6, RB1, LOC100240726, GRIA1, LHFPL4.
However, there are inconsistencies in the signal for TBL1XR1
and GRIA1 that impact the total effect and make it impossible
to talk about the proportion of the effect that was mediated.
Moreover, three DMRs located at BOLL, LOC650226 and PF4 pre-
sented significant ACME, however, LOC650226 only with partial
mediation (ADE significant). Additionally, we applied a sensitivity
analysis to verify if there are no omitted variables that could bias
the causal mediation results. The randomization of the interven-
tion assures that no omitted variables will bias the exposure and
DNAm, but since it is not possible to randomize the mediator, con-
founders could affectDNAmand cognition scores. Sensitivity analy-
ses reinforced the causal mediation effect of DNAm (Suppl. File 4),
suggesting if we have unknown confounders the mediation should
be observed. The correlation between residuals (Rho) when indirect
effects is zero (ACME= 0) as shown in Table 2. Our results pre-
sented a mediation of DNAm in the association between interven-
tion and cognitive domain at 12months of age (Table 2). Finally, the
gestational age and AA given by the epigenetic clock did not show
mediation effects.

Discussion

Addressing interventions prior to birth that could improve neuro-
developmental outcomes would be a significant advancement in
modern mental health research. Thus, testing prenatal interven-
tions to reduce stress for mothers living in volatile situations is
important to determine the impact on brain development of the

developing fetus. It is proposed that maternal stress and fetal devel-
opment may be mediated by epigenetic mechanisms, including
DNAm, of the offspring. In this study, we investigated cord blood
DNAm differences (DMPs, DMRs, and hubs from comethylation
network) and the epigenetic clock between intervention and con-
trol groups, that could act as mediators of the effects of a nurse-led
home-visitation intervention program during pregnancy in child
cognitive development at 12 months. Given that our sample size
was limited, we only selected DMPs that could contribute to the
cognition development at 12 months (DMPs explaining at least
40% of the outcome) to test mediation effect.

In terms of potential mediators, 5 out of 12 DMPs with a sig-
nificant mediation effect (ACME and total effect) were mapped to
genes involved in neuron functions and some associated to neuro-
developmental disorders: MYOM2 (cg08174789), RB1 (cg13389575),
C10orf118 (cg05405872), STXBP6 (cg11734401), and TOR1AIP2
(cg07761912).37–39 C10orf118 and STXBP6 are involved with vesicle
trafficking and signaling40 and are associated with dendritic pro-
tein localization in neurons.41 TOR1AIP1 encodes cofactors for
the ATPase TorsinA, important to maintain developing neurons,
during neuronal differentiation.42 The DMPs for these three genes
(C10orf118, STXBP6, and TOR1AIP1) are located at the 5 0UTR
increasing the probability that their methylation is associated with
downregulation of gene expression. Thus, we suggest that the cog-
nitive score improvement by the intervention is mediated by a
decrease in TORIAIP2 expression and an increase in the expres-
sion of C10orf118 and STXBP6, with the former mediating 70%
of the total effect. Another interesting CpG that mediates the inter-
vention effect on cognition is cg19610750, despite located at an
intergenic region, it is annotated in binding sites for the transcrip-
tional factors CTCF and EGR1, both involved with fetal develop-
ment.43,44 We highlight the cg23223755, located at LHFPL4, a

Fig. 2. DNAm variables approaches to
select variables to be tested in causal
mediation analysis. We tested the
mediation effect of single sites (DMPs).
DMRs and age acceleration in the rela-
tionship between the intervention and
the cognitive score at 12 months of age.
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Table 2. Mediation effects of DNA methylation in the relationship between intervention and at birth and cognitive scores at 12 months

Methylation ~ ran-
domization*

Methylation ~ cog-
nition* Average direct effect Average causal mediation (ACME) Total effect Rho**

Gene
Relation
island Feature Coef.

Reg.
p-value Coef.

Reg.
p-value Coef. 95% CI p-value Coef. 95% CI p-value Coef. 95% CI p-value ACME = 0

DMP

cg01600222 shore IGR −0.57 2.00E-03 −0.09 2.00E-05 −0.34 −3.28 2.76 0.810 3.5 1.41 6.05 <2E-16 3.16 0.16 6.3 0.04 −0.6

cg03648020 shelf IGR 0.44 2.00E-03 0.07 5.00E-06 −0.64 −3.39 1.88 0.620 3.81 1.74 6.60 <2E-16 3.17 0.25 6.1 0.04 0.7

cg03930153 TBL1XR1 opensea 5'UTR 0.44 4.00E-03 0.07 2.00E-04 −0.02 −2.97 2.87 0.980 3.07 3.07 6.08 <2E-16 3.05 0.00 6.1 0.05 0.6

cg05405872 C11orf58 shore Body 0.40 7.00E-05 0.05 7.00E-05 −2.00 −5.42 1.48 0.260 5.15 2.55 8.23 <2E-16 3.15 0.42 5.9 0.02 0.6

cg06003184 C6orf174 opensea 3'UTR 0.41 4.00E-03 0.06 1.00E-04 0.09 −2.92 3.07 0.990 3.03 1.1 5.45 0.002 3.11 −0.1 6.0 0.05 0.6

cg07761912 TOR1AIP2 island 5'UTR 0.59 3.00E-03 0.09 3.00E-05 −0.19 −2.88 2.20 0.890 3.33 1.33 5.89 <2E-16 3.13 0.23 5.8 0.04 0.6

cg08174789 MYOM2 island Body −0.74 1.00E-04 −0.09 5.00E-05 −1.30 −3.80 1.23 0.310 4.37 2.16 7.01 <2E-16 3.06 0.17 5.9 0.04 −0.6

cg09656541 C10orf118 shore 5'UTR −0.35 0.020 −0.06 1.00E-04 0.70 −1.53 3.24 0.580 2.29 0.63 4.34 0.010 2.99 0.26 6.0 0.03 −0.6

cg11734401 STXBP6 shore 5'UTR −0.53 2.00E-03 −0.08 6.00E-06 −0.72 −3.07 1.63 0.560 3.79 1.78 6.11 <2E-16 3.07 0.19 6.0 0.04 −0.7

cg11964314 opensea IGR 0.36 1.00E-05 0.04 3.00E-05 −2.36 −5.67 0.79 0.150 5.51 3.1 8.29 <2E-16 3.15 0.32 5.8 0.03 0.7

cg13389575 RB1 shore Body −0.60 7.00E-03 −0.09 5.00E-04 0.38 −2.44 3.36 0.820 2.76 1.04 4.89 <2E-16 3.15 0.2 6.0 0.04 −0.6

cg16652817 island IGR −0.39 1.00E-03 −0.06 2.00E-04 −0.40 −3.20 2.47 0.760 3.54 1.42 6.17 <2E-16 3.13 0 6.1 0.05 −0.6

cg19610750 shelf IGR −0.53 2.00E-02 −0.11 9.00E-07 −0.02 −2.26 2.27 0.970 3.12 0.81 5.75 0.010 3.10 0 6.0 0.05 −0.8

cg21164545 opensea TSS1500 −0.44 1.00E-04 −0.05 1.00E-04 −0.96 −4.06 2.44 0.570 4.13 1.78 6.95 <2E-16 3.16 0.12 6.3 0.04 −0.6

cg22798121 GRIA1 opensea Body 0.38 5.00E-05 0.05 9.00E-05 −2.01 −5.36 1.43 0.240 5.02 2.2 8.37 <2E-16 3.00 −0.1 6.2 0.06 0.7

cg23223755 LHFPL4 shore TSS1500 −0.44 1.00E-04 −0.05 6.00E-05 −1.13 −4.21 1.86 0.460 4.25 2.04 6.93 <2E-16 3.12 0.02 5.8 0.05 −0.6

cg25487135 opensea IGR −0.65 5.00E-07 −0.07 1.00E-04 −3.41 −7.78 0.86 0.110 6.45 3.49 9.98 <2E-16 3.04 0.06 5.8 0.04 −0.6

cg26975848 opensea IGR 0.30 3.00E-03 0.04 7.00E-05 −0.03 −2.81 2.74 0.100 3.14 1.26 5.57 <2E-16 3.11 0.07 6.1 0.04 0.6

DMR

PF4 −0.31 0.046 −5.48 0.002 1.41 −1.04 4.05 0.284 1.75 0.15 4.01 0.022 3.16 0.32 6.3 0.03 −0.5

BOLL −0.70 1.8E-05 −0.07 0.016 0.61 −2.88 4.21 0.748 2.56 0.25 5.61 0.042 3.16 0.08 6.2 0.03 −0.4

LOC650226 0.38 1.7E-03 0 0.995 4.69 1.09 7.77 0.008 −1.55 −3.78 −0.11 0.036 3.15 0.18 6.0 0.04 −0.3

We reinforce in bold the statistically significant differences (p-value < 0.05).
*Controlled by sex.
**Sensitivity test: Rho at which ACME= 0.
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significant DMP also present in the MEturquoise, the least pre-
served module between cases and controls. It explained 40%
of the association with infant’s cognition at 12 months. LHFPL4
forms a stable tripartite complex with ionotropic GABAA recep-
tors (GABAARs) and neuroligin-2 in the brain. GABAARs medi-
ate most of the fast-inhibitory transmissions in the brain.
Moreover, LHFPL4 is required for the synaptic localization of
GABAARs and inhibitory synaptic transmission in the hippocam-
pus.45 We recognize that epigenetic changes in the umbilical cord
blood do not necessarily directly reflect associated changes in the
fetal brain. Nevertheless, surrogate tissue can be informative even if
the investigated tissue is not directly involved in the phenotype of
interest, as they might reflect the exposure to environmental
influences as shown for the effects of prenatal sub nutrition,9

chemical exposure and psychosocial adversity46 or combat.47

Thus, although variation in peripheral tissue may not directly
reflect epigenetic variation in the brain, they may still represent
usable biomarkers as they reflect an exposure that leads to the phe-
notype in a different tissue.48

Considering the perspective that an acceleration of age mea-
sured by DNAm was previously related to both prenatal stress
and measures of growth at birth,49,50 we were particularly inter-
ested if the epigenetic clock couldmediate the relationship between
intervention and cognition. Although not a mediator, in the
present study, the intervention group presented a lower AA in
comparison to the control group. In our sample only 1 mother
from the intervention and 2 from the control groups smoked dur-
ing gestation, and no significant different smoking status was
observed between groups. Even though it is important to note that
a previous study found AA differences associated to mothers that
smoked during gestation compared to nonsmokers mothers.51

Epigenetic clock is an indirect measure of cellular senescence, pre-
vious findings have suggested that the aging process can begin even
before birth.52 These findings suggest that the intervention group
has a protracted cellular senescence.

It is of great interest that the hypomethylated PF4 DMR was
found to mediate 55% of the total effect on the association between
the intervention and cognitive scores. PF4 encodes amember of the
CXC chemokine family that initiates a signal transduction cascade
of acute and delayed functions in human monocytes, including
phagocytosis, respiratory burst, survival, and the secretion of cyto-
kines.53 PF4 was a hub in a coexpression network analysis compar-
ing individuals exposed to psychosocial stress early in life to
controls.54 The module was enriched for chemokine activity and
for secretory vesicles functional biological processes. Moreover,
PF4 overexpression contributes to an anti-aging effect in agedmice
taking collagen peptides.55 We describe PF4 as hypomethylated in
the intervention group, which could be associated with gene over-
expression, and suggest that it could be contributing to the lower
AA observed and the better cognitive scores in this group.

As with any study, there are some limitations that require
further discussion. First, the sample size calculation of the ran-
domized clinical trial was based on electroencephalography
differences between cases and controls20 and not on methylation
differences. Moreover, we used a subsample of the original RCT
that reduced statistical power to detect potential differences in
the variables studied. Although there were no differences of sex
and the anxiety scale between groups in the subsample, com-
pared to the RCT sample, the subsample with cord blood infor-
mation had more boys (p = 0.01) and mothers presented higher
scores on BAI (p = 0.04). Moreover, the postnatal intervention
could also interfere in the outcome. Finally, the inclusion of first

participants occurred previously to the clinical trial registration.
We emphasize, however, that the registration happened before
the end of the study. At the time we started the inclusion of the
participants, we were not used to clinictrials.gov procedures.

In conclusion, we found that a maternal psychosocial interven-
tion could impact on neurodevelopmental outcomes mediated by
epigenetic mechanism. Future studies are encouraged to improve
timing of measures and increase their sample size to best validate
our findings.

Supplementary information. For supplementary material for this article,
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