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Perspective
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The rate of biological aging is modulated in part by genes interacting with stressor exposures. Basic research has shown
that exposure to short-term stress can strengthen cellular responses to stress (“hormetic stress”). Hormetic stress pro-
motes longevity in part through enhanced activity of molecular chaperones and other defense mechanisms. In contrast,
prolonged exposure to stress can overwhelm compensatory responses (“toxic stress”) and shorten lifespan. One key
question is whether the stressors that are well understood in basic models of aging can help us understand psychological
stressors and human health. The psychological stress response promotes regulatory changes important in aging (e.g.,
increases in stress hormones, inflammation, oxidative stress, insulin). The negative effects of severe stress are well docu-
mented in humans. Potential positive effects of acute stress (stress resistance) are less studied, especially at the cellular
level. Can stress resistance slow the rate of aging in humans, as it does in model organisms? If so, how can we promote
stress resistance in humans? We urge a new research agenda embracing the continuum from cellular stress to psychologi-
cal stress, using basic and human research in tandem. This will require interdisciplinary novel approaches that hold much

promise for understanding and intervening in human chronic disease.
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THE LINK BETWEEN STRESS RESISTANCE AND
AGING: AN EARLY GEROSCIENCE TopIC

Geroscience is an interdisciplinary field emerging at the
interface of the basic biology of aging and chronic disease.
Many laboratories are now adapting their research strategy
to take account of aging as a vital factor in the etiology of
human disease. This shift has been driven by the many
discoveries that suggest that aging mechanisms are tightly
linked to disease mechanisms, with macromolecular dam-
age and the ability to respond to damage being a critical
link. More recently, commonalities have emerged between
aging biology and stress biology. All living organisms
experience chronological aging, but the rate of biological
aging is fundamentally “elastic,” and modulated by genes,
environmental context, and their interaction. For example,
in invertebrates, mutations in single genes can dramati-
cally extend lifespan in the laboratory. However, the mag-
nitude of lifespan extension is highly dependent on the
environment in which the animals are maintained. Most
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organisms are sensitive to the type and severity of threats
to physical or social survival, naturally embedded in life
experiences. Here, we propose that these threats can shape
stress responses in long-term ways, sometimes across the
lifespan, and consequently the rate of aging. The relation-
ship between rate of aging and an animal’s response to
stress is extremely complex (1). However, developing a
mechanistic understanding of this relationship could pro-
vide new ways to understand and modulate age-related
disease.

STRESSORS AND STRESS RESPONSES

For cells in culture and simple invertebrates, environmen-
tal stressors include any factors that cause cell injury, such
as heavy metals, radiation, heat exposure, reactive oxygen
species, and osmotic fluctuation. Even in simple inverte-
brates, there is a continuum of related molecular, hormonal,
and behavioral responses to such stressors that are essential
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to minimize damage, maintain health, and maximize the
probability of future reproduction.

In higher level organisms, including humans, stressor
exposure has further layers of complexity, including not just
some of the physical exposures above, but also common
social and psychological stressors. These engage the threat-
related neural networks and the interconnected neurohor-
monal and immune patterns of central to peripheral stress
response and related behavioral pathways. In organisms
with more highly developed cognitive abilities, the capacity
to learn about, imagine, remember, and anticipate stressful
situations and their warning signs or loosely related cues
can create chronic states of vigilant arousal in the body,
even in the absence of observable stressors. On top of this
universally conserved survival response, there are multiple
individual differences that make some people more vulner-
able to stress, where the identical stimuli causes exagger-
ated stress responses. Understanding this variance across
humans is an active area of human stress research with the
goal of isolating mechanisms of psychological stress resist-
ance. These individual differences in turn might possibly be
associated with hormesis.

THE STRESS-AGING PARADOX: HORMETIC STRESS
VERsUS Toxic STRESS

In simple laboratory animals, stress can be either detri-
mental or beneficial in an aging context. On one hand, it is
fairly clear that stressors that are chronic threats to survival,
which have been called “toxic stress,” contribute to disease,
and possibly to aging pathology (2). On the other hand, it is
also true that limited or manageable stressors may result in
physiological benefits, probably due to activation of stress
responsive and metabolic alterations. This is commonly
called “hormetic stress.” Clearly the duration and to a lesser
extent, severity, of the stressor can determine whether it has
salutary or damaging effects. Beyond these, there are few
factors known to determine whether a stressor will be more
hormetic or toxic.

Stress is an inevitable part of life, but a better understand-
ing of how stressors modulate aging biology may allow us
to intervene by increasing stress buffers. Stress and aging
has been studied in limited contexts to date, almost entirely
in laboratory model organisms such as fruit flies and nema-
tode worms. The larger issue is whether the pathways to
stress resistance and successful adaptation understood so
far are relevant to human aging and if so, to what extent
modulation of stress and stress responses could modify the
course of human aging.

THE STRESS-AGING GAP: MODEL ORGANISMS
VERsUS HUMAN STUDIES

One important question is whether the systemic responses
to stress in humans (either stressful events such as daily has-
sles, time pressure, and social conflict or chronic stressors

such as financial strain, job strain, caregiving, marital strain)
have any relationship to the better understood cellular
responses to environmental stressors (heat, nutritional, radia-
tion, osmotic stress) commonly applied in laboratory animals
that alter rate of aging. There is already a large and consistent
human literature showing that chronic stress leads to disease
processes, and aging is the biggest factor predicting early dis-
ease, so this idea is physiologically plausible. Nevertheless,
few studies have focused on processes representing the biol-
ogy of aging independent of disease. This is in part due to the
difficulties of assessing pathways of aging in humans, when
we are typically limited to sampling blood rather than other
tissues and to observational studies. Thus, to the extent that
the study of early disease is independent from the study of
basic biology of aging, there is a large gap between basic
and clinical research on aging and stress. To bridge this gap
necessitates formation of a common knowledge base and
taxonomy for describing stressors and stress responses. Such
a dialogue can foster collaboration and sharing of methods
across disciplines. The fusion of basic and clinical research
on stress and aging is an area ripe for inquiry.

STRESS RESPONSE PATHWAYS AND AGING

Basic Research

The deep relationship between stress and aging began to
emerge in the early 1990s with studies on simple invertebrate
models. It was known that mutations in single genes in the
nematode Caenorhabditis elegans resulted in spectacular
extensions in lifespan, and experiments were undertaken
to understand the molecular basis of this enhanced longev-
ity. Some of these early studies noted that long-lived mutant
worms were resistant to oxidative and thermal stress even as
young animals. Further studies revealed that these longev-
ity mutants were also resistant to heavy metals, radiation,
osmotic stress, and other environmental stressors. This “mul-
tiplex stress resistance” (1) seemed to arise from the upreg-
ulation of various stress response systems. For example, in
C elegans, mutations in genes encoding components of the
insulin-signaling pathway enhanced defenses against a broad
range of stressors by upregulating the synthesis of molecular
chaperones, antioxidant enzymes, and metal-binding proteins.

Molecular chaperones were of particular interest because
of their role in promoting protein homeostasis (as further
described in this issue (3)). It is now known that during
aging, a large variety of cellular proteins accumulate in
insoluble forms, indicating a dramatic failure of homeo-
stasis. Mutations leading to stress resistance and longevity
slow the accumulation of insoluble proteins. In addition,
enhancing chaperone activity via activation of the tran-
scription factor heat shock factor 1 (HSF-1) is sufficient to
increase both stress resistance and lifespan in C elegans.
Even in isogenic worm populations, there is a correlation
between chaperone expression levels and lifespan (4).
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Although it appears that enhanced protein homeostasis
promotes stress resistance and longevity and provides one
of the clearest mechanistic connections between stress and
aging, other mechanisms may be equally important. These
include oxidative stress and environmental toxins (key fac-
tors in some neurological diseases), telomere dysfunction
or shortness (a common cause of cellular senescence in
human aged tissues, promoting fertile ground for degenera-
tive diseases and cancer), and inflammation (also a key fea-
ture of chronic disease).

In addition, there are clear examples of hormesis, where
short-term exposure to a stressful event results in longer
life (“what doesn’t kill you makes you stronger”). Thermal
stressors for short periods of time can extend the lifespan
of worms and flies. Metabolic stressors that result in an
increase in reactive oxygen species also extend lifespan in
some cases (5). It seems likely that the stresses themselves,
although damaging (e.g., thermal stress causes widespread
sterility in these invertebrates), induce stress response sys-
tem activation resulting in gene expression changes and
metabolic adjustments that promote survival. In the longer
term and in the absence of further stresses, this response
slows aging. This appears especially true for younger organ-
isms. It’s not clear why this happens, but it may involve the
reallocation of energy toward homeostasis, and away from
growth or reproduction, thus delaying the aging process.

Mammals and Humans

The relationship between stress responses and lifespan,
well demonstrated in simple invertebrates, is less clear in
mammals. However, one striking example suggests some
conservation of the relationship: fibroblasts cultured from
long-lived Snell dwarf mice are very resistant to multiple
forms of stress in the culture dish. There is also evidence
that cells cultured from long-lived species are stress resist-
ant (6). In addition, calorically restricted mice (and methio-
nine-restricted mice) are resistant to many forms of stress
including oxidative stress and long-lived Ames dwarf mice
are paraquat resistant. Whether the stress resistance contrib-
utes to the longevity of these mice is not yet clear.

In animals including humans, it has been shown that
psychological stress changes limbic and prefrontal cortex
areas that regulate emotional health and cognitive function.
In humans, psychological “stress resistance” in the face of
adversity is thought to be promoted by a combination of
stress resistant genotypes, temperament and coping behav-
ior, and resources/stress buffers, which might promote
greater cell longevity in some cases. However, beyond sug-
gestive correlations, it is not known whether psychological
stress resistance, often described as” resilience,” is asso-
ciated with resistance to multiple stressors at the cellular
level or if the terms are merely related conceptually but not
mechanistically. This is an empirical question that could
be addressed in short-term studies. The larger question of

whether psychological stress resilience is linked to health
and longevity, in humans, is difficult to study in the cur-
rent medical paradigm which uses disease risk as outcomes.
There are few measures of health, beyond the absence of
disease. There have however been studies demonstrat-
ing “positive stress”—how certain profiles of acute stress
responses are related to better physiological health or better
cognitive and behavioral performance (7,8).

In contrast, toxic stress has been well mapped, because of
its link with disease pathways. Chronic psychological stress
promotes changes in the autonomic, neuroendocrine, meta-
bolic, and immune system, creating a dramatically different
biochemical milieu than that of organisms not exposed to
stress (2). These changes might affect aging biology and
diseases of aging. Although experimental studies on ani-
mals have shown the effects of psychological stress on
early disease (9,10), there is now converging evidence from
multiple population-based studies across different countries
that chronic adversity (e.g., job strain, feelings of stress
or isolation, childhood adversity) is linked to physiologi-
cal wear and tear on the stress responsive regulatory sys-
tems, promoting multisystem dysregulation, early disease
or mortality (2,11-13). A dramatic example of stress effects
on later life health is prenatal metabolic or psychological
stress effects on offspring, through developmental program-
ming pathways, including calibration of the hypothalamic—
pituitary—adrenal axis. The myriad early changes during
development predict early cardiovascular and metabolic
diseases (14,15). It is unclear how prenatal programming
affects basic cellular mechanisms of aging.

Given the pervasiveness and chronicity of stress in mod-
ern life, it is highly feasible that differences in emotional and
behavioral stress responses may, in part, determine rates of
biological aging, not just age-related disease onset. Although
it is harder to make inferences in humans without oversim-
plifying and ignoring complex network systems, it has been
illuminating to look at blood-based markers—systemic
inflammation, telomere length, and patterns of gene expres-
sion. There is some evidence that chronic psychosocial stress
predicts indices of biological aging, and this is particularly
true when the stressors occur in childhood. For example,
early childhood adversity or trauma (abuse, neglect, exposure
to violence) is associated with greater levels of inflammation
(12), telomere shortness or shortening (16), and a pattern of
gene expression regulated by inflammatory signaling (17).

There are some obvious obstacles to examining aging
processes in humans—mainly the difficulty in examining
the relevant tissues such as stem cells in vivo. The immune
cell has been overused within the spectrum of availa-
ble readouts of human aging status but has been helpful.
Telomere length is one of the cellular aging systems that has
now been well studied. Telomere length of all leukocytes
(or in some studies, specific subsets) may crudely repre-
sent stages of replicative senescence, reflect hematopoietic
stem cell reserves, or be an index of cumulative exposures
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to stress mediators (inflammation, stress hormones, insu-
lin resistance). There are now convergent findings, across
clinical and large population-based samples, that various
aspects of stress (stressor exposure, duration, and suffering
— depression, trauma, anxiety) are associated with leuko-
cyte telomere shortness (18). This may be due in part to
telomeres’ high sensitivity to multiple types of biochemical
stress. There is some early evidence that the initial setting of
telomere length at birth may be affected by prenatal stress,
although this is a very new area of inquiry (16).

A better ability to assess biomarkers that represent
aspects of cellular aging in humans, in multiple tissues,
including stem cells and progenitor cells in key areas such
as the hippocampus, may help us understand how cellular
stress resistance may be fostered by psychological resil-
ience or impaired by toxic stress and if this in turn predicts
organismal disease resistance.

FUTURE QUESTIONS

As described above, there are both basic model and
human examples that show the importance of stress resist-
ance and stress-induced damage in regulating aging and
disease. The potential for leveraging this relationship to
enhance human health is uncertain, but highly attractive,
because stress is modifiable both in the environment and
in individuals’ responses. Several key questions need to be
addressed to fill in the gaps described above to help clarify
the hypothesized stress-longevity nexus, and lead us to the
most feasible and promising interventions.

Under What Conditions Is Stress Linked to Disease
Processes?

What kinds of stress are linked to aging biology or spe-
cific disease processes? What cellular and neuroendocrine
changes mediate these links? Can studies of stress biology
in small organisms contribute meaningfully to our under-
standing of the relationship between social-psychological
stress and human disease risk? Clearly the type and dura-
tion of the stressor is an important determinant of hormesis
versus damage. For example, acute psychological stress
can enhance cell-mediated immune responses, whereas
chronic exposure can dampen it in rodents (19). In animal
models, it may be helpful to identify what drives the switch
between enhancing versus damaging effects. Further, what
are the different effects during the developmental period,
early in life, versus in aged organisms? This could move
the field toward a finer grained analysis of “stress” so
as to better understand good versus bad stress, at which
developmental periods stress can have the most salutary
versus damaging effects, and the inflection point at which
a stressor becomes toxic and overwhelming. Identification
of the molecular players involved in this switch is a major
gap in the field.

In humans, this question becomes more complex, given
the vast range of stressor exposures and types of stress
responses. We rely on naturalistic exposures to chronic
stressors, and responses range from depression and disease
to psychological resiliency. Social factors, such as secure
attachment, higher educational attainment, and social sup-
port, are already known to have stress-buffering and salu-
tary effects and cannot be ignored in longevity research.

The study of biological predispositions to respond in
particular ways under stress is a new frontier. The range
of human response to common stressors in part depends
on genotype, as shown by recent studies focusing on cell
aging mechanisms (20). Although these are relatively small
effects, they will contribute to our ability to focus treat-
ments and tailor them, as part of the new movement toward
Precision Medicine. Next steps include understanding the
range of genotypes, and gene—gene interactions, and how
these protect an individual from an adverse environment,
as well as Gene x Environment interactions. Subsequently,
identifying those most vulnerable and shaping the environ-
ment to be most conducive to health and resiliency will
need to be major foci for antiaging interventions.

How Do Stress Exposure and the Cellular Response
to Stress Regulate Aging? What Experimental Models
May Be Useful in Defining the Impact of Stress at a
Molecular and Cellular Level?

Caloric restriction and GH/IGF-1 deficiency lead to lon-
gevity in lower species through certain pathways that change
energy metabolism and removal of toxins and can improve
response to physiological stressors. None of these studies
have examined psychological stressors. There are still funda-
mental questions in basic research, such as how to understand
the stress resistance to longevity relationship mechanistically
and what aspects of the relationship might be most open to
intervention (21). Of the nine hallmarks of aging recently sug-
gested by Lopez-Otin and coworkers (see Figure 1) (22), some
have already been linked to the stress response (3). The path-
ways in animal studies that have been examined so far include
loss of proteostasis and epigenetic changes in specific loci in
the brain. In humans, relations have been examined between
psychological stress with genomic instability (DNA damage),
telomere attrition, and certain patterns of gene expression.

Other pathways that have not yet been examined in the
context of stress include altered intra- and intercellular com-
munication, dysregulated nutrient sensing, mitochondrial
health, cell senescence, and stem cell exhaustion. Testing
links between these models of aging and stress exposure
could provide insights. Examining actual stress response
dysregulation or resistance to stress, and how that is causally
tied to early cellular events in aging, may be a highly pro-
ductive line of inquiry. Basic research could examine intra-
cellular signaling, gene expression, and epigenetic changes
during “hormetic” and “toxic stress’ in basic studies. Human
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Figure 1. Stress resistance may be central to the Hallmarks of aging: Does this extend to humans? (adapted with permission from Lopez-Otin et al. (22)).

research could examine indices of these aging pathways in
disease-free people who have been exposed to high cumula-
tive stress versus those with less exposure.

Can We Harness the Mechanisms of Successful
Adaptation to Stress to Slow Aging and Prevent Age-
Related Diseases?

If aging is the sum of loss in homeostatic mechanisms
in a variety of tissues, then it is not surprising that environ-
mental fluctuations and stressful events should dramatically
affect the course of aging

With all this in mind, there have been efforts to find ways
to activate endogenous stress response systems without
incurring the damaging effects of the stress. It is not yet clear
that this can be achieved, because some stress-related dam-
age results from the stress response system itself. However,
some small molecules have been shown to promote protein
homeostasis partly by inducing aspects of the stress response
system. These small molecules also extend lifespan in

invertebrates and testing in mammals is underway. Caloric
restriction may also promote longevity in part through this
stress resistance pathway, although even this relationship is
controversial. Caloric restriction does not appear feasible in
the general human population, but restriction in rodent sys-
tems may provide answers about the intimate connections
between nutrition, metabolism, and longevity.

There are some obvious drivers of aging in humans,
such as overeating unhealthy food. Rather than the cur-
rent epidemic of eating excessive empty calories, we need
to increase nutrition with reduced calories for healthy lon-
gevity or “healthspan.” Although a deeper understanding
of aging biology might provide pharmacological interven-
tions, they may be of limited value since people will keep
engaging in “pro-aging behavior” like overeating given the
toxic food environment. Thus, the basic science of behavior
change coupled with the necessary environmental changes,
might provide inroads to prevent people from overeating
in the first place, and thus might be thought of as another
“antiaging” basic science.
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How Does Exercise Affect Stress and Stress-Related
Diseases?

Exercise is one of the most promising interventions for
humans, as it promotes stress resistance in several ways.
Animal studies show exercise promotes enhanced telom-
erase activity, autophagy, and mitochondrial biogenesis,
linking metabolic pathways with disease resistance (23).
There is also evidence that certain forms of resistance train-
ing results in reversal of age-related gene expression trajec-
tories. In humans, there are clear well-known health gains
from moderate exercise, systemic benefits across aging
related systems, including improved insulin sensitivity and
better cognitive function. Many forms of exercise are of
course metabolically stressful, resulting in the production
of oxygen radicals. Recent reports in the literature suggest
that early production of such free radicals might in fact be
important for the organism to realize the positive effects
of exercise, again suggesting that limited stress might be
beneficial. Although the mechanisms of exercise-induced
health are only beginning to be elucidated, it is likely that
hormesis is at play.

How Do Changes in Gene Expression in Response to
Stress Regulate Aging?

Given the increasingly accessible ability to examine
whole-genome expression profiles, examining gene expres-
sion in states of stress has uncovered several important pat-
terns. Chronic states of adversity tend to be associated with
greater expression of genes that are regulated by proinflam-
matory states, mainly by the transcription factor NF-xb,
and in some cases, a downregulation of genes regulated by
glucocorticoids (24). Stress suppresses expression of type 1
interferons, which both contribute to vulnerability to infec-
tion, and have been linked to longevity (17).

The ability to examine gene expression patterns in large
human samples undergoing the same types of adversity
may help identify common gene expression pathways as
well as specific signaling pathways. This opens up doors
to identifying specific signaling pathways that may operate
as aging mechanisms. In addition to the traditional line of
basic research examining one pathway at a time, through
knockout models for example, there is a need to examine
a wider range of conditions more relevant to human aging,
such as the very common co-occurrence of chronic psycho-
logical stress in the context of diet-induced obesity or at
least subclinical insulin resistance. Currently, there is no
widely agreed upon profile of how the genome responds to
“stress.” A more precise taxonomy of stress may be helpful.

SUMMARY

Basicresearch has revealed pathways for stress resistance,
the enhanced adaptation to stress that retards aging. Such
stress resistance may be at the heart of many mechanisms of

aging, as suggested in Figure 1. Readers are referred else-
where for detailed reviews of stress resistance and relevance
to aging and health (21,25-27). Despite the significance of
this finding, there is a large gap between basic and human
research in stress and aging. Basic aging research has rarely
examined stressors relevant to humans, such as the com-
mon co-occurrence of high psychological stress and excess
calories. Human research has only just begun to examine
the basic pathways of cellular aging. It has rarely examined
measures of enhanced adaptation to stress, which might
reveal human analogs to “hormetic stress” and “multiplex
stress resistance.” It is simply unknown how stress resist-
ance might be applicable to or promotable in humans.

Toxic stress has been better studied. The question of
whether physiological stressors such as heavy metals affect
human health is not in question. But the problem of ubig-
uitous chronic psychological stress is a serious problem for
human health, as it has been shown to precede and hasten
early disease and mortality. How does toxic stress affect the
basic biology of aging? If stress pathways are an inherent part
of aging, this suggests that some portion of age-related dis-
ease and dysfunction is not inevitable but may be modifiable
through stress reduction (societal wide and individual). We
cannot eliminate all stress. And in fact that is not desirable
because with moderate stress comes survival behavior, moti-
vation, and positive striving. It is essential that major societal
attempts are focused on making widespread toxic stress more
manageable, and this in turn is a promising way to slow the
various aspects of aging on a population level.

Translating what we have learned from simple animals
to humans, including an examination of pathways along a
continuum from cellular to psychological levels of stress,
is daunting and will require an interdisciplinary approach.
Nonetheless, this is the promise of the emerging field of
geroscience and represents a new approach to understand-
ing and intervening in human chronic disease.
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