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Abstract

The emerging realm of social epigenomics unveils the intricate interplay between social determinants
and chromatin dynamics, offering profound insights into health disparities and disease mechanisms.
Social stressors, such as chronic stress and discrimination, serve as catalysts for epigenetic modifications
like DNA methylation and histone post-translational modifications (PTMs), which in turn impact stress
response pathways and contribute to a spectrum of health conditions. The ramifications of social
isolation reverberate on a molecular level, as evidenced by the reshaping of gene networks within critical
brain regions linked to emotions and stress responses. Studies also elucidate significant changes in
histone acetylation, DNA methylation, and non-coding RNA expression in response to social isolation,
shedding light on the complex interplay between social experiences and epigenetic regulation. Beyond
social stressors and isolation, factors like nutrition, life style choices, and exposure to environmental
toxins wield considerable influence over chromatin dynamics. Positive social interactions and support
emerge as crucial mitigating factors against stress-induced epigenetic alterations, not only slowing down
epigenetic aging but also emphasizing the importance of fostering supportive social environments for
overall well-being. The lasting influence of childhood trauma on the epigenome highlights how early-life
experiences can significantly impact mental health throughout one’s lifetime. Adverse childhood events
imprint lasting changes on gene expression related to psychiatric disorders and stress management,
emphasizing the profound and enduring effects of such experiences. This underscores the critical
importance of targeted interventions and policies that address social determinants, aiming to mitigate
health disparities and promote overall well-being on a global scale in a comprehensive manner.

Introduction

Exploring environmental epigenetics reveals how a range of external factors-from social
adversity to trauma and discrimination-profoundly impact gene expression regulation [1-
3]. These environmental influences intersect with complex societal structures, exacerbating
disparities in biological health. Despite advances in epigenetic research, understanding how
social determinants of health (SDOH), such as socioeconomic status, education, occupation,
and healthcare access, dynamically alter gene expression through epigenetic mechanisms
remains underestimated. Recognizing and addressing this complex interplay between
environmental epigenetics and social determinants is crucial for mitigating global health
disparities [4-6].

Marginalized groups often confront disproportionate health challenges, perpetuating
cycles of disadvantage rooted in trauma and discrimination. At the forefront of comprehending
these disparities lies the burgeoning field of “social epigenomics” situated at the confluence
of genetics, population health, and precision medicine. This field assumes significance as it
delves into the social dimensions within epigenomics, furnishing crucial insights into the
varied disease manifestations among individuals with identical genetic backgrounds [4-8].
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For instance, the variance in health outcomes observed among
genetically identical twins raised in disparate socioeconomic
contexts underscores the profound influence of social factors on
epigenetic regulation and subsequent health outcomes [9,10].
This highlights the pivotal role of epigenetics over genetics in
molding health disparities influenced by socioeconomic status
(SES). Consequently, social epigenomics elucidates how social,
environmental, and genetic factors converge to shape gene
expression and disease risk.

Understanding the impact of social and environmental stressors
on gene expression is crucial for devising effective interventions
and policies to address health disparities. By unraveling these
complexities, targeted approaches can be developed that account
for the multifaceted interplay between genetics, environment, and
social dynamics in shaping health outcomes.

Against this backdrop, the upcoming section seeks to delve into
the evidence and underlying mechanisms by which environmental
factors, influenced by social dynamics, impact the human
epigenome. This understanding could provide a clear avenue for
intervening in social influences on human diseases through dietary
and nutritional interventions.

Social determinants of epigenetic health: Bridging
macro and molecular realms

Social structures wield significant sway over our existence,
molding facets such as SES, resource accessibility, and exposure to
an array of stressors. Within this intricate tapestry, a multitude of
factors intertwine with epigenetic mechanisms, exerting profound
influences on our biological constitution. For example, residing in
a polluted or tumultuous neighborhood can subject individuals
to environmental toxins, auditory disruptions,
unrest, precipitating epigenetic alterations linked to heightened
stress reactivity and heightened disease susceptibility [11,12].
Furthermore, access to healthcare, education, and employment
opportunities, all dictated by social structures,
epigenetic profiles through differential exposure to stressors and
resources [4-8].

and social

modulates

Additionally, research findings underscore that the ramifications
of childhood poverty extend far beyond immediate financial
hardships. Investigations reveal enduring health impacts stemming
from poverty, mediated through diverse pathways. Among these
pathways, epigenetic alterations emerge as a prominent mechanism
whereby conditions, including SES,
influence over gene expression independently of DNA sequence
modifications. Early exposure to poverty correlates with epigenetic
modifications in genes governing crucial metabolic processes, such
as insulin sensitivity, lipid metabolism, and energy homeostasis
[13,14]. These epigenetic changes may predispose individuals to
metabolic disorders like Type 2 diabetes (T2D), dyslipidemia, and
obesity later in life [15,16].

environmental wield

Moreover, the reverberations of early-life poverty can reso-
nate across generations, potentially perpetuating epigenetic mod-
ifications that are transmitted to offspring. This transgenerational

transmission of altered gene expression may fuel a cycle of dimin-
ished health outcomes and persistent socioeconomic adversity
[17]. Furthermore, during adolescence, these epigenetic alterations
possess the capacity to mold neural circuitry, modulate emotional
reactivity, and shape cognitive functions, thereby setting the stage
for future trajectories of both physical and mental health [18,19].

The influence of discrimination on DNA methylation vividly
illustrates the profound consequences of societal inequities on
our molecular constitution. This nexus underscores the nuanced
interconnection between social dynamics and genetic mechanisms,
emphasizing how encounters with discrimination can etch
enduring signatures on the epigenome, orchestrating alterations
in gene expression profiles and exacerbating health disparities [4-
8,20,21].

Examining the influence of social factors on chromatin
dynamics

The chromatin, found within the nucleus of eukaryotic cells,
represents a dynamic amalgamation of DNA and proteins, forming
chromosomes. Central to its structure are nucleosomes, comprised
of DNA-enveloping histone proteins. These nucleosomes aggregate
into higher-level formations termed chromatin fibers, which exhibit
diverse conformations, including the compact 30-nanometer
fiber. Euchromatin, characterized by open and accessible regions,
facilitates active gene expression, whereas heterochromatin,
exhibiting condensed regions, remains transcriptionally silent.
Notably, the organization and accessibility of chromatin exert
pivotal influences on gene regulation, impacting various cellular
processes. Although genetic and environmental factors have
traditionally been acknowledged as drivers of chromatin dynamics,
recent investigations have unveiled the relevance of social factors in
this intricate interplay [22-24].

Maintaining homeostasis necessitates continuous cellular
adjustments involving the regulation of gene expression through
modulating chromatin dynamics in response to environmental
fluctuations [25,26]. In response to environmental shifts, cells must
adapt their gene expression patterns accordingly. This adaptation
often entails modifying chromatin structure, wherein certain
stressors may prompt chromatin relaxation, rendering specific
genes more accessible for transcription [27,28]. Conversely, in other
instances, chromatin may condense, silencing particular genes.
Such cellular adaptive responses play a crucial role in safeguarding
human health amid unpredictable environmental changes [29].

Prolonged adaptive responses typically result in predictable
alterations in gene expression, stored as memory to finely adjust
epigenome regulation in response to recurring stimuli [30,31].
Some of these epigenetic modifications exhibit stability, persisting
beyond the initial exposure and forming the basis of epigenetic
memory. Through mechanisms like DNA methylation maintenance
or propagation of histone post-translational modifications
(PTMs) during cell division, cells “remember” past environmental
exposures, retaining altered gene expression patterns. This
epigenetic memory enhances cells’ ability to respond efficiently to
recurring stimuli [32,33].
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Importantly, by storing information regarding prior encounters,
cells can anticipate future challenges and mount faster and
more robust adaptive responses [34]. This predictive capacity is
crucial for optimizing cellular function and ensuring survival in
fluctuating or challenging environments. Conversely, if cells fail
to adapt swiftly to environmental changes, they may struggle to
differentiate between the actual environment and their perception
of it, influenced by prior epigenetic experiences [35,36].

For instance, the “thrifty phenotype” theory posits that when
individuals undergo undernourishment during fetal and early
postnatal periods owing to adverse social circumstances such
as famine or starvation, their bodies adjust by becoming more
epigenetically adaptable [37]. This enhanced adaptability may
elevate the susceptibility to chronic illnesses such as metabolic
syndrome, obesity, T2D, hypertension, and coronary heart disease
in later life. Moreover, these impacts might potentially be inherited
by offspring through transgenerational epigenetic inheritance.
Even when nutritional constraints are not present, individuals
who have experienced social adversity like famine still encounter
susceptibility because of their difficulty distinguishing between the
real and perceived environment [38].

Telomeres are akin to protective caps found at the chromosome
ends, consisting of repetitive DNA sequences and specialized
proteins that safeguard our genetic information during cell
division [39]. Naturally, telomeres shorten with each cell division,
functioningas amolecular clock thatreflects cellular aging. Research
suggests that social stressors can accelerate this shortening
process, potentially by affecting the regulation of telomere-related
mechanisms [40]. Moreover, there’s evidence indicating that
epigenetic modifications can influence both telomere length and
the activity of telomerase, an enzyme responsible for maintaining
telomeres [41]. This connection underscores how social factors can
influence the epigenetic mechanisms that, in turn, impact telomere
maintenance, offering insights into the interplay between our social
experiences and molecular biology.

Experiencing the trauma of war and violence doesn’t just
impact society and individuals temporarily; it leaves lasting
marks that can echo through generations [42]. Investigating these
intergenerational effects involves examining how the Holocaust
may have altered the epigenetic makeup of survivors’ descendants
[43,44]. Through this exploration, the field of social epigenomics
can offer profound insights into how historical trauma continues
to affect the health and well-being of future generations, shedding
light on the underlying mechanisms at play.

Moreover, the COVID-19 pandemic has subjected individuals
worldwide to various forms of stress, ranging from fear of infection
and financial strain to the disruption of daily routines and social
connections [45]. These stressors can activate molecular pathways
within cells that modulate gene activity through epigenetic
modifications. Thus, the emerging field of social epigenomics holds
promise for uncovering the intricate epigenetic changes triggered
by the unprecedented stressors of the ongoing COVID-19 pandemic
and the extended periods of social isolation it has necessitated.

Hence,inrecentyears, scientists have been exploring the concept
of social epigenomics, inspired by significant studies that have
linked social factors to the epigenome. The prevailing perspective
depicts social epigenomics as a conceptual framework that suggests
the genome, which remains unchanged, is supplemented by a more
adaptable epigenome [46]. This epigenome has the capacity to
react to various environmental cues, including social factors.

Evidence and mechanisms elucidating how social factors
influence chromatin dynamics

The burgeoning field of social epigenomics has unearthed
substantial evidence indicating that social factors wield a
profound influence on chromatin dynamics, thereby shaping gene
expression profiles central to various aspects of health, behavior,
and development [4-8]. Despite the predominantly uncharted
territory surrounding the relationship between social factors and
chromatin interactions, an increasing number of studies are forging
connections between adverse social exposures and epigenetic
processes, particularly DNA methylation [4-8,47]. This association
hints at a potential pathway through which health disparities may
manifest.

Nevertheless, our comprehension of epigenetic mechanisms
beyond DNA methylation within this framework remains limited,
necessitating further exploration. Understanding how social
factors sculpt chromatin dynamics holds extensive implications
for public health interventions and social policies geared towards
fostering health equity. Further research in this area could provide
crucial insights that inform strategies to address and reduce health
disparities.

Therefore, the following section delves into the evidence
and fundamental mechanisms by which social factors regulate
chromatin dynamics. Here are several pathways through which
social factors can impact chromatin dynamics:

Stress response: Social stressors, like social isolation or
challenges in social hierarchies, can prompt the activation of
stress response pathways in organisms. These pathways often
involve adjustments to chromatin structure through epigenetic
modifications, such as changes in DNA methylation patterns or
histone modifications [48,49].

For instance, research has shown that individuals experiencing
chronic stress or trauma frequently exhibit altered DNA methylation
patterns, particularly in genes linked to stress response. In a recent
study, a locus in the Kit ligand gene (KITLG; cg27512205) displayed
the highest correlation with cortisol stress reactivity associated
with stress (P=5.8x10-6) in a genome-wide examination of blood
DNA methylation in 85 healthy adults [50]. Moreover, evidence
supporting the functional relevance of KITLG methylation for
regulating stress response in the human brain includes its genomic
location within an H3K27ac (histone 3 lysine 27 acetylation)
enhancer mark and the correlation between methylation in the
blood and the prefrontal cortex [50,51].

Similarly, encounters with discrimination and social disadvan-
tage have been tied to alterations in histone modifications, which
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can affect gene expression [52]. Intriguingly, the hypothalamus-pi-
tuitary-adrenal (HPA) axis, a network of neuroendocrine structures
regulating adaptive responses to stress, undergoes changes in gene
expression in response to stressors [53]. This includes shifts in
the expression of genes encoding corticotrophin-releasing factor
(CRF), vasopressin, and adrenocorticotropic hormone (ACTH), dis-
rupting its negative feedback response to stress.

Essentially, stress can induce changes in DNA methylation
patterns, influencing the activity of genes involved in behavior
regulation. For instance, studies using mouse models of early life
stress and chronic social defeat stress have revealed decreased
methylation levels within the promoter and regulatory domains
of vasopressin and CRF genes in the paraventricular nucleus of the
hypothalamus, ultimately resulting in increased expression of these
genes [54,55]. Similarly, chronic stress reduces the expression of
Bdnf, a gene associated with neuroplasticity and neurogenesis,
leading to depression-like behavior in rodents [56]. Although the
precise mechanisms behind stress-induced alterations in gene
expression remain unclear, one potential molecular mechanism
implicated in these changes is DNA methylation.

One proposed mechanism involves the activity of enzymes
responsible for adding or removing epigenetic marks. Stress and
other environmental factors can directly influence the activity of
these enzymes, resulting in alterations in epigenetic patterns. For
example, in the nucleus accumbens (Nac), a brain region implicated
in motivated and emotional behaviors, certain histone deacetylases
(HDACs) such as HDAC2, HDAC3, and HDACS5 have been associated
with stress-induced depressive-like behaviors [57,58].

Moreover, external factors, including stress, can indirectly
impact epigenetic marks by modulating the availability of cofactors
or nutrients essential for the enzymes’ function. For instance,
excess cortisol levels during prolonged stress can affect health
through their influence on epigenetic processes [59,60]. Cortisol
can interact with specific cellular receptors, leading to changes in
gene expression. These changes can occur via various mechanisms,
including direct interactions with DNA and indirect effects on the
enzymes responsible for adding or removing epigenetic marks [61].

These alterations in gene expression can disrupt the production
of proteins involved in stress response, immune function, and other
essential processes, potentially contributing to the onset of various
health conditions.

Moreover, chronic stress can indirectly impact epigenetic
processes by influencing behaviors like diet, exercise, and sleep,
all of which can affect epigenetic markers. Stress-induced changes
in appetite and dietary preferences, for instance, can alter nutrient
intake, thus impacting the availability of methyl donors and other
compounds crucial for epigenetic processes [62-64].

Similarly, disruptions in sleep patterns, common in individuals
experiencing chronic stress, can disturb the expression of genes
involved in circadian rhythm regulation and other physiological
functions [65]. For example, studies conducted on the pSoBid cohort,
a research group in Glasgow with notable social health disparities,

have unveiled a correlation between global DNA methylation and
SES [66]. Their findings highlighted a connection between severe
deprivation, manual labor, and widespread hypomethylation.
Intriguingly, they also noted a relationship between global DNA
methylation and years of education.

These insights underscore the complex interplay among
socioeconomic factors, environmental stressors, and epigenetic
mechanisms, emphasizing the multifaceted nature of the link
between social determinants and epigenetic processes.

Drosha serves as a crucial RNase-type III protein involved in
the intricate process of microRNA biogenesis [67]. It functions by
cleaving the lower stem loop of pre-microRNAs, facilitating their
transit from the nucleus to the cytoplasm for subsequent maturation
into mature microRNAs. Notably, there exists a correlation between
the expression of drosha in the hippocampus and depressive
behavior in mice [68,69]. Several studies seem to suggest that
chronic social defeat stress (SDS) could lead to alterations in DNA
methylation within the intron of drosha, potentially resulting in
reduced expression levels [70,71]. However, additional replication
is necessary to verify this observation.

That being said, the impact of alterations in DNA methylation
might be counteracted by additional epigenetic processes.
While a robust association between changes in DNA methylation
patterns and gene expression has been previously documented,
as evidenced by some research, other studies have suggested
that certain stress paradigms may be more heavily influenced by
alternative epigenetic mechanisms in regulating gene expression.
For instance, one investigation revealed an increase in microRNAs
targeting Nr3c1, Nr3c2, and Fkbp4 expression following repeated
social defeat [72,73]. These findings underscore the potential for
other epigenetic mechanisms to modify or supersede the influence
of DNA methylation patterns on gene expression level’s.

The hippocampus, a brain region implicated in depression,
has been a focus of research attention [74,75]. Numerous studies
conducted in mice and rats have shed light on the role of histone
acetylation and deacetylation processes within the hippocampus in
the development of stress-induced depressive-like behaviors [76-
78].

In experiments involving C57BL/6] male mice subjected to SDS,
researchers observed reductions in social interaction and sucrose
preference [79,80]. Concurrently, they noted a transient surge
followed by a sustained decline in H3K14ac (histone H3 lysine
14 acetylation) levels within the hippocampus. This reduction in
sucrose preference suggests a diminished capacity for experiencing
pleasure or reward, a common behavioral symptom associated
with depressive-like states in rodents [79-81].

Various investigations have highlighted the effectiveness of
multiple classes of HDACs in mitigating the effects of SDS. Other
functions of histone methylation, an alternative form of PTM for
histones, have been implicated in depressive-like behaviors in
both rodents and humans. For example, SDS in mice resulted in
an increase in H3K27me?2 (histone 3 lysine 27 methylation) levels,
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a transcriptionally repressive epigenetic mark, at specific Bdnf
promoter sites (III and IV) within the hippocampus [82]. This
increase coincided with a reduction in Bdnf transcript abundance.
Notably, this modification persisted over an extended period,
remaining at the Bdnf promoter for up to a month following SDS
[83].

In the postmortem prefrontal cortex of individuals diagnosed
with major depressive disorder (MDD), BDNF mRNA expression
exhibited a decrease, while H3K27me3 levels showed an increase
at BDNF promoter IV compared to both control subjects and
individuals with MDD who had a history of antidepressant use
[84,85].

Together, although DNA methylation is commonly viewed
as the predominant epigenetic mechanism through which social
stressors modulate depressive behaviors, accumulating evidence
indicates the involvement of alternative epigenetic pathways,
including PTMs and potentially microRNAs, in mediating the stress
response. Nevertheless, additional human studies are imperative to
corroborate these findings.

Social isolation: The profound influence of social isolation
on molecular alterations, encompassing chromatin dynamics,
cannot be downplayed, especially amid significant upheavals like
pandemics, which frequently precipitate prolonged periods of social
seclusion [86]. The repercussions reverberate through mental
health and beyond, affecting physiology, cognition, and behavior in
profound ways. This phenomenon isn’t confined to humans alone;
it spans across species, from Drosophila to mammals [87,88].

For instance, in drosophila, just four days of social isolation
trigger significantshiftsinthe expression of90 genes, predominantly
associated with the immune response [89]. This mirrors broader
observations linking social isolation to altered immune function
and inflammation, which are strongly implicated in depressive-like
behaviors in animal models and clinical depression in humans [90].

Moreover, the effects of social isolation extend beyond gene
expression, delving into the intricate world of epigenetics. Studies
have illuminated how it can reshape histone acetylation and
DNA methylation patterns in the brain, consequently influencing
gene expression crucial for social behavior and stress response.
This underscores the multifaceted nature of social isolation’s
impact, transcending mere social dynamics to fundamentally alter
molecular mechanisms underlying mental well-being [91,92].

In fact, in rats, enduring social isolation spanning 6 to 12 weeks
triggers significant shifts in gene expression within both the cortex
and the nucleus accumbens shell (NAcSh), a critical brain region
implicated in processing emotional stimuli [93]. Notably, in the
NAcSh, chronic social isolation in adults drives the upregulation of
numerous genes, including those encoding transcription factors and
epigenetic modifiers like HDAC4 [93]. This implies that prolonged
social isolation has the potential to fundamentally reshape gene
regulatory networks by modulating the levels of activity-dependent
transcription factors and chromatin-modifying proteins.

In rodents, social isolation can also impact the expression of
non-coding RNAs, such as miRNAs. Extended isolation during the
postnatal period in rats led to distinct changes in miRNA expression
within the anterodorsal bed nucleus of the stria terminalis (adBNS),
a region associated with anxiety responses [93,94].

There is additional evidence, extending beyond the confines of
this review article, illuminating the pivotal connections between
social isolation and epigenetic alterations.

Nutrientand lifestyle: The health of an individual, beyond their
genetic blueprint, is influenced by a multitude of environmental
factors, beginning even before birth and acting through epigenetic
mechanisms. Among these factors, nutrition emerges as one
of the most extensively studied and understood contributors
[95,96]. There is evidence linking inadequate prenatal nutrition
to compromised postnatal health and increased susceptibility to
diseases. Nutrients exert their influence by either directly inhibiting
key epigenetic enzymes like DNMT (DNA methyltransferase),
HDAC, or HAT (histone acetyl transferase) or by modulating the
availability of essential substrates required for these enzymatic
processes.

Social factors, such as the accessibility of nutritious food, the
availability of exercise facilities, and exposure to environmental
toxins, hold substantial sway over chromatin dynamics. A diet
abundant in methyl donors such as folate and methionine can
induce notable alterations in DNA methylation patterns, potentially
molding gene expression and thereby influencing health outcomes
[97,98]. Conversely, contaminants in the environment can disrupt
histone modifications, disturbing the intricate equilibrium of
chromatin structure and function [11,12].

Thus, our societal milieu plays a pivotal role in sculpting the
epigenetic terrain, with repercussions that transcend individual
lifestyles and penetrate deeply into the essence of our genetic
expression.

Social support: Conversely, the significance of social support
and positive interactions on chromatin dynamics cannot be
overlooked. Extensive research has revealed a protective influence
wielded by nurturing social connections over the orchestration
of chromatin regulation. Studies present compelling evidence
linking social support to shifts in gene expression pathways crucial
for immune function and stress response, with these alterations
mediated through epigenetic mechanisms [99,100].

For example, a study revealed that individuals reporting
elevated levels of social support demonstrated reduced expression
of inflammatory genes, particularly those linked to inflammation
and immune activation [101,102]. This suppression was paralleled
by alterations in DNA methylation patterns, implying an epigenetic
mechanism at play in the impact of social support on the expression
of immune-related genes.

Furthermore, a longitudinal study meticulously followed a
cohort of individuals over an extensive timeframe, revealing a
fascinating correlation: those who reported higher levels of social
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support displayed a slowdown in epigenetic aging, as indicated by
DNA methylation-based biomarkers [103,104]. This suggests that
positive social interactions could potentially act as a buffer against
the epigenetic changes associated with aging and stress.

In concert, the impact of social support on chromatin dynamics
transcends mere psychological well-being, delving deep into the
intricate molecular mechanisms governing gene expression and
cellular function. These revelations underscore the profound
influence of social relationships on human health at a molecular
level, underscoring the critical importance of nurturing supportive
social environments for overall well-being.

Trauma and adversity: The imprint of trauma and adversity
during early life stages resonates deeply within the intricate
framework of chromatin dynamics, leaving a lasting mark that
echoes through the years. Adverse childhood experiences, ranging
from abuse and neglect to household dysfunction, have emerged as
potent determinants shaping the epigenetic landscape [3-6].

A groundbreaking study delved into the correlation between

(B)

childhood maltreatment and DNA methylation patterns in later
adulthood. The findings revealed striking evidence of modified
DNA methylation in distinct genomic areas among individuals who
had endured childhood trauma, especially within genes crucial for
stress regulation and mental well-being [105].

Moreover, a comprehensive meta-analysis pooled data from
numerous studies exploring the epigenetic repercussions of
childhood adversity. The analysis unveiled consistent patterns
of DNA methylation alterations linked to early-life trauma across
diverse populations and contexts, underscoring the resilience of
these epigenetic changes as indicators of adversity [106].

Histone PTMs, pivotal for regulating chromatin dynamics,
are profoundly influenced by early-life trauma. A seminal study
illuminated the enduring impact of stress experienced in infancy,
revealing how it instigates persistent alterations in histone
acetylation patterns within the brain [107]. These changes
subsequently drive shifts in gene expression patterns associated
with psychiatric disorders such as depression and anxiety.

Figure 1: (A) Environmental changes, such as global warming and its associated effects, directly contribute to social
adversity. (B) Environment-induced alterations exert a direct influence on the human epigenome, primarily through
the regulation of chromatin structure and function. The chromatin, which encompasses DNA and its associated
proteins, serves as a crucial mediator of gene expression. These epigenetic changes play a pivotal role in shaping an
individual’s response to environmental stimuli and can have implications for health outcomes. (C) Conversely, social
adversity stemming from various social factors also exerts an impact on the epigenome. Socioeconomic disparities,
discrimination, and lack of access to healthcare are among the determinants of social adversity that contribute
to epigenetic modifications. Collectively, this interconnectedness underscores the complex interplay between
environmental, social, and biological factors in shaping the human epigenome and ultimately influencing health and
disease outcomes. The final figure is created by combining individual images obtained from web scraping on Google.
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Together, these discoveries emphasize the significant influence
of early-life trauma and adversity on chromatin dynamics, offering
a molecular framework for understanding their lasting effects on
mental health and stress response. By unraveling the epigenetic
mechanisms driving these effects, efforts are made not only to
illuminate the intricate interplay between the environment and
gene regulation but also to pave the way for targeted interventions
to alleviate the enduring consequences of childhood adversity
(Figure 1).

Future Direction

Future endeavors should incorporate the utilization of systems
biology, offering a comprehensive framework to grasp the intricate
interplay among environmental changes, social dynamics, and the
health of epigenetics. By merging omics data with sophisticated
computational modeling, the intricate molecular conversations
within biological systems can be unraveled [108]. This enables
the anticipation of system responses to stressors or illnesses,
leveraging techniques like network analysis and machine learning.
Such models simulate environmental influences, predict epigenetic
alterations over generations, and assess intervention strategies.

Computational models are vital for understanding how
epigenetic mechanisms respond to environmental cues like DNA
methylation and histone PTMs. By simulating these responses,
insight is gained into how molecular changes affect gene expression
patterns and individual health [109]. This informs targeted
interventions to mitigate health issues stemming from these
molecular roots.

Longitudinal studies spanning generations and diverse
environments are crucial for understanding how environmental
and social factors affect epigenetic health over time. Tracking
individuals over time can reveal how lifestyle changes impact
epigenetic and health outcomes, informing
personalized healthcare. Comparing groups facing different social

conditions and interventions can show how alleviation measures

mechanisms

affect epigenetic markers, shedding light on the effectiveness of
social interventions like education and healthcare in reversing or
mitigating epigenetic changes caused by adversity.

Reliable epigenetic biomarkers linked to environmental
alterations and social adversity are crucial for understanding related
diseases over the over the long term [110]. These biomarkers are
stable and reproducible modifications or mechanisms detectable
in body fluids or tissues. They serve various purposes, including
disease detection, risk prediction, and therapy monitoring.
Epigenetic biomarkers like microRNAs and histone PTMs persist
in bodily fluids, highlighting their importance in quantifying health
impacts from environmental changes.

Engaging communities directly in research efforts fosters trust,
promotes inclusivity, and ensures that interventions are tailored to
local needs and realities. Community-based participatory research
approaches empower marginalized populations to actively
contribute to the co-creation of knowledge and the development
of solutions, thereby enhancing the relevance and effectiveness of

interventions.

Integrating findings from molecular research into policy
frameworks is crucial for translating scientific knowledge into
actionable policies that address the root causes of health disparities
exacerbated by environmental changes. Advocating for evidence-
based policies that prioritize environmental justice, health equity,
and sustainable development can catalyze meaningful change at
local, national, and global levels.

Increasing public awareness of the connections between
environmental changes, social factors, and epigenetic health
is crucial for informed decision-making. Through science
communication, education, and community outreach, individuals
can make choices that benefit both their personal health and the
environment. This fosters resilience and sustainability, enhancing
understanding of the interplay between environmental shifts,

social dynamics, and genetic expression.

Last but not least, by employing epitherapeutics to stabilize
altered epigenomes, we have the potential to significantly impact
molecular medicine and population health on a broad scale.
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