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Epigenetics as a key link between
psychosocial stress and aging: concepts,

evidence, mechanisms
Anthony S. Zannas, MD, MSc, PhD

Psychosocial stress—especially when chronic, excessive, or occurring early in life—has been associated with accelerated
aging and increased disease risk. With rapid aging of the world population, the need to elucidate the underlying mechanisms
is pressing, now more so than ever. Among molecular mechanisms linking stress and aging, the present article reviews
evidence on the role of epigenetics, biochemical processes that can be set into motion by stressors and in turn influence
genomic function and complex phenotypes, including aging-related outcomes. The article further provides a conceptual
mechanistic framework on how stress may drive epigenetic changes at susceptible genomic sites, thereby exerting systems-
level effects on the aging epigenome while also regulating the expression of molecules implicated in aging-related processes.
This emerging evidence, together with work examining related biological processes, begins to shed light on the epigenetic
and, more broadly, molecular underpinnings of the long-hypothesized connection between stress and aging.
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“It was he [Jean Valjean] in fact. The clerk’s lamp illu-  examples—found in literary works, movies, and folklore

minated his countenance. He was pale and he trembled  legends—of individuals whose “biological clocks” appear

slightly. His hair, which had still been gray at his arrival  to tick fast in the face of life adversity. Beyond fiction,

[to the court], was now entirely white; it had turned white  however, the connection between psychosocial stress and

during the hour he had sat there.” rate of biological aging is also seen in everyday life and

Victor Hugo, Les Misérables  clinical practice; for example, past US presidents notori-

ously exhibited signs of accelerated aging during their time

in office,? and individuals with stress-related psychiatric

Introduction disorders often appear older than their stated age.’ Further-

more, several epidemiological studies have now grounded

In Hugo’s fictional work Les Misérables, an extreme  these observations on scientific evidence, linking psychoso-

stressor causes the main character, Jean Valjean, to undergo  cial stress and related psychiatric conditions, such as major

accelerated aging, depicted as rapid whitening of his hair.!  depressive and posttraumatic stress disorder, with increased
This dramatic depiction is just one among innumerable  risk for a number of aging-related disease states.*”
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Together these observations raise important questions:
Can the effects of stress on the aging process be quanti-
fied with biological measures? Do such biological effects
shape health and disease outcomes? And could we, one day,
prevent or even reverse stress-related aging for the benefit
of individuals and societies?

The concept of accelerated biological and
epigenetic aging: links with disease risk and
stress burden

Aging is the single most important risk factor for several
disecase states that are currently the leading causes of
morbidity and mortality, including cardiovascular disease,
neurodegenerative disorders, and cancer.® Yet individuals of
the same age exhibit substantial variability in their propen-
sity to develop aging-related disease.” This variability could
be in part explained by individual discrepancies between
chronological age, the units of time elapsed since birth, and
biological age, the wear-and-tear biological events thought
to accrue throughout life and confer disease risk.'™!" The
idea that biological aging may better reflect disease risk has
spurred efforts to develop molecular measures of biolog-
ical age using telomere length,'? epigenomic patterns,'*'
transcriptomic signatures,'® or proteomic profiles.'* More-
over, accelerated biological aging—ie, having biological
age more advanced than chronological age—has been
hypothesized to confer disease risk beyond that associated
with chronological age itself. This hypothesis has been
vigorously tested using the so-called measures of epigen-
etic aging, composite markers that accurately predict age
by combining in a statistical regression model the DNA
methylation levels of multiple genomic sites. Such studies
have indeed linked accelerated epigenetic aging with a
host of aging-related disease outcomes, including all-cause
mortality in late life,"” physical and cognitive impairment,'®
cancer incidence,” frailty in older ages,?® dementia,”' and
others.” Similar associations have been observed with other
measures of accelerated biological aging, such as telomere
shortening.?® Overall this work supports a model whereby
variability in the rate of biological aging may underlie
differences in disease risk across individuals.

Therefore, uncovering factors that explain interindividual
variance in biological aging can yield novel insights into
the pathogenesis of aging-related disease. As conceptu-
ally depicted on Figure I, age predicted with biological
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Figure 1. Conceptual graph showing the relation between
chronological and biological age across individuals (depicted
as circles). Although age predicted with biological measures,
such as DNA methylation, generally correlates well with
chronological age at the population level (dotted black line),
the two can substantially differ for certain individuals, who
can thus follow trajectories with either accelerated (bio-
logical age > chronological age; orange continuous line) or
decelerated biological aging (biological age < chronological
age; blue continuous line). Such interindividual variance in
biological aging may be explained by genetic factors that
confer risk or resilience, environmental factors such as psy-
chosocial stress, and their complex interplay. For illustrative
purposes, the figure highlights two individuals with the same
chronological age and either accelerated (orange circle) or
decelerated biological aging (blue circle).

measures, such as epigenetic age, generally correlates well
with chronological age at the population level; yet the two
can substantially differ for certain individuals, even when
using the most accurate multi-tissue predictor of epigenetic
age, developed by Steve Horvath." Individuals can thus be
conceptualized to follow different trajectories, depending
on whether their biological aging is accelerated (biological
age > chronological age) or decelerated (biological age <
chronological age). Because aging is a complex phenotype,
biological age acceleration and associated disease risk
can be conferred by multiple genetic and environmental
factors.?* Environmental contribution is supported by several
studies showing that lifestyle parameters and behaviors—
including smoking, unhealthy diets, sedentary lifestyle, and
alcohol—are major risk factors for aging-related diseases,
together accounting for 70% of deaths worldwide.® Psycho-
social stress, the focus of the present review, is another key
environmental factor that not only predisposes to health-
damaging behaviors but also directly affects body physi-
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ology, contributing to negative outcomes.*® Given that stress
is ubiquitous in modern fast-paced societies, gaining mech-
anistic insights into how it influences biological aging has
important implications for prevention and treatment.

Among metrics of accelerated biological aging that may
be influenced by stress exposure, the largest body of
work to date has examined telomere length. Following
the seminal work by Epel and colleagues linking chronic
caregiver stress with telomere short-
ening,”” several studies found similar
associations with other types of stress.
A detailed account of these studies is
beyond the scope of this article, but
types and measures of stress examined
to date in relation to telomere function
include perceived stress,?® intrauterine
and early-life stress,”*** work-related
exhaustion,* and major depression.*
Although these associations have not been replicated in all
populations studied,*** meta-analyses have corroborated
that higher stress burden and related phenotypes are asso-
ciated with telomere attrition.**-’

More recently, a number of studies have linked psycho-
social stress with biological aging assessed using metrics
of epigenetic age. In particular, acceleration in epigenetic
aging has been observed with various types of early-life
stress, including exposure to harsh parenting during child-
hood and adolescence,*® perceived racial discrimination
during adolescence,* childhood exposure to violence and
threat,***! early-life socioeconomic disadvantage,**** and
childhood abuse.* Although lack of association with early-
life stress has also been reported,***” a recent meta-analysis
corroborated an overall positive but small relation between
epigenetic age acceleration and childhood stress.*® Like-
wise, accelerated epigenetic aging has been associated
with stress exposure in adulthood such as deployment to
combat,” financial hardship and socioeconomic disadvan-
tage,* and cumulative lifetime stress*’; however, lack of
relation has been also reported with adulthood socioeco-
nomic status and lifetime trauma.***** Lastly, some studies
have found positive relations of epigenetic age acceleration
with diagnosis of major depression and lifetime severity
of posttraumatic stress disorder,*** whereas others noted
no relation with major depression*® and nonsignificant or
even inverse relations with posttraumatic stress diagnosis

The need to elucidate
the molecular
underpinnings of stress
and aging is pressing,
now more so than ever

and symptoms.**® Such discrepancies across studies could
result from heterogeneity in their design and methodology,
including differences in the sociodemographic characteris-
tics of the study participants, the definition of stress expo-
sure and related outcomes, and the time lag between stress
exposure and epigenetic assessment.

Additional work has linked stress with other measures
of biological aging, such as oxidative stress, mitochon-
drial dysfunction, and N-glycosyla-
tion. Oxidative stress, a process that
can impact aging through cumula-
tive damage in macromolecules and
cells, has been shown to increase with
stress exposure and in stress-related
psychiatric disorders.’’ Mitochondrial
dysfunction, determined with measures
such as mitochondrial DNA levels and
enzymatic activity, has been associated
with both stress exposure and depressive symptoms.>?>
N-glycosylation, a marker that accumulates with advancing
age, was found to increase in trauma-exposed individuals
and persons with post-traumatic stress disorder.**

Taken together and notwithstanding discordances across
studies, this body of work links certain types of stress—
most notably early-life, cumulative, chronic, and excessive
stress—and related psychiatric disorders with accelerated
aging determined using diverse molecular measures. This
conclusion is important because it elucidates—at a deeper,
molecular level—the previously known epidemiological
connection between stress burden and risk for aging-
related disease.*’ It further supports the notion that future
research endeavors should aim to determine the extent to
which psychosocial and other environmental stressors as
well supportive and nurturing environments contribute to
interindividual variance in biological aging (Figure 1).
While the multilayered associations reported above suggest
a complex interplay among many molecular processes, the
following section will discuss in more depth the role of
epigenetics as a mechanistic link between stress and aging.

Epigenetic mechanisms linking psychosocial
stress and aging

Epigenetics—a composite Greek word derived from
the prefix “epi,” meaning “upon,” and “genetics”—encom-
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passes an ever-growing repertoire of biochemical processes
that together regulate gene function without changing the
genetic code itself. These processes include covalent DNA
modifications, such as methylation of cytosine-guanine
dinucleotides (CpQ), posttranslational histone modifica-
tions, regulation of transcription by noncoding RNAs, and
higher-order changes in chromatin conformation. These
processes are known to not only direct cellular differ-
entiation but to also respond to environmental triggers,
including psychosocial stressors at various life stages,* and
to regulate genomic function, thereby acting as a molecular
interface between environments and genomes. Epigenetic
changes can thus be conceptualized as molecular switches

or, better still, as rheostats that are set into motion by envi-
ronmental stressors and can in turn fine-tune gene activity
and cell function (Figure 2). While these “genomic rheo-
stats” can respond dynamically to stressors,’” stress-related
and other epigenetic signatures can also persist in time,
having potentially lasting consequences on cell function
and complex phenotypes. Epigenetic regulation has been
implicated in many such phenotypes and is thought to repre-
sent a hallmark of the aging process.*® Although the various
players of the epigenetic machinery act in concert, the rest
of this section will largely focus on CpG methylation, which
with the advent of microarray technology has become the
most studied epigenetic modification in humans.

Psychosocial stress

Figure 2. Simplified scheme that
highlights epigenetic mechanisms
linking psychosocial stress and
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dent transcription factor able to
induce epigenetic modifications,
such as DNA methylation changes,
with potentially lasting impact on
genomic function. These epigenetic
modifications can thus be concep-
tualized as switches or rheostats
that are set into motion by stress
and can in turn fine-tune activity of
susceptible genes. Stress-induced
epigenetic changes can deregulate
the expression of effector mol-
ecules, eg, FKBP5, and influence
downstream biological pathways
implicated in aging-related process-
es. Beyond such effects at selected
gene loci, stress can also induce com-
posite (systems level) effects on the
aging epigenome, as captured, for
example, by measures of epigenetic
aging. Importantly, psychosocial
stress and epigenetic mechanisms
also influence other processes impli-
cated in aging-related phenotypes,
including inflammation, telomere
function, oxidative stress, and mito-
chondrial function. Many of these
relations are reciprocal and subject
to regulation by feedback and feed-
forward loops. For simplicity, cortisol
is depicted as a yellow hexagon and
CpG methylation as an orange circle
on a stick.
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Psychosocial stressors trigger a set of behavioral, neural,
hormonal, and molecular processes. Among such processes,
previous work supports a key role for glucocorticoids,
hormones secreted in the peripheral circulation upon expo-
sure to stress.” The genomic effects of glucocorticoids
are largely driven by the glucocorticoid receptor (GR), a
ligand-dependent transcription factor found in essentially
every body tissue. These genomic effects can be medi-
ated either by direct binding of the GR to glucocorticoid
response elements (GRE)—thousands of conserved DNA
sequences scattered throughout the genome—or by inter-
actions with other transcription factors via GRE-dependent
or -independent mechanisms.> Notably, both stress and
glucocorticoids can induce not only acute changes in gene
transcription but also lasting epigenetic modifications, most
notably changes in DNA methylation. These lasting effects
are thought to represent a form of epigenetic memory that
influences subsequent genomic function and stress-related
outcomes. 606!

The role of glucocorticoid signaling as a link between
stress and epigenetic aging has been supported by two
studies utilizing the Horvath measure of epigenetic age.
In the first study, cumulative lifetime stress was positively
associated with accelerated epigenetic aging in a highly
traumatized cohort, and the CpGs comprising the Horvath
measure were found to colocalize with GREs more often
than expected by chance, indicating their susceptibility
to stress and glucocorticoid exposure.*® Accordingly,
treatment with a synthetic glucocorticoid induced DNA
methylation changes at several epigenetic age CpGs as
well as dynamic transcriptional changes in the majority
of their neighboring genes. Corroborating these observa-
tions, another study found that greater total daily cortisol,
the primary glucocorticoid in humans, is associated with
accelerated epigenetic aging in a cohort of adolescent
females.®® Notably, the glucocorticoid-regulated genes
neighboring the epigenetic age CpGs were also associ-
ated with aging-related diseases, including coronary artery
disease, arteriosclerosis, and leukemias.*® Together these
findings support a model whereby stress and the associated
increased glucocorticoid burden may accelerate epigenetic
aging and contribute to disease risk (Figure 2).

Beyond such composite effects captured by measures of
epigenetic aging, it is also relevant to interrogate selected
gene loci that may be both susceptible to stress and impli-

cated in aging-related disease. One such locus, the stress-
responsive FKBP5 gene, was examined by a recent study
combining large-scale measurements in human blood
with mechanistic experiments in cells. The study found
convergent evidence that stress—measured with childhood
trauma and major depression questionnaires in humans
and modeled with glucocorticoid exposure in cells—
may synergize with aging to decrease DNA methylation
at selected CpGs located near the FKBPS transcription
start site.* This observation suggests that—similar to the
notion that interindividual differences in stress exposure
may in part explain variance in epigenetic aging (Figure
1)—stress and glucocorticoids can shape the epigenetic
state of selected sites as life advances. Notably, the aging/
stress-related FKBPS5 methylation signature enhanced the
gene’s expression in immune cells, an effect that in turn
activated the master immune regulator NF-kB and promoted
chemotaxis and inflammation®; thus, stress and aging can
synergize to epigenetically deregulate effector molecules
and downstream biological processes that are implicated in
disease pathogenesis. In line with this hypothesis, the aging/
stress-related FKBPS5 methylation signature was present
in individuals with a history of myocardial infarction,
a disease state linked to inflammation.®

Similar to these effects on inflammation, stress-induced
epigenetic changes at selected sites could deregulate
other downstream processes implicated in aging-related
disease. Considering again the example of FKBPS, this
versatile protein has been shown to influence not only
NF-kB signaling and inflammation but also a host of
other aging-related processes and disease phenotypes,®
including Akt signaling and cancer,*® tau degradation and
neurodegeneration,®” autophagy,®® and telomere biology.*’
Versatile effectors like FKBP5 could thus be viewed as
“hub molecules” that may integrate pleiotropic effects of
stress on aging-related processes (Figure 2). However,
examining how stress-driven epigenetic changes regulates
transcription of such effector molecules paints only part of
the picture, given the complexity of regulatory loops and
pathway crosstalk. For instance, higher NF-«xB activity—
which as discussed above can result from FKBPS5 upreg-
ulation—can in turn trigger FKBP5 transcription through
an NF-kB response element that is flanked and moder-
ated by the age/stress-related FKBPS5 methylation sites®;
this suggests a positive feedback loop of FKBP5-NF-xB
signaling that may be prone to epigenetic deregulation
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by stress and aging. As another example, FKBP5 can
decrease activity of DNA methyltransferase 1 (DNMT1),”
the mammalian enzyme that maintains DNA methylation,
thereby reducing global and site-specific DNA methylation
levels; thus, the epigenetic programming of FKBP5 by
stress and aging could have secondary effects on DNMT1
activity and in turn influence the epigenetic landscape in
other parts of the genome.

While the evidence presented above supports a role for
epigenetics as a link between stress and aging, this role
should be put in broader context with other implicated
processes—most notably telomere function, inflammation,
and oxidative stress—as well as their complex interplay
and reciprocal relations (Figure 2). Epigenetic processes
can regulate telomere function,” but they are also influ-
enced by telomere regulators such as telomerase, the
enzyme responsible for maintaining telomere length.”
Accelerated epigenetic aging and telomere shortening
are associated with inflammation and oxidative stress,?”’
both processes that are not only influenced by psychosocial
stressors but can themselves affect brain physiology and
stress responses.’’™ These biological processes plausibly
synergize and exert effects that may accumulate and even-
tually reach a critical threshold as life advances. In line
with this “wear and tear” notion, cumulative life stress was
found to have a greater effect on epigenetic aging in older
as compared with younger individuals,*® though longitu-
dinal studies to further support this association are lacking.
Furthermore, it is currently unclear whether stress expo-
sure simply influences the rate of aging-related epigen-
etic and other molecular changes or, vice versa, whether
the aging process determines vulnerability or resilience
of certain epigenetic sites and molecular pathways to
stress. Elucidating the multifaceted mechanisms linking
stress and aging will likely require orchestrated efforts
that combine large-scale longitudinal studies in humans
with experiments in cellular and animal model systems.
Such efforts may ultimately yield deeper insights into the
molecular events that shape stress-related disease along
the human lifespan.

Concluding remarks
Gaining insights into the epigenetic and, more broadly,

the molecular links between stress and aging can have
major implications for developing novel prevention and

treatment strategies. The field of epigenetics has gener-
ated much excitement because, unlike genetic mutations,
epigenetic modifications are often acquired and, thus,
potentially preventable and reversible. Accordingly,
work in both rodents and humans suggests that preven-
tion and reversal of stress-induced epigenetic modifica-
tions could be pursued by both behavioral modifications
and medication management. Human studies show that
supportive family environments and behavioral interven-
tions targeting harsh parenting can ameliorate the acceler-
ated epigenetic aging associated with early life stress.***
Rodent studies indicate that drugs targeting the epigenetic
and transcriptional machinery can rescue DNA methyla-
tion changes associated with early life stress.”’® Although
the clinical significance of specifically modulating stress-
induced epigenetic changes awaits to be tested, medica-
tions targeting the epigenetic machinery have been shown
to improve aging-related disease trajectories, such as in
certain types of cancer.”” Moreover, when manipulating the
epigenome is not feasible or not desirable, interventions
can instead target effector molecules that get aberrantly
expressed as a result of stress-induced epigenetic changes.
For example, treating cells with selective FKBPS antag-
onists was shown to prevent the effect of glucocorticoid
exposure and FKBP5 upregulation on NF-«xB signaling.®
While the in vivo significance of this finding remains to
be seen, it suggests FKBP5-NF-kB signaling as a trac-
table treatment candidate. Employing similar approaches
in future studies may point to new avenues for prevention
and treatment.

The need to elucidate the molecular underpinnings of stress
and aging is pressing, now more so than ever. As populations
age worldwide, aging-related diseases are expected to pose
unprecedented challenges to individuals and societies.” At
the same time, surveys indicate that reported stress levels
increase year by year and with successive generations.” To
face these challenges, it is critical to intervene early in the
course of disease pathogenesis, ideally well before disease
states set in. Molecular insights can guide the development
of such interventions and their targeting to vulnerable
stress-exposed individuals. Concurrently, social policies
should strive to ameliorate or, when possible, prevent exces-
sive stress in the first place. B
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