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Studies of DNAmethylation have revealed the biological mechanisms by which

life adversity confers risk for later physical and mental health problems. What

remains unknown is the “biologically embedding” of maternal adverse

experiences resulting in maladaptive parenting and whether these epigenetic

effects are transmitted to the next generation. This study focuses on neglectful

mothering indexed by a severe disregard for the basic and psychological needs

of the child. Using the Illumina Human Methylation EPIC BeadChip in saliva

samples, we identified genes with differentially methylated regions (DMRs) in

those mothers with (n = 51), versus those without (n = 87), neglectful behavior

that present similar DMRs patterns in their children being neglected versus non-

neglected (n = 40 vs. 75). Mothers reported the emotional intensity of adverse

life events. After covariate adjustment and multiple testing corrections, we

identified 69 DMRs in the mother epigenome and 42 DMRs in the child

epigenome that were simultaneously above the α = 0.01 threshold. The

common set of nine DMRs contained genes related to childhood adversity,

neonatal and infant diabetes, child neurobehavioral development and other

health problems such as obesity, hypertension, cancer, posttraumatic stress,

and the Alzheimer’s disease; four of the genes were associated with maternal

life adversity. Identifying a shared epigenetic signature of neglect linked to

maternal life adversity is an essential step in breaking the intergenerational

transmission of one of the most common forms of childhood maltreatment.

KEYWORDS

DNA methylation, intergenerational effects, mother-child epigenetic mark, maternal
life adversity, neglectful mothering

OPEN ACCESS

EDITED BY

Alexies Dagnino-Subiabre,
Universidad de Valparaiso, Chile

REVIEWED BY

Francis McGlone,
Liverpool John Moores University,
United Kingdom
Jaime R. Silva,
Universidad del Desarrollo, Chile

*CORRESPONDENCE

Silvia Herrero Roldán,
roldansh@gmail.com

SPECIALTY SECTION

This article was submitted to
Developmental Physiology,
a section of the journal
Frontiers in Physiology

RECEIVED 11 June 2022
ACCEPTED 13 July 2022
PUBLISHED 24 August 2022

CITATION

León I, Herrero Roldán S, Rodrigo MJ,
López Rodríguez M, Fisher J, Mitchell C
and Lage-Castellanos A (2022), The
shared mother-child epigenetic
signature of neglect is related to
maternal adverse events.
Front. Physiol. 13:966740.
doi: 10.3389/fphys.2022.966740

COPYRIGHT

© 2022 León, Herrero Roldán, Rodrigo,
López Rodríguez, Fisher, Mitchell and
Lage-Castellanos. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Physiology frontiersin.org01

TYPE Original Research
PUBLISHED 24 August 2022
DOI 10.3389/fphys.2022.966740

https://www.frontiersin.org/articles/10.3389/fphys.2022.966740/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.966740/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.966740/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.966740/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.966740&domain=pdf&date_stamp=2022-08-24
mailto:roldansh@gmail.com
https://doi.org/10.3389/fphys.2022.966740
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.966740


1 Introduction

Growing evidence has shown that exposure to childhood

maltreatment and adverse life events can disrupt healthy

development by increasing the risk to physical and mental health

(Felitti, 2009; Jaffee, 2017; Nelson et al., 2020). In the specific case of

childhood maltreatment (for example, abuse or neglect), its life-long

consequences include a greater risk of violence and delinquency, as

well as adult depression and attempted suicide (Gilbert et al., 2009),

persistent smoking and alcoholism (Dube et al., 2006; Kisely et al.,

2020), or obesity (Danese and Tan, 2014). DNA methylation

(DNAm), as a critical mechanism in epigenetic regulation, has

been proposed as one of the molecular processes to explain how

life adversity experiences confer risk for later physical and mental

health problems (Nestler et al., 2009; Zhang and Meaney, 2010).

Different studies have confirmed this relationship in individual child

and adult samples (see Cecil et al., 2016; Parade et al., 2021, for a

review).However,much less is known about the biological embedding

of these adverse experiences resulting in maladaptive parenting. An

interesting case is mothers who show extreme disregard and

insensitivity toward their children (Petersen et al., 2014). These

mothers have been frequently exposed to maltreatment in their

infancy, a history of adverse life events, early childbearing of many

children, and intimate partner violence, and mostly had a low

educational level and lived in families facing substantial economic

hardship (Bartlett et al., 2014; Mulder et al., 2018; Herrero-Roldán

et al., 2021a).

The current study focuses on this type of neglectful caregiving, the

most common and severe form ofmaltreatment, which consists of the

mother’s failure to provide the child with food, clothing, shelter,

medical care, supervision, or emotional support (Stoltenborgh et al.,

2013; Petersen et al., 2014; US Department of Health and Human

Services, 2019). Neglect entails cumulative risk for infant mental

health and behavioral problems (Petersen et al., 2014), and carries

out neurobiological alterations across the life span (see review by

Teicher and Samson, 2016). Epigenetics could likely be acting as one

of the mechanisms that may explain how environmental risk factors

throughout development can contribute biologically to explaining the

neglectful phenotype. Some recent results may go in that direction,

showing a higher epigenetic age acceleration (EAA) for mothers who

neglect their child, using the DNAm PhenoAge clock (Herrero-

Roldán et al., 2021b). EAA was even higher for these mothers

with risk factors such as low education or living with an unstable

partner.

A biological substantiation of maternal life adversity resulting in

poor caregiving takes us one step further, warranty searching for

possible shared epigenetic signatures between mothers with neglect

behavior and their children. To our knowledge, no study has

addressed whether a particular epigenetic pattern of neglect

characterizes both the mothers and their children who suffer from

neglect. Besides, most of the methylation studies based on analyses of

mother-child data are limited by candidate-gene approaches, which

only look for specific genes and CpG sites, precluding a broader

understanding of methylation patterns across the genome (Kertes

et al., 2016; Parade et al., 2021).

The first aim of this study was to identify genes with differentially

methylated regions (DMRs) in mothers with neglectful behavior that

present similar methylation patterns in their neglected children. The

second aim was to examine the potential association between the

shared DMRs and the maternal emotional intensity of adverse life

events. Little is known about how epigenetic alterations in human

mothers can be found in the next generation. Finding commonalities

between mothers and children may support overlapping DNAm

patterns since both may have experienced adverse childhood events

and share an immediate family context. Furthermore, both are

exposed to common physical environmental factors known to

affect epigenetic changes during prenatal and peri-postpartum

periods (Perera and Herbstman, 2011; Lim et al., 2017). This is

the case of the diet and, to some extent, the same toxic stressors, such

as the same bacteria and pollution (Lim et al., 2017). Finally, they also

may share some intergenerational epigenetic modifications, as animal

research suggests (Whitelaw and Whitelaw, 2008; Aiken et al., 2016).

We examined DNA methylation (DNAm) profile differences in a

sample of 51mothers in the neglect group and 87mothers in the non-

neglectful control group and 40 children in the neglect group and

75 children in the control group, through saliva samples. We used

saliva as a suitable and less invasive mean for sample collection

showing comparable methylation profiles and similar sensitivity to

interindividual methylation differences than blood (Murata et al.,

2019). Methylation in saliva appeared more similar to patterns from

several brain tissues examined overall than methylation in blood

(Smith et al., 2015). We relied on epigenome-wide association studies

(EWASs) that have used the Illumina Human Methylation EPIC

BeadChip array to identify particularities in the DNAm of individuals

with different phenotypes or diseases (Jaffe et al., 2012; Pidsley et al.,

2016). Identifying the shared epigenetic marker of neglect would help

improve our understanding of dysfunctional parenting and the

potential factors involved in its intergenerational transmission and

its critical and long-lasting consequences.

The second related aim was to test whether the overlapping

pattern of mother-child differential methylation obtained in our first

aim was related to the maternal exposure to adverse life events. This

measure refers to the emotional intensity of adverse events that

happen throughout life which confers a risk of chronic stress.

Proven the methylation-adversity relationship is a more specific

test to claim the biological embedding of the mother’s life

adversity in the shared mother-child epigenetic modifications. It is

likely that at least part of the overlapping mother-child methylation

would be related to genes associated with early adversity and social

stress, such as PM20D1 (Suderman et al., 2014; Benson et al., 2019);

RUFY1 (Martins et al., 2021); SLC17A3 (Suderman et al., 2014);

MRPL28 (Wiegand et al., 2021) andAURKC (Martins et al., 2021); see

other potential genes in the reviews by Cecil et al. (2016) and Parade

et al. (2021) in both children and adults. However, confirmation of

mother-child DNAm common profiles in epigenome-wide studies is

still scant andweak.Maternal post-traumatic stress disorder, following
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the experience of sexual violence/torture during the Kosovo war, was

related to their children’s differential methylation at candidate genes

NR3C1, HTR3A, and BNDF; however, no methylation differences

reached epigenome-wide corrected significant levels (Hjort et al.,

2021).

Our study can generate better evidence on a possible

intergenerational epigenetic profile in the neglect phenotype.

In neglect dyads, both the mother and child suffer social

stress directly and indirectly, potentially increasing the

probability of shared DNAm, involving stress-related genes

and others. We relied on overlapping mother-child

methylated genes in a closely defined sample, not looking at

specific genes but using the epigenome-wide array. Furthermore,

finding associations between maternal risk factors and

overlapping methylated profiles would help explain the

intergenerational transmission of neglect.

2 Materials and methods

2.1 Participants

Two hundred and fifty-five participants: 51 mothers and

40 of their children in the neglect group (NG), and 89 mothers

and 75 of their children in the non-neglectful control group

(CG), were recruited through the same Municipal Social Services

and Primary Health Centers. Two mothers in the control group

were removed after the initial quality control. The total number

of children did not coincide with the mothers since we could not

obtain the salivary sample of 22 children. In another case, the

quality of the sample did not reach the level of DNA necessary for

subsequent analyses. All mothers gave their written informed

consent also for their children following the protocol of the

Ethical Committee of Investigation of the Canary Islands

University Hospital Complex (code: CHUC_2018_63; date of

approval: 14 December 2018), under the Code of Ethics of the

World Medical Association (Declaration of Helsinki).

General inclusion criteria for both mother and child groups

were being the biological mother of a child under 7 years old who

had not been placed in foster care at any point in their history nor

been born prematurely or suffered perinatal or postnatal medical

complications, according to the pediatricians’ reports. Specific

inclusion criteria for a mother in the neglect group were a

substantiated case of child neglect registered in the last

12 months by Child Protective Services (CPS) according to the

reports of the Social Services and complying with all the

indicators of the Maltreatment Classification System (MCS)

for severe neglect (Barnett et al., 1993) according to the

pediatrician of the Primary Health Center in charge of the

case. Only cases with the exclusive presence of child neglect

(that is, the mother who commits neglect and the child who

exclusively suffers it) were included to avoid the co-occurrence of

other types of maltreatment in the child, as pointed out by Kim

et al. (2017). The specific inclusion criteria for the control group

were being biological mothers of children having negative scores

in all the MCS neglect indicators and without CPS or Preventive

Services records for the family.

As shows Table 1, mothers in the NG were younger and had

more children than mothers in the CG, and the target child had a

similar mean age and sex distribution in both groups. Moreover,

NG mothers were less likely than mothers in the CG to live in

two-parent families and more likely to show a lower educational

TABLE 1 Sociodemographic profile in control and neglect groups.

Mothers Control group M (SD) or % Neglect group M (SD) or % t(136)/χ2

n = 87 n = 51

Current age 33.98 (6.13) 30.67 (7.36) 2.84**

Age at child´s birth 30.94 28.09 2.52*

Number of children 1.66 (0.73) 2.49 (1.29) −4.25***

Two-parent family % 72 49 6.63**

Level of education % 18.76***

Primary 43 80

Secondary school 52 18

> Secondary school 5 2

Rural areas % 26 43 3.35

Unemployment % 59 71 1.49

Financial assistance % 24 68 24.58***

Children n = 75 n = 40 t(113)/χ2

Mean age of target child 3.84 (2.17) 4.06 (2.77) −0.47

Male % 58 45 1.45

*p < .05; **p < .01; ***p < .001. Note: Group comparisons with mean scores were performed with t statistic, while those with percentage values were performed with Chi-Square (χ2) statistic.
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level and to receive financial assistance than those in the CG,

whereas both groups showed a moderate-high percentage of

unemployment and a lower percentage of mothers living in

rural than in urban areas.

2.2 Psychological measure

The Stressful and Risky Events Inventory (SREI) was

developed by combining items from other questionnaires

(ACE, Dube et al., 2002; ISER, Hidalgo et al., 2005) according

to their relevance to our risky population. It comprises 16 self-

reported adverse events (e.g., divorce, economic pressure,

chronic illness, eviction, unwanted pregnancy) that are likely

to happen throughout their lives. Each item was rated on a

categorical scale (no/yes occurrence) and its emotional impact on

the participant was scored on a 3-point Likert scale (0 = no

occurrence; 1 = little impact; 3 = very high impact). The total

emotional impact was obtained by a cumulative scoring of the

emotional intensity of the adverse events suffered.

2.3 Procedure

Social workers reported on the participants’ family

characteristics and asked mothers for permission for them

and for their children to be contacted. Those mothers who

gave permission were informed about the study and the

procedure upon their written acceptance. We avoided the use

of the term “neglect” in the contact communications. The

collaborator visited their homes and collected their responses

to the questionnaire and the saliva samples for them and their

child. The Real Saliva DNA Sample Collection Kit (Ref.

RBMSAL01) was used for mothers, and the pediatric Genotek

DNA Sample Collection Kit OC-175 was used for children.

Monetary compensation was given to the mothers at the end

of the session.

3 DNAm assay and methylation
analyses

DNA was extracted from the saliva samples at the University

Hospital N. S. de Candelaria (Tenerife, Spain), using the

extraction Kit (Maxwell® 16 LEV Blood DNA Kit (Cat.

#AS1290). Concentration and purity of DNA was assessed by

spectrophotometry. Quality assessment of DNA samples was

performed with the TapeStation instrument. Library preparation

and methylation sequencing were conducted at the University of

Michigan Epigenomics Core in Ann Arbor (Michigan,

United States). In short, 250 ng of sample DNA was bisulfite

converted with Zymo Kits using the manufacturer’s incubation

parameters specific for Illuminamethylation arrays. The cleaned-

up samples were then hybridized using the Illumina Infinium

Human Methylation EPIC BeadChip (Illumina Inc., San Diego,

United States). Raw red/green IDAT files were read into R using

the Ewastools package (Heiss and Just, 2018). Green and red idat

pairs were loaded and beta methylation value were computed as

M/(U +M+100). RELIC dye bias correction was applied to adjust

for performance differences between dye types (Xu et al., 2017).

Detection p values were calculated. Probes with over average

detection p > 0.05 were cut (n = 52,188). Subsequently, samples

with average detection p > 0.1 were cut (n = 2). Cross reactive

probes (Pidsley et al., 2016) were cut (n = 41,963). This left us

with 253 samples (n = 138 mothers, and n = 115 children) and

771,785 probes. Snakemake was used to treat bioinformatics

workflow.

3.1 Statistical analysis

For our first aim, a whole epigenomic search for differentially

methylated regions (DMRs) was implemented separately for

mother and child datasets. Then, we explored the overlap

between mother and children in DMRs when analyzing the

effect of neglect vs. control. The relationship between mother

and child was explored by correlating the effect of neglect

between mother and child datasets at the level of the whole

epigenome. This approach has the advantage of being

independent of the threshold used for significance. Next, we

selected as interesting candidates DMRs that simultaneously

survived the significant threshold of p-value < 0.01 in both

datasets.

For our second aim, we analyzed the relationship between the

methylation levels in the set of genes corresponding to the DMRs

shared by mother and child and self-reported maternal adverse

life events. The data was corrected for possible batch effect arising

from the samples run in different plates. The relative proportion

of epithelial cells was included in the analysis as a covariate. We

did not include the proportion of leukocytes because this

measure was highly collinear with the measure of epithelial cells.

3.1.1 Differentially methylated regions
identification

The search for differentially methylated regions was

implemented with the Bumphunter algorithm (Jaffe et al.,

2012). Bumphunter starts by defining CpG clusters of probes

that are around the same genomic region. The Single Nucleotide

Polymorphisms (SNP) containing CpGs are excluded to reduce

the potential effect of genetic variation on the results. Next, a

linear model is estimated at each probe and the coefficient of

interest is extracted, in our case the coefficient of interest is the

effect of neglect. The response variable for this linear model is the

methylation level for each probe. The design matrix contains the

variable of interest (neglect vs. control dummy coded) and other

covariates to be considered (epithelial cells, maternal
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chronological age and level of education in the mother data, and

child age andmaternal age at child’s birth in the child data). After

fitting the linear model, the profile of the coefficient of interest is

chromosomically smoothed across consecutive genomic

positions within the same clusters. The statistics for

measuring the relevance of each bump is the area of the

smoothed coefficient profile above a used defined threshold.

The statistical significance of each bump was estimated non-

parametrically with bootstrap and the p-value associated with

each bump was retrieved. A total of 1,000 boostrap samples

were used.

To reduce the risk of false discoveries we followed a strategy

that automatically corrects for multiple comparisons. The test’s

p-values between neglect and control mothers and neglected and

control children were converted to z-statistics which is more

appropriate for computing correlations. Then, we correlated the

observed z-statistics in the mother’s dataset with the observed

z-statistics in the child’s dataset across the whole epigenome. The

parameter settings used in the Bumphunter function are:

pickCutoff = TRUE, pickCutoffQ = 0.95, nullMethod =

“bootstrap”, B = 1,000, smooth = TRUE, smoothFunction =

loessByCluster, useWeights = FALSE, maxGap = 1,000. The

intersection of significant DMRs between the two datasets was

calculated using a p-value threshold of 0.001 in the mothers and

the children’s data. The restriction of being significant in both

datasets at the same time reduces the risk of false discoveries.

3.1.2 Relationship of the overlapping
differentially methylated regions with maternal
life adversity

After determining the significant DMRs distinguishing

neglect versus control conditions in mothers and children, the

relationship between the methylation levels and the mother’s

SREI total scores of the emotional intensity of adverse life events,

as a covariate of interest, was analyzed. We used Bumphunter

under the same design matrix and hyperparameters used in the

previous section in this analysis. The only difference was adding

the SREI scores in the design matrix and considering them as the

target variable. The significant relationships between the

covariable of interest and the methylation levels was

determined using a p-value threshold of 0.001. We also

crosschecked with the literature the function of these genes

and the evidence of their relation to life adversity.

4 Results

4.1 Mother-child correlations for
differentially methylated regions

For the first aim, we hypothesized that common mother-

child genes exist where the effect of neglect can be observed on

their methylation levels. We first implemented separated DMR

searches in the mother and child datasets using Bumphunter (see

Methods) to investigate this possibility. Bumphunter detected

8,671 and 7,167 (bumps) candidate regions as potential DMRs in

the mother and child dataset, respectively. A total of 1,193

(bumps) candidate regions were shared between both sets. A

scatter plot between the p-values (z-transformed) of mother and

children candidate regions is presented in Figure 1.

A correlation of 0.47 (p-value < 1e-6) was observed between

mother and child z-statistics (see Methods for the definition of

the z-statistics). This result shows that being in the neglect

group has similar influences on the mothers’ and children’s

epigenomes, without depending on a threshold for statistical

significance. Under a significance threshold of α = 0.01

(uncorrected) we observed 69 DMRs in the mother’s dataset

where neglect and control mothers showed differences in their

methylation level. Under the same threshold, in the child

dataset we observed 42 DMRs with differences between

neglected and control children. Next, we focused our

interpretations on those DMRs that were below the α =

0.01 threshold in both datasets (mother and child)

simultaneously. This strategy automatically corrects for

multiple comparisons due to reducing the probability of

FIGURE 1
Scatter plot of the p-values (converted to Z-scale) for the
mother and the child data. Each dot in the figure corresponds to
the resulting clusters of CpGs showing differences in methylation
level between neglect and control, tested for mother and
child data separately. The dots in red (two of them indicating two
genes) correspond to DMRs where the difference between
neglect and control was significant for α = 0.01 in both datasets
simultaneously. The Z value denoting a significance threshold of
α = 0.01 is marked by the green lines, and the regression line
between mother and children Z’s is denoted in red.
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observing extreme values under chance in both datasets

simultaneously, from 0.01 to 0.01̂2 = 1E-4. We observed

nine differentially methylated regions common between both

datasets (red points in Figure 1).

Table 2 shows the features of the nine differentially

methylated regions common to mother and child (13% of

the mother dataset and 21.4% of the child dataset). Cluster

length varied from 8 to 24 CpGs and significant probes within

clusters varied from 7 to 22 (see first and second columns).

Methylation N > C Mother/Child indicates the sign of the

difference in each dataset: a positive value means that the

Neglect group has larger methylation levels than the Control

group (see third column). The majority of overlapping sites

map to regulatory regions indicating promoters, as defined by

genomic location (e.g.,Transcription start sites (TSS) and

flanking (TSS), histone marks, transcription factor binding

and chromatin accessibility by DNaseI (see fourth, fifth, and

sixth columns). The function of the mapped genes

crosschecked with the literature showed evidence of the

plurality of risk conditions such as life adversity, unhealthy

physical condition and severe physical illness, as well as

mental health problems and neurodegenerative diseases, as

will be discussed below.

Three DMRs related to three genes that illustrate the variety

of significant patterns in methylation found in mothers and

children are presented in Figure 2 (A) PM20D1, (B) SLC17A3,

and (C) AURKC. These genes have been found to be associated

with life adversity, maltreatment included, in the literature

(Suderman et al., 2014: Martins et al., 2021). Bumphunter

coefficients for the group effect (neglect vs. control) across all

the CpGs in the cluster for the mother data (red) and the child

data (blue) followed different patterns in PM20D1 and similar

patterns in SLC17A3 and AURKC. The boxplot of mother and

child data showed hypomethylation in the neglect mother and

hypermethylation in the neglect child (PM20D1), and

hypermethylation in both neglect mother and child groups

(SLC17A3 and AURKC).

4.2 Relationship of the overlapping
differentially methylated regions with
adverse life events

For the second aim, we studied the relationship between the

methylation levels in the DMRs related to the neglect condition

with our critical variable measured through the Stressful and

Risky Events Inventory (SREI), an index of chronic stress. The

resulting global SREI score integrates the number of adverse

events and their emotional intensity. Mothers in the neglect

group significantly reported higher emotional intensity of

adverse life events, M = 16.76, SD = 8.65, than control

mothers, M = 11.59, SD = 7.70; t (136) = 3.63; p < 0.0001,

δ = 0.64. Once we had included the effect of other covariates in

the Bumhunter design matrix to control them, a negative and

significant correlation (p < 0.01) was found between the

methylation levels and the SREI score for mothers in PON1,

TABLE 2 Differentially methylated regions (DMRs) shared by the mothers and their children.

GenId
Chr

Cluster
Length
(N of
CpG)

N signif
Probes
within
cluster

Methylation
N > C
Mother/Child

Genomic coordinates
(GRCh37/hg19)

Regulatory Feature
Group*

Genomic
location
(UCSC
RefGene)*

PM20D1
Chr1

14 13 −/+ Start 205818668 N-shore End
205819609 S-shore

CpG island; Promoter; DNaseI hypersensiti-
vity

Body TSS1500

DUSP22
Chr 6

14 12 +/+ Starts 291634 N-shore
293331 S-shore

Promoter_Associated Body TSS1500

SLC17A3
Chr 6

8 7 +/+ Start 25882590 S_Shore End
25882328 Island

Unclassified_Cell_type_ specific Pseudo gene
(HIST1H2APS2)

ZFP57
Chr 6

23 22 −/− Start 29648161 Ends
29649084

Overlaps enhancer and promoter marks
Cell_type_specific

Flanking Tss; Body

PON1
Chr 7

11 9 −/+ Start 94953653 N-shore End
94954438 S-shore

CpG island; promoter Body TSS1500

FGFR2
Chr 10

24 12 −/− Start 123355239 N-shore End
123356514 N-shore

Overlaps enhancer marks; TF binding;
DNaseI hypersensitivity mark

TSS1500; 5′UTR

WNK4
Chr 17

14 14 +/+ Start 40935998 CpG Island
End 40937908 S-shore

CpG island; DNaseI hypersensitivity mark Body

URKC
Chr 19

14 13 +/+ Start 557741934 N-shore End
57742444 Island

— TSS1500 5′UTR;
1stExon

ZADH2
Chr 18

12 11 −/− Start; 72916012 N_Shore End
72917390 S_Shore

Promoter_Associated_Cell type_specific;
CpG island; DNaseI hypersensitivity mark

Body Body; 5′UTR;
1stExon

Note: (*) Information presented in “Regulatory Feature” and “Genomic location with respect to assigned gene (UCSC_ RefGene)” columns was retrieved from Illumina Manifest (https://

we.tl/t-23Rrw2Lr5l) and completed using annotations from UCSC Genome Browser on Human (Illumina Inc., san diego, United States) and HaploReg V4.1 (Ward and Kellis, 2012).
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FIGURE 2
Mother-children methylation patterns in the genes PM20D1 in (A), SLC17A3 in (B), and AURKC in (C). Left column: Bumphunter coefficients for
the group effect (neglect vs. control) across all the CpGs in the cluster for the mother’s data (red) and the child’s data (blue). Right column: Group
differences in the mother’s meanmethylation (left) and children’s meanmethylation (right). CM: control mothers, NM: neglect mothers, CC: control
children, NC: neglected children. The residual values of the regression after correcting for the effect of nuisance variables (epithelial cells,
maternal age and level of education in the mother data, and child age and maternal age at child’s birth in the child data) were used for this figure.
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FGR2, and WNK4, and also for ZFP57 for child data. As

commented above, for genes PON1, FGR2, and ZFP57, the

Control group showed higher methylation levels than the

Neglect group. When stress was introduced as a variable to

correlate with methylation level, it was found that the higher

the stress, the lower the methylation level in both groups. On the

contrary, for WNK4, the Neglect group showed a higher

methylation level than the Control group. The stress was also

negatively correlated with WNK4 methylation for both Neglect

and Control subjects. Note that due to the observational nature of

our study, causality cannot be attributed here.

5 Discussion

This study examined the potential biologically embedding

of adverse life experiences through DNA methylation

modifications related to neglectful caregiving and whether

their neglected children share these epigenetic changes. We

also investigated the extent to which shared methylation

modifications are related to life adversity exposure, an

index of chronic stress reported by mothers, validating this

new epigenetic signature of neglectful caregiving beyond the

behavioral characterization provided by social services.

While life adversity was known to affect DNA methylation

in children and adults (Ward and Kellis, 2012), this is the first

study on the mother-child epigenetic intersection of these

alterations in the context of neglectful caregiving and their

potential intergenerational epigenetic modifications.

Furthermore, our study overcomes a critical limitation of

the literature by reporting the location of individual CpG sites

not consistently identified in other studies, which would

facilitate further meta-analytic approaches (Parade et al.,

2021). The results showed that mothers with neglectful

behavior and the neglected children share a differential

DNA methylation pattern with respect to mothers and

children who are not involved in neglectful caregiving.

Specifically, the 69 DMRs in mothers with neglectful

behavior and the 42 DMRs in neglected children have in

common nine DMRs. Although parents and children share

similar exposure to adversity, as evidenced by behavioral

studies (Schickedanz et al., 2021), more DMRs are

expected to distinguish mothers than children from their

respective non-neglectful controls, explained by the increased

likelihood of these mothers having an unhealthy lifestyle

(Strathearn et al., 2020) and mental health problems

(Nelson et al., 2020). This maternal vulnerability may

induce a more heterogeneous epigenomic landscape

relative to their controls, as these risk factors are also

found to affect their epigenetic age (Herrero-Roldan et al.,

2021b).

The common set of DMRs and associated mapped genes

could be understood as a particular imprint of the neglect

setting, since it reflects the differentially methylated regions

with respect to those in the mother and child control groups.

Noteworthy is the plurality of risky physical and mental

health conditions associated with the neglect epigenetic

marks. However, this would be expected from the long-

lasting severe consequences of exposure to adverse life

events for both the mother and the neglected child (Felitti,

2009; Jaffee, 2017; Nelson et al., 2020; Strathearn et al., 2020).

Accordingly, methylation in those DMRs areas could be a

potential mechanism linking life adversity experiences and

later physical and mental health problems (Nestler et al.,

2009; Zhang and Meaney, 2010).

The genes mapped in this study have been previously

related to early risk conditions traditionally associated with

the neglectful setting or with the physical and mental health

consequences of early abusive or stressful conditions. Among

the genes related to adverse childhood conditions: PM20D1

was related to both child abuse (Suderman et al., 2014;

Benson et al., 2019), SLC17A3 also to childhood abuse

(Suderman et al., 2014) and AURKC to early life adversity

(Martins et al., 2021). Accordingly, these conditions of early

adversity typically match the elevated frequency of the same

difficulties in both mother and child in the neglect condition

(Petersen et al., 2014; Teicher and Samson, 2016).

Interestingly, none of the genes (NR3C1, NR3C2, HTR3A,

SLC6A4, OXTR, and FKBP5) previously shown to be

differentially methylated in children and adults exposed to

maltreatment turned out to be significant in our epigenome-

wide analysis (Kertes et al., 2016; Parade et al., 2021). This

indicates the involvement of other epigenetic mechanisms

when considering shared mother-child genes in neglectful

contexts. Studies with target genes found significant mother-

child correlation of stress-related genes in a single gene

FKBP5, in Holocaust survivors (Yehuda et al., 2016) and

in 5HTT and NR3C1 genes in a general population sample

(Van Aswegen et al., 2021). In contrast, differential

methylation of the OXTR and IGR oxytocin-related regions

was only observed in the mothers exposed to perinatal

depression compared to non-affected mothers, but

differential methylation on those genes was not found in

their children (King et al., 2017). Similarly, differential

methylation in FKBP5 and NR3C1 was only observed in

mothers with childhood maltreatment concerning mothers

without maltreatment experience, but not in their newborns

(Ramo-Fernández et al., 2019).

In our epigenetic marks of neglect, genes were also related to

nutritional and metabolic alterations and cancer and

cardiovascular diseases. FGFR2 associated with obesity and

weight at birth (Haworth et al., 2014; Tian et al., 2018;

Carboni et al., 2020) and with adult obesity (Wu et al., 2014);

DUSP22 related to diabetes and obesity (Rizzo et al., 2020), and

ZFP57 related to nutrition/neonatal diabetes (Boonen et al.,

2013). In consonance, the neglectful condition has been
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associated with having a preterm birth (Sulaiman et al., 2021)

with lower birth weight (Strathearn et al., 2001) and with

developing obesity over the life course (Danese and Tan,

2014; Strathearn et al., 2020). ZFP57 (Chen et al., 2019),

FGFR2 (Xi et al., 2014), and WNK4 (Fackler et al., 2011),

have been related to breast cancer, and WNK4 also with

hypertension (Mu et al., 2011; Ching et al., 2021) associated

with suffering coronary heart disease (Deschênes et al., 2021),

conditions that are common among the long-term consequences

of the abuse and neglect (Strathearn et al., 2020).

Psychopathologies are also represented in the set of DMR

genes. PM20D1 (Ensink et al., 2021), DUSP22 (Rutten et al.,

2018), and ZFP57 (Nöthling et al., 2018; Rutten et al., 2018;

Vinkers et al., 2021) were related to post-traumatic stress

disorder. DUSP22 was also related to schizophrenia (Boks

et al., 2018), ZFP57 (Ladd-Acosta et al., 2014) with autism,

and FGFR2 (Carboni et al., 2020) with depression. Maternal

and child vulnerability to psychopathologies is one of the

prominent features of the neglect phenotype due to their high

exposure to early social stress (Dias et al., 2017; Conway et al.,

2018). Particularly, maternal depression has a high diagnostic

value of early child neglect, among other potential indicators

(Herrero-Roldán et al., 2021a).

Finally, the epigenetic marks of neglect also contain genes

related to neurological problems. PON1 was associated with child

neurobehavioral development (Eskenazi et al., 2010; Holland

et al., 2015), and with Parkinson (Mota et al., 2019); PM20D1 as

neuroprotector of Alzheimer (Sanchez-Mut et al., 2018; Li et al.,

2021), whereas DUSP22 (Sanchez-Mut et al., 2018), and ZADH2

(Madrid et al., 2018; Kaur et al., 2022) are considered as a risk

condition of Alzheimer. The neglect condition is associated

with early neurobiological delays known to be the basis of

attentional, emotional, and cognitive problems (Strathearn

et al., 2020). Early life adversity was also related to

neurodegenerative diseases, such as Alzheimer (Corney

et al., 2021). In sum, these findings suggest that epigenetic

mechanisms could link the risky health conditions associated

with the neglect phenotype in the behavioral studies and the

characterization of the disorders associated with the genes

reported in the epigenetic field.

Among the set of nine DMR genes, we show in Figure 2 the

epigenetic profile of three selected genes that have been

previously associated with early adversity and social stress:

PM20D1 (Suderman et al., 2014; Benson et al., 2019);

SLC17A3 (Suderman et al., 2014); and AURKC (Martins et al.,

2021). We found decreased PM20D1 methylation and increased

SLC17A3 and AURKC methylations in the neglect mothers, and

increased PM20D1, SLC17A3, and AURKC methylations in the

neglect children, as compared to controls. As noticed in a recent

review (Parade et al., 2021), the inconsistent direction of the

effects in the same genes is frequently found when reporting

results in children and adults under adverse childhood

conditions. Although a plausible explanation for this may be

the changes in gene expression patterns during life, more

longitudinal research is needed to understand how early

adversity at each developmental epoch may be associated with

differences in epigenetic marks.

Our findings related to the second goal indicate that the

epigenetic signature of neglect is sensitive to the maternal

exposure chronic stress from adverse life events and

potentially translates or extends enduring negative effects

to the next generation, at least during childhood.

Methylation for PON1 (associated with neurobiological

development, neurodegenerative disease), FGFR2

(associated with obesity and depression), and WNK4

(associated with hypertension and obesity) in the mother

data, and ZFP57 (associated with post-traumatic stress

disorder) in the child data were correlated to maternal

exposure to adverse life events. Behavioral studies have

shown that the more adverse life events experienced, the

higher the risk for overall physical and mental health

(Crouch et al., 2020). The link could be through

experiencing chronic stress, thereby increasing the

individual’s engagement in health risk behaviors and the

likelihood of developing chronic health conditions

(Strathearn et al., 2020). This link is most likely to

characterize the case of mothers in the neglect group

exposed to chronic stress for whom methylation may have

detrimental effects on adult development. It could be the case

that exposure to neglect in young children can trigger a

transient methylation adaptation to acute stress, but also

with some potential long-lasting negative effects in line

with the experience-dependent adaptation hypothesis

(Teicher and Samson, 2016). More longitudinal epigenetic

evidence is needed to test the hypothesis.

Behavioral evidence had firmly supported the

intergenerational transmission of child abuse and neglect

(Bartlett et al., 2017). Our findings of the epigenetic

sharing of mother-child genes in methylated regions

support the biological explanatory factor for this

transmission. Being more precise in our interpretation, the

joint signature of methylation between mothers and children

in neglect contexts could potentially be explained in three

ways. The first is that it is acquired after birth through similar

exposure to external environmental and social stressors

throughout the mother’s and child’s life. The second is that

it is received “biologically” before birth, either through

epigenetic (with or without genetic) changes in the mother

that are passed on to her developing offspring through the

offspring’s fetal germ cells or through the mother’s exposure

to risk factors during pregnancy, with both paths able to work

simultaneously (Breton et al., 2021). Offspring methylation

via germ cells, affected by maternal adverse exposure to

trauma or adverse events prior to conception, has received

some support (Kertes et al., 2016). Nevertheless, evidence has

only been obtained from animal research and even that is
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limited to date (Scorza et al., 2019). Finally, there is also a third

way of transmission after conception due to the external

influence of the environment on shared epigenetic

alterations. In the postpartum and later periods, neglectful

caregiving is characterized by maternal stress that often

translates into the poor quality of the immediate mother-

child environment and subsequent infant distress (Mulder

et al., 2018). As animal research has shown, receiving less care

when the pups are exposed to restricted licking and grooming,

is a source of stress and suffering that also changes

methylation patterns (i.e., Meaney, 2001). Neurological

evidence in neglectful caregiving has shown that lower

maternal abilities exhibited in close human mother-infant

interactions indexed by poor dyadic emotional availability

are associated with maternal brain volume reductions in the

white matter tract (inferior longitudinal fasciculus). Such tract

is involved in the processing of emotional faces (Rodrigo et al.,

2016), as well as with volumetric differences in gray and white

matter in empathy-related regions (Rodrigo et al., 2019).

Thus, it could be possible that a sequence and combination

of adverse life events, epigenetic changes and subsequent

neurological and behavioral changes may shape the well-

known characteristics of the neglectful context.

Despite being the only study to our knowledge with a

well-characterized mother-child neglect condition involved

in an epigenetic study, our study has several limitations. A

large dyadic sample could not be analyzed due to the

extreme difficulties of collecting more neglect dyads that

met our strict requirements for neglect. The sample size of

our study is around the median of epigenetic studies for

child maltreatment conducted on separate samples of

children and adults (Parade et al., 2021). In addition,

significant results were obtained using nuisance covariates

and conservative statistical thresholds. Our epigenetic

measurements provide inference-only information

regarding the actual mechanism in the effector cells in

the brain. However, our observation that epigenetic

signature is conserved at certain regulatory regions in

negligent mothers (vs. controls) suggests that the

environmental variables exert their effect through

coherent mechanisms involving at least some of these

genes. Additional explanatory data of the biological

transmission, such as genetic variants (Single Nucleotide

Polymorphism) affecting the differentially methylated

CpGs, were not assessed due to a lack of sample

genotyping. Future studies will consider SNP genotyping,

which will be integrated into the analyses. Importantly,

methylation was derived from salivary samples, which has

its own unique methylation profile compared to other

tissues (Smith et al., 2015; Middleton et al., 2022).

Additional tissues such as blood and brain should also be

examined due potential tissue-specific DNA methylation

associations (Smith et al., 2015). The use of

retrospectively reported measures for adverse life events

relying on the recall can always be a source of bias, even

though negative events enhanced by emotional impact are

less prone to memory bias than positive events (Earles et al.,

2016). Finally, besides the mothers’ experience of adverse

life events, it would have been desirable to measure the

maternal exposure to childhood maltreatment and other

lifestyle factors, such as dietary, drug consumption, or

physical diseases.

6 Conclusion

This study provides the first evidence of a shared epigenetic

signature associated with the neglect phenotype involving the

mother who performs the neglectful behavior and the child

who suffers from it. The mother-child epigenetic mark of

neglect embodies a crucial associative pathway, not

necessarily causative, that sheds light on the

intergenerational problem of maltreatment. Relationships

between the shared DMRs and maternal chronic stress

related to adverse life events may help explain how

maternal adversity extends its biological echo to offspring

by increasing the risk of subsequent cognitive and

emotional dysfunctions and, eventually, later vulnerability to

physical and mental health problems. A further step performed

in this study is that this common biological pathway may also

help explain how mothers’ chronic stress in the neglect group

was linked to their propensity for suffering unhealthy physical

conditions, mental health problems and neurodegenerative

diseases in their life. Additional studies exploring shared

DNA mother-child methylation may also reveal whether the

epigenetic mark of neglect is partially or fully present in other

types of child maltreatment, such as physical and sexual abuse.

In sum, understanding how mother-child altered methylation

passes on to the potential unhealthy development of the

offspring would expand the possibilities for early diagnosis

of the neglect condition in both the mother and child and for

targeted interventions to prevent and ameliorate the negative

impact of maternal adversities in mother-child caregiving

contexts and subsequent health problems.

Data availability statement

The mother and child Beta values corresponding to the

Differential Methylation Regions used for the original

contributions presented in the study are publicly available at

https://doi.org/10.5061/dryad.wwpzgmsn4. The full disclosure of

the raw sequencing data of mothers and their minors is subject to

confidentiality restrictions of the Canary Islands Child

Protection Services. Requests to access the raw data should be

directed to the corresponding author.

Frontiers in Physiology frontiersin.org10

León et al. 10.3389/fphys.2022.966740

https://doi.org/10.5061/dryad.wwpzgmsn4
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.966740


Ethics statement

The study was conducted according to the guidelines of the

Declaration of Helsinki and approved by the protocol of the

Ethical Committee of Investigation of the Canary Islands

University Hospital Complex (code: CHUC_2018_63; date of

approval: 14 December 2018).

Author contributions

IL, SHR, and MJR developed the idea for the study. SHR

collected the data. JF, CM, and ALC did the analyses. IL, SHR,

MJR and MLR wrote the manuscript. All authors contributed to

the article and approved the submitted version.

Funding

This work was supported by the Spanish Ministry of Economy

and Competitiveness and the European Regional Development Fund

under Grant RTI 2018-098149-B-100 to MR and IL.

Acknowledgments

We thank Dr. María del Mar del Pino for her value

orientations during this study. We thank the Health and

Social Services staff and all the mothers and their children

who participated in this study.

Conflict of Interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

References

Aiken, C. E., Tarry-Adkins, J. L., and Ozanne, S. E. (2016). Transgenerational
effects of maternal diet on metabolic and reproductive ageing.Mamm. Genome 27,
430–439. doi:10.1007/s00335-016-9631-1

Barnett, D., Manly, J. T., and Cicchetti, D. (1993). Defining child maltreatment:
The interface between policy and research. Child abuse, child Dev. Soc. policy
8, 7–73.

Bartlett, J. D., Kotake, C., Fauth, R., and Easterbrooks, M. A. (2017).
Intergenerational transmission of child abuse and neglect: Do maltreatment
type, perpetrator, and substantiation status matter? Child. Abuse Negl. 63,
84–94. doi:10.1016/j.chiabu.2016.11.021

Bartlett, J. D., Raskin, M., Kotake, C., Nearing, K. D., and Easterbrooks, M. A.
(2014). An ecological analysis of infant neglect by adolescent mothers. Child. Abuse
Negl. 38, 723–734. doi:10.1016/j.chiabu.2013.11.011

Benson, K. K., Hu, W., Weller, A. H., Bennett, A. H., Chen, E. R., Khetarpal, S. A.,
et al. (2019). Natural human genetic variation determines basal and inducible
expression of PM20D1, an obesity-associated gene. Proc. Natl. Acad. Sci. U. S. A.
116, 23232–23242. LP – 23242. doi:10.1073/pnas.1913199116

Boks, M. P., Houtepen, L. C., Xu, Z., He, Y., Ursini, G., Maihofer, A. X., et al.
(2018). Genetic vulnerability to DUSP22 promoter hypermethylation is involved in
the relation between in utero famine exposure and schizophrenia. NPJ Schizophr. 4,
16. doi:10.1038/s41537-018-0058-4

Boonen, S. E., Mackay, D. J. G., Hahnemann, J. M. D., Docherty, L., Grønskov, K.,
Lehmann, A., et al. (2013). Transient neonatal diabetes, ZFP57, and
hypomethylation of multiple imprinted loci: A detailed follow-up. Diabetes care
36, 505–512. doi:10.2337/dc12-0700

Breton, C. V., Landon, R., Kahn, L. G., Enlow, M. B., Peterson, A. K., Bastain, T.,
et al. (2021). Exploring the evidence for epigenetic regulation of environmental
influences on child health across generations. Commun. Biol. 4, 769. doi:10.1038/
s42003-021-02316-6

Carboni, L., Pischedda, F., Piccoli, G., Lauria, M., Musazzi, L., Popoli, M., et al.
(2020). Depression-associated gene negr1-fgfr2 pathway is altered by
antidepressant treatment. Cells 9, 1818. doi:10.3390/cells9081818

Cecil, C. A. M., Smith, R. G., Walton, E., Mill, J., McCrory, E. J., Viding, E., et al.
(2016). Epigenetic signatures of childhood abuse and neglect: Implications for
psychiatric vulnerability. J. Psychiatr. Res. 83, 184–194. doi:10.1016/j.jpsychires.
2016.09.010

Chen, L., Wu, X., Xie, H., Yao, N., Xia, Y., Ma, G., et al. (2019). ZFP57 suppress
proliferation of breast cancer cells through down-regulation of MEST-mediated
Wnt/β-catenin signalling pathway. Cell Death Dis. 10, 169. doi:10.1038/s41419-019-
1335-5

Ching, S. C., Wen, L. J., Ismail, N. I. M., Looi, I., Kooi, C. W., Peng, L. S., et al.
(2021). SLC17A3 rs9379800 and ischemic stroke susceptibility at the northern
region of Malaysia. J. Stroke Cerebrovasc. Dis. 30, 105908. doi:10.1016/j.
jstrokecerebrovasdis.2021.105908

Conway, C. C., Raposa, E. B., Hammen, C., and Brennan, P. A. (2018).
Transdiagnostic pathways from early social stress to psychopathology: A 20-year
prospective study. J. Child. Psychol. Psychiatry 59, 855–862. doi:10.1111/jcpp.12862

Corney, K. B., Pasco, J. A., Stuart, A. L., West, E. C., Quirk, S. E., AzimiManavi, B.,
et al. (2021). Relationship between adverse childhood experiences and Alzheimer’s
disease: A systematic review and meta-analysis protocol. BMJ Open 11, e049768.
doi:10.1136/bmjopen-2021-049768

Crouch, E., Jones, J., Strompolis, M., and Merrick, M. (2020). Examining the
association between ACEs, childhood poverty and neglect, and physical and mental
health: Data from two state samples. Child. Youth Serv. Rev. 116, 105155. doi:10.
1016/j.childyouth.2020.105155

Danese, A., and Tan, M. (2014). Childhood maltreatment and obesity: Systematic
review and meta-analysis. Mol. Psychiatry 19, 544–554. doi:10.1038/mp.2013.54

Deschênes, S. S., Kivimaki, M., and Schmitz, N. (2021). Adverse childhood
experiences and the risk of coronary heart disease in adulthood: Examining
potential psychological, biological, and behavioral mediators in the whitehall II
cohort study. J. Am. Heart Assoc. 10, e019013. doi:10.1161/JAHA.120.019013

Dias, A., Sales, L., Mooren, T., Mota-Cardoso, R., and Kleber, R. (2017). Child
maltreatment, revictimization and Post-Traumatic Stress Disorder among adults in
a community sample. Int. J. Clin. Health Psychol. 17, 97–106. doi:10.1016/j.ijchp.
2017.03.003

Dube, S. R., Anda, R. F., Felitti, V. J., Edwards, V. J., and Croft, J. B. (2002).
Adverse childhood experiences and personal alcohol abuse as an adult. Addict.
Behav. 27, 713–725. doi:10.1016/S0306-4603(01)00204-0

Dube, S. R., Miller, J. W., Brown, D. W., Giles, W. H., Felitti, V. J., Dong, M., et al.
(2006). Adverse childhood experiences and the association with ever using alcohol
and initiating alcohol use during adolescence. J. Adolesc. Health 38, e1.10–444.e10.
doi:10.1016/j.jadohealth.2005.06.006

Frontiers in Physiology frontiersin.org11

León et al. 10.3389/fphys.2022.966740

https://doi.org/10.1007/s00335-016-9631-1
https://doi.org/10.1016/j.chiabu.2016.11.021
https://doi.org/10.1016/j.chiabu.2013.11.011
https://doi.org/10.1073/pnas.1913199116
https://doi.org/10.1038/s41537-018-0058-4
https://doi.org/10.2337/dc12-0700
https://doi.org/10.1038/s42003-021-02316-6
https://doi.org/10.1038/s42003-021-02316-6
https://doi.org/10.3390/cells9081818
https://doi.org/10.1016/j.jpsychires.2016.09.010
https://doi.org/10.1016/j.jpsychires.2016.09.010
https://doi.org/10.1038/s41419-019-1335-5
https://doi.org/10.1038/s41419-019-1335-5
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105908
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105908
https://doi.org/10.1111/jcpp.12862
https://doi.org/10.1136/bmjopen-2021-049768
https://doi.org/10.1016/j.childyouth.2020.105155
https://doi.org/10.1016/j.childyouth.2020.105155
https://doi.org/10.1038/mp.2013.54
https://doi.org/10.1161/JAHA.120.019013
https://doi.org/10.1016/j.ijchp.2017.03.003
https://doi.org/10.1016/j.ijchp.2017.03.003
https://doi.org/10.1016/S0306-4603(01)00204-0
https://doi.org/10.1016/j.jadohealth.2005.06.006
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.966740


Earles, J. L., Kersten, A. W., Vernon, L. L., and Starkings, R. (2016). Memory for
positive, negative and neutral events in younger and older adults: Does emotion
influence binding in event memory? Cogn. Emot. 30, 378–388. doi:10.1080/
02699931.2014.996530

Ensink, J. B. M., Keding, T. J., Henneman, P., Venema, A., Papale, L. A., Alisch, R.
S., et al. (2021). Differential DNA methylation is associated with hippocampal
abnormalities in pediatric posttraumatic stress disorder. Biol. Psychiatry. Cogn.
Neurosci. Neuroimaging 6, 1063–1070. doi:10.1016/j.bpsc.2021.04.016

Eskenazi, B., Huen, K., Marks, A., Harley, K. G., Bradman, A., Barr, D. B., et al.
(2010). PON1 and neurodevelopment in children from the CHAMACOS study
exposed to organophosphate pesticides in utero. Environ. Health Perspect. 118,
1775–1781. doi:10.1289/ehp.1002234

Fackler, M. J., Umbricht, C. B.,Williams, D., Argani, P., Cruz, L.-A., Merino, V. F.,
et al. (2011). Genome-wide methylation analysis identifies genes specific to breast
cancer hormone receptor status and risk of recurrence. Cancer Res. 71, 6195–6207.
doi:10.1158/0008-5472.CAN-11-1630

Felitti, V. J. (2009). Adverse childhood experiences and adult health. Acad.
Pediatr. 9, 131–132. doi:10.1016/j.acap.2009.03.001

Gilbert, R., Widom, C. S., Browne, K., Fergusson, D., Webb, E., Janson, S., et al.
(2009). Burden and consequences of child maltreatment in high-income countries.
Lancet 373, 68–81. doi:10.1016/S0140-6736(08)61706-7

Haworth, K. E., Farrell, W. E., Emes, R. D., Ismail, K. M., Carroll, W. D., Hubball,
E., et al. (2014). Methylation of the FGFR2 gene is associated with high birth weight
centile in humans. Epigenomics 6, 477–491. doi:10.2217/epi.14.40

Heiss, J. A., and Just, A. C. (2018). Identifying mislabeled and contaminated DNA
methylation microarray data: An extended quality control toolset with examples
from GEO. Clin. Epigenetics 10, 73. doi:10.1186/s13148-018-0504-1

Herrero-Roldán, S., León, I., Hernández-Cabrera, J. A., and Rodrigo, M. J.
(2021a). Improving early diagnosis of child neglect for a better response in
healthcare settings. Children 8, 859. doi:10.3390/children8100859

Herrero-Roldán, S., Rodrigo, M. J., Hernández-Cabrera, J. A., Mitchell, C., López,
M., Alcoba-Florez, J., et al. (2021b). Reduction in epigenetic age acceleration is
related to empathy in mothers with neglectful caregiving. Brain Sci. 11, 1376. doi:10.
3390/brainsci11111376

Hidalgo, V., Menéndez, S., Sánchez, J., López, I., Jiménez, L., and Lorence, B.
(2005). Inventario de Situaciones estresantes y de Riesgo. España: Universidad de
Sevilla. Unpublished document.

Hjort, L., Rushiti, F., Wang, S. J., Fransquet, P., P Krasniqi, S., I Çarkaxhiu, S., et al.
(2021). Intergenerational effects of maternal post-traumatic stress disorder on
offspring epigenetic patterns and cortisol levels. Epigenomics 13, 967–980.
doi:10.2217/epi-2021-0015

Holland, N., Lizarraga, D., and Huen, K. (2015). Recent progress in the genetics
and epigenetics of paraoxonase: Why it is relevant to children’s environmental
health. Curr. Opin. Pediatr. 27, 240–247. doi:10.1097/MOP.0000000000000192

Jaffe, A. E., Murakami, P., Lee, H., Leek, J. T., Fallin, M. D., Feinberg, A. P., et al.
(2012). Bump hunting to identify differentially methylated regions in epigenetic
epidemiology studies. Int. J. Epidemiol. 41, 200–209. doi:10.1093/ije/dyr238

Jaffee, S. R. (2017). Child maltreatment and risk for psychopathology in
childhood and adulthood. Annu. Rev. Clin. Psychol. 13, 525–551. doi:10.1146/
annurev-clinpsy-032816-045005

Kaur, G., Rathod, S. S. S., Ghoneim, M. M., Alshehri, S., Ahmad, J., Mishra, A.,
et al. (2022). DNA methylation: A promising approach in management of
Alzheimer’s disease and other neurodegenerative disorders. Biology 11, 90.
doi:10.3390/biology11010090

Kertes, D. A., Kamin, H. S., Hughes, D. A., Rodney, N. C., Bhatt, S., Mulligan, C. J.,
et al. (2016). Prenatal maternal stress predicts methylation of genes regulating the
hypothalamic–pituitary–adrenocortical system in mothers and newborns in the
Democratic Republic of Congo. Child. Dev. 87, 61–72. doi:10.1111/cdev.12487

Kim, K., Mennen, F. E., and Trickett, P. K. (2017). Patterns and correlates of co-
occurrence among multiple types of child maltreatment. Child. Fam. Soc. Work 22
(1), 492–502. doi:10.1111/cfs.12268

King, L., Robins, S., Chen, G., Yerko, V., Zhou, Y., Nagy, C., et al. (2017). Perinatal
depression and DNA methylation of oxytocin-related genes: A study of mothers
and their children. Horm. Behav. 96, 84–94. doi:10.1016/j.yhbeh.2017.09.006

Kisely, S., Abajobir, A. A., Mills, R., Strathearn, L., Clavarino, A., Gartner, C., et al.
(2020). Child maltreatment and persistent smoking from adolescence into
adulthood: A birth cohort study. Nicotine Tob. Res. 22, 66–73. doi:10.1093/ntr/
ntz039

Ladd-Acosta, C., Hansen, K. D., Briem, E., Fallin, M. D., Kaufmann, W. E.,
Feinberg, A. P., et al. (2014). Common DNA methylation alterations in
multiple brain regions in autism. Mol. Psychiatry 19, 862–871. doi:10.1038/
mp.2013.114

Li, Q. S., Vasanthakumar, A., Davis, J. W., Idler, K. B., Nho, K., Waring, J. F., et al.
(2021). Association of peripheral blood DNA methylation level with Alzheimer’s
disease progression. Clin. Epigenetics 13, 191. doi:10.1186/s13148-021-01179-2

Lim, I. Y., Lin, X., and Karnani, N. (2017). “Implications of genotype and
environment on variation in DNA methylation,” in Handbook of nutrition, diet,
and epigenetics (Berlin/Heidelberg, Germany: Springer Nature).

Madrid, A., Hogan, K. J., Papale, L. A., Clark, L. R., Asthana, S., Johnson, S. C.,
et al. (2018). DNA hypomethylation in blood links B3GALT4 and ZADH2 to
Alzheimer’s disease. J. Alzheimers Dis. 66, 927–934. doi:10.3233/JAD-180592

Martins, J., Czamara, D., Sauer, S., Rex-Haffner, M., Dittrich, K., Dörr, P., et al.
(2021). Childhood adversity correlates with stable changes in DNA methylation
trajectories in children and converges with epigenetic signatures of prenatal stress.
Neurobiol. Stress 15, 100336. doi:10.1016/j.ynstr.2021.100336

Meaney, M. J. (2001). Maternal care, gene expression, and the transmission of
individual differences in stress reactivity across generations. Annu. Rev. Neurosci.
24, 1161–1192. doi:10.1146/annurev.neuro.24.1.1161

Middleton, L. Y., Dou, J., Fisher, J., Heiss, J. A., Nguyen, V. K., Just, A. C., et al.
(2022). Saliva cell type DNA methylation reference panel for epidemiological
studies in children. Epigenetics 17, 161–177. doi:10.1080/15592294.2021.1890874

Mota, A., Hemati-dinarvand, M., Taheraghdam, A. A., and Reza, H. (2019).
Association of Paraoxonse1 (PON1) genotypes with the activity of PON1 in
patients with Parkinson’s disease. Acta Neurol. Taiwan 28, 9.

Mu, S., Shimosawa, T., Ogura, S., Wang, H., Uetake, Y., Kawakami-Mori, F., et al.
(2011). Epigenetic modulation of the renal β-adrenergic–WNK4 pathway in salt-
sensitive hypertension. Nat. Med. 17, 573–580. doi:10.1038/nm.2337

Mulder, T. M., Kuiper, K. C., van der Put, C. E., Stams, G.-J. J., and Assink, M.
(2018). Risk factors for child neglect: A meta-analytic review. Child. Abuse Negl. 77,
198–210. doi:10.1016/j.chiabu.2018.01.006

Murata, Y., Fujii, A., Kanata, S., Fujikawa, S., Ikegame, T., Nakachi, Y., et al.
(2019). Evaluation of the usefulness of saliva for DNA methylation analysis in
cohort studies. Neuropsychopharmacol. Rep. 39 (4), 301–305. doi:10.1002/npr2.
12075

Nelson, C. A., Bhutta, Z. A., Burke Harris, N., Danese, A., and Samara, M. (2020).
Adversity in childhood is linked to mental and physical health throughout life. BMJ
371, m3048. doi:10.1136/bmj.m3048

Nestler, E. J., Hyman, S. E., Malenka, R. C., and Holtzman, D. M. (2009).
Molecular neuropharmacology: A foundation for clinical neuroscience. New York:
McGraw-Hill Medical.

Nöthling, J., Seedat, S., Abrahams, N., and Hemmings, S. (2018). Genome-wide
differentially methylated genes associated with post-traumatic stress disorder in
female rape survivors. S. Afr. J. Psych. 24, 1311. doi:10.4102/sajpsychiatry.v24i0.
1311

Parade, S. H., Huffhines, L., Daniels, T. E., Stroud, L. R., Nugent, N. R., Tyrka, A.
R., et al. (2021). A systematic review of childhood maltreatment and DNA
methylation: Candidate gene and epigenome-wide approaches. Transl.
Psychiatry 11, 134. doi:10.1038/s41398-021-01207-y

Perera, F., and Herbstman, J. (2011). Prenatal environmental exposures,
epigenetics, and disease. Reprod. Toxicol. 31, 363–373. doi:10.1016/j.reprotox.
2010.12.055

Petersen, A. C., Joseph, J., and Feit, M. (2014). Consequences of child abuse and
neglect. Washington, DC: National Academies Press. doi:10.1007/s12311-016-
0815-8

Pidsley, R., Zotenko, E., Peters, T. J., Lawrence, M. G., Risbridger, G. P., Molloy,
P., et al. (2016). Critical evaluation of the Illumina MethylationEPIC BeadChip
microarray for whole-genome DNA methylation profiling. Genome Biol. 17, 208.
doi:10.1186/s13059-016-1066-1

Ramo-Fernández, L., Boeck, C., Koenig, A. M., Schury, K., Binder, E. B., Gündel,
H., et al. (2019). The effects of childhood maltreatment on epigenetic regulation of
stress-response associated genes: An intergenerational approach. Sci. Rep. 9, 983.
doi:10.1038/s41598-018-36689-2

Rizzo, H. E., Escaname, E. N., Alana, N. B., Lavender, E., Gelfond, J., Fernandez,
R., et al. (2020). Maternal diabetes and obesity influence the fetal epigenome in a
largely Hispanic population. Clin. Epigenetics 12, 1–10. doi:10.1186/s13148-020-
0824-9

Rodrigo, M. J., León, I., Góngora, D., Herníandez-Cabrera, J. A., Byrne, S., Bobes,
M. A., et al. (2016). Inferior fronto-temporo-occipital connectivity: A missing link
between maltreated girls and neglectful mothers. Soc. Cogn. Affect. Neurosci. 11,
1658–1665. doi:10.1093/scan/nsw080

Rodrigo, M. J., León, I., García-Pentón, L., Hernández-Cabrera, J. A., and
Quiñones, I. (2019). Neglectful maternal caregiving involves altered brain
volume in empathy-related areas. Dev. Psychopathol. 32, 1534–1543. doi:10.
1017/S0954579419001469

Frontiers in Physiology frontiersin.org12

León et al. 10.3389/fphys.2022.966740

https://doi.org/10.1080/02699931.2014.996530
https://doi.org/10.1080/02699931.2014.996530
https://doi.org/10.1016/j.bpsc.2021.04.016
https://doi.org/10.1289/ehp.1002234
https://doi.org/10.1158/0008-5472.CAN-11-1630
https://doi.org/10.1016/j.acap.2009.03.001
https://doi.org/10.1016/S0140-6736(08)61706-7
https://doi.org/10.2217/epi.14.40
https://doi.org/10.1186/s13148-018-0504-1
https://doi.org/10.3390/children8100859
https://doi.org/10.3390/brainsci11111376
https://doi.org/10.3390/brainsci11111376
https://doi.org/10.2217/epi-2021-0015
https://doi.org/10.1097/MOP.0000000000000192
https://doi.org/10.1093/ije/dyr238
https://doi.org/10.1146/annurev-clinpsy-032816-045005
https://doi.org/10.1146/annurev-clinpsy-032816-045005
https://doi.org/10.3390/biology11010090
https://doi.org/10.1111/cdev.12487
https://doi.org/10.1111/cfs.12268
https://doi.org/10.1016/j.yhbeh.2017.09.006
https://doi.org/10.1093/ntr/ntz039
https://doi.org/10.1093/ntr/ntz039
https://doi.org/10.1038/mp.2013.114
https://doi.org/10.1038/mp.2013.114
https://doi.org/10.1186/s13148-021-01179-2
https://doi.org/10.3233/JAD-180592
https://doi.org/10.1016/j.ynstr.2021.100336
https://doi.org/10.1146/annurev.neuro.24.1.1161
https://doi.org/10.1080/15592294.2021.1890874
https://doi.org/10.1038/nm.2337
https://doi.org/10.1016/j.chiabu.2018.01.006
https://doi.org/10.1002/npr2.12075
https://doi.org/10.1002/npr2.12075
https://doi.org/10.1136/bmj.m3048
https://doi.org/10.4102/sajpsychiatry.v24i0.1311
https://doi.org/10.4102/sajpsychiatry.v24i0.1311
https://doi.org/10.1038/s41398-021-01207-y
https://doi.org/10.1016/j.reprotox.2010.12.055
https://doi.org/10.1016/j.reprotox.2010.12.055
https://doi.org/10.1007/s12311-016-0815-8
https://doi.org/10.1007/s12311-016-0815-8
https://doi.org/10.1186/s13059-016-1066-1
https://doi.org/10.1038/s41598-018-36689-2
https://doi.org/10.1186/s13148-020-0824-9
https://doi.org/10.1186/s13148-020-0824-9
https://doi.org/10.1093/scan/nsw080
https://doi.org/10.1017/S0954579419001469
https://doi.org/10.1017/S0954579419001469
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.966740


Rutten, B. P. F., Vermetten, E., Vinkers, C. H., Ursini, G., Daskalakis, N. P.,
Pishva, E., et al. (2018). Longitudinal analyses of the DNA methylome in deployed
military servicemen identify susceptibility loci for post-traumatic stress disorder.
Mol. Psychiatry 23, 1145–1156. doi:10.1038/mp.2017.120

Sanchez-Mut, J. V., Heyn, H., Silva, B. A., Dixsaut, L., Garcia-Esparcia, P., Vidal,
E., et al. (2018). PM20D1 is a quantitative trait locus associated with Alzheimer’s
disease. Nat. Med. 24, 598–603. doi:10.1038/s41591-018-0013-y

Schickedanz, A., Escarce, J. J., Halfon, N., Sastry, N., and Chung, P. J. (2021).
Intergenerational associations between parents’ and children’s adverse childhood
experience scores. Children 8, 747. doi:10.3390/children8090747

Scorza, P., Cristiane, S., Hipwell, A., Posner, J., Ortin, A., Canino, G., et al. (2019).
Research review: Intergenerational transmission of disadvantage: Epigenetics and
parents’ childhoods as the first exposure. J. Child. Psychol. Psychiatry 60, 119–132.
doi:10.1111/jcpp.12877

Smith, A., Kilaru, V., Klengel, T., Mercer, K., Bradley, B., Conneely, K., et al.
(2015). DNA extracted from saliva for methylation studies of psychiatric traits:
Evidence tissue specificity and relatedness to brain. Am. J. Med. Genet. B
Neuropsychiatr. Genet. 168, 36–44. doi:10.1002/ajmg.b.32278

Stoltenborgh, M., Bakermans-Kranenburg, M. J., and van IJzendoorn, M. H.
(2013). The neglect of child neglect: A meta-analytic review of the prevalence of
neglect. Soc. Psychiatry Psychiatr. Epidemiol. 48, 345–355. doi:10.1007/s00127-012-
0549-y

Strathearn, L., Gray, P. H., Michael, J., and Wood, D. O. (2001). Childhood
neglect and cognitive development in extremely low birth weight infants: A
prospective study. Pediatrics 108, 142–151. doi:10.1542/peds.108.1.142

Strathearn, L., Giannotti, M., Mills, R., Kisely, S., Najman, J., Abajobir, A., et al.
(2020). Long-term cognitive, psychological, and health outcomes associated with
child abuse and neglect. Pediatrics 146, e20200438. doi:10.1542/peds.2020-0438

Suderman, M., Borghol, N., Pappas, J. J., Pereira, S. M. P., Pembrey, M.,
Hertzman, C., et al. (2014). Childhood abuse is associated with methylation of
multiple loci in adult DNA. BMC medical genomics 7 (1), 1-12.

Sulaiman, S., Premji, S. S., Tavangar, F., Yim, I. S., and Lebold, M.MiGHT
(2021). Total adverse childhood experiences and preterm birth: A systematic
review. Matern. Child. Health J. 25, 1581–1594. doi:10.1007/s10995-021-
03176-6

Teicher, M. H., and Samson, J. A. (2016). Annual research review: Enduring
neurobiological effects of childhood abuse and neglect. J. Child. Psychol. Psychiatry
57, 241–266. doi:10.1111/jcpp.12507

Tian, F. Y., Wang, X. M., Xie, C., Zhao, B., Niu, Z., Fan, L., et al. (2018). Placental
surface area mediates the association between FGFR2 methylation in placenta and

full-term low birth weight in girls. Clin. Epigenetics 10, 39. doi:10.1186/s13148-018-
0472-5

US Department of Health and Human Services (2019). Child maltreatment 2017.
Washington, DC: U.S. Government Printing Office.

Van Aswegen, T., Bosmans, G., Goossens, L., Van Leeuwen, K., Claes, S., Van
Den Noortgate, W., et al. (2021). Epigenetics in families: Covariance between
mother and child methylation patterns. Brain Sci. 11, 190. doi:10.3390/
brainsci11020190

Vinkers, C. H., Geuze, E., van Rooij, S. J. H., Kennis, M., Schür, R. R., Nispeling, D.
M., et al. (2021). Successful treatment of post-traumatic stress disorder reverses
DNA methylation marks. Mol. Psychiatry 26, 1264–1271. doi:10.1038/s41380-019-
0549-3

Ward, L. D., and Kellis, M. (2012). HaploReg: A resource for exploring chromatin
states, conservation, and regulatory motif alterations within sets of genetically
linked variants. Nucleic Acids Res. 40, D930–D934. doi:10.1093/nar/gkr917

Whitelaw, N. C., and Whitelaw, E. (2008). Transgenerational epigenetic
inheritance in health and disease. Curr. Opin. Genet. Dev. 18, 273–279. doi:10.
1016/j.gde.2008.07.001

Wiegand, A., Kreifelts, B., Munk, M. H. J., Geiselhart, N., Ramadori, K. E.,
Macisaac, J. L., et al. (2021). DNA methylation differences associated with social
anxiety disorder and early life adversity. Transl. Psychiatry 11, 104. doi:10.1038/
s41398-021-01225-w

Wu, Y., Gao, H., Li, H., Tabara, Y., Nakatochi, M., Chiu, Y.-F., et al. (2014). A
meta-analysis of genome-wide association studies for adiponectin levels in East
Asians identifies a novel locus near WDR11-FGFR2. Hum. Mol. Genet. 23,
1108–1119. doi:10.1093/hmg/ddt488

Xi, J., Su, Y., Fadiel, A. B., Lin, Y., Su, F.-X., Jia, W.-H., et al. (2014). Association of
physical activity and polymorphisms in FGFR2 and DNAmethylation related genes
with breast cancer risk. Cancer Epidemiol. 38, 708–714. doi:10.1016/j.canep.2014.
09.002

Xu, Z., Langie, S. A. S., De Boever, P., Taylor, J. A., and Niu, L. (2017). Relic: A
novel dye-bias correction method for Illumina methylation BeadChip. BMC
Genomics 18, 4. doi:10.1186/s12864-016-3426-3

Yehuda, R., Daskalakis, N. P., Bierer, L. M., Bader, H. N., Klengel, T., Holsboer, F.,
et al. (2016). Holocaust exposure induced intergenerational effects on
FKBP5 methylation. Biol. Psychiatry 80, 372–380. doi:10.1016/j.biopsych.2015.
08.005

Zhang, T.-Y., and Meaney, M. J. (2010). Epigenetics and the environmental
regulation of the genome and its function. Annu. Rev. Psychol. 61, 439–466. doi:10.
1146/annurev.psych.60.110707.163625

Frontiers in Physiology frontiersin.org13

León et al. 10.3389/fphys.2022.966740

https://doi.org/10.1038/mp.2017.120
https://doi.org/10.1038/s41591-018-0013-y
https://doi.org/10.3390/children8090747
https://doi.org/10.1111/jcpp.12877
https://doi.org/10.1002/ajmg.b.32278
https://doi.org/10.1007/s00127-012-0549-y
https://doi.org/10.1007/s00127-012-0549-y
https://doi.org/10.1542/peds.108.1.142
https://doi.org/10.1542/peds.2020-0438
https://doi.org/10.1007/s10995-021-03176-6
https://doi.org/10.1007/s10995-021-03176-6
https://doi.org/10.1111/jcpp.12507
https://doi.org/10.1186/s13148-018-0472-5
https://doi.org/10.1186/s13148-018-0472-5
https://doi.org/10.3390/brainsci11020190
https://doi.org/10.3390/brainsci11020190
https://doi.org/10.1038/s41380-019-0549-3
https://doi.org/10.1038/s41380-019-0549-3
https://doi.org/10.1093/nar/gkr917
https://doi.org/10.1016/j.gde.2008.07.001
https://doi.org/10.1016/j.gde.2008.07.001
https://doi.org/10.1038/s41398-021-01225-w
https://doi.org/10.1038/s41398-021-01225-w
https://doi.org/10.1093/hmg/ddt488
https://doi.org/10.1016/j.canep.2014.09.002
https://doi.org/10.1016/j.canep.2014.09.002
https://doi.org/10.1186/s12864-016-3426-3
https://doi.org/10.1016/j.biopsych.2015.08.005
https://doi.org/10.1016/j.biopsych.2015.08.005
https://doi.org/10.1146/annurev.psych.60.110707.163625
https://doi.org/10.1146/annurev.psych.60.110707.163625
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.966740

	The shared mother-child epigenetic signature of neglect is related to maternal adverse events
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Psychological measure
	2.3 Procedure

	3 DNAm assay and methylation analyses
	3.1 Statistical analysis
	3.1.1 Differentially methylated regions identification
	3.1.2 Relationship of the overlapping differentially methylated regions with maternal life adversity


	4 Results
	4.1 Mother-child correlations for differentially methylated regions
	4.2 Relationship of the overlapping differentially methylated regions with adverse life events

	5 Discussion
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of Interest
	Publisher’s note
	References


