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While evolutionary explanations for aging have been widely acknowledged, the application
of evolutionary principles to the practice of aging research has, until recently, been limited.
Aging research has been dominated by studies of populations in evolutionarily novel indus-
trialized environments and by use of short-lived animal models that are distantly related to
humans. In this review, I address several emerging areas of “evolutionarily relevant” aging
research, which provide a valuable complement to conventional biomedical research on
aging. Nonhuman primates offer particular value as both translational and comparative
models due to their long life spans, shared evolutionary history with humans, and social
complexity. Additionally, because the human organism evolved in a radically different en-
vironment than that in which most humans live today, studying populations living in diverse
ecologies has redefined our understanding of healthy aging by revealing the contribution of
industrialized human environments to age-related pathologies.

EVOLUTIONARY THEORY OF AGING

Evolutionary theory has long been at the heart
of aging science as a way to explain why we

age. Purely mechanical views of aging propose
that like any machine, biological systems inevita-
bly deteriorate over time. In contrast, evolution-
ary biologists have rooted their inquiry into how
and why the negative effects of aging have been
maintained in the face of natural selection, a pro-
cess that is expected to eliminate detrimental
traits. Early evolutionary theories of aging at-
tempted to address why natural selection may
simply be unable to counteract the aging process.
Forexample, theMutationAccumulationTheory
explains that natural selection has a diminished
capacity to eliminate geneticmutations that cause
disease or dysfunction late in the life span, as

these traits will be passed on through reproduc-
tionbefore their negative effects begin tomanifest
(Haldane 1941; Medawar 1946, 1952). Subse-
quent theories embraced this core idea but pro-
posed that the imbalance between the force of
selection early versus late in life may not just fail
to remove harmful late-acting genes but may ac-
tively promote them.Williams originally formal-
ized the concept of “antagonistic pleiotropy,”
demonstrating that genes that have positive ef-
fects on reproductive success early in life will be
favored even if they produce negative effects on
survival (Williams 1957). Williams’ observation
was central to the development of life history the-
ory, which poses that when organisms spend
energy on reproduction, they have less energy
available to invest in somatic maintenance (Wil-
liams 1966; Stearns 1989).
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These core ideas have evolved as the under-
standing of aging biology has increased. One of
the most prominent contemporary evolutionary
theories of aging, the Disposable Soma theory,
proposes a mechanistic extension of antagonis-
tic pleiotropy: damage accumulates over the life
span because it is less advantageous to spend
energy on damage repair and prevention than
it is to spend the same energy on reproductive
effort (Kirkwood 1977; Kirkwood and Rose
1991). Although Kirkwood’s original formula-
tion of this theory focused on the accumulation
of errors during cell divisions, this essential
trade-off can affect diverse aging mechanisms.
The Disposable Soma theory is frequently ap-
plied to proximate trade-offs within species,
whereby individuals with higher reproductive
investment are expected to experience accelerat-
ed aging. However, persistence of these trade-
offs over evolutionary time is predicted to set a
rate of somatic repair that promotes senescence
even in the absence of reproduction.

The Developmental Theory of Aging inter-
prets the principle of antagonistic pleiotropy in a
different way, by positing that aging results as a
side effect of mechanisms that have been opti-
mized by natural selection to promote successful
development (de Magalhães and Church 2005).
Some physiological processes calibrated for
healthy development appear to exert damaging
effects when maintained over time, while other
types of age-related deterioration occur because
processes important in development become less
active over time. Together, these theories contrib-
ute to a growing explanatory framework, which,
while still incomplete, can be used to generate
new lines of research.

Whereas evolutionary influences on aging
are widely acknowledged, evolutionarily minded
approaches to aging are uncommon. The per-
spective that aging is a natural biological process
is often juxtaposedwith themedical view of aging
as a “disease” that could be cured to extend hu-
man life spans (deMagalhães 2014; Bulterijs et al.
2015; Blagosklonny 2018). The emerging field of
geroscience shifts this perspective in that it em-
braces aging as an inevitable part of our biology,
but targets the extension of disease-free life, or
“health span” (Burch et al. 2014; Kennedy et al.

2014). Nevertheless, research effort remains
largely focused on the diseases of aging rather
than on the biology of aging itself (Hayflick
2000, 2004). To a certain extent, this is necessary
to target interventions at the leading causes of
death and disability. Yet, by asking how the biol-
ogy of aging has been shaped by natural selection,
evolutionary approaches can generate unique
perspectives on the origins of disease and the
potential success (or harm) of interventions. Em-
bedded in this way of thinking is that biological
traits evolve in response to challenges posed by
the environment across the life course. Exposure
to different environments affects health directly
but may also alter the salience of particular risk
factors or the effects of interventions.

The evolutionary approach to aging has un-
dergone a recent revolution, guided by the prin-
ciples of evolutionary medicine, which uses
knowledge about how human biology evolved
to better understand the factors influencing
health (Grunspan et al. 2018). Here, I highlight
“evolutionarily relevant” approaches that are be-
ing used alongside conventional biomedical ap-
proaches to develop a holistic science of aging.
These involve comparative biodemography to
identify evolutionary trends in aging, the selec-
tion of model species with longer life spans and
closer genetic relationships to humans, and the
studyof aging across a broader range of ecological
contexts.

EVOLUTIONARY BIODEMOGRAPHY
OF AGING

Evolutionary biodemographers have made im-
portant contributions toward understanding
aging in the context of broader life history evolu-
tion. With this approach, the effects of aging are
identified at the species or population level via the
expected increase in mortality rates across adult-
hood (Jones et al. 2014). Broad cross-species
comparisons identify patterns of evolutionary
change, such as in similarities in life span or pat-
terns of mortality shared by species with a com-
mon ancestry. However, in revealing the diversity
of life history patterns possible, these studies have
also challenged assumptions and identified
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limitations to existing evolutionary theories of
aging (Baudisch 2012).

Among themost surprising revelations from
evolutionary biodemographic approaches is that
aging is not a universal characteristic of living
things, or even of animals. Whereas mammals
share a pattern of acceleratedmortality with age,
mortality rates of some animals remain relative-
ly constant throughout adulthood, and some
even exhibit “negative aging,”wherebymortality
risks are reduced at later ages (Jones et al. 2014).
Within this variation are clear phylogenetic ef-
fects, supporting the hypothesis that some attri-
butes of aging in a given species are likely to be
inherited from deep in the evolutionary past and
may be subject to selective constraints. Mam-
mals show more evidence of these constraints
than do other broad taxa, such as birds. How-
ever, important variation in mortality patterns
exists even among closely related taxa. Following
the logic of evolutionary trade-offs, it is hypoth-
esized that much of this variation may be linked
to the effects of widely varying growth and re-
productive patterns across species (Jones et al.
2014). This hypothesis is supported by the con-
siderable sex differences observed in many
species where reproductive effort of males and
females differs in timing or intensity. Surpris-
ingly, the shape of mortality profiles does not
appear to be intrinsically related to life span.

Accordingly, biodemographers have found it
useful to distinguish the “shape” of aging, defined
as above by the relative rate at which mortality
changes across the adult life span, from the “pace”
of aging defined bymeasures like longevity or life
expectancy (Baudisch 2011). Humans’ long life
spanswould suggest a slow rate of senescence, but
when standardized for differences in life span,
humans experience a steeper increase in mortal-
ity than many shorter-lived species. This pace-
standardized approach also provides a way to
examine “life span equality,” or how evenly ages
of death are distributed across the life span
(Wrycza et al. 2015).

Primates are long-lived compared to other
mammals of equivalent body size (Charnov and
Berrigan 1993). Within the Primate Order, hu-
man mortality patterns are not distinct, but fall
along a continuum with other primates species

(Bronikowski et al. 2011) Whereas life span and
life span equality vary independently across
mammals, they are positively correlated across
primate species (Colchero et al. 2016) and are
very tightly correlated across populations in any
particular primate species or genus (Colchero
et al. 2021). For example, variation in life expec-
tancy across human populations experiencing di-
verse environments is overwhelmingly explained
by differences in life span equality (Edwards and
Tuljapurkar 2005; Colchero et al. 2016; Németh
2017). In other words, populations that experi-
ence higher life expectancy do so because fewer
individuals die at young ages and not because
they exhibit slower aging. By contrast, selection
on the rate of aging explains differences in lon-
gevity observed between primate species (Col-
chero et al. 2021). An important implication is
that although life expectancy has rapidly in-
creased in industrialized populations, as life
span equality plateaus, we may be reaching the
natural limits of human life spans.

EVOLUTIONARY-RELEVANT ANIMAL
MODELS

Laboratory animal models have been a critical
resource for investigating the mechanisms of ag-
ing (Conn 2011). Selected species are typically
small and short-lived, making it feasible to study
the effects of experimental interventions across
entire life spans and large samples. Many model
organisms are selected because they exhibit ex-
traordinary anti-aging mechanisms, or alterna-
tively because they experience close analogs to
human age-related diseases. However, significant
physiological differences result from the great
evolutionary distance that separates humans
from these species (Chiou et al. 2020), yielding
a high rate of translation failures from simple
animal models (McGonigle and Ruggeri 2014).
Indeed, even the relatively small differences be-
tween rats andmice or among different strains of
these species can influence the outcomes of ex-
periments, and the effects of artificial laboratory
breeding and environments may confound the
generalizability of results (Mitchell et al. 2015).
Aside from the problems of taxonomic diver-
gence, it may also be unrealistic to generalize
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findings from short-lived species when the evo-
lution of longer life spans likely involved funda-
mental changes to the aging process.

Nonhuman primate models present an at-
tractive middle ground (Fig. 1). Their close evo-
lutionary relationship to humans is associated
with increased genetic and physiological similar-
ities, yet life spans are often short enough to be
feasible for study (Lavery 2000; Shively and
Clarkson 2009; Colman 2018; Emery Thompson
et al. 2020d). Where similarities to humans can
be identified, they are likely to be a result of com-
mon descent, increasing the probability that
these are true functional similarities. Whereas
studying nonhuman primates involves stricter
ethical considerations, many species can be prac-
ticably housed and managed in captivity. Most
captive nonhuman primate populations also of-
fer greater genetic diversity than is typical of other
model organisms.

Two primate models, mouse lemurs and cal-
litrichids (a neotropical group includingmarmo-
sets and tamarins), offer several of the advantages
of conventional animal models in that they are
small, short-lived, and easy to maintain in cap-
tivity. However, as primates, they live consider-
ably longer than othermammals of the same size.
For example, the gray mouse lemur, a prosimian
primate, is rodent-sized but can live 12 years
(Languille et al. 2012). Rather than being used
explicitly as genetic or disease models, mouse
lemurs have been used primarily to study natural
aging processes, including changes in physiolog-
ical regulation, motor function, and cognition
(Languille et al. 2012), although they also show
promise as models for Alzheimer’s disease and
related pathologies (Bons et al. 2006). Marmo-
sets, the smallest and shortest lived of the anthro-
poid primates, develop many human-like aging
diseases in captivity, distinguishing them from
rodent models (Tardif et al. 2011; Ross 2019).

The most abundant and commonly used
nonhuman primate models in captivity are ma-
caques, which take a significant step closer to
humans in terms of body size, life span, and
genetic relatedness (Chiou et al. 2020). They
are attractive models not because of any specific
shared aging mechanisms, but because they ex-
hibit many similarities in aging across domains,

offering enhanced potential to model complex
aging phenotypes. Additionally, they are partic-
ularly prone to obesity when fed processed
captive diets, and develop associated metabolic
diseases (Simmons 2016). Thus, macaques were
instrumental in developing the paradigm that
caloric restriction is associated with healthier
aging (Masoro 2000; Lane et al. 2001; Mattison
et al. 2017). Captive macaques have also been
useful for studying interactions of diets with
other risk factors in the development of athero-
sclerosis (Shively and Clarkson 1994; Shively
et al. 2009). Whereas rhesus macaques have
scarcely been studied in thewild, a large research
colony of free-ranging rhesus macaques are
maintained on the island of Cayo Santiago in
Puerto Rico (Rawlins and Kessler 1986). Here,
animals can be studied in a relatively naturalistic
social and ecological context, yet it is still possi-
ble to perform some procedures that could not
be done routinely in a fully wild setting, such as
blood draws, veterinary examinations, and his-
topathology. This setting is emerging as a natu-
ral laboratory for aging research (Chiou et al.
2020).

PRIMATES AS ESSENTIAL MODELS FOR
SOCIAL DETERMINANTS OF AGING

Nonhuman primates are of special significance
for the study of social aging and the social deter-
minants of health. Whereas research in human
populations has established clear and compelling
interactions between social relationships and
health (Sapolsky 2004; Uchino 2009; Holt-Lun-
stad et al. 2010), progress in this area is hampered
by the difficulty of deriving tractable social expe-
rience variables, particularly when influential en-
vironments may have occurred decades prior to
enrollment in a research study. Many nonhuman
primate species live in large, stable social groups
with status hierarchies and complex differentia-
tion of social relationships, but social networks
can be more easily defined than in many human
populations. Nonhuman primate social behavior
can also be freely observed and objectively quan-
tified. Several long-term research studies of free-
ranging and wild primates have recorded social
behavior of the same cohorts of animals on a
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near-daily basis for decades, and these studies
have generated rigorous metrics of social rela-
tionship quality and social status.

Like humans, nonhuman primates experi-
ence significant and independent influences of
social integration and social status on survival
(Silk et al. 2003, 2010; McFarland and Majolo
2013; Archie et al. 2014; Brent et al. 2017;
Thompson and Cords 2018; Ellis et al. 2019;
Campos et al. 2020), indicating that they are
not only a convenient model but an appropriate
one for investigating the mechanisms by which
social environments impact human aging. Stud-
ies of primates allow for investigation of social
influences on health without many of the con-
founding factors affecting human studies, such as
variable access to medical care and health infor-
mation, smoking, and substance use.

Status (or dominance) hierarchies are near-
universal features of primate societies and, as in
humans, are associated with unequal access to
resources. The complexity of social competition
in many primates is also thought to lead to a
relatively unique association between status and
chronic psychosocial stress, compounding the
direct effects of resource inequality (Sapolsky
2021). Like in humans, low social status in pri-
mates is typically associated with elevated gluco-
corticoids and increased mortality (Cavigelli and
Caruso 2015; Shively and Day 2015; Snyder-
Mackler et al. 2020), supporting the hypothesis
that stress may be a common pathway by which
social factors influence multiple dimensions of
health (Sapolsky et al. 1987; Sapolsky 2005). Pri-
mate affiliative bonds are hypothesized to influ-
ence health through similar pathways, such as by
increasing access to resources, reducing exposure
to stressful events, or by buffering the stress re-
sponse (Ostner and Schüelke 2018; Thompson
2019). The form and function of social relation-
ships vary considerably within and between pri-
mate species, offering excellent potential for
modeling different feature of social environ-
ments.

Researchers studying the interaction of pri-
mate social environments and health have in-
creasingly favored naturalistic studies where in-
dividuals have greater freedom of association and
experience the full range of environmental selec-

tion pressures that are likely to have shaped the
evolution of both social behavior and of aging.
However, there are ethical and logistical im-
pediments to obtain detailed biomedical data.
The Amboseli Baboon Research Project has con-
ducted a continuous, longitudinal study of in-
dividually recognized wild baboons (Papio cyno-
cephalus) in Kenya for five decades, amassing
extensive ecological, behavioral, and demograph-
ic data sets (Alberts andAltmann 2012). Routine,
noninvasive fecal sampling is conducted, allow-
ing for the quantification of glucocorticoids, par-
asites, and genetic relatedness. Because baboons
are primarily terrestrial, it is also possible to safely
immobilize the baboons with tranquilizer darts,
allowing for occasional sampling of skin and
blood for high-quality DNA and RNA. In this
wild system, females acquire rank throughmater-
nal inheritance and subsequent alliances with
kin, while male ranks are continually renegotiat-
ed via aggressive competition. Whereas high
status is associated with lower glucocorticoid ac-
tivity in females (Levy et al. 2020), it is associated
with higher glucocorticoid activity inmales (Ges-
quiere et al. 2011). Accordingly, social status is
associated with inverse effects on immune cell
gene regulation in males and females (Anderson
et al. 2022).While status does not directly predict
longevity in females (Campos et al. 2020), the
high glucocorticoid exposure typical of low
rank reduces adult female survival (Campos
et al. 2021), while high rank is associated with
reduced survival and accelerated epigenetic aging
in males (Campos et al. 2020; Anderson et al.
2021). In contrast, social bonds yield survival ad-
vantages in both sexes (Archie et al. 2014; Cam-
pos et al. 2020). While both social status and
social integration affect gene expression and reg-
ulation, the specific targets of these effects are
distinct (Runcie et al. 2013; Anderson et al. 2022).

An inherent limitation of wild studies is in-
ferring causality if the relationship between social
environment and health is bidirectional. Howev-
er, many of the above results are supported by
captive experiments on rhesus macaques, where
social status can be reliably manipulated by re-
moving females from established groups and in-
troducing them sequentially to a newly created
group. Both in baseline and post-manipulation
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groups, status is associated with widespread ef-
fects on the immune system, where the effects of
low status closely resemble those of senescence
(Tung et al. 2012; Snyder-Mackler et al. 2014).
Status affects glucocorticoid regulation, prolifer-
ation of immune cells, gene expression and reg-
ulation, and chromatin accessibility (Kohn et al.
2016; Snyder-Mackler et al. 2016, 2019; Debray
et al. 2019; Sanchez-Rosado et al. 2021). These
differences reflect a more proinflammatory phe-
notype and greater glucocorticoid resistance in
low-ranking individuals and a stronger antiviral
phenotype in high-status individuals. The effects
of status on health are mediated by differential
rates of harassment and degree of social integra-
tion (Snyder-Mackler et al. 2016), although as in
baboons, social integration appears to have in-
dependent positive effects on health, such as
improved mtDNA regulation in immune cells
(Debray et al. 2019).

COMPARATIVE PRIMATE AGING MODELS

While nonhuman primates offer significant
promise as experimental and translational mod-
els of aging, evolutionary approaches to aging
also emphasize the value of primates as compar-
ative models to trace how recent evolutionary
history has shaped human aging biology. By
identifying shared ancestry of particular facets
of aging biology, we are better equipped to eval-
uate how unique features of human aging are
linked to other recently evolved features of our
species, as well as to our unusual longevity and
changes in vulnerability to age-related diseases.

While many aging processes are broadly
shared across primates, even relatively small evo-
lutionary distances between species are associat-
ed with significant differences. For example,
aging humans experience physiological dysregu-
lation, an emergent aging phenomenon marked
by more frequent or extreme departures from
homeostasis and increased risk of disease and
mortality (Arbeev et al. 2019). This phenomenon
is detectable in multivariate biomarker data sets
from other primates, but more distantly related
species show increasingly divergent patterns
(Dansereau et al. 2019). Only chimpanzees, the
species most closely related to humans, exhibit a

pattern that strongly correlates with that of hu-
mans. Similar findings are beginning to emerge
for CpG methylation, a highly conserved aging
feature across primates (Horvath et al. 2020).
While it is possible to construct a broadly appli-
cable primate “molecular clock,” species differ
markedly in the specific sites and rates of meth-
ylation (Horvath et al. 2020). A human-derived
reference, adjusted for differences in longevity,
can predict rhesus macaque ages (R2∼0.5), but
with considerable error (Chiou et al. 2020), while
performing substantially better when predicting
chimpanzee ages (R2∼0.9) (Guevara et al. 2020).

Humans are a part of the hominid family (the
“great apes”), which also includes seven extant
species of orangutans, gorillas, chimpanzees,
and bonobos. As a group, the hominids are char-
acterized by extended life histories compared
with other primates (Emery Thompson and
Sabbi 2022). All great apes can live over 40
years in the wild, and chimpanzees can survive
into their 60s. Comparative data on the great apes
is of unique value for understanding the evolu-
tion of human aging because this can allow us to
reconstruct the probable features of a last com-
mon ancestor at the origins of the human lineage
(Muller et al. 2017). Yet, remarkably little is
known about the aging biology of these species.

Until recently, most of the aging information
available for great apes derived from veterinary
screening of captive chimpanzees in biomedical
research laboratories. For example, aging captive
chimpanzees exhibit declining liver and kidney
function and increased risk of hypertension and
anemia (Videan et al. 2008; Ely et al. 2013). Com-
paredwith healthy humans, captive chimpanzees
maintain markedly higher levels of biomarkers
typically associated with cardiovascular risk and
accelerated aging, including blood pressure, cho-
lesterol, fibrinogen, and insulin (Videan et al.
2009; Ely et al. 2013; Cole et al. 2020). Despite
this, chimpanzees and other captive great apes are
at relatively low risk of most age-related patholo-
gies that plague industrialized human popula-
tions, including coronary artery disease, cancers,
osteoporosis, degenerative joint disease, and Alz-
heimer’s-related pathologies, although strokes
are not uncommon (Lowenstine et al. 2015; Edler
et al. 2020). Like humans, heart disease is the
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most common cause of death for captive chim-
panzees, yet the nature of the pathology differs.
Great apes developmyocardial fibrosis and aortic
dissections, rare conditions for humans, while
they rarely develop advanced atherosclerosis
(Kenny et al. 1994; Schulman et al. 1995; Seiler
et al. 2009;Varki et al. 2009). This contrast has led
to novel consideration of how human endurance
activities may have shaped the evolution of the
cardiovascular system and vulnerability to dis-
ease (Shave et al. 2019). Additionally, compara-
tive genetic study reveals that apolipoprotein E4
(apoE4), an allele that increases risk of cardiovas-
cular disease in humans, is the ancestral allele
found in chimpanzees and bonobos (Hanlon
and Rubinsztein 1995; McIntosh et al. 2012),
whereas novel polymorphisms associated with
reduced risk have evolved more recently in hu-
mans.

Other apparent differences between humans
and chimpanzees may be side effects of captivity.
Studies of free-living chimpanzees in sanctuaries
observe significantly lower levels of blood pres-
sure, glucose, cholesterol, and triglycerides than
in zoos or laboratories (Ely et al. 2013;Ronke et al.
2015; Cole et al. 2020). In contrast tomost captive
laboratory chimpanzees, which are relatively sed-
entary and are fed processed animal chows, most
wild-born sanctuary chimpanzees consume fresh
fruits and vegetables and free range over large,
forested areas. They are accordingly less likely
to be obese, a factor that raises the levels of un-
healthy biomarkers in both species (Nehete et al.
2014; Obanda et al. 2014).

Valid comparisons of aging physiology be-
tween humans and closely related species thus
depend on evaluating how they age in in their
natural environments. One such model system
has been developed in the Kibale National Park,
Uganda, where wild chimpanzees have been un-
der continuous observation for more than 30
years (Emery Thompson et al. 2020c). Because
chimpanzees are endangered in the wild, this re-
search is limited to noninvasive measures; yet a
wide range of informative data are possible from
urine and fecal samples in addition to observa-
tional health and activity surveys. Aging in these
wild chimpanzees is associated with increased
parasite loads, greater diversity of viral infection,

and increased morbidity and mortality from
respiratory disease, implicating immunosenes-
cence as a driver of declining health (Emery
Thompson et al. 2018; Negrey et al. 2019, 2022;
Phillips et al. 2020). Chimpanzees also exhibit
age-related dysregulation of the hypothalamic-
pituitary-adrenal (HPA) axis, characterized by
increases in glucocorticoid production and a hu-
man-like blunting of the circadian rhythm (Em-
ery Thompson et al. 2020a). Shared patterns of
immunosenescence and physiological dysregula-
tion between humans and chimpanzees indicate
dimensions of our natural aging biology that are
evolutionarily ancient.

Despite shorter life spans and challenging
environments characterized by resource con-
straints and infectious disease, wild chimpanzees
age quite successfully. For example, wild chim-
panzees do not show evidence of a physical frailty
syndrome, despite maintaining physically de-
manding foraging strategies that involve climbing
high into the forest canopy. They experience only
moderate changes in body condition and physi-
cal activity with age, and variation in condition
does not predict mortality (Emery Thompson
et al. 2020b). Similarly, studies of skeletal collec-
tions indicate that, despite high rates of healed
fractures and moderate bone loss with age, wild
chimpanzees and mountain gorillas rarely expe-
rience advanced osteoporosis, osteoarthritis, or
degenerative joint disease (Jurmain 2000; Mor-
beck et al. 2002; Ruff et al. 2020). In an analogous
fashion, captive chimpanzees exhibit cognitive
aging, moderate neuronal loss, and even lesions
characteristic of Alzheimer’s disease, but they do
not exhibit the severity of neurodegeneration as-
sociated with dementia in humans (Finch and
Austad 2015; Edler et al. 2020; Lacreuse et al.
2020).

The process of senescence for great apes is at
once very human-like, with age-related function-
al losses in the same domains, but it is not com-
monly associated with the aging pathologies that
are leading causes of death for humans. Chronic
inflammation has been identified as a key vari-
able distinguishing healthy and pathological
aging in humans (Franceschi et al. 2007, 2018;
Baylis et al. 2013). The data from free-living
chimpanzees in sanctuaries predict that wild

M. Emery Thompson

8 Cite this article as Cold Spring Harb Perspect Med 2022;12:a041195

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



populationsmay resist inflammaging, but nonin-
vasive tools for direct measurement of inflam-
mation in wild chimpanzees are limited. With
opportunistic sampling, it can be also be difficult
to distinguish the effects of immunosenescence,
causing older individuals to experience more fre-
quent acute bouts of inflammation, from the
effects of chronic inflammation. For example,
urinary neopterin, a proinflammatory marker
of cellular immune activation, increased with
age in one short-term study of wild chimpanzees
(Negrey et al. 2021), but not in a longitudinal
study within the same population (Thompson
González et al. 2020). The latter study found
that increased inflammation was only detectable
in the 2–3 years before the death of some older
chimpanzees, suggesting the expected association
with declining health but notwith aging per se. In
support of this, aging was not associated with
elevation of oxidative stress, a signature of human
inflammaging (Zuo et al. 2019), in two indepen-
dent studies of wild chimpanzees (Thompson
González et al. 2020; Costantini et al. 2021).

AGING IN HUMANS IN EVOLUTIONARILY
RELEVANT ENVIRONMENTS

Overwhelmingly, human aging research has been
conducted in postindustrial populations. It has
been only ∼10,000 years since the origins of ag-
riculture and only a few generations since the first
nations underwent the industrial transition. Prior
to these transitions, the vast majority of human
existence was spent in a hunting and gathering
(i.e., foraging) context. Thus, a major guiding
principle of evolutionary medicine is that human
biology has been shaped by these environments
of the past (Stearns 2012).We have had little time
to adapt to the radical lifestyle changes of indus-
trial development, and this environmental mis-
match may lead to novel, and even maladaptive,
health outcomes (Gurven and Lieberman 2020).

Whereas medical innovations have increased
longevity in industrialized populations, all avail-
able evidence suggests that the human species is
naturally long-lived. For example, modal ages of
death for contemporary foraging populations are
∼68–78 years when individuals survive to adult-
hood, closely matching demographics from

pre-industrialized Europe (Gurven and Kaplan
2007).

Recent insights from studies of contempo-
rary foragers and other small-scale subsistence
populations (e.g., pastoralists, horticulturalists)
have fundamentally challenged our understand-
ing of human aging. It is important to note that
foraging populations cannot be considered rel-
ics of our evolutionary past, nor is their lifestyle
untouched by the market-integrated popula-
tions that surround them. Rather, the environ-
ments and lifestyle of these communities
replicate key selection pressures that would
have shaped the evolution of themodern human
organism: resource limitations, high workload,
unprocessed wild diets, small kin-based com-
munities, and fewer barriers to infectious dis-
ease and environmental stress.

Small-scale subsistence populations appear to
be models of successful aging, resisting many of
the age-associated diseases that plague industrial-
ized populations (Pontzer et al. 2018; Gurven
et al. 2022). Heart disease and strokes are rare
causes of death (Hill and Hurtado 1996; Gurven
et al. 2007), and screening of forager and forager-
horticulturalist populations find little evidence for
underlying atherosclerosis, chronic inflammation,
or hypertension (Lindeberg and Lundh 1993; Va-
sunilashorn et al. 2010; Kaplan et al. 2017; Rai-
chlen et al. 2017). This is remarkable given that
forager diets are often heavily meat-based. It is
hypothesized that the relatively high balance of
protein to carbohydrates, prevalence of “good”
fats, low sodium, high fiber, and rich micronutri-
ents in forager diets may counteract atherogenic
effects thatmight typically arise fromhigh fat con-
tent (Cordain et al. 2002). Resistance to chronic
inflammation is also surprising given that subsis-
tence populations experience relatively high rates
of infection, leading to frequent acute bouts of
inflammation (Gurven et al. 2008). High preva-
lence of helminth infections is suspected to help
to resist cardiovascular disease and diabetes by
increasing anti-inflammatory immune responses,
consuming blood lipids, and diverting resources
that might otherwise contribute to obesity or ar-
terial plaques (Gurven et al. 2016).

Cross-cultural studies also highlight the im-
portance of gene–environment interactions in
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moderating Alzheimer’s disease (AD) risk.
Whereas the apoE4 allele has been widely im-
plicated in increased risk of AD in industrialized
populations, and was similarly associated with
increased risk of dementia in the Tsimane and
Moseten forager-horticulturalists of Bolivia
(Gatz et al. 2022), the allele was associated
with increased cognitive performance among
Tsimane with moderate-to-severe eosinophilia,
characteristic of parasitic infection (Trumble
et al. 2017). Tsimane with the apoE4 allele do
not suffer higher mortality than others (Vasu-
nilashorn et al. 2011).The apoE4 allele has also
been implicated in improved child health and
cognitive development in a Brazilian population
experiencing high rates of early life mortality
(Oriá et al. 2010). These findings suggest reasons
why this allele, deleterious in industrialized en-
vironments, may have been conserved in hu-
mans.While the Tsimane exhibit mild cognitive
impairment with age, they exhibit very low rates
of dementia (∼1%) compared with industrial-
ized populations (Gurven et al. 2017; Gatz et al.
2022). It is not yet clear how generalizable this
finding is to other subsistence settings. A meta-
analysis of 15 “indigenous” populations found
widely varying rates of dementia (Warren et al.
2015), but themost affected populations, such as
Australian aborigines, are already significantly
market-integrated and experience high rates of
obesity and sedentism (Radford et al. 2019).

Subsistence workloads involve considerable
investment in physical activity. Rather than con-
tributing to accelerated wear and tear, intensive
workloads appear to be protective against frailty.
Studies ofHadza foragers of Tanzania and Pokot
pastoralists of Kenya find that strength and daily
duration of physical activity declines by about
half across adulthood, but rates of physical per-
formance among the oldest adults remain re-
markable remarkably high (Sayre et al. 2019,
2020). For example, the average 60-year-old
Hadza or Pokot engages in ∼150 min of mod-
erate-to-vigorous physical activity per day, while
most Americans fail to meet the recommended
30 min per day. Physical inactivity and obesity
are also implicated in the severity of knee oste-
oarthritis (Berenbaum et al. 2018; Wallace et al.
2022), which may help to explain a doubling in

prevalence in the industrial era (Wallace et al.
2017).

Physical activity is likely to be a key mecha-
nism by which subsistence populations resist
chronic inflammation and its damaging conse-
quences for health (Pontzer et al. 2018; Gurven
and Lieberman 2020). Indeed, many aspects of
human anatomy and physiology are optimized
for the longperiods of physical activity thatwould
have characterized prehistoric lifeways, setting us
apart from our close primate relatives (Bramble
and Lieberman 2004; Kraft et al. 2021). These
adaptations that increased fitness throughout
most of our evolutionary history predispose us
to disease when mismatched to sedentary envi-
ronments (Shave et al. 2019; Lieberman et al.
2021). The recent “active grandparent” hypothe-
sis goes one step further in posing that adaptation
to physically active lifestyles were integral to the
evolution of extended human life spans (Lieber-
man et al. 2021). Twomechanisms are proposed.
First, activity could promote healthy aging by
drawing energy away from excess fat storage
and reproduction, thus reducing harmful down-
stream effects of inflammation, high steroid
production, and insulin resistance. In addition,
exercise induces mild stress, activating mecha-
nisms of cellular repair and maintenance that
combat senescence (Lieberman et al. 2021).

CONCLUDING REMARKS

Evolutionary approaches to aging research aim to
move beyond the acknowledgment that aging has
evolved toward reconstructing how the mecha-
nisms of aging and disease have been shaped by
our evolutionary past. There has been a conspic-
uous gap in our knowledge of aging biology dur-
ing our recent evolutionary history that is now
being filled in by anthropologists and primatolo-
gists studying our closest primate relatives and
humans living in preindustrial environments.
While this body of work is still new, it has already
demonstrated the potential to redefine our un-
derstanding of the relationship between aging,
health, and disease.

While the findings of the evolutionary aging
program demonstrate that human aging biology
retains many features from our evolutionary
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past, our capacity for healthy aging is dramati-
cally affected by current environments. On the
one hand, there is evidence that unique human
adaptations may predispose us to severe degen-
erative disease risks not experienced by our close
evolutionary relatives. On the other hand, there
is mounting evidence to support the hypothesis
that these risks may be limited to novel environ-
ments to which humans are not yet adapted. If
so, there is even more reason to consider that
natural aging and disease emerge from distinct,
although interacting, processes. Diversifying the
contexts for aging research will provide in-
creased capacity to discriminate these processes
and how they respond to complex social and
ecological phenomena across the life course.
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