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Abstract

Accumulating evidence suggests that adversities at critical periods in early life, both pre- and postnatal, can lead to
neuroendocrine perturbations, including hypothalamic-pituitary-adrenal axis dysregulation and inflammation persisting
up to adulthood. This process, commonly referred to as biological embedding, may cause abnormal cognitive and
behavioral functioning, including impaired learning, memory, and depressive- and anxiety-like behaviors, as well as
neuropsychiatric outcomes in later life. Currently, the regulation of gene activity by epigenetic mechanisms is suggested
to be a key player in mediating the link between adverse early-life events and adult neurobehavioral outcomes. Role of
particular genes, including those encoding glucocorticoid receptor, brain-derived neurotrophic factor, as well as arginine
vasopressin and corticotropin-releasing factor, has been demonstrated in triggering early adversity-associated pathological
conditions. This review is focused on the results from human studies highlighting the causal role of epigenetic mechanisms
in mediating the link between the adversity during early development, from prenatal stages through infancy, and adult
neuropsychiatric outcomes. The modulation of epigenetic pathways involved in biological embedding may
provide promising direction toward novel therapeutic strategies against neurological and cognitive dysfunctions in adult life.
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Background
A growing body of research in recent years highlights the
importance of early-life environmental influences in deter-
mining the adult health status. On the base of these findings,
the Developmental Origin of Adult Health and Disease
(DOHaD) hypothesis was proposed postulating that
unfavorable environmental early-life conditions can result in
“developmental programming” of later-life chronic disease
[1, 2]. This hypothesis has been initially focused on the life-
long outcomes of prenatal and neonatal malnutrition. In
recent years, however, it became increasingly apparent that
non-nutritional impacts such as psychological stress expos-
ure during development can also greatly affect the health
status throughout adult life, and epigenetic regulation is
considered as a key mechanism mediating these effects.
Most research evidence for the developmental program-

ming by stressful conditions early in life is obtained in
rodent models (for reviews, see references [3–6]). In these

studies, convincing evidence has been obtained to indicate
that early stressful exposures such as perinatal stresses,
maternal separation, and inadequate maternal care can
cause marked neuroendocrine perturbations persisting up
to adulthood and causing impaired cognitive, behavioral,
and social functioning during the adult life. A body of
studies has demonstrated that prenatal stress and expos-
ure to excess levels of exogenous glucocorticoids can both
be related to unfavorable health outcomes including low
birth weight, neuroendocrine pathology, and enhanced
risk for cardio-metabolic, infectious, and psychiatric disor-
ders throughout the adult life [7–9]. The neuroendocrine
effects triggered by prenatal stress have been reported to
be associated with depressive- or anxiety-like behavioral
phenotypes, including altered levels of physical activity,
enhanced immobility throughout a forced swim test, and
lowered exploration of novel environments [10]. These
effects were shown to be mediated by changes in both
maternal and fetal hypothalamic-pituitary-adrenal (HPA)
axes causing intrauterine exposure to glucocorticoid ex-
cess [11, 12]. A role for in-utero glucocorticoid exposure
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induced by maternal stress in rats is evident from research
in adult offspring born to either mothers with an intact
corticosterone secretion or to intrauterine-stressed adre-
nalectomized dams [13]. The maternal stress-induced glu-
cocorticoids can pass the placental barrier and thereby
disrupt the development of the fetal brain. The stress-
related maternal-placental-fetal endocrine and immune/in-
flammatory candidate mechanisms were proposed as pos-
sible candidate mechanisms for long-term effects of the
fetal stress exposures on physiological characteristics of the
developing organism [14, 15]. Early postnatal stages are an-
other important sensitive period for developmental pro-
gramming. In rodent research, it was shown that impaired
mother-infant interactions (e.g., maternal deprivation/sep-
aration) throughout the postnatal period can substantially
impair the neuroendocrine regulation, including upregula-
tion of hippocampal glucocorticoid receptor (GR) and
hypothalamic corticotropin-releasing factor (CRF), and
also can lead to enhancement of the adrenocorticotropic
hormone and corticosterone levels [16–18]. Such early
adversity-induced neuroendocrine changes may lead to
behavioral issues during adulthood, including the impaired
learning, memory, and also depressive- and anxiety-like
behaviors [19]. The long-term effects caused by variation
in postnatal maternal care in rodents (e.g., low or high
levels of licking and grooming, LG) are most studied in
this context to date. The offspring of high-LG mothers
exhibited lower levels of stress responsivity, better per-
formance on cognitive tasks, and exploratory behavior in
a novel environment during adulthood than the offspring
that have been reared by low-LG dams [20, 21]. In these
studies, the physiological and biochemical changes induced
by adversities in early life were accompanied by substantial
alterations on the level of epigenetic control of gene expres-
sion and related changes in patterns of DNA methylation,
histone modifications, and microRNA regulation.
The evidence for long-lasting effects of adversities in early

life from human studies are rather scarce and mainly lim-
ited to change in DNA methylation level which is thought
to be the most stable form of epigenetic modification. This
review is mostly focused on the results obtained from
human studies highlighting the causative role of epigenetic
pathways in mediating the link between the adversity in
early development from prenatal stages through infancy
and adult neuropsychiatric outcomes.

Search strategy
In this review, we searched the PubMed database (http://
www.ncbi.nlm.nih.gov/pubmed/) to find all published
studies on the epigenetic links (both at the genome-wide
and candidate gene levels) between early-life adversity and
long-term neurobehavioral outcomes in humans. In our
search, we used combinations of the following search terms:
“biological embedding,” “early-life adversity,” “epigenetic,”

“epigenome,” “DNA methylation,” “neurobehavioral,” and
“neuropsychiatric.” The time period of the search covered
articles published from 1994 to 2017 with no language
restrictions, although only English language studies were
eventually included. There was no restriction on the type of
study design; therefore, all clinical, epidemiological, and
quasi-experimental studies satisfying the search criteria were
included. Several relevant experimental studies closely
related to the topic under discussion were also eligible for
inclusion. We used these papers to determine whether
there is a coherence of effects across humans and non-
human species and to examine the contribution of epigen-
etic mechanisms in biological embedding of adverse early-
life exposures.

Biological embedding of adverse experiences in
early life
Currently, the regulation of gene activity by epigenetic
mechanisms (mitotically or meiotically heritable changes
in gene expression that occur without any change in
DNA sequence) is suggested to be a key player in medi-
ating the link between stressful events early in life and
adult neurobehavioral outcomes [22, 23]. DNA is known
to maintain stability during the whole life cycle (except
for mutations that occur randomly), while the epigenetic
marks are dramatically changed throughout the early
developmental stages to initiate distinguished patterns of
expression among different developing tissues. The main
mechanisms of epigenetic regulation in mammals are
covalent modification of DNA by methylation, post-
translational modifications (including acetylation, phos-
phorylation, methylation, and ubiquitination) of the his-
tone proteins, as well as regulation by non-coding RNAs
(ncRNAs) [24].
There are numerous lines of evidence indicating that

the mammalian epigenome (i.e., the totality of epigenetic
marks across the whole genome) is the most labile and,
thereby, most sensitive to various environmental and hor-
monal cues, at specific stages of early development [25].
In mammals, a global demethylation of DNA followed by
remethylation was shown to occur throughout the devel-
opment of germ cells. A second genome-wide demethyla-
tion wave takes place in early embryogenesis, and patterns
of methylation are re-established after implantation of the
blastocyst [26]. The phases of post-fertilization demethyla-
tion and remethylation are likely playing a role in the
removal of epigenetic information acquired by the paren-
tal generation [27, 28]. Once established throughout early
development, epigenetic marks are stable maintained
through cell division.
The epigenome thereby seems particularly susceptible to

unfavorable environmental conditions during the stages of
gametogenesis and early embryogenesis [29]. In mammals,
including humans, the period of maximal epigenetic
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plasticity continues from before birth until weaning [30].
Various environmental cues in early life, particularly severe
stresses or trauma, can cause lifelong epigenetic modifica-
tions which may, in turn, set the organism off on pheno-
typic trajectories to health or disease [31, 32]. There are
numerous evidences from animal studies that environ-
mental adversities and/or psychosocial stresses early in life
can trigger epigenetic modifications with significant func-
tional consequences for brain plasticity and behavior and
subsequently lead to a variety of cognitive dysfunctions
and psychiatric disorders in adult life [33–36]. The crucial
role of epigenetic machinery in the biological embedding
of stressful exposures in early life has been demonstrated
in a number of rodent models, where considerable varia-
tions in both DNA methylation and histone modification
have been reported in offspring exposed to different pre-
natal stresses, inappropriate maternal care, maternal
deprivation/separation, as well as to juvenile social enrich-
ment/isolation [3–6].
Remarkably, the earlier the organism is affected by

stressful experiences during the intrauterine period, the
more pronounced long-term consequences are usually
observed, suggesting a causative role of epigenetic pro-
cesses in pathways to adult-life pathological conditions.
One good example for that is a mouse study by Mueller
and Bale [37], where exposure to various stressful events
during fetal development resulted in elevated stress sensi-
tivity in adulthood, which has been manifested in modified
expression of GR and corticotropin-releasing hormone,
and also in the enhanced responsivity of HPA axis in pre-
natally affected animals. These effects have been accom-
panied by changes in methylation levels and in expression
of GR and CRF genes. The period of early gestation was
identified in this study as a particularly sensitive stage, sug-
gesting a strong evidence for epigenetic involvement in de-
velopmental programming of neuroendocrine functions.
Postnatal exposures, such as neonatal handling (an ex-

perimental procedure in which animals are briefly sepa-
rated from the dam and handled for the first 10 postnatal
days), were also shown to have a profound impact on epi-
genetic profiles. This is a widespread experimental proced-
ure used to understand how adversity early in life can
affect neurobehavioral development of animals and place
them on a pathway to disease. It has been found that neo-
natal handling can induce a persistent increase in the tran-
scription level of the nuclear receptor subfamily 3, group
C, member 1 (NR3C1) gene encoding the GR [38]. The
epigenetic changes, such as those triggered by handling,
have been observed in offspring raised by high-LG mothers.
Among them, there was a reduced level of DNA methyla-
tion in the promoter region of the hippocampal NR3C1
gene [39]. These effects occurred throughout the first week
of postnatal life, and they have been shown to be reversed
by cross-fostering, persisted into adulthood, and associated

with changed histone acetylation and transcription factor
(NGFI-A) binding to the GR promoter. Another gene that
was found to be expressed in the adult prefrontal cortex in
rats in response to an adversity in early life is the brain-
derived neurotrophic factor (BDNF) gene playing a crucial
role in the neural and behavioral plasticity and in develop-
ment of various psychiatric disorders related to adversity
early in life, such as depression, bipolar disorder, autism,
and schizophrenia [40]. These expression changes have
been accompanied by corresponding changes in the methy-
lation levels.
Findings from human studies suggesting a role of epigen-

etic mechanisms in long-lasting effects of adversities in
early life are more limited compared to those obtained from
animal models due to the restricted access to suitable bio-
logical materials, but they clearly demonstrate that these
mechanisms can also operate in man. In the succeeding
subsections, findings from human studies are summarized
and discussed.

Maternal adversity in pregnancy
It has been well documented in many human studies that
maternal exposure to adverse conditions during pregnancy,
including an unfavorable social environment, anxiety,
depression, starvation, and pain (all known to increase the
intrauterine level of glucocorticoids), can be linked to a var-
iety of cognitive and behavioral problems during the adult-
hood [41–43]. There is consistent evidence that antenatal
stress or anxiety has a programming effect on the fetus
which can persist up to adulthood and result in an elevated
risk of psychiatric and behavioral pathological conditions,
including autism, schizophrenia and anxiety/depression-re-
lated behaviors, and also impaired cognitive performance in
later life [44].
Recent studies highlighted the role of epigenetic mecha-

nisms in mediating long-lasting outcomes of maternal
adversities during pregnancy. Pre- and early postnatal dys-
regulation of epigenetic pathways resulted in genome-
wide modulating gene expression in different tissues
including the brain, by that influencing the functioning
and connectivity of neural circuitry and affecting the risk
for neurobehavioral impairments in later life [41]. In a
methylome-wide association study (MWAS), maternal
depression-associated changes in the DNA methylation
levels were revealed in neonatal T lymphocytes; these
alterations were found to persist to adult age in the hippo-
campal tissues [45]. A strong association was observed
between maternal depressive symptoms during pregnancy
and increased level of NR3C1 exon 1F methylation in
male infants, and also lowered methylation level of
another gene responsible for these associations, BDNF IV,
in both male and female infants [46]. Gestational exposure
to maternal depressed or anxious mood in the third
trimester of prenatal development caused an enhanced
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methylation in the CpG-rich region of the promoter and
exon1F of the GR gene (NR3C1) in the newborn cord
blood, and these effects have been demonstrated to be
persistent throughout the infancy [47]. Surprisingly, these
epigenetic effects were revealed in offspring but not in
maternal blood samples. The methylation levels of NR3C1
gene in cord blood have been associated with the levels of
stress response in 3-month-old infants (as measured by
salivary cortisol levels), assuming functional consequences
of these epigenetic variations for the HPA stress respon-
siveness. Radtke et al. [48] revealed that maternal expos-
ure to intimate partner violence throughout pregnancy
affected the methylation level of NR3C1 gene in the whole
blood DNA of 10–19-year-old adolescent offspring. As in
the case of the maternal depression during pregnancy,
these epigenetic effects were observed in affected offspring,
but not in maternal blood. The same effects have been seen
in cord blood as a result of maternal pregnancy-associated
anxiety [49]. Similar findings were also reported on the
SLC6A4 gene encoding the serotonin transporter. The
methylation levels of SLC6A4 have been shown to be asso-
ciated with a number of prenatal and postnatal adverse
exposures, including maternal depression during preg-
nancy, as well as childhood trauma and abuse [50]. Pre-
natal exposure to a maternal depressed mood throughout
the 2nd trimester of gestation has been revealed to be
associated with a decreased methylation level in promoter
region of SLC6A4 gene, in leukocytes from maternal per-
ipheral blood and in umbilical cord leukocytes obtained
from neonates at birth, while no such effects regarding the
BDNF gene were observed [51].
In several studies, importance of epigenetic regulation of

placental genes, playing a crucial role in maternal-fetal
interactions, in long-lasting outcomes of maternal adversity
has been reported. Prenatal exposure to maternal anxiety
and/or depression has been shown to adversely influence
the neurobehavioral development of newborns. These
unfavorable neurodevelopmental outcomes have been dem-
onstrated to be linked to the increased methylation levels of
the NR3C1 and 11β-hydroxysteroid dehydrogenase type 2
(11β-HSD2) placental genes and to significant perturba-
tions of the HPA axis [52]. The expression levels of the pla-
cental human SLC6A4 gene were found to be substantially
elevated in placentas from mothers who had untreated
mood disorders during pregnancy in comparison with con-
trol women [53]. An association between the maternal
mood throughout the pregnancy and downregulation of pla-
cental 11β-HSD2 gene encoding the cortisol-metabolizing
enzyme was revealed in the study by O’Donnell et al. [54].
The infants whose mothers were exposed to higher socio-
economic adversity levels in their pregnancy have also been
found to have the lowest methylation levels in the placental
11β-HSD2 gene [55]. The authors have suggested that
such methylation patterns of this gene indicate that

cues from environment transmitted from mother to
fetus during gestation may program the response to
potentially unfavorable environment in postnatal life via
lesser exposure to cortisol throughout prenatal develop-
ment. Overall, the findings from these investigations indi-
cate that placental genes can be implicated in intrauterine
programming of neurological functioning.
A schematic representation of hypothetical mechanisms

linking maternal adversity in pregnancy to neurobehavioral
and cognitive dysfunction in offspring is given in Fig. 1.

Adversity in childhood
In addition to in-utero developmental stage, early infancy
is another critical stage of epigenetic plasticity. Early post-
natal development is characterized by very rapid growth
of various organs and organ systems including the brain
and the rest of the nervous system, and epigenetic regula-
tion is regarded as a crucial process through which the
formation of specific synapses occurs throughout critical
developmental periods [56, 57]. Therefore, in addition to
adversities throughout the gestational development, early
postnatal adversity can also have a potential for long-term
epigenetic programming.
There is increasing evidence that unfavorable conditions

in early infancy related to maltreatment, poor quality par-
enting or loss of parents, parental psychiatric disorders,
exposures to physical, sexual, psychological, or emotional
abuse, etc. can lead a number of adverse neurobehavioral
and cognitive outcomes in adulthood [58–60]. Since the
central nervous system interacts with the immune system
via the HPA axis and autonomic nervous system (ANS),
the immune dysregulation is regarded as a core compo-
nent of these programming effects. Adversity in early life
has been shown to be related to alterations in neural
development (particularly of the hippocampus, amygdala,
and prefrontal cortex), ANS and HPA axis dysregulation
[61], and enhanced levels of inflammatory mediators [62].
The impaired neural development is believed to be a cen-
tral pathway by which adversity early in life can increase
the inflammation level and thereby the risk for adverse
psychophysical health outcomes. Moreover, the exposure
to chronic stressful conditions in infancy can lead to failure
or depletion of normal physiologic processes (“allostatic load
hypothesis”) and thereby impair the physiological response
to stress and other health outcomes in adult life through a
process called biological embedding [62–65]. Adult subjects
having a history of adversity in their childhood showed the
decreased volumes of prefrontal cortex and hippocampus,
enhanced level of activation of HPA axis in response to
stress, and elevated inflammation levels compared to non-
maltreated persons [63].
Long-lasting emotional and cognitive dysfunctions

caused by adversities in early life are thoroughly studied in
rodent models. Typically, animals exposed to a postnatal
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maternal deprivation demonstrate elevated neuroendo-
crine response to stress, cognitive impairment, and
enhanced levels of anxiety and depressive-like behavior
[66–68]. Several phenotypes reported in these models of
early-life adversities were likely to share common neuro-
biological mechanisms. So, there is evidence for impaired
glucocorticoid negative-feedback control of the HPA axis,
reduced hippocampal neurogenesis, and altered glutamate
neurotransmission in both prenatally stressed rats and those
animals that experienced inadequate maternal care [68].
These findings from animal models have been extended

to humans by highlighting associations between adversities
in early life and modified epigenetic patterns in adulthood
[69–72]. Substantial epigenetic effects were revealed for the
assortment of genes involved in the etiology of conversion
disorders, aggressive and suicidal behaviors, and callous-
unemotional traits [73, 74]. Among these genes, most are
involved in mediating the HPA axis, brain development,
immune response, neurotransmission, serotonin synthesis,
and other processes. In some studies, psycho-emotional
trauma in childhood has been demonstrated to be a poten-
tial risk factor for developing depressive symptoms later in
life, particularly in response to additional trigger stressful
events [75, 76]. For instance, women having a history of
childhood abuse and actual diagnosis of major depression
showed a sixfold higher level of adrenocorticotropic hor-
mone stress response than the age-matched control indi-
viduals, suggesting that there may be permanent changes in
set-points for HPA activity in response to stress among
those persons who were exposed to early-life stressful con-
ditions [77]. On the basis of these findings, Heim et al. sug-
gested that trauma early in life is related to the sensitization
of neuroendocrine stress responses, immune activation,

enhanced central CRF activity, glucocorticoid resistance,
and lower hippocampal volume throughout the adult life
[75]. These neuroendocrine changes triggered by stresses in
early life can likely affect the risk of developing depression
in response to stress during adulthood. Data from recent
studies highlight the critical role of epigenetic regulation in
the linkage between trauma in childhood and depression in
adult life [76].
It should be noted, however, that the link between

adverse conditions in early life and unfavorable neurobe-
havioral outcomes in adulthood can be dependent not
only on epigenetic processes per se, but also on the gen-
etic background of affected individuals. In particular,
different combinations of functional polymorphisms in
dopamine and serotonin pathway genes can result in
both responder and non-responder phenotypes in the
wide range from adverse to advantageous early-life cir-
cumstances. For example, a functional polymorphism in
the promoter gene of monoamine oxidase A (MAOA), a
mitochondrial enzyme that degrades the neurotransmit-
ters including serotonin, norepinephrine, and dopamine,
was demonstrated to mediate the association between
adversities early in life and enhanced risk for violence
and antisocial behavior in adulthood. In the research by
Frazzetto et al., the MAOA genotype was found to mod-
erate the link between traumatic events experienced
from birth up to the age of 15 years and physical aggres-
sion in adult life, as assessed by the Aggression Question-
naire [78]. In this study, scores of physical aggression were
shown to be higher in those adult men who have been
exposed to traumatic events early in life and who carried
the low MAOA activity allele (MAOA-L). These findings
were confirmed by later studies. The interaction of

Fig. 1 Schematic representation of hypothetical mechanisms linking maternal adversity in pregnancy to neurobehavioral and cognitive dysfunction in offspring
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MAOA genotype and childhood adversity on antisocial
outcomes was examined in a meta-analysis of 27 studies
conducted by Byrd and Manuck [79]. Across 20 male
cohorts, adversity in early life has been demonstrated to
be a stronger predictor of adult antisocial outcomes for a
low-activity, compared to a high-activity, MAOA geno-
type. Similar, but less consistent, findings were reported in
11 female cohorts studied.
An association between the adversities early in life and

long-lasting changes in processes of epigenetic regulation
at the whole-genome level was demonstrated repeatedly.
Many of such studies used low socioeconomic status
(SES) as indicator of early stressful conditions. Low SES,
generally accompanied by an enhanced stress load due to
a poor quality of nutrimental intake, infections, and higher
load of physical work, has been found to strongly predict
a number of psycho-emotional pathologies such as schizo-
phrenia and depression in adult life [67]. Disadvantaged
early SES was related to profiles of adult blood DNA
methylation [80]. Most of the genes differentially methyl-
ated in association with low early-life SES are known to be
functionally implicated in metabolic and cell signaling
pathways. Genome-wide transcriptional profiling demon-
strated that in healthy adults with low-SES childhood
background, genes bearing response elements for CREB/
ATF family of transcription factors transmitting adrener-
gic signals to leukocytes were substantially upregulated,
whereas genes with response elements for the GR, regulat-
ing the secretion of cortisol and transducing the anti-
inflammatory signals to the immune system, were signifi-
cantly downregulated [81]. Individuals exposed to low-
SES conditions in early life also exhibited raised cortisol
levels, elevated expression of pro-inflammatory transcrip-
tion factor NF-kappaB, as well as increased production of
the pro-inflammatory cytokine interleukin 6. On the basis
of data obtained, the authors suggested that “low early-life
SES programs a defensive phenotype characterized by
resistance to glucocorticoid signaling, which in turn facilitates
exaggerated adrenocortical and inflammatory responses.
Although these response patterns could serve adaptive func-
tions during acute threats to well-being, over the long term,
they might exact an allostatic toll on the body that ultimately
contributes to the chronic diseases of aging.” Chen et al. have
revealed that the unfavorable effects of the low-SES condi-
tions in early life on immune system functioning and inflam-
matory processes in adult life can be at least partly prevented
by the high-level maternal warmth [82]. These alterations
have been accompanied by changes in genome-wide tran-
scription profiles. Those individuals who had low SES level
early in life and whose mothers demonstrated high warmth
toward them showed reduced Toll-like receptor-stimulated
production of interleukin 6 and lowered activity of immune
activating transcription factor (AP-1) and NF-kappaB in
comparison with those subjects who had low SES level early

in life but have experienced lower maternal warmth. These
findings suggest that disadvantageous effect of low socioeco-
nomic environment in early life might be buffered by a sup-
portive family climate.
Similar lasting effects have been obtained for the unfavor-

able experiences such as sexual/physical abuse or neglect in
early life [83]. Three hundred sixty-two differentially meth-
ylated promoters have been identified by a genome-wide
analysis in the hippocampal neurons isolated from post-
mortem brain samples in subjects with a history of heavy
abuse throughout infancy in comparison with control per-
sons [84]. Among them, those genes implicated in a cellular
or neural plasticity were shown to be the most differentially
methylated. Nine hundred ninety-seven gene promoters
were identified as being differentially methylated in associ-
ation with abuse throughout childhood in a whole-blood
DNA from adult subjects [85]. Most of these genes are in-
volved in important pathways of cellular signaling associ-
ated with development and regulation of transcription.
Four hundred forty-eight gene promoters were differentially
methylated in T cells from adult male individuals exposed
to parental physical aggression in the age of 6 to 15 years
relative to a control group [86]. Most these genes are
known to play an important role in aggressive behavior.
Long-lasting social and behavioral problems were also

observed in persons who experienced parental neglect
through the institutionalization in early life [87]. Differen-
tial patterns of whole-genome DNA methylation were
found in blood samples from institutionalized children
and children reared by their biological parents [88]. Most
of these differentially methylated genes are related to im-
mune and cellular signaling pathways, including those re-
sponsible for development and functioning of the brain as
well as in neural communication. One hundred seventy-
three genes were differentially methylated among subjects
with and without the placement into the foster care sys-
tem during their childhood [69]. Most of these genes are
involved in the ubiquitin-mediated proteolysis pathway,
which plays an important role in immune/inflammatory
responses, in antigen processing and presentation path-
ways, and also in some important cellular processes. More-
over, 72 genes known to be related to the control of
apoptosis and transcriptional regulation exhibited increased
methylation levels in those individuals who had a history of
foster care placement, while 101 genes involved in protein
catabolic processes and in the control of posttranslational
protein modification exhibited lowered levels of methyla-
tion in comparison with control subjects. Summary of evi-
dence on the epigenetic link between adverse early-life
events and adult-life neurobehavioral outcomes obtained
from epigenome-wide association studies (EWAS) is given
in Table 1. As we can see from Table 1, most of these
EWAS data have been obtained from small samples; there-
fore, one must use some caution in interpreting these
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results. Further studies with larger samples are clearly
required in order to allow more reliable conclusions.
In addition to EWAS, consistent evidence for the

importance of epigenetic regulation in mediating long-
term effects of early adversity was also provided from
some candidate gene research. While a full-genome analysis
allows to generate hypotheses on the underlying molecular
mechanisms, the candidate gene approach allows to deter-
mine whether a specific gene of interest makes a contribu-
tion in each particular case. For example, in the McGowan
et al. study, epigenetic differences in the brain loci substan-
tially involved in the pathophysiology of suicide have been
observed [89]. Specifically, by studying the postmortem
hippocampal brain samples from suicidal individuals, the
history of neglect/abuse in early childhood was shown to be
associated with a lowered hippocampal volume and with
severe cognitive impairments. Moreover, the gene encoding
ribosomal RNA (rRNA) was significantly hypermethylated
throughout the promoter and 5′ regulatory region in the
brains of suicide victims, consistent with the decreased level
of expression of rRNA gene in the hippocampus. Subse-
quently, McGowan et al. [90] examined epigenetic differ-
ences in a neuron-specific promoter of NR3C1 gene among
postmortem hippocampal tissues from suicide completers
with or without the child abuse history. The NR3C1 gene
was selected for analysis since the decreased level of GRs

within the hippocampus is believed to lead to elevated HPA
stress response and thereby might account for an enhanced
risk of psychopathology and poorer emotional regulation in
those subjects who were abused in childhood. In that study,
the levels of expression of NR3C1 gene were considerably
decreased in suicide victims having a history of childhood
abuse compared to non-abused suicide victims or control
individuals; no differences, however, were revealed among
non-abused suicide victims and control subjects. The
essential effect on the expression of transcripts from the
exon 1F NR3C1 promoter has been also observed. Labonté
et al. also reported the enhanced methylation levels in the
promoter of the 1F NR3C1 and decreased expression of
this gene in the hippocampus of suicide completers having
a history of abuse compared to either suicide completers
with no abuse history or to control subjects [91]. In a more
recent research by Bustamante et al., the childhood mal-
treatment assessed by a retrospective self-report question-
naire has been significantly associated with methylation
levels in the NR3C1 promoter region in whole blood of
adult persons [92]. Tyrka et al. also demonstrated that
adversity in childhood can be linked to the risk for adult psy-
chiatric disorders via epigenetic regulation of glucocorticoid
signaling genes such as NR3C1 and gene coding for FK506
binding protein 51 (FKBP5) [93]. In another recent study by
the same authors, the reduced methylation levels of NR3C1

Table 1 Summary of evidence on the link between adverse early-life events and adult neurobehavioral outcomes from epigenome-wide
association studies

Condition
/exposure

Stage at
exposure

Age at
detection

Tissue/cells Population, sample
size (n)

DMRs or up/downregulated
genes, n

Function/pathway Ref.

Maternal
depression

Prenatal Adult Hippocampal
tissue samples

Male postmortem
samples with (n = 12)
or without (n = 50)
a history of maternal
depression

294 DMRs associated with
234 genes

Immune system functions [45]

Low SES Childhood 45 years Blood 40 British adults 586 hypermethylated and
666 hypomethylated gene
promoters

Cell signaling pathways [80]

Childhood 25–40 years Blood 103 healthy adults 73 upregulated and 37
downregulated genes

Raised cortisol levels; increased
IL-6 production

[81]

Childhood 25–40 years Blood 53 healthy adults with
a history of low early-life
SES

330 upregulated and 161
downregulated genes in
participants who grew up
with high maternal warmth

Immune activation and systemic
inflammation; diminishing these
outcomes by supportive family
climate

[82]

Child
neglect
/abuse

Childhood Adult Hippocampal
neurons

25 French-Canadian men
with a history of severe
childhood abuse and 16
control subjects

248 hypermethylated
DMRs; 114 hypomethylated
DMRs

Cellular/neuronal plasticity [84]

Childhood 45 years Blood 12 British men with a
history of childhood
abuse and 28 control
subjects

311 hypermethylated and
686 hypomethylated gene
promoters

Development, regulation of
transcription

[85]

Childhood Adult T lymphocytes 8 subjects with a history
of physical aggression
from age 6 to 15 years
and 57 controls

171 hypermethylated and
277 hypomethylated gene
promoters

Aggressive behavior [86]

DMRs, differentially methylated regions; SES, socioeconomic status
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gene were significantly associated with maltreatment in
childhood and anxiety, depressive and substance-use disor-
ders in adulthood [94]. An enhanced risk for development of
stress-associated psychiatric disorders in adulthood was
shown to be associated with childhood trauma-dependent,
allele-specific demethylation of the functional glucocortic-
oid response elements of FKBP5 gene playing an import-
ant role in regulation of the HPA axis [95]. The
demethylation of FKBP5 gene has been associated with
elevated stress-dependent gene transcription followed by
lasting dysregulation of the stress hormone system and by
global effect on immune functioning and areas of the
brain related to stress regulation.
One important issue in these studies is limited access to

human neural tissues. Thereby, most candidate gene stud-
ies examining role of epigenetic variations in developmental
programming of adult behavioral and cognitive dysfunc-
tions are based on samples from peripheral tissues. In the
above-mentioned study by Bick et al., significant negative
correlation was observed between the mothers’ parenting
reports and methylation levels of NR3C1 gene and also a
macrophage migration inhibitory factor gene functionally
implicated in the expression of NR3C1 and immune
response in offspring blood 5 to 10 years after assessing the
maternal caregiving quality [69].
Childhood-adversity caused epigenetic modifications in

NR3C1 gene in the human blood samples have also been re-
ported in the Tyrka et al. research [96]. In this study,
enhanced levels of NR3C1 methylation were observed in
leukocyte DNA from healthy adult individuals exposed to
inadequate nurturing or maltreatment during their child-
hood. The elevated methylation levels of the exon 1F
NR3C1 promoter in the peripheral blood of individuals suf-
fering from borderline personality disorder or major depres-
sive disorder have been revealed to be associated with the
severity of childhood maltreatment [97]. No such changes
have been found, however, in bulimic women exposed to
abuse in their childhood [98]. Similar findings have been ob-
tained for a serotonin system playing a crucial role in the
brain development (including a region important in stress-
regulation such as the hippocampus) and in the etiology of
depression [99]. In this study, the childhood trauma, along
with male gender and smaller hippocampal volume, has
been independently associated with higher levels of periph-
eral serotonin transporter methylation in adulthood.
In some candidate gene researches, low SES has been

used as a reliable indicator of adverse early-life conditions.
In the research by Miller and Chen, the adolescent subjects
whose families owned homes throughout their early child-
hood demonstrated higher levels of NR3C1 expression and
lower levels of toll-like receptor 4 (TLR4) gene expression
in leukocytes from peripheral blood compared to individ-
uals with low SES in early life [100]. Data from this study
indicated that low SES early in life may trigger a pro-

inflammatory phenotype in later life. Similar findings have
been obtained in African-American men who often have
low SES in their childhood. In the study by Witek-Janusek
et al., higher levels of childhood trauma and indirect expos-
ure to neighborhood violence have been shown to be
related to a greater acute stress-induced IL-6 response and
also to a reduced methylation of the IL-6 promoter and
lower cortisol response in adulthood [101]. Summary of
evidence on the epigenetic link between adverse early-life
events and adult-life neurobehavioral outcomes obtained
from candidate gene studies is given in Table 2.
Overall, these research findings highlight the mecha-

nisms implicated in early adversity-induced impairment of
neuroendocrine pathways associated with stress reactivity
and adult social behavior. One of the most significant
health outcomes of the childhood adversity is lasting neu-
roendocrine disturbance caused by adversity-induced
alterations in the methylation levels of NR3C1 gene,
thereby leading to changed cortisol production and vari-
ous pathological conditions in adulthood [39, 102].
A schematic representation of hypothetical mecha-

nisms linking childhood adversity to later-life neurobe-
havioral and cognitive dysfunction is given in Fig. 2.

Natural experiment-based evidence
Causal relationship between stressful events in early life
and health problems later in life is evident from a body of
quasi-experimental states (“natural experiments”), referring
to any kind of naturally occurring circumstances in which
subsets of the population have different levels of exposure
to a supposed causal factor [103]. Currently, a man-made
famine, where dietary insults and chronic stress tend to co-
occur in exposed populations, is typically used in quasi-
experimental design [104]. The nutritional status might be
affected by stressful events at different levels including
self-selection of dietary components, intake of calories,
and utilization of metabolic wastes for energy production,
whereas nutritional factors can, in turn, affect stress
response through influencing both peripheral and central
mechanisms of stress reactivity [14, 105]. Thereby, famine
has numerous features that can be beneficial for its use as
a natural experiment in studying lasting outcomes of
stressful events in early life [104, 106], although using such
research design could confound attempts to distinguish
the (intergenerational) effects of nutrition and stress.
In a number of quasi-experimental statues, impaired

cognitive and behavioral functioning, as well as psychiatric
illness in adulthood, has been reported in cohorts exposed
in their early life to natural disasters or stressful historic
events, such as World War II [107], Holocaust [108–110],
Israeli-Arab war of 1967 [111, 112], Chinese Famine of
1959–1961 [113–117], and Dutch famine of 1944–1945
[118–120]. In some recent quasi-experimental studies,
evidence for the epigenetic embedding of stressful historic
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events was obtained. Although no relationship between
the exposure to the Dutch famine throughout the intra-
uterine period and whole-genome DNA methylation level
in adulthood was observed [121], an association between
the famine exposure during early gestation and changed
patterns of methylation at CpG dinucleotides in genes

responsible for growth, development, and metabolism in the
whole blood of adult individuals was found in the Tobi et al.
study [122]. The gene-specific differences in the patterns of
DNA methylation associated with in-utero exposure to the
Dutch famine have been indicated in several studies includ-
ing those of Heijmans et al. [123] and Tobi et al. [124]. The

Fig. 2 Schematic representation of hypothetical mechanisms linking childhood adversity to later-life neurobehavioral and cognitive dysfunction

Table 2 Summary of evidence on the epigenetic link between adverse early-life events and adult neurobehavioral outcomes from
candidate gene studies

Condition/
exposure

Stage at
exposure

Age at
detection

Tissue/cells Population, sample
size (n)

Function/pathway Gene/element Epigenetic
outcome

Ref.

Low SES 0–5 years 25–40 years Saliva 103 adults Decreased
glucocorticoid and
increased pro-
inflammatory signaling

CREB/ATF gene
family
NR3C1

Upregulation
Downregulation

[81]

Child
maltreatment

Early
childhood

Adulthood Postmortem
hippocampus

18 male suicide
subjects, 12 controls

Impaired ribosomal
functioning

RRNa promoter Hypermethylation [89]

Childhood Adulthood Postmortem
hippocampus

12 abused and 12
non-abused suicide
subjects, 12 controls

Impaired stress
reactivity

NR3C1 Downregulation [90]

Childhood Adulthood Postmortem
hippocampus

21 abused and 21
non-abused suicide
subjects, 14 controls

Impaired stress
reactivity

NR3C1 1F Hypermethylation [91]

Childhood Adulthood Whole blood 74 maltreated and 73
control subjects

Impaired stress
reactivity

NR3C1 1F
promoter region

Hypermethylation [92]

Childhood 18–59 years Leukocytes 58 female and 41
male subjects

Impaired stress
reactivity

NR3C1 promoter Hypermethylation [93]

Childhood 18–65 years Leukocytes 213 female and 127
male subjects

Impaired stress
reactivity

NR3C1 promoter Hypomethylation [94]

Childhood 19–59 years Peripheral
blood cells

30 subjects with and
46 without the history
of child trauma

Immune functioning,
stress reactivity

Glucocorticoid
response
elements of
FKBP5 gene

Allele-specific
demethylation

[95]

Childhood 18–59 years Leukocytes 58 female and 41
male subjects

Impaired stress
reactivity

NR3C1 promoter Hypermethylation [96]

Childhood Adulthood Peripheral
blood

200 subjects with
different rate of child
maltreatment

Impaired stress
reactivity

NR3C1 1F
promoter

Hypermethylation [97]

Childhood 18–65 years Peripheral
blood

33 maltreated
subjects, 36 controls

Stress-related
psychopathology

Serotonin
transporter gene
promoter

Hypermethylation [99]

Childhood 18–25 years Peripheral
blood

34 African American
men

Higher
proinflammatory
response to stress

IL-6 gene
promoter

Hypomethylation [101]
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differences in DNA methylation levels in HPA axis-
associated genes, such as corticotropin-releasing hormone
(CRH) and NR3C1 genes, however, were non-significant in
the latest study. Importantly, the effect of prenatal famine
exposure has been demonstrated to strongly depend on the
exposure period, with differences being most pronounced
when the famine exposure occurred throughout the peri-
conceptional period rather than throughout the late gesta-
tional developmental stage. These findings demonstrate that
early intrauterine period is the most sensitive stage in
human ontogenesis [125, 126]. Since epigenome is demon-
strated to be most plastic during this ontogenetic period,
these data are suggestive for the role of epigenetic modifica-
tions in driving life-lasting effects of exposures to famine
and/or other disasters in early life.

Transgenerational transmission of childhood trauma
Evidence has been also obtained that early adversity-
induced neuronal and behavioral effects can be transge-
nerationally transmitted via epigenetic mechanisms to
subsequent generations [45, 127]. In the study by
Yehuda et al. [128], the Holocaust survivor offspring
were studied which are known to have altered GR sensi-
tivity and vulnerability to psychiatric disorders. In this
study, adult offspring with both maternal and paternal
Holocaust-induced posttraumatic stress disorder (PTSD)
demonstrated decreased levels of the 1F NR3C1 pro-
moter methylation, while offspring with paternal PTSD
only exhibited higher methylation levels of 1F NR3C1
promoter in the peripheral blood mononuclear cells
compared to participants without parental Holocaust ex-
posure. Similar transgenerational effects were found for
another historical event, such as the Tutsi genocide. In
the Perroud et al. study [129], mothers exposed to the
Tutsi genocide as well as their offspring had higher min-
eralocorticoid receptor levels and lower cortisol and GR
levels in comparison with non-exposed mothers and
their children. Furthermore, the exposed mothers and
their progeny had higher levels of methylation of the 1F
NR3C1 exon than non-exposed subjects.
To examine the mechanisms underlying such transge-

nerational effects of paternal trauma, Gapp et al. [130] using
a mouse model of unpredictable maternal separation and
maternal stress have demonstrated that postnatal trauma
changes coping behavior in adverse conditions in exposed
males when adult and in their adult male offspring. These
behavioral changes have been accompanied by elevated
levels of NR3C1 expression and reduced methylation of the
NR3C1 promoter in the hippocampus. The DNA methyla-
tion levels were also lowered in sperm cells of exposed males
when adult. Interestingly, the transgenerational transmission
of neurobehavioral symptoms has been shown to be pre-
vented by paternal environmental enrichment, and this ef-
fect was linked to the reversal of changes in DNA

methylation and expression of NR3C1 gene in the hippo-
campus of the male offspring.

Conclusion
Accumulating evidence assume that adversity early in
life can be associated with later neuropsychiatric, cogni-
tive, and behavioral outcomes. Recent findings suggest
that childhood adversity can have greater impact on the
later health status than stressful exposures in adulthood,
as assumed by phenomenon of the biological embedding
of early experience. In several studies, credible evidence
is obtained that adversity early in life can reach far into
the later adulthood partly due to cellular aging, as evi-
dent from recent data indicating that severe traumatic
and social exposures as well as institutional care history
in childhood can be embedded at the molecular level
through accelerated telomere shortening [131–133].
It is increasingly clear that epigenetic control of gene

expression plays a central role in these effects. Some
authors hypothesized that such early-life “epigenetic tun-
ing” may likely prepare particular genes for responses to
subsequent triggers [134]. By this mechanism, the func-
tional performance of different tissues and organs may
be established well before they are actually challenged.
In evolutionary terms, such epigenetic fine-tuning of the
expression of responsible genes enables the organism to
adapt to varying environmental conditions [135], but it
can enhance the risk for disorders, including neuropsychi-
atric ones, later in life [136]. Thus, epigenetic studies can
provide insight into the mechanisms mediating the rela-
tionship between early-life adversities, aberrant neuroplas-
tic interactions, and adult health outcomes. The role of
particular genes such as hippocampal NR3C1 as well as
genes coding arginine vasopressin and CRF in the neurons
of the paraventricular nucleus has been demonstrated in
mediating the effects of early adversity-associated patho-
logical conditions [70, 137].
In the past decade, significant advances have been

achieved in the emerging field of neurobehavioral epigen-
etics. Some research challenges, however, must be
addressed for further progress in the field. For example, it
is still not clear how stable are modifications of epigenetic
marks which are induced by adversities in early life.
Recent findings suggest that such epigenetic modifications
can be long-term or even life-long and may persist up to
the highest age categories [138–140]. These data, however,
are rather scarce; therefore, it requires further investiga-
tion. Another issue is that epigenetic patterns can be spe-
cific not only for distinct cell types but also for specific
neuronal pathways in the same brain regions [141]. Thus,
focus of further research will likely be shifted from par-
ticular candidate genes to particular candidate gene path-
ways that may be epigenetically labile in response to
adverse conditions in early life. Moreover, as significant
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epigenetic modifications originate both within and among
different types of tissues, one more potentially important
issue is applicability of samples from peripheral blood for
determining epigenetic modifications in human studies.
Indeed, though widespread epigenetic changes might be
induced by traumatic experiences in early life, these effects
may greatly vary in magnitude and direction in neuronal
tissues relative to non-neuronal tissues including periph-
eral blood. This may limit the opportunity to studying the
long-term neurobehavioral impacts of early trauma basing
only on peripheral blood samples or buccal swabs. There-
fore, animal models, which provide an opportunity to
simultaneously measure the epigenetic profiles in both
peripheral and brain tissues, can be useful in highlighting
epigenetic pathways underlying the biological embedding
of early adversity. The use of animal models certainly
raises questions concerning the specificity of such path-
ways across different mammalian species and about simi-
larities and differences among these pathways in various
animal species and humans. In addition, the potential im-
pact of subsequent exposure to traumatic events during
adolescence and adulthood on the process of epigenetic
embedding of early experiences also needs to be consid-
ered as the findings from some investigations suggest that
epigenome continues to be labile during adulthood [142].
A genuine incorporation of novel knowledge about the

mechanisms underlying the process of epigenetic embed-
ding of adverse experiences during sensitive developmental
periods into the current paradigm on the causation of adult
neurobehavioral and cognitive dysfunction will certainly
move the focus of efforts targeted toward prevention of
adult psychopathological conditions from the later life stages
to early developmental stages from conception to weaning.
Indeed, reducing or eliminating risk factors early in life
would likely have a potential to prevent neurological dys-
functions and psychopathologies in adult life. In this context,
an important point is that epigenetic states, in contrast to
the relatively stable genetic information, are reversible and
can be modified by environmental factors [143]. Therefore,
modulation of epigenetic pathways involved in biological
embedding may provide promising new direction toward
novel therapeutic strategies against neurological and cogni-
tive dysfunctions in adult life.
Over the last years, the therapeutic potential of pharma-

ceuticals targeted at chromatin modifying enzymes, such
as histone deacetylase (HDAC) inhibitors, in treatment of
cognitive and behavioral impairments as well as psychiatric
disorders such as anxiety, depression, fear, and schizophre-
nia has been repeatedly demonstrated [144–146]. In a
number of preclinical animal models, the convincing evi-
dence is obtained that treatment with HDAC inhibitors
can be effective in the prevention and therapy of experi-
mentally induced cognitive and behavioral abnormalities.
Treatment with the HDAC inhibitor sodium butyrate (SB)

reversed the abnormal hyperactive behavior in a rat model
of D-amphetamine-induced mania-like behavior [147].
Furthermore, SB and other HDAC inhibitor, valproate,
abolished manic-like behaviors and protected the rat brain
from metabolic disturbances induced by the metabolic poi-
son, ouabain [148]. These findings were subsequently con-
firmed in models of depressive- and manic-like behaviors
induced by chronic mild stress or maternal deprivation
[149]. In the same models, SB treatment improved the rec-
ognition memory and reversed the stress-induced decrease
of hippocampal neurotrophic factors including BDNF,
nerve growth factor, and glial cell line-derived neuro-
trophic factor [150], and also abolished the maternal
deprivation- and chronic mild stress-induced dysfunction
in the striatum of rats [151]. In a mouse model of valproic
acid (VPA)-induced autism, chronicadministration of SB
resulted in attenuating the experimentally induced deficits
in a novel object recognition and loss of hippocampal den-
dritic spine, as well as significantly increased level of acetyl-
ation of the histone H3 in hippocampus [152]. In the same
mouse model of VPA-induced autism, SB attenuated
autism-like deficits in social behavior and modified tran-
scription levels of many behavior-associated genes in the
prefrontal cortex, in particular, genes implicated in neur-
onal excitation or inhibition [153]. In a mouse model of
isoflurane-induced cognitive deficits, treatment with SB
attenuated the repression of contextual fear memory, ap-
parently by promoting histone acetylation and expression
of histone acetylation-mediated genes [154]. In the 6-
hydroxydopamine-induced Parkinson’s disease rat model,
administration of SB resulted in a substantial attenuation
of motor deficits and also in an increase of striatal dopa-
mine, BDNF, and global H3 histone acetylation levels
[155]. The cognition-protective effect of SB was revealed
in a rat model of chronic cerebral hypoperfusion; this ef-
fect was, at least in part, mediated through enhancing his-
tone acetylation and facilitating the transcription of Nrf2
downstream genes in the hippocampus [156]. HDAC in-
hibitor phenylbutyrate (PBA) was shown to be able to at-
tenuate hippocampal neuronal loss and reverse the
Alzheimer’s disease-like phenotype in a mouse model of
Alzheimer’s disease [157]. In rats with neonatal ventral
hippocampal lesions which are commonly used for model-
ing neurodevelopmental aspects of schizophrenia, treat-
ment with PBA reversed the unfavorable behavioral
consequences of these lesions in the ventral hippocampus
[158]. In a maternal separation rat model, treatment with
another HDAC inhibitor, suberoylanilide hydroxamic acid
(SAHA), reversed early-life stress-induced visceral hyper-
sensitivity and anxiety behavior [159]. Taken together,
these results suggest that targeting epigenome by specific
pharmacological interventions can be a promising thera-
peutic option in treatment of neuropsychiatric and cogni-
tive impairments, including those related to biological
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embedding of early life exposures. There are certainly
many important issues which need to be addressed before
implementation of such interventions in clinical practice,
including their effective dose levels, administration fre-
quency, safety, and potential side effects. These issues re-
main to be addressed in future clinical trials.
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