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Abstract

Exposure to chronic adverse conditions, and the resultant activation of the neurobiological
response cascade, has been associated with an increased risk of early onset of age-related disease
and, recently, with an older biological age. This body of research has led to the hypothesis that
exposure to stressful life experiences, when occurring repeatedly or over a prolonged period, may
accelerate the rate at which the body ages. The mechanisms through which chronic psychosocial
stress influences distinct biological aging pathways to alter rates of aging likely involve multiple
layers in the physiological-molecular network. In this review, we integrate research using animal,
human, and /n vitro models to begin to delineate the distinct pathways through which chronic
psychosocial stress may impact biological aging, as well as the neuroendocrine mediators (i.e.,
norepinephrine, epinephrine, and glucocorticoids) that may drive these effects. Findings highlight
key connections between stress and aging, namely cellular metabolic activity, DNA damage,
telomere length, cellular senescence, and inflammatory response patterns. We conclude with a
guiding framework and conceptual model that outlines the most promising biological pathways
by which chronic adverse conditions could accelerate aging and point to key missing gaps in
knowledge where future research could best answer these pressing questions.
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1. Introduction

Exposure to chronic adverse conditions that activate a neurobiological stress response has
been associated with increased risk for morbidity and mortality!-2, including earlier onset of
the most common diseases of aging (e.g., cardiovascular disease, diabetes, hypertension,

and cognitive decline). This body of research has led to the hypothesis that the key
mechanism driving associations between stress and these health outcomes is an acceleration
of the biological aging process, including increases in systemic inflammation and telomere
shortening.3-> However, emerging research on the biology of aging offers additional insights
into the specific mechanisms that might drive accelerated aging under chronic adverse
conditions.

Psychosocial stress is a broad term that encompasses many different experiences and
exposures across the lifespan, including early life adversity, low socioeconomic status,
stressful life events (e.g., loss of a loved one), caregiving, work-related stress, financial
strain, discrimination, low social support, interpersonal conflict, and loneliness. These
experiences of chronic stress and adversity are biologically impactful when an individual
perceives that the environmental demands of a situation tax or exceed their ability to adapt or
cope.® Thus, stressful experiences may not exact a lasting physiological toll if an individual
has adequate reserves that enable successful response to and/or recovery from a stressor.

It is when the demands of a situation are in excess of an individual’s coping capacity

that the pathophysiological processes that drive aging occur. This excess stress activates

key neuroendocrine responses, including the sympathetic nervous system (SNS) and the
hypothalamus-adrenal-pituitary (HPA) axis. Activation of the SNS results in the release of
catecholamines (e.g., norepinephrine) from neuronal axon terminals that innervate tissue in
immune and other organ systems (e.g., lymph nodes, thymus, spleen), and the release of
both norepinephrine (NE) and epinephrine (E) from the adrenal medulla into circulation via
blood vessels.”:8 The HPA axis regulates the release of glucocorticoids (GC), commonly
referred to as cortisol in humans and corticosterone in rodents, from the adrenal cortex

into blood vessels to circulate throughout the body. These neuroendocrine mediators alter
numerous physiological processes that may play an important role in biological aging. This
review and guide for research priorities aims to delineate the distinct pathways through
which chronic psychosocial stress and the repeated activation of the SNS and HPA may
directly influence biological aging pathways, and in turn, impact the rate of biological aging.
By understanding how stress can impact the pathophysiological process of biological aging,
we can also identify places to intervene and promote healthy aging. We begin by describing
current conceptual models of biological aging, and then apply these models to the extant
literature linking stress and SNS and HPA activation to biological aging processes. We
conclude by highlighting key areas with limited existing evidence, opportunities to intervene
and promote healthy aging, and discuss future research priorities.

2. Conceptual Models of Biological Aging

Biological aging can be described as an iterative and gradual process of decline in optimal
physiology that occurs over decades of life. This process consists of biological changes at
the molecular, genomic, and cellular levels, that result in the accumulation of damage and
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lead to pathophysiology that disrupts higher level functions that are necessary to sustain
life.? As damage accumulation reaches a level that limits function, the organism begins

to exhibit aging-related phenotypes, including onset of age-related diseases and functional
limitations.10 In their seminal review paper, Lopez-Otin and colleagues identified several
hallmarks of the biological aging process.® They proposed that genomic instability (e.g.,
DNA damage), telomere attrition, epigenetic alterations, and loss of proteostasis are the
primary causes of cellular damage. Secondary cellular changes that occur after prolonged
damage accumulation include deregulated nutrient sensing, poor energy production from
mitochondrial dysfunction, and cellular senescence. These hallmarks may initially mitigate
damage but, if they become chronic, they can further promote damage through the release
of reactive oxygen species (ROS) and inflammatory signals from senescent cells, termed

the senescence-associated secretory phenotype (SASP), and damaged or necrotic tissue (e.g.,
damage-associated molecular patterns [DAMPs]).11-15 |_gpez-Otin and colleagues identified
that stem cell exhuastion and altered intercellular communication (e.g., inflammtion) were
ultimately responsible for the observed aging-related phenotypes. We describe each of these
hallmarks in more detail in Table 1.

Although aging is a natural process that occurs gradually over time as a direct result of
living, evidence also suggests that it may be modifiable. Geroscience is an emerging field of
scientific inquiry that posits that biological aging is a common driver of age-related diseases
and declines and that interventions that directly impact or modify biological aging pathways
can slow, prevent, or even reverse accelerated aging and delay the onset of age-related
disease.1® Indeed, research on pharmacological and behavioral interventions that target these
pathways has provided evidence that biological aging can be delayed, with the additional
benefit of extending the healthspan (number of years free from disease) and lifespan.16:17
Importantly, in this review we use the hallmarks of biological aging as a framework to
summarize the growing literature on psychosocial stress as a biobehavioral modifier of
accelerated aging. Specifically, we review evidence from pre-clinical /n vitro and animal
models and a growing body of observational and experimental human studies to begin

to delineate the distinct biological aging mechanisms through which chronic psychosocial
stress and activation of the stress response system (i.e., release of neuroendocrine mediators)
can directly impact pathways to accelerated aging.

3. Effects of Stress on Biological Aging Pathways

3.1. Cellular Stress and DNA Damage

One of the first processes in the biological aging pathway is the generation of damaging
agents. The most frequent form of damage within a cell is a result of the production of
oxidants—a process common to all respiratory life.18 Oxidative stress refers to a state of
cellular imbalance in which the production of oxidants exceeds the antioxidant capacity of a
cell, and it is often a consequence of the over-production of reactive oxygen species (ROS)
during cell replication, mitochondrial respiration, and the breakdown of biogenic amines.18
Specifically, during oxidative phosphorylation—the process by which healthy mitochondria
produce energy—stored carbohydrates and fats are broken down into adenosine triphosphate
(ATP) and carbon dioxide (CO5), and electrons partially reduce oxygen into superoxide,
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which is an ROS. This form of ROS production can be further amplified under conditions
of psychological stress when catecholamines bind to g2-adrenoreceptors on the cell
surface, leading to an up-regulation of enzyme protein kinase A (PKA) activity, which
increases oxidative phosphorylation and creates more ROS.19:20 Increased activity of the
mitochondrial enzyme monoamine oxidase-a (MAO-A) during stress also produces ROS by
breaking down catecholamines and other biogenic amines, leading to MAO-A dependent
production of H,O5. This activity has been shown to damage cardiomyocytes and cardiac
tissue in mice and to play a role in age-related disease.21-23

Given that ROS are unstable singlet oxygen molecules, they stabilize themselves by seeking
out and binding to nearby molecules. When ROS bind to DNA molecules, that region of
the DNA becomes damaged.18 ROS-induced damage occurs in vulnerable regions of the
chromosome such as the telomeres but can also occur across the whole genome and within
mitochondrial DNA.11:24 Importantly, excess levels of DNA damage in a cell can activate

a DNA damage response (DDR) pathway that initiates cellular arrest to allow the damage
to be repaired before cellular replication occurs.1® Sustained and/or elevated levels of DNA
damage that cannot be repaired can initiate apoptosis, necrosis, or cellular senescence, the
latter being a permanent state of cellular replication arrest that occurs through activation

of the p53 pathway.11:25 Through this process, damaged cells prevent mutations from

being carried through to daughter cells, and function as a tumor suppressor by preventing
oncogenic mutations from being replicated. As evidence of this, a recent study demonstrated
that deletion of a gene that encodes a key DNA repair enzyme in mice caused increased
DNA damage and immunosenescence that led to widespread senescence and damage to
tissues and organ systems.28 Importantly, when damage to the telomeric region of the DNA
is not repaired prior to cell replication, it can accelerate the shortening of telomeres and
activate cellular senescence when telomeres reach a critically short length,27:28 highlighting
an important second outcome of cellular stress.

Research with humans and animals has linked chronic psychosocial stress to increased
levels of DNA damage. For instance, observational human studies suggest that academic
stress, bereavement, and informal caregiving are associated with elevated DNA damage
and reduced DNA repair capacity in peripheral blood.18:2%-34 |n experimental models,
individuals exposed to a stressful experience showed elevated markers of DNA damage,
RNA damage, and lipid peroxidation, suggesting a causal effect of acute stress on these
pathways.18:34 More striking findings have been reported in rodent models, where repeated
exposure to stressors resulted in increased DNA damage across a number of stressor types
(e.g., social isolation, restraint stress, forced swimming) and tissues (e.g., peripheral blood,
bone marrow cells, liver, gut mucosa).3>-40 In accordance with this, mice subjected to
restraint stress showed an up-regulation of genes related to DNA damage response signaling
pathways in T-lymphocytes; however, the absolute levels of DNA damage in the cells did
not change, suggesting that the damage was repaired.*! Other research has demonstrated
that rodents exposed to psychosocial stress show increased DNA damage and reduced
DNA repair in the brain, including the prefrontal cortex, amygdala, and hippocampal
regions.38.42-44
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Several studies have demonstrated that stress hormones such as NE and isoproterenol (a
synthetic catecholamine) can directly increase DNA damage in different types of cells,
including 3T3, U20S, and ovarian cancer and epithelial cell lines,2945-48 however, one
study found that NE exposure was associated with decreased DNA damage. As an /n vivo
model of chronic stress, mice that received isoproterenol for 4 weeks also showed increased
DNA damage in the thymus.20 Other research has linked elevated cortisol to increased levels
of oxidative stress and decreased DNA damage repair activity in human peripheral blood and
3T3 cells.184549 The combined effect of multiple stress hormones has also been examined.
For instance, 3T3 cells (an immortalized mouse embryonic fibroblast cell line) treated with
NE, E, or cortisol showed an increase in DNA damage and a decrease in DNA repair
capacity, as well as altered expression of genes associated with DNA damage or repair.#°
This effect was also observed in multiple breast cancer cell lines, along with increased
ROS.1°

Taken together, the evidence that psychosocial stress and associated stress hormone
mediators are drivers of aging and that this process occurs through the accumulation of
DNA damage is striking. Most research to date indicates that these pathways are causal
and likely involve a direct increase in ROS through cellular respiration and break down of
catecholamines and increased DNA damage and reduced DNA repair activity,19:20.45-49

3.2. Telomere Maintenance

Telomere maintenance is an important mechanism for preventing cellular aging.? Telomeres
are DNA complexes that cap the ends of chromosomes and naturally shorten over time with
cell replication. The enzyme telomerase plays an important role in telomere maintenance,
as it functions to repair and elongate telomeres to protect them from shortening.20:51

As mentioned above, telomeres are particularly vulnerable to damage accumulation, and
critically short telomeres that lack sufficient telomerase capping can trigger cellular
senescence.?8 Telomerase activity can also decrease ROS and protect mitochondrial

DNA under conditions of cellular stress.52:53 Epel and colleagues were the first to link
psychosocial stress to telomere maintenance, finding that maternal caregivers of children
with and without a disability who reported higher perceived stress had shorter telomeres and
lower telomerase activity in peripheral blood mononuclear cells (PBMCs), and higher levels
of a circulating marker of oxidative stress than those who reported lower stress.>* Since this
seminal study, numerous reports have linked many different experiences of chronic stress
and adversity across the lifespan, including low socioeconomic status, early life adversity,
and low social support, with shortened telomere length in peripheral blood leukocytes,
saliva (composed predominantly of leukocytes), and buccal cells (for review, see Rentscher,
Carroll, & Mitchell, 2020).5° In addition, studies have also found evidence of potential
intergenerational effects of stress on telomere maintenance, such that higher maternal stress
during pregnancy was associated with shorter newborn and child telomere length.56-58 In
an animal model of chronic stress, prairie voles that were socially isolated had higher
corticosterone, shorter telomere length, and increased oxidative damage than those that were
not.>9
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Observational and experimental studies have also linked stress hormones with shortened
telomere length. For instance, in a study of maternal caregivers and controls, higher levels
of nocturnal NE, E, and cortisol were associated with shorter telomere length in PBMCs.50
Similarly, in a study of women caregiving for a partner with dementia, higher levels of
nocturnal E following an acute stressor and flatter diurnal cortisol slopes were associated
with shorter PBMC telomere length.51 Other research has found that shorter telomere length
was associated with higher E in women,52:63 and a higher cortisol awakening response

in women, with the opposite pattern observed in men84 Maternal cortisol levels may also
impact their offspring’s telomere length, with higher cortisol output relating to shorter
newborn telomere length.%5 There is some evidence that stress hormones may also modify
telomerase activity. In a study of maternal caregivers and controls, higher levels of nocturnal
E were associated with lower telomerase levels in PBMCs. In an in vitro model, human

T cells that were treated with hydrocortisone at levels equivalent to those reached during
stress exposure showed decreased telomerase levels, suggesting that cortisol may inhibit
telomerase enzyme activity and impair telomere maintenance.6

Together, these findings suggest that many forms of psychosocial stress are associated

with shorter telomere length in humans, with some evidence linking stress hormones to
lower telomerase levels and shortened telomere length. However, most of these studies are
observational and additional research is needed that investigates the causal pathways linking
stress and stress hormones to these telomere maintenance mechanisms.

Mitochondrial Dysfunction

Mitochondrial dysfunction is a secondary cellular change that results from the accumulation
of damage and is characterized by enhanced oxidative damage, increased mitochondrial
biogenesis, and decreased mitophagy. As mentioned previously, normal respiratory
processes such as oxidative phosphorylation create ROS that can also lead to mitochondrial
damage and a decline in function. Mitochondrial DNA (mtDNA) is a preferential target

of ROS due to its physical proximity, lack of efficient repair mechanisms, and limited
protection, as mtDNA lacks histones.24 Research has suggested a vicious cycle whereby
damaged mitochondria in cardiomyocytes produced up to 10 times more hydrogen peroxide
(H205) than healthy mitochondria, which then lead to exaggerated increases in oxidative
damage, acting to further accelerate aging.8” In accordance with this, another study

found that mitochondria in senescent fibroblasts produced more ROS than mitochondria

in younger fibroblasts.58 Mitochondrial dysfunction is an important process in the biological
aging pathway because oxidative damage caused by mitochondria is thought to drive
telomere shortening and contribute to increased cellular senescence through cellular stress
pathways.24:68.69 One study demonstrated that damaged mtDNA can lead to accelerated
aging in mice, finding that mice without the ability to repair mtDNA had 3 to 8 times more
mtDNA mutations, aged faster phenotypically, and had a shorter lifespan than wild-type
mice; however, it is interesting to note that mice with more mutations did not show an
increase in H,0, or markers of RNA and DNA oxidative damage.”?

Research also suggests that cells that have entered a senescent state have increased
mitochondrial biogenesis, which has been termed senescence-associated mitochondrial
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dysfunction (SAMD), that can lead to further ROS production.? Mitochondrial biogenesis
is mediated by peroxisome proliferator-activated receptor-gamma coactivator 1-alpha
(PGC-1a.), a gene that regulates cellular energy metabolism.24 As evidence of this,

studies have found that senescent cells show increased expression of PGC-1a and other
genes associated with mitochondrial biogenesis.2# In addition, senescent mouse lung
fibroblasts and cultured epithelial cells have shown up-regulation of genes associated with
mitochondrial biogenesis, such as mammalian target of rapamycin (mTOR) and PGC-1a,
and increased ROS production, indicating an increase in mitochondrial biogenesis.’?

In aging cells, the accumulation of dysfunctional mitochondria can also be attributed

to decreased mitophagy (mitochondrial autophagy), the process by which cells clear

dead or dysfunctional mitochondria.”? Researchers have proposed several mechanisms
through which mitophagy can be disrupted. For instance, studies have found that elevated
cytoplasmic p53 (which increases with DNA damage) decreased mitochondrial fission (in
which new mitochondria are broken down while dysfunctional mitochondria remain fused
and avoid degradation),’2 and the persistent activation of mitochondrial enzyme MAO-A
(which inhibits Parkin, a mitochondrial degradation signaling protein) lead to an increase

in the number of dysfunctional mitochondria.”® Another study found that MAO-A inhibited
the later stages of the autophagy-lysosome pathway (responsible for the breakdown of
mitochondria), causing the accumulation of protein degradation signaling molecules.’#

In this study, MAO-A also impaired lysosomal acidification and function and impaired
lysosomal biogenesis by inhibiting the master regulator of the autophagy-lysosome pathway,
transcription factor EB. This accumulation of dysfunctional mitochondria increases the
amount of ROS in the cell, leading to enhanced transcription of pro-inflammatory genes

in the NF-xB pathway and production of pro-inflammatory cytokines.”2.75:76 As a caveat,
much of this research has been conducted with cardiomyocytes as a model of cardiovascular
disease; research is needed to determine if these findings are applicable to many other
tissues, including lymphocytes, neuronal cells, vascular endothelium, liver, intestinal walls,
osteocytes, and muscle.

The contribution of psychosocial stress and associated stress hormones to mitochondrial
dysfunction in cells is beginning to be defined, and a well-developed conceptual model
has been published to guide this area of research.”77.78 |n this paper, we focus on
mitochondrial dysfunction as one pathway through which stress may alter rates of aging;
however, interested readers are referred to these reviews for a more in-depth discussion
of this topic.”>77:78 As mentioned previously, increased activity of the mitochondrial
enzyme MAO-A during stress can increase ROS production through the breakdown of
catecholamines. In addition, research suggests that the breakdown of catecholamines can
lead to mtDNA deletions in the adrenal medulla and adrenal cortex, and that this process
increases with age.”® The effect of cortisol on cellular metabolism is thought to have an
inverted-U shape, in which short-term exposure increases mitochondrial biogenesis but
long-term exposure increases ROS production and respiratory chain dysfunction.80

Experimental studies with rodents have demonstrated that several forms of chronic
stress (e.g., restraint stress, noise, unpredictable stress) are associated with decreased
mitochondrial function, energy production, and activity on respiratory chain complexes.’8
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For instance, in mouse and rat models, chronic stress increased mitochondrial damage

in the brain by inhibiting respiratory chain complexes I-111 and decreasing mitochondrial
membrane potential®1-83, Other studies showed that respiratory chain complex IV (COX)
had a 0-80% reduced activity.’8 Tellingly, COX is encoded by mtDNA, indicating that
functional changes could occur from mtDNA defects. Whereas much of the current research
with animals has measured facets of mitochondrial function in specific tissues after exposure
to acute and chronic stressors, research with humans has been observational and has not
measured mitochondrial function directly.”® To date, a few studies have linked experiences
of chronic stress and adversity, including caregiving and early life adversity, to higher
mtDNA copy number and higher free circulating mtDNA, 8485 and one study reported
increased free floating mtDNA in circulation after exposure to an acute laboratory stressor.86

Much of the research on stress hormones and mitochondria has examined the effects of
dysfunctional mitochondria on the SNS and HPA axes; however, a few studies have focused
on the effects of stress hormones on mitochondrial function.”” In a study with humans, the
binding of glucocorticoid receptors to mtDNA enhanced the transcription of mitochondrial
genes, increasing the energy production capacity of the mitochondria.8” In an /n vitro model,
rat liver tissue that was exposed to E increased mitochondrial biogenesis and oxidative
damage to lipids and proteins.88 Importantly, once mitochondria become dysfunctional, they
become even more sensitive to mediators such as ROS and stress hormones, acting as an
accelerator of aging in response to further stress exposures.89 Considerable research remains
to be conducted in order to link psychosocial stress and associate neuroendocrine mediators
to the mitochondrial pathway of aging.

3.4. Cellular Senescence

Cellular senescence is a state of permanent cell growth arrest in which cells are unable to
proliferate but remain metabolically active.119 In younger organisms, cellular senescence
works as a tumor-suppression mechanism by stopping malignant cells from proliferating;%!
however, in older organisms, the accumulation of senescent cells is thought to drive

a majority of age-related diseases, including diabetes, arthritis, cancer, dementia, and
cardiovascular disease.%? Senescence can be caused by oncogene mutations, severe DNA
damage, telomere shortening, and mitochondrial dysfunction, but is dependent on activation
of the p53/p21 and pRB/p16 tumor suppressor pathways to sustain a senescent state,11:13.15
When senescence is initiated by telomere shortening or repeated replication, it is referred
to as replicative senescence.13:93 Cellular senescence that is initiated by DNA damage is
commonly mediated by the p53/p21 pathway with secondary engagement of the pRB/p16
pathway; however, certain stimuli such as oncogenic RAS can induce solely the pRB/p16
pathway.!! Thus, both pathways are important for initiating cellular senescence 7 vivo.

Similar to aging, there are several hallmarks of cellular senescence that can be categorized
as altered signaling pathways and morphological changes.?3 The most commonly studied
altered signaling pathways include activation of the DNA damage response (DDR),
cyclin-dependent kinase (CDK) cell-cycle inhibitors, and senescence-associated secretory
phenotype (SASP).93 Although classified independently, many of these signaling pathways
interact. The DDR is a network of cellular pathways that detects and signals the presence
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of DNA damage and promotes DNA repair.%* CDKSs regulate proteins involved in cell

cycle progression, with p16'NK4a and p21 the most commonly associated with senescence.93
Whereas p21 is more generally associated with the DDR and is regulated by p53, p16!NK4a
is consistently activated in senescent cells.93 The SASP is a set of inflammatory cytokines,
chemokines, and DAMPs that varies by cell type; yet, the majority of cells exhibit a

discrete shift in the inflammatory agents they release upon entering a senescent state, and
these factors are believed to be critical in driving age-related diseases.11-15.95 The SASP

is mediated by transcription factor NF-xB, which is activated by the DDR.%3 Many SASP
factors are associated with low grade, chronic inflammation and can cause neighboring

cells to mimic the behavior of aggressive cancer cells, including basement layer invasion,
proliferation, and migration.13:15 In terms of morphological alterations, senescent cells
display an enlarged, flattened, and irregular shape, an increased lysosomal content, and a
greater number of mitochondria. It is important to note that the morphological alterations are
not exclusive to the senescent state, making senescent cells difficult to identify.11:93.96

Research that examines whether psychosocial stress and associated neuroendocrine
mediators can directly impact the accumulation of senescent cells and alter their secretory
phenotype is not well developed. To date, one study in humans has investigated the
association between psychosocial stress and cellular senescence, finding that chronic stress
exposure, perceived stress, and accumulated daily stress appraisals were each associated
with expression of the p16!/NK4a_encoding gene CDKN2A, as a marker of senescence in
leukocytes.%” In addition, two experimental studies with mice demonstrated that exposure
to chronic stress was associated with increased p53 and a trend toward increased p16!NK4a
expression in the liver and spleen® and increased p16'NK4a and p21 expression in bone
marrow leukocytes.40

A handful of /n vivoand in vitro studies have investigated the effects of stress hormones

on cellular senescence. For instance, mice that were administered isoproterenol (a synthetic
catecholamine) showed up-regulated p53 and p21 in cardiac tissue and bone marrow cells,
suggesting an increase in senescent cells.9 As a model of chronic stress, mice that received
isoproterenol for 4 weeks showed decreased p53 in the thymus.29 As mentioned previously,
research has demonstrated that when NE is broken down by MAQO-A, it can increase the
production of ROS, activate p53 and the DDR, and initiate cellular senescence, confirmed
by the presence of senescence-associated B-galactosidase-positive cells.”® As additional
evidence of this, cells incubated with isoproterenol showed increased levels of ROS, p53,
and p21; however, this study did not test whether this also resulted in senescence.® In
addition, U20S cells and mouse embryonic fibroblasts cultured with isoproterenol every 12
hours for 3 days showed decreased p53.29 With regards to regulation of the SASP, one study
also found that cortisol suppressed expression of the SASP in senescent cells, consistent
with the anti-inflammatory role of cortisol.100

Together, although extant findings suggest that adrenergic signaling by NE and, to a lesser
extent, E, up-regulate metabolic activity that can activate cellular stress pathways,20.73.99,100
very few studies have extended these findings to the full biological aging pathway to
examine whether elevated or prolonged exposure to neuroendocrine mediators induces
cellular senescence. Likewise, cortisol may play an important role in this pathway; however,
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the effects of chronic exposure have not yet been tested. To date, very few studies have
examined whether experiences of chronic stress and adversity and stress hormone mediators
impact cellular senescence, pointing to a gap in current knowledge.

Inflammation

Inflammation has a myriad of effects on cellular processes. Of paramount relevance to
biological aging, inflammation is a key source of damage and inflammatory cells are
destructive not only to pathogens (intended target), but also to nearby cells and tissues
(unintended target). Importantly, this collateral damage from immune activity is thought to
be a driver of the aging process.1% Inflammation is known to increase with chronological
age—a process that has been termed ‘inflammaging’1%2—and is a hallmark of aging.
Psychosocial stress and associated neuroendocrine mediators can directly activate these
cellular processes and the pathways through which stress promotes inflammation have been
well characterized in both human and animal research.193 The SNS and HPA axes can
modulate inflammation, and although they sometimes have opposing effects, they have also
been shown to work in tandem to regulate the inflammatory response. These processes
have been described in several excellent reviews and will be highlighted here as they

relate to biological aging; however, readers are directed to additional reading for a more
in-depth discussion.>:8:103-105 gpecifically, the SNS regulates the inflammatory response
via the production and transportation of NE.1% In response to stress, NE interacts with
beta-adrenergic receptors on the surface of immune cells, which results in a signaling
cascade characterized by enhanced activity of transcription factors NF-xB, AP-1/JUN,

and CREB.193 NF-xB is a nuclear transcription factor that mediates the pro-inflammatory
response by regulating genes involved in the production of pro-inflammatory cytokines
such as Interleukin (IL)-1B, IL-6 and Tumor Necrosis Factor (TNF)-a,, among many
others.103 The HPA axis acts in a reciprocal fashion through the production of GC and
activation of glucocorticoid receptors, which inhibit NF-xB activity and the expression of
pro-inflammatory cytokines.103 Although acute increases in GC inhibit the transcription of
pro-inflammatory cytokines, chronic increases in GC are thought to lead to glucocorticoid
receptor insensitivity or down-regulation of glucocorticoid receptors and an enhanced pro-
inflammatory response.107-110

A sizeable literature has drawn direct links between chronic psychosocial stress and
adversity and inflammation.193 In observational and experimental studies, stress exposure
has been associated with an increase in NF-xB transcription factor activity and the
production of key inflammatory cytokines (e.g., IL-6, TNF-a, C-reactive protein [CRP]),
chemokines (e.g., MCP-1, CXCL1), and DAMPs (e.g., HMGB1, Hsp72) in humans and
animals.111-116 Research also suggests that chronic stress is associated with glucocorticoid
insensitivity (i.e., resistance) in immune cells. For instance, individuals with greater stress
related to loneliness and caregiving had fewer glucocorticoid receptors, lower glucocorticoid
receptor and higher NF-xB transcription factor activity, and enhanced expression of CRP,
IL-1RA, and 1L-6.110117.118 Among parents of children with cancer, greater stress was
associated with reduced ability of cortisol and dexamethasone (a synthetic glucocorticoid)
to suppress IL-6 production following stimulation with lipopolysaccharide (LPS) /in
vitro.107:119 |n addition, early life adversity has been associated with lower cortisol
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output, down-regulation of glucocorticoid receptor activity, and up-regulation of adrenergic
responsive CREB and NF-kB.120 Experimental studies with animals have also demonstrated
that exposure to social stressors induces glucocorticoid insensitivity in splenocytes and
peripheral immune cells,121-128

Several studies have also demonstrated that stress hormones NE and E can increase
inflammation in both /n vivo and /n vitro models. In response to acute stress challenges

such as LPS stimulation or recalling an event that caused anger, an enhanced catecholamine
response was associated with a significant increase in circulating IL-6, IL-10, and CRP in
humans and rodents.129.130 Other studies have found that increasing doses of NE and E 7n
vivo, particularly over longer periods of time, led to increased NF-xB and IL-6 expression in
mice and rats.131.132 These results are further supported by /n vitro findings. Across different
cell types, from lymphocytes to hepatoma cells, studies have demonstrated that treatment
with NE or E results in increased expression of 1L-6, CRP, and TNF-a..133-137 |n addition,

NE has been found to alter the activation and release of inflammatory cytokines from CD8 T
ceIIs.137’138

Research has also shown that the production of GC has a classical anti-inflammatory effect
and decrease the production of pro-inflammatory cytokines in in vivo and in vitro models.
For instance, adult humans with a higher cortisol response to an acute social stressor showed
a less pronounced NF-xB response.39 In a population-based study, individuals with a lower
cortisol awakening response and flatter cortisol slopes over the day had higher levels of IL-6
and TNF-a, although the association between cortisol slopes and TNF-a was attenuated
when controlling for other inflammatory risk factors.140 In addition, adults reporting higher
perceived stress had flatter diurnal cortisol slopes and elevated circulating inflammatory
markers.141 Research has also demonstrated that cortisol and various synthetic GC decrease
intra-cellular production of pro-inflammatory cytokines (most notably IL-6 and TNF-a.)

in response to LPS stimulation /7 vitroand in ex vivo cells.142-144 Conversely, research

has also shown that the binding of GC to glucocorticoid receptors can activate the NF-xkB
signaling pathway and pro-inflammatory cytokine production,19% and dexamethasone (a
corticosteroid) enhances the induction of toll-like receptor 2 (TLR-2) by TNF-a,4° causing
an inflammatory immune response. These findings are supported by a review of genome-
wide microarray studies that identified more than 800 genes that are co-regulated by GC and
TNF-a.146

Taken together, the research linking psychosocial stress and associated neuroendocrine
mediators to inflammatory activity is well defined. This may be one key lynch pin in how
experiences of chronic stress and adversity drive biological aging. Further work that builds
on this significant foundation of evidence to connect these stress-induced inflammatory
pathways to specific hallmarks of biological aging and aging phenotypes, along with
manipulation or blockade of these pathways with anti-inflammatory agents, are critical next
steps in research on the effects of stress on accelerated aging and disease risk.
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4. An Integrated Conceptual Model of Stress and Biological Aging

The body of research summarized in this review suggests that psychosocial stress and the
associated cascade of stress hormone mediators contribute to a systemic physiological stress
response that could accelerate biological aging through multiple pathways simultaneously.
This systemic response is characterized by promotion of oxidative stress, DNA damage,
inflammation, and telomere shortening, mitochondrial dysfunction, and ultimately, cellular
senescence, which then in turns feeds back on this pathway to further promote inflammation
and oxidative stress.

Based on this growing body of research, we propose an integrated conceptual model to
guide future research on stress-induced biological aging (Figure 1). This model proposes
that experiences of psychosocial stress and adversity contribute to accelerated aging
through two primary and parallel pathways. First, psychological stress activates the SNS
and HPA axis, which release stress hormones from sympathetic nerve fibers (NE), and
adrenal glands (NE, E, and GC). Binding of NE and E to adrenergic receptors on the
surface of cells increases energy production and mitochondrial respiration. This increased
cellular metabolism results in production of metabolic byproducts, including ROS. Excess
production of oxidants that exceed the antioxidant capacity of the cell results in cellular
stress and damage accumulation. If unresolved, damage to the nuclear (i.e., telomeric

and non-telomeric regions) and mitochondrial DNA can lead to activation of the DDR

and p53/p21 pathway.2’:7> Concomitant suppression of telomerase activity by GC prevents
repair and lengthening of telomere ends. In the mitochondria, mtDNA damage contributes
to an increase in the p53/p21 pathway and the breakdown of mitophagy (mitochondrial
autophagy). Importantly, p53 activation suppresses expression of PGC-1a,, the master
regulator of mitochondrial biogenesis, which decreases mitochondrial biogenesis. 147148
This lack of biogenesis, accompanied by impaired mitophagy, increases the number of
dysfunctional mitochondria in the cell and further increases ROS production.’2-74.149
Activation of the p53 tumor suppressor pathway also feeds back to increase activation

of pro-inflammatory transcription factor NF-xB. Finally, excess DNA damage, telomere
shortening, and mitochondrial dysfunction can all lead to cellular apoptosis, necrosis, or
cellular senescence. These senescent cells exhibit a shift in their secretory pattern involving
a heightened release of pro-inflammatory factors, termed the senescence-associated
secretory phenotype (SASP). The SASP is comprised of dozens of factors, including an
extensive list of common inflammatory cytokines (e.g., IL-6, IL-1, TNF-a), chemokines
(e.g., IL-8, MCP-2, MCP-4, MIP-1a.,, MIP-3a), and other inflammatory and growth factors
(e.g., GM-CSF, VEGF, IGFBPs, MMPs, ICAMs).13 In parallel, dead necrotic cells can
further promote inflammatory activity through release of intracellular debris that act as
DAMPs and trigger receptors (e.g., TLR-4) on the surface of immune cells, acting as a
further promotor of inflammation and tissue damage.113

In a parallel pathway, NE increases the activation of pro-inflammatory transcription factor
NF-xB and production of circulating inflammatory markers (e.g., TNF-a., IL-6). In addition,
prolonged release of GC can decrease glucocorticoid receptor elements, reducing their
anti-inflammatory function, which further heightens the inflammatory response. A detailed
description of this pathway has been discussed previously.193
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5. Future Directions

This review summarizes a considerable body of research that points to a biologically
plausible pathway through which psychosocial stress may drive biological aging. However,
no research to date has fully demonstrated the complete pathway beginning with induction
of psychological stress that results in damage accumulation and leads to cellular senescence,
including whether stress-induced senescence then results in earlier aging phenotypes and
mortality. Future preclinical and clinical research paradigms in psychoneuroimmunology
could harness existing expertise in chronic stress exposure and stress hormone manipulation
of cell biology to begin to understand this highly relevant pathway to disease. In this section,
we outline three key research domains that are necessary to further our understanding of
this pathway and include potential applications for other psychoneuroimmunology research
domains that have yet to examine the role of aging biology.

The first key research domain involves the use of /n vitro preclinical models to test the
effects of stress hormones on biological aging. There is a need for basic research that
focuses on the molecular and cellular mechanisms involved in these aging pathways across
different tissue types (e.g., immune cells, fibroblasts, neuronal, endothelial, cardiac, etc.) to
build our understanding of the molecular machinery that is impacted by stress hormones and
drives aging processes. For example, it is not clear whether NE exposure results in damage
accumulation specifically in the nucleus, mitochondria, or both, and whether the damage

is sufficient to force cells into senescence. It will also be important for future research to
test whether specific factors (e.g., physical activity, diet, pharmaceuticals) that are known

to promote resistance to cellular stress and damage, such as those that increase antioxidant
availability, prevent senescence initiation pathways, alter glucose or MAO metabolism, or
control mitochondrial metabolism, could block this effect, and modify the biological aging
pathway. Another potential application of this work is to examine whether, under conditions
that are known to induce DNA damage such as exposure to cytotoxic agents (e.g., radiation,
chemotherapeutics), the additional exposure to NE or GC might impair repair pathways and
promote further damage accumulation and cellular senescence. This basic research could
shed light on key pathways to target in clinical settings.

The second key research domain involves testing these concepts in animal models where
stress physiology and its effects on biological aging can be examined within the interactive
levels of the organism. Research gaps are substantial in this domain. For example, one
particularly compelling transgenic mouse model (p16-3MR) could be leveraged to better
characterize how chronic stress exposure alters biological aging pathways and aging
outcomes. With this model, cells that express p16/NK4a [uminesce and can be selectively
removed with a pharmacological agent to examine the reversal of aging.159 This model
could therefore be used to induce chronic stress, observe cellular senescence and related
inflammation, and then remove senescent cells to examine whether inflammation or
observed aging phenotypes are altered. A multitude of research questions could be addressed
using this paradigm, including whether additional biological modifications through
inhibitors or pharmacological agents (e.g., mTOR regulators, carcinogens, mitochondrial
regulators, inflammatory blockade) accelerate or decelerate this aging process, whether these
processes enable cancer initiation, progression, and metastasis, and whether senescence
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and the SASP play a role in stress-induced exacerbation of conditions like chronic pain,
chronic fatigue syndrome, arthritis, dementia/Alzheimer’s disease, anxiety, insomnia, and
depression.8:104.151-154 \we would like to note that this review predominantly included
research examining the role of stress on peripheral tissue. Stress-induced biological aging
likely also acts within the central nervous system via direct activity, as well as indirect
activity through the blood-brain barrier. How these aging processes occur in the periphery
and the central nervous system are important areas for future research on these topics. Other
directions for future research include using knockout mice to modify key inflammatory
pathways to exacerbate the impact of chronic stress exposure and test the role that
inflammation alone might play in driving accelerated aging phenotypes observed under
chronic stress. It will also be important to consider how stress hormones might impact
hallmarks of aging differentially in younger compared to older animals, as the observed
effects are likely to be nuanced with increased aging of the system. Finally, animal models
that examine whether and how stress hormones might influence the efficacy of novel
pharmaceutical interventions that target aging pathways, such as senolytics, for the treatment
of specific aging-related diseases would contribute important insights to this emerging area
of Geroscience research.

The last key domain to advance research in this area involves developing robust clinical
models of stress and biological aging. As outlined earlier, correlational studies suggest

that psychosocial stress is associated with elevated DNA damage and disrupted repair
pathways and shorter telomere length in humans; however, to our knowledge, only one
study has linked chronic stress exposure and perceived stress to elevated expression of
cellular senescence marker p16/NK42 jn humans.®” In addition, causal models have not been
tested, outside of a few studies examining associations between stress and longitudinal
changes in telomere length. 1t will be important for future research to adopt experimental
(e.g., intervention) designs and/or repeated assessments of chronic stress and markers of
biological aging to better understand how experiences of chronic stress and adversity impact
the biological aging process over time and how this relates to age-related declines and
diseases, as well as how intervention could potentially reverse aging. Further refinement of
biological markers of aging in human models will also be key to accelerating progress in
this area, such as recent advances in epigenetic markers of aging1°5-158 and multisystem
indicators of age acceleration.1® Other hallmarks of aging that are relevant to this

model but few studies have investigated in humans include mitochondrial function and
characterization of the SASP in circulating blood and diseased tissues. Application of this
work is important for understanding early aging that may result from childhood adversity, as
well as accelerated aging during middle and late adulthood and within the context of specific
diseases (e.g., cancer, diabetes, cardiovascular disease, dementia).169-162 Finally, empirically
supported behavioral (e.g., mind-body) interventions that target the stress response may also
be effective in modifying biological aging pathways to slow, prevent, or reverse accelerated
aging and delay the onset of age-related disease.163 These interventions may also be
beneficial in the context of ongoing clinical trials of senolytic agents (e.g., NCT04063124,
NCT04685590, NCT02848131, NCT04733534) for the treatment of age-related diseases.
Although the senolytic drugs target and eliminate senescent cells to reduce disease burden,
aging cells that are not yet senescent may still be vulnerable to progression in patients
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experiencing acute and chronic stress and adversity; therefore, a dual intervention that
improves the management of stress responses while also targeting senescent cells may have
the greatest benefit.

6. Conclusion

In summary, this review has integrated research using animal, human, and /n vitro models
to demonstrate how experiences of chronic stress and adversity that elicit a stress response
might drive biological aging. The findings highlight several key hallmarks of aging that are
modified by exposure to chronic stressors and stress hormones, including cellular stress,
DNA damage, telomere shortening, inflammation, mitochondrial function, and cellular
senescence. This growing literature has led to the development of an integrated conceptual
model that begins to delineate the distinct pathways through which psychosocial stress
may drive accelerated biological aging. We have concluded by discussing critical gaps in
the literature that must be filled to validate the proposed pathways and extend this work

to various relevant disease models. Research on aging biology and broader the field of
Geroscience is well-positioned to exponentially grow in breadth and depth by integrating
behavioral scientists and basic researchers in psychoneuroimmunology into this fascinating
field.16.17
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Highlights
. Psychosocial stress influences multiple biological aging pathways.
. Stress hormone mediators may drive the effects of stress on biological aging.
. Biological aging pathways can further promote damage in response to

additional stressors.
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Figure 1b
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Figure 1c
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Figure 1. Integrated Conceptual Model of Stress and Biological Aging.
Integrated conceptual model depicting two primary and parallel pathways through which

experiences of psychosocial stress and adversity contribute to accelerated aging.

(a) Following activation of the stress response, norepinephrine (NE) is released at
sympathetic nerve terminals and epinephrine (E) is released via the adrenal gland into
circulation. NE and E stimulate cells to increase metabolic activity of the mitochondria,
elevating adenosine triphosphate (ATP) and reactive oxygen species (ROS). Excess ROS
can result in DNA damage within the nucleus and the mitochondria. Telomere shortening
and DNA damage response pathways are activated and can result in cellular senescence
or necrosis. NE and E also lead to activation of MAO-A, which can further increase ROS
and inhibit mitophagy. Mitochondrial damage leads to dysfunction that can also exacerbate
cellular damage and activate cell stress pathways.

(b) Progressive accumulation of senescent and necrotic cells can further promote systemic
inflammation via the release of damage-associated molecular patterns (DAMPS) and
senescence-associated secretory phenotype (SASP) factors, acting to further drive tissue
damage.

(c) Direct innervation of sympathetic fibers on immune tissue can activate a pro-
inflammatory response (e.g., CREB transcription factor) within immune cells. Subsequent
release of glucocorticoids (GC) via the HPA axis can have an anti-inflammatory effect;
however, prolonged exposure to is thought to result in insensitivity (e.g., glucocorticoid
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resistance)197, where the receptors for GC no longer signal to the nucleus an effective
anti-inflammatory response. Figure created with BioRender.com.
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Table 1.

Hallmarks of Aging (Lopez-Otin et al., 2013)
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Hallmark

Definition

Measurement

Genomic instability

Telomere attrition

Epigenetic alterations

Loss of proteostasis

Deregulated nutrient
sensing

Mitochondrial
dysfunction

Cellular senescence

Stem cell exhaustion

Altered intercellular
communication

Accumulation of DNA damage, including point mutations,
translocations, chromosomal gains and losses, telomere
shortening, and gene disruption

Accumulation of DNA damage to telomeres, the protective
sequences of DNA at the end of chromosomes

Age-related DNA modifications, including histone acetylation,
methylation, and chromatin remodeling

Disruption to cellular systems that refold or degrade unfolded or
misfolded proteins and stabilize correctly folded proteins

Age-related changes in the nutrient-sensing pathways that
regulate metabolism

Decreased ability of mitochondria to produce ATP and increased
production of reactive oxygen species

Cell cycle arrest accompanied by the release of inflammatory
cytokines, chemokines, and damage-associated molecular patterns
(DAMPs) referred to as the senescence-associated secretory
phenotype (SASP)

Decreased stem cell function, including renewal, immune
function, and blood production

Increased inflammatory signaling, release of pro-inflammatory
cytokines and DAMPs; Endocrine communication failure

v-H2AX, 8-OHdG, Comet assay!8:20.158

Telomere length, telomerase enzyme activity%9

DNA methylation and histone modification via
next generation sequencing4

Heat shock proteins, accumulation of unfolded
or misfolded proteins (e.g., Alzheimer’s
disease), failure in autophagy60161

IGF-1, mTOR, AMPK, sirtuins, FOXO

ROS production, mitochondrial respiratory
capacity, mtDNA damage105109

p16/NK4a 121 p53, senescence-associated -
galactosidase, SASP!1:136

FGF2, reduced proliferation in culture, cell
lineage skewing (e.qg., fewer adaptive immune
cells and naive T cells)162

NF-xB, IL-6, TNF-a,HMGB1, NLRP3
Inflammasomes , SASP13.65.163
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