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The proximate mechanisms by which physical activity (PA) slows senescence and decreases morbidity and
mortality have been extensively documented. However, we lack an ultimate, evolutionary explanation for
why lifelong PA, particularly during middle and older age, promotes health. As the growing worldwide epi-
demic of physical inactivity accelerates the prevalence of noncommunicable diseases among aging popula-
tions, integrating evolutionary and biomedical perspectives can foster new insights into how and why
lifelong PA helps preserve health and extend lifespans. Building on previous life-history research, we assess
the evidence that humans were selected not just to live several decades after they cease reproducing but
also to be moderately physically active during those postreproductive years. We next review the long-
standing hypothesis that PA promotes health by allocating energy away from potentially harmful overin-
vestments in fat storage and reproductive tissues and propose the novel hypothesis that PA also stimulates
energy allocation toward repair and maintenance processes. We hypothesize that selection in humans for
lifelong PA, including during postreproductive years to provision offspring, promoted selection for both
energy allocation pathways which synergistically slow senescence and reduce vulnerability to many forms
of chronic diseases. As a result, extended human healthspans and lifespans are both a cause and an effect
of habitual PA, helping explain why lack of lifelong PA in humans can increase disease risk and reduce
longevity.

physical activity j exercise j lifespan j healthspan j evolution

Humans have known for millennia that physical activ-
ity (PA) promotes health and longevity. Over the last
few decades, studies have shown that 150 min/wk of
moderate- or 75 min/wk of vigorous-intensity aero-
bic PA reduces the average otherwise-sedentary
person’s relative risk of all-cause mortality by ∼50%,
and that additional PA has further but diminishing
benefits (1–4). PA yields dose-dependent reductions
in the risks of numerous diseases including hyperten-
sion, cardiovascular disease (CVD), type 2 diabetes,
Alzheimer’s, and many cancers. PA also slows senes-
cence, defined as processes of accumulated deterio-
ration that reduce the ability to respond to stresses
and increase vulnerability to disease (5). As a result,
PA significantly increases quality-adjusted life years
and reduces disability-adjusted life years (6).

Despite the undisputed health benefits of PA, PA
levels are decreasing worldwide as machines and
technology replace human labor, contributing to the
growing prevalence of morbidity among older indi-
viduals (7). As a result, there is an increased need to
promote and prescribe PA including exercise—
defined as voluntary, discretionary PA undertaken to
sustain or improve health and fitness. In addition,
there are intense efforts to understand better the
mechanisms by which PA promotes health in order
to harness its benefits pharmaceutically.

But why does PA decrease morbidity and mortality
rates? Recent advances in medical science, physiol-
ogy, and related fields have elucidated many biologi-
cal processes by which PA helps people retain
functional capacity and avoid disease as they age. As
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examples, regular PA helps prevent weight gain, maintain normal
blood pressure, lower levels of low-density lipoproteins and trigly-
cerides, increase levels of high-density lipoproteins, reduce systemic
inflammation, decrease stress levels, and stimulate the production
of neurotransmitters and neurotrophins that maintain neurons and
ameliorate mood (8). Although these and other consequences of
PA are the proximate mechanisms by which exercise fosters healthy
aging, they do not explain the underlying, ultimate reasons why PA
stimulates these processes in the first place. Beyond the question of
what level of PA is normal for humans, why do these beneficial
mechanisms not operate to the same degree in the absence of PA,
especially among older, sedentary individuals?

The axiom that nothing in biology makes sense except in the
light of evolution is sometimes a clich�e, but merits being applied
to the relationship between PA and health. To understand fully
why PA reduces morbidity and extends longevity requires evolu-
tionary theory and data including recent advances in understand-
ing the evolution of humans’ unique, extended life history (9–11);
how humans allocate energy to different physiological functions,
including PA and maintenance, that affect health (12–15); and the
levels and types of PA among hunter-gatherers and other small-
scale societies (16, 17). Inspired by these and other insights, evo-
lutionary explanations for why PA is healthy generally postulate
that humans are mismatched to novel environments that permit
habitual physical inactivity. The basis for this hypothesis is that
mismatches arise because phenotypic adaptations result from
gene-by-environment interactions but, while gene frequencies
change slowly and gradually over many generations, environmen-
tal factors such as PA levels can change profoundly and rapidly,
especially through cultural evolution. Since almost no humans
were persistently physically inactive until a few generations ago,
there was never selection to prevent dysregulation of physiologi-
cal processes affected by PA such as levels of stress and reproduc-
tive hormones that can lead to disease (15, 18–20). The mismatch
hypothesis, however, does not explain why habitual PA in and of
itself is an important environmental variable that affects so many
pathophysiological processes. In other words, why does PA affect
proximate mechanisms that slow senescence and inhibit vulnera-
bility to disease?

Here we review how integrating recent advances in biomedi-
cal research on exercise with evolutionary studies of human life-
history theory and PA can deepen our understanding and foster
new insights into why, how, and to what extent PA decreases
rates of morbidity and mortality, even in contemporary high-
income populations with access to modern medical care. We
first review evidence that humans were uniquely selected to live
several postreproductive decades while remaining physically
active. We then review two nonmutually exclusive hypotheses
for why there was selection for PA throughout the lifespan but
especially in middle and old age to allocate energy toward
physiological processes that extend healthspans, hence life-
spans. We next apply predictions of these hypotheses to the
two leading causes of morbidity and mortality in high-income
countries: CVD and cancer. To conclude, we compare the
effects of PA on humans and other mammals, and explore how
integrating evolutionary biology and medical science can spur
new ways of thinking about relationships among PA, aging,
health, and disease.

Human Life History and Physical Activity
Most studies of the effects of PA on morbidity and mortality are
from high-income industrial and postindustrial populations who

typically engage in low levels of PA (Fig. 1). Large-scale studies
using wearable sensors report that the average American adult
takes 4,774 steps per day, ∼3 km (21), engages in less than 30
min/d of moderate to vigorous physical activity (MVPA; defined
as equivalent to brisk walking or more intense activity) (22), and
has a physical activity level (PAL; daily energy expenditure/basal
metabolic rate [BMR]) of about 1.6 to 1.7 (23). In contrast, adults
in hunter-gatherer populations such as the Hadza average
15,800 steps a day, about 9 to 15 km, engage in 135 min/d of
MVPA, and have PALs of about 1.9 (17, 24, 25). Similar or higher
levels of activity characterize nonindustrial farming populations,
indicating that until recently most human adults engaged in
moderate levels of daily PA (16, 26).

Even though people in high-income industrial environments
are many times less active than those in low-income nonindus-
trial environments, they are still more active than our closest
ape relatives (Fig. 1). Adult chimpanzees travel on average 2 to
4 km/d and have PALs of ∼1.4 to 1.5 (13, 27); gorillas and
orangutans are even less physically active (28, 29). Because
most mammals have PALs between 2 and 3 (30), we can infer
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Fig. 1. Comparison of PA levels across the lifespan in different
human populations and apes. (A) Daily walking distance (average of
males and females) in chimpanzees, Westerners, and Hadza hunter-
gatherers. (B) Min/d of MVPA in male and female Hadza hunter-
gatherers and US adults. Chimpanzee data are from ref. 27; Hadza
data are from refs. 24, 34, and 104; and data on Westerners are
from refs. 21 and 22.
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that the great apes were selected for low levels of PA, and that
the last common ancestor of humans and chimpanzees was sim-
ilarly sedentary. Selection for increased PA, especially aerobic
PA, in the hominin lineage probably occurred by 2 million y ago
with the origins of hunting and gathering.

Considering these differences in PA from a life-history per-
spective suggests the hypothesis that selection for increased PA
in humans was linked to selection for extended lifespans.
Female chimpanzees in the wild rarely live beyond the age of
35 to 40 (10). Contrary to the widespread belief that human life-
spans until recently were short, hunter-gatherers who survive
infancy and childhood tend to live on average seven decades,
approximately 20 y past the age at which they cease repro-
ducing (11), and fossil evidence indicates that extended
human lifespans were common by 40,000 y ago (31). Lengthy
postreproductive lifespans have been shown to be a critical
component of the unique human life-history strategy in which
grandparents enhance their reproductive success not just by
imparting knowledge and skills but also by being physically
active foragers who gather and hunt for food surpluses that they
provide to their children and grandchildren (9, 10). Among
Hadza hunter-gatherers, for example, postreproductive women
forage on average 6 h/d, 20% more than younger mothers, and
they devote as much or more effort as parents to preparing
food, childcare, and engaging in other PAs such as digging,
walking, and carrying (32). Overall, hunter-gatherer grandpar-
ents provision their offspring with 250 to 3,000 calories per day
and decrease their children’s PA costs by several hundred addi-
tional calories per day (10).

Because of intergenerational energy transfers, natural selec-
tion likely favored healthy postreproductive longevity in hunter-
gatherers who continued to engage in moderate levels of PA as
they aged. PA levels among postreproductive hunter-gatherers
support this prediction (Fig. 1). While the number of daily steps
older Americans take decreases by about half between the ages
of 40 and 70, daily walking distances among hunter-gatherers
such as the Hadza decline only modestly with age (33, 34).
These differences in lifelong PA patterns are reflected in fitness
measurements among age-stratified cohorts. By age 60, aver-
age Westerners walk 33% more slowly than they did in their
40s, and lose 25% of their grip strength and 22 to 25% of
VO2max levels—defined as the maximal rate of oxygen uptake
during PA (35–37). In contrast, hunter-gatherer walking speeds
barely decline with age, and their grip strengths and VO2max
levels deteriorate considerably less than similar-aged Western-
ers (34, 38, 39). For most of human evolutionary history, chronic
disease was likely rare and functional capacity remained high in
postreproductive individuals until just prior to death, highlight-
ing how the extension of morbidity in old age is largely a recent
phenomenon (40). Put differently, selection is unlikely to have
favored longevity in unhealthy elderly individuals who were
physically inactive because they would have been unable to for-
age, thus imposing an energetic cost on caregiving relatives.

The hypothesis that humans were selected for extended,
healthy postreproductive longevity to engage in regular levels
of moderate PA raises the related hypothesis that selection for
PA to extend lifespans acted in part through selection for PA to
extend healthspans, defined as how long an individual lives
without serious, long-term illness or loss of functional capacity.
We think of healthspan and lifespan as different but, prior to
modern medicine, healthspan strongly influenced lifespan (41).

Selection for PA to increase healthspans and lifespans,
however, raises a seeming paradox from the perspective of life-
history theory, which predicts natural selection to favor adapta-
tions that maximize fitness by differentially apportioning time
and energy over the life cycle to five alternative functions
including not just PA but also growth, maintenance, energy stor-
age, and reproduction. Since energy is limited for almost all
organisms (some humans in high-income countries are an
unusual, recent exception) and a calorie cannot be spent twice,
energy spent on PA diverts energy not just from reproduction
but also from processes that counter senescence and prevent
morbidity and mortality. These energetic tradeoffs, moreover,
are considerable. An average Hadza hunter-gatherer mother
allocates about one-third of her daily energy expenditure to PA
(42). In addition, PA causes a broad range of well-characterized
forms of physiological stress including damage at the molecular,
cellular, and tissue levels, all of which need to be repaired
(Table 1).

To resolve this paradox, we review two nonmutually exclu-
sive energy allocation hypotheses to explain why lifelong PA,
especially in middle and old age, tends to increase rather than
decrease healthspan and lifespan. The first hypothesis, which
has previously been recognized (e.g., refs. 15 and 20), is that
energy spent on PA reduces overinvestments in fat storage and
reproduction that potentially compromise health in abnormal
modern environments with nearly limitless calories. The second,
novel hypothesis is that the stresses of PA stimulate investments
in healthspan-preserving somatic repair and maintenance pro-
cesses that are activated less in the absence of PA. Together,
these hypotheses suggest that selection for increased levels of
PA not only helped make possible humans’ uniquely slow and
lengthy life history but also promoted selection for traits that
allocate energy both away from processes that can compromise
health and toward processes that slow senescence and
decrease vulnerability to disease, thus extending both health-
span and lifespan.

Hypothesis 1: PA Allocates Energy from Excess Investment in
Reproduction and Fat Storage. PA can be energetically costly.
An average adult expends about 30 or 60 kcal/km to walk or
run, respectively, plus hundreds of calories per day on other
activities (43). Several researchers have thus proposed that a
major pathway by which PA promotes health is to prevent
potentially harmful excess energy allocation to fat and repro-
ductive tissues under conditions of sustained positive energy
balance (15, 20). To understand these widely appreciated bene-
fits of PA, it helps to apply energy allocation theory to the path-
ways by which the body stores fat and invests in reproductive
tissues in diverse human populations as well as nonhuman pri-
mates. These combined perspectives elucidate how and why
lack of PA is a mismatch in sedentary individuals with access to
abundant energy-rich food by diverting calories toward
unhealthy overinvestment in reproduction and fat storage.

A starting point for this hypothesis is that while all animals
differentially allocate energy to PA, growth, maintenance, fat
storage, or reproduction, these tradeoffs are likely heightened
in humans because of our unusually expensive reproductive
strategy compared with our closest ape relatives. These ele-
vated expenditures are most evident among females. Whereas
chimpanzee mothers begin reproducing at age 12 to 15 and
give birth every 5 to 6 y, hunter-gatherer mothers usually start
reproducing around age 18 and average 3- to 4-y interbirth
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intervals (10). Consequently, a typical hunter-gatherer mother
struggles to satisfy not only her own high energy needs but also
obtain extra calories for the substantial costs of nursing (circa
500 kcal/d) as well as feeding and caring for several older but
still immature juveniles—all with large brains that ceaselessly
require as many as 400 kcal/d (10). Hunter-gatherer males also
have high energy needs compared with other primates (13).

Humans’ high energy costs have critical consequences for
energy allocation that impact the effects of PA on healthspans.
First, whereas chimpanzee mothers spend ∼336 kcal/d on PA,
typical hunter-gatherer mothers have been measured to spend
∼635 kcal/d on PA (data from refs. 13 and 42). As a result, there
was selection in humans for an enhanced proclivity to store fat
to enable them to stay physically active as well as nurse and
provision offspring during periods of extended negative energy
balance. Whereas body fat comprises 2 to 9% of body mass in
adult chimpanzees and other primates (13), male and female
hunter-gatherers average 10 to 15% and 15 to 25% body fat,
respectively, and males and females in high-income populations
such as the USA average 23 to 31% and 32 to 42%, respectively
(17, 44). Among Kalahari hunter-gatherers, skinfold thickness (a
proxy for subcutaneous fat levels) declines 15% during lean sea-
sons when PA levels increase (45).

Another important consequence of humans’ high energy
budget is to modulate energy allocation toward reproduction
based on energy availability, especially in females. Ovarian
function is highly sensitive to energy, causing variations in pro-
gesterone and estradiol levels, adaptively increasing or

decreasing conception likelihood during periods of positive or
negative energy balance, respectively (14). In addition, while
investment in gestation and lactation tends to be buffered from
fluctuations in energy availability, gestation length, birthweight,
and interbirth intervals (through amenorrhea) are highly sensi-
tive and responsive to energy balance and flux as regulated by
leptin, estradiol, insulin, and cortisol (14). Human reproductive
investment is so finely tuned to energy availability that PA levels
independent of diet modulate reproductive hormone levels
(46). Even moderate PA doses such as 20 km/wk of jogging
(180 kcal/d) lower progesterone and estradiol levels in the luteal
phase of the menstrual cycle by ∼50% in weight-stable healthy
young women relative to sedentary controls (18, 47). Although
such reductions potentially impact fecundity, few women until
recently were habitually physically inactive, suggesting that
sedentary women from modern high-income countries have ele-
vated reproductive hormone levels compared with less seden-
tary women with evolutionarily normal PA levels (48). Sustained
endurance PA also lowers basal testosterone levels, and hunter-
gatherers and subsistence farmers have lower testosterone
levels than similar-aged less physically active males from high-
income countries (49). As discussed below, elevated levels of
these mitotic hormones from low PA levels are implicated in
increased risk of several cancer types.

The mechanisms by which humans preferentially store
energy as fat and increase investment in reproduction during
periods of physical inactivity are unambiguously adaptive in
evolutionarily normal conditions with high levels of energy flux

Table 1. Major stresses and responses often induced by PA

Type of stress Repair response

Structural
Bony microcracks (106, 107) Secondary (Haversian) remodeling and bone accretion (108, 109)
Muscle fiber tears (110) Muscle fiber hypertrophy and myocyte apoptosis/autophagy (111, 112)
Hemodynamic arterial stress (113) Increased endothelial progenitor proliferation and signaling, amplified NO

production, angiogenesis, and reduced arterial stiffness (113–117)
Exercise-induced hemolysis (118) Increased erythropoiesis (119)
Volume and/or pressure overload in the heart Cardiac remodeling, thickening and/or expansion of ventricles and atria;

increased cardiomyocyte contractile function (73, 120, 121)
Cartilage deformation and degradation, interstitial fluid loss
(122)

Cartilage matrix synthesis and remodeling, articular cartilage turnover,
synovial secretions (122, 123)

Increased respiratory exposure to airborne pathogens (124,
125)

Enhanced immunosurveillance in respiratory membranes; increased
recirculation of natural killer and cytotoxic T cells (67, 126)

Increased intestinal membrane permeability (127) Microbiome alterations that stimulate intestinal mucus production, provide
energy to colonocytes, and drive Treg differentiation; induction of
antimicrobial peptides from host cells (128–132)

Cellular and molecular
Elevated ROS production in active tissues (133, 134) Enhanced antioxidant synthesis, autophagy, mitophagy, apoptosis (135–138)
Thermal protein denaturation (139) Heat shock protein up-regulation, autophagy (135, 140)
Metabolite production (e.g., lactate, ammonia, inorganic
phosphate, etc.) (141)

Lactic acid oxidation and use as a metabolic substrate (lactate shuttle),
increased protein breakdown and resynthesis, proteinuria (141–143)

Increased energy flux and depletion of cellular energy
reserves (141, 144)

Mitochondrial biogenesis, improved mitochondrial function, up-regulated
glycogen and phosphagen synthesis (145–148)

Sympathetic nervous system activation (149) Parasympathetic nervous system activation, lowered sympathetic nervous
system reactivity (150, 151)

Acute DNA damage foci (152, 153) Increased activation of DNA repair pathways, expression of repair enzymes,
apoptosis (136, 138, 152–159), and release of systemic repair factors (85,
86, 160)

Acute inflammation and immune infiltration to damaged
tissues (161, 162)

Anti-inflammatory myokine release, immune clearance of damaged/senescent
cells (52, 160, 163–165)

Acute hypoxia (144) Angiogenesis, improved cellular respiratory efficiency, improved cardiac
output (120, 166, 167)

PA-induced stresses, and their associated repair responses, are summarized. ROS, reactive oxygen species; Treg, regulatory T cell.
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and substantial alternations between positive and negative
energy balance. But in modern conditions of sustained energy
abundance along with low PA, these tradeoffs can lead to mis-
matches, most critically excess fat storage. Using body mass
index (BMI) as a proxy, less than 2% of African hunter-
gatherers are classified as overweight but ∼70% of Americans
are overweight or obese (18, 44, 45). Although these BMI dif-
ferences are predominantly a consequence of diet, regular PA
has repeatedly been shown to help prevent weight gain from
fat storage (50). Twin studies confirm that habitual physical
inactivity is strongly associated with increased likelihood of
obesity even after controlling for childhood environment and
genetics (51). In turn, obesity, especially visceral obesity, in the
context of physical inactivity provokes systemic inflammation
as swollen adipocytes become dysfunctional and, along with
invading macrophages, release proinflammatory cytokines and
adipokines. Chronic, systemic inflammation then contributes to
insulin resistance, endothelial dysfunction, dyslipidemia, ath-
erosclerosis, and neurodegeneration, and thereby to mismatch
conditions such as type 2 diabetes, CVD, Alzheimer’s, and
osteoarthritis (see below).

In addition to indirectly triggering inflammation via obe-
sity, lack of PA also fails to suppress chronic inflammation
through at least three important pathways. First, PA curtails
systemic inflammation by reducing visceral fat levels as well
as bloodstream levels of fat and glucose. Second, PA directly
lowers inflammation because contracting skeletal muscles
produce acute surges of proteins (myokines), especially
interleukin-6 (IL-6), that regulate immune function (52). For
example, PA-induced IL-6 increases glucose uptake in skele-
tal muscle, increases beta-oxidation in adipocytes and myo-
cytes, and stimulates the production of anti-inflammatory
cytokines such as IL-1ra and IL-10 (53). Since all humans until
recently engaged in regular lifelong PA, lack of these myo-
kine signals in physically inactive individuals has likely
increased levels of chronic inflammation, hence many mis-
match diseases. Overall, increased levels of PA are associated
with lower levels of chronic inflammation even after correct-
ing for BMI and other risk factors for inflammation such as
smoking (54). Finally, PA not only lowers insulin levels, which
play a strong role in adipose dysfunction and elevate the risk
of cancer (see below), but also substantially reduces insulin
resistance, a major cause of metabolic syndrome, by increas-
ing insulin sensitivity in muscle, liver, adipocytes, and other
cells and by altering insulin-independent glucose metabolism
in various tissues (55, 56). These shifts in energy allocation
illustrate how PA (or its absence) has generally more powerful
effects on insulin resistance than visceral adiposity alone.

Hypothesis 2: PA Allocates Energy to Repair and Maintenance
Processes. An alternative hypothesis for why PA was selected to
promote healthspan is that PA is physiologically stressful.
Beyond costing average nonindustrial adults many hundreds of
calories a day, varying doses and types of PA can generate
numerous forms of stress and damage at the molecular, cellular,
and tissue levels, as summarized in Table 1. Since regular PA is
necessary for all animals, there was likely strong selection for PA
to stimulate processes that allocate energy toward an equally
wide range of maintenance and repair functions (also summa-
rized with references in Table 1) that ameliorate stresses and
prevent or restore damage caused by PA. Many of these pro-
cesses are homeostatic, such as restocking depleted energy

stores, producing antioxidants, clearing metabolites, reducing
inflammation, and stimulating the parasympathetic nervous
system to down-regulate sympathetic activation. Others are
allostatic mechanisms that promote stability by increasing
capacities such as stimulating muscle and bone hypertrophy,
inducing proliferation of mitochondria and glucose transporters,
and enhancing cardiovascular function.

While PA induces many repair and maintenance processes,
these consume energy and are thus expected to be subject
to tradeoffs. Although impossible to measure directly, we can
approximate PA-induced repair and maintenance costs from
quantifying the short-term effects of PA on resting energy
expenditure (REE). As shown in Fig. 2, REE following a bout
of PA can be initially elevated by 3 to 20% and then take
between 2 and 48 h to return to preexercise levels, with the
total increase and duration dependent on factors such as PA
dose, fitness level, and sex (57). This excess postexercise oxy-
gen consumption (EPOC, or “afterburn”) was initially thought
to be an oxygen debt reflecting the cost of energy replenish-
ment, but phosphagen restoration and lactate clearance com-
prise a modest fraction of EPOC, indicating that other repair
and maintenance processes account for the majority of
increased REE costs following PA (58). EPOC continues to
occur as people age (59), and because EPOC levels increase
exponentially with PA intensity and linearly with duration, the
costs can be significant. In one controlled experiment, adults
who exercised at 70% VO2max for 80 min experienced an
average 5% increase in REE over 24 h adding up to 125 kcal
of EPOC (60). In another study of 10 fit young males who
walked briskly for 3 h at 50% VO2max, REE levels were ele-
vated by 9% after 4.5 h and remained elevated by 4.7% after
18 h (61). Since foraging populations such as the Hadza and
Tsimane average 2 to 4 h daily of MVPA (16, 24), it is reason-
able to hypothesize that for most of human evolution, quotid-
ian PAs stimulated similar levels of energy allocation toward
repair and maintenance. As Fig. 2 models, a 70-kg person
who is nearly sedentary or as active as an average hunter-
gatherer is predicted to divert 4,380 and 17,540 kcal, respec-
tively, per year toward EPOC-related repair and maintenance,
causing the latter to invest 262,800 kcal more over 20 y.

One issue that requires further study is evidence from
cross-sectional studies that total daily energy expenditure
(DEE) relative to lean body mass is not higher in physically
active non-Western populations, including Hadza hunter-
gatherers, than in sedentary Westerners (42). This observation
has led to the hypothesis that individuals compensate for
higher levels of PA by lowering their BMR (62). The metabolic
mechanisms underlying this hypothesized adaptation, how-
ever, have yet to be identified, and it is unknown whether
evolutionarily normal levels of PA lead to lower BMRs or if sed-
entary individuals have disregulated BMRs. In either case, BMR
is properly measured in a fasted state in thermoneutral condi-
tions following at least 24 h of rest, thereby excluding any
effects of EPOC, suggesting that metabolic compensation in
more active individuals occurs through processes unrelated to
repair and maintenance of PA-induced damage. In addition, it
has been shown that more physically active, fitter individuals in
Western populations have higher BMRs and REEs even after
resting (63, 64). These data suggest that factors other than
shifts in EPOC are responsible for cross-sectional differences in
DEE between populations. This makes sense, because it would
be maladaptive not to activate repair and maintenance
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processes in response to the widespread physiological dam-
age PA induces (otherwise PA would shorten, not extend,
healthspans).

The phenomenon of EPOC highlights another benefit of acti-
vating repair and maintenance processes in response to PA,
which is to adjust capacity economically to demand, thus avoid-
ing allocating excess energy to functions that do not ultimately
benefit reproductive fitness. A well-known example is muscle,
which costs 10 to 15 kcal/kg to maintain yet comprises 30 to
40% of body weight in average adult humans, about 20% of
REE (65). These costs render it adaptive to minimize excess
muscle through hypotrophy in the absence of demand and

through hypertrophy in response to PA, especially from micro-
damage caused by contractions against high resistance. Adap-
tations to “use it or lose it,” however, can be problematic in
modern environments that enable individuals, especially the
elderly, to be physically inactive. Returning to the example of
muscle, physically inactive individuals tend to lose more muscle
mass than active individuals, leading to sarcopenia, which in
turn promotes in the elderly a vicious cycle of further physical
inactivity and declining health, but these declines can be res-
cued by PA (66). Other traits selected to adjust capacity to
demand from PA-induced stress include bone mass, mitochon-
drial density, capillary density, heart volume, and hemoglobin
levels (Table 1). Another health-preserving example of matching
capacity to PA-induced demand is transiently elevated invest-
ment in immune function. Moderate levels of PA stimulate
increased immunosurveillance in both the innate and adaptive
immune systems as evident from extravasation and recirculation
of neutrophils, cytotoxic T cells, antibodies, and other immune
cell subsets that are preferentially deployed to vulnerable loca-
tions such as the respiratory and digestive tracts (67).

Importantly, the short-term forms of damage PA causes
including oxidation, metabolite production, and mitochondrial
dysfunction are quickly repaired. For example, while high-
intensity PA may transiently reduce mitochondrial function in
skeletal muscle, PA rapidly stimulates muscle cells to restore
and improve mitochondrial function and density, resulting in
long-term benefit (68). In contrast, mitochondrial damage
accrues more slowly over the normal aging process and without
the activation of comparable repair and maintenance, contribut-
ing to gradual cellular senescence. Altogether, the inflammatory
and oxidative stresses PA generates are countered by anti-
inflammatory and antioxidative stress mechanisms. With contin-
ued PA, these compensatory processes amplify to the point at
which habitual PA results in negligible amounts of net inflamma-
tion or oxidative injury (69). Further, because of allostasis (see
above), PA stimulates tissues to increase their capacity and thus
become better adapted to PA-induced stresses. It bears repeat-
ing, however, that while PA generates damage more acutely
than aging, we hypothesize that PA also stimulates repair and
maintenance mechanisms that are otherwise less strongly acti-
vated. Since long-term, habitual physical inactivity was rare until
recently, including among the elderly, there was likely minimal
selection to activate these mechanisms in the absence of PA.
Consequently, the effects of PA on reducing morbidity and mor-
tality appear to be greater in older than younger people (1, 2).

Effects of PA on Cardiovascular Disease and Cancer
To explore how integrating evolutionary and biomedical per-
spectives can advance our understanding of how and why PA
helps slow some forms of senescence and reduce vulnerability
to many diseases, we focus on two predictions of the nonmutu-
ally exclusive energy allocation hypotheses presented above.
First, by augmenting and accelerating stresses, many of which
also occur during the normal aging process, PA stimulates
repair and maintenance responses less activated during pro-
longed physical inactivity. Consequently, lack of habitual PA,
especially in postreproductive individuals, permits the accrual of
pathogenic damage that might otherwise be repaired or pre-
vented. Second, among individuals with access to abundant
energy, regular PA prevents energy allocation toward excess fat
storage and reproductive tissues that up-regulate inflammation
and other pathogenic processes.
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Fig. 2. Effects of PA on energy, repair, and maintenance. (A) Effect
of PA on prolonged EPOC for a 70-kg male. The EPOC depicted
here is from 71 to 80 min of PA at 69 to 78% VO2max (n = 12) (57).
(B) Estimated calories per day spent on moderate PA, vigorous PA,
and EPOC invested in repair and maintenance by a 70-kg sedentary
person who gets 20 min moderate PA per day, supplements this
with 21 min/d of moderate PA and 2 min/d of vigorous PA, or is as
active as a typical hunter-gatherer with 115 min/d of moderate PA
and 20 min/d of vigorous PA. Estimates of EPOC are from ref. 105;
repair and maintenance costs are estimated conservatively to be
80% of EPOC (58). (C) Model of cumulative investment in repair and
maintenance (R&M) over 20 y for a 70-kg person who gets 20, 41,
or 135 min/d of MVPA as modeled above in B. Leaving aside other
potential aspects of metabolic compensation, over 20 y, repair and
maintenance investment in someone as active as a typical hunter-
gatherer totals 282,800 kcal more than the sedentary person.
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These two predictions apply to many causes of morbidity
and mortality, but we apply them briefly to CVD and cancer,
which together account for approximately two-thirds of deaths
in high-income countries.

Cardiovascular Disease. CVD is currently the leading cause of
mortality in high-income countries. Habitual physical inactivity is
an undisputed, major risk factor for CVD along with hyperten-
sion, dyslipidemia, chronic inflammation, diet, stress, and
genetics (70). The mechanisms by which PA provides protection
from CVD are incompletely understood but include stimulating
repair and maintenance processes that reduce pathophysiologi-
cal damage to the heart and arteries, especially through a
reduction in inflammation.

With regard to the hypothesis that PA promotes health by
stimulating repair and maintenance in response to stress, the
principal mechanical stresses PA exerts on the cardiovascular
system are a combination of acute increases in arterial blood
pressure and arterial blood flow. PA-induced surges in systemic
blood pressure stress the vascular endothelium, leading to
microdamage that triggers a wide range of beneficial growth,
repair, and maintenance mechanisms. For example, PA-induced
endothelial stress stimulates the release of nitrogen oxide (NO),
which facilitates protective vasodilation and suppresses inflam-
mation by inhibiting leukocyte chemotaxis and platelet aggre-
gation (71). Repeated bouts of PA also stimulate the growth of
capillaries and arterioles, thus lowering blood pressure during
future PA as well as preventing hypertension during rest (72).
Increases in arterial pressure and blood flow also stress the mus-
cular walls of the heart chambers. Over time, repetitive bouts of
aerobic PA stimulate adaptive cardiac remodeling characterized
by balanced increases in left ventricular wall thickness and
chamber volumes (eccentric hypertrophy) that reduce cardiac
wall stress (73).

The sequence of pulsatile, time-limited pressure stress
induced by PA followed by repair and recovery leads to an
adaptive phenotype that contrasts markedly from the patho-
genic effects of chronic hypertension. Like PA, chronic high
blood pressure provokes the accumulation of microtears and
endothelial dysfunction but, unlike PA, persistent hypertension
does not stimulate significant repair. As a consequence, the
progressively diseased endothelium, coupled with lipid dysre-
gulation and vascular inflammation, is vulnerable to atheroscle-
rotic plaque formation and its cardinal sequelae, chronic blood
flow insufficiency and acute plaque rupture, leading to com-
plete vessel occlusion. Similar differences occur within heart
muscle. Whereas PA stimulates adaptive cardiac remodeling,
chronic hypertension induces wall thickening without chamber
dilation (concentric hypertrophy) and myocyte fibrosis, resulting
in decreased diastolic compliance. This maladaptive phenotype
is a leading cause of congestive heart failure (74).

The energetic tradeoffs PA causes also protect against CVD
by down-regulating several pathophysiological processes pre-
dicted by the hypothesis that PA prevents energy allocation
toward reproduction at the expense of health. Most obviously,
energy spent on PA reduces energy allocation toward fat stor-
age, especially ectopic fat in the liver and other visceral organs
that is especially inflammatory and thus well-known to play a
key role in the pathogenesis of arterial plaque formation (75).
PA also reduces levels of chronic inflammation independent of
body mass, largely because PA activates muscles to produce
anti-inflammatory myokines (52, 54). Another energetic tradeoff

by which PA helps prevent CVD is to reduce chronic elevation
of sympathetic nervous system activity associated with seden-
tary behavior. PA transiently increases sympathetic activity to
increase heart rate and cardiac muscle function, thus ensuring
adequate blood flow delivery to active muscles, but habitual PA
accentuates compensatory parasympathetic activity that facili-
tates rapid homeostatic recovery of heart rate and blood pres-
sure following cessation of PA (76). As a result, habitual PA both
improves autonomic recovery from isolated bouts of PA and
enhances parasympathetic activity during rest, leading to lower
blood pressure and heart rates as well as lower levels of resting
cortisol.

Cancers. Cancers, the second-leading cause of death in high-
income countries, are increasingly prevalent worldwide (7).
Cancers arise from a perverse kind of natural selection within
multicellular organisms: As cells accrue cancerous mutations
they can become dysregulated, divide uncontrollably, migrate,
and outcompete other cells. Cancers are more common with
age, especially when cells have increased exposures to muta-
gens and when the immune system fails to recognize and elimi-
nate them. Major risk factors for many cancers include smoking,
alcohol, obesity, and systemic inflammation, but physical inac-
tivity should not be underestimated: High-quality, prospective
studies show a dose-dependent relationship between PA and
several cancers, especially breast and colon cancer (3, 77, 78).
According to some estimates, 3 to 4 h of moderate exercise per
week reduces the risk of breast cancer by 30 to 40% in women
and the risk of colon cancer by 40 to 50% in men and
women (79).

Why PA helps prevent cancer partly makes sense in light of
the hypothesis that PA favors energy allocation away from
investments in fat and reproductive tissues. Energy spent on PA
helps counteract excess accumulation of fat, especially visceral
adipose tissue, a major contributor to chronic inflammation that
can increase cancer risk via oxidative damage, hence DNA dam-
age (80). By some estimates, overweight and obesity account
for nearly one-third of breast cancer deaths in the USA (81). In
addition, moderate levels of PA lower both adipocyte produc-
tion of mitotic hormones like estrogen as well as ovarian pro-
duction of estradiol and progesterone in normal-weight women
by as much as 50% during the luteal phase of the menstrual
cycle compared with sedentary women, thus significantly
decreasing cancer risk in highly hormone-sensitive breast tissue
(15). PA also lowers levels of insulin, which elevates the risk of
several cancers (82). The energetic demands of PA also reduce
bloodstream glucose levels, and thus may potentially retard
tumor growth in cancerous cells with impaired oxidative phos-
phorylation that depend on glycolysis (83). PA is additionally
theorized to help keep tumors quiescent by increasing their
blood and oxygen supply, thus paradoxically preventing cancer
cells from undergoing metabolic stress that activates their pro-
duction of growth factors such as IGF1 (84).

The hypothesis that PA promotes health by stimulating repair
also helps explain some of PA’s preventive effects for many can-
cers. It bears repeating that PA generates copious free radicals
(both reactive oxygen and nitrogen species) and proinflamma-
tory cytokines that can contribute to DNA damage (Table 1).
However, as Table 1 also summarizes (with references), PA has
been shown in trained individuals to decrease DNA damage
rates through three mechanisms. First, PA stimulates the dose-
dependent production of antioxidants including superoxide
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dismutase, glutathione peroxidase, and catalase. Second, PA stim-
ulates skeletal muscle to produce short-term, abundant quantities
of anti-inflammatory myokines (e.g., IL-6, IL-1ra, and IL-10), thus
limiting unintended, largely nonspecific inflammatory damage.
Finally, PA stimulates several DNA repair mechanisms including the
TP53 tumor suppressor gene and the production and activity of
key repair enzymes such as hOGG1, PARP1, and APEX1.

Importantly, many PA-induced DNA repair mechanisms act
systemically and thus may protect against cancer growth in mul-
tiple tissues (85). PA has further been shown to modify the epi-
genome through DNA methylation and histone modifications
(86–88), with some evidence suggesting that long-term methyl-
ation changes are retained with training (89). These modifica-
tions have been best studied at gene promoters through
exercise-induced derepression of exercise- and metabolism-
related genes such as PGC-1α, MEF2A, and TFAM (86–88), as
well as alteration of the methylation status of cancer-associated
genes (e.g., tumor suppressors such as L3MBTL1) (90). Overall,
individuals who engage in regular levels of nonextreme PA have
lower baseline levels of inflammation (e.g., CRP, IL-6, and
TNF-α), oxidative damage (e.g., as measured by 8-OGdG and
8-oxodG), and both increased antioxidant and repair capacity.

Last, PA also helps protect against cancer by promoting repair
and maintenance by the immune system. Because PA can gener-
ate plentiful cellular damage, it is unsurprising that there has been
selection for PA to increase the production and mobilization of
immune cells such as natural killer and cytotoxic T (CD8+) lympho-
cytes that seek out and clear damaged and decaying cells includ-
ing precancerous and cancerous cells (91, 92). Rodent studies also
indicate that PA helps redeploy these cells from the thymus and
lymph nodes to the peripheral circulation, thus enhancing immu-
nosurveillance (91). PA has been shown in mice to augment the
influx of immune cells in tumors, and reduce tumor incidence and
growth by an average of 60% (93). These mechanisms may also
help clear deleterious senescent cells in many tissues.

Implications and Conclusion
All animals need to engage in regular PA but, at some point,
hominins were selected to engage in significantly more PA than
their comparatively sedentary ancestors to make possible our
unique life-history strategy in which parents and grandparents
gather and hunt surplus energy which they transfer to their chil-
dren and grandchildren. A key component of this energetically
intensive strategy is for postreproductive adults to stay healthy
for several decades as they continue engaging in PA. These
observations lead to the hypothesis that moderate levels of
daily PA evolved not just as a consequence of humans’ unique
life-history strategy but also as a cause, because PA generates
diverse stresses that induce manifold repair and maintenance
mechanisms that are otherwise less activated because they cost
energy and because humans were never regularly sedentary. In
addition, PA diverts energy from excess fat storage and invest-
ment in reproductive tissues that can compromise long-term
health in modern environments with superabundant energy.
Altogether, PA stimulates the body to allocate energy in ways
that slow senescence and prevent morbidity from CVD, many
cancers, and numerous other chronic illnesses such as type 2
diabetes and Alzheimer’s (7, 40). These conditions are rare
among hunter-gatherers including the elderly (11).

Although it has long been known that PA extends both
healthspans and lifespans, understanding why PA slows senes-
cence and decreases vulnerability to many diseases has critical

implications, most importantly to explain and emphasize why
the older one gets, the more PA matters. According to Paffen-
barger and colleagues’ classic study, moderately active 70- and
80-y-olds have 50% lower all-cause mortality rates than seden-
tary individuals of the same age, sex, and socioeconomic status
(1). In addition, PA levels need only be modest to confer signifi-
cant benefits. The 2 to 4 daily hours of MVPA undertaken by
elders in foraging populations (16, 17) is an order of magnitude
greater than PA levels of average Westerners today (22), and
more than six times the 150 min/wk of MVPA that major health
organizations recommend as a minimum (4).

An evolutionary perspective also helps explain why a combi-
nation of endurance and resistance PA is beneficial (4). Given
the importance of endurance PA for hunter-gatherers, it is
unsurprising there was especially strong selection in the human
lineage to adapt to the stresses aerobic PA induces. While resis-
tance PA primarily benefits the musculoskeletal and cardiovas-
cular systems, endurance PA stresses almost every system of
the body and typically expends more calories, thus stimulating
more widespread repair and maintenance responses and lead-
ing to enhanced energetic tradeoffs. High-intensity interval
training is also beneficial by inducing elevated levels of stress
and thus eliciting more acute responses (94). Some of the bene-
ficial metabolic stresses PA induces are also stimulated by nega-
tive energy balance caused by intermittent fasting (95).

We recognize the challenge of finding epidemiological data
to test definitively our hypothesis that the health benefits of PA
derive not only from selection for humans to be physically active
but also from selection for PA to allocate energy toward pro-
cesses that extend healthspans. The ideal test would be a pro-
spective comparison of two genetically similar populations, one
sedentary and the other physically active, both of which lacked
access to modern medical care. Although the sedentary popula-
tion is predicted to have increased morbidity in older individuals
along with reduced longevity, we know of no sedentary human
populations that lack some degree of modern healthcare. Fur-
ther, there is abundant evidence that lack of PA increases vul-
nerability to conditions such as hypertension, dyslipidemia, and
insulin insensitivity that require medical treatment to prevent or
mitigate premature mortality (2–8). In this respect, our hypothe-
sis may help explain the seeming paradox of greater life expec-
tancy in modern, sedentary Westernized populations than in
traditional foraging societies. Leaving aside that greater life
expectancy of modern, high-income-country populations stems
largely from less infant mortality (11), increased lifespans in
Western populations also result from access to medical care
that has accompanied the extension of morbidities that are oth-
erwise partly prevented by PA. Thus, as lifespan has increased
in high-income countries, so has morbidity (40). Put differently,
while sedentary individuals in industrialized environments with
access to healthcare tend to have slightly longer lifespans than
physically active foragers, we hypothesize they are less likely to
have longer healthspans.

Phylogenetic comparative studies would be useful to test fur-
ther the hypothesis that there was selection in humans for PA to
allocate energy toward processes that extend healthspans.
Although few species live beyond the age of reproduction and
provide food as well as other resources not just to offspring
but also to grandoffspring (F1 and F2 generations), more data
are needed to compare the effects of PA on senescence and
health in other long-lived species. In this respect, comparisons
of wild versus captive animals are potential sources of
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useful information. Compared with captive conspecifics, wild
animals are generally more physically active, less likely to
be overweight, and, although more vulnerable to predation,
expected to have longer maximum lifespans. However, one
study found that 84% of 59 captive animal species (males and
females) have longer maximum lifespans with slower rates of
senescence than wild conspecifics (96). Among apes, maxi-
mum lifespan of wild chimpanzees is 46 to 66 y, but captive
chimpanzees can live up to 68 y (97, 98), and the maximum
lifespans of wild and captive gorillas are 44 and 61 y, respec-
tively (12, 99). In addition, experimental studies in rodents
report either modest (100, 101) or nonexistent (102, 103) ben-
efits of exercise for maximum lifespan, especially after control-
ling for food intake and body weight. These data highlight not
just the limitations but also unrecognized potentials of animal
models for studying the effects of PA on senescence and
health. Since life history obviously differs between humans,
rodents, and other species, looking for differences in the
effects of PA on senescence between humans and model
organisms may reveal vital targets of selection that help
extend human healthspans and lifespans beyond the cessa-
tion of reproduction.

In conclusion, while more research is needed, integrating
evolutionary and biomedical evidence to understand both how
and why exercise is healthy is both useful and empowering. All
animals evolved to be physically active when it was necessary

and rewarding, but we propose that moderate levels of lifelong
PA played a special role in the evolution of our species’
uniquely extended life history. Today, billions of people no lon-
ger need to engage in much PA and thus have to choose to do
PA—not just when they are young, but also as they continue to
age. It is thus constructive to appreciate that exercise is not so
much a magic bullet that guarantees good health and a long
life but instead a normal, healthy form of physiological stress
not unlike being occasionally hungry or exposing a child’s
immune system to enough challenges to develop appropriately.
While modern medicine can cope with many of the mismatches
caused by a lack of PA, and some mechanisms by which PA pro-
motes health are pharmaceutical targets, it is impossible to put
all the benefits of exercise in a pill. No medicine could possibly
generate the diverse range of healthy stresses nor the equally
diverse range of beneficial physiological responses PA stimu-
lates. Fortunately, thanks to our evolutionary history, only mod-
est levels of PA yield substantial benefits, especially if we keep
them up as we age.

Data Availability. There are no data underlying this work.

Acknowledgments
We thank W. E. Callison, S. Heymsfeld, S. Kessler, H. Pontzer, D. Raichlen, B.
Sibson, V. Tobolsky, and A. Yegian, as well as two anonymous referees and the
editor, for helpful critiques, conversations, and information on the data and
hypotheses presented here.

1 R. S. Paffenbarger Jr., R. T. Hyde, A. L. Wing, C. C. Hsieh, Physical activity, all-cause mortality, and longevity of college alumni.N. Engl. J. Med. 314, 605–613
(1986).

2 R. S. Paffenbarger Jr. et al., The association of changes in physical-activity level and other lifestyle characteristics with mortality among men. N. Engl. J. Med.
328, 538–545 (1993).

3 H. Arem et al., Leisure time physical activity and mortality: A detailed pooled analysis of the dose-response relationship. JAMA Intern. Med. 175, 959–967
(2015).

4 US Department of Health and Human Services, “2018 Physical Activity Guidelines Advisory Committee Scientific Report” (Office of Disease Prevention and
Health Promotion, 2018). https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf. Accessed 1 November 2021.

5 N. Garatachea et al., Exercise attenuates the major hallmarks of aging. Rejuvenation Res. 18, 57–89 (2015).
6 D. Ding et al.; Lancet Physical Activity Series 2 Executive Committee, The economic burden of physical inactivity: A global analysis of major non-

communicable diseases. Lancet 388, 1311–1324 (2016).
7 I. M. Lee et al.; Lancet Physical Activity Series Working Group, Effect of physical inactivity on major non-communicable diseases worldwide: An analysis of bur-

den of disease and life expectancy. Lancet 380, 219–229 (2012).
8 B. K. Pedersen, B. Saltin, Exercise as medicine—Evidence for prescribing exercise as therapy in 26 different chronic diseases. Scand. J. Med. Sci. Sports 25

(suppl. 3), 1–72 (2015).
9 K. Hawkes, J. F. O’Connell, N. G. Jones, H. Alvarez, E. L. Charnov, Grandmothering, menopause, and the evolution of human life histories. Proc. Natl. Acad.

Sci. U.S.A. 95, 1336–1339 (1998).
10 H. Kaplan, K. Hill, J. Lancaster, A. M. Hurtado, A theory of human life history evolution: Diet, intelligence, and longevity. Evol. Anthropol. 9, 156–185 (2000).
11 M. Gurven, H. Kaplan, Longevity among hunter-gatherers: A cross-cultural examination. Popul. Dev. Rev. 33, 321–365 (2007).
12 A. M. Bronikowski et al., Aging in the natural world: Comparative data reveal similar mortality patterns across primates. Science 331, 1325–1328 (2011).
13 H. Pontzer et al., Metabolic acceleration and the evolution of human brain size and life history. Nature 533, 390–392 (2016).
14 P. T. Ellison, Endocrinology, energetics, and human life history: A synthetic model. Horm. Behav. 91, 97–106 (2017).
15 G. Jasienska, R. G. Bribiescas, A. S. Furberg, S. Helle, A. N�u~nez-de la Mora, Human reproduction and health: An evolutionary perspective. Lancet 390,

510–520 (2017).
16 M. Gurven, A. V. Jaeggi, H. Kaplan, D. Cummings, Physical activity and modernization among Bolivian Amerindians. PLoS One 8, e55679 (2013).
17 H. Pontzer, B. M. Wood, D. A. Raichlen, Hunter-gatherers as models in public health.Obes. Rev. 19 (suppl. 1), 24–35 (2018).
18 G. Jasienska, A. Ziomkiewicz, I. Thune, S. F. Lipson, P. T. Ellison, Habitual physical activity and estradiol levels in women of reproductive age. Eur. J. Cancer

Prev. 15, 439–445 (2006).
19 D. E. Lieberman, Is exercise really medicine? An evolutionary perspective. Curr. Sports Med. Rep. 14, 313–319 (2015).
20 H. Pontzer, Energy constraint as a novel mechanism linking exercise and health. Physiology (Bethesda) 33, 384–393 (2018).
21 T. Althoff et al., Large-scale physical activity data reveal worldwide activity inequality.Nature 547, 336–339 (2017).
22 R. P. Troiano et al., Physical activity in the United States measured by accelerometer.Med. Sci. Sports Exerc. 40, 181–188 (2008).
23 A. E. Black, W. A. Coward, T. J. Cole, A. M. Prentice, Human energy expenditure in affluent societies: An analysis of 574 doubly-labelled water measurements.

Eur. J. Clin. Nutr. 50, 72–92 (1996).
24 D. A. Raichlen et al., Physical activity patterns and biomarkers of cardiovascular disease risk in hunter-gatherers. Am. J. Hum. Biol. 29, e22919 (2017).
25 B. M. Wood et al., Step counts from satellites: Methods for integrating accelerometer and GPS data for more accurate measures of pedestrian travel. J. Meas.

Phys. Behav. 3, 58–66 (2020).
26 D. R. Bassett, P. L. Schneider, G. E. Huntington, Physical activity in an Old Order Amish community.Med. Sci. Sports Exerc. 36, 79–85 (2004).
27 H. Pontzer, R. W. Wrangham, Ontogeny of ranging in wild chimpanzees. Int. J. Primatol. 27, 295–309 (2006).
28 C. E. G. Tutin, “Ranging and social structure of lowland gorillas in the Lop�e Reserve, Gabon” in Great Ape Societies, W. McGrew, L. Marchant, T. Nishida,

Eds. (Cambridge University Press, 2010), pp. 58–70.

Lieberman et al.
The active grandparent hypothesis: Physical activity and the evolution of extended
human healthspans and lifespans

PNAS j 9 of 12
https://doi.org/10.1073/pnas.2107621118

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
10

, 2
02

1 

https://health.gov/sites/default/files/2019-09/PAG_Advisory_Committee_Report.pdf


www.manaraa.com

29 H. Pontzer, D. A. Raichlen, R. W. Shumaker, C. Ocobock, S. A. Wich, Metabolic adaptation for low energy throughput in orangutans. Proc. Natl. Acad. Sci.
U.S.A. 107, 14048–14052 (2010).

30 M. Hayes et al., Low physical activity levels of modern Homo sapiens among free-ranging mammals. Int. J. Obes. 29, 151–156 (2005).
31 R. Caspari, S. H. Lee, Older age becomes common late in human evolution. Proc. Natl. Acad. Sci. U.S.A. 101, 10895–10900 (2004).
32 K. Hawkes, J. F. O’Connell, N. G. Blurton Jones, Hadza women’s time allocation, offspring provisioning, and the evolution of long postmenopausal life spans.

Curr. Anthropol. 38, 551–577 (1997).
33 C. Tudor-Locke et al., Normative steps/day values for older adults: NHANES 2005–2006. J. Gerontol. A Biol. Sci. Med. Sci. 68, 1426–1432 (2013).
34 H. Pontzer et al., Energy expenditure and activity among Hadza hunter-gatherers. Am. J. Hum. Biol. 27, 628–637 (2015).
35 J. E. Himann, D. A. Cunningham, P. A. Rechnitzer, D. H. Paterson, Age-related changes in speed of walking.Med. Sci. Sports Exerc. 20, 161–166 (1988).
36 R. M. Dodds et al., Grip strength across the life course: Normative data from twelve British studies. PLoS One 9, e113637 (2014).
37 J. A. Vogel, J. F. Patton, R. P. Mello, W. L. Daniels, An analysis of aerobic capacity in a large United States population. J. Appl. Physiol. (1985) 60, 494–500

(1986).
38 N. B. Jones, F. W. Marlowe, Selection for delayed maturity: Does it take 20 years to learn to hunt and gather? Hum. Nat. 13, 199–238 (2002).
39 R. Walker, K. Hill, Modeling growth and senescence in physical performance among the Ache of eastern Paraguay. Am. J. Hum. Biol. 15, 196–208 (2003).
40 A. J. Vita, R. B. Terry, H. B. Hubert, J. F. Fries, Aging, health risks, and cumulative disability.N. Engl. J. Med. 338, 1035–1041 (1998).
41 S. J. Olshansky, From lifespan to healthspan. JAMA 320, 1323–1324 (2018).
42 H. Pontzer et al., Hunter-gatherer energetics and human obesity. PLoS One 7, e40503 (2012).
43 J. A. Levine, M. W. Vander Weg, J. O. Hill, R. C. Klesges, Non-exercise activity thermogenesis: The crouching tiger hidden dragon of societal weight gain.

Arterioscler. Thromb. Vasc. Biol. 26, 729–736 (2006).
44 C. Li, E. S. Ford, G. Zhao, L. S. Balluz, W. H. Giles, Estimates of body composition with dual-energy X-ray absorptiometry in adults. Am. J. Clin. Nutr. 90,

1457–1465 (2009).
45 A. Truswell, J. Hanson, “Medical research among the !Kung” in Kalahari Hunter-Gatherers, R. B. Lee, I. DeVore, Eds. (Harvard University Press, 1976), pp.

166–194.
46 G. Jasienska, P. T. Ellison, Energetic factors and seasonal changes in ovarian function in women from rural Poland. Am. J. Hum. Biol. 16, 563–580 (2004).
47 P. T. Ellison, C. Lager, Moderate recreational running is associated with lowered salivary progesterone profiles in women. Am. J. Obstet. Gynecol. 154,

1000–1003 (1986).
48 A. Emaus et al., 17-Beta-estradiol in relation to age at menarche and adult obesity in premenopausal women. Hum. Reprod. 23, 919–927 (2008).
49 P. T. Ellison et al., Population variation in age-related decline in male salivary testosterone. Hum. Reprod. 17, 3251–3253 (2002).
50 J. Obert, M. Pearlman, L. Obert, S. Chapin, Popular weight loss strategies: A review of four weight loss techniques. Curr. Gastroenterol. Rep. 19, 61 (2017).
51 K. Waller, J. Kaprio, U. M. Kujala, Associations between long-term physical activity, waist circumference and weight gain: A 30-year longitudinal twin study.

Int. J. Obes. 32, 353–361 (2008).
52 B. K. Pedersen, Muscle as a secretory organ. Compr. Physiol. 3, 1337–1362 (2013).
53 A. L. Carey et al., Interleukin-6 increases insulin-stimulated glucose disposal in humans and glucose uptake and fatty acid oxidation in vitro via AMP-activated

protein kinase. Diabetes 55, 2688–2697 (2006).
54 P. Loprinzi et al., Objectively measured physical activity and C-reactive protein: National Health and Nutrition Examination Survey 2003–2004. Scand. J. Med.

Sci. Sports 23, 164–170 (2013).
55 C. K. Roberts, A. L. Hevener, R. J. Barnard, Metabolic syndrome and insulin resistance: Underlying causes and modification by exercise training. Compr. Phys-

iol. 3, 1–58 (2013).
56 S. Mann et al., Changes in insulin sensitivity in response to different modalities of exercise: A review of the evidence. Diabetes Metab. Res. Rev. 30, 257–268

(2014).
57 E. Børsheim, R. Bahr, Effect of exercise intensity, duration and mode on post-exercise oxygen consumption. Sports Med. 33, 1037–1060 (2003).
58 G. A. Gaesser, G. A. Brooks, Metabolic bases of excess post-exercise oxygen consumption: A review.Med. Sci. Sports Exerc. 16, 29–43 (1984).
59 J. Yates, M. Cullum, Excess post-exercise oxygen consumption following treadmill exercise: The effect of subject age. Med. Sci. Sports Exerc. 40, S327

(2008).
60 S. Maehlum, M. Grandmontagne, E. A. Newsholme, O. M. Sejersted, Magnitude and duration of excess postexercise oxygen consumption in healthy young

subjects.Metabolism 35, 425–429 (1986).
61 R. Bielinski, Y. Schutz, E. J�equier, Energy metabolism during the postexercise recovery in man. Am. J. Clin. Nutr. 42, 69–82 (1985).
62 H. Pontzer et al., Constrained total energy expenditure and metabolic adaptation to physical activity in adult humans. Curr. Biol. 26, 410–417 (2016).
63 E. T. Poehlman, C. L. Melby, S. F. Badylak, Resting metabolic rate and postprandial thermogenesis in highly trained and untrained males. Am. J. Clin. Nutr.

47, 793–798 (1988).
64 A. M. Sj€odin et al., The influence of physical activity on BMR.Med. Sci. Sports Exerc. 28, 85–91 (1996).
65 I. Janssen, S. B. Heymsfield, Z. M. Wang, R. Ross, Skeletal muscle mass and distribution in 468 men and women aged 18–88 yr. J. Appl. Physiol. (1985) 89,

81–88 (2000).
66 L. P. Fried et al.; Cardiovascular Health Study Collaborative Research Group, Frailty in older adults: Evidence for a phenotype. J. Gerontol. A Biol. Sci. Med.

Sci. 56, M146–M156 (2001).
67 D. C. Nieman, L. M. Wentz, The compelling link between physical activity and the body’s defense system. J. Sport Health Sci. 8, 201–217 (2019).
68 Y. Kim, M. Triolo, D. A. Hood, Impact of aging and exercise on mitochondrial quality control in skeletal muscle. Oxid. Med. Cell. Longev. 2017, 3165396

(2017).
69 Z. Radak, A. W. Taylor, H. Ohno, S. Goto, Adaptation to exercise-induced oxidative stress: Frommuscle to brain. Exerc. Immunol. Rev. 7, 90–107 (2001).
70 S. Mora, N. Cook, J. E. Buring, P. M. Ridker, I. M. Lee, Physical activity and reduced risk of cardiovascular events: Potential mediating mechanisms. Circulation

116, 2110–2118 (2007).
71 J. E. Barbato, E. Tzeng, Nitric oxide and arterial disease. J. Vasc. Surg. 40, 187–193 (2004).
72 P. Andersen, J. Henriksson, Capillary supply of the quadriceps femoris muscle of man: Adaptive response to exercise. J. Physiol. 270, 677–690 (1977).
73 A. L. Baggish et al., Training-specific changes in cardiac structure and function: A prospective and longitudinal assessment of competitive athletes. J. Appl.

Physiol. (1985) 104, 1121–1128 (2008).
74 D. Levy, M. G. Larson, R. S. Vasan, W. B. Kannel, K. K. Ho, The progression from hypertension to congestive heart failure. JAMA 275, 1557–1562 (1996).
75 I. J. Neeland et al.; International Atherosclerosis Society; International Chair on Cardiometabolic Risk Working Group on Visceral Obesity, Visceral and ectopic

fat, atherosclerosis, and cardiometabolic disease: A position statement. Lancet Diabetes Endocrinol. 7, 715–725 (2019).
76 M. Buchheit, C. Gindre, Cardiac parasympathetic regulation: Respective associations with cardiorespiratory fitness and training load. Am. J. Physiol. Heart

Circ. Physiol. 291, H451–H458 (2006).
77 T. Li et al., The dose-response effect of physical activity on cancer mortality: Findings from 71 prospective cohort studies. Br. J. Sports Med. 50, 339–345

(2016).
78 C. E. Matthews et al., Amount and intensity of leisure-time physical activity and lower cancer risk. J. Clin. Oncol. 38, 686–697 (2020).
79 C. M. Friedenreich, H. K. Neilson, M. S. Farris, K. S. Courneya, Physical activity and cancer outcomes: A precision medicine approach. Clin. Cancer Res. 22,

4766–4775 (2016).

10 of 12 j PNAS Lieberman et al.
https://doi.org/10.1073/pnas.2107621118 The active grandparent hypothesis: Physical activity and the evolution of extended

human healthspans and lifespans

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
10

, 2
02

1 



www.manaraa.com

80 J. Kay, E. Thadhani, L. Samson, B. Engelward, Inflammation-induced DNA damage, mutations and cancer. DNA Repair (Amst.) 83, 102673 (2019).
81 D. S. M. Chan et al., Body mass index and survival in women with breast cancer—Systematic literature review and meta-analysis of 82 follow-up studies. Ann.

Oncol. 25, 1901–1914 (2014).
82 T. Tsujimoto, H. Kajio, T. Sugiyama, Association between hyperinsulinemia and increased risk of cancer death in nonobese and obese people: A population-

based observational study. Int. J. Cancer 141, 102–111 (2017).
83 P. Hofmann, Cancer and exercise: Warburg hypothesis, tumour metabolism and high-intensity anaerobic exercise. Sports (Basel) 6, 10 (2018).
84 A. S. Betof et al., Modulation of murine breast tumor vascularity, hypoxia and chemotherapeutic response by exercise. J. Natl. Cancer Inst. 107, djv040

(2015).
85 P. Hojman et al., Exercise-induced muscle-derived cytokines inhibit mammary cancer cell growth. Am. J. Physiol. Endocrinol. Metab. 301, E504–E510 (2011).
86 S. L. McGee, K. R. Walder, Exercise and the skeletal muscle epigenome. Cold Spring Harb. Perspect. Med. 7, a029876 (2017).
87 S. L. McGee, M. Hargreaves, Epigenetics and exercise. Trends Endocrinol. Metab. 30, 636–645 (2019).
88 S. Voisin, N. Eynon, X. Yan, D. J. Bishop, Exercise training and DNA methylation in humans. Acta Physiol. (Oxf.) 213, 39–59 (2015).
89 M. R. Sailani et al., Lifelong physical activity is associated with promoter hypomethylation of genes involved in metabolism, myogenesis, contractile properties

and oxidative stress resistance in aged human skeletal muscle. Sci. Rep. 9, 3272 (2019).
90 E. Grazioli et al., Physical activity in the prevention of human diseases: Role of epigenetic modifications. BMC Genomics 18 (suppl. 8), 802 (2017).
91 L. Pedersen et al., Voluntary running suppresses tumor growth through epinephrine- and IL-6-dependent NK cell mobilization and redistribution. Cell Metab.

23, 554–562 (2016).
92 H. Rundqvist et al., Cytotoxic T-cells mediate exercise-induced reductions in tumor growth. eLife 9, 1–25 (2020).
93 M. Idorn, P. Thor Straten, Exercise and cancer: From “healthy” to “therapeutic”? Cancer Immunol. Immunother. 66, 667–671 (2017).
94 M. J. MacInnis, M. J. Gibala, Physiological adaptations to interval training and the role of exercise intensity. J. Physiol. 595, 2915–2930 (2017).
95 R. de Cabo, M. P. Mattson, Effects of intermittent fasting on health, aging, and disease.N. Engl. J. Med. 381, 2541–2551 (2019).
96 M. Tidi�ere et al., Comparative analyses of longevity and senescence reveal variable survival benefits of living in zoos across mammals. Sci. Rep. 6, 36361

(2016).
97 B. M. Wood, D. P. Watts, J. C. Mitani, K. E. Langergraber, Favorable ecological circumstances promote life expectancy in chimpanzees similar to that of

human hunter-gatherers. J. Hum. Evol. 105, 41–56 (2017).
98 K. Havercamp, K. Watanuki, M. Tomonaga, T. Matsuzawa, S. Hirata, Longevity and mortality of captive chimpanzees in Japan from 1921 to 2018. Primates 60,

525–535 (2019).
99 L. J. Lowenstine, R. McManamon, K. A. Terio, Comparative pathology of aging great apes: Bonobos, chimpanzees, gorillas, and orangutans. Vet. Pathol. 53,

250–276 (2016).
100 E. Retzlaff, J. Fontaine, W. Furuta, Effect of daily exercise on life-span of albino rats. Geriatrics 21, 171–177 (1966).
101 C. L. Goodrick, D. K. Ingram, M. A. Reynolds, J. R. Freeman, N. L. Cider, Effects of intermittent feeding upon growth, activity, and lifespan in rats allowed vol-

untary exercise. Exp. Aging Res. 9, 203–209 (1983).
102 J. O. Holloszy, E. K. Smith, M. Vining, S. Adams, Effect of voluntary exercise on longevity of rats. J. Appl. Physiol. (1985) 59, 826–831 (1985).
103 R. Garcia-Valles et al., Life-long spontaneous exercise does not prolong lifespan but improves health span in mice. Longev. Healthspan 2, 14 (2013).
104 M. K. Sayre et al., Ageing and physical function in East African foragers and pastoralists. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375, 20190608 (2020).
105 C. J. Gore, R. T. Withers, Effect of exercise intensity and duration on postexercise metabolism. J. Appl. Physiol. (1985) 68, 2362–2368 (1990).
106 O. M. Pearson, D. E. Lieberman, The aging of Wolff’s “law”: Ontogeny and responses to mechanical loading in cortical bone. Am. J. Phys. Anthropol. 39

(suppl. 39), 63–99 (2004).
107 D. Taylor, J. G. Hazenberg, T. C. Lee, Living with cracks: Damage and repair in human bone.Nat. Mater. 6, 263–268 (2007).
108 K. T. Borer, Physical activity in the prevention and amelioration of osteoporosis in women: Interaction of mechanical, hormonal and dietary factors. Sports

Med. 35, 779–830 (2005).
109 W. M. Kohrt, S. A. Bloomfield, K. D. Little, M. E. Nelson, V. R. Yingling; American College of Sports Medicine, American College of Sports Medicine position

stand: Physical activity and bone health.Med. Sci. Sports Exerc. 36, 1985–1996 (2004).
110 U. Proske, D. L. Morgan, Muscle damage from eccentric exercise: Mechanism, mechanical signs, adaptation and clinical applications. J. Physiol. 537, 333–345

(2001).
111 V. A. Lira et al., Autophagy is required for exercise training-induced skeletal muscle adaptation and improvement of physical performance. FASEB J. 27,

4184–4193 (2013).
112 B. J. Schoenfeld, The mechanisms of muscle hypertrophy and their application to resistance training. J. Strength Cond. Res. 24, 2857–2872 (2010).
113 D. J. Green, M. T. E. Hopman, J. Padilla, M. H. Laughlin, D. H. J. Thijssen, Vascular adaptation to exercise in humans: Role of hemodynamic stimuli. Physiol.

Rev. 97, 495–528 (2017).
114 C. A. Boreham et al., Cardiorespiratory fitness, physical activity, and arterial stiffness: The Northern Ireland Young Hearts Project. Hypertension 44, 721–726

(2004).
115 U. Laufs et al., Physical training increases endothelial progenitor cells, inhibits neointima formation, and enhances angiogenesis. Circulation 109, 220–226

(2004).
116 A. V. Nosarev, L. V. Smagliy, Y. Anfinogenova, S. V. Popov, L. V. Kapilevich, Exercise and NO production: Relevance and implications in the cardiopulmonary

system. Front. Cell Dev. Biol. 2, 73 (2015).
117 D. Thorell et al., Strenuous exercise increases late outgrowth endothelial cells in healthy subjects. Eur. J. Appl. Physiol. 107, 481–488 (2009).
118 G. Lippi, F. Sanchis-Gomar, Epidemiological, biological and clinical update on exercise-induced hemolysis. Ann. Transl. Med. 7, 270 (2019).
119 D. Montero et al., Erythropoiesis with endurance training: Dynamics and mechanisms. Am. J. Physiol. Regul. Integr. Comp. Physiol. 312, R894–R902 (2017).
120 A. L. Baggish et al., The impact of endurance exercise training on left ventricular systolic mechanics. Am. J. Physiol. Heart Circ. Physiol. 295, H1109–H1116

(2008).
121 J. L. Zilinski et al., Myocardial adaptations to recreational marathon training among middle-aged men. Circ. Cardiovasc. Imaging 8, e002487 (2015).
122 F. Eckstein, M. Hudelmaier, R. Putz, The effects of exercise on human articular cartilage. J. Anat. 208, 491–512 (2006).
123 M. Mazor, T. M. Best, A. Cesaro, E. Lespessailles, H. Toumi, Osteoarthritis biomarker responses and cartilage adaptation to exercise: A review of animal and

human models. Scand. J. Med. Sci. Sports 29, 1072–1082 (2019).
124 L. Chimenti et al., Bronchial epithelial damage after a half-marathon in nonasthmatic amateur runners. Am. J. Physiol. Lung Cell. Mol. Physiol. 298, L857–L862

(2010).
125 A. Combes et al., Continuous exercise induces airway epithelium damage while a matched-intensity and volume intermittent exercise does not. Respir. Res.

20, 12 (2019).
126 J. P. Campbell, J. E. Turner, Debunking the myth of exercise induced immune suppression: Redefining the impact of exercise on the immunological health

across the lifespan. Front. Immunol. 9, 648 (2018).
127 R. J. S. Costa, R. M. J. Snipe, C. M. Kitic, P. R. Gibson, Systematic review: Exercise-induced gastrointestinal syndrome—Implications for health and intestinal

disease. Aliment. Pharmacol. Ther. 46, 246–265 (2017).
128 C. Bressa et al., Differences in gut microbiota profile between women with active lifestyle and sedentary women. PLoS One 12, e0171352 (2017).
129 Y. Furusawa et al., Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells.Nature 504, 446–450 (2013).

Lieberman et al.
The active grandparent hypothesis: Physical activity and the evolution of extended
human healthspans and lifespans

PNAS j 11 of 12
https://doi.org/10.1073/pnas.2107621118

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
10

, 2
02

1 



www.manaraa.com

130 B. H. Keirns, N. A. Koemel, C. M. Sciarrillo, K. L. Anderson, S. R. Emerson, Exercise and intestinal permeability: Another form of exercise-induced hormesis?
Am. J. Physiol. Gastrointest. Liver Physiol. 319, G512–G518 (2020).

131 B. Luo, D. Xiang, D. C. Nieman, P. Chen, The effects of moderate exercise on chronic stress-induced intestinal barrier dysfunction and antimicrobial defense.
Brain Behav. Immun. 39, 99–106 (2014).

132 E. Munukka et al., Six-week endurance exercise alters gut metagenome that is not reflected in systemic metabolism in over-weight women. Front. Microbiol.
9, 2323 (2018).

133 K. Fisher-Wellman, R. J. Bloomer, Acute exercise and oxidative stress: A 30 year history. Dyn. Med. 8, 1 (2009).
134 S. K. Powers, W. B. Nelson, M. B. Hudson, Exercise-induced oxidative stress in humans: Cause and consequences. Free Radic. Biol. Med. 51, 942–950 (2011).
135 N. Brandt, T. P. Gunnarsson, J. Bangsbo, H. Pilegaard, Exercise and exercise training-induced increase in autophagy markers in human skeletal muscle. Phys-

iol. Rep. 6, e13651 (2018).
136 F. C. Mooren, K. Kr€uger, Exercise, autophagy, and apoptosis. Prog. Mol. Biol. Transl. Sci. 135, 407–422 (2015).
137 Z. Radak, H. Y. Chung, S. Goto, Systemic adaptation to oxidative challenge induced by regular exercise. Free Radic. Biol. Med. 44, 153–159 (2008).
138 Z. Radak et al., Exercise, oxidants, and antioxidants change the shape of the bell-shaped hormesis curve. Redox Biol. 12, 285–290 (2017).
139 M. N. Sawka, L. R. Leon, S. J. Montain, L. A. Sonna, Integrated physiological mechanisms of exercise performance, adaptation, and maladaptation to heat

stress. Compr. Physiol. 1, 1883–1928 (2011).
140 J. P. Morton, A. C. Kayani, A. McArdle, B. Drust, The exercise-induced stress response of skeletal muscle, with specific emphasis on humans. Sports Med. 39,

643–662 (2009).
141 M. Nayor et al., Metabolic architecture of acute exercise response in middle-aged adults in the community. Circulation 142, 1905–1924 (2020).
142 J. R. Poortmans, Exercise and renal function Sports Med. 1, 125–153 (1984).
143 K. D. Tipton, R. R. Wolfe, Exercise-induced changes in protein metabolism. Acta Physiol. Scand. 162, 377–387 (1998).
144 B. Egan, J. R. Zierath, Exercise metabolism and the molecular regulation of skeletal muscle adaptation. Cell Metab. 17, 162–184 (2013).
145 J. C. Drake, R. J. Wilson, Z. Yan, Molecular mechanisms for mitochondrial adaptation to exercise training in skeletal muscle. FASEB J. 30, 13–22 (2016).
146 R. Jentjens, A. Jeukendrup, Determinants of post-exercise glycogen synthesis during short-term recovery. Sports Med. 33, 117–144 (2003).
147 G. J. Kemp, D. J. Taylor, G. K. Radda, Control of phosphocreatine resynthesis during recovery from exercise in human skeletal muscle. NMR Biomed. 6,

66–72 (1993).
148 E. V. Menshikova et al., Effects of exercise on mitochondrial content and function in aging human skeletal muscle. J. Gerontol. A Biol. Sci. Med. Sci. 61,

534–540 (2006).
149 N. J. Christensen, H. Galbo, Sympathetic nervous activity during exercise. Annu. Rev. Physiol. 45, 139–153 (1983).
150 J. R. Halliwill, Mechanisms and clinical implications of post-exercise hypotension in humans. Exerc. Sport Sci. Rev. 29, 65–70 (2001).
151 C. J. Huang, H. E. Webb, M. C. Zourdos, E. O. Acevedo, Cardiovascular reactivity, stress, and physical activity. Front. Physiol. 4, 314 (2013).
152 D. V. Tryfidou, C. McClean, M. G. Nikolaidis, G. W. Davison, DNA damage following acute aerobic exercise: A systematic review and meta-analysis. Sports

Med. 50, 103–127 (2020).
153 S. K. Powers, M. J. Jackson, Exercise-induced oxidative stress: Cellular mechanisms and impact on muscle force production. Physiol. Rev. 88, 1243–1276

(2008).
154 M. Moreno-Villanueva et al., Influence of acute exercise on DNA repair and PARP activity before and after irradiation in lymphocytes from trained and

untrained individuals. Int. J. Mol. Sci. 20, 20 (2019).
155 Z. Radak et al., Age-dependent changes in 8-oxoguanine-DNA glycosylase activity are modulated by adaptive responses to physical exercise in human skele-

tal muscle. Free Radic. Biol. Med. 51, 417–423 (2011).
156 P. M. Siu et al., Habitual exercise increases resistance of lymphocytes to oxidant-induced DNA damage by upregulating expression of antioxidant and DNA

repairing enzymes. Exp. Physiol. 96, 889–906 (2011).
157 J. P. Soares et al., Effects of combined physical exercise training on DNA damage and repair capacity: Role of oxidative stress changes. Age (Dordr.) 37, 9799

(2015).
158 F. Sanchis-Gomar et al., Physical exercise as an epigenetic modulator: Eustress, the “positive stress” as an effector of gene expression. J. Strength Cond. Res.

26, 3469–3472 (2012).
159 Z. Rad�ak et al., Marathon running alters the DNA base excision repair in human skeletal muscle. Life Sci. 72, 1627–1633 (2003).
160 M. Whitham, M. A. Febbraio, The ever-expanding myokinome: Discovery challenges and therapeutic implications. Nat. Rev. Drug Discov. 15, 719–729

(2016).
161 R. A. Fielding et al., Acute phase response in exercise. III. Neutrophil and IL-1 β accumulation in skeletal muscle. Am. J. Physiol. 265, R166–R172 (1993).
162 K. Suzuki et al., Impact of a competitive marathon race on systemic cytokine and neutrophil responses.Med. Sci. Sports Exerc. 35, 348–355 (2003).
163 X. K. Chen et al., Is exercise a senolytic medicine? A systematic review. Aging Cell 20, e13294 (2021).
164 A. M. W. Petersen, B. K. Pedersen, The anti-inflammatory effect of exercise. J. Appl. Physiol. (1985) 98, 1154–1162 (2005).
165 G. Spielmann et al., Aerobic fitness is associated with lower proportions of senescent blood T-cells in man. Brain Behav. Immun. 25, 1521–1529 (2011).
166 S. Egginton, Invited review: Activity-induced angiogenesis. Pflugers Arch. 457, 963–977 (2009).
167 M. Fiorenza et al., High-intensity exercise training enhances mitochondrial oxidative phosphorylation efficiency in a temperature-dependent manner in human

skeletal muscle: Implications for exercise performance. FASEB J. 33, 8976–8989 (2019).

12 of 12 j PNAS Lieberman et al.
https://doi.org/10.1073/pnas.2107621118 The active grandparent hypothesis: Physical activity and the evolution of extended

human healthspans and lifespans

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
10

, 2
02

1 


	TF1

