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Abstract
Behavioral epigenetics posits that both nature and nurture must be considered when determining the etiology of behavior or
disease. The epigenome displays a remarkable ability to respond to environmental input in early sensitive periods but also
throughout the lifespan. These responses are dependent on environmental context and lead to behavioral outcomes. While early
adversity has been shown to perpetuate issues of mental health, there are numerous intervention strategies shown efficacious to
ameliorate these effects. This includes diet, exercise, childhood intervention programs, pharmacological therapeutics, and talk
therapies. Understanding the underlying mechanisms of the ability of the epigenome to adapt in different contexts is essential to
advance our understanding of mechanisms of adversity and pathways to resilience. The present review draws on evidence from
both humans and animal models to explore the responsivity of the epigenome to adversity and its malleability to intervention.
Behavioral epigenetics research is also discussed in the context of public health practice and policy, as it provides a meaningful
source of evidence concerning child development and disease intervention and prevention.
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Introduction

The debate of nature versus nurture seeks to place a dichoto-
mization on the importance of the genome or environment in
determining our propensity for a behavioral phenomenon or
disease. Behavioral epigenetics has helped cement the realiza-
tion that both need to be considered, providing empirical ev-
idence of physical interactions between our genome and en-
vironment that can drive changes in behavior or disease etiol-
ogy. Originally defined by Conrad Waddington in 1942, the
term epigenetics has shifted definitions throughout the history
of the field; it was originally used to describe how the process
of fertilization is able to yield a complex organism through
variations in gene expression (Felsenfeld, 2014; Waddington,
1940; Waddington, 1942). Literally translating to “above ge-
netics”, David Moore (2015) more broadly defines epige-
netics as the process by which genetic material is activated,

or deactivated, in different environmental contexts. Indeed,
functioning more like a dimmer switch, epigenetic mecha-
nisms enable our environments to dynamically interact with
our genome and alter the degree to which our genes are
expressed.

A commonly studied epigenetic phenomenon in terms of
behavior or disease is DNA methylation. Briefly, one mecha-
nism that can occur at the molecular level in response to the
environment is the addition of methyl groups to cytosine-
guanine (CG) dinucleotides, aided by enzymes called DNA
methyl-transferases (DNMT) near the promoter region of a
DNA sequence (Bestor, 2000; Smith & Meissner, 2013).
Typically, albeit not exclusively, the more methylated a pro-
moter region, the less degree of gene expression (Nan et al.,
1998; Smith &Meissner, 2013). DNAmethylation is thus one
dynamic process by which environmental exposure can get
under our skin, and help shape us epigenetically. Changes in
DNA methylation have been associated with exposures to a
variety of factors, especially psychosocial stress (Bowers &
Yehuda, 2015; Franklin et al., 2010; Heijmans et al., 2008;
McGowan et al., 2009; Mueller & Bale, 2008; Mulligan,
Derrico, Stees, & Hughes, 2012; Murgatroyd et al., 2009;
Palma-Gudiel, Córdova-Palomera, Leza, & Fañanás, 2015;
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Radtke et al., 2011) and experiences in the context of early
caregiving (McGowan et al., 2009; Murgatroyd & Spengler,
2011; Roth, Lubin, Funk, & Sweatt, 2009; Weaver et al.,
2004). Additional factors such as exercise (Nitert et al.,
2012; Rönn et al., 2013) and diet (Hardy & Tollefsbol,
2011) also readily interact with the genome (for review, see
Kanherkar, Bhatia-Dey, & Csoka, 2014), indicating our epi-
genome is dynamically regulated and shaped by environmen-
tal exposures and experiences throughout our lives.

Resilience has been defined as the capacity of a dynamic
system to adapt successfully to disturbances that threaten sys-
tem function (Masten, 2013). Like epigenetic regulation, re-
silience is a process that is thought to be on a continuum and
dependent on context (Pietrzak & Southwick, 2011; for re-
view see Southwick, Bonanno, Masten, Panter-Brick, &
Yehuda, 2014). Thus, the study of resilience, in the context
of epigenetics, further aids in the understanding of how our
genome is dynamically regulated in response to our
environments.

The present review seeks to examine epigenetic responses
to adversity throughout the lifespan in both human and animal
models, and their association with behavior or disease etiolo-
gy. Moreover, we highlight various intervention strategies,
including diet, exercise, mindfulness meditation, talk therapy,
and childhood programs that are efficacious in altering the
epigenome, and improving health outcomes. Indeed, while
the epigenome is affected by adverse outcomes, data from
these intervention strategies provide evidence that the epige-
nome is malleable both within and outside of sensitive pe-
riods. While more research is required to understand the nu-
ances of how various environmental factors affect the epige-
nome at specific time points, the current evidence provided in
this review suggests that the epigenome should be considered
a valuable asset in understanding how our experiences, posi-
tive or negative, get under our skin and shape underlying
biology and behavior. Further, policy and healthcare implica-
tions are explored.

Evidence the Epigenome Is Alterable
by Adversity

Shortly after Conrad Waddington penned the term epige-
netics, a great famine took place in the Netherlands nearing
the end of World War 2. Indeed, the Dutch Hunger Winter
became a prolific event in history; nearly 4.5 million individ-
uals were affected by the famine, with a reported 15,000 to
25,000 deaths occurring in this region (Ekamper, Bijwaard,
Poppel, & Lumey, 2017). Notably, infants exposed to the
famine in utero in early, as opposed to late, gestation experi-
enced prominent increases in obesity and cardiovascular is-
sues (Schulz, 2010; Stein et al., 2007), even after controlling
for smoking and social class (Painter et al., 2006). In a twin

study, Heijmans et al. (2008) provided evidence that the ex-
posure had profound effects on the epigenome; those who had
been exposed to the famine in utero had different methylation
patterns compared to same-sex siblings who were not exposed
to famine. More specifically, as measured in whole blood,
siblings exposed to famine had significant hypomethylation
of the insulin-like growth factor II (IGF2) gene differentially
methylated region, compared with siblings not exposed to
famine. Consequently, in addition to developing obesity, ex-
posure to famine in utero has been associated with developing
psychopathologies, including schizophrenia (Hoek, Brown, &
Susser, 1998).

In addition to the Dutch Hunger Winter, other work exam-
ining Holocaust survivor offspring show differential methyla-
tion of a gene known for proper stress responsivity, the glu-
cocorticoid receptor gene (NR3C1) (Yehuda et al., 2014; for
review, see Palma-Gudiel et al., 2015). Hypermethylation of
this same gene in the hippocampus has been observed in those
who had a history of abuse and had committed suicide
(McGowan et al., 2009). Furthermore, in work with rodents,
hippocampal methylation of the glucocorticoid receptor gene
has been associated with poor stress responsivity (Weaver
et al., 2004), further linking this gene to behavior and psycho-
pathology. Despite most of the human literature focusing on
documenting epigenetic responses to traumatic events that
have occurred over an extended period of time, there have
been a handful of studies examining the effects of stress ex-
posure over much shorter periods. For example, there have
been differential methylation patterns observed in US military
members pre- and postdeployment as measured in serum.
Service members who developed PTSD postdeployment had
significantly increased methylation of the IL18 gene, and
those who did not develop PTSD had reduced methylation
levels of the IL18 and H19 genes (Rusiecki et al., 2013). In
addition, study participants show rapid changes in DNAmeth-
ylation in both the response to and recovery from the Trier
Social Stress Test, as measured in saliva and buccal cells
(Edelman et al., 2012; Wiegand et al., 2018). Altogether, data
highlight the responsivity of the epigenome upon exposure to
adversity that is detectable across different peripheral tissue
types.

While human studies provide insight into a relationship
between the epigenome and the etiology of disease in those
affected by trauma, it is difficult to make definitive statements
regarding causality. Indeed, the vast majority of the epigenetic
work in humans is centered on studies after documented trau-
matic events; it would be more informative if both pre- and
postepigenetic profiles were established, but of course, one
simply cannot predict when trauma will occur. Moreover, if
we follow the definition proposed by David Moore (2015) in
which epigenetics is defined as how gene expression is
changed in different environmental contexts, it is nearly im-
possible to control for all of the different contexts an
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individual can experience throughout their lifetime. Animal
models are a necessary and sound extension of clinical work;
they allow experimental exploration into whether the epige-
nome responds to stress. With animal models, causality with
regard to the etiology of behavioral phenomena or disease can
be established, environmental exposures can be carefully con-
trolled, various age points can be sampled, and systems can be
perturbed to explore necessity and sufficiency. Moreover, ac-
tual brain tissue can be extracted, as opposed to the reliance on
peripheral tissues in humans such as blood, saliva, or buccal
cells; the best analog to brain tissue is still debated (Bakulski,
Halladay, Hu, Mill, & Fallin, 2016).

Animal models do have some limitations. For example,
given the complexity of disorders like schizophrenia or bipo-
lar disorder, animal models typically rely on studying
endophenotypes or subsets of the symptomology (Beyer &
Freund, 2017; Jones, Watson, & Fone, 2011). Moreover, an-
imal methodology often relies on lesions or genetic manipu-
lations, and such rather extreme perturbations may affect be-
havioral and disease pathways differently than smaller natu-
rally occurring ones do in humans. Additionally, there can be
debate in the field about how to interpret behavioral data from
commonly used paradigms, such as the forced swim test (e.g.,
Mul, Zheng, & Goodyear, 2016). Nonetheless, animal models
are clearly valuable preclinical tools to shed light on the bio-
logical bases of behavior or disease, which are necessary to
inform policy and healthcare.

Summarizing the current stage of knowledge from an ever-
growing body of animal work, adversity exposure preconcep-
tion, during periods of gestation, and throughout the lifespan
in various animal models demonstrate the malleability of the
epigenome. For example, chronic unpredictable stress approx-
imately 2 weeks prior to mating produced marked behavioral
and epigenetic differences in offspring in the frontal cortex
(Zaidan, Leshem, & Gaisler-Salomon, 2013). Exposure to
stress during the early (Mueller & Bale, 2008; Pankevich,
Mueller, Brockel, & Bale, 2009) and later (Champagne &
Meaney, 2006; Mairesse et al., 2007) stages of gestation pro-
duce divergent epigenetic responses and anxiety phenotypes.
Further, F1 male offspring reared from fathers who experi-
enced maternal separation stress display different methylation
patterns in their sperm, and display anxiety- and depressive-
like phenotypes (Franklin et al., 2010).

Animal studies make it clear that after birth, the epigenome
remains attuned to its environment. Indeed, maternal licking
and grooming, or exposure to maltreatment leave enduring
epigenetic marks on genes related to brain development, plas-
ticity, and stress responsivity in the prefrontal cortex and hip-
pocampus (Doherty, Blaze, Keller, & Roth, 2017; Roth et al.,
2009; Weaver et al., 2004). Active DNA methylation and
demethylation are known to occur in the adult brain and are
processes pivotal for brain function and memory (Halder
et al., 2016; Lubin, Roth, & Sweatt, 2008; Miller et al.,

2010) and responsiveness to psychosocial stress (LaPlant
et al., 2010; Makhathini, Abboussi, Stein, Mabandla, &
Daniels, 2017; Roth, Zoladz, Sweatt, & Diamond, 2011;
Wright et al., 2017). Considering the epigenome is responsive
to environmental influences outside of sensitive periods, it
argues that we should not necessarily view early-life experi-
ences as determinative of either our epigenetic landscapes or
psychopathologies. Indeed, tapping into the potential of the
respons ive ep igenome, v ia pharmaco log ica l o r
nonpharmacological interventions, is a promising avenue to
change brain and behavior development to promote resilience.

Exploiting the Malleability of the Early-Life
Epigenome to Change Outcomes

Data exist suggestive of an early-life sensitive period where
the epigenome is perhaps most malleable (Curley &
Champagne, 2016; Dunn et al., 2019; Faulk & Dolinoy,
2011). In humans, recent data suggest exposure to adversity
between birth and 2 years of age is predicative of differentially
methylated regions at age 7, as measured in cord blood or
blood leukocytes (Dunn et al., 2019). Exposure to adversity
early in life has been associated with various psychopathol-
ogies, including depression (LeMoult et al., 2020; Syed &
Nemeroff, 2017), anxiety (Fonzo et al., 2015; Lähdepuro
et al., 2019) and posttraumatic stress disorder (Yehuda et al.,
2010). This is likely because this period is critical for brain
growth and development (Gilmore, Knickmeyer, & Gao,
2018), with structural and functional relations already forming
between neural networks (Haartsen, Jones, & Johnson, 2016).

When one synthesizes findings, it is critical that type,
timing, and duration of stressors be taken into account in ex-
amining the propensity for future psychopathology (Cavigelli
et al., 2018; Provenzi, Giorda, Beri, & Montirosso, 2016); if
one examines a gene-by-environment by timing interaction,
perhaps it would be more informative in determining how
stress impacts the developing brain. Furthermore, if we accept
that timing of stress matters, this also supposes that the timing
of the intervention matters (Heim & Binder, 2012). Since we
know that methylation is reversible (Ramchandani,
Bhattacharya, Cervoni, & Szyf, 1999; Szyf, Tang, Hill, &
Musci, 2016) and associated with stress exposure in early life
(e.g., McGowan et al., 2009; Roth et al., 2009; Weaver et al.,
2004), it provides a sound therapeutic target, and biomarker,
in examining the efficacy of various early preventative mea-
sures and interventions (Szyf et al., 2016). These include in-
terventions targeting a mother’s nutrition and programs direct-
ed at families to provide a more positive early life
environment.

As we learned through the Dutch Hunger Winter, maternal
diet in utero can have profound effects on offspring health
(Painter et al., 2006; Schulz, 2010; Stein et al., 2007),
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differences in epigenetic methylation of particular genes
(Heijmans et al., 2008), and increased incidences of psycho-
pathology (Hoek et al., 1998). Indeed, maternal consumption
of dietary fibers, carbohydrates, vitamins, and folic acid can
all alter epigenetic mechanisms of infants in utero, making
proper nutrition important for regulating infant growth, and
processes including immunity and inflammation (Martínez,
Cordero, Campión, & Milagro, 2012; Paparo et al., 2014).
Particularly, maternal consumption of folic acid is essential
in epigenetic development, being important for proper cogni-
tive development (Irwin et al., 2016), and regulating genes
known to be associated with genetic imprinting and diabetes
(Irwin et al., 2019). Moreover, folate deficiency has been as-
sociated with increased cancer risk (Bistulfi, Vandette,
Matsui, & Smiraglia, 2010). Taken together, these data indi-
cate that the earliest intervention/prevention for offspring
health starts with maternal diet, as the epigenome’s malleabil-
ity to exposures in utero can alter disease trajectory.

The Bucharest Early Intervention Project (BEIP) began in
2000 and examines the effects of institutionalization and early
life deprivation on brain growth and development, with high
qua l i ty fos te r ca re as a poten t ia l in te rven t ion .
Institutionalization is often characterized as having low qual-
ity of care, with often insufficient environments for proper
developmentally required stimulation, and parental caregiv-
ing. Consequently, children in institutionalization often have
deficiencies in attachment (Zeanah, Smyke, Koga, & Carlson,
2005), lower IQ’s (Almas, Degnan, Nelson, Zeanah, & Fox,
2016), as well as smaller cortical gray volume compared with
children not institutionalized (Sheridan, Fox, Zeanah,
Mclaughlin, & Nelson, 2012). However, if these children are
placed in high quality caregiving before 2 years of age, there
are significant improvements in cognitive outcomes later in
life, further supporting this time point as a sensitive period in
humans (Dunn et al., 2019; Nelson et al., 2007). Furthermore,
there was a negative correlation found between methylation,
and time spent in institutional care at specific cytosine sites of
the serotonin transporter gene (SLC6A4), as measured in buc-
cal cells at 12.5 years of age (Non et al., 2016).

Family Centered Development Care (FCDC) is a program
viewing the family as an essential contributor to developmen-
tally supportive care of their baby, and has the goal of improv-
ing parent/baby interactions, especially babies necessitating
the neonatal intensive care unit (NICU). It utilizes a team-
based approach, in which care workers and families develop
relationships to facilitate the development of proper infant-
caregiver relationships throughout development (Craig et al.,
2015). This intervention program has been a proposedmethod
to regulate the epigenome of preterm infants requiring the
NICU, especially considering brain development normally
taking place in utero occurs postnatally in NICU cases, and
this population is consequently at risk for neurodevelopmental
disorders (Ment & Vohr, 2008; Samra, Mcgrath, Wehbe, &

Clapper, 2012). Other family-centered intervention programs
have been successful in ameliorating epigenetic profiles of 20-
year-old adults exposed to harsh parenting and parental de-
pression, if the children were entered into the program by age
11. More specifically, children exposed to parental depression
had increased epigenetic aging of peripheral blood mononu-
clear cells, and a family-based intervention program adminis-
tered at age 11 ameliorated this epigenetic response to a harsh
early life environment, and was associated with lower emo-
tional distress (Brody, Yu, Chen, Beach, & Miller, 2015).
Taken together, these data provide empirical support that
family-based intervention programs, both with preterm and
early adolescents, can ameliorate the effects of early-life stress
and associated epigenetic changes to promote positive behav-
ioral change.

The Nurse-Family Partnership (NFP) program is another
early intervention program, in which nurses visit homes of at-
risk families and instruct mothers to identify developing
health issues. The program has three goals: improvement of
a mother’s behaviors that are thought to mediate pregnancy
outcomes, facilitate integration of the mother into other rela-
tionships to build a support network, and provide an avenue
for mothers to access other needed health resources.
Consequently, mothers enrolled in this program have better
dietary management and engage in less incidences of child
abuse (Olds, Hill, Obrien, Racine, & Moritz, 2003), both fac-
tors known to impact the epigenome (Doherty et al., 2017;
Heijmans et al., 2008; Irwin et al., 2019; Roth et al., 2009)
and lead to increased psychopathology, including suicidality
(McGowan et al., 2009). Moreover, not only do mothers re-
port positive experiences in this program (Landy, Jack,
Wahoush, Sheehan, & Macmillan, 2012), but there are less
incidences of childhood maltreatment, youth substance abuse,
and infant death (Miller, 2015). In a 27-year follow-up study
of youth originally engaged in this program, investigators
found differentially methylated regions in whole blood in re-
sponse to those engaged in the program and those who did
not. In a principal component analysis, those who were ex-
posed to childhood adversity or the NFP had significant DNA
methylation variability at 27 years of age (O’Donnell et al.,
2018). Moreover, individuals exposed to child abuse/neglect
had enrichment of variably methylated CpG sites (vCpGs)
within genes regulated by hormone receptors, including the
glucocorticoid receptor gene (NR3C1). While this work is in
its infancy and directionality of methylation in various periph-
eral tissues needs to be considered, these data suggest that the
NFP is, in part, efficacious in reshaping our epigenome. Taken
together, these data demonstrate that the NFP, like the FCDC,
is a sound intervention strategy that can exploit the malleabil-
ity and resiliency of the epigenome.

Finally, the Attachment and Biobehavioral Catch-up
(ABC) intervention is another intervention targeting at-risk
children, focusing on parent-child relationships that are
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essential in early, and throughout, development (Dozier &
Bernard, 2017). The ABC intervention is a 10-session home
visitation program, in which a parent coach helps to train
parents to provide adequate caregiving, often focusing on
proper social dynamics between the infant and parent. The
parent coach will teach parents how to engage in nurturing
ways, including appropriate response strategies aimed at reg-
ulating a child’s psychological reactions by following their
lead, in addition to reduce behaviors such as yelling or
screaming. During this process, the parent coach can provide
active feedback to the caregiver, to facilitate learning and
making adjustments to improve the parent-infant dynamic,
ultimately leading to more organized attachments and proper
child regulatory skills (Dozier & Bernard, 2017). Using this
protocol, children have demonstrated more normalized corti-
sol diurnal rhythms, (Bernard, Hostinar, & Dozier, 2015),
higher vocabulary scores (Bernard, Lee, & Dozier, 2017),
and higher rates of organized attachment (Bernard et al.,
2012), making this program efficacious in improving infant
outcomes. In a preliminary study, ABC intervention in chil-
dren aged 6–21 months promoted differential methylation in
gene pathways associated with neuronal differentiation, neu-
ronal development, and cell signaling as measured in saliva
(Hoye et al., 2019).

While the epigenetic measurements of such work are in
early stages, current data posit that the epigenome can be
utilized as both a biomarker and a target to promote healthy
development. Pharmacological interventions aimed at al-
tering DNA methylation, including valproic acid (VPA)
and 5-Azacytidine are in clinical trials for epigenetic drug
therapies for tumor suppression (Egger, Liang, Aparicio, &
Jones, 2004; Szyf, 2009; Ganesan, Arimondo, Rots,
Jeronimo, & Berdasco, 2019), and one day these drugs or
others may be worthy intervention avenues to help pro-
mote resilience. While current epigenetic pharmacological
therapeutics proposes challenges of gene target specificity
(Hyman, 2012), work with these agents in animal models
are useful to test the notion that if one could potentially
prevent aberrant epigenetic activity, and if the epigenetic
activity is causally related to behavioral outcome, then it
should be possible to block maladaptive behavioral devel-
opment from occurring altogether. Histone deacetylase in-
hibitors (HDACi) such as VPA, sodium butyrate (NaB),
and Trichostatin A (TSA) have been shown to decrease
DNA methylation (Sarkar et al., 2011; Weaver et al.,
2004), and have been efficacious in the treatment of
depressive- (Covington et al., 2009; Fuchikami et al.,
2016; Schmauss, 2015), schizophrenic- (Revenga et al.,
2018), and anxiety-like (Weaver et al., 2004) phenotypes.
Likewise, DNA methyltransferase inhibitors (DNMTi),
such as zebularine, have been shown to reverse epigenetic
marks and behavior associated with exposure to early ad-
versity (Keller, Doherty, & Roth, 2019; Roth et al., 2009).

As described elsewhere (Walker et al., 2017), the scarcity
adversity paradigm is one way to experimentally expose infant
rats to adversity in the context of caregiving. Based upon condi-
tions created by the experimenter, a dam spends significantly less
time nurturing and significantly more time displaying aversive
caregiving behaviors towards pups (Fig. 1a; e.g., Blaze,
Scheuing, & Roth, 2013; Roth et al., 2009). Though the exper-
imental conditions do not appear to render elevations in cortico-
sterone (Fig. 1b), they do create aberrant brain methylation and a
host of behavioral abnormalities (Fig. 1a; Blaze et al., 2013;
Blaze, Asok, & Roth, 2015; Blaze & Roth, 2017; Doherty
et al., 2017; Doherty, Chajes, Reich, Duffy, & Roth, 2019;
Keller, Doherty, & Roth, 2018; Keller et al., 2019; Roth et al.,
2009; Roth, Matt, Chen, & Blaze, 2014). This model has proven
useful to test whether epigenetic therapeutics, administered early,
can alter the epigenome. To date, the HDACi sodium butyrate
(Doherty et al., 2019) and the DNMTi 5-azacytidine-2′-
deoxycytidine (Fig. 2) have proven efficacious in lowering
maltreatment-induced aberrant DNA methylation in the prefron-
tal cortex. Taken together, these data further demonstrate the
malleability of the epigenome. Future research underway is ex-
ploring whether these strategies are sufficient to alter the devel-
opment of behavior, including the perpetuation of phenotype to
progeny. Of course, it is also important to utilize animal models
to explore the capacity of behavioral interventions to promote
resilience. Indeed, cross-fostering to provide a more nurturing
caregiving environment has been shown to promote different
epigenetic and behavioral outcomes (Weaver et al., 2004) and
ameliorate some of the epigenetic changes associated with early
life adversity (Roth et al., 2009). Further, environmental enrich-
ment prevents the perpetuation of the epigenetic effects of early
adversity in the form of maternal separation (Gapp et al., 2016).

Taken together, data in both humans and rodents indicate that
early-life sensitive periods provide an ideal time point for inter-
vention; both neural structures and the epigenome are sensitive to
environmental inputs, and can shift developmental trajectories
depending upon context. This context is not, however, exclusive
to early life, as will be explored in the next section.

Exploiting the Malleability of the Later Life
Epigenome to Promote Change

While the epigenome and brain display developmental pe-
riods more responsive to environmental inputs, the epigenome
remains attuned to the environment throughout the lifespan
(for review, see Kanherkar et al., 2014). Indeed, in clinical
studies, environmental factors including exercise, diet, psy-
chotherapy, and meditation all prove efficacious in improving
disease etiology with associated epigenomic changes; the epi-
genome again shows that it has the capacity to change depend-
ing upon context. Indeed, not everyone exposed to stress in
early life develops psychopathology, and data in both human
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and animal models suggests that few incidences of early life
stress may even promote later stress resiliency (Gapp et al.,

2014; Parker, Buckmaster, Hyde, Schatzberg, & Lyons, 2019;
Santarelli et al., 2017). To navigate these findings and deter-
mine how development impacts the propensity for disease or
resiliency, it is thus critical to consider how the epigenome
dynamically responds to contexts outside of developmentally
sensitive periods.

Exercise outside of the sensitive period of development
improves symptomatology associated with anxiety (Moor,
Beem, Stubbe, Boomsma, & Geus, 2006), depression
(Bridle, Spanjers, Patel, Atherton, & Lamb, 2012), and
Alzheimer’s disease (Intlekofer & Cotman, 2013). One way
in which this may occur is through alterations in epigenetic
mechanisms. Indeed, exercise has been shown to lead to epi-
genetic remodeling (Voisin, Eynon, Yan, & Bishop, 2015),
including increases in Brain-derived neurotrophic factor
(BDNF) gene expression (Gomez-Pinilla, Zhuang, Feng,
Ying, & Fan, 2011; Sleiman et al., 2016), a gene that promotes
neurogenesis and synaptic plasticity in the hippocampus
(Intlekofer & Cotman, 2013), which is a brain region impli-
cated in mediating stress responses and where decreases in
volume often occur in pathology (Mcewen, Nasca, & Gray,
2016). Since this brain region is epigenetically regulated in the

Pups repeatedly placed with a dam in a novel environment with 
insufficient nes�ng material 

• Stepping on pup
• Dropping pup during transport
• Dragging pup 
• Ac�vely avoiding pup 
• Roughly handling pup
• Less licking/grooming
• Less hovering/nursing

• 40 kHZ vocaliza�ons in pups (Blaze et al., 2013; Blaze and Roth, 2017)
• Greater Bdnf methyla�on in PFC (Roth et al., 2009; Doherty et al., 2019)
• Greater Bdnf methyla�on in mPFC neurons (females) (Blaze and Roth, 2017)
• Less Histone 3 lysine 9/14 acetyla�on associated with Bdnf IV DNA in mPFC 

(Blaze et al., 2015)
• Lower Bdnf methyla�on in amygdala (Roth et al., 2014)
• Perpetua�on of caregiving behavior (Roth et al., 2009; Keller et al., 2019)
• Increased latency to immobility in FST (females) (Doherty et al., 2017; Keller et 

al., 2018)
• Less �me inves�ga�ng new object in NOR test (females) (Doherty et al., 2017)
• Deficits in fear ex�nc�on (males) (Doherty et al., 2017)

Dam behavior Behavioral and epigene�c consequences

a)

b)

Fig. 1 a Because of an unfamiliar environment and insufficient nesting
material dams spends significantly less time nurturing and significantly
more time displaying aversive caregiving behaviors towards pups. These
behaviors elicit vocalizations from the pups, and later aberrant brain
methylation and behavioral abnormalities. Bdnf = Brain-derived
neurotrophic factor; PFC = prefrontal cortex; mPFC =medial prefrontal
cortex; FST = forced swim test; NOR = novel object recognition. b

Depicts the concentration of plasma corticosterone in 8-day-old pups
across treatment conditions from the scarcity adversity paradigm. No
significance was found between treatment groups. n = 5–6 pups/group,
error bars represent SEM. Normal and cross-foster = exposure to only
nurturing care from a dam. Maltreatment = exposure to brief and repeated
bouts of maltreatment from a dam

Fig. 2 Methyl-specific real-time PCR results for Bdnf DNA methylation
(IX) in 8-day-old pups showing higher methylation associated with mal-
treatment, which was prevented if the higher dose of 5-aza was delivered
concurrent with exposure to maltreatment. Error bars represent SEM. n =
19–23/per group. Bdnf = Brain-derived neurotrophic factor; NUR = nur-
turing (exposure to only nurturing care from a dam) andMAL=maltreat-
ment (exposure to brief and repeated bouts of maltreatment from a dam);
SAL = saline. **p < 0.01 MAL vs. NUR main effect of infant condition;
#p < 0.05 MAL/SAL vs. NUR/SAL and MAL 1.0 mg
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etiology of disease based on early environmental input
(McGowan et al., 2009; Weaver et al., 2004), and we know
BDNF methylation has been associated with early life adver-
sity (Kundakovic et al., 2015; Perroud et al., 2013; Roth et al.,
2009), exercise may prove to be efficacious to alter the epige-
nome and subsequently improve disease symptomology in
later stages of development. Indeed, epigenetic alterations
are found in numerous exercise intervention programs
targeting adolescents or adults (Nitert et al., 2012; Rönn
et al., 2013; Zeng et al., 2012) which were associated with
mitigation of disease. While data suggests that any level of
intensity of exercise is efficacious in regulating depression
(Helgadóttir, Hallgren, Ekblom, & Forsell, 2016), other data
suggests that decreases in methylation are intensity-dose de-
pendent as measured in skeletal muscle (Barrès et al., 2012).
Taken together, these data on exercise are consistent with the
notion that exercise is efficacious in both regulating the epi-
genome and promoting mental health.

Various behavioral therapies, including but not limited to
cognitive-behavioral therapy (CBT) and psychodynamics, are
efficacious in improving psychopathology, including depression
(Butler, Chapman, Forman, & Beck, 2006; Driessen et al., 2010)
and anxiety disorders (Hoffman & Smits, 2008; Keefe,
Mccarthy, Dinger, Zilcha-Mano, & Barber, 2014). Recent work
suggests psychotherapy may act as an epigenetic therapeutic,
through perhaps improving functional neural circuits implicated
in the etiology of disease (Miller, 2017; Stahl, 2011). Indeed, one
study found that in patients with borderline personality disorder,
incidences of childhood traumawere associated with increases in
methylation of the BDNF gene in peripheral blood leukocytes
(Perroud et al., 2013). However, patients whowere responders to
the therapy had a decrease in BDNF methylation, and these
changes in methylation were associated with decreased depres-
sion severity, hopelessness, and impulsivity (Perroud et al.,
2013). BDNF is important for proper dendritic growth and plas-
ticity during development (Cohen-Cory, Kidane, Shirkey, &
Marshak, 2010), and increased methylation of this gene has been
implicated in many psychopathologies (D'Addario et al., 2012;
Kang et al., 2013; Keller et al., 2010; Xie et al., 2017).
Pharmacological administration of citalopram, a common anti-
depressant medication, has also demonstrated efficacy in increas-
ing BDNF gene expression of individuals responsive to the drug
in whole blood; there was also significantly reduced histone H3
lysine 27 tri-methylation in responders, a histone marker of re-
pression (Lopez et al., 2013).

Finally, eastern traditions, including mindfulness meditation,
have been increasing in popularity. Indeed, mindfulness medita-
tion practices are one of the fastest growing health trends and
have been proposed as an integral piece of healthcare (Mars &
Abbey, 2010). Current data suggests that mindfulness meditation
improves many diseases, including anxiety and depression
(Schreiner & Malcolm, 2008) and PTSD (King et al., 2013),
including treatment-resistant depression (Deen, Sipe, &

Eisendrath, 2016). Mindfulness meditation has been demonstrat-
ed to modulate brain activity in regions known to be important
for attention (Kozasa et al., 2012), pain processing (Zeidan,
Grant, Brown,Mchaffie, & Coghill, 2012), and the default mode
network (DMN) (Berkovich-Ohana, Glicksohn, & Goldstein,
2012; King et al., 2016). The DMN is a group of brain structures
functionally active at rest as opposed to attention-oriented tasks
(Whitfield-Gabrieli & Ford, 2012), and has been implicated in
rumination associated with depression (Zhou et al., 2020). Some
research suggests that changes in functional connectivity and
morphology associated with meditation are dependent on in-
creasing levels of experience (Tomasino, Fregona, Skrap, &
Fabbro, 2013). Indeed, long-term meditators, compared with
controls, display epigenetic alterations in genes linked to human
diseases (García-Campayo et al., 2017), as well as slower epige-
netic clocks in response to aging (Chaix et al., 2017). Though
these data are in their infancy, they further support the idea that
our epigenome is malleable to various intervention strategies.

Studies with adult rodents likewise provide an extension to
the early developmental data, demonstrating that the epigenome
retains its responsivity and is a plausible mechanism for behav-
ioral intervention. In the scarcity-adversity paradigm of mal-
treatment as described previously (Fig. 1), rat pups exposed to
early life maltreatment display increased Bdnf methylation in
the prefrontal cortex (Doherty et al., 2019; Roth et al., 2009)
that persists into adulthood (Roth et al., 2009), and is associated
with behavioral abnormalities (Doherty et al., 2017), including
a perpetuation of maltreatment (Keller et al., 2019; Roth et al.,
2009). If zebularine is administered to animals in adulthood
with a history of maltreatment, there is a normalization of
Bdnfmethylation and a reduction in aversive caregiving behav-
iors (Keller et al., 2019). Furthermore, administration of
zebularine in adulthood normalized aberrant forced swim be-
havior of maltreated females to levels comparable of controls
(Keller et al., 2018), which is a common paradigm utilized to
study depressive-like phenotypes. Administration of antide-
pressants in socially defeated depressed mice brought about
transcriptional changes promoting resiliency (Bagot et al.,
2017; Lorsch et al., 2019). Finally, other work looking at envi-
ronmental enrichment in adult rats has shown reductions in
addictive-like behaviors (Imperio et al., 2018) and memory
deficits (Morse, Butler, Davis, Soller, & Lubin, 2015) mediated
through changes in methylation.

Summary and Policy Implications

Epigenetics is the process by which genetic material is
activated, or deactivated, in different environmental con-
texts (2015). Indeed, work in both humans and various
animal models demonstrate the capacity of the environ-
ment to get under the skin to interact with our genome
and shape our epigenetic landscapes. Work also
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demonstrates the epigenome has a remarkable capacity to
adapt to interventions, including nutrition, exercise, par-
enting and behavioral intervention programs, environmen-
tal enrichment, and pharmacological therapeutics, with
positive behavioral outcomes.

Altogether, this reveals some of the mechanisms driving
the development of behavior and health, helps us understand
our epigenome’s capacity to change because of experience,
and identifies important targets for intervention work to pro-
mote resilience. Such data can also better inform public out-
reach and policy efforts. For example, since diet and exercise
have the capacity to shape the epigenome and disease etiology
throughout the entire lifespan, public outreach and policy ef-
forts should talk about the importance of nutrition and exer-
cise not only through the lens of cardiovascular concern for
the generation at hand but also how they impact the epige-
nome for the next generation. Indeed, no matter the stage of
development, from in utero through adulthood, diet is an in-
tegral component of DNA methylation as folate is essential in
the synthesis of methyl groups that are necessary for DNA
methylation, and abnormal folate metabolism is associated
with disease (for review, see Zheng & Cantley, 2018).

Similarly, data indicate early-life intervention programs for
children exposed to stress are not only efficacious in improv-
ing health outcomes, but also in reprogramming the epige-
nome after stress exposure. The biological impact of adversity
should be a clear message to the public and policymakers, and
these intervention programs should be made aware and avail-
able to families who need them, as the economic costs of
mental health are likely to be far greater than the funding
required to sustain these programs. Further, behavioral thera-
py and mindfulness meditation have already demonstrated
utility in patient outcomes of incidences of various psychiatric
disorders; their ability to affect individuals at the molecular
level are now just being appreciated but need to have their
place too in public outreach and policy efforts promoting
health. In conclusion, further research exploring preventable
and reversible epigenetic states holds great promise of helping
us advance adversity and resilience science and policy.
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