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The epigenetic impacts of social stress:
how does social adversity become
biologically embedded?

Epigenetic mechanisms are implicated in the processes through which social stressors
erode health in humans and other animals. Here | review progress in elucidating the
biological pathways underlying the social gradient in health, with particular emphasis
on how behavioral stresses influence epigenomic variation linked to health. The
evidence that epigenetic changes are involved in embedding of social status-linked
chronic stress is reviewed in the context of current knowledge about behavior within
animal dominance hierarchies and the impacts of social position on behaviors that
affect health. The roles of epigenetic mechanisms in responses to trauma and the
evidence for their involvement in intergenerational transmission of the biological
impacts of traumatic stress are also considered. Taken together, the emerging insights
have important implications for development of strategies to improve societal health
and well-being.
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Psychosocial stress involves neurophysiologi-
cal changes resulting from the anticipation
or perception of challenges to well-being
that are located within the social environ-
ment. Recent research to understand the
sources and impacts of psychosocial stress
reveals that epigenetic mechanisms are an
important interface through which the body
interprets and responds to stressful experi-
ences. Psychosocial stressors with epigenetic
impacts are encountered in a variety of dif-
ferent circumstances and over a wide range
of timescales, ranging from the early-life
adversity caused by deficiencies of parental
care during infancy and childhood, to the
long-term, chronic stress of socio-economic
deprivation and the intense traumas of
warfare, famine and genocide. The adap-
tive physiological response to an acute and
temporary exposure to a stressor is known
as allostasis, which mitigates the impacts of

the stressor and restores physiological equi-
librium once the exposure to stressor has
subsided [1]. Effective allostasis can facilitate
coping under stress and development of resil-
ience [2]. However, under circumstances of
chronic stress or trauma, the ability of allo-
static processes to mount effective responses
can become weakened, leading to allostatic
overload, which is accompanied by loss of
resilience and increased risks of behavioral
and physiological dysfunction. Some of the
social behaviors that can engender chronic
stress are evolutionarily conserved in verte-
brates, as are key components of the neural
circuits that perceive, process and respond
to social stressors. Experimental studies in
model organisms, together with human epi-
demiological studies, indicate that in some
situations, the behavioral consequences of
psychosocial stress can be transmitted to
offspring that are themselves not exposed to
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the psychosocial stressor [3], which raises important
questions about the biological basis for such intergen-
erational transmission, and the potential roles of epi-
genetic mechanisms in these processes. Here, I take
an integrative, interdisciplinary approach to reviewing
what is known about the roles of epigenetic processes
in mediating the biological impacts of signals originat-
ing in the social environment. Current understanding
of these processes is informed by research from a wide
range of disciplines, encompassing behavioral ecology,
endocrinology and molecular biology of social ani-
mals, as well as studies of human behavior, psychology,
epigenetics, epidemiology and public health.

The specific focus of this review is on the grow-
ing body of research into how behavioral stressors
affect health across the life course and elicit long-term
changes to the epigenome. The insights emerging
from these studies are helping to explain how impor-
tant aspects of the social become biological, and raise
questions that have significant policy implications for
improving public health and promoting social jus-
tice. For health inequalities that have socioeconomic
causes, how might this new knowledge be harnessed to
monitor and mitigate health risks? Moreover, if avoid-
able environmental exposures in one generation have
the potential to influence the health, capabilities and
life chances of the next, how should the freedoms and
responsibilities of the present generation be balanced
against the rights of future generations to live healthy
lives? Improved understanding of the roles of epigenetic
mechanisms in biological embedding of psychosocial
stress will help to address these questions, and could
enable the development of interventions to reduce or
reverse the impacts of social stressors on health.

The epigenetic impacts of early-life stress

A wide range of animal models of early-life adversity
have been established in multiple species, revealing a
consistent and enduring impact of pre- and post-natal
stress, as well as reduced maternal care, on offspring
development and behavior, including risk of psycho-
pathology [4-6]. Classic experiments with rodents
demonstrated that the offspring of mothers providing
relatively low levels of postnatal maternal care exhib-
ited increased stress-reactivity, anxiety and fearfulness,
in comparison to the offspring of mothers display-
ing normal levels of care-giving [7]. These behavioral
abnormalities were accompanied by decreased expres-
sion of the Nr3cl gene, encoding the glucocorti-
coid receptor (GR), in the hippocampus, along with
increased methylation of CpG dinucleotides in the
Nr3cl promoter, and correspondingly high levels of
hypothalamo—pituitary—adrenal (HPA) axis activ-
ity and serum glucocorticoids [8-10]. Experimentally

induced maternal separation and stress also led to
increased stress-reactivity, anxiety, depressive-like
symptoms and impaired social interactions, in offspring
deprived of maternal care, along with genome-wide
alterations in patterns of DNA methylation and neu-
ronal gene transcription in the brain [11-13]. Depriving
infant and juvenile rhesus macaques of maternal care
and the company of other family members similarly
engendered anxiety and depression-like symptoms that
were accompanied by prolonged activation of the HPA
axis, as well as altered gene transcription and genome-
wide changes to DNA methylation patterns both in the
brain and peripheral T lymphocytes [14-19].

In rodents, the principal neural substrates targeted
for epigenetic modification by the early-life stresses
caused by reduced maternal care are theamygdala, HPA
axis, hippocampus and medial prefrontal cortex [20].
Maltreatment of mothers nursing newborn offspring
during the first week of postnatal life has been shown
to elicit repeated vocalized distress calls in offspring,
as well as long-lasting changes to patterns of methyl-
cytosine and its derivative hydroxymethyl-cytosine at
the Bdnf locus, in the amygdala, hippocampus and
medial prefrontal cortex of exposed offspring, both
during adolescence and adulthood [21-23]. In the para-
ventricular nucleus of the hypothalamus, maternal
separation-induced early-life stress increased expres-
sion of Avp and Pomc and reduced DNA methylation
at these loci [11,24]. Early-life stress increased transcrip-
tion of Nr3cl in the paraventricular nucleus, and ren-
dered Crh transcription refractory to adult chronic
stress experienced after early-life stress [25], indicat-
ing that early-life stress compromises the transcrip-
tional responsiveness of Cr/ in the hypothalamus to
later chronic stressors, possibly via a GR-dependent
mechanism.

The long-term impacts of prenatal maternal stress
on offspring behavior and neural gene expression were
illustrated further by a study examining the effects on
adult offspring of prenatal exposure to predator odor
during fetal gestation [26]. Odor avoidance and corti-
costerone production in response to odor exposure were
increased in offspring whose mothers were exposed to
predator odor during pregnancy and in female (but
not male) offspring these behavioral and endocrine
changes were accompanied by decreased expression
of Bdnfand increased DNA methylation of Bdnf pro-
moter sequences in the hippocampus, as well as by
increased expression of Crhrl in the amygdala [26].
These animal studies demonstrate that both postnatal
and prenatal stressors can cause long-term changes in
offspring behavior, neuroendocrine function and epi-
genetic regulation of neural gene transcription, which
persist into adulthood.
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Research in humans has confirmed and extended
the findings of animal experiments on the effects of
early-life stress [27]. Overall, the evidence indicates
that fetal gestation, infancy and childhood are sensi-
tive periods during which exposure to social adversity
can induce behavioral, psychological and epigenetic
changes that may persist into adulthood. A recent
systematic review identified 40 articles published
between 2004 and 2014, describing studies of NR3CI
methylation changes in response to eatly-life adver-
sity, parental stress and psychopathology, of which
27 were studies in humans [28]. While several different
NR3CI sequences are implicated as regulatory targets
in these articles, the most consistent observation is a
closely correlated increase in methylation at exon 1,
in the human VR3CT gene (or the equivalent exon 1,
in the 13 animal studies) and experience of early-life

adversity. Exon 1./1, contains a DNA sequence ele-

ment that encodes a 7methylation—sensitive binding site
for the neural activity-regulated transcription activator
NGF1A/EGRI1 p29]. The reduced expression of NR3CI
that is caused by increased methylation of this binding
site thus diminishes the means of providing glucocorti-
coid-mediated negative feedback to the hypothalamus
and pituitary, leading to the persistent activation of
the HPA axis, and the resulting disorders. A range of
experiences highly likely to induce prenatal stress, such
as intimate partner violence [30], or maternal exposure
to genocidal war [31] were associated with increased
NR3CI promoter methylation. Moreover, childhood
abuse, neglect and deprivation were also found to be
associated with increased NR3CI promoter methyla-
tion [2932-34]. More recent reports provide additional
support for a relationship between early-life adver-
sity, increased promoter methylation and decreased
transcription of NR3CI [33,35-39]. These varied stud-
ies suggest that attenuation of NR3CI expression is a
component of the process leading to elevation of HPA
axis activity, as a consequence of allostatic overload
induced by a variety of stressful experiences. Despite
such insights, it remains unclear how NR3CI is spe-
cifically targeted for epigenetic silencing, and whether
methylation of the NGF1A/EGR1 binding site, which
prevents NGF1A/EGRI recruitment to NR3CI [29], is
accompanied by other changes that attenuate NR3CI
expression in the brain. Noncoding RNAs such as the
IncRNA GAS5 have been implicated as inhibitors of
NR3CI protein function [40.41], and miRNAs such as
miR-124 may also regulate stability of NR3CI tran-
scripts [42.43]. However, other studies of the responses
to early-life adversity implicate DNA methylation
changes associated with many additional human
genes, including MAOA, CRH, CRHBP, FKBP5,
LGII/LGI2, MORCI, BDNF, SLC6A4, KITLG,

PM20DI and SLCI7A3 (1934,39.44-49]. Further research
to elucidate the functional interrelationships of these
genes with VR3CI, together with a better understand-
ing of how these genes are regulated, will help to reveal
how experiences of prenatal stress, childhood maltreat-
ment and deprivation of parental care become biologi-
cally embedded and exert long-term impacts that per-
sist across the life course. Moreover, in-depth analysis
of these processes could elucidate the biological basis
of stress resilience and provide an evidence base with
which to develop effective interventions.

Epigenetic impacts of social stress within
animal dominance hierarchies

Studies of early-life adversity have provided insights
into the relationships between specific forms of social
stress, their impacts on fetal and juvenile development
and their long-term consequences for health and well-
being. However, social adversity may be encountered
at other stages of life, and indeed throughout the
life course, as chronic exposure to a range of distinct
behavioral stressors. Identifying the sources of social
behavioral stress and determining their impacts on
health requires a sound understanding of the costs
and benefits of living in social groups, which is begin-
ning to emerge through experimental studies with
a wide range of group-living animals. Social behav-
iors between conspecifics provide many benefits that
improve individual fitness, such as opportunities for
co-operation and reciprocal interactions that facilitate
divisions of labor and sharing of limited resources.
Reciprocity and co-operation are nevertheless tem-
pered by conflicts of interest over access to resources.
Such conflicts can be resolved through competitive
interactions to test individual capabilities, leading
to the establishment of communities of conspecifics
known as dominance hierarchies [s0]. Dominance is
the tendency of an animal to prevail over other con-
specifics that may have conflicting goals or inter-
ests. Many vertebrate species, including non-human
primates, rodents, birds, fish and humans establish
dominance hierarchies, in which social position influ-
ences access to resources such as food, mates, territory,
shelter and protection from predators [51. As might
be expected, social position within a hierarchy influ-
ences allostatic load, a persistent burden of which can
engender chronic stress [51-53].

Biological responses to social rank in
primates

While dominance and subordinacy within a social
group can be maintained as a stable equilibrium, pri-
marily through reinforcement by dominant individu-
als, individual status can also reappraised, challenged
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and reassigned. Thus, in nonhuman primates such as
baboons, chimpanzees, macaques and squirrel mon-
keys, social status is a relatively plastic phenotype, and
maintaining position requires physical and/or politi-
cal capabilities to resist challenge [s0]. In these species,
male dominance is achieved by success in aggressive
encounters that confers priority access to mates, food
and territory. However, achieving success can have
high physical costs, as an aggressive challenge for male
dominance induces acute stress responses in both the
incumbent and the challenger. Once secured, a domi-
nant position within a primate hierarchy can be main-
tained by psychological intimidation at a relatively
low cost, and may involve little more than eye con-
tact with subordinates to convey the threat of aggres-
sion [51]. Accordingly, baseline stress indices within an
established hierarchy are typically higher in subordi-
nates than in dominant males [54]. By contrast, female
dominance within primate groups is achieved by more
complex, affiliative and coalitionary social interac-
tions which govern access to food and other material
resources, and where physical stress is not so readily
apparent.

Although the behavioral and physiological conse-
quences of subordinacy can be mitigated by affiliative
interactions with kin and other subordinates [50,55], the
endocrine consequences of chronic stress exert adverse
effects on the functioning of the cardiovascular, repro-
ductive, immune and nervous systems. Elevated levels
of glucocorticoids and catecholamines can cause hyper-
tension, infertility, susceptibility to infectious patho-
gens and behavioral disorders in subordinates [50.56-57].
In savanna baboon troops, basal glucocorticoid levels
and anxiety-related behaviors are higher in low-ranking
members of the troop than in high-ranking individu-
als [57]. A high social rank also promotes wound heal-
ing in baboons [s8], suggesting a direct impact of social
position on physiological well being.

Like baboons, rhesus macaques live in multifam-
ily groups, and females typically adopt a dominance
rank below that of their mothers [59]. Female group
structure can be experimentally manipulated by
constructing hierarchies of unrelated individuals in
which social rank is determined by time of introduc-
tion to the group, such that newer members occupy a
lower social position [60,61]. Within such constructed
hierarchies, aggression and harassment by dominant
macaques led to increased endocrine stress in subor-
dinates, detected as chronic hypercortisolemia and
elevated HPA axis activity [60]. In addition, subor-
dinates exhibited increased T-lymphocyte prolifera-
tion [62], and a stronger preference for energy-dense
food [63]. Transcriptomic analysis of peripheral white
blood cells of members of these constructed domi-

nance hierarchies identified 987 genes whose expres-
sion was strongly associated with rank. For example,
lower ranking females exhibited greater expression of
genes implicated in chemokine and cytokine-mediated
inflammation and T-lymphocyte activation, such as
PTGS2, ILRSB and NFATCI [61]. Moreover, dif-
ferentially expressed rank-associated genes were also
closely linked to rank-associated differentially meth-
ylated genomic DNA sequences, revealing an epigen-
etic impact of social rank [61]. Studies of the impact
of social rank on chronic disease risk within macaque
groups indicate that lower rank is associated with
increased visceral obesity, coronary artery atheroscle-
rosis, depression and impaired ovarian function [64-
68]. Moreover, field studies of macaque populations
indicate that lower rank is linked to shorter lifespan
in the wild [69]. Interestingly, behavioral studies of
female macaques revealed that higher rank individu-
als received more grooming attention from lower rank
individuals, suggesting that social rank within the
dominance hierarchy is a determinant of the level of
social support and connectedness received from other
group members [70]. The links between social position,
health and social connectedness in nonhuman primate
species provide important parallels with human stud-
ies, in which the combination of low social status and
limited social networks are markedly associated with
chronic illness and low life expectancy [5171].

Transcriptional responses to social status
within a specific neural network in the fish
nervous system

The biological impacts of social position within domi-
nance hierarchies on behavior and physiology have been
elucidated further by studies of group-living teleost fish
such as cichlids and zebrafish. Males of the cichlid fish
species Astatotilapia burtoni can infer social rank by
observing social interactions between conspecifics [72]
and they construct dynamic social hierarchies in which
higher rank confers greater opportunities for reproduc-
tion and access to territory [73-75]. Social rank can be
established through pairwise contests for dominance,
the outcome of which can rapidly transform body col-
oration and the expression of dominance or subordi-
nate behavior, including altered reproductive activity.
Social ascent from a subordinate to a dominant position
is associated with an increase in the number and size
of GnRHI-expressing neurons within the hypothala-
mus, which act on pituitary gonadotrope cells, causing
them to release leuteinising hormone (LH) and follicle-
stimulating hormone (FSH) into the bloodstream, thus
affecting reproductive physiology and behavior [73].
Increases in GnRHI, LH and FSH transcription were
accompanied by attenuation of CRF and CRFR expres-
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sion in the hypothalamus and pituitary [76]. Large
increases in circulating cortisol, estrogen and andro-
gen also occurred in fish ascending from a subordinate
to a dominant position, along with induction of egr-I
and ¢-fos immediate early gene transcription at multi-
ple sites within the brain, and appreciable increases in
FSH, glucocorticoid and androgen receptor expression
in the testis [73,77]. The rapid induction of immediate
early gene transcription during social ascent occurred
co-ordinately in an extended network of highly evo-
lutionarily conserved forebrain and midbrain nuclei,
named the social behavior network (SBN) (78], which
includes the teleost equivalents of the lateral septum,
the medial extended amygdala/bed nucleus of the stria
terminalis, the preoptic area, the anterior hypothala-
mus, the ventromedial hypothalamus and the midbrain
periaqueductal gray/tegmentum. Social descent from
dominant to subordinate status was also accompanied
by a strong increase in blood cortisol and a robust pat-
tern of changes in transcription of ¢-fos and egr-1 within
the SBN, but this pattern of changes was quite distinct
to that elicited by social ascent [79]. Thus, the SBN
seems to be involved in processing information about
social status and/or eliciting appropriate behavioral and
physiological change. A role for epigenetic regulation
of this remarkable example of phenotypic plasticity
was demonstrated by administering pharmacological
modulators of DNA methylation to adult A. burtoni
subordinate males before exposing them to a control
subordinate in a dominance contest. Administration of
the DNA methylation inhibitor zebularine by injection
increased the likelihood of the injected fish remain-
ing as a subordinate from 50 to 82%, whereas injec-
tion of the DNA methylation enhancer r-methionine
increased the likelihood of the injected fish becoming
dominant from 50 to 83% [80]. The molecular mech-
anisms underlying these changes are not well under-
stood, but comparison of CpG methylation patterns
within sequences associated with the GnRH gene, in
genomic DNA samples extracted from the preoptic
area of the brain of control and zebularine-injected sub-
ordinate fish, revealed that zebularine treatment actu-
ally increased methylation of sequences associated with
the GnRH gene, consistent with increased inhibition
of both GnRH transcription and ascent to dominant
status [76]. These results suggest that inhibition of DNA
methylation with zebularine might increase expression
of a transcription factor that selectively preserves or
decreases turnover of methylation at GnRH regulatory
elements, and so promotes transcriptional repression of
this gene.

Experiments with another social teleost, the zebraf-
ish Danio rerio, provide further evidence for a social
status-driven, neural transcriptional response that

underlies behavioral adaptations to social encoun-
ters [81,82]. Zebrafish are shoaling fish that live in domi-
nance hierarchies, in which dominant fish secure more
reproductive opportunities than subordinates [83].
Subordinate fish exhibit chronic hypercortisolemia,
elevated inflammatory biomarkers and increased
activity of the hypothalamo—pituitary—gonadal
(HPG) axis [84]. When pairs of adult male zebrafish
are allowed to compete for social dominance, both
the winner and loser activate a complex transcrip-
tional program of neural gene transcription within
the brain that includes immediate early genes ¢fos and
egrl, as well as additional genes such as npasda, btg2
and nr4al (8182]. These transcriptional changes map
to a neural network which encompasses both the SBN
and the mesolimbic system, termed the social decision
making network (SDMN) [85]. As was observed in the
experiments with A. burtoni, a number of the observed
gene transcription changes occurred in both dominant
and subordinate fish [s2], suggesting that these genes
may encode components of a general neuroplasticity
response facilitating phenotypic modifications, while
the dominant or subordinate character of the response
to the social encounter is likely to be influenced by the
additional outcome-specific gene expression changes
that were also observed. Future studies with zebraf-
ish that can take advantage of its genetic tractability
will help to dissect the causal processes underlying the
gene—environment interactions generating this behav-
ioral plasticity. Social behaviors involve the observa-
tion and interpretation of interactions between other
conspecifics in order to inform decision-making, and
like cichlids, zebrafish are also capable of determin-
ing the structure of their social milieu by observing
interactions between conspecifics, which elicit specific
transcriptional responses in the brain [8687]. Thus,
genetic variation that modifies neuroendocrine and
neural activity pathways regulating dominant and sub-
ordinate behavior [88-90] may be particularly useful for
elucidating the biological mechanisms responsible for
regulating this decision-making.

The social determinants of human health

& well-being

A characteristic feature of unequal societies is that
chronic health and social problems are more prevalent
in neighborhoods and communities with lower socio-
economic status (SES) [91.92]. The risks of illnesses
such as cardiovascular disease, psychiatric disorders,
obesity, diabetes and cancer are greatest within low
SES communities. However, it should also be noted
that the prevalence of such chronic, noncommunicable
diseases is graded across social classes, being lowest in
high SES groups. Life expectancy is similarly graded
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across social classes, being highest in high SES groups.
Elucidating the social and biological causes of the
social gradient in health offers the prospect of devel-
oping evidence-based health and social policy inter-
ventions that could improve health and well-being for
everyone, while bringing greater benefit to those with
greater need. A sound understanding of the biological
pathways through which the social gradient affects
health would thus help to identify specific targets for
prevention or intervention, and provide biomarkers
with which to monitor outcomes.

Income inequalities can be viewed as sensitive,
quantitative indicators of relative position within a
broader social status hierarchy that reflects differences
in access to a variety of forms of social, educational and
cultural capital, in addition to economic capital [93-95].
It has been hypothesized that in highly unequal societ-
ies, social rank is a product of the level of access gained
to these different forms of capital and that competi-
tive social interactions for such access are psychologi-
cal stressors that can give rise to status anxiety. Much
empirical evidence supports the status anxiety hypoth-
esis, linking perceptions of low social rank to anxiety,
depression, shame and self-harm [96-99]. Moreover,
status anxiety and its cognitive and emotional con-
sequences are plausible contributors to specific forms
of social adversity such as childhood neglect, having
limited control over decision-making and life choices,
as well as reduced social connectedness and low levels
of trust toward other members of society. These ideas
resonate with the observations of animal dominance
hierarchies, in which dominant individuals secure
privileged access to community resources available in
limited supplies, such as food, water, shelter and mates,
and access of subordinates is curtailed. As already dis-
cussed, the dominance hierarchy is an evolutionarily
highly conserved mode of social organization, and
indeed, perception of social rank develops very early
in humans, since it is a salient concept to infants [100]
and is used by children at 2 years of age to establish
dominance relationships [101].

The pervasive experiences of status competitions,
through which rank is determined and monitored
by the self and others, have been identified as potent
sources of chronic behavioral stress and allostatic
load, causing hypercortisolemia and increased levels
of inflammatory biomarkers in blood [96,102-103]. Fur-
thermore, epidemiological evidence demonstrates that
low SES increases allostatic load and elevates inflam-
matory biomarkers in blood [104-110]. The tendencies
of excessive social threats, such as persistently com-
petitive behaviors and aggression, to erode community
cohesion, weaken social networks and inhibit mutual
support, may thus impose constraints on the social

behaviors that define fundamental aspects of human
well-being.

An emerging literature identifies social networks as
important health protective factors [111-115], and sup-
ports the hypothesis that erosion of social capital by
weakening or shrinking of social networks accentuates
the poor health outcomes of low SES groups. Improved
parental support has been shown to reduce allostatic
load and buffer the immune system against inflamma-
tory triggers associated with low SES [116-119]. Close
parallels can be drawn between the mechanisms of
action of social buffering interventions in humans
and animals, common themes of which involve reduc-
ing HPA axis activity, attenuating inflammation and
increasing oxytocin production [120]. Social interven-
tions that facilitate social buffering, through improv-
ing parenting skills, strengthening family interactions
or developing capabilities for young people, have all
been shown to reduce pro-inflammatory biomark-
ers, suggestive of a protective effect [118,119], although
some aspects of resilience-building may be more
durable than others [108]. Further studies of these and
other human cohorts will help to elucidate in greater
detail the biological pathways and psychosocial pro-
cesses through which such interventions achieve their
buffering effects.

The epigenetic impacts of chronic social
stress in human societies

Long-term exposures to the social stressors associated
with low SES across the life course are known to affect
chronic disease risk, through their impacts on a wide
range of physiological mechanisms involving the ner-
vous, cardiovascular, hemopoietic and endocrine sys-
tems. The majority of published studies of the impacts
of SES on the epigenome have reported altered pat-
terns of DNA methylation in samples extracted from
readily available tissues such as whole blood, fraction-
ated white blood cells or buccal swabs. Several stud-
ies have shown that SES is associated with variation
in genomic DNA methylation patterns [121-126]. In one
of these studies using promoter microarrays, childhood
SES was found to be strongly associated with differ-
ential methylation of 1252 gene promoters in 40 indi-
viduals from the 1957 British Birth Cohort, such that
increased methylation was associated with low child-
hood SES for 586 promoters and high childhood SES
for the remaining 666 promoters [121]. Using a differ-
ent method of DNA methylation analysis, a study of
239 members of the Glasgow pSoBid cohort, which
exhibits a particularly steep social gradient in health,
revealed that overall levels of DNA methylation across
the entire genome were approximately 17% lower in
the most deprived group than in the least deprived
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group [123]. Whether this low SES-associated hypo-
methylation of whole genomic DNA is targeted to
gene bodies, cis-regulatory elements, intergenic regions
and/or repetitive DNA sequences, remains to be elu-
cidated. Recent reports have confirmed that genes
whose transcription is involved in inflammatory and
neuroendocrine responses to low SES also exhibit SES-
responsive epigenetic changes [125,126], which are con-
sistent with previous studies implicating dysregulation
of these processes in low SES individuals.

Mental health problems such as depression, anxi-
ety and addiction are worse in more unequal societ-
ies [91,92], and these disorders are more prevalent in low
SES communities [127]. A recent study has identified
predictive links between low SES, differential meth-
ylation of the SLC6A4 serotonin transporter gene pro-
moter, elevated amygdala function and symptoms of
depression [128]. Differential methylation of SLC644
was previously shown to be independently associ-
ated with child abuse [129], low SES [130], stress-related
depression [131] and increased reactivity of the amyg-
dala to fearful stimuli [132]. Moreover, increased fear
reactivity of the amygdala in adolescence was shown
to be a prospective biomarker predictive of anxiety
and depression in adulthood [133.134]. These findings
were extended with a prospective study of the emer-
gence of depression within a cohort of adolescents
who were assessed on three occasions at 11-15,13—18
and 14-19 years of age, respectively [128]. Using saliva
and blood samples for DNA methylation analysis, low
SES at age 11-15 years was found to be predictive of
increased methylation of SLC6A4 at age 13-18 years,
which was predictive of increased amygdala reactiv-
ity to a fearful stimulus (detected by fMRI) over the
same period, and which in turn was associated with
increased risk of depression at age 14-19 years for
adolescents with a positive family history of depres-
sion. These results thus suggest a plausible biological
pathway through which low SES, by methylation of
SLCG6A4, could attenuate expression of the serotonin
transporter encoded by this gene, leading to increases
in both amygdala reactivity and risk of depression.
Moreover, these findings identify potential biomarkers
for developing and evaluating preventive or treatment-
based interventions that could buffer the impacts of
low SES on lifetime risk of depression.

Behavioral interventions to ameliorate the
adverse impacts of chronic social stress

As mentioned previously, the impacts of psychosocial
adversity caused by low SES can be buffered by behav-
ioral adaptations. Low maternal stress during fetal ges-
tation and abundant parental support after birth are
potent sources of protection against short- and long-

term psychosocial stress in humans and other animals,
by limiting HPA axis activity and stimulating oxytocin
effector pathways [120]. Animal studies of the impacts
of maternal care on offspring implicate close physical
contact as a direct suppressor of HPA axis activity via
hypomethylation of the NR3CI gene promoter, which
facilitates GR-mediated feedback inhibition. A simi-
lar effect of maternal stroking of newborn offspring,
on methylation of NR3CI promoter sequences, has
recently been confirmed in studies of human new
mother—child pairs [37].

Social interventions that increase levels of paren-
tal support during childhood and adolescence fur-
ther buffer offspring against the long-term adverse
impacts of low SES, reducing transcription of pro-
inflammatory genes in blood cells as well as circu-
lating levels of inflammatory biomarkers [118.119].
Changes to the patterns of genome-wide DNA meth-
ylation in blood cells of socially disadvantaged youth,
living in rural areas of the USA with high levels of
poverty and unemployment, were recently identified
as potential mediators of the positive impacts of a pro-
gram of supportive parenting activities during child-
hood and adolescence [135]. In this study, the Illumina
HumanMethylation450 Beadchip platform was used
to explore a number of hypotheses about the inter-
relationships between health, low SES-associated risk
factors, variation in DNA methylation patterns and
experience of positive parenting during adolescence.
Greater protective parenting was linked to positive
health and correlated with variation in DNA meth-
ylation patterns for members of three specific gene
categories that included signaling pathway compo-
nents involved in a wide range of biological processes,
including inflammation. Greater SES risk was posi-
tively correlated with poor health and negatively asso-
ciated with methylation changes for members of the
specific gene categories that were linked to protective
parenting. Comparison of these inter-relationships
both during early adolescence and young adulthood
further indicated that positive parenting improved
health and modulated SES-sensitive methylation
patterns, suggesting potential roles for the biologi-
cal processes associated with these epigenetic changes
in mediating the health benefits linked to protective
parenting. Other longitudinal prospective cohort
studies and randomized intervention trials have fur-
ther demonstrated the ameliorative impacts of sup-
portive family environments in communities exposed
to challenging social circumstances, and identified
potential roles for epigenetic mechanisms [136,137].
These studies explored the impact of parental sup-
port on sensitive measures of epigenetic aging, which
are changes in genome-wide patterns of DNA meth-
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ylation in blood cells that are linked to aging within
the general population [138,139]. The biological causes
of epigenetic aging are poorly understood, but mul-
tiple environmental factors and/or internal physi-
ological changes across the lifecourse may influence
the rate at which this epigenetic variation accrues
over time, which in turn could affect susceptibil-
ity to disease such as adult-onset neurodegenerative
disorders [140,141]. While a recent study reported no
association of epigenetic aging rates with declining
fitness over a relatively short period between ages of
70 and 76 [142], other studies have linked accelerated
epigenetic aging to higher rates of mortality in mul-
tiple longitudinal cohorts [138.143] and to cumulative
lifetime stress [144]. Racial discrimination or paren-
tal depression was observed to be associated with an
accelerated rate of epigenetic aging in young adults,
and experience of interventions aimed at improv-
ing parenting and enhancing family support during
childhood and adolescence attenuated this enhanced
rate of aging [136137]. These findings are starting to
provide important insights into how social interven-
tions mitigate the impacts of different forms of social
adversity and improve long-term health and well-
being. Another study explored the impact of interven-
tions designed to promote the use of self-control strat-
egies by socioeconomically disadvantaged youth, on
health, well-being and epigenetic aging [145]. While
self-control to avoid health risks and improve personal
circumstances was positively associated with lower
rates of depression, substance abuse and aggression, it
was also associated with faster epigenetic aging, sug-
gesting that self-control and striving for social success
in a low SES context may improve outward indicators
of well-being, but there could be stressful physiologi-
cal consequences which impact adversely at the bio-
logical level and potentially influence chronic disease
risk over the long term [108]. Increased levels of blood
inflammatory biomarkers have also been associated
with social mobility in a European study [146], further
suggesting that social success in the face of adver-
sity could exact hitherto unappreciated, longer term
health costs. Taken together, these studies offer hope
that by directly elucidating biological mechanisms,
epigenetic and other relevant biomarkers could be
useful in guiding the development and optimization
of interventions to improve health and well being, in
ways that encompass both the biological and social.

Trauma, post-traumatic stress disorder

& intergenerational inheritance of stress
disorders

The intense stress resulting from exposure to trau-
matic experiences such as war, famine or genocide,

increases the risk of mental health disorders, including
post-traumatic stress disorder (PTSD), depression,
schizophrenia and suicide. Trauma can exert long-
term psychosocial and epigenetic impacts when expe-
rienced during early life, as was first demonstrated by
the specific association between NR3CI hypermeth-
ylation in postmortem brain samples of suicide com-
pleters with a history of child abuse [29.32]. In contrast
to this trauma-associated hypermethylation, reduced
methylation of NR3CI promoter elements was found
to be associated with increased risk for PTSD in sur-
vivors of the Rwandan genocide [147], and in offspring
exposed prenatally to conflict in the Democratic
Republic of Congo [31.39]. US combat veterans with
a diagnosis of severe PTSD similarly showed hypo-
methylation of the NR3CI promoter 1, regulatory ele-
ment and reduced HPA axis activity [148]. Thus, while
NR3CI is a common target for epigenetic changes in
response to these different types of trauma, the dis-
tinct differences in the patterns of VR3CI methyla-
tion may reflect differences in the timings and periods
of exposure to trauma as well as qualitative differences
in the nature and context of the traumatic experiences
themselves. Recent studies of epigenetic changes in
combat veterans with severe PTSD have identified
traumatic stress- and PTSD-associated variation in
DNA methylation at the SKA2 locus [149.150]. SKA2
encodes a protein that likely functions as a chaper-
one or regulator of GR activity, enabling cortisol-
dependent GR-mediated negative feedback to the
HPA axis. SKA2 was identified as a hypermethylated,
underexpressed locus in postmortem cortical tissue of
suicide completers, and variation in SKA methylation
was also associated with suicidal behaviors in people
with PTSD [151,152]. While the identification of altered
DNA methylation at this locus in tissue from suicide
completers and PTSD patients suggests potential roles
for SKA2 in the regulation of responses to traumatic
stress, it currently remains unclear as to whether these
changes are related in the different psychopathological
behaviors under investigation.

Research on the impacts of PTSD experienced by
Holocaust survivors on their offspring implicates
altered HPA axis activity, and more specifically dysreg-
ulation of the GR and its auxiliary factors, in intergen-
erational epigenetic responses to trauma [153]. Offspring
of holocaust survivors exhibited altered methylation of
NR3CI promoter elements [154] and in a related study,
methylation at a CpG dinucleotide within a GR bind-
ing site located in an intron of the gene encoding the
GR regulator FKBP5, was found to be higher in the
blood cells of Holocaust survivors, and lower in their
offspring, than the level of methylation at this CpG
site in control subjects [155]. These results suggest that
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at least in some instances, intergenerational transmis-
sion of trauma-related DNA methylation changes
has occurred between Holocaust survivors and their
offspring.

Further evidence of intergenerational transmis-
sion of behaviors that are epigenetically mediated
has emerged from experimental studies with rodents
subjected to handling stress and deprived of maternal
care. The Maternal Separation combined with Unpre-
dictable Stress (MSUS) paradigm has demonstrated
that postnatal trauma caused by reduced quality and
quantity of maternal care causes mice to develop into
adulthood with elevated depressive behaviors and
reduced behavioral control in response to stressful
stimuli, phenotypes which can be transmitted to two
subsequent generations without further exposure of
newborn pups to reduced maternal care [12]. Reduced
behavioral control was detected as reduced latency to
enter unfamiliar environments, suggestive of either
an increased impulsivity or resilience in response to
a novel, mildly stressful exposure. DNA methylation
changes at candidate gene loci were also transmitted
through the germline along with the MSUS-induced,
inherited behavioral abnormalities [12,156-157]. The can-
didate genes include Nr3cl, which exhibited decreased
promoter methylation and increased transcription in
the hippocampi of the progeny of MSUS-treated mice.
In addition, sperm from traumatized males contained

trauma-induced miRNAs, and microinjection of puri-
fied RNA extracted from the sperm of these trau-
matized adult males recapitulated aspects of MSUS-
induced behavioral abnormalities, indicating roles for
these short noncoding RNAs in the intergenerational
transmission of trauma-induced phenotypes [158].
Interestingly, environmental enrichment ameliorated
the intergenerational transmission of MSUS-induced
altered behavioral responses to mildly stressful stimuli,
increased Nr3cl methylation and decreased transcrip-
tion of this gene in the hippocampus [157]. In a related
study, administration of corticosterone to adult male
mice induced behavioral phenotypes that were sugges-
tive of hyperanxiety in their male F1 progeny, and of
reduced levels of anxiety but increased depressive char-
acteristics in their F2 progeny [159]. Moreover, the F1
and F2 phenotypes were associated with expression of
several corticosterone-induced miRNAs in the pater-
nal sperm [159]. Taken together, these animal studies
demonstrate that stressful and ameliorative experiences
modulate behavior, the impacts of which can be trans-
mitted from one generation to the next, likely through
epigenetic regulation of neuroendocrine feedback
mechanisms involving miRNAs.

Conclusion
An extensive literature documents the pervasive
impacts of social stressors on health and wellbeing.

Table 1. Examples of differentially methylated genes associated with social stress.

Review

Stressor Species
Early-life stress Mouse
Rat

Macaque monkey

Genes
Avp, Nr3ci, Prkcc
Bdnf, Nr3c1, Pcdh

NR3C1, MMP7, RALB, CYP7AT1, CLECY,
XM_001092634.1, KIAA1671, ST6EGALNACT,
MTTP, APEX2, INTS7, TRAK1, TTC35, ZNF724P,
ZG16, MORC1

[7-10,21-23,28]

Ref.

(11,24-28,158]

[14,19,28]

Human NR3C1, MAOA, CRH, CRHBP, FKBP5, GAS5, [19,28,29,32-39,44-49,129]

miR-124, LGI1/LGI2, MORCI1, BDNF, SLC6A4,

KITLG, PM20D1, SLC17A3, PCDH
Acute stress of subordinates Cichlid GnRH1 (80]
by dominant conspecifics
Low socioeconomic status Human PCDHB4, PCDHB3, PCDHGAT11, MBD4, HEMK2, [121,122,124-126,128,130]

DICER1, SERPINB10, WW(CT1, HTRA3, LINC01072,

AVP, FKBP5, OXTR, CCL1, CD1D, F8, KLRGT,

NLRP12, TLR3, NFATCI, IL1A, GPR132, MAPK36,

CXCL2, PTGS2, SLC6A4
Genocidal war Human NR3CI1, CRH, FKBP5, CRHBP [31,39,147]
Combat PTSD Human NR3C1, SKA2 [148-150]
Suicide Human NR3C1, SKA2 [29,32,151,152]
Holocaust Human NR3C1, FKBP5 [154,155)
PTSD: Post-traumatic stress disorder.
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Emerging evidence indicates that epigenetic processes
are involved in the biological embedding of psycho-
social signals within the body, affecting physiologi-
cal functions that can influence health risks across
the life course. Many vertebrates, including humans,
non-human primates and teleost fish, exhibit social
behaviours that reflect similar operating principles
of hierarchical dominance, and engender stress
responses that are accompanied by impacts on the
epigenome. Social inequalities within hierarchies can
function as chronic behavioural stressors and restrict
access to resources, giving rise in humans to a social
gradient in health and life expectancy. A wide range
of behavioural stressors, including traumatic experi-
ences, elicit epigenetic changes that show promise as
biomarkers of disease risk, which might potentially be
reversed by interventions to reduce the health impacts
of adversity.

Future perspective

This review documents the development of a grow-
ing area of research to identify epigenetic variants that
are associated with social stressors, examples of which
are summarized in Table 1. Experimental studies with
animals are likely to continue to yield valuable insights
that will help to advance understanding of how the
social becomes biological and elucidate the underlying
roles of epigenetic mechanisms. New research com-
bining human epigenetic analysis with epidemiol-
ogy, psychology and social science is producing novel
insights into the ways in which social experiences cre-
ate health risks across the life course. Social status is
emerging as an empirically supported and biologically
salient source of allostatic load, which along with the
material circumstances of social inequality and social
norms that valorize competition and comparison,
can lead to social anxiety and erosion of social capi-
tal. Indeed, associations are emerging between low
SES, epigenomic variation, neuroendocrine measures
of allostatic load and poor mental health. There is a
growing need for longitudinal studies in human pop-
ulations to allow hypotheses to be tested about poten-
tial causal relationships between these social factors,
specific epigenetic changes and known disease risks.
Interventions designed to buffer low SES communi-
ties against social adversity have been demonstrated
to attenuate epigenetic aging and improve long-term
well-being. However, recent studies indicate that some
interventions which improve personal circumstances
and facilitate social mobility may be accompanied by
biological costs to health and well-being. These find-
ings suggest that epigenetic and other biomarkers may
be useful for elucidating the biological consequences
of social and behavioral interventions, and they stress

the importance of combining biological perspectives
with social science to build a more comprehensive and
informative picture of how social inequality gets under
the skin. The evidence that social experiences are
associated with altered chronic disease risk and spe-
cific epigenetic changes implies that sources of these
risks lie in the external social environment and that
individual susceptibilities may reflect the accumula-
tion of exposures to such risks across the life course.
Moreover, there is now some evidence that offspring
can acquire nongenetically determined health risks
that are influenced by parental experiences. These
observations raise the questions of how best to reduce
the impacts of the social determinants of chronic dis-
ease, in the interests of improving health for every-
one, and how to balance collective and individual
responsibilities for managing disease risk. Could the
possibilities of personalized medicine extend to devel-
oping treatments to ameliorate specific, experientially
determined epigenetic risks of disease? Would greater
and more durable benefits be achieved through public
health and social interventions to reduce or eliminate
exposures and/or modify behavior? Is there a case
and scope for pursuing combined courses of action?
There is a degree to which minimizing health risks
is predicated on exercising personal responsibility to
limit exposure to risk. However, the social gradient in
health has external, societal causes that act unequally
across the social spectrum and which transcend per-
sonal agency for many. It is therefore a matter of both
collective responsibility and social justice to prioritize
reducing inequalities within society and between gen-
erations, in order to bring health benefits to all, with
the greater benefits accruing to those with the greater
need.
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Executive summary

Epigenetic impacts of early-life stress in model organisms & humans

e Low levels of postnatal maternal care in a range of experimental animal species increase DNA methylation
and attenuate transcription at Nr3c1, Avp, Bdnf loci in offspring CNS, while increasing anxiety, depressive
symptoms and stress reactivity.

e Exposure of human offspring to distinct forms of social adversity during fetal gestation, infancy and childhood
can induce behavioral, psychological and DNA methylation changes.

Epigenetic impacts of social stress within animal dominance hierarchies

e Many vertebrates, including primates, rodents and fish, live within dominance hierarchies of conspecifics.

e Social position within a dominance hierarchy influences allostatic load, high levels of which can engender
chronic stress.

e Low-ranking individuals within primate social hierarchies exhibit hypercortisolemia, rank-associated
differential DNA methylation patterns and increased risks of chronic diseases.

e Social position within fish social hierarchies is linked to variation in HPA axis activity, levels of inflammatory
biomarkers and expression of immediate early genes in a network of evolutionarily conserved brain nuclei.

Social determinants of human health & well-being

e Risks of chronicillness and reduced life expectancy are greater in human communities with lower
socioeconomic status.

e Perception of social rank develops early in humans and competitive interactions for access to resources are
psychosocial stressors that can engender status anxiety.

e Low socio-economic status is associated with increased allostatic load, elevated inflammatory biomarkers and
altered patterns of DNA methylation, which can be buffered by targeted social interventions.

Epigenetic impacts of chronic social stress in human societies

e Variation in socioeconomic status has been linked to variation in patterns of blood cell DNA methylation in
several cohort studies.

e Differential methylation of SLC6A4 may provide a mechanistic link between low socio-economic status (SES),
elevated amygdala function and depression.

¢ Interventions that improve levels of parental support during childhood improve health in low SES communities
and are accompanied by specific changes in patterns of DNA methylation in blood cells.

e Higher levels of cumulative lifetime stress are linked to more rapid epigenetic aging.

Trauma, post-traumatic stress disorder & the intergenerational transmission of stress disorders

e Trauma, post-traumatic stress disorder and suicide are associated with variable DNA methylation at loci such as
NR3C1, SKA2 and FKBP5.

e Animal models of postnatal trauma exhibit behavioral abnormalities that are accompanied by specific
variation in DNA methylation patterns within the brain.

* Intergenerational transmission of trauma-induced behavioral abnormalities is linked to variation in sperm
DNA methylation patterns and miRNA content.

Future perspective

e Epigenetic studies will help to improve understanding of the biological processes underlying the social
gradient in health.

e Combining epidemiological studies of human populations with experimental studies in animal models will
help to elucidate the roles of epigenetic mechanisms in the pathobiology of social stress related health risks.

e Public health and social interventions that buffer low SES communities against social adversity can reduce
epigenetic aging and improve long-term health.

References 4 Anacker C, O’Donnell KJ, Meaney M]. Early life adversity and

Papers of special note have been highlighted as: the epigenetic programming of hypothalamic-pituitary-adrenal

« of interest; ** of considerable interest function. Dialogues Clin. Neurosci. 16(3), 321-333 (2014).

1 McEwen BS, Wingfield JC. What is in a name? Integrating 5 Maccari§, Krugers HJ, Morley-Fletcher S, Szyf M, Brunton
homeostasis, allostasis and stress. Hormones Bebav. 57(2), PJ. The consequences of early-life adversity: neurobiological,
105111 (2010). behavioural and epigenetic adaptations. /. Neuroendocrinol.

26(10), 707-723 (2014).
2 McEwen BS, Gray J, Nasca C. Recognizing resilience: (10), 707723 ( )

learning from the effects of stress on the brain. Neurobiol. 6 Kundakovic M, Champagne FA. Early-life
Stress 1, 1=11 (2015). experience, epigenetics, and the developing brain.

Ne hoph. logy 40(1), 141-153 (2015).
3 Bohacek J, Mansuy IM. Molecular insights into europsychopharmacology 40(1) 53 (2015)

transgenerational non-genetic inheritance of acquired 7 Weaver IC, Cervoni N, Champagne FA et al. Epigenetic

behaviours. Nat. Rev. Genet. 16(11), 641-652 (2015). programming by maternal behavior. Naz. Neurosci. 7(8),
847-854 (2004).

Review

fsg

future science group www.futuremedicine.com

1663



Review

Cunliffe

20

21

22

23

Weaver IC, Meaney MJ, Szyf M. Maternal care effects on the
hippocampal transcriptome and anxiety-mediated behaviors
in the offspring that are reversible in adulthood. Proc. Nazl
Acad. Sci. USA103(9), 34803485 (2006).

McGowan PO, Suderman M, Sasaki A et 2/. Broad
epigenetic signature of maternal care in the brain of adult

rats. PLoS ONE 6(2), e14739 (2011).

Suderman M, McGowan PO, Sasaki A ez al. Conserved
epigenetic sensitivity to early life experience in the rat and
human hippocampus. Proc. Natl Acad. Sci. USA 109 (Suppl. 2),
17266-17272 (2012).

Murgatroyd C, Patchev AV, Wu Y ez al. Dynamic DNA
methylation programs persistent adverse effects of early-life

stress. Nat. Neurosci. 12(12), 1559-1566 (2009).
Franklin TB, Russig H, Weiss IC ¢z a/. Epigenetic

transmission of the impact of early stress across generations.

Biol. Psychiatry 68(5), 408—415 (2010).

Franklin TB, Saab BJ, Mansuy IM. Neural mechanisms of
stress resilience and vulnerability. Neuron 75(5), 747-761
(2012).

Provencal N, Suderman M]J, Guillemin C ez 2/. The
signature of maternal rearing in the methylome in rhesus
macaque prefrontal cortex and T cells. /. Newurosci. 32(44),
15626-15642 (2012).

Cole SW, Conti G, Arevalo JM, Ruggiero AM, Heckman
JJ, Suomi SJ. Transcriptional modulation of the developing
immune system by early life social adversity. Proc. Natl Acad.
Sci. USA 109(50), 20578-20583 (2012).

Suomi SJ. Risk, resilience, and gene-environment interplay
in primates. /. Can. Acad. Child. Adolesc. Psychiatry 20(4),
289-297 (2011).

Dettmer AM, Suomi SJ. Nonhuman primate models of
neuropsychiatric disorders: influences of early rearing,

genetics, and epigenetics. I/LAR J. 55(2), 361-370 (2014).

Kinnally EL. Epigenetic plasticity following early stress
predicts long-term health outcomes in rhesus macaques.

Am. ]. Phys. Anthropol. 155(2), 192-199 (2014).

Nieratschker V, Massart R, Gilles M ez al. MORC]I exhibits
cross-species differential methylation in association with
carly life stress as well as genome-wide association with

MDD. Transl. Psychiatry 4, €429 (2014).

McEwen BS, Nasca C, Gray JD. Stress effects on neuronal
structure: hippocampus, amygdala, and prefrontal cortex.

Neuropsychopharmacology 41(1), 3-23 (2016).
Blaze ], Scheuing L, Roth TL. Differential methylation of

genes in the medial prefrontal cortex of developing and adult
rats following exposure to maltreatment or nurturing care

during infancy. Dev. Neurosci. 35(4), 306316 (2013).
Roth TL, Matt S, Chen K, Blaze J. Bdnf DNA methylation

modifications in the hippocampus and amygdala of male
and female rats exposed to different caregiving environments
outside the homecage. Dev. Psychobiol. 56(8), 1755-1763
(2014).

Dobherty TS, Forster A, Roth TL. Global and gene-specific
DNA methylation alterations in the adolescent amygdala and

hippocampus in an animal model of caregiver maltreatment.

Behav. Brain Res. 298 (Pt A), 5561 (2016).

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Wu'Y, Patchev AV, Daniel G, Almeida OF, Spengler D.
Early-life stress reduces DNA methylation of the Pomc gene
in male mice. Endocrinology 155(5), 1751-1762 (2014).

Bockmuhl Y, Patchev AV, Madejska A ez al. Methylation at
the CpG island shore region upregulates Nr3cI promoter
activity after early-life stress. Epigenetics 10(3), 247-257
(2015).

St-Cyr S, McGowan PO. Programming of stress-related
behavior and epigenetic neural gene regulation in mice
offspring through maternal exposure to predator odor. Front.

Behav. Neurosci. 9, 145 (2015).

Andersen SL. Exposure to early adversity: points of cross-
species translation that can lead to improved understanding

of depression. Dev. Psychopathol. 27(2), 477-491 (2015).

Turecki G, Meaney M]J. Effects of the social environment
and stress on glucocorticoid receptor gene methylation:
a systematic review. Biol. Psychiatry 79(2), 87-96 (2016).

A comprehensive review of the literature describing
experience-dependent changes in DNA methylation
patterns at the NR3CI locus in humans and model

organisms.

McGowan PO, Sasaki A, D’Alessio AC ez al. Epigenetic
regulation of the glucocorticoid receptor in human brain
associates with childhood abuse. Nat. Neurosci. 12(3),
342-348 (2009).

Radtke KM, Ruf M, Gunter HM et al. Transgenerational
impact of intimate partner violence on methylation in the
promoter of the glucocorticoid receptor. Transl. Psychiatry 1,
€21 (2011).

Mulligan CJ, D’Errico NC, Stees ], Hughes DA.
Methylation changes at NR3CI in newborns associate with
maternal prenatal stress exposure and newborn birth weight.

Epigenetics 7(8), 853—857 (2012).

Labonte B, Yerko V, Gross J ez al. Differential glucocorticoid
receptor exon 1(B), 1(C), and 1(H) expression and
methylation in suicide completers with a history of childhood

abuse. Biol. Psychiatry 72(1), 41-48 (2012).

Tyrka AR, Parade SH, Eslinger NM ez a/. Methylation of
exons 1D, 1F, and 1H of the glucocorticoid receptor gene
promoter and exposure to adversity in preschool-aged

children. Dev. Psychopathol. 27(2), 577-585 (2015).

Weder N, Zhang H, Jensen K et 4/. Child abuse, depression,
and methylation in genes involved with stress, neural
plasticity, and brain circuitry. /. Am. Acad. Child. Adolesc.
Psychiatry 53(4), 417-424.¢415 (2014).

van der Knaap L], Riese H, Hudziak JJ ez a/. Glucocorticoid
receptor gene (VR3CI) methylation following stressful events
between birth and adolescence. The TRAILS study. Transl.
Psychiatry 4, €381 (2014).

Braithwaite EC, Kundakovic M, Ramchandani PG, Murphy
SE, Champagne FA. Maternal prenatal depressive symptoms
predict infant NR3CI 1F and BDNFIV DNA methylation.
Epigenetics 10(5), 408—417 (2015).

Murgatroyd C, Quinn JP, Sharp HM, Pickles A, Hill J.
Effects of prenatal and postnatal depression, and maternal

stroking, at the glucocorticoid receptor gene. Transl.

Psychiatry 5, €560 (2015).

1664

Epigenomics (2016) 8(12)

fsg

future science group



The epigenetic impacts of social stress: how does social adversity become biologically embedded?

Review

38 Radtke KM, Schauer M, Gunter HM et al. Epigenetic 52 Rubenstein DR. Stress hormones and sociality: integrating
modifications of the glucocorticoid receptor gene are social and environmental stressors. Proc. Biol. Sci. 274(1612),
associated with the vulnerability to psychopathology in 967-975 (2007).
childhood maltreatment. Transl. Psychiatry 5, 571 (2015). 53 Cavigelli SA, Caruso MJ. Sex, social status and physiological

39 Kertes DA, Kamin HS, Hughes DA, Rodney NC, Bhatt S, stress in primates: the importance of social and glucocorticoid
Mulligan CJ. Prenatal maternal stress predicts methylation of dynamics. Phil. Trans. R Soc. Lond. B Biol. Sci. 370(1669),
genes regulating the hypothalamic—pituitary—adrenocortical 20140103 (2015).
system in mothers and newborns in the Democratic Republic 54 Sapolsky R. The Physiology of Dominance in Stable Versus
of Congo. Child. Dev. 87(1), 61-72 (2016). Unstable Social Hierarchies. SUNY Press, NY, USA (1993).

40 Kino T, Hurt DE, Ichijo T, Nader N, Chrousos GP. 55 Gust DA, Gordon TP, Wilson ME, Ahmed-Ansari A, Brodic
Nonc'odmg RNA gas5 is a growth arrest- and starvation- AR, McClure HM. Formation of a new social group of
associated repressor of the glucocorticoid receptor. Sci. Signal. unfamiliar female thesus monkeys affects the immune and
3(107), ra8 (2010). pituitary adrenocortical systems. Brain Behav. Immun. 5(3),

41 Hudson WH, Pickard MR, de Vera IM ez al. Conserved 296-307 (1991).
sequence-specific lincRNA-steroid receptor interactions drive 56 Shively CA, Clarkson TB. Social status and coronary artery
transcriptional repression and direct cell fate. Naz. Commun. atherosclerosis in female monkeys. Arterioscler. Thromb. 14(5),
5, 5395 (2014). 721-726 (1994).

42 Vreugdenhil E, Verissimo CS, Mariman l.iez‘r al. MicroRNA 57  Sapolsky RM, Share LJ. A pacific culture among wild baboons:
18 and 124a down-regulate the glucocorticoid receptor: its emergence and transmission. PLoS Biol. 2(4), E106 (2004).
implications for glucocorticoid responsiveness in the brain. s8  Archie EA Al ., Alberts SC. Social di
Endocrinology 150(5), 2220-2228 (2009). rchie EA, Altmann J, Alberts SC. Social status predicts

inology 15005) ( ) wound healing in wild baboons. Proc. Natl Acad. Sci.

43 Pan—Vazquez A, Rye N, Ameri M et al. Impact of USA 109 (23) 9017-9022 (2012)
voluntary exercise and housing conditions on hippocampal . . . L

. . . : 59  Bernstein IS. Dominance, aggression and reproduction in
glucocorticoid receptor, miR-124 and anxiety. Mol. Brain 8, . o "
40 2015) primate societies. /. Theor. Biol. 60(2), 459-472 (1976).

44 Melas PA, WeiY, Wong CC ez al. Genetic and epigenetic 0 {;r ,Tll HI\,/[;Ic&;fTan J B,h1.<ap la.n J I;’ Berga S’_ KmkeacLB,
associations of MAOA and NR3CI with depression and oo VB o ymodr.}; IS:S e serotom? reL%plta €
childhood adversities. Int. J. Neuropsychopharmacol. 16(7), transporter gene modily the consequences of social status on

metabolic health in female rhesus monkeys. Physiol. Behav.
1513-1528 (2013).
93(4-5), 807-819 (2008).
45 Cao-Lei L, Massart R, Suderman MJ ez al. DNA methylation . . .
. . 61 Tung], Barreiro LB, Johnson ZP et al. Social environment
signatures triggered by prenatal maternal stress exposure to a . ted with | o tion in the th
natural disaster: Project Ice Storm. PLoS ONE 9(9), 107653 ' assoaat.e With gene reguiatory vatiation in ,t ¢ rhesus
(2014) macaque immune system. Proc. Natl Acad. Sci. USA 109(17),
' 6490-6495 (2012).
46 Khulan B, Manning JR, Dunbar DR ez /. Epigenomic o . .
. . 62 Paiardini M, Hoffman J, Cervasi B ez al. T-cell phenotypic and
profiling of men exposed to early-life stress reveals DNA X . K : o
. . . L . functional changes associated with social subordination and
methylation differences in association with current mental | b i o . N .
state. Transl. Psychiatry 4, 448 (2014). gene polymorphisms in the serotonin reuptake transporter in
female rhesus mon keys. Brain Behav. Immun. 23(2), 286-293

47 Non AL, Hollister BM, Humphreys KL ez a/. DNA (2009).
methylation at stress-related genes is associated with . .

e o 63 Arce M, Michopoulos V, Shepard KN, Ha QC, Wilson
exposure to early life institutionalization. Am. J. Phys. ME. Dict choi ol . J o nal feed
Anthrapol. 161(1), 84-93 (2016). ME. Diet choice, cortisol reactivity, and emotional feeding

in socially housed rhesus monkeys. Physiol. Behav. 101(4),

48  Houtepen LC, Vinkers CH, Carrillo-Roa T ez al. Genome- 446455 (2010).

wide DNA methylation levels and altered cortisol stress . .
. . . . 64 Shively CA, Register TC, Adams MR, Golden DL,
reactivity following childhood trauma in humans. Nat. . ) .
Willard SL, Clarkson TB. Depressive behavior and coronary
Commun. 7, 10967 (2016). ..
artery atherogenesis in adult female cynomolgus monkeys.

. Evuilenlce'ls pres;nt;;i[;ilglll mdl?ates th;t mcref:‘ls;c.ll‘li)hNAd Psychosom. Med. 70(6), 637-645 (2008).
methy a.tlon acthe : ocus s a.me fator of chlidhoo ) 65  Shively CA, Register TC, Clarkson TB. Social stress, visceral
trauma-induced blunting of the cortisol response to stress in besi L .

obesity, and coronary artery atherosclerosis in female primates.
adulthood. Obesity (Silver Spring) 17(8), 1513-1520 (2009).

9 .Suderm‘an M, Borghol N, I"appas J] ”‘ﬂl' Chl.lfihOOd abuse 66  Kaplan JR, Chen H, Appt SE ¢t a/. Impairment of ovarian
is associated with methylation of multiple loci in adult DNA. function and associated health-related abnormalities are
BMC Med. Genomics 7,13 (2014). attributable to low social status in premenopausal monkeys

50  Sapolsky RM. The influence of social hierarchy on primate and not mitigated by a high-isoflavone soy diet. Hum. Reprod.
health. Science 308(5722), 648-652 (2005). 25(12), 3083-3094 (2010).

51 Marmot MG, Sapolsky Robert. Of Baboons And Men: Social 67  Shively CA, Musselman DL, Willard SL. Stress, depression,
Circumstances, Biology And The Social Gradient In Health. The and coronary artery disease: modeling comorbidity in female
National Academies Press, Washington DC, USA (2014). primates. Neurosci. Biobehav. Rev. 33(2), 133144 (2009).

fsg www.futuremedicine.com 1665

future science group



Review

Cunliffe

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

Shively CA, Register TC, Clarkson TB. Social stress, visceral
obesity, and coronary artery atherosclerosis: product of a

primate adaptation. Am. J. Primatol. 71(9), 742-751 (2009).

Blomquist GE, Sade Donald S, Berard JD. Rank-related
fitness differences and their demographic pathways in
semi-free-ranging rhesus macaques (Macaca mulatta). Int. J.
Primatol. 32(1), 193-208 (2011).

Snyder-Mackler N, Kohn JN, Barreiro LB, Johnson ZP,
Wilson ME, Tung J. Social status drives social relationships
in groups of unrelated female rhesus macaques. Anim. Behav.

111, 307-317 (2016).

Pickett KE, Wilkinson RG. Income inequality and health: a
causal review. Soc. Sci. Med. 128, 316-326 (2015).

Grosenick L, Clement TS, Fernald RD. Fish can infer social
rank by observation alone. Nature 445(7126), 429-432
(2007).

Fernald RD, Maruska KP. Social information changes the
brain. Proc. Natl Acad. Sci. USA 109(Suppl. 2), 17194-17199
(2012).

Oliveira RF. Social plasticity in fish: integrating mechanisms
and function. /. Fish Biol. 81(7), 2127-2150 (2012).

Cardoso SD, Teles MC, Oliveira RF. Neurogenomic
mechanisms of social plasticity. /. Exp. Biol. 218(Pt 1),
140-149 (2015).

Carpenter RE, Maruska KP, Becker L, Fernald RD. Social
opportunity rapidly regulates expression of CRF and CRF
receptors in the brain during social ascent of a teleost fish,

Astatotilapia burtoni. PLoS ONE 9(5), €96632 (2014).
Maruska KP, Zhang A, Neboori A, Fernald RD. Social

opportunity causes rapid transcriptional changes in the social
behaviour network of the brain in an African cichlid fish.
J. Neuroendocrinol. 25(2), 145—157 (2013).

Goodson JL. The vertebrate social behavior network:
evolutionary themes and variations. Horm. Behav. 48(1),
11-22 (2005).

Maruska KP, Becker L, Neboori A, Fernald RD. Social
descent with territory loss causes rapid behavioral, endocrine
and transcriptional changes in the brain. /. Exp. Biol.
216(Pt 19), 3656-3666 (2013).

Lenkov K, Lee MH, Lenkov OD, Swafford A, Fernald RD.

Epigenetic DNA methylation linked to social dominance.
PLoS ONE 10(12), e0144750 (2015).

Teles MC, Cardoso SD, Oliveira RE. Social plasticity relies
on different neuroplasticity mechanisms across the brain
social decision-making network in zebrafish. Front. Behav.
Neurosci. 10, 16 (2016).

Oliveira RF, Simoes JM, Teles MC, Oliveira CR, Becker JD,
Lopes JS. Assessment of fight outcome is needed to activate

socially driven transcriptional changes in the zebrafish brain.

Proc. Natl Acad. Sci. USA 113(5), E654-E661 (2016).

Transcriptomic analysis of adult zebrafish subjected to
contests for social dominance identifies social status-
specific changes in synaptic activity-regulated gene
transcription in the brain of each fish, which reflect contest

outcome.

Paull GC, Filby AL, Giddins HG, Coe TS, Hamilton
PB, Tyler CR. Dominance hierarchies in zebrafish (Danio

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

rerio) and their relationship with reproductive success.
Zebrafish 7(1), 109-117 (2010).

Filby AL, Paull GC, Bartlett EJ, Van Look K], Tyler CR.
Physiological and health consequences of social status in
zebrafish (Danio rerio). Physiol. Behav. 101(5), 576587
(2010).

O’Connell LA, Hofmann HA. Evolution of a vertebrate
social decision-making network. Science 336(6085),
1154-1157 (2012).

Abril-de-Abreu R, Cruz J, Oliveira RF. Social eavesdropping
in zebrafish: tuning of attention to social interactions. Sc.
Rep. 5, 12678 (2015).

Lopes JS, Abril-de-Abreu R, Oliveira RF. Brain
transcriptomic response to social eavesdropping in zebrafish

(Danio rerio). PLoS ONE 10(12), e0145801 (2015).

Norton WH. Toward developmental models of psychiatric
disorders in zebrafish. Front. Neural Circuits 7, 79 (2013).

Jones L], Norton WH. Using zebrafish to uncover the genetic
and neural basis of aggression, a frequent comorbid symptom
of psychiatric disorders. Behav. Brain Res. 276, 171-180
(2015).

Stewart AM, Ullmann JF, Norton WH et a/. Molecular
psychiatry of zebrafish. Mol. Psychiatry 20(1), 2-17 (2015).

Wilkinson R, Pickett K. The Spirit Level: Why Equality is
Better for Everyone. Penguin, London, UK (2010).

Marmot M. The Health Gap: the Challenge of an Unequal
World. Bloomsbury Publishing, London, UK (2015).

Bourdieu P. The Forms Of Capital. In: Handbook Of Theory
And Research For The Sociology Of Education. Greenwood,
New York, NY, USA, 241-258 (1986).

Coleman J. Foundations of Social Theory. Harvard University
Press, Cambridge, USA (1994).

Putnam RD. Bowling Alone: The Collapse and Revival
of American Community. Simon and Schuster, NY, USA
(2001).

Dickerson SS, Kemeny ME. Acute stressors and cortisol
responses: a theoretical integration and synthesis of

laboratory research. Psychol. Bull. 130(3), 355-391 (2004).
Gilbert P, McEwan K, Bellew R, Mills A, Gale C. The dark

side of competition: how competitive behaviour and striving
to avoid inferiority are linked to depression, anxiety, stress

and self-harm. Psychol. Psychother. 82(Pt 2), 123-136 (2009).

Layte R. The association between income inequality and
mental health: testing status anxiety, social capital, and
neo-materialist explanations. Eur. Soc. Rev. 28(4), 498-511
(2011).

Layte R, Whelan CT. Who feels inferior? A test of the status
anxiety hypothesis of social inequalities in health. Eur. Soc.
Rev. 30(4), 525-535 (2014).

Mascaro O, Csibra G. Representation of stable social
dominance relations by human infants. Proc. Natl Acad. Sci.
USA 109(18), 6862—-6867 (2012).

Frankel D, Arbel T. Group formation by two-year olds. /nz.
J. Behav. Dev. 3(3), 287-298 (1980).

Dickerson SS, Gable SL, Irwin MR, Aziz N, Kemeny ME.
Social-evaluative threat and proinflammatory cytokine

1666

Epigenomics (2016) 8(12)

fsg

future science group



The epigenetic impacts of social stress: how does social adversity become biologically embedded?

Review

regulation: an experimental laboratory investigation. Psychol. 116 Fisher PA, Gunnar MR, Chamberlain P, Reid JB. Preventive
Sci. 20(10), 1237-1244 (2009). intervention for maltreated preschool children: impact

103 Chiang JJ, Eisenberger NI, Seeman TE, Taylor SE. Negative on children’s behavior, neuroendocrine activity, and
and competitive social interactions are related to heightened foster parent functioning. /. Am. Acad. Child Adolesc.
proinflammatory cytokine activity. Proc. Natl Acad. Sci. Pyychiatry 39(11), 1356-1364 (2000).

USA 109(6), 1878-1882 (2012). 117 Evans GW, Kim P, Ting AH, Tesher HB, Shannis D.

104 Packard CJ, Bezlyak V, McLean JS et al. Early life Cumulative risk, maternal responsiveness, and allostatic
socioeconomic adversity is associated in adult life with chronic load among young adolescents. Dev. Psychol. 43(2), 341-351
inflammation, carotid atherosclerosis, poorer lung function (2007).
and decreased cognitive performance: a cross-sectional, 118 Chen E, Miller GE, Kobor MS, Cole SW. Maternal warmth
population-based study. BMC Public Health 11, 42 (2011). buffers the effects of low early-life socioeconomic status on

105 Kumari M, Shipley M, Stafford M, Kivimaki M. Association pro-inflammatory signaling in adulthood. Mol. Psychiatry
of diurnal patterns in salivary cortisol with all-cause and 16(7), 729737 (2011).
cardiovascular mortality: findings from the Whitehall II 119 Miller GE, Brody GH, Yu T, Chen E. A family-oriented
study. /. Clin. Endocrinol. Metab. 96(5), 1478-1485 (2011). psychosocial intervention reduces inflammation in low-SES

106 Kumari M, Badrick E, Chandola T ¢# a/. Measures of social African American youth. Proc. Natl Acad. Sci. USA 111(31),
position and cortisol secretion in an aging population: 11287-11292 (2014).
findings from the Whitehall II study. Psychosom. Med. 72(1), . A social intervention strategy based on positive parenting
27-34 (2010). within low socio-economic status communities reduced

107 Stringhini S, Batty GD, Bovet P et al. Association of expression of inflammatory biomarkers in young members
lifecourse socioeconomic status with chronic inflammation of families exposed to the intervention.
and Type 2 diabetes risk: the Whitehall Il prospective cohort 120 Hostinar CE, Sullivan RM, Gunnar MR. Psychobiological
study. PLoS Med. 10(7), ¢1001479 (2013). mechanisms underlying the social buffering of the

108 Brody GH, Yu T, Chen E, Miller GE, Kogan SM, Beach hypothalamic-pituitary-adrenocortical axis: a review of
SR. Is resilience only skin deep?: rural African Americans’ animal models and human studies across development.
socioeconomic status-related risk and competence in Psychol. Bull. 140(1), 256-282 (2014).
preadolescence and psychological adjustment and allostatic 121 Borghol N, Suderman M, McArdle W et al. Associations
load at age 19. Psychol. Sci. 24(7), 1285-1293 (2013). with early-life socio-economic position in adult DNA

109 Powell ND, Sloan EK, Bailey MT ez al. Social stress up- methylation. nt. J. Epidemiol. 41(1), 62-74 (2012).
regulates inflammatory gene expression in the leukocyte 122 Lam LL, Emberly E, Fraser HB ez al. Factors underlying
transcriptome via beta-adrenergic induction of myelopoiesis. variable DNA methylation in a human community cohor.
Proc. Natl Acad. Sci. USA 110(41), 16574—16579 (2013). Proc. Natl Acad. Sci. USA 109(Suppl. 2), 17253-17260

110  Petrovic D, Pivin E, Ponte B e al. Sociodemographic, (2012).
behavioral and genetic determinants of allostatic load in a 123 McGuinness D, McGlynn LM, Johnson PC e al. Socio-
Swiss population-based study. Psychoneuroendocrinology 67, economic status is associated with epigenetic differences in
76-85 (2016). the pSoBid cohort. Inz. J. Epidemiol. 41(1), 151-160 (2012).

111 Kiecolt-Glaser JK, Gouin JP, Hantsoo L. Close relationships, 124 Suderman M, Pappas J], Borghol N et a/. Lymphoblastoid
inflammation, and health. Neurosci. Biobehav. Rev. 35(1), cell lines reveal associations of adult DNA methylation with
33-38 (2010). childhood and current adversity that are distinct from whole

112 Aslund C, Starrin B, Nilsson KW. Social capital in relation blood associations. Int. J. Epidemiol. 44(4), 1331-1340
to depression, musculoskeletal pain, and psychosomatic (2015).
symptoms: a cross-sectional study of a large population-based 125 Needham BL, Smith JA, Zhao W ez al. Life course
cohort of Swedish adolescents. BMC' Public Health 10, 715 socioeconomic status and DNA methylation in genes related
(2010). to stress reactivity and inflammation: the multi-ethnic study

113 Aslund C, Starrin B, Nilsson KW. Psychosomatic symptoms of atherosclerosis. Epigenetics 10(10), 958-969 (2015).
and low psychological well-being in relation to employment 126 Stringhini S, Polidoro S, Sacerdote C ez al. Life-course
status: the influence of social capital in a large cross-sectional socioeconomic status and DNA methylation of genes
study in Sweden. Int. /. Equity Health 13, 22 (2014). regulating inflammation. /nz. J. Epidemiol. 44(4),

114  Youm Y, Laumann EQO, Ferraro KF et a/. Social network 1320-1330 (2015).
properties and self-rated health in later life: comparisons 127 Fryers T, Melzer D, Jenkins R, Brugha T. The distribution of
from the Korean social life, health, and aging project and the the common mental disorders: social inequalities in Europe.
national social life, health and aging project. BMC Geriatr. Clin. Pract. Epidemiol. Ment. Health 1, 14 (2005).

14,102 (2014). 128 Swartz JR, Hariri AR, Williamson DE. An epigenetic

115 Uphoff EP, Pickett KE, Cabieses B, Small N, Wright J. A mechanism links socioeconomic status to changes in
systematic review of the relationships between social capital depression-related brain function in high-risk adolescents.
and socioeconomic inequalities in health: a contribution Mol. Psychiatry doi:10.1038/mp.2016.82 (2016) (Epub ahead
to understanding the psychosocial pathway of health of prino).
inequalities. /nt. J. Equity Health 12, 54 (2013).

fsg www.futuremedicine.com 1667

future science group



Review

Cunliffe

129

130

131

132

133

134

135

136

137

138

139

140

141

142

Presents evidence for interactions between low socio-
economic status during adolescence and increased
methylation of the serotonin transporter gene SLC6A4,
which are predictive of increased amygdala reactivity
to fearful stimuli and elevated risk of depression in

adolescents with a positive family history of depression.

Beach SR, Brody GH, Todorov AA, Gunter TD, Philibert RA.
Methylation at SLC6A4 is linked to family history of child
abuse: an examination of the Iowa Adoptee sample. Am. /.
Med. Genet. B Neuropsychiatr. Genet. 153b(2), 710-713 (2010).

Beach SR, Brody GH, Lei MK, Kim S, Cui J, Philibert RA.
Is serotonin transporter genotype associated with epigenetic
susceptibility or vulnerability? Examination of the impact of

socioeconomic status risk on African American youth. Dev.

Psychopathol. 26(2), 289-304 (2014).

Zhao J, Goldberg J, Bremner JD, Vaccarino V. Association
between promoter methylation of serotonin transporter
gene and depressive symptoms: a monozygotic twin study.

Psychosom. Med. 75(6), 523-529 (2013).

Nikolova YS, Koenen KC, Galea S ¢z a/. Beyond genotype:
serotonin transporter epigenetic modification predicts human

brain function. Nat. Neurosci. 17(9), 1153—1155 (2014).
Swartz JR, Knodt AR, Radtke SR, Hariri AR. A neural

biomarker of psychological vulnerability to future life stress.

Neuron 85(3), 505-511 (2015).

Swartz JR, Williamson DE, Hariri AR. Developmental
change in amygdala reactivity during adolescence: effects of
family history of depression and stressful life events. Am. /.

Psychiatry 172(3), 276283 (2015).

Beach SR, Lei MK, Brody GH ez al. Parenting,
socioeconomic status risk, and later young adult health:
exploration of opposing indirect effects via DNA
methylation. Child Dev. 87(1), 111-121 (2016).

Brody GH, Yu T, Chen E, Beach SR, Miller GE. Family-
centered prevention ameliorates the longitudinal association
between risky family processes and epigenetic aging. /. Child.
Psychol. Psychiatry 57(5), 566-574 (2016).

Brody GH, Miller GE, Yu T, Beach SR, Chen E. Supportive
family environments ameliorate the link between racial
discrimination and epigenetic aging: a replication across two

longitudinal cohorts. Psychol. Sci. 27(4), 530-541 (2016).

Hannum G, Guinney ], Zhao L ez al. Genome-wide
methylation profiles reveal quantitative views of human aging
rates. Mol. Cell 49(2), 359-367 (2013).

Horvath S. DNA methylation age of human tissues and cell
types. Genome Biol. 14(10), R115 (2013).

Lahiri DK, Maloney B, Zawia NH. The LEARn model:
an epigenetic explanation for idiopathic neurobiological

diseases. Mol. Psychiatry 14(11), 992-1003 (2009).

Simpkin AJ, Hemani G, Suderman M et al. Prenatal and
carly life influences on epigenetic age in children: a study of
mother-offspring pairs from two cohort studies. Hum. Mol.
Gener. 25(1), 191201 (2016).

Marioni RE, Shah S, McRae AF ez al. The epigenetic clock is
correlated with physical and cognitive fitness in the Lothian
Birth Cohort 1936. Inz. J. Epidemiol. 44(4), 1388-1396
(2015).

143

144

145

146

147

148

149

150

151

152

153

154

Marioni RE, Shah S, McRae AF et al. DNA methylation
age of blood predicts all-cause mortality in later life. Genome

Biol. 16, 25 (2015).

Zannas AS, Arloth J, Carrillo-Roa T er a/. Lifetime stress
accelerates epigenetic aging in an urban, African American
cohort: relevance of glucocorticoid signaling. Genome Biol.

16, 266 (2015).

Cumulative lifetime stress increases aging-sensitive
DNA methylation changes at CpGs within or close

to glucocorticoid receptor response elements of
glucocorticoid-regulated genes that are also implicated in

aging-related chronic diseases.

Miller GE, Yu T, Chen E, Brody GH. Self-control forecasts
better psychosocial outcomes but faster epigenetic aging

in low-SES youth. Proc. Natl Acad. Sci. USA 112(33),
10325-10330 (2015).

Castagne R, Delpierre C, Kelly-Irving M ez al. A life

course approach to explore the biological embedding

of socioeconomic position and social mobility through
circulating inflammatory markers. Sci. Rep. 6, 25170 (2016).

Vukojevic V, Kolassa IT, Fastenrath M ez a/. Epigenetic
modification of the glucocorticoid receptor gene is linked to
traumatic memory and post-traumatic stress disorder risk in
genocide survivors. /. Neurosci. 34(31), 10274-10284 (2014).
Yehuda R, Flory JD, Bierer LM ez al. Lower methylation

of glucocorticoid receptor gene promoter 1F in peripheral
blood of veterans with post-traumatic stress disorder. Biol.
Psychiatry 77(4), 356-364 (2015).

Sadeh N, Spielberg JM, Logue MW ez al. SKA2 methylation
is associated with decreased prefrontal cortical thickness and

greater PTSD severity among trauma-exposed veterans. Mol.

Psychiatry 21(3), 357-363 (2016).
Altered DNA methylation at the SKA2 locus, encoding

a glucocorticoid receptor-associated protein, is linked to
altered stress reactivity and post-traumatic stress disorder

in trauma-exposed ‘war veterans.

Boks MP, Rutten BP, Geuze E er al. SKA2 methylation

is involved in cortisol stress reactivity and predicts the
development of post-traumatic stress disorder (PTSD)

after military deployment. Neuropsychopharmacology 41(5),
1350-1356 (2016).

Altered DNA methylation at the SKA2 locus, encoding

a glucocorticoid receptor-associated protein, is linked to
altered stress reactivity and post-traumatic stress disorder
in trauma-exposed war veterans.

Guintivano J, Brown T, Newcomer A ef 2/. Identification
and replication of a combined epigenetic and genetic
biomarker predicting suicide and suicidal behaviors. Am. /.
Psychiatry 171(12), 1287-1296 (2014).

Kaminsky Z, Wilcox HC, Eaton WW ez a/l. Epigenetic and
genetic variation at SKA2 predict suicidal behavior and post-
traumatic stress disorder. Transl. Psychiatry 5, €627 (2015).
Vinkers CH, Kalafateli AL, Rutten BP ez 2/. Traumatic
stress and human DNA methylation: a critical review.
Epigenomics 7(4), 593—608 (2015).

Yehuda R, Daskalakis NP, Lehrner A et /. Influences of
maternal and paternal PTSD on epigenetic regulation of the

1668

Epigenomics (2016) 8(12)

fsg

future science group



The epigenetic impacts of social stress: how does social adversity become biologically embedded?

glucocorticoid receptor gene in Holocaust survivor offspring.

Am. J. Psychiatry 171(8), 872-880 (2014).

Exposure of male mice to traumatic stress during early

life altered miRNA expression in adult sperm and induced

Review

155 Yehuda R, Daskalakis NP, Bierer LM et /. Holocaust behavioral and metabolic abnormalities in progeny derived
exposure induced intergenerational effects on FKBP5 from such sperm. A causal role for sperm RNAs in the
methylation. Biol. Psychiatry 80(5), 372—-380 (2016). intergenerational transmission of these phenotypes was

156  Bohacek J, Farinelli M, Mirante O et al. Pathological brain demonstrated by microinjecting RNAs from the sperm of
plasticity and cognition in the offspring of males subjected traumatized males into fertilized eggs, which caused the
to postnatal traumatic stress. Mol. Psychiatry 20(5), 621-631 behavioral and metabolic abnormalities previously observed
(2015). in the progeny of traumatized males.

157 Gapp K, Bohacek J, Grossmann J ez a/. Potential of 159 Short AK, Fennell KA, Perreau VM ez al. Elevated paternal
environmental enrichment to prevent transgenerational glucocorticoid exposure alters the small noncoding RNA
effects of paternal trauma. Neuropsychopharmacology 41(11), profile in sperm and modifies anxiety and depressive
2749-2758 (2016). phenotypes in the offspring. Transl. Psychiatry 6(6), e837

158 Gapp K, Jawaid A, Sarkies P e al. Implication of sperm (2016).

RNAs in transgenerational inheritance of the effects of early
trauma in mice. Nat. Neurosci. 17(5), 667-669 (2014).
fsg

future science group

www.futuremedicine.com

1669



