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Molecular insights into trauma:
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SUMMARY

Experiences of complex trauma and adversity, especially for children, are ongoing global crises necessi-
tating adaptation. Bioadaptability to adversity and its health consequences emphasizes the dynamism of
adaptation to trauma and the potential for research to inform intervention strategies. Epigenetic variability,
particularly DNA methylation, associates with chronic adversity while allowing for resilience and adaptability.
Epigenetics, including age- and site-specific changes in DNA methylation, gene-environment interactions,
pharmacological responses, and biomarker characterization and evaluation, may aid in understanding
trauma responses and promoting well-being by facilitating psychological and biological adaptation. Under-
standing these molecular processes provides a foundation for a biologically adaptive framework to shift pub-
lic health strategies from restorative to long-term adaptation and resilience. Psychological, cultural, and bio-
logical trauma must be addressed in innovative interventions for vulnerable populations, particularly children
and adolescents. Understanding molecular changes may provide a biopsychosocial perspective for cultur-

ally sensitive, evidence-based interventions that promote resilience and thriving in new settings.

INTRODUCTION

The world is currently witnessing an unprecedented displace-
ment of war refugees, and the humanitarian challenges associ-
ated with this crisis are multifaceted.”? These displaced popula-
tions are not only forced to grapple with the immediate trauma of
conflict and forced migration but also must confront the daunting
task of adapting to entirely new environments, cultures, and so-
cial systems. Understanding the dynamic nature of adaptation to
such trauma is essential for promoting the health and well-being
of these vulnerable populations.

This article seeks to explore the concept of biological adapt-
ability in response to trauma exposure and its implications for
intervention strategies. We draw from empirical evidence in
both animal and human studies to emphasize the dynamic na-
ture of adaptive responses to traumatic circumstances with a
focus on the potential of epigenetics. We then outline and
contextualize the opportunities, challenges, and implications of
implementing intervention strategies to support and investigate
both the biological and psychological adaptations to new envi-
ronments for those who experienced trauma through studying
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molecular plasticity, specifically through the lens of epigenetic
modifications.

EXPERIENCES OF TRAUMA

The experience of trauma is a well-studied construct across mul-
tiple fields, including mental health and psychology, sociology,
anthropology, and public health.® Trauma is commonly under-
stood as an individual’s response to an overwhelmingly distress-
ing event or series of events, often involving tangible or
perceived threat to life, self-concept, physical integrity, or the
well-being of oneself or others.” The subjective nature of trauma
underscores the deeply personal and context-dependent as-
pects of its definition, as what may be perceived as traumatic
varies across individuals and cultures.® Traumatic experiences
span a spectrum, ranging from acute incidents, such as acci-
dents and assaults, to chronic exposures, such as poverty,
apartheid, and displacement.” Furthermore, the impact of
trauma extends beyond the immediate aftermath of an event,
influencing cognitive, emotional, and physiological sequelae
over time.®’ As an interplay between the external stressor and
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Not Victimhood by Vulnerabilities, but Agency through Adaptations
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Figure 1. Representation of epigenetic
adaptation to environmental contexts

This figure presents a tripartite diagram illustrating
the interplay between psychological, physiolog-
ical, and social-environmental factors that
contribute to biological adaptation to promote
overall well-being. The left image depicts the
mental health challenges and stressors, such as
psychological difficulties, emotional distress, and
social issues, that may arise from biological ad-
aptations to trauma in environments where these
are maladaptive. However, through systemic bio-
logical change in response to intervention, such as
through DNA methylation alterations, we may re-
adapt to flourish within non-traumatic environ-
mental contexts with benefits to mental, physical,
and social health. Collectively, these elements
emphasize the holistic approach necessary for
understanding adaptable well-being over time,

understanding that individual health is deeply interwoven with both internal physiological states and external social-environmental contexts. The figure was

created with BioRender.com.

an individual’s internal processing, the continuum of trauma de-
fies a singular definition, necessitating a comprehensive exami-
nation of its diverse manifestations, cultural nuances, contextual
and subjective meaning, and the complex interrelationships be-
tween environmental factors and individual resilience. Among
these influences are the contextual and cultural factors that
inform trauma as well as resilience and healing.8 For example,
different populations interpret and experience trauma in ways
shaped by their cultural beliefs, values, and historical experi-
ences, including the meanings ascribed to both suffering and
healing and how communities construct narratives of resiliency
and recovery.>'°

The response to experiences of trauma and profound stress
requires a complex interaction between psychological resilience
and biological adaptation.””? In response to stress, the body
undergoes physiological and molecular changes involving the
hypothalamic-pituitary-adrenal (HPA) axis and immune system
functioning, hormone concentrations (e.g., cortisol), and epige-
netic processes (e.g., DNA methylation, histone modifica-
tions),"®'* often acting in a synergistic manner. These biological
adaptions can help individuals survive during a challenging time,
but they also increase the likelihood of maladaptive behaviors
when these adaptations are entrenched and environmental pres-
sures persist beyond the immediate stressors.’® However, the
ability to adapt the function of certain genes pertaining to biolog-
ical systems, such as immune and neural activity, confers, in
part, the capacity for psychological resilience.'® This resilience
is not a biological process and is distinct from, yet interacts
with, biological adaptation. Psychological resilience is the ability
to recover emotionally and mentally after experiencing adversity
and is facilitated by biological processes, such as stress reac-
tivity and neuroplasticity, along with social support systems,
emotional regulation mechanisms, and coping strategies.'"'¢'”

We possess an inherent capacity to adapt in the face of
adversity, yet these changes are not positive or negative but sim-
ply an attempt to enhance survivability within a challenging
context.'"'® Biological adaptations to trauma can manifest in
multiple forms, including hypervigilance to stress hormone alter-
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ations, by which the body attempts to maintain homeostasis in
the face of adversity.'®'*'® The biological processes involved
in these adaptations are akin to physiological responses to any
other challenge. These responses are adaptive survival strate-
gies, attuned to the specifics of the event or environment—espe-
cially if exposure is prolonged—and the individual’s biological,
psychological, social, and cultural background.” For example,
the impact of adversity on cognition in adolescents differed be-
tween the trauma of poverty and the trauma of war experiences
for refugees.'® As these biological responses do not discriminate
between tangible and perceived threats,'*'®*° the complex di-
versity of conceptualizations and operationalizations of trauma
can be understood with this framework. Thus, a biologically
adaptive framework for understanding the contextual response
to trauma and opportunities for intervention supports the rejec-
tion of fatalistic, static, or deficit perspectives of life during and
after trauma in favor of an agentic and optimistic one: from
victimhood through vulnerability to agency through adaptation
(Figure 1).

BIOLOGICAL ADAPTATIONS TO TRAUMA

Understanding these biological adaptations is critical, as they
inform how to transform responses maladaptive in non-trau-
matic environments into constructive coping strategies through
adaptation across new contexts (Figure 1). These biological
changes can range from differences in genetic modifications to
brain structure and neurochemistry to stress reactivity and alter-
ations of hormone levels.”"'® For example, a study of 12-year-old
children revealed that exposure to bullying and early-life stress
caused a significant decrease in cortisol levels, especially
when these children were placed in unfamiliar, stressful situa-
tions.?" This may act as a protective adaptation, as lower levels
of cortisol in response to stressful situations decrease pain and
stress and, in some cases, allow individuals to better cope. How-
ever, the trade-off is that elevated levels of cortisol for a pro-
longed period may foster adverse psychological and physical ef-
fects.?” This is just one illustrative example of the many biological
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adaptations to trauma and how they can shape individuals’ re-
sponses to future health, contexts, and challenges.®’

One of the intriguing aspects of these survival adaptations is
their capacity for long-lasting effects on biology, typically by
turning genes on or off in response to trauma through molecular
mechanisms such as epigenetics,”>>* which may be analogized
as a “dimmer switch,” regulating the onset and quantity of gene
expression, thereby shaping the individual’s response to trauma
or stress. Epigenetic modifications are a crucial yet understudied
avenue for understanding the enduring molecular effects of
adverse experiences. The mitotic heritability, accessibility,
persistence, and environmental responsiveness of epigenetic
changes, particularly in DNA methylation—a chemical tag
involving the attachment of a methyl group to the 5’ carbon of
cytosine at a CpG dinucleotide®®—make them an attractive
focus for research on trauma-induced adaptation and future
psychological resilience in humans.''%?> DNA methylation
can associate with gene transcription or act as a biomarker of
transcriptional history.?>*® DNA methylation is a mechanism by
which environmental exposures can be translated into molecular
change with long-term health outcomes. Extensive research has
demonstrated that chronic stress can lead to distinct DNA
methylation patterns, which are associated with changes in
stress physiology, biological pathways of development, and
health issues, including mental health disorders and cardiovas-
cular diseases,”’? and may persist over time.>® Therefore,
DNA methylation provides a mechanism by which experiences,
both traumatic and resilience-building, may become enduringly
embedded at the molecular level. However, while many narra-
tives of biological embedding of trauma and adversity through
epigenetics can focus on the fatalism, “scarring,” and enduring
the nature of these experiences, it is crucial to emphasize, as we
will throughout this manuscript, that these mechanisms are, by
their nature, designed for change and adaptation and have the
capacity to change throughout the lifespan.?®

While DNA methylation is able to regulate gene expression
under basal conditions, these modifications also regulate re-
sponses to environmental challenges, such as how genes
respond to extreme stress and immune insults, thus affecting
our capacity to adapt to changing environments and impact sus-
ceptibility or resistance to health conditions.>*** However, the
extent of DNA methylation’s impact on transcriptional regulation
is limited by the underlying and immutable genetic context upon
which it acts. DNA methylation is known to interact with the
genome, especially at those sites affected by genetic variants
known as methylation quantitative trait loci (mQTLs) that influ-
ence DNA methylation patterns.®>*° These genetic contributions
to DNA methylation are mostly stable across the lifespan, often in
physical proximity, and known to act on almost half of the CpGs
covered by available genomic microarray technologies.***"
However, while there is a robust link between DNA methylation
and the genotypic variants we are born with, environment also
acts on DNA methylations in multiple ways,* allowing for singu-
lar, additive, and interactive effects of genetics and environ-
ments. Thus, DNA methylation lies at the crux of gene-environ-
ment (GxE) interactions.®® Limited perinatal studies in birth
tissues have dissected the contribution of genetics and environ-
ment, both individually and additively, to explain DNA methyl-
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ation variation in maternal conditions (e.g., depression, anxiety)
and behaviors (e.g., smoking).®”*° This biological characteristic
of the methylome to crosstalk with the genome has enabled the
discovery of mechanisms that may likely explain some of the
observed individual variation underlining complex human phe-
notypes, such as in certain psychiatric and behavioral conditions
that have a genetic predisposition. However, these studies have
overwhelmingly discovered interactive effects of the environ-
ment and genome.*”*° Most pertinently, a recent multi-cohort
study reported the interaction between exposure to childhood
trauma and underlying genotype to causally influence differ-
ences in DNA methylation.*®

Within the genomic context, DNA methylation differences with
the experiences of trauma have been found. Though most
studies report associations, many of these are not consistently
replicated or validated except for target candidate studies.”
The main exception to this is exon 1F of the gene NR3C1, the
gene encoding the glucocorticoid receptor, which has consis-
tently replicated across experiences of adversity and tissue of
origin in both human and animal studies.”® Persistent DNA
methylation changes in NR3C1 can dysregulate the body’s
stress response system, predisposing individuals to heightened
stress reactivity and emotional dysregulation. Such epigenetic
modifications can either facilitate adaptation to a hostile environ-
ment by promoting hypervigilance or contribute to maladaptive
outcomes like chronic anxiety or depression when the stressor
is removed but the DNA methylation persists. A related gene
important in the long-term sequelae of stress that has been
less validated but also commonly associates with exposures to
trauma and adversity is FKBP5.° FKBP5 is a vital regulator of
the HPA cortisol response to stress,” and prior exposure to
stress and trauma during childhood has been found to be
associated with DNA demethylation within FKBP5 at the gluco-
corticoid receptor binding site (GREs).*' For example, FKBP5
DNA methylation in an epigenome-wide association study
(EWAS) of blood, but not cheek swab, DNA methylation of
children (6—11 years old) was found to associate with cumulative
family adversity (consisting of maternal depressive symptoms,
parenting stress, and financial stress) in a recent study.*?
Crucially, in candidate gene studies, DNA methylation in
FKBP5 appears to be sensitive to therapeutic intervention;****
thus, epigenetic changes at the FKBP5 gene critical to under-
standing the concept of resilience in response to early-life expo-
sure to stress and trauma. Specifically, the upregulation of
FKBP5 and DNA demethylation in response to stress can cause
increased glucocorticoid receptor resistance and desensitiza-
tion. This adaptive mechanism decreases the negative effects
of stress and better equips individuals to deal with stress in the
long term. Furthermore, this protects tissue such as the brain
from the overactivation of the stress response.45 Moreover,
some papers suggest that this protective mechanism represents
an evolutionary adaptive response that can anticipate future
stressors and modulate the individual’s stress response to pre-
vent an overreaction to the stress.*’

Also consistently replicated across studies of adversity,
particularly in saliva and cheek swab DNA methylation studies,
is not a commonly tested candidate but a family of genes: neural
homeobox genes. These genes are critical developmental genes
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that are regulators of brain development and neural differentia-
tion, and their consistent discovery in EWAS of adversity may
point to the adaptation of neural development and neural plas-
ticity in response to environmental challenges.’® Genes from
this family have consistently been identified as differentially
methylated in human studies of psychopathology,*”~°° maltreat-
ment,®"° and child slavery.®® However, there is a candidate
gene, commonly tested and associated with the experiences
of trauma, that is also functionally related to brain development
and neural differentiations: brain-derived neurotrophic factor
(BDNF).?® This gene is highly expressed in the adult brain and
is a key mediator of neuroplasticity, holding functional relevance
in brain regions involving emotional and behavioral regulation.**
In addition, peripheral BDNF is secreted by immune cells,
including T cells, B cells, and monocytes,55 and exhibits neuro-
protective abilities.”* Therefore, BDNF has been increasingly
investigated by researchers to understand its effects at the mo-
lecular level, both on the transcriptome and epigenome in hu-
mans and animal and in the brain and peripheral blood, in the
context of early-life adversity and psychiatric disorders.*®°"
While BDNF mRNA levels significantly decrease and DNA
methylation levels at BDNF-associated CpGs increase in early-
life and chronic-stress situations, only a few studies, in rodent
models, have explored the regulation of BDNF gene transcription
by DNA methylation in such stressful settings. Further, in a ro-
dent model of infant maltreatment, it was demonstrated that
changes in DNA methylation and gene expression patterns in
adults owing to early-life adverse experiences were rescued by
infusion with a DNA methylation inhibitor in the prefrontal cortex,
supporting a possible avenue for interventions to explore the
reversal of stress-associated molecular effects.®® Notably, ge-
netic variants at BDNF have been shown to modify the associa-
tion of BDNF promoter DNA methylation with psychosis condi-
tions, including depression®® and anxiety.®*

In humans, exploratory EWASs have reported DNA methyl-
ation associations with a wide range of responses to trauma,
including alterations in stress response systems, cognitive func-
tions, and immune system regulation.?®%*®" In addition, the
timing of trauma, specifically adversity experienced before 3
years of age, had the strongest associations with DNA methyl-
ation when compared with adversity experienced in early child-
hood (3-5 years), middle childhood (6-7 years), late childhood
(8-11 years), and early adolescence (12-15 years).?® This study
directly tested the hypothesis that there are sensitive periods
of the biological embedding of adversity through DNA methyl-
ation differences. By using DNA methylation from venous blood
samples in the British longitudinal Avon Longitudinal Study of
Parents and Children (ALSPAC) cohort, researchers used the
high-dimensional stratified linkage and correlation analysis
method to compare competing hypotheses for at which devel-
opmental stage, if any, adversity has a disproportionally strong
impact on DNA methylation.®® Further, these finding align with
the popular developmental origins of health and disease
(DOHaD) hypothesis, which emphasizes that experiences and
exposures within the first 1,000 days of life (<3 years) biologically
embed or “get under the skin” of the developing fetus and the
infant, consequently shaping health trajectories into adulthood
via molecular processes such as epigenetics.®® However, it
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must be noted that not all conceptualizations and operationaliza-
tions of trauma were present in the study, which was conducted
in a large community cohort rather than empirically designed to
investigate the timing of traumatic experiences on DNA methyl-
ation.®® While biological pathways linked to stress and inflamma-
tion have been consistently reported in EWASs focused on
trauma and their responses, reproducing DNA methylation
changes at the specific CpG-site level has been challenging.*
This is the result of several challenges with high-dimensional
exploratory analyses of human experiences, including the impor-
tance of tissue, as one of the main biological functions of DNA
methylation is defining cell identity; population, as both the vari-
ability in experience and underlying genetic structure can make
statistical analyses challenging; appropriate control groups,
given the need for similarity in genetic and environmental factors
as well as both biological samples and deep phenotyping; un-
derstanding functional consequences, as many studies do not
simultaneously measure transcript or protein changes and the
complex association between DNA methylation and transcrip-
tion is contextually dependent; and effect and sample sizes, as
even a small 1% change in DNA methylation could be biologi-
cally meaningful but difficult to detect in the relatively small sam-
ple sizes available in EWASs due to the still-prohibitive research
Costs.23,25,70,71

As an alternative to EWASSs, another promising avenue based
on DNA methylation measures to inform on health and trauma
are epigenetic clocks. These DNA methylation-based tools mea-
sure an individual’s biological age (or epigenetic age), which is
reliably estimated from the level of DNA methylation at certain
CpG sites predictive of chronological age. Greater biological
age estimations than chronological age may indicate health chal-
lenges, and, when in response to psychosocial stress, support
the biological weathering hypothesis.”? Biological weathering re-
fers to the cumulative biological damage that occurs due to
chronic stress and adverse environmental conditions that lead
to DNA methylation changes that prematurely age cells,
increasing the risk of age-related diseases and overall decline
in physiological function.”® Thus, these clocks are sensitive to
social environments, including early-life adversity and psycho-
logically protective factors,”*"® and experiences of profound
and chronic stress may result in epigenetic age acceleration
and poor adolescent and adult health.”” % In adolescents, expo-
sure to long-term stressors, such as adverse childhood events,
was significantly associated with accelerated epigenetic ag-
ing.®" Similarly, research has found that experiences of child-
hood maltreatment, discriminatory experiences, and risk of psy-
chiatric problems were all associated with epigenetic age
acceleration.®”® While epigenetic age acceleration is the
most commonly assessed DNA methylation biomarker in both
trauma and preventative and intervention sciences, the available
biomarkers continue to be developed and evolve. A major
benefit of employing biomarkers in DNA methylation research
is that by using a summary score or proxy measure of a biological
system derived from the methylome, the multiple testing burden,
and thus the power to detect true effects, is greatly increased.
Recently, DNA methylation proxies, developed in adult blood,
have been applied and characterized in pediatric blood and
saliva samples to estimate proxies of inflammation (e.g.,
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interleukin-6,%° C-reactive protein®®) and glucocorticoid receptor
activity (e.g., Epistress score®’).”%%8°C |n theory, these scores,
while only middlingly correlated with the serum measures they
are trained to be proxies for, may be more reflective of chronic
signatures of inflammation and stress exposure. Currently, the
best empirical evidence for this is the significantly greater
consistency over time and from sample to sample of the DNA
methylation-derived scores over the measure serum bio-
markers.?’ One recently published study found that participation
in a parenting intervention reduced one of these DNA methyl-
ation-derived inflammation risk scores.?® This indicates the pos-
sibility that such scores, especially as they continue to be devel-
oped and characterized, may allow for bioinformatically testing
hypotheses of change in biological systems underlined by DNA
methylation.

There is currently substantial evidence that DNA methylation,
both accelerated epigenetic aging and CpG specific, is respon-
sive to interventions in humans, especially nutrient supplementa-
tion,”>%® dietary,?*°> and lifestyle interventions® to improve
health and pregnancy outcomes. In contrast, though the evi-
dence of epigenetic changes to trauma and profound stress is
robust, the evidence of their reactivity to intervention is limited
yet promising. A significant limitation of the extant literature is
the predominant focus on risk, with little attention devoted to un-
derstanding the role of psychosocial protective factors that
impact DNA methylation. One study of predominately Latino
children with developmental delay found that supporting families
to enhance parenting practices (e.g., warmth, consistency) for
those with the highest cumulative adversity, such as parental
stress and financial strain, reduced epigenetic age accelera-
tion?” and an epigenetic chronic inflammation risk score.®® Simi-
larly, a dyadic psychosocial intervention was found to ameliorate
accelerated biological aging in trauma-exposed children.®
In adolescence, another study found that participation in a fam-
ily-centered program that enhances parenting and family rela-
tionships buffered the detrimental effect of racial discrimina-
tion'%’ and family risk on epigenetic aging a decade later.*® A
multimodal intervention addressing post-traumatic stress
symptomology in adolescents who experienced multiple early-
life adverse events found that participation in the program re-
sulted in differential DNA methylation changes, especially in
genes associated with previous studies of adversity.'° In adult-
hood, several studies have found changes in the DNA methyl-
ation of candidate stress-related genes (e.g., NR3C1, FKBP5,
SLC6A4) following response to psychotherapy treatment for
internalizing disorders (e.g., anxiety, post-traumatic stress disor-
der [PTSD]).*344101-104  Additionally, using epigenome-wide
methods, Vinkers and colleagues found that adult PTSD psycho-
therapy treatment responders demonstrated significant changes
in DNA methylation at 12 differentially methylated regions.'%®
Overall, promising evidence is building for the positive, resil-
ience-building impact of interventions on epigenetic modifica-
tions (see Schiele et al.'® and Smeeth et al.'® for comprehensive
reviews).

Though analyses have not yet begun, DNA methylation
change will be studied in a mindfulness study in high-stress
adults,’®” a Mercy Corps resilience-building intervention
(Advancing Adolescence) for Syrian refugee and non-displaced
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adolescents in Jordan, '°® and a socioemotional learning reading
intervention with young Syrian refugee children (We Love
Reading).'® These in-progress analyses showcase the timeli-
ness of this work and the necessity for a biological framework
for intervention and resilience for these populations. The experi-
ence-based plasticity reflected in environmentally sensitive
epigenetic modifications in these available data reveals molecu-
lar mechanisms that underlie an individual’s capacity to adapt
to both traumatic experiences and subsequent environmental
changes.

OPPORTUNITIES AND CHALLENGES IN STUDYING
MOLECULAR PLASTICITY IN INTERVENTION

The implications of a biologically adaptive framework for inter-
ventions, especially with a focus on molecular plasticity, are pro-
found, providing a potential pathway for translating environ-
mental exposures and contextual changes, such as stress
attunement and behavioral modifications, into epigenetic modi-
fications. These adaptations at the interplay of the genome and
environment have predictive relevance for health outcomes,
response to treatment, and promoting sustainable resilience.?*

Several questions remain to fully understand and employ epi-
genetics, such as DNA methylation, in the context of intervention
and resilience building for those who have experienced profound
stress and trauma (Figure 2). First, the scope of epigenetic alter-
ations achievable by intervention must be characterized, such as
their location, degree, and functionality. Identifying the extent of
epigenetic malleability to intervention and, importantly, which
biological pathways are the most likely to be affected may eluci-
date the biological processes that underlie trauma’s long-term
effects, leading to more effective interventions targeting these
mechanisms and highlighting the most influenceable health
risks. For example, previous work identified differential DNA
methylation in pathways of cardiovascular health with both ex-
periences of trauma and psychosocial intervention.'°

Describing differences in these epigenetic changes depending
on the target and timing of interventions allows for the refinement
of strategies to achieve the most effective and sustainable health
outcomes. For instance, a study of parent-child interaction
training found reduced epigenetic age acceleration only for
those who had the highest cumulative adversity, especially
with increases in positive parenting, which may indicate the po-
tential to build resilience even in the most adverse situations.®”
Additionally, nutrition-based interventions®*™*° and environ-
mental enrichment' '® have also shown early support for impact-
ing epigenetic outcomes. For example, McCreay and colleagues
found that environmental enrichment in a rodent model (e.g., en-
riched housing, including more space, enhanced bedding, and
enrichment materials for activities) may be a powerful interven-
tion for adverse transgenerational epigenetic programming.
Further, Jonsson and colleagues found that a lifestyle interven-
tion for pregnant women with obesity was associated with epige-
netic changes in offspring.""'" These findings indicate that under-
standing both aspects of a range of environmental changes
and the previous experiences of participating individuals could
allow us to tailor interventions to be as biologically effective as
possible in the future.
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Figure 2. Opportunities in the intersection
of epigenetics and psychosocial interven-
tions for trauma

This figure highlights critical inquiries into the
mechanisms, timing, and longevity of DNA
methylation changes influenced by psychosocial
interventions in trauma survivors, as well as the
utility of this knowledge for implementation sci-
ence, policy, and trauma survivor stakeholders.
The figure was created with BioRender.com.

ience—can be built and sustained

through public health strategies.
However, there are still challenges to

overcome with applying epigenetics,

X

Providing evidence for
funding, policy change,
and implementation
science

Investigating of
longitudinal changes
in epigenetics and
resilience

Regarding timing, DNA methylation has greater interindividual
variability within the first five years of life,’'? with early-life adver-
sity being the most reflected in later DNA methylation.®® This
implies that early-life intervention may be the most effective.
However, emerging findings suggest that family-based psycho-
therapy can have a positive epigenetic impact in early child-
hood,®*°¢ middle childhood,""® and adolescence.®*°° Further,
health-focused interventions, even in middle-aged adults, have
resulted in DNA methylation changes maintained over time,*
indicating the potential for intervention to have effects at the mo-
lecular level even well into adulthood. Research on the effect of
intervention on epigenetic alternations at different develop-
mental stages throughout life is necessary to understand the
window for potential change.

At the heart of this framework is the investigation of longitudi-
nal changes in epigenetics as a potential measure of individual
resilience (Figure 2).16 These changes in response to intervention
may not only be maintained over time but also provide a defense
against future insults, as previously proposed in a conceptual
model for epigenetic research into resilience.'*'® While not an
intervention focused on trauma, a still meaningful example of
the potential longevity of DNA methylation changes in response
to intervention is a recent USA study that found significant
improvement in epigenetic age acceleration in response to a
nutritional intervention employing a caloric restriction model.”*
These results were maintained over multiple years after the inter-
vention ended and indicate resilience against future morbidity
and mortality.”*""* Thus, understanding the patterns of these
epigenetic changes could offer insights into how molecular
changes in response to interventions —and thus potentially resil-
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epigenetic changes
with the timing and
target of intervention

specifically DNA methylation, to interven-
tion. For example, causality has recently
been explored using Mendelian randomi-
zation,”'>""® and future randomized
controlled trial intervention designs will
inevitably build upon this foundation to
examine causal inference.'’” Similarly, it
is unclear what aspects of DNA methyl-
ation are likely to be functionally signifi-
cant, as recent research illuminated that
DNA methylation’s relation to transcrip-
tion may depend on health and environ-
mental contexts.>* For example, in an in vitro experiment, cellular
methylation-dependent regulatory activity was only detectable
upon immune stimulation, consistent with the hypothesis that
DNA methylation influences responsiveness to environmental
stimuli,®® and the extent of this molecular regulation to the envi-
ronment may only be observable under specific challenges and
pressures. Despite these extant challenges and persistent is-
sues of sample size and tissue specificity in all epigenetics
research,?® this work could provide a foundation for a scalable
precision medicine approach to intervention in the future.
Together, these investigations will uncover what aspects of inter-
vention implementation may be most likely to mitigate the effects
of prolonged stress on biology, as well as identify pathways sen-
sitive to intervention to aid in risk identification and prevention
with the goal of reducing health disparities for diverse and vulner-
able groups.''®

While these investigations into the effects of psychosocial in-
terventions alone are integral to the future of the field, one of
the largest questions remaining is the use of medication to
potentially enhance the effectiveness of interventions at the mo-
lecular level. There is currently no existing strategy to alter DNA
methylation at the CpG-site level in human beings, but we can
manipulate chromatin structure by adding modifications like
methyl or acetyl groups to histones, like the addition of a methyl
group to DNA. This, in turn, affects the way DNA is folded and
therefore its level of accessibility for gene transcription. Addition-
ally, these histone alterations interact with DNA methylation,
which may act to “fix” changes in gene expression initially
precipitated by histone modifications.''® Histone deacetylase
(HDAC) inhibitors, consisting of four main isoforms, obstruct

Characterizing
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the deacetylation of histone proteins and enhance gene tran-
scription, which may influence several biological pathways,
including those related to mental health and trauma responses.
In fact, HDAC inhibitors have substantial evidence from model
organisms to promote longevity and healthy aging,’®° and
some hypothesize they may also affect epigenetic age accelera-
tion, an epigenetic biomarker linked to chronic stress and
adverse health effects that is sensitive to psychosocial interven-
tions in cases of trauma.’®'?" HDAC inhibitors may provide a
therapeutic strategy to slow or perhaps reverse epigenetic age
acceleration by modifying histone acetylation, especially in
groups who have experienced considerable trauma. These po-
tential benefits to human longevity and aging may be of perti-
nence to those most at risk for morbidities and mortality due to
the health consequences of such adversity.?*'2?

Preclinical and animal model investigations have shown that
HDAC inhibitors may modify DNA methylation patterns, espe-
cially in genes related to stress response, immunological func-
tion, and neural plasticity.'?° Specifically, HDAC inhibitors have
enhanced transcription of genes critical for synaptic plasticity
and long-term potentiation, such as BDNF, necessary for
learning and memory consolidation.'*>"'?° In animal models,
HDAC inhibitors have been found to ameliorate cognitive deficits
and improve memory, ' '% 25127 a5 well as re-open critical-period
neuroplasticity in adult mice."*® Meanwhile, in one human study,
adult men unable to identify musical pitch any better than chance
were given the HDAC inhibitor valproate in combination with mu-
sic lessons. These men learned to identify pitch significantly bet-
ter than those taking placebo, even though absolute pitch can
only be acquired early in life, providing evidence that an HDAC
inhibitor could facilitate critical-period learning in a mature hu-
man brain. Given the synaptic plasticity hypothesis of depres-
sion,'?? this evidence of increased synaptic plasticity—poten-
tially to the level of early-life critical periods—may also
elucidate the benefits of HDAC inhibition on the treatment of
depression. The research, though primarily in mice, is promising
for HDAC inhibitors in therapies for even treatment-resistant
depression by stimulating synaptic plasticity, especially in the
hippocampus and prefrontal cortex, and alleviating depression
behaviors,'?#125:130-132 These findings indicate that the combi-
nation of HDAC inhibitors with psychosocial therapeutic inter-
ventions may improve their effectiveness by fostering molecular
plasticity in critical biological pathways, especially when pre-
venting or addressing co-morbid mental health difficulties as a
result of childhood adversity.

However, the use of HDAC inhibitors in combination with psy-
chosocial therapeutic interventions is not without challenges.
These are not target pharmaceutical therapies—HDAC inhibitors
have epigenome-wide effects that, currently, we are unable to
restrict to only specific portions of the genome.'*® The lack of
specificity for various HDAC isoforms and the possibility of off-
target effects raise considerable concerns about their wide-
spread use in clinical environments. Encouragingly, though,
recent work in animal models illustrated the potential of
manufacturing a novel class IV HDAC inhibitor (an isoform that
is highly expressed in the brain) that targets microglial activation
and reduces depression symptoms in mice.'*®> Additionally, the
potentially, and arguably ideally, enduring effects of HDAC inhi-
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bition on gene expression and chromatin dynamics, especially in
developing populations like children and adolescents, need
further investigation to comprehensively grasp the conse-
quences of these treatments. Nonetheless, the potential of
HDAC inhibitors to impact molecular plasticity, both by
increasing synaptic plasticity and the potential interaction with
DNA methylation to facilitate long-term change, and aid in
trauma recovery is a significant avenue for future research, spe-
cifically when integrated with evidence-based psychosocial
therapies designed to promote resilience and well-being. As
our comprehension of the interaction between epigenetic mech-
anisms and environmental exposures advances, the significance
of HDAC inhibitors in trauma intervention may gain future prom-
inence in research and clinical approaches to alleviate the
enduring impacts of trauma.

IMPLICATIONS OF A BIOLOGICALLY ADAPTIVE
FRAMEWORK FOR PUBLIC HEALTH INTERVENTIONS

This burgeoning field of epigenetics offers a transformative lens
through which public health interventions and policies can be re-
evaluated and, potentially, restructured. Traditional approaches
to trauma have often centered on a preventative or restorative
framework for adversity.'®®* However, including a biologically
adaptive framework shifts focus toward promoting agency,
learning, and re-adaptation among refugees and others who
have experienced profound and prolonged stress (Figure 2).
This approach empowers individuals to learn about, understand,
and harness their own adaptive mechanisms, thereby enhancing
their resilience and well-being in the face of adversity. This
framework, and the subsequently informed research, introduces
a paradigm shift in the conceptualization and implementation of
therapeutic strategies, both in refining and personalizing inter-
ventions to improve long-lasting biological outcomes and
providing stakeholders with an agentic and optimistic perspec-
tive on their own lived experiences.

Public health initiatives are most successful when they are
participatory and when stakeholders are fully engaged in the
process.'*® Thus, learning about biological adaptation to trauma
and our continued malleability to our contexts, such as through
epigenetics, would promote enthusiastic participation in avail-
able interventions by those who would perhaps not have fully
availed themselves with a more fatalistic or even restorative
perspective. Stakeholders may also be more likely to participate
in anticipation of a precision intervention approach in the future
with consideration of their biology and past experiences.'**
However, future research is necessary to discern if a biologically
adaptive framework will increase participation in and completion
of public health programs.

As refugees often encounter profound and sustained adver-
sity, epigenetic modifications, especially DNA methylation,
may provide insights into the enduring molecular imprints of
trauma and how these may be re-adapted through intervention.
Tailoring public health interventions to account for these biolog-
ical adaptations allows for a more nuanced approach, address-
ing not only immediate psychological needs but also the under-
lying physiological consequences of trauma. Given the culturally
agnostic nature of a biologically adaptive approach, this
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framework also allows for its integration with other public health
approaches, such as social-ecological models, that promote
dignity and respect local traditions and wisdom of dealing
with trauma, such as the work of the Palestinian trauma center
in Gaza employing local traditions to address death and
loss."®> "% Moreover, recognizing the potential intergenera-
tional effects of epigenetic modifications opens avenues for pre-
ventative strategies aimed at breaking the cycle of trauma within
refugee communities,'® though more work is necessary to
establish mechanisms of inheritance, such as microRNA, given
that epigenetic reprogramming makes the direct transfer of
DNA methylation impossible.'*'*° Integrating a biologically
adaptive perspective into public health interventions could
enhance their precision, foster resilience, and promote the
well-being of refugee populations affected by trauma.

Additionally, exploring the concept of biological adaptability in
response to trauma exposure requires consideration of the
perspective of the target communities on the epigenetics of their
experiences —both traumatic and beneficial. As in all commu-
nities, there are differing opinions with a balance of both “epige-
netic hope” and concern about reinforcing colonial narratives
when biologizing trauma. In Australia, Indigenous groups
historically refused the concept of genetic research due to its
perceived propagation of social segregation based on claims
of genetic inferiority.'*' However, the recent rise of epigenetic
research in Australia, New Zealand, Canada, and the USA has
been strongly embraced by some Indigenous and vulnerable
communities, most specifically the bridge between social expe-
riences and biological mechanisms that may lead to understand-
ing intergenerational disadvantages or sequalae.'** This can be
exemplified by looking at the “First 1000 Days” organization in
Australia, a name directly referencing the DOHaD hypothesis
that posits the importance of early-life experiences to lifelong
health outcomes.'*" This organization is internationally recog-
nized as an Indigenous-led body that explicitly embraces histor-
ical trauma and epigenetics as mechanisms of making social jus-
tice, rights, equity, and multigenerational damage claims. There
is also an appreciation of science and scientists who position
epigenetics as a way of providing biological evidence of social
harms and shifting responsibilities from individuals to broader
structures to support these mechanisms.'*? Ultimately, the
hope of vulnerable populations, scientists, and clinicians is to
improve trauma-informed care and provide biological validation
for the long-term effects of trauma—informing more tailored in-
terventions.'*® The presence of such a thriving organization re-
flects that there are some communities being targeted by works
such as this paper that are explicitly open to the epigenetic
perception of their experiences, health, and history.

However, there is reasonable hesitancy and even fear around
epigenetic research, even given the potential benefits to vulner-
able communities. Paramount is the fear of misuse of epigenetic
narratives to biologize trauma and resilience in a reductionist
manner rather than a multifaceted and complementary one,
shifting attention away from structural inequities and psychoso-
cial supports.'#"14%144 This is a fear founded in historical prece-
dent, as is the mishandling of genetic data and epigenetics of
trauma in the public discourse.'*> Some Indigenous groups in
Australia, for example, take a political stance of refusing epige-
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netics, as they do not want to be pathologized and reduced to
biological markers but instead desire to situate their experi-
ences, healing, and trauma in the context of decolonization,
community restoration, and culture.'** These perspectives are
necessary not only for engaging ethically and mindfully with
communities that may benefit from a biopsychosocial approach
to intervention and prevention science but also for acknowl-
edging and addressing realistic concerns in the foundational
stages of this scientific work. These differences also highlight
the importance of accounting for cultural contexts in interven-
tion, especially when including epigenetic elements, including
how communities construct narratives of resilience, recovery,
and agency.’

Thus, public health efforts, especially interventions, should
begin with the goal of promoting agency through adaptation
rather than addressing deficit. This mindset shift is required
among all stakeholders. Thus, robust biological evidence may
also address a persistent hindrance in evidence-based interven-
tion, especially for mental health: funding decisions and policy
changes'*® (Figure 2). For example, a major barrier to policy
change from research is policymakers’ perception of evidence,
which may be improved by having clear, potentially long-term
biological changes that may reduce future healthcare costs.'*”
Currently, health research funding bends toward the conserva-
tive, with a preference for biological changes in disease etiol-
ogy.'“® By illustrating the systemic biological changes from
even psychosocial interventions to improve mental health and
community well-being, it is possible that more funding may be
allocated to those most in need—especially as low-income
countries make up only a fraction of the current health research
funding.'*® Adequate funding for mental health interventions for
the profoundly stressed, such as displaced refugees, is an issue
of human rights and equity.'*'“®

While there remain ethical considerations for the implementa-
tion of epigenetics in a biologically adaptive framework, such as
accessibility and equity of access to DNA methylation profiling in
the future,'*® the perspective itself and knowledge to be gained
from its study are still promising. Public health efforts that
embrace this perspective can better address the unique needs
of displaced individuals, both in implementation and resources,
fostering their ability to thrive and adapt within new environments
while honoring their inherent resilience, both individual and
cultural.

The integration of epigenetic insights into public health policy
and practice promises to enhance the precision and efficacy of
interventions to improve health for those who have experienced
profound stress. By adopting a multidisciplinary, biologically
adaptive framework that encompasses stakeholder engage-
ment, evidence-based policy, and targeted interventions, we
can move toward a future where public health is precise and
reactive. While the evidence for epigenetic modification in
response to trauma-informed intervention is sparse, it is prom-
ising, and the framework it provides is a foundation to enrich
our understanding of the etiology of health after adversity. This
is relevant now more than ever, with people and communities
experiencing displacement—due to both extreme climate
change and prejudice, war, and violence around the globe.
Children and adolescents are particularly sensitive to global
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crises and world events, and the cumulative impacts of pro-
longed trauma during important developmental periods may
result in long-term changes in stress reactivity, immunological
function, and cognition. In particular, the genocide in
Gaza'®"188150.151 and undeniable systematic trauma experi-
enced by those living there and in the region will have profound
psychological, cultural, sociological, and physiological, likely
epigenetic, consequences, necessitating the need for innovative
multidisciplinary strategies for biologically adaptive interventions
that promote resilience. These populations require interventions
that are carefully tailored to address not only immediate psycho-
logical needs but also the long-term biological imprint of trauma,
incorporating culturally sensitive approaches that honor com-
munity narratives while encouraging future adaptation and heal-
ing. It is imperative that we employ a framework of resilience
through biological adaptation to improve intervention and pre-
vention, influence policy and funding decisions, support and
engage stakeholders, and work together to make this world a
better place.

ACKNOWLEDGMENTS

We acknowledge the contribution of Lea Separovic in many theoretical discus-
sions and for her graphical input and the continual scientific and collaborative
support of Dr. Michael Kobor. J.P. was partially supported by research
grants from the USA National Institute on Minority Health and Health Dispar-
ities (J.P.; ROIMDO015401) and the Bradley Hospital COBRE Center for
Sleep and Circadian Rhythms in Child and Adolescent Mental Health
(P20GM139743, PI Carskadon).

AUTHOR CONTRIBUTIONS

Conceptualization, S.M.M. and R.D.; manuscript drafting, S.M.M., C.K., Z.F.,
and R.D.; manuscript editing, S.M.M., C.K., J.P., and R.D. Each author has
approved the final version of the manuscript and agrees to be accountable
for all aspects of the work.

DECLARATION OF INTERESTS

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

REFERENCES

1. Khamis, V. (2019). Posttraumatic stress disorder and emotion dysregula-
tion among Syrian refugee children and adolescents resettled in Lebanon
and Jordan. Child Abuse Negl. 89, 29-39. https://doi.org/10.1016/}.
chiabu.2018.12.013.

2. Hamrah, M.S., Bartlett, L., Jang, S., Roccati, E., and Vickers, J.C. (2023).
Modifiable Risk Factors for Dementia Among Migrants, Refugees and
Asylum Seekers in Australia: A Systematic Review. J. Immigr. Minority
Health 25, 692-711. https://doi.org/10.1007/s10903-022-01445-2.

3. van der Kolk, B.A. (2014). The Body Keeps the Score: Brain, Mind, and
Body in the Healing of Trauma (Viking).

4. Gradus, J.L., and Galea, S. (2022). Reconsidering the definition of
trauma. Lancet Psychiatr. 9, 608-609. https://doi.org/10.1016/S2215-
0366(22)00196-1.

5. Bryant-Davis, T. (2019). The cultural context of trauma recovery:
Considering the posttraumatic stress disorder practice guideline and in-
tersectionality. Psychotherapy 56, 400-408. https://doi.org/10.1037/
pst0000241.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

¢? CellPress

. Rizeq, J., and McCann, D. (2023). The cognitive, emotional, and behav-

ioral sequelae of trauma exposure: An integrative approach to examining
trauma’s effect. Psychol. Trauma. 15, 313-321. https://doi.org/10.1037/
tra0001152.

. Laricchiuta, D., Panuccio, A., Picerni, E., Biondo, D., Genovesi, B., and

Petrosini, L. (2023). The body keeps the score: The neurobiological pro-
file of traumatized adolescents. Neurosci. Biobehav. Rev. 145, 105033.
https://doi.org/10.1016/j.neubiorev.2023.105033.

. Kirmayer, L.J., Lemelson, R., and Barad, M. (2007). Understanding

Trauma: Integrating Biological, Clinical, and Cultural Perspectives (Cam-
bridge University Press).

. Kirmayer, L.J., Gone, J.P., and Moses, J. (2014). Rethinking Historical

Trauma. Transcult. Psychiatry 57, 299-319. https://doi.org/10.1177/
1363461514536358.

Rights for Time: Advancing Human Rights Through Time-Informed
Research (2024). https://rights4time.com/.

Southwick, S.M., Bonanno, G.A., Masten, A.S., Panter-Brick, C., and Ye-
huda, R. (2014). Resilience definitions, theory, and challenges: interdisci-
plinary perspectives. Eur. J. Psychotraumatol. 5, 25338. https://doi.org/
10.3402/ejpt.v5.25338.

Dajani, R. (2022). Exploring the epigenetics of resilience. Nat. Genet. 54,
363. https://doi.org/10.1038/s41588-022-01050-x.

Lupien, S.J., McEwen, B.S., Gunnar, M.R., and Heim, C. (2009). Effects
of stress throughout the lifespan on the brain, behaviour and cognition.
Nat. Rev. Neurosci. 10, 434-445. https://doi.org/10.1038/nrn2639.
McEwen, B.S. (2000). The neurobiology of stress: from serendipity to
clinical relevance. Brain Res. 886, 172-189. https://doi.org/10.1016/
S0006-8993(00)02950-4.

Luthar, S.S. (2003). Resilience and Vulnerability: Adaptation in the
Context of Childhood Adversities (Cambridge University Press).
Smeeth, D., Beck, S., Karam, E.G., and Pluess, M. (2021). The role of epi-
genetics in psychological resilience. Lancet Psychiatr. 8, 620-629.
https://doi.org/10.1016/S2215-0366(20)30515-0.

McEwen, B.S., Gray, J., and Nasca, C. (2015). Recognizing resilience:
Learning from the effects of stress on the brain. Neurobiol. Stress 7,
1-11. https://doi.org/10.1016/j.ynstr.2014.09.001.

Yehuda, R., and LeDoux, J. (2007). Response variation following trauma:
a translational neuroscience approach to understanding PTSD. Neuron
56, 19-32. https://doi.org/10.1016/j.neuron.2007.09.006.

Chen, A., Panter-Brick, C., Hadfield, K., Dajani, R., Hamoudi, A., and
Sheridan, M. (2019). Minds Under Siege: Cognitive Signatures of Poverty
and Trauma in Refugee and Non-Refugee Adolescents. Child Dev. 90,
1856-1865. https://doi.org/10.1111/cdev.13320.

Olff, M., Langeland, W., and Gersons, B.P.R. (2005). The psychobiology
of PTSD: coping with trauma. Psychoneuroendocrinology 30, 974-982.
https://doi.org/10.1016/j.psyneuen.2005.04.009.

Ouellet-Morin, I., Odgers, C.L., Danese, A., Bowes, L., Shakoor, S., Pa-
padopoulos, A.S., Caspi, A., Moffitt, T.E., and Arseneault, L. (2011).
Blunted Cortisol Responses to Stress Signal Social and Behavioral Prob-
lems Among Maltreated/Bullied 12-Year-Old Children. Biol. Psychiatr.
70, 1016-1023. https://doi.org/10.1016/j.biopsych.2011.06.017.
Hannibal, K.E., and Bishop, M.D. (2014). Chronic Stress, Cortisol
Dysfunction, and Pain: A Psychoneuroendocrine Rationale for Stress
Management in Pain Rehabilitation. Phys. Ther. 94, 1816-1825. https://
doi.org/10.2522/ptj.20130597.

Gladish, N., Merrill, S.M., and Kobor, M.S. (2022). Childhood Trauma and
Epigenetics: State of the Science and Future. Curr. Environ. Health Rep.
9, 661-672. https://doi.org/10.1007/s40572-022-00381-5.

Merrill, S.M., Gladish, N., and Kobor, M.S. (2019). Social Environment
and Epigenetics. In Current Topics in Behavioral Neurosciences
(Springer), pp. 83-126. https://doi.org/10.1007/7854_2019_114.
Aristizabal, M.J., Anreiter, |., Halldorsdottir, T., Odgers, C.L., McDade,
T.W., Goldenberg, A., Mostafavi, S., Kobor, M.S., Binder, E.B.,,

Med 6, 100560, February 14, 2025 9



https://doi.org/10.1016/j.chiabu.2018.12.013
https://doi.org/10.1016/j.chiabu.2018.12.013
https://doi.org/10.1007/s10903-022-01445-2
https://doi.org/10.1016/S2215-0366(22)00196-1
https://doi.org/10.1016/S2215-0366(22)00196-1
https://doi.org/10.1037/pst0000241
https://doi.org/10.1037/pst0000241
https://doi.org/10.1037/tra0001152
https://doi.org/10.1037/tra0001152
https://doi.org/10.1016/j.neubiorev.2023.105033
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref8
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref8
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref8
https://doi.org/10.1177/1363461514536358
https://doi.org/10.1177/1363461514536358
https://rights4time.com/
https://doi.org/10.3402/ejpt.v5.25338
https://doi.org/10.3402/ejpt.v5.25338
https://doi.org/10.1038/s41588-022-01050-x
https://doi.org/10.1038/nrn2639
https://doi.org/10.1016/S0006-8993(00)02950-4
https://doi.org/10.1016/S0006-8993(00)02950-4
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref15
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref15
https://doi.org/10.1016/S2215-0366(20)30515-0
https://doi.org/10.1016/j.ynstr.2014.09.001
https://doi.org/10.1016/j.neuron.2007.09.006
https://doi.org/10.1111/cdev.13320
https://doi.org/10.1016/j.psyneuen.2005.04.009
https://doi.org/10.1016/j.biopsych.2011.06.017
https://doi.org/10.2522/ptj.20130597
https://doi.org/10.2522/ptj.20130597
https://doi.org/10.1007/s40572-022-00381-5
https://doi.org/10.1007/7854_2019_114

¢? CellPress

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

10

Sokolowski, M.B., and O’Donnell, K.J. (2020). Biological embedding of
experience: A primer on epigenetics. Proc. Natl. Acad. Sci. USA 117,
23261-23269. https://doi.org/10.1073/pnas.1820838116.

Bird, A. (2002). DNA methylation patterns and epigenetic memory. Genes
Dev. 16, 6-21. https://doi.org/10.1101/gad.947102.

Rutering, J., llmer, M., Recio, A., Coleman, M., Vykoukal, J., Alt, E., and
Orleans, N. (2015). Traumatic Stress and Accelerated DNA Methylation
Age: A Meta- Analysis. J. Stem Cell Res. Ther. 5, 1-8, Improved.
https://doi.org/10.4172/2157-7633.1000305.

Manyema, M., Norris, S.A., and Richter, L.M. (2018). Stress begets
stress: The association of adverse childhood experiences with psycho-
logical distress in the presence of adult life stress. BMC Publ. Health
18, 835-912. https://doi.org/10.1186/s12889-018-5767-0.

Noushad, S., Ahmed, S., Ansari, B., Mustafa, U.-H., Saleem, Y., and Haz-
rat, H. (2021). Physiological biomarkers of chronic stress: A systematic
review. Int. J. Health Sci. 75, 46-59.

Essex, M.J., Boyce, W.T., Hertzman, C., Lam, L.L., Armstrong, J.M.,
Neumann, S.M.A., and Kobor, M.S. (2013). Epigenetic Vestiges of Early
Developmental Adversity: Childhood Stress Exposure and DNA Methyl-
ation in Adolescence. Child Dev. 84, 58-75. https://doi.org/10.1111/}.
1467-8624.2011.01641.x.

Parent, J., Parade, S.H., Laumann, L.E., Ridout, K.K., Yang, B.-Z., Marsit,
C.J., Seifer, R., and Tyrka, A.R. (2017). Dynamic stress-related epige-
netic regulation of the glucocorticoid receptor gene promoter during
early development: the role of child maltreatment. Dev. Psychopathol.
29, 1635-1648.

Catale, C., Bussone, S., Lo lacono, L., Viscomi, M.T., Palacios, D., Troisi,
A., and Carola, V. (2020). Exposure to different early-life stress experi-
ences results in differentially altered DNA methylation in the brain and im-
mune system. Neurobiol. Stress 13, 100249. https://doi.org/10.1016/j.
ynstr.2020.100249.

Sun, S., and Barreiro, L.B. (2020). The epigenetically-encoded memory of
the innate immune system. Curr. Opin. Immunol. 65, 7-13. https://doi.
org/10.1016/j.c0i.2020.02.002.

Johnston, R.A., Aracena, K.A., Barreiro, L.B., Lea, A.J., and Tung, J.
(2024). DNA methylation-environment interactions in the human genome.
Elife 72, RP89371. https://doi.org/10.7554/eLife.89371.

Villicaha, S., and Bell, J.T. (2021). Genetic impacts on DNA methylation:
research findings and future perspectives. Genome Biol. 22, 1-35.
https://doi.org/10.1186/s13059-021-02347-6.

Smith, A.K., Kilaru, V., Kocak, M., Almli, L.M., Mercer, K.B., Ressler, K.J.,
Tylavsky, F.A., and Conneely, K.N. (2014). Methylation quantitative trait
loci (meQTLs) are consistently detected across ancestry, developmental
stage, and tissue type. BMC Genom. 15, 145-211. https://doi.org/10.
1186/1471-2164-15-145.

Czamara, D., Eraslan, G., Page, C.M., Lahti, J., Lahti-Pulkkinen, M., Ha-
maldinen, E., Kajantie, E., Laivuori, H., Villa, P.M., Reynolds, R.M., et al.
(2019). Integrated analysis of environmental and genetic influences on
cord blood DNA methylation in new-borns. Nat. Commun. 70, 2548.
https://doi.org/10.1038/s41467-019-10461-0.

Czamara, D., Tissink, E., Tuhkanen, J., Martins, J., Awaloff, Y., Drake,
A.J., Khulan, B., Palotie, A., Winter, S.M., Nemeroff, C.B., et al. (2021).
Combined effects of genotype and childhood adversity shape variability
of DNA methylation across age. Transl. Psychiatry 77, 88. https://doi.org/
10.1038/s41398-020-01147-z.

Teh, A.L., Pan, H., Chen, L., Ong, M.-L., Dogra, S., Wong, J., Maclsaac,
J.L., Mah, S.M., McEwen, L.M., Saw, S.-M., et al. (2014). The effect of ge-
notype and in utero environment on interindividual variation in neonate
DNA methylomes. Genome Res. 24, 1064-1074. https://doi.org/10.
1101/gr.171439.113.

Zannas, A.S., Wiechmann, T., Gassen, N.C., and Binder, E.B. (2016).
Gene-Stress—Epigenetic Regulation of FKBP5: Clinical and Translational

Med 6, 100560, February 14, 2025

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Med

Implications. Neuropsychopharmacology 41, 261-274. https://doi.org/
10.1038/npp.2015.235.

Howie, H., Rijal, C.M., and Ressler, K.J. (2019). A review of epigenetic
contributions to post-traumatic stress disorder. Dialogues Clin. Neurosci
21, 417-428. https://doi.org/10.31887/DCNS.2019.21.4/kressler.

Chan, M.H., Merrill, S., Fatima, F., Maclsaac, J., Obradovi¢, J., Boyce, T.,
and Kobor, M. (2023). Cross-Tissue Specificity of Pediatric DNA Methyl-
ation Associated with Cumulative Family Adversit. Preprint at biorxiv.
https://doi.org/10.1101/2023.10.04.559423.

Bishop, J.R., Lee, A.M., Mills, L.J., Thuras, P.D., Eum, S., Clancy, D.,
Erbes, C.R., Polusny, M.A., Lamberty, G.J., and Lim, K.O. (2018). Methyl-
ation of FKBP5 and SLC6A4 in Relation to Treatment Response to Mind-
fulness Based Stress Reduction for Posttraumatic Stress Disorder. Front.
Psychiatry 9, 418. https://doi.org/10.3389/fpsyt.2018.00418.

Roberts, S., Keers, R., Breen, G., Coleman, J.R.l., Jéhren, P., Kepa, A.,
Lester, K.J., Margraf, J., Scheider, S., Teismann, T., et al. (2019). DNA
methylation of FKBP5 and response to exposure-based psychological
therapy. Am. J. Med. Genet. B Neuropsychiatr. Genet. 7180, 150-158.
https://doi.org/10.1002/ajmg.b.32650.

Klengel, T., Mehta, D., Anacker, C., Rex-Haffner, M., Pruessner, J.C.,
Pariante, C.M., Pace, TW.W., Mercer, K.B., Mayberg, H.S., Bradley,
B., et al. (2013). Allele-specific FKBP5 DNA demethylation mediates
gene-childhood trauma interactions. Nat. Neurosci. 16, 33-41. https://
doi.org/10.1038/nn.3275.

Molyneaux, B.J., Arlotta, P., Menezes, J.R.L., and Macklis, J.D. (2007).
Neuronal subtype specification in the cerebral cortex. Nat. Rev. Neuro-
sci. 8, 427-437. https://doi.org/10.1038/nrn2151.

Jaffe, A.E., Gao, Y., Deep-Soboslay, A., Tao, R., Hyde, T.M., Weinberger,
D.R., and Kleinman, J.E. (2016). Mapping DNA methylation across devel-
opment, genotype and schizophrenia in the human frontal cortex. Nat.
Neurosci. 19, 40-47. https://doi.org/10.1038/nn.4181.

van de Leemput, J., Hess, J.L., Glatt, S.J., and Tsuang, M.T. (2016).
Chapter Three - Genetics of Schizophrenia: Historical Insights and Pre-
vailing Evidence. In Advances in Genetics, T. Friedmann, J.C. Dunlap,
and S.F. Goodwin, eds. (Academic Press), pp. 99-141. https://doi.org/
10.1016/bs.adgen.2016.08.001.

Roberson-Nay, R., Lapato, D.M., Wolen, A.R., Lancaster, E.E., Webb,
B.T., Verhulst, B., Hettema, J.M., and York, T.P. (2020). An epigenome-
wide association study of early-onset major depression in monozygotic
twins. Transl. Psychiatry 10, 301. https://doi.org/10.1038/s41398-020-
00984-2.

Shimada-Sugimoto, M., Otowa, T., Miyagawa, T., Umekage, T., Kawa-
mura, Y., Bundo, M., lwamoto, K., Tochigi, M., Kasai, K., Kaiya, H.,
et al. (2017). Epigenome-wide association study of DNA methylation in
panic disorder. Clin. Epigenetics 9, 6. https://doi.org/10.1186/s13148-
016-0307-1.

Robakis, T.K., Roth, M.C., King, L.S., Humphreys, K.L., Ho, M., Zhang, X.,
Chen, Y., Li, T., Rasgon, N.L., Watson, K.T., et al. (2022). Maternal Attach-
ment Insecurity, Maltreatment History, and Depressive Symptoms Are
Associated with Broad DNA Methylation Signatures in Infants. Mol. Psy-
chiatr. 27, 3306-3315. https://doi.org/10.1038/s41380-022-01592-w.

Yang, B.Z., Zhang, H., Ge, W., Weder, N., Douglas-Palumberi, H., Pere-
pletchikova, F., Gelernter, J., and Kaufman, J. (2013). Child abuse and
epigenetic mechanisms of disease risk. Am. J. Prev. Med. 44,
101-107. https://doi.org/10.1016/j.amepre.2012.10.012.

Marinova, Z., Maercker, A., Kuffer, A., Robinson, M.D., Wojdacz, T.K.,
Walitza, S., Grunblatt, E., and Burri, A. (2017). DNA methylation profiles
of elderly individuals subjected to indentured childhood labor and
trauma. BMC Med. Genet. 18, 21. https://doi.org/10.1186/s12881-017-
0370-2.

Kowianski, P., Lietzau, G., Czuba, E., Waskow, M., Steliga, A., and
Morys, J. (2018). BDNF: A Key Factor with Multipotent Impact on Brain
Signaling and Synaptic Plasticity. Cell. Mol. Neurobiol. 38, 579-593.
https://doi.org/10.1007/s10571-017-0510-4.


https://doi.org/10.1073/pnas.1820838116
https://doi.org/10.1101/gad.947102
https://doi.org/10.4172/2157-7633.1000305
https://doi.org/10.1186/s12889-018-5767-0
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref29
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref29
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref29
https://doi.org/10.1111/j.1467-8624.2011.01641.x
https://doi.org/10.1111/j.1467-8624.2011.01641.x
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref31
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref31
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref31
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref31
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref31
https://doi.org/10.1016/j.ynstr.2020.100249
https://doi.org/10.1016/j.ynstr.2020.100249
https://doi.org/10.1016/j.coi.2020.02.002
https://doi.org/10.1016/j.coi.2020.02.002
https://doi.org/10.7554/eLife.89371
https://doi.org/10.1186/s13059-021-02347-6
https://doi.org/10.1186/1471-2164-15-145
https://doi.org/10.1186/1471-2164-15-145
https://doi.org/10.1038/s41467-019-10461-0
https://doi.org/10.1038/s41398-020-01147-z
https://doi.org/10.1038/s41398-020-01147-z
https://doi.org/10.1101/gr.171439.113
https://doi.org/10.1101/gr.171439.113
https://doi.org/10.1038/npp.2015.235
https://doi.org/10.1038/npp.2015.235
https://doi.org/10.31887/DCNS.2019.21.4/kressler
https://doi.org/10.1101/2023.10.04.559423
https://doi.org/10.3389/fpsyt.2018.00418
https://doi.org/10.1002/ajmg.b.32650
https://doi.org/10.1038/nn.3275
https://doi.org/10.1038/nn.3275
https://doi.org/10.1038/nrn2151
https://doi.org/10.1038/nn.4181
https://doi.org/10.1016/bs.adgen.2016.08.001
https://doi.org/10.1016/bs.adgen.2016.08.001
https://doi.org/10.1038/s41398-020-00984-2
https://doi.org/10.1038/s41398-020-00984-2
https://doi.org/10.1186/s13148-016-0307-1
https://doi.org/10.1186/s13148-016-0307-1
https://doi.org/10.1038/s41380-022-01592-w
https://doi.org/10.1016/j.amepre.2012.10.012
https://doi.org/10.1186/s12881-017-0370-2
https://doi.org/10.1186/s12881-017-0370-2
https://doi.org/10.1007/s10571-017-0510-4

Med

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Kerschensteiner, M., Gallmeier, E., Behrens, L., Leal, V.V., Misgeld, T.,
Klinkert, W.E., Kolbeck, R., Hoppe, E., Oropeza-Wekerle, R.L., Bartke,
1., et al. (1999). Activated human T cells, B cells, and monocytes produce
brain-derived neurotrophic factor in vitro and in inflammatory brain le-
sions: a neuroprotective role of inflammation? J. Exp. Med. 189,
865-870. https://doi.org/10.1084/jem.189.5.865.

Boulle, F., van den Hove, D.L.A., Jakob, S.B., Rutten, B.P., Hamon, M.,
van Os, J., Lesch, K.-P., Lanfumey, L., Steinbusch, HW., and Kenis,
G. (2012). Epigenetic regulation of the BDNF gene: implications for psy-
chiatric disorders. Mol. Psychiatr. 17, 584-596. https://doi.org/10.1038/
mp.2011.107.

Karege, F., Perret, G., Bondolfi, G., Schwald, M., Bertschy, G., and
Aubry, J.-M. (2002). Decreased serum brain-derived neurotrophic factor
levels in major depressed patients. Psychiatr. Res. 709, 143-148. https://
doi.org/10.1016/S0165-1781(02)00005-7.

Ikegame, T., Bundo, M., Sunaga, F., Asai, T., Nishimura, F., Yoshikawa,
A., Kawamura, Y., Hibino, H., Tochigi, M., Kakiuchi, C., et al. (2013). DNA
methylation analysis of BDNF gene promoters in peripheral blood cells of
schizophrenia patients. Neurosci. Res. 77, 208-214. https://doi.org/10.
1016/j.neures.2013.08.004.

Fuchikami, M., Morinobu, S., Segawa, M., Okamoto, Y., Yamawaki, S.,
Ozaki, N., Inoue, T., Kusumi, |., Koyama, T., Tsuchiyama, K., and Terao,
T. (2011). DNA methylation profiles of the brain-derived neurotrophic fac-
tor (BDNF) gene as a potent diagnostic biomarker in major depression.
PLoS One 6, €23881. https://doi.org/10.1371/journal.pone.0023881.

Fachim, H.A., Corsi-Zuelli, F., Loureiro, C.M., lamjan, S.A., Shuhama, R.,
Joca, S., Menezes, P.R., Heald, A., Louzada-Junior, P., Dalton, C.F.,
et al. (2021). Early-life stress effects on BDNF DNA methylation in first-
episode psychosis and in rats reared in isolation. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 708, 110188. https://doi.org/10.
1016/j.pnpbp.2020.110188.

Lippmann, M., Bress, A., Nemeroff, C.B., Plotsky, P.M., and Monteggia,
L.M. (2007). Long-term behavioural and molecular alterations associated
with maternal separation in rats. Eur. J. Neurosci. 25, 3091-3098. https://
doi.org/10.1111/j.1460-9568.2007.05522.x.

Roth, T.L., Lubin, F.D., Funk, A.J., and Sweatt, J.D. (2009). Lasting Epige-
netic influence of early-life adversity on the BDNF gene. Biol. Psychiatr.
65, 760-769. https://doi.org/10.1016/j.biopsych.2008.11.028.

Januar, V., Ancelin, M.-L., Ritchie, K., Saffery, R., and Ryan, J. (2015).
BDNF promoter methylation and genetic variation in late-life depression.
Transl. Psychiatry 5, €619. https://doi.org/10.1038/tp.2015.114.

Chen, L., Pan, H., Tuan, T.A,, Teh, A.L., Macisaac, J.L., Mah, S.M., Mce-
wen, L.M., Li, Y., Chen, H., Broekman, B.F.P., et al. (2015). Brain-derived
neurotrophic factor (BDNF) Val66Met polymorphism influences the
association of the methylome with maternal anxiety and neonatal brain
volumes. Dev. Psychopathol. 27, 137-150. https://doi.org/10.1017/
S0954579414001357.

Flasbeck, V., and Brine, M. (2021). Association between childhood
maltreatment, psychopathology and DNA methylation of genes involved
in stress regulation: Evidence from a study in Borderline Personality Dis-
order. PLoS One 16, e0248514. https://doi.org/10.1371/journal.pone.
0248514.

Parade, S.H., Huffhines, L., Daniels, T.E., Stroud, L.R., Nugent, N.R., and
Tyrka, A.R. (2021). A systematic review of childhood maltreatment
and DNA methylation: candidate gene and epigenome-wide ap-
proaches. Transl. Psychiatry 77, 134. https://doi.org/10.1038/s41398-
021-01207-y.

Houtepen, L.C., Hardy, R., Maddock, J., Kuh, D., Anderson, E.L., Relton,
C.L., Suderman, M.J., and Howe, L.D. (2018). Childhood adversity and
DNA methylation in two population-based cohorts. Transl. Psychiatry
8, 266. https://doi.org/10.1038/s41398-018-0307-3.

Lussier, A.A., Zhu, Y., Smith, B.J., Simpkin, A.J., Smith, A.D.A.C., Suder-
man, M.J., Walton, E., Relton, C.L., Ressler, K.J., and Dunn, E.C. (2023).
Sensitive periods for the effect of childhood adversity on DNA methyl-

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

¢? CellPress

ation: Updated results from a prospective, longitudinal study. Biol. Psy-
chiatry Glob. Open Sci. 3, 567-571. https://doi.org/10.1016/j.bpsgos.
2022.04.002.

Suzuki, K. (2018). The developing world of DOHaD. J. Dev. Orig. Health
Dis. 9, 266-269. https://doi.org/10.1017/S2040174417000691.

Jones, M.J., Moore, S.R., and Kobor, M.S. (2018). Principles and Chal-
lenges of Applying Epigenetic Epidemiology to Psychology. Annu. Rev.
Psychol. 69, 459-485. https://doi.org/10.1146/annurev-psych-122414-
033653.

Chan, M.H.M., Merrill, S.M., Konwar, C., and Kobor, M.S. (2023). An inte-
grative framework and recommendations for the study of DNA methyl-
ation in the context of race and ethnicity. Discov. Soc. Sci. Health 3, 9.
https://doi.org/10.1007/s44155-023-00039-z.

Horvath, S. (2013). DNA methylation age of human tissues and cell types.
Genome Biol. 14, R115. https://doi.org/10.1186/gb-2013-14-10-r115.

Palma-Gudiel, H., Faianas, L., Horvath, S., and Zannas, A.S. (2020).
Chapter Five - Psychosocial stress and epigenetic aging. In International
Review of Neurobiology Stress and Brain Health: Across the Life Course,
A. Clow and N. Smyth, eds. (Academic Press), pp. 107-128. https://doi.
org/10.1016/bs.irn.2019.10.020.

Wolf, E.J., Maniates, H., Nugent, N., Maihofer, A.X., Armstrong, D., Rata-
natharathorn, A., Ashley-Koch, A.E., Garrett, M., Kimbrel, N.A., Lori, A.,
et al. (2018). Traumatic stress and accelerated DNA methylation age: A
meta-analysis. Psychoneuroendocrinology 92, 123-134. https://doi.
org/10.1016/j.psyneuen.2017.12.007.

Nishitani, S., Suzuki, S., Ochiai, K., Yao, A., Fujioka, T., Fujisawa, T.X.,
and Tomoda, A. (2021). Altered epigenetic clock in children exposed to
maltreatment. Psychiatr. Clin. Neurosci. 75, 110-112. https://doi.org/
10.1111/pcn.13183.

Jovanovic, T., Vance, L.A., Cross, D., Knight, A.K,, Kilaru, V., Michopou-
los, V., Klengel, T., and Smith, A.K. (2017). Exposure to Violence Accel-
erates Epigenetic Aging in Children. Sci. Rep. 7, 8962. https://doi.org/
10.1038/s41598-017-09235-9.

Carskadon, M.A., Chappell, K.R., Barker, D.H., Hart, A.C., Dwyer, K.,
Gredvig-Ardito, C., Starr, C., and McGeary, J.E. (2019). A pilot prospec-
tive study of sleep patterns and DNA methylation-characterized epige-
netic aging in young adults. BMC Res. Notes 12, 583. https://doi.org/
10.1186/s13104-019-4633-1.

Belsky, J. (2019). Early-Life Adversity Accelerates Child and Adolescent
Development. Curr. Dir. Psychol. Sci. 28, 241-246. https://doi.org/10.
1177/0963721419837670.

Raffington, L., Belsky, D.W., Kothari, M., Malanchini, M., Tucker-Drob,
E.M., and Harden, K.P. (2021). Socioeconomic Disadvantage and the
Pace of Biological Aging in Children. Pediatrics 747, e2020024406.
https://doi.org/10.1542/peds.2020-024406.

Dammering, F., Martins, J., Dittrich, K., Czamara, D., Rex-Haffner, M.,
Overfeld, J., de Punder, K., Buss, C., Entringer, S., Winter, S.M., et al.
(2021). The pediatric buccal epigenetic clock identifies significant ageing
acceleration in children with internalizing disorder and maltreatment
exposure. Neurobiol. Stress 75, 100394. https://doi.org/10.1016/j.
ynstr.2021.100394.

Sumner, J.A., Colich, N.L., Uddin, M., Armstrong, D., and McLaughlin,
K.A. (2019). Early Experiences of Threat, but Not Deprivation, Are Asso-
ciated With Accelerated Biological Aging in Children and Adolescents.
Biol. Psychiatr. 85, 268-278. https://doi.org/10.1016/].biopsych.2018.
09.008.

Brody, G.H., Yu, T., Chen, E., Beach, S.R.H., and Miller, G.E. (2016).
Family-centered prevention ameliorates the longitudinal association be-
tween risky family processes and epigenetic aging. JCPP (J. Child Psy-
chol. Psychiatry) 57, 566-574. https://doi.org/10.1111/jcpp.12495.

Yusupov, N., Dieckmann, L., Erhart, M., Sauer, S., Rex-Haffner, M., Kopf-
Beck, J., Briickl, T.M., Czamara, D., and Binder, E.B. (2023). Transdiag-
nostic evaluation of epigenetic age acceleration and burden of

Med 6, 100560, February 14, 2025 11



https://doi.org/10.1084/jem.189.5.865
https://doi.org/10.1038/mp.2011.107
https://doi.org/10.1038/mp.2011.107
https://doi.org/10.1016/S0165-1781(02)00005-7
https://doi.org/10.1016/S0165-1781(02)00005-7
https://doi.org/10.1016/j.neures.2013.08.004
https://doi.org/10.1016/j.neures.2013.08.004
https://doi.org/10.1371/journal.pone.0023881
https://doi.org/10.1016/j.pnpbp.2020.110188
https://doi.org/10.1016/j.pnpbp.2020.110188
https://doi.org/10.1111/j.1460-9568.2007.05522.x
https://doi.org/10.1111/j.1460-9568.2007.05522.x
https://doi.org/10.1016/j.biopsych.2008.11.028
https://doi.org/10.1038/tp.2015.114
https://doi.org/10.1017/S0954579414001357
https://doi.org/10.1017/S0954579414001357
https://doi.org/10.1371/journal.pone.0248514
https://doi.org/10.1371/journal.pone.0248514
https://doi.org/10.1038/s41398-021-01207-y
https://doi.org/10.1038/s41398-021-01207-y
https://doi.org/10.1038/s41398-018-0307-3
https://doi.org/10.1016/j.bpsgos.2022.04.002
https://doi.org/10.1016/j.bpsgos.2022.04.002
https://doi.org/10.1017/S2040174417000691
https://doi.org/10.1146/annurev-psych-122414-033653
https://doi.org/10.1146/annurev-psych-122414-033653
https://doi.org/10.1007/s44155-023-00039-z
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1016/bs.irn.2019.10.020
https://doi.org/10.1016/bs.irn.2019.10.020
https://doi.org/10.1016/j.psyneuen.2017.12.007
https://doi.org/10.1016/j.psyneuen.2017.12.007
https://doi.org/10.1111/pcn.13183
https://doi.org/10.1111/pcn.13183
https://doi.org/10.1038/s41598-017-09235-9
https://doi.org/10.1038/s41598-017-09235-9
https://doi.org/10.1186/s13104-019-4633-1
https://doi.org/10.1186/s13104-019-4633-1
https://doi.org/10.1177/0963721419837670
https://doi.org/10.1177/0963721419837670
https://doi.org/10.1542/peds.2020-024406
https://doi.org/10.1016/j.ynstr.2021.100394
https://doi.org/10.1016/j.ynstr.2021.100394
https://doi.org/10.1016/j.biopsych.2018.09.008
https://doi.org/10.1016/j.biopsych.2018.09.008
https://doi.org/10.1111/jcpp.12495

¢? CellPress

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

12

psychiatric disorders. Neuropsychopharmacology 48, 1409-1417.

https://doi.org/10.1038/s41386-023-01579-3.

Moyakhe, L.B., Dalvie, S., Chalumbila, T.C., Stein, D.J., and Koen, N.
(2024). Epigenetic age deviation and mental health in childhood and
adolescence: A systematic review and meta-analysis. Preprint at medR-
xiv. https://doi.org/10.1101/2024.05.06.24306916.

Stevenson, A.J., Gadd, D.A., Hillary, R.F., McCartney, D.L., Campbell, A.,
Walker, R.M., Evans, K.L., Harris, S.E., Spires-Jones, T.L., McRae, A.F.,
et al. (2021). Creating and Validating a DNA Methylation-Based Proxy for
Interleukin-6. J Gerontol A Biol Sci Med Sci. 76, 2284-2292. https://doi.
org/10.1093/gerona/glab046.

Ligthart, S., Marzi, C., Aslibekyan, S., Mendelson, M.M., Conneely, K.N.,
Tanaka, T., Colicino, E., Waite, L.L., Joehanes, R., Guan, W., et al. (2016).
DNA methylation signatures of chronic low-grade inflammation are asso-
ciated with complex diseases. Genome Biol. 17, 255. https://doi.org/10.
1186/s13059-016-1119-5.

Provengal, N., Arloth, J., Cattaneo, A., Anacker, C., Cattane, N., Wiech-
mann, T., Réh, S., Kédel, M., Klengel, T., Czamara, D., et al. (2020).
Glucocorticoid exposure during hippocampal neurogenesis primes
future stress response by inducing changes in DNA methylation. Proc.
Natl. Acad. Sci. USA 117, 23280-23285. https://doi.org/10.1073/
PNAS.1820842116.

Raffington, L., Tanksley, P.T., Vinnik, L., Sabhlok, A., Patterson, M.W.,
Mallard, T., Malanchini, M., Ayorech, Z., Tucker-Drob, E.M., and Harden,
K.P. (2024). Associations of DNA-Methylation Measures of Biological Ag-
ing With Social Disparities in Child and Adolescent Mental Health. Clin.
Psychol. Sci. 12, 551-562. https://doi.org/10.1177/21677026231186802.

Merrill, S.M., Hogan, C., Bozack, A.K., Cardenas, A., Comer, J.S.,
Bagner, D.M., Highlander, A., and Parent, J. (2024). Telehealth Parenting
Program and Salivary Epigenetic Biomarkers in Preschool Children With
Developmental Delay: NIMHD Social Epigenomics Program. JAMA
Netw. Open 7, €2424815. hitps://doi.org/10.1001/jamanetworkopen.
2024.24815.

Perret, L.C., Geoffroy, M.-C., Barr, E., Parnet, F., Provencal, N., Boivin,
M., O’Donnell, K.J., Suderman, M., Power, C., Turecki, G., and Ouellet-
Morin, I. (2022). Associations between epigenetic aging and childhood
peer victimization, depression, and suicidal ideation in adolescence
and adulthood: A study of two population-based samples. Front. Cell
Dev. Biol. 70, 1051556. https://doi.org/10.3389/fcell.2022.1051556.

Gadd, D.A., Hillary, R.F., McCartney, D.L., Zaghlool, S.B., Stevenson,
A.J., Cheng, Y., Fawns-Ritchie, C., Nangle, C., Campbell, A., Flaig, R.,
et al. (2022). Epigenetic scores for the circulating proteome as tools for
disease prediction. Elife 77, e71802. https://doi.org/10.7554/eLife.
71802.

Cooper, W.N., Khulan, B., Owens, S., Elks, C.E., Seidel, V., Prentice,
A.M., Belteki, G., Ong, K.K., Affara, N.A., Constancia, M., and Dunger,
D.B. (2012). DNA methylation profiling at imprinted loci after periconcep-
tional micronutrient supplementation in humans: results of a pilot ran-
domized controlled trial. Faseb. J. 26, 1782-1790. https://doi.org/10.
1096/fj.11-192708.

Caffrey, A., Irwin, R.E., McNulty, H., Strain, J.J., Lees-Murdock, D.J.,
McNulty, B.A., Ward, M., Walsh, C.P., and Pentieva, K. (2018). Gene-
specific DNA methylation in newborns in response to folic acid supple-
mentation during the second and third trimesters of pregnancy: epige-
netic analysis from a randomized controlled trial. Am. J. Clin. Nutr. 707,
566-575. https://doi.org/10.1093/ajcn/ngx069.

Waziry, R., Ryan, C.P., Corcoran, D.L., Huffman, K.M., Kobor, M.S., Ko-
thari, M., Graf, G.H., Kraus, V.B., Kraus, W.E., Lin, D.T.S., et al. (2023).
Effect of long-term caloric restriction on DNA methylation measures of
biological aging in healthy adults from the CALERIE trial. Nat. Aging 3,
248-257. https://doi.org/10.1038/s43587-022-00357-y.

Elgendy, K., Malcomson, F.C., Lara, J.G., Bradburn, D.M., and Mathers,
J.C. (2018). Effects of dietary interventions on DNA methylation in adult

Med 6, 100560, February 14, 2025

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Med

humans: systematic review and meta-analysis. Br. J. Nutr.
961-976. https://doi.org/10.1017/S000711451800243X.

McEwen, L.M., Gatev, E.G., Jones, M.J., Maclsaac, J.L., McAllister,
M.M., Goulding, R.E., Madden, K.M., Dawes, M.G., Kobor, M.S., and
Ashe, M.C. (2018). DNA methylation signatures in peripheral blood
mononuclear cells from a lifestyle intervention for women at midlife: a pi-
lot randomized controlled trial. Appl. Physiol. Nutr. Metabol. 43, 233-239.
https://doi.org/10.1139/apnm-2017-0436.

Sullivan, A.D.W., Bozack, A.K., Cardenas, A., Comer, J.S., Bagner, D.M.,
Forehand, R., and Parent, J. (2023). Parenting Practices May Buffer the
Impact of Adversity on Epigenetic Age Acceleration Among Young Chil-
dren With Developmental Delays. Psychol. Sci. 34, 1173-1185. https://
doi.org/10.1177/09567976231194221.

Sullivan, A.D.W., Merrill, S.M., Konwar, C., Coccia, M., Rivera, L., Macl-
saac, J.L., Lieberman, A.F., Kobor, M.S., and Bush, N.R. (2024). Inter-
vening After Trauma: Child—Parent Psychotherapy Treatment Is Associ-
ated With Lower Pediatric Epigenetic Age Acceleration. Psychol. Sci.
35, 1062-1073. https://doi.org/10.1177/09567976241260247.

Brody, G.H., Miller, G.E., Yu, T., Beach, S.R.H., and Chen, E. (2016). Sup-
portive Family Environments Ameliorate the Link Between Racial
Discrimination and Epigenetic Aging: A Replication Across Two Longitu-
dinal Cohorts. Psychol. Sci. 27, 530-541. https://doi.org/10.1177/
0956797615626703.

120,

Kaliman, P., Cosin-Tomas, M., Madrid, A., Roque Lépez, S., Llanez-
Anaya, E., Papale, L.A., Alisch, R.S., and Davidson, R.J. (2022). Epige-
netic impact of a 1-week intensive multimodal group program for adoles-
cents with multiple adverse childhood experiences. Sci. Rep. 12, 17177.
https://doi.org/10.1038/s41598-022-21246-9.

Wilker, S., Vukojevic, V., Schneider, A., Pfeiffer, A., Inerle, S., Pauly, M.,
Elbert, T., Papassotiropoulos, A., de Quervain, D., and Kolassa, I.-T.
(2023). Epigenetics of traumatic stress: The association of NR3C1
methylation and posttraumatic stress disorder symptom changes in
response to narrative exposure therapy. Transl. Psychiatry 713, 14.
https://doi.org/10.1038/s41398-023-02316-6.

Carleial, S., Natt, D., Unternéhrer, E., Elbert, T., Robjant, K., Wilker, S.,
Vukojevic, V., Kolassa, I.-T., Zeller, A.C., and Koebach, A. (2021). DNA
methylation changes following narrative exposure therapy in a random-
ized controlled trial with female former child soldiers. Sci. Rep. 11,
18493. https://doi.org/10.1038/s41598-021-98067-9.

Daskalakis, N.P., Xu, C., Bader, H.N., Chatzinakos, C., Weber, P., Makot-
kine, I., Lehrner, A., Bierer, L.M., Binder, E.B., and Yehuda, R. (2021).
Intergenerational trauma is associated with expression alterations in
glucocorticoid- and immune-related genes. Neuropsychopharmacology
46, 763-773. https://doi.org/10.1038/s41386-020-00900-8.

Yehuda, R., Daskalakis, N.P., Desarnaud, F., Makotkine, ., Lehrner, A.L.,
Koch, E., Flory, J.D., Buxbaum, J.D., Meaney, M.J., and Bierer, L.M.
(2013). Epigenetic Biomarkers as Predictors and Correlates of Symptom
Improvement Following Psychotherapy in Combat Veterans with PTSD.
Front. Psychiatry 4, 118. https://doi.org/10.3389/fpsyt.2013.00118.

Vinkers, C.H., Geuze, E., van Rooij, S.J.H., Kennis, M., Schir, R.R., Nisp-
eling, D.M., Smith, A.K., Nievergelt, C.M., Uddin, M., Rutten, B.P.F., et al.
(2021). Successful treatment of post-traumatic stress disorder reverses
DNA methylation marks. Mol. Psychiatr. 26, 1264-1271. https://doi.
org/10.1038/s41380-019-0549-3.

Schiele, M.A., Gottschalk, M.G., and Domschke, K. (2020). The applied
implications of epigenetics in anxiety, affective and stress-related disor-
ders - Areview and synthesis on psychosocial stress, psychotherapy and
prevention. Clin. Psychol. Rev. 77, 101830. https://doi.org/10.1016/j.cpr.
2020.101830.

Diez, G.G., Martin-Subero, |., Zangri, R.M., Kulis, M., Andreu, C., Blanco,
l., Roca, P., Cuesta, P., Garcia, C., Garzon, J., et al. (2023). Epigenetic,
psychological, and EEG changes after a 1-week retreat based on mind-
fulness and compassion for stress reduction in healthy adults: Study


https://doi.org/10.1038/s41386-023-01579-3
https://doi.org/10.1101/2024.05.06.24306916
https://doi.org/10.1093/gerona/glab046
https://doi.org/10.1093/gerona/glab046
https://doi.org/10.1186/s13059-016-1119-5
https://doi.org/10.1186/s13059-016-1119-5
https://doi.org/10.1073/PNAS.1820842116
https://doi.org/10.1073/PNAS.1820842116
https://doi.org/10.1177/21677026231186802
https://doi.org/10.1001/jamanetworkopen.2024.24815
https://doi.org/10.1001/jamanetworkopen.2024.24815
https://doi.org/10.3389/fcell.2022.1051556
https://doi.org/10.7554/eLife.71802
https://doi.org/10.7554/eLife.71802
https://doi.org/10.1096/fj.11-192708
https://doi.org/10.1096/fj.11-192708
https://doi.org/10.1093/ajcn/nqx069
https://doi.org/10.1038/s43587-022-00357-y
https://doi.org/10.1017/S000711451800243X
https://doi.org/10.1139/apnm-2017-0436
https://doi.org/10.1177/09567976231194221
https://doi.org/10.1177/09567976231194221
https://doi.org/10.1177/09567976241260247
https://doi.org/10.1177/0956797615626703
https://doi.org/10.1177/0956797615626703
https://doi.org/10.1038/s41598-022-21246-9
https://doi.org/10.1038/s41398-023-02316-6
https://doi.org/10.1038/s41598-021-98067-9
https://doi.org/10.1038/s41386-020-00900-8
https://doi.org/10.3389/fpsyt.2013.00118
https://doi.org/10.1038/s41380-019-0549-3
https://doi.org/10.1038/s41380-019-0549-3
https://doi.org/10.1016/j.cpr.2020.101830
https://doi.org/10.1016/j.cpr.2020.101830

Med

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

protocol of a cross-over randomized controlled trial. PLoS One 18,
€0283169. https://doi.org/10.1371/journal.pone.0283169.

Dajani, R., Hadfield, K., van Uum, S., Greff, M., and Panter-Brick, C.
(2018). Hair cortisol concentrations in war-affected adolescents: A pro-
spective intervention trial. Psychoneuroendocrinology 89, 138-146.
https://doi.org/10.1016/j.psyneuen.2017.12.012.

Michalek, J.E., Lisi, M., Awad, D., Hadfield, K., Mareschal, I., and Dajani,
R. (2021). The Effects of a Reading-Based Intervention on Emotion Pro-
cessing in Children Who Have Suffered Early Adversity and War Related
Trauma. Front. Psychol. 12, 613754. https://doi.org/10.3389/fpsyg.2021.
613754.

McCreary, J.K., Erickson, Z.T., Hao, Y., linytskyy, Y., Kovalchuk, I., and
Metz, G.A.S. (2016). Environmental Intervention as a Therapy for Adverse
Programming by Ancestral Stress. Sci. Rep. 6, 37814. https://doi.org/10.
1038/srep37814.

Jonsson, J., Renault, K.M., Garcia-Calzdn, S., Perfilyev, A., Estampador,
A.C., Nergaard, K., Lind, M.V., Vaag, A., Hjort, L., Michaelsen, K.F., et al.
(2021). Lifestyle Intervention in Pregnant Women With Obesity Impacts
Cord Blood DNA Methylation, Which Associates With Body Composition
in the Offspring. Diabetes 70, 854-866. https://doi.org/10.2337/
db20-0487.

Pérez, R.F., Santamarina, P., Tejedor, J.R., Urdinguio, R.G., Alvarez-Pitti,
J., Redon, P., Fernandez, A.F., Fraga, M.F., and Lurbe, E. (2019). Longi-
tudinal genome-wide DNA methylation analysis uncovers persistent
early-life DNA methylation changes. J. Transl. Med. 77, 1-16. https://
doi.org/10.1186/s12967-018-1751-9.

Creasey, N., Leijten, P., Tollenaar, M.S., Boks, M.P., and Overbeek, G.
(2024). DNA methylation variation after a parenting program for child
conduct problems: Findings from a randomized controlled trial. Child
Dev. 95, 1462-1477. https://doi.org/10.1111/cdev.14090.

Belsky, D.W., Caspi, A., Corcoran, D.L., Sugden, K., Poulton, R., Arsen-
eault, L., Baccarelli, A., Chamarti, K., Gao, X., Hannon, E., et al. (2022).
DunedinPACE, a DNA methylation biomarker of the pace of aging. Elife
11, €73420. https://doi.org/10.7554/eLife.73420.

Juvinao-Quintero, D.L., Hivert, M.-F., Sharp, G.C., Relton, C.L., and El-
liott, H.R. (2019). DNA Methylation and Type 2 Diabetes: the Use of Men-
delian Randomization to Assess Causality. Curr. Genet. Med. Rep. 7,
191-207. https://doi.org/10.1007/s40142-019-00176-5.

Mendelson, M.M., Marioni, R.E., Joehanes, R., Liu, C., Hedman, A.K.,
Aslibekyan, S., Demerath, EW., Guan, W., Zhi, D., Yao, C., et al.
(2017). Association of Body Mass Index with DNA Methylation and
Gene Expression in Blood Cells and Relations to Cardiometabolic
Disease: A Mendelian Randomization Approach. PLoS Med. 174,
e€1002215. https://doi.org/10.1371/journal.pmed.1002215.

Nitsch, D., Molokhia, M., Smeeth, L., DeStavola, B.L., Whittaker, J.C.,
and Leon, D.A. (2006). Limits to Causal Inference based on Mendelian
Randomization: A Comparison with Randomized Controlled Trials. Am.
J. Epidemiol. 163, 397-403. https://doi.org/10.1093/aje/kwj062.

AlJowf, G.l., Ahmed, Z.T., Reijnders, R.A., de Nijs, L., and Eijssen, L.M.T.
(2023). To Predict, Prevent, and Manage Post-Traumatic Stress Disorder
(PTSD): A Review of Pathophysiology, Treatment, and Biomarkers. Int. J.
Mol. Sci. 24, 5238. https://doi.org/10.3390/ijms24065238.

Abel, T., and Zukin, R.S. (2008). Epigenetic targets of HDAC inhibition in
neurodegenerative and psychiatric disorders. Curr. Opin. Pharmacol. 8,
57-64. https://doi.org/10.1016/j.coph.2007.12.002.

Mclintyre, R.L., Daniels, E.G., Molenaars, M., Houtkooper, R.H., and
Janssens, G.E. (2019). From molecular promise to preclinical results:
HDAC inhibitors in the race for healthy aging drugs. EMBO Mol. Med.
11, €9854. https://doi.org/10.15252/emmm.201809854.

Horvath, S., and Raj, K. (2018). DNA methylation-based biomarkers and
the epigenetic clock theory of ageing. Nat. Rev. Genet. 19, 371-384.
https://doi.org/10.1038/s41576-018-0004-3.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

¢? CellPress

Hales, G.K., Saribaz, Z.E., Debowska, A., and Rowe, R. (2023). Links of
Adversity in Childhood With Mental and Physical Health Outcomes: A
Systematic Review of Longitudinal Mediating and Moderating Mecha-
nisms. Trauma Violence Abuse 24, 1465-1482. https://doi.org/10.1177/
15248380221075087.

Bieszczad, K.M., Bechay, K., Rusche, J.R., Jacques, V., Kudugunti, S.,
Miao, W., Weinberger, N.M., McGaugh, J.L., and Wood, M.A. (2015). His-
tone Deacetylase Inhibition via RGFP966 Releases the Brakes on Sen-
sory Cortical Plasticity and the Specificity of Memory Formation.
J. Neurosci. 35, 13124-13132. https://doi.org/10.1523/JNEUROSCI.
0914-15.2015.

Meylan, E.M., Halfon, O., Magistretti, P.J., and Cardinaux, J.-R. (2016). The
HDAC inhibitor SAHA improves depressive-like behavior of CRTC1-defi-
cient mice: Possible relevance for treatment-resistant depression. Neuro-
pharmacology 707, 111-121. https://doi.org/10.1016/|.neuropharm.2016.
03.012.

Baek, S.Y., Lee, J., Kim, T., Lee, H., Choi, H.-S., Park, H., Koh, M., Kim,
E., Jung, M.E,, lliopoulos, D., et al. (2023). Development of a novel histone
deacetylase inhibitor unveils the role of HDAC11 in alleviating depression
by inhibition of microglial activation. Biomed. Pharmacother. 766,
115312. https://doi.org/10.1016/j.biopha.2023.115312.

Benito, E., Urbanke, H., Ramachandran, B., Barth, J., Halder, R., Awas-
thi, A., Jain, G., Capece, V., Burkhardt, S., Navarro-Sala, M., et al. (2015).
HDAC inhibitor-dependent transcriptome and memory reinstatement in
cognitive decline models. J. Clin. Invest. 125, 3572-3584. https://doi.
org/10.1172/JC179942.

Guan, J.-S., Haggarty, S.J., Giacometti, E., Dannenberg, J.-H., Joseph,
N., Gao, J., Nieland, T.J.F., Zhou, Y., Wang, X., Mazitschek, R., et al.
(2009). HDAC2 negatively regulates memory formation and synaptic
plasticity. Nature 459, 55-60. https://doi.org/10.1038/nature07925.

Yang, E.-J., Lin, EZW., and Hensch, T.K. (2012). Critical period for acous-
tic preference in mice. Proc. Natl. Acad. Sci. USA 109, 17213-17220.
https://doi.org/10.1073/pnas.1200705109.

Vestring, S. (2023). Synaptic plasticity in depression: from mice to hu-
mans. Eur. Psychiatr. 66, S17. https://doi.org/10.1192/j.eurpsy.2023.71.

Fuchikami, M., Yamamoto, S., Morinobu, S., Okada, S., Yamawaki, Y.,
and Yamawaki, S. (2016). The potential use of histone deacetylase inhib-
itors in the treatment of depression. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 64, 320-324. https://doi.org/10.1016/j.pnpbp.2015.03.010.

Gundersen, B.B., and Blendy, J.A. (2009). Effects of the histone deacety-
lase inhibitor sodium butyrate in models of depression and anxiety.
Neuropharmacology 57, 67-74. https://doi.org/10.1016/j.neuropharm.
2009.04.008.

Chen, W.-Y., Zhang, H., Gatta, E., Glover, E.J., Pandey, S.C., and Lasek,
A.W. (2019). The histone deacetylase inhibitor suberoylanilide hydroxa-
mic acid (SAHA) alleviates depression-like behavior and normalizes
epigenetic changes in the hippocampus during ethanol withdrawal.
Alcohol 78, 79-87. https://doi.org/10.1016/j.alcohol.2019.02.005.

Magruder, K.M., Kassam-Adams, N., Thoresen, S., and OIff, M. (2016).
Prevention and public health approaches to trauma and traumatic stress:
arationale and a call to action. Eur. J. Psychotraumatol. 7, 29715. https://
doi.org/10.3402/ejpt.v7.29715.

Bush, W.S., Cooke Bailey, J.N., Beno, M.F., and Crawford, D.C. (2019).
Bridging the Gaps in Personalized Medicine Value Assessment: A Review
of the Need for Outcome Metrics across Stakeholders and Scientific Dis-
ciplines. Public Health Genomics 22, 16-24. https://doi.org/10.1159/
000501974.

Salter, M., and Hall, H. (2022). Reducing Shame, Promoting Dignity: A
Model for the Primary Prevention of Complex Post-Traumatic Stress Dis-
order. Trauma Violence Abuse 23, 906-919. https://doi.org/10.1177/
1524838020979667.

Eggerman, J.J., Dajani, R., Kumar, P., Chui, S., Qtaishat, L., El Kharouf,
A., and Panter-Brick, C. (2023). Social networks, empowerment, and
wellbeing among Syrian refugee and Jordanian women: Implications

Med 6, 100560, February 14, 2025 13



https://doi.org/10.1371/journal.pone.0283169
https://doi.org/10.1016/j.psyneuen.2017.12.012
https://doi.org/10.3389/fpsyg.2021.613754
https://doi.org/10.3389/fpsyg.2021.613754
https://doi.org/10.1038/srep37814
https://doi.org/10.1038/srep37814
https://doi.org/10.2337/db20-0487
https://doi.org/10.2337/db20-0487
https://doi.org/10.1186/s12967-018-1751-9
https://doi.org/10.1186/s12967-018-1751-9
https://doi.org/10.1111/cdev.14090
https://doi.org/10.7554/eLife.73420
https://doi.org/10.1007/s40142-019-00176-5
https://doi.org/10.1371/journal.pmed.1002215
https://doi.org/10.1093/aje/kwj062
https://doi.org/10.3390/ijms24065238
https://doi.org/10.1016/j.coph.2007.12.002
https://doi.org/10.15252/emmm.201809854
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.1177/15248380221075087
https://doi.org/10.1177/15248380221075087
https://doi.org/10.1523/JNEUROSCI.0914-15.2015
https://doi.org/10.1523/JNEUROSCI.0914-15.2015
https://doi.org/10.1016/j.neuropharm.2016.03.012
https://doi.org/10.1016/j.neuropharm.2016.03.012
https://doi.org/10.1016/j.biopha.2023.115312
https://doi.org/10.1172/JCI79942
https://doi.org/10.1172/JCI79942
https://doi.org/10.1038/nature07925
https://doi.org/10.1073/pnas.1200705109
https://doi.org/10.1192/j.eurpsy.2023.71
https://doi.org/10.1016/j.pnpbp.2015.03.010
https://doi.org/10.1016/j.neuropharm.2009.04.008
https://doi.org/10.1016/j.neuropharm.2009.04.008
https://doi.org/10.1016/j.alcohol.2019.02.005
https://doi.org/10.3402/ejpt.v7.29715
https://doi.org/10.3402/ejpt.v7.29715
https://doi.org/10.1159/000501974
https://doi.org/10.1159/000501974
https://doi.org/10.1177/1524838020979667
https://doi.org/10.1177/1524838020979667

¢? CellPress

137.

138.

139.

140.

141.

142.

143.

14

for development and social inclusion. World Dev. 170, 106324. https://
doi.org/10.1016/j.worlddev.2023.106324.

Faddoul, A., Shannon, G., Asghar, K., Boukari, Y., Smith, J., and Neilson,
A. (2024). The health dimensions of violence in Palestine: a call to prevent
genocide. Lancet 403, 25-26. https://doi.org/10.1016/S0140-6736(23)
02751-4.

Segal, R. (2023). Statement of Scholars in Holocaust and Genocide
Studies on Mass Violence in Israel and Palestine since 7 October
(Contend. Mod).

Dias, B.G., and Ressler, K.J. (2014). Parental olfactory experience influ-
ences behavior and neural structure in subsequent generations. Nat.
Neurosci. 17, 89-96. https://doi.org/10.1038/nn.3594.

Aoued, H.S., Sannigrahi, S., Doshi, N., Morrison, F.G., Linsenbaum, H.,
Hunter, S.C., Walum, H., Baman, J., Yao, B., Jin, P., et al. (2019).
Reversing Behavioral, Neuroanatomical, and Germline Influences of
Intergenerational Stress. Biol. Psychiatr. 85, 248-256. https://doi.org/
10.1016/j.biopsych.2018.07.028.

Warin, M., Kowal, E., and Meloni, M. (2020). Indigenous Knowledge in a
Postgenomic Landscape: The Politics of Epigenetic Hope and Repara-
tion in Australia. Sci. Technol. Hum. Val. 45, 87-111. https://doi.org/10.
1177/0162243919831077.

Lappé, M., Fahey, F.F., and Hein, R.J. (2024). Epigenomic Stories: Evi-
dence of Harm and the Social Justice Promises and Perils of Environ-
mental Epigenetics. Sci. Technol. Hum. Val. 49, 673-697. https://doi.
org/10.1177/01622439221137028.

Muller, R., and Kenney, M. (2021). A Science of Hope? Tracing Emergent
Entanglements between the Biology of Early Life Adversity, Trauma-
informed Care, and Restorative Justice. Sci. Technol. Hum. Val. 46,
1230-1260. https://doi.org/10.1177/0162243920974095.

Med 6, 100560, February 14, 2025

144.

145.

146.

147.

148.

149.

150.

151.

Med

Keaney, J., Byrne, H., Warin, M., and Kowal, E. (2023). Refusing epige-
netics: indigeneity and the colonial politics of trauma. Hist. Philos. Life
Sci. 46, 1. https://doi.org/10.1007/s40656-023-00596-1.

Dubois, M., and Guaspare, C. (2020). From cellular memory to the mem-
ory of trauma: Social epigenetics and its public circulation. Soc. Sci. Inf.
59, 144-183. https://doi.org/10.1177/0539018419897600.

Schauer, M., and Schauer, E. (2010). Trauma-Focused Public Mental-
Health Interventions: A Paradigm Shift in Humanitarian Assistance and
Aid Work. In Trauma Rehabilitation After War and Conflict: Community
and Individual Perspectives, E. Martz, ed. (Springer), pp. 389-428.
https://doi.org/10.1007/978-1-4419-5722-1_16.

Orton, L., Lloyd-Williams, F., Taylor-Robinson, D., O’Flaherty, M., and
Capewell, S. (2011). The use of research evidence in public health deci-
sion making processes: systematic review. PLoS One 6, e21704. https://
doi.org/10.1371/journal.pone.0021704.

Ralaidovy, A.H., Adam, T., and Boucher, P. (2020). Resource allocation
for biomedical research: analysis of investments by major funders. Health
Res. Pol. Syst. 18, 20. https://doi.org/10.1186/s12961-020-0532-0.

O’Shea, R., Taylor, N., Crook, A., Jacobs, C., Jung Kang, Y., Lewis, S.,
and Rankin, N.M. (2021). Health system interventions to integrate genetic
testing in routine oncology services: A systematic review. PLoS One 16,
€0250379. https://doi.org/10.1371/journal.pone.0250379.

UN OCHA (2023). United Nations Office for the Coordination of Human-
itarian Affairs. Hostilities in the Gaza Strip and Israel | Flash Update
173. https://www.unocha.org/publications/report/occupied-palestinian-
territory/hostilities-gaza-strip-and-israel-flash-update-173.

Reinhart, E., and Bassett, M.T. (2024). The US Medical Establishment Is
Making One of its Worst Mistakes Again (The Nation).


https://doi.org/10.1016/j.worlddev.2023.106324
https://doi.org/10.1016/j.worlddev.2023.106324
https://doi.org/10.1016/S0140-6736(23)02751-4
https://doi.org/10.1016/S0140-6736(23)02751-4
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref138
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref138
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref138
https://doi.org/10.1038/nn.3594
https://doi.org/10.1016/j.biopsych.2018.07.028
https://doi.org/10.1016/j.biopsych.2018.07.028
https://doi.org/10.1177/0162243919831077
https://doi.org/10.1177/0162243919831077
https://doi.org/10.1177/01622439221137028
https://doi.org/10.1177/01622439221137028
https://doi.org/10.1177/0162243920974095
https://doi.org/10.1007/s40656-023-00596-1
https://doi.org/10.1177/0539018419897600
https://doi.org/10.1007/978-1-4419-5722-1_16
https://doi.org/10.1371/journal.pone.0021704
https://doi.org/10.1371/journal.pone.0021704
https://doi.org/10.1186/s12961-020-0532-0
https://doi.org/10.1371/journal.pone.0250379
https://www.unocha.org/publications/report/occupied-palestinian-territory/hostilities-gaza-strip-and-israel-flash-update-173
https://www.unocha.org/publications/report/occupied-palestinian-territory/hostilities-gaza-strip-and-israel-flash-update-173
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref151
http://refhub.elsevier.com/S2666-6340(24)00454-9/sref151

	Molecular insights into trauma: A framework of epigenetic pathways to resilience through intervention
	Introduction
	Experiences of trauma
	Biological adaptations to trauma
	Opportunities and challenges in studying molecular plasticity in intervention
	Implications of a biologically adaptive framework for public health interventions
	Acknowledgments
	Author contributions
	Declaration of interests
	References


