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Cortisol, a key product of the stress response, has critical influences
on degenerative aging in humans. In turn, cortisol production is
affected by senescence of the hypothalamic–pituitary–adrenal (HPA)
axis, leading to progressive dysregulation and increased cortisol
exposure. These processes have been studied extensively in industrialized settings, but few comparative data are available from humans and closely related species living in natural environments,
where stressors are very different. Here, we examine age-related
changes in urinary cortisol in a 20-y longitudinal study of wild chimpanzees (n = 59 adults) in the Kanyawara community of Kibale
National Park, Uganda. We tested for three key features of HPA
aging identified in many human studies: increased average levels,
a blunted diurnal rhythm, and enhanced response to stressors. Using linear mixed models, we found that aging was associated with a
blunting of the diurnal rhythm and a significant linear increase in
cortisol, even after controlling for changes in dominance rank. These
effects did not differ by sex. Aging did not increase sensitivity to
energetic stress or social status. Female chimpanzees experienced
their highest levels of cortisol during cycling (versus lactation), and
this effect increased with age. Male chimpanzees experienced their
highest levels when exposed to sexually attractive females, but this
effect was diminished by age. Our results indicate that chimpanzees
share some key features of HPA aging with humans. These findings
suggest that impairments of HPA regulation are intrinsic to the
aging process in hominids and are side effects neither of extended
human life span nor of atypical environments.
glucocorticoids

system, a phenomenon that not only increases vulnerability to
infectious disease but leads to increasing levels of background
inflammation (12). Glucocorticoids become chronically elevated
as an anti-inflammatory response (12, 13). Thus, glucocorticoids
play a central role in the vicious cycle between stressors, senescence, and disease.
Human studies have yielded inconsistent findings about the
association of age and glucocorticoid production. For example,
some studies report increases in baseline or average levels of
cortisol production but no differences in response to challenge
(14, 15). Other studies report that aging is associated with increased responsiveness and/or impaired feedback regulation
but not necessarily with increases in baseline cortisol production
(16–19). Still others find no evidence of age-related changes in
HPA function (20). One reasonable conclusion is that altered
HPA function is not an inevitable consequence of aging but may
be contingent on a panoply of genetic and lifestyle risk factors
(13). Recent studies indicate that maintaining high physical fitness can attenuate the effects of aging on inflammation and HPA
dysregulation (21, 22), as can maintenance of strong social networks and positive affect (23).
As with most aspects of human senescence, aging of the HPA
axis has been studied primarily within clinical samples in the
developed world, in environments that are epidemiologically,
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Humans are unusually long-lived; thus, there must have been
important changes to the aging process during our evolutionary history. Recent lifestyle shifts in the developed world have
also affected aging. Chimpanzees are valuable comparative
models for aging given that they share a close evolutionary
relationship with humans and are among the longest-lived
nonhuman mammals. In this study, comprising over 20 y of
longitudinal data from a population of wild chimpanzees, we
report that chimpanzees and humans exhibit common signatures of aging in a key system that regulates physiological responses to stressors. This suggests that aging of the stress
response is neither a side effect of extended life span in the
human species nor a by-product of recent shifts in lifestyle.
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lucocorticoids are produced by the adrenal cortex in response
to a variety of internal and external stressors and have farreaching physiological consequences. While these actions are
adaptive in coordinating short-term responses to threats, chronic
activation of the stress response, specifically the action of glucocorticoids, can have deleterious long-term effects on multiple
systems (1). Thus, glucocorticoids are intimately involved in the
degenerative processes of aging (2).
Glucocorticoids have been implicated in multiple pathways
that lead to adverse health outcomes with age, including neurodegeneration, muscle atrophy, immunosuppression, cardiovascular disease, and bone loss (2–6). The damaging systemic effects
of glucocorticoids during aging are exacerbated if glucocorticoid
production itself increases with age. Aging in humans and animal
models is frequently associated with dysfunction in regulation
of the hypothalamic–pituitary–adrenal (HPA) axis, resulting in
delayed termination of the stress response and overproduction of
glucocorticoids (2, 7, 8). Aging is also commonly associated with
blunting of the diurnal rhythm of glucocorticoid production, which
typically peaks shortly before waking and declines throughout
the day (9–11). Glucocorticoids may also increase with age because somatic senescence creates more stressors for the HPA axis
to respond to. For example, the cumulative burden of repeated
responses to pathogens contributes to senescence of the immune
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effect would increase as chimpanzees aged. We predicted that as
male chimpanzees aged, they would experience increasing stress in
response to mating competition, while aging females would experience increasing stress in response to the high energetic
demands of lactation.
Methods
Observations and urine sampling of wild chimpanzees were conducted from
late 1997 to early 2017 using noninvasive methods. Over this time, the
Kanyawara study community comprised 49 to 54 chimpanzees, including 9 to
11 adult males and 13 to 18 adult females. All field research was conducted
with the approval of the Institutional Animal Care and Use Committees of
Harvard University and the University of New Mexico.
Field staff of the Kibale Chimpanzee Project conducted daily, full-day
chimpanzee follows as often as possible, often targeting two chimpanzee
subgroups in different locations. The current study comprised 6,538 unique
study days and 75,212 h of observation. Briefly, protocols of relevance to the
current study comprised 1) daily records of demographic events, health, and
female reproductive status; 2) 15 min scan sampling for group-level data,
including individuals present and feeding behavior; 3) detailed all-occurrence
sampling of social behavior, including all instances of aggression and formal
dominance signals used to calculate dominance ranks; and 4) opportunistic
collection of urine samples. See SI Appendix for expanded methods for
observational measures (dietary quality, dominance rank, and reproductive
effort) and for further details on sampling and assay procedures.
We examined immunoreactive cortisol using previously validated enzyme–
immunoassay procedures (SI Appendix and refs. 49 and 50–52). This analysis
considers only adult individuals, defined as those physically, socially, and
sexually mature. This comprises males of at least 15 y of age and females
from the time that they first exhibited maximally tumescent sexual swellings, an indication that ovarian cycling has begun (53, 54). Samples from
pregnant females were excluded because glucocorticoid levels increase
markedly over the course of pregnancy and may be influenced by interactions between maternal and fetal HPA axes (55). Our dataset comprised
7,888 samples from 39 adult females (mean = 217 samples/female, range = 1
to 782) and 8,029 samples from 20 adult males (mean = 401 samples/male,
range: 17 to 1,395).
Our analysis comprised four linear mixed models (LMMs); see SI Appendix
for complete details. The first model examined effects of age and sex on the
diurnal rhythm of cortisol excretion. In subsequent analyses, we modeled
cortisol values that were corrected for time of excretion. The second model
used the combined sample from males and females as an initial test of the
prediction that time-corrected cortisol production increases with age, and
we tested for an interaction between age and sex. A third pair of models
was conducted for males and females separately and tested the prediction
that effects of age persist after controlling for social and energetic variables
(dietary quality, dominance rank, and reproductive effort) that had not been
included in the combined sex model. Next, in order to test the prediction that
aging increases responsiveness to stressors, we used log-likelihood ratio tests
(LLRTs) to evaluate, one at a time, whether interactions between age and
either dietary quality, dominance rank, or reproductive effort improved model
fits. While most samples (60%) were analyzed within 3 y of collection, all
models included a control for the interval between collection and analysis.
While inclusion of this term improves model fits, it does not alter outcomes
related to other predictors. All models also incorporate random effects to
control for variable sampling across individuals and over time (SI Appendix).
Data Availability. Datasets are available in Dryad (56).

Results
Urinary cortisol excretion declined across the day, closely approximating a third-order polynomial regression (SI Appendix,
Fig. S1). Thus, to test the prediction that age influenced the
diurnal rhythm, we modeled time as a cubic effect and examined
the interaction between age and time of excretion (SI Appendix,
Table S1). As predicted, older chimpanzees exhibited a significantly shallower rate of decline driven by higher levels at the end
of the day (Fig. 1). Males exhibited higher cortisol concentrations than females across the day. None of the interactions involving chimpanzee sex were significant (P > 0.1).
Before constructing multivariate models for each sex separately,
we undertook a preliminary LMM on the combined sample to
determine whether there was a net effect of age on time-corrected
PNAS | April 14, 2020 | vol. 117 | no. 15 | 8425
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nutritionally, and socially different from those in which human
physiology and our aging process evolved. Thus, broader comparative data are necessary to better understand whether adrenal
pathologies are intrinsically linked to the aging of the human
organism or are influenced by novel environments. For example,
studies of small-scale subsistence populations have recently
called into question the conventional understanding of the links
between aging, inflammation, and disease (24–27). While individuals in these settings maintain high levels of physical activity,
which reduces the harmful effects of inflammation, they also
experience greater ecological stress, including high rates of infectious disease and unstable nutrition. Several studies of smallscale societies fail to find increases in basal cortisol with age (28–
31), though age-related blunting of the cortisol diurnal rhythm is
consistent across populations (9, 29, 30).
Evidence on aging of the HPA axis in primates is scant and
inconsistent (32–41). The glaring problem in interpreting findings across human and nonhuman studies is that most studies are
small and cross-sectional, often representing each subject with
few hormone measures. Consequently, most studies fail to distinguish between the effects of biological aging and those that may
stem from variation in stress experience across the life course. In
wild primate populations and small-scale human societies, old
individuals are often underrepresented, and there is a strong potential for heterogeneity in mortality risk to yield a biased sample
of healthy elders (42). Robust longitudinal studies involving repetitive sampling are rare (39) but necessary to detect how aging
influences physiology within individuals.
In the current study, we used 20 y of longitudinal data to examine age-related changes in glucocorticoids (urinary cortisol) in
wild chimpanzees in the Kanyawara community in Kibale National Park, Uganda. The Kanyawara chimpanzees are not provisioned, and medical interventions are rare (e.g., removal of
poachers’ snares); thus, these chimpanzees experience the full
spectrum of ecologically relevant stressors, including seasonal
climate fluctuations, infectious disease, food scarcity, and interactions with conspecifics. Given their close evolutionary relationship to humans, we tested the hypothesis that adult chimpanzees
exhibit senescence of the HPA axis, with age-associated characteristics similar to what has been observed in human clinical
studies. Specifically, we predicted that older chimpanzees would
exhibit 1) an altered circadian rhythm for cortisol excretion,
characterized by a shallower rate of decline across the day; 2)
higher cortisol levels, even after controlling for changes in agevarying sociodemographic characteristics; and 3) higher sensitivity
to stressors.
To address predictions 2 and 3, we determined whether age
changes in cortisol production were independent of and/or
interacted with measures of dietary quality, dominance rank, and
reproductive effort, which are commonly reported stressors in
wild primates (43). Because chimpanzee distribution and behavior are constrained by the availability of ripe fruit (44, 45), we
predicted that chimpanzees would have increased cortisol during
periods of low dietary quality, defined by low ripe fruit consumption (46). We predicted that older chimpanzees would be
particularly affected because these individuals are likely to experience physical constraints on competitive success and mobility.
Dominance rank is often associated with variation in glucocorticoid levels because it determines access to resources and exposure
to stressors, such as aggression (47). While low social status is
typically associated with increased stress and poor health outcomes in humans, studies of other social mammals often find the
reverse (47, 48). Based on prior short-term studies of Kanyawara
chimpanzees, we predicted that high rank would be associated
with elevated cortisol in males (46) and lower cortisol in females
(49) and that these effects would be magnified with age. Finally,
we predicted that chimpanzees of both sexes would exhibit higher
cortisol during periods of higher reproductive effort and that this

Fig. 1. Diurnal pattern of glucocorticoid excretion in wild adult chimpanzees (n = 15,917 samples, 20 individuals). (A) Males excrete higher levels of glucocorticoids (blue dashed line), but the diurnal pattern is not significantly different from that of females (red solid line); in both males (B, blue) and females
(C, red), older individuals (35+ years, dashed lines) exhibit a significant blunting of diurnal rhythm compared to younger adults (solid lines). Urinary cortisol
(uCortisol) levels are corrected for specific gravity (SG) and log transformed. While discrete age categories are shown, all statistical models used a continuous
specification of age. Shaded bands indicate 95% CIs.
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cortisol. Indeed, cortisol increased significantly with age (estimate =
0.025, SE = 0.005, X2 = 26.6, P < 0.00001). While males had
higher average cortisol than females (estimate = 0.294, SE =
0.084, X2 = 12.3, P = 0.0005), the slope of the age relationship did
not differ by sex (female = 0.029 vs. male = 0.021, LLRT: X2 = 0.5,
P = 0.472, Fig. 2A).
We predicted that if aging was an intrinsic influence on cortisol production, age would remain a positive and significant
predictor of cortisol after controlling for sociodemographic and
ecological predictors: dietary quality, dominance rank, and reproductive effort. This prediction was supported in multivariate
models for both males and females, where the effect of age
remained positive and significant (Tables 1 and 2). Dietary quality,
defined as the proportion of ripe fruit in the chimpanzees’ diet in
the previous 14 d, did not influence cortisol concentrations of
either sex. Dominance rank influenced the cortisol concentrations
of males but not females. Males who were higher ranking for their
age produced higher cortisol. Reproductive effort affected cortisol
concentrations in both sexes. For males, cortisol concentrations
were significantly increased on days of high reproductive effort,
defined as those in which a maximally swollen, parous female was
present in a party with the sampled male. For females, cortisol

varied significantly by reproductive state. Pairwise tests indicated
that females had higher cortisol concentrations on days when they
were cycling with a maximal swelling, compared to when they were
cycling and nonswollen (Tukey’s pairwise test, z = 5.977, P <
0.001), in early lactation (z = 7.619, P < 0.001), or in late lactational amenorrhea (z = 6.786, P < 0.001).
To test the prediction that older chimpanzees exhibit a greater
glucocorticoid response to stressors, we tested for interactions
between age and the other model predictors. We found no significant interactions between age and either dietary quality or
dominance rank (Tables 1 and 2). Interactions between age and
reproductive effort were observed in both sexes. Contrary to our
prediction, the effects of reproductive effort in males decreased
rather than increased with age (Fig. 2B). Across all ages, males
exhibited elevated cortisol on days of high reproductive effort,
but this represented a smaller absolute and relative change for
older males whose cortisol levels were already high. Among females, the effects of age were steeper among cycling females and
shallower among lactating females (Fig. 2C). Significant pairwise
differences in slope were detected early lactation and either cycling condition (vs. nonswollen: z = 4.0, P = 0.0004; vs. swollen:
z = 2.7, P = 0.033).

Fig. 2. Urinary cortisol (uCortisol) variation by age, sex, and reproductive effort. uCortisol concentrations are the residual from time of day, after correction
for urine specific gravity and log transformation. (A) While each sex produces more cortisol as they age and males (blue dashed line, n = 8,029 samples, 20
individuals) produce significantly higher levels than females (red solid line, n = 7,888, 39 individuals), the age effect was statistically similar between males and
females. (B) Males produce more cortisol on days when they are in association with at least one parous, swollen female (dashed line) than on days when they
are not (solid line), but the effect of age is reduced when parous, swollen females are present. (C) Females exhibit higher overall cortisol production and a
steeper increase with age when they are cycling (green dotted line: cycling with maximal swelling; red solid line: cycling without maximal swelling) than when
in early lactation (aqua dot-dashed line: first 2 y after parturition) or late lactational amenorrhea (purple dashed line). Shaded bands indicate 95% CIs.
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Table 1. Linear mixed model for time-corrected cortisol for adult male chimpanzees

Fixed predictors
(Intercept)
Age
Dominance rank
Diet quality
Reproductive effort*
Years to assay
4–6 y
7–9 y
Random effects
ChimpID
Age*ChimpID
Rank*ChimpID
Year of Assay
Month-Year
Interaction effects
Age*Dietary Quality
Age*Dominance Rank
Age*Reproductive Effort

Estimate

Variance

SE

0.288
0.010
0.004
<0.001
0.174

0.088
0.004
0.001
0.001
0.023

−0.424
−0.540

0.063
0.081
0.018
<0.001
<0.001
0.026
0.222

<0.001
<0.001
−0.006

X2

SD

10.7
8.1
8.1
0.0
34.7
73.7

0.134
0.007
0.004
0.160
0.472
<0.001
<0.001
0.002

14.1
2.6
4.3
10.3
1597.9
2.6
2.1
6.1

P
0.001
0.004
0.004
0.951
<0.0001
<0.0001

0.0002
0.108
0.038
0.001
<0.00001
0.109
0.151
0.014

n = 8,029 urine samples, 20 individuals. Significance of fixed effects was determined via type III Wald chisquare tests. Significance of random effects and interactions was determined via LLRTs. Interactions were tested
one at a time against the base model.
*For males, reproductive effort was defined as the presence or absence of parous swollen females.

Discussion
We examined a large, longitudinal dataset on urinary cortisol in
wild chimpanzees, finding that glucocorticoid production increased reliably with age. While aging may be associated with
shifts in the experience of stressors, several lines of evidence

suggest that our findings were due principally to intrinsic aging of
the HPA axis. First, age-related increases in glucocorticoids were
accompanied by a blunting of the diurnal rhythm, a feature that
characterizes impaired regulation of the HPA axis due to aging
or other factors in humans (9–11). Second, the increase in

Table 2. Linear mixed model for time-corrected cortisol for adult female chimpanzees
Model predictors
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Fixed predictors
(Intercept)
Age
Dominance rank
Diet quality
Reproductive effort*
Cycling, swollen
Early lactation
Late lactation
Years to assay
−4–6 y
−7–9 y
Random effects
ChimpID
Age*ChimpID
Rank*ChimpID
Year of Assay
Month-Year
Interaction effects
Age*Dietary Quality
Age*Dominance Rank
Age*Reproductive Effort
Cycling, swollen
Early lactation
Late lactation

Estimate

Variance

SE

5.768
0.027
0.007
0.001

0.087
0.007
0.002
0.001

0.251
−0.074
−0.084

0.042
0.034
0.042

−0.353
−0.577

0.050
0.079
0.047
0.001
<0.001
0.016
0.271

SD

0.217
0.025
0.006
0.127
0.521

<0.001
<0.001

<0.001
<0.001

−0.003
−0.017
−0.011

0.005
0.004
0.004

X2

P

4433.6
15.7
0.9
1.3
62.2

<0.00001
0.00007
0.332
0.260
<0.00001

76.6

<0.00001

42.2
14.9
20.6
77.6
1361.8

<0.00001
0.0001
<0.00001
<0.00001
<0.00001

0.2
1.1
17.1

0.624
0.304
0.0007

n = 7,888 urine samples, 39 individuals. Significance of fixed effects was determined via type III Wald chisquare tests. Significance of random effects and interactions was determined via LLRTs. Interactions were tested
one at a time against the base model.
*For females, reproductive effort was defined as reproductive state, with cycling-nonswollen females as the
reference category.

Emery Thompson et al.

PNAS | April 14, 2020 | vol. 117 | no. 15 | 8427

ANTHROPOLOGY

Model predictors

Downloaded by guest on May 15, 2021

glucocorticoids with age could not be explained by age-related
changes in social status or reproductive effort, nor could any
longitudinal changes in diet quality explain the increase. Third,
while males and females experience different rank trajectories
across the life course and differ markedly in the intensity of
status competition (57, 58), the sexes exhibited statistically indistinguishable age changes in glucocorticoid production and in
diurnal rhythms. As has been observed in humans, changes in
HPA function occurred linearly across adulthood, rather than
just at extreme ages. This suggests that changes in HPA function
are a normative feature of senescence in wild chimpanzees and
not a specific indicator of age-related pathology.
Though studies are inconsistent, human subjects often exhibit
increases in the glucocorticoid response to stressors, characterized by an increased magnitude or duration of response or both
(18, 59). Our study found limited support for this aspect of aging
in chimpanzees. Neither dominance rank nor dietary quality
interacted significantly with age to affect cortisol levels. While
exposure to sexually receptive females was a potent stressor for
males of all ages, the effect on cortisol was diminished among
older males whose cortisol levels were already high. In females,
the effect of reproductive state on cortisol production was moderated by age. While we had expected that older females would
produce an enhanced cortisol response to the energetic challenges
of lactation, it was cycling females who exhibited both higher
cortisol levels overall and a greater change with age. Steroid
hormones interact with the HPA axis (60); thus, it is plausible that
these effects could have been influenced by higher estrogen levels
among cycling versus lactating females. Results from other primates suggest this explanation is insufficient, as cycling females
are typically found to have similar or lower glucocorticoid levels
than lactating females (61–66). It should be noted that across all
interactions in both males and females, the effects of age on
cortisol were consistently positive. While aging led to a reduced
response to mating effort in males and an increased response to
sexual cycling in females, peak cortisol production for both sexes
was predicted by the combination of old age and the mating
context (Fig. 2). The mating environment poses a particular
physiological challenge for aging chimpanzees.
Given the wild setting, we could control neither the nature of
the stressor nor the timing of sampling relative to the stressor.
The interaction effects we observed could, in theory, speak to
changes in the nature of the behavioral stressors associated with
reproductive effort rather than a change in sensitivity of the HPA
axis. Older males may exhibit a reduced cortisol response to
mating days if they invest less in costly behaviors when exposed
to receptive females. Doing so may be an important strategy to
avoid stress and other risks as males age. By contrast, older females appear to be less able to control their exposure to stressors
in the mating environment, particularly as they become more
sexually attractive to males as they age (67). Sexually attractive
females elicit larger aggregations of males (68, 69), which compromises their foraging success (70). They also experience high
rates of sexually coercive aggression throughout cycling, and this
elicits stress responses (49, 52). Thus, the interaction effect for
females may not indicate age changes in HPA regulation, as we did
not find broader support for increases in stress reactivity with age.
Male Kanyawara chimpanzees produced higher cortisol levels
than females at any age (∼33% higher), but aging had parallel
effects in males and females. This similarity is notable because
the life histories of males and females differ in important ways.
Male chimpanzees generally experience a peak in dominance
rank during prime adulthood (∼25 to 35 y), after which they
decline in rank, engage in less frequent aggressive competition,
and sire fewer offspring (71–73). The current study corroborated
prior findings from this community that high dominance rank is
associated with relatively high cortisol levels for males, perhaps
due to the high costs of physical competition and associated
8428 | www.pnas.org/cgi/doi/10.1073/pnas.1920593117

testosterone production (46). Thus, the age pattern of cortisol increase for males occurs despite, rather than because of, age changes
in rank. Female chimpanzees, on the other hand, reliably rise in
rank as they age (57, 74), but rank did not contribute significantly to
cortisol variation. Thus, in neither sex could the robust age increase
in cortisol levels be attributed merely to changes in social status.
In our study, male chimpanzees had higher urinary cortisol
levels than females across all ages. Because the gonadal and
adrenal axes interact at many levels, sex hormones have the
potential to contribute to variation in HPA function. Estrogen
generally stimulates increased HPA response, while testosterone
has the opposite effect (60, 75, 76). Accordingly, studies of humans and rodent models have often reported increased HPA
sensitivity in females versus males, yielding more pronounced
and/or prolonged glucocorticoid response to direct (pharmacological) stimulation (60, 76–78). In the face of behavioral stressors, sex differences are far less consistent, suggesting that
perception of stress has an important influence (15, 79–82). In
that vein, the fact that the main effect of sex in our study reverses
the expected pattern could be explained by differences in the nature
and frequency of stressors experienced by males and females. In
humans, the effects of aging on HPA responses are consistently
more pronounced in women than in men across all kinds of stressors
(17, 18, 83, 84). Despite estrogen’s role in enhancing HPA activity,
the withdrawal of estrogen during human menopause is implicated
in accelerated HPA dysregulation and an accompanying increase in
affective disorders (75, 85). In our study, the effect sizes of age on
cortisol were consistently higher for females than for males, but our
combined models did not yield significant age by sex interactions. In
contrast to humans, chimpanzees rarely experience menopause
(86), and even the eldest females in our sample remained reproductively active. It is plausible that this difference in life history may
attenuate the sex difference in age-related HPA dysregulation in
chimpanzees relative to what has been observed in humans.
A key cause for higher glucocorticoids in our sample of aging
chimpanzees was a blunting of the diurnal rhythm, leading to
higher levels late in the day. We could not directly address the
time course of cortisol production, only its excretion in urine;
thus, our data will be influenced by a time lag and integration of
cortisol production over several hours (87), depending on hydration. Nevertheless, chimpanzees and humans exhibit strong
similarities not only in the overall diurnal rhythm but also in the
specific effects of aging. Similar effects, characterized by an elevation of afternoon glucocorticoid production, have been
reported in captive rhesus macaques (88, 89) and marmosets
(90), suggesting that this may be a common signature of aging
across primates. Comparative data are scant but indicate that
this pattern is not consistent across mammals (91–94). Shifts in
circadian regulation of the HPA axis have been linked to negative health effects of aging, including compromised antioxidant
defense (89), inflammation (95), metabolic disorders (96), and
neurodegenerative diseases (97). Moreover, altered circadian
production of glucocorticoids is unlikely to occur in isolation. Our
findings are highly suggestive of broader changes in circadian
regulation, symptomatic of wider health effects (98, 99).
Our data show that there are some key similarities in aging of
the HPA axis between humans and chimpanzees, most likely
shared through common descent. These signal two important
processes: a progressive increase in glucocorticoid exposure with
age and aging of the HPA axis itself. Our findings lend support to
the hypothesis that age-related changes in glucocorticoid regulation are, in fact, an ancient feature of aging in hominids and
are not simply an emergent by-product of extended human life
span or of the unusual environments in which most humans have
been studied. This is in contrast to other aspects of aging, such as
cardiovascular health, which are dramatically impacted by industrialized environments and differ fundamentally between
apes and humans (26, 100, 101). Additionally, our findings clarify
Emery Thompson et al.
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that senescent dysregulation of the HPA axis does not require
atypical exposure to stressors but can occur in the species’ natural environment, informing a debate that has arisen from laboratory models (102–104). Finally, given that glucocorticoids
play a central role in the biology of human aging, our findings
suggest broader similarities in the mechanisms underlying senescence in chimpanzees, about which we know very little. It
remains critically important to address how these processes unfold in long-lived species and under conditions that resemble
those in which the species evolved, facing selection pressures like
energy limitation, immune challenges, and social competition.
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