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Abstract
Humans have exceptionally long lifespans compared with other mammals. However, our
longevity evolved when our ancestors had two copies of the apolipoprotein E (APOE) ε4 allele, a
genotype that leads to a high risk of Alzheimer’s disease (AD), cardiovascular disease, and
increased mortality. How did human aging evolve within this genetic constraint? Drawing from
neuroscience, anthropology, and brain-imaging research, we propose the hypothesis that the
evolution of increased physical activity approximately 2 million years ago served to reduce the
amyloid plaque and vascular burden of APOE ε4, relaxing genetic constraints on aging. This
multidisciplinary approach links human evolution with health and provides a complementary
perspective on aging and neurodegenerative disease that may help identify key mechanisms and
targets for intervention.
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The human lifespan from an evolutionary perspective
Humans live longer than any other primate, and are unique in having a prolonged
postreproductive lifespan [1–4]. In humans living more traditional lifestyles (e.g., huntergatherers), despite having a life expectancy of under 40 (driven mainly by high infant and
juvenile mortality), the average modal adult life span is approximately 72 years of age (with
a range of 68–78; [5]). By comparison, our closest living relatives, chimpanzees, have a
modal lifespan of 15 years and a life expectancy of approximately 30 years of age if they
survive until puberty [6]. Most hypotheses for the evolution of human longevity (e.g., the
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‘Grandmother hypothesis’) are centered on the ability of postreproductive individuals
(grandparents) to aid their offspring and their offspring’s children, thereby improving their
own reproductive success [2–4,7] (Box 1). In all cases, to contribute substantially to the well
being and survival of younger kin, the evolution of the long human lifespan likely required
older individuals to maintain high levels of both physical and cognitive health.

NIH-PA Author Manuscript

Although many hypotheses address why human longevity evolved (e.g., [2–4]), how the
long human lifespan evolved remains an open question. In a series of classic articles, Finch,
Sapolsky, and Stanford [1,8–10] argued that the evolutionary origins of the long human
lifespan are tied to the interaction between diet and genotype. Specifically, carriers of the ε4
allele of the APOE gene (responsible for lipid transport) have higher levels of total
cholesterol and accumulation of atherosclerotic plaques in arteries, leading to increased risks
of cardiovascular disease and stroke, as well as dementia and AD [11]. The APOE ε2 and ε3
alleles confer reduced risks of these diseases of aging relative to the ε4 allele, and are
relatively recent additions to the human genome, with the ε3 and ε2 allele clade having
evolved by 200 000 years ago [11]. Today, prevalence of these alleles varies around the
world, but in most populations, ε3 is found in the highest frequency (mean = 78.3%; range:
8.5–98.0%), followed by ε4 (mean = 14.5%; range: 0–49.0%), and ε2 (mean = 6.4%; range:
0–37.5%) [12]. Finch and colleagues argue that humans’ exceptionally long lifespans are a
product, in part, of the evolution of the ε3 allele, especially because diets shifted to include
more meat and increased dietary fat and cholesterol later during our evolutionary history
[10].
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However, evidence suggests that increases in the human lifespan began as early as 1.8
million years ago [13], when our ancestors were likely homozygous for APOE ε4. To
understand how the long human lifespan evolved within this constraint, it is important to
view lifespan evolution within the context of aging outcomes that we see in living humans.
Variation in human aging today is often expressed as a continuum that ranges from
successful aging, having a long lifespan with high levels of cognitive and physical function,
to pathological aging with impaired cognition and diminished physical capacities that can
lead to dementia and relatively increased mortality [14,15]. If longevity evolved in humans
to, in part, allow grandparents to aid offspring in raising grandchildren, then we must
understand how our ancestors aged successfully despite being homozygous for APOE ε4.
Recent studies suggest that lifestyle factors, specifically aerobic exercise, can have a
positive impact on the aging brain, as well as physical longevity, especially in carriers of the
ε4 allele [16–18]. Here, we argue that aerobic physical activity had an important role in the
evolution of the human lifespan before the origins of the ε2 and ε3 alleles. Our review of the
evolutionary links between physical activity, brain aging, and longevity are especially timely
given the recent intense research focus on the use of exercise to reduce risks of developing
disorders such as cardiovascular disease, AD, and other age-related dementias, including
vascular dementia [18]. By providing the context of human evolutionary history, we hope
that this review will serve as a foundation to further advance multidisciplinary efforts toward
unraveling the mechanisms behind exercise-induced neuroprotection and increased
longevity with successful aging, while helping to identify those who may benefit most from
exercise interventions.
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APOE is a protein that circulates in the plasma and is present in the central nervous system,
helping to regulate cholesterol and lipid metabolism, as well as aid cellular reparative
processes [19,20]. The APOE gene, located on chromosome 19, is polymorphic, with three
isoforms that differentially affect the affinity of the APOE protein for lipoprotein particles
and the binding of the protein to low-density lipoprotein (LDL) receptors [11,21]. In
addition, nearby single nucleotide polymorphisms (SNPs) are associated with disease states
[22]. The presence of the ε4 allele tends to increase total cholesterol levels compared with
the homozygous ε3 condition, whereas carriers of the ε2 allele have lower total cholesterol
levels due to a reduced binding affinity for LDL [23]. Based on these functional differences,
researchers have found carrying the ε4 allele leads to increased risk of coronary artery
disease (CAD; up to 40% higher) due to higher circulating cholesterol levels and
atherosclerotic plaque build-up in peripheral arteries [23,24], sometimes manifesting early in
life [25,26].
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Carriers of the ε4 allele also have a well-known higher risk of developing AD, dementia,
and increased cognitive decline [27–34]. As the most well-established susceptibility gene for
late-onset AD, APOE ε4 homozygotes have an increased risk of developing AD [35].
Although risk varies across populations (Table 1), in general each ε4 allele exerts a doserelated earlier onset of AD [36,37]. Interestingly, in two populations with high ε4
frequencies [Nigerians and Kenyans (Kenyan data are not shown in Table 1 due to lack of
data for specific genotypes)], ε4 is not strongly associated with increased risk of AD or
CAD [38–41]. Although it is not clear why there is a lack of association between ε4 and AD
in these groups, future work is needed with these regional populations to unravel whether
environmental or behavioral interactions (e.g., physical activity) affect the expression of this
genetic risk factor.
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There remains disagreement over the specific mechanisms by which the ε4 allele increases
the risk of AD and age-related cognitive decline. The relation between the ε4 allele and
multiple pathological impacts, including on amyloid deposition, synaptogenesis,
mitochondrial function, and phosphorylation of tau, have been suggested (reviewed in
[42,43]), but with the most notable effects related to increased accumulation and reduced
clearance of amyloid β-peptide (Aβ), marked by the formation of extracellular neuritic
plaques whose build-up in the brain is one of the key pathological features of AD [44].
Brain-imaging studies have also detailed ε4-related effects associated with AD and dementia
that begin before the onset of overt clinical symptoms. In this case, reductions in cerebral
glucose metabolism revealed by positron emission tomography (PET) imaging in young to
late middle-aged adults have been most consistently observed in brain areas typically
affected in AD, including parietotemporal and frontal brain regions, along with indications
of increased fibrillar amyloid deposition with PET [45–48]. Using magnetic resonance
imaging (MRI) scans in young to late middle-aged and older adults, alterations in regional
cerebral activity during cognitive task performance and brain network connectivity, as well
as reductions and declines in structural gray matter volume and cortical thickness, have also
been reported in asymptomatic ε4 carriers compared with noncarriers [49–58]. However,
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these MRI structural, functional, and network connectivity effects have been less
consistently observed across different-aged samples and methods [54,57,59–61].
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Given that an APOE genotype increases the risk of developing diseases that can contribute
to both mid-life and late-life mortality, the presence of a single ε4 allele helps to explain a
significant amount of lifespan variation in humans [62,63]. Homozygous ε4 carriers have an
even greater reduction in life expectancy compared with individuals with other genotypes,
including carriers of only one ε4 allele (6.4 years younger than ε3/ε4 heterozygotes) [1,64].
APOE ε4 is also considered a frailty gene, reducing the probability of successful aging even
with a long lifespan [65]. Thus, the presence of the ε4 allele should affect the ability of
individuals late in life to contribute to the health and well being of their offspring and
grandchildren [66], and understanding the evolutionary history of the APOE gene will help
us clarify its role in the evolution of the uniquely long human lifespan.

APOE evolution
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Based on a comprehensive analysis of haplotype diversity, Fullerton et al. [11] showed that
ε4 is the ancestral APOE allele in humans, and the divergence of the ε4 and the ε2 and ε3
clades occurred between 200 000 and 300 000 years ago. Even after the evolution of other
alleles, ε4 remained present in our ancestors, given that McIntosh et al. [67] showed that the
Denisovan hominin (30 000–80 000-years old) appears to have had the ε4 allele. Although
direct measures of lipid binding have not been assessed, living chimpanzees have a form of
the APOE gene that is believed to be functionally similar to the human APOE ε3 allele
based on amino acid predictions, and the chimpanzee APOE amino acid sequence is
monomorphic [67], suggesting the ε4 allele was an evolutionary novelty during human
evolution (Box 2).
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Researchers have proposed several possible scenarios for the evolution of the ε4 allele
[1,8,19], including a recent suggestion that the ε4 allele evolved to protect against vitamin D
deficiency (Box 2). However, with the evolution of the ε3 and ε2 alleles, the ε4 allele
became less prevalent. Today, the frequency of the ε4 allele in human populations around
the world generally follows a U-shaped latitudinal gradient, with the highest frequencies (up
to approximately 40–50% of the population) in equatorial and high latitudes, and lower
frequencies in middle latitudes ([12], but see [68] for additional factors that contribute to
worldwide variation).
This evolutionary history of the APOE gene presents a vexing paradox. As described in
more detail below, data suggest that lifespans began to increase before the evolution of ε2
and ε3. In this context, how did selection generate longer human lifespans when all
individuals had two copies of the deleterious ε4 allele? We argue that exercise and aerobic
physical activity played an important role in the evolution of the long human lifespan by
reducing the deleterious effects of ε4 on the development of AD and CAD. Support for this
hypothesis requires evidence of: (i) an interaction between behavior and genotype, such that
increased aerobic activity reduces deleterious effects of APOE ε4 on diseases of aging; (ii)
increased physical activity during human evolution before the evolution of the ε2 and ε3
alleles; and (iii) increases in human lifespan following the evolution of increased physical
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activity. Below, we consider each of these three elements in support of our overall
hypothesis that aerobic physical activity had an essential role in the evolution of human
aging and longevity.

Interaction between physical activity and APOE genotype
Recent work suggests that exercise and physical activity interact with the APOE genotype to
mediate the effects of the ε4 allele on CAD. In a cross-sectional study, ε4 carriers showed a
significant protective effect of high-intensity activity, with athletic ε2, ε3, and ε4 carriers
having similar blood lipid profiles and sedentary ε4 carriers showing significantly high
levels of lipid risk factors for CAD [69]. A similar result was found in a cross-sectional
study of middle-aged highly fit and age-matched sedentary groups, where inactive ε4
carriers had elevated risk factors of CAD, including higher circulating LDL levels compared
with physically active ε4 carriers, and compared with ε3 carriers regardless of aerobic
activity levels [70]. Thus, physical activity seems to diminish CAD risks in APOE ε4
carriers to ε4 noncarrier levels, whereas sedentary lifestyles may exacerbate CAD risk
factors among ε4 carriers.
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In addition, exercise appears to improve brain aging in individuals carrying the ε4 allele.
Longitudinal studies suggest that physical inactivity leads to increased risk of developing
dementia or AD in APOE ε4 carriers [71]. For example, whereas mid-life exercise generally
reduces the risk of developing AD or dementia in all subjects, carriers of the ε4 allele who
participated in higher amounts of mid-life leisure-time exercise had greater protection
against dementia or AD approximately 20 years later compared with ε4 noncarriers [16,71].
Odds ratios for cognitive decline are significantly higher among ε4 carriers who exercised
for less than 1 h per day over 3 years compared with ε4 carriers who exercised for more than
1 h per day [17]. In some studies, engagement in physical activity seems to reduce risks of
cognitive decline in ε4 carriers only [72], whereas others have found that physical activity
reduces risk of AD in ε4 carriers, but has a similar reduction in dementia risk for all
genotypes [73]. Although two studies have not shown a specific effect of exercise on
development of AD or dementia in ε4 carriers [74,75], methodological limitations with these
studies have been highlighted, reducing their relevance in addressing the question of a
genotype–activity interaction, including limitations in the quality and extent of physical
activity assessment [18,73]. Thus, in studies with highquality measures of physical activity,
there is clear and growing support that engagement in physical exercise has a protective
effect for APOE ε4 carriers.
Brain function as measured by functional MRI also interacts with genetic risk for AD and
exercise status [18]. For example, in a test of semantic memory (famous name
discrimination task), researchers found a significant interaction between physical activity
participation and APOE genotype, with highly physically active ε4 carriers showing higher
levels of semantic memory activation across several brain regions compared with those with
lower genetic risk, or less active subjects [18,76]. APOE ε4 carriers with high levels of
aerobic fitness (measured by maximum aerobic capacity) had greater glucose uptake in the
temporal lobe [measured by 18-fluoro-deoxyglucose (FDG)-PET] following a working
memory task compared with ε4 noncarriers [77]. APOE ε4 carriers who were physically

Trends Neurosci. Author manuscript; available in PMC 2015 May 01.

Raichlen and Alexander

Page 6

NIH-PA Author Manuscript

active also had a lower probability of cognitive decline compared with less active ε4 carriers
[72]. Finally, in homozygous ε4 women, cardiovascular fitness was positively correlated
with performance on a series of cognitive tests [78].
Although the mechanisms behind the protective effects of exercise on pathological brain
aging remain unclear with indications of enhanced neurogenesis [79], recent work indicates
that exercise and physical activity may reduce amyloid deposition in the brain, a key marker
of AD pathology [80,81]. In a study of 201 cognitively normal adults, Head et al. [81] found
an interaction between ε4 status and exercise engagement for [11C]PiB PET binding
(amyloid imaging), with sedentary ε4 carriers having significantly higher binding compared
with active noncarriers. A similar recent study of 116 cognitively normal adults aged 60–95
found that higher levels of physical activity were associated with lower amyloid brain loads
in ε4 carriers [80].
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To our knowledge, no studies have yet reported on the potential interaction between APOE
genotype, physical activity, and brain structure. However, several studies have found
evidence that, without taking genotype into account, physical activity and exercise can affect
the volume of brain structures in both cognitively normal older adults, and in individuals
with AD or dementia. For example, greater aerobic fitness in cross-sectional studies of older
adults is associated with increased white matter tract integrity in the frontal lobes, temporal
lobes, and the uncinate fasciculus and cingulum [82,83], larger gray matter volumes in
temporal, parietal, and inferior frontal areas [84–87], and increased cortical, hippocampal,
and whole-brain volume [88–90]. Intervention studies in aging cohorts found that several
months of aerobic exercise can increase gray matter volume in the prefrontal cortex, lateral
temporal lobe, and the hippocampus [85,91,92]. Finally, in adults in the early stages of AD,
aerobically fit subjects have larger total gray matter volumes, and greater volumes of the
medial temporal lobe compared with less fit subjects [88,93].
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Thus, there is growing evidence that physical activity, exercise, and aerobic fitness
significantly reduce CAD risk and improve cognitive aging and biomarkers of AD
pathology in APOE ε4 carriers. Given the observed differences in brain function, structure,
and connectivity, as well as reports showing the preferential build-up of Aβ in adult ε4
carriers, it is possible that early or lifelong physical activity increases clearance of Aβ
potentially through improved sleep (e.g., [94]) or other mechanisms, and enhances brain
resilience through neuroprotective processes, such as increased perfusion and neurogenesis
[18]. This hypothesis may provide an explanation for how the long human lifespan evolved
despite the early high prevalence of the ε4 allele.

The evolutionary history of human exercise and longevity
There is a great deal of evidence suggesting that aerobic exercise became an increasingly
important element of the human lifestyle beginning approximately 1.8 million years ago.
With the evolution of Homo erectus, our ancestors began a new lifestyle oriented around a
combination of meat eating and gathering [95,96]. This lifestyle contrasts with the more
sedentary ape-like lifestyles of the earlier hominin genus, Australopithecus, who are
reconstructed to have ranged much shorter distances than H. erectus [96,97]. Hunter-
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gatherers cover greater distances in single-day foraging bouts than other living primates, and
these treks require high levels of cardiovascular endurance [98,99]. In addition to long
foraging distances, endurance running (ER) is thought to be an important component of this
early hunting and gathering lifestyle [98,100,101]. There is evidence that a change in body
shape during the evolution of the genus Homo is consistent with skeletal adaptations for ER,
and differs from the more ape-like body shape of earlier hominins [98,102]. Traits that
improve ER performance, but seem to have little effect on walking performance, include
increased semicircular canal radii [102], increased joint surface areas in the lower, but not
upper, limbs [98], and the possible convergent evolution of many skeletal and
neurobiological traits that improve endurance performance in mammals and humans
[98,100,101,103–105]. Thus, beginning with the evolution of H. erectus, our ancestors
became endurance athletes, regularly engaging in high levels of aerobic physical activity
[97].

NIH-PA Author Manuscript

We suggest this shift to higher levels of physical activity during human evolutionary history
relaxed APOE-related constraints on lifespan as far back as 1.8 million years ago (Figure 1;
Box 3). Evidence for an early evolution of longevity comes mainly from studies of lifehistory schedules in fossil taxa and is based on the strong links between the timing of
developmental milestones and maximum lifespan across mammals (slow development
occurs in association with long lifespan; [106]). Growth and development data from H.
erectus (timing of third molar eruption and growth of body and brain size) suggest a lifespan
of 60 years [106,107], a major jump over earlier species (e.g., species of Australopithecus)
with estimated lifespans of 30 or 40 years. Additionally, this longer lifespan for Homo
erectus is likely an underestimate, because this method predicts a lifespan of 66 years old for
our own species [106].
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Paleodemographic studies based on coarse age-estimates of individual fossils suggest a shift
towards the presence of larger numbers of older individuals with the evolution H. erectus,
and an even larger number of older individuals with the evolution of modern H. sapiens
[108]. However, these analyses must be read with caution, given the difficulty in estimating
age in the fossil record and the possible influences of postmortem processes on preservation
of fossil remains (e.g., death assemblages do not necessarily reflect age structures of the
populations due to preservation biases, including differential effects of burial and erosion on
skeletons of different aged-individuals and effects of predation that can vary by age-class
[13]). Despite some uncertainty over the timing of old age, the early evolution of longevity
(approximately 1.8 million years ago) with H. erectus is most consistent with hypotheses for
the evolution of the postreproductive lifespan that link successful aging to the origins of
hunting and gathering [2–4,13]. If analyses of paleolife-history schedules are correct, as
suggested by the fossil record, then the long postreproductive lifespan of humans began to
evolve in concert with the shift towards higher aerobic activity in H. erectus, when the only
available APOE allele was ε4. Thus, our review of evidence that exercise and physical
activity can moderate the effects of APOE status on brain aging suggests that physical
activity played an important role in relaxing disease-related constraints on the evolution of
humans’ uniquely long lifespans.
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Understanding how the long human lifespan evolved in the context of the deleterious effects
of the APOE homozygous ε4 genotype may have important implications for current research
efforts focused on enhancing cognitive aging, longevity, and the prevention of
neurodegenerative disease in older populations. It is well established that human aging today
is characterized by substantial heterogeneity, often expressed as a continuum that can extend
from successful to pathological aging [14,15]. Such individual differences can present a
significant obstacle to identifying universally effective treatments and prevention therapies
for age-related decline and neurodegenerative disease. Our hypothesis suggests that
increased selection for exercise and physical activity served to ameliorate the effects of
APOE ε4, supporting the evolution of longer human lifespans and achieving the potential
for successful advanced aging. Thus, changes induced by modern-day environmental
constraints and human behavior may have led to greater vulnerability to the effects of APOE
ε4 in subgroups of elderly in which high levels of physical activity throughout life are no
longer required. Gaining a better understanding of the evolutionary origins linking the
benefits of physical activity with the presence of the APOE ε4 allele may help in clarifying
the underlying mechanisms and key molecular pathways that can serve to modify the
deleterious effects of the ε4 allele and potentially help in elucidating targets for interventions
that may be effective for subgroups and general aging populations today. It is also expected
that this multidisciplinary approach linking together evolutionary origins for common
genetic risk factors, behaviors, and their impacts on health provides a complementary
perspective on aging and disease that may uniquely contribute to our understanding of other
human disease processes and their links to potential interventions for disease prevention.

Concluding remarks
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Here, we have developed a hypothesis for the evolution of the human lifespan that shows
how increases in aerobic activity during our transition from a low-activity, sedentary, apelike lifestyle, to a high-activity hunter-gather lifestyle served to relax constraints on aging
imposed by the deleterious homozygous APOE ε4 genotype. This increased lifespan, and
high levels of function in the elderly, would have enabled older adults to assist younger kin,
reinforcing the selective benefits of old age [2,4,13]. The later evolution of ε3 and ε2 alleles
(Box 2), may have paved the way for further increases in lifespan evident in Upper
Paleolithic human populations and modern humans [1,9,10].
These studies provide an evolutionary context that suggests that diseases such as CAD, AD
and other age-related dementias, may be due, in part, to the mismatch between our genetic
heritage and our modern environment. We believe that the evolutionary hypothesis detailed
here sheds important light on current ideas for prevention of CAD and AD. The genetic risk
imposed by the ε4 allele may be particularly high among individuals leading sedentary
lifestyles, with physical activity equalizing disease risk among all genotypes. Thus, our
evolutionary heritage may help us tailor preventative interventions for individuals who have
ancestral genotypes. These conclusions are important for populations around the world,
where ε4 allele frequencies can vary from <5% to nearly 50% [12]. Without a continued
lifestyle of high physical activity, regions of the world where the ε4 allele remains highly
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prevalent (e.g., equatorial Africa with ε4 frequencies approaching 50%) may experience a
substantial increase in CAD, AD, and dementia with the increasing globalization of
sedentary lifestyles. In the end, our understanding of human evolutionary history can help
inform on how we should proceed from both a local and a global health perspective today,
suggesting future research directions leading to public health policies to support successful
aging in older populations worldwide (Box 4).
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Box 1. Hypotheses for the evolution of the human lifespan
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The evolution of the long human lifespan and, in particular, the long postreproductive
lifespan of females, poses a vexing question. Why would natural selection act to prolong
the lifespan if individuals are living beyond the point where they can reproduce, or living
to ages where reproductive rates are greatly diminished? Recent work suggests that, by
aiding offspring of reproductive age in provisioning grandchildren, older men and
women can greatly increase their own reproductive success by both contributing food to
existing grandchildren and by increasing reproductive rates of their own children
[2,3,109]. Two important hypotheses, the Grandmother Hypothesis (GH) and the
Embodied Capital Hypothesis (ECH), present models for the evolution of the long human
lifespan.
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Williams [110] and later Hawkes and colleagues [3,111] suggested that the evolution of a
long lifespan is the result of selection acting on grandmothers and their ability to provide
resources for their kin. A key aspect of the GH is that, as climates changed at around the
time of the evolution of the genus Homo, food became more difficult to find and extract
[111]. The required foraging effort increased, and mothers who were pregnant or
lactating may have had difficulty providing for their own offspring. Grandmothers, living
beyond their reproductive years and without young offspring to care for, could provide
increased foraging effort for their daughter’s children and, therefore, improve their own
fitness [111]. This hypothesis is supported by ethnographic data from hunter-gatherer
groups (primarily the Hadza of northern Tanzania) that show that older females provide a
large proportion of food calories to their offspring and to the offspring of their offspring
[3,111]. Provisioning is especially important to newly weaned children just after their
mothers give birth to a sibling, because the mother’s resources are diverted to the
newborn. This evolutionary scenario suggests that females who maintained their vigor
past their reproductive senescence would have improved reproductive fitness through
their daughters’ offspring and, thus, selection would favor their increased lifespan [111].
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Kaplan and colleagues hypothesized that increased longevity is the result of investment
in ‘embodied capital’ (EC: somatic tissue, such as the brain; and functional capacity,
such as cognitive complexity) [2,109]. In the EC hypothesis, selection acts to extend the
lifespan when early life is dominated by learning, and delayed maturation for increased
learning pays off with increased reproductive fitness [2]. Thus, early life investment in
brain tissue and cognitive complexity in humans (e.g., learning to hunt, finding food on
the landscape, creating tools, etc.) pays off if lifespan is increased, and the return on EC
investment occurs through intergenerational transfers of resources. This model links
knowledge gained during growth to the evolution of the long lifespan and, again,
highlights the importance of cognition in the evolution of long postreproductive life
[109].
Thus, major explanations for the evolution of increased lifespan, especially increased
postreproductive lifespan in females, require not only long lives, but also physical and
cognitive health late in life. Foraging efforts to provision grandchildren require aerobic
fitness because hunter-gatherers must trek long distances each day [112]. Given that
foraging by hunter-gatherers also requires extensive experience, memory, and skill [109],
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intergenerational provisioning also requires the maintenance of cognitive function well
past reproductive senescence.
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Box 2. Why did APOE ε4 evolve?
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Our chimpanzee-like ancestors had a monomorphic APOE allele that is thought to be
functionally similar to humans’ ε3 allele [67]. Thus, the ε4 allele likely evolved in
response to selection pressures early in our evolutionary lineage. Some have suggested
that APOE ε4 evolved in response to shifts in diet (‘a thrifty gene’), allowing for fat
accumulation when nutrition access fluctuated [1,12,122]. Others suggest the ε4 allele
evolved due to its enhanced inflammatory response, which may reflect an adaptation to
highly infectious environments [1,8]. We highlight a third possibility that both accounts
for why ε4 evolved early in human evolution and also explains the current observed
differences in latitude-dependent worldwide distribution of the allele [12].
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Heubbe et al. [19] suggested that the ε4 allele leads to greater intestinal absorption and
renal reuptake of vitamin D. In mice with APOE ε4-targeted replacement, vitamin D
levels were significantly higher than in APOE ε2 and APOE ε3 mice [19]. In addition, in
a human sample, ε4 carriers had significantly higher levels of vitamin D compared with
ε2 and ε3 carriers (13–25% higher) [19]. Selection likely acts strongly to regulate vitamin
D status due to the farranging deleterious effects of low levels of vitamin D, including
impaired reproductive function, increased risk of infections, rickets, and cardiovascular
disease [123].
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Based on the benefits of ε4 to support higher vitamin D levels, we suggest a possible
evolutionary scenario that can account for both the evolution of ε4 from our last common
ancestor with chimpanzees, and the current latitudinal gradient of ε4 prevalence [12].
Beginning approximately 2 million years ago, our ancestors moved into more open
environments and likely lost body hair to improve thermoregulation through sweating
[107] (Figure 1, main text). At this time, melanin-rich skin evolved to protect the
subdermis from the damaging effects of ultraviolet (UV) radiation, especially on blood
folate levels, which are essential to fetal development [124]. However, melanization also
inhibits vitamin D synthesis [124]. Thus, the original evolution of the ε4 allele from the
isoform present in our last common ancestor with chimpanzees may have allowed for
highly melanized skin to protect blood folate, and still permit the absorption of vitamin
D. Human migrations north into Europe and Asia, likely between 200 000 and 500 000
years ago, led to reduced levels of UV radiation and lighter skin colors [124]. For a given
dose of UVB radiation, lighter skin color leads to relatively higher levels of vitamin D
synthesis compared with darker skin colors [125]. Thus, with the evolution of lower
levels of melanin in the skin, it is possible that selection for vitamin D synthesis and
uptake was relaxed, allowing for the evolution of APOE ε2 and ε3 isoforms. Although
this, and other possible hypotheses for the early evolution of the ε4 allele have been
suggested, it is important to note that our overall conjecture that the evolution of
increased aerobic activity relaxed a constraint on aging in our ancestors having the ε4
allele does not specifically depend on the vitamin D or other explanations for the early
evolution of the ε4 allele.
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Box 3. Life expectancy versus lifespan and the evolution of human
longevity
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A popular view of our Paleolithic ancestors is one of a Hobbesian nasty, brutish, and
short life, with individuals living to old age only recently [5]. This model of the human
lifespan is often based on studies of life expectancy at birth (Le), and data showing that
Le increased dramatically over the past two centuries [5]. However, Le is often driven by
high levels of infant and adolescent mortality, and on its own, this variable does not
provide much information about the evolutionary timing of the long human lifespan. One
way to better understand how and when old age evolved is to explore lifespan in modern
humans living lives similar in many ways to those of our hunter-gatherer ancestors.
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In living hunter-gatherer groups, and in a pre-industrial European population (18thcentury Sweden), Le varies between 21 and 37 years, and is driven mainly by high
mortality rates for infants and juveniles (approximately 57% of individuals lives to age
15) [5]. Thus, Gurven and Kaplan [5] examined the modal adult life span of huntergatherer populations as a way to estimate the natural age of death for humans. Among
living hunter-gatherer groups, modal age of death ranges from 68 to 78 years, compared
with a modal age of death of 85 years in the USA, and 15 years in wild chimpanzees [5].
In traditionally living human groups, most deaths in the total population, and in the
population over the age of 60, are due to infectious illness or injury rather than to a
degenerative disease [5].
Thus, in humans living lifestyles similar to those of our ancestors, modal lifespans are
longer than that of our closest relatives, the chimpanzee. Although debates over when
these long lifespans evolved continue, data from both paleodemography and life-history
theory suggest that a shift towards longer lives occurred sometime during the evolution
of the genus Homo [3,108]. Lifespans of living hunter-gatherers support this notion that
human longevity may have evolved early in our lineage, possibly with the transition to
the hunter-gatherer lifestyle that marks the origins of Homo erectus 1.8 million years ago.
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Box 4. Outstanding questions
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Although we suggest that our evolutionary history links physical activity with successful
aging and longevity, more interdisciplinary research is needed to further address the
many important, related questions that remain. Such future research has the potential to
provide a more complete evolutionary context for understanding the human lifespan
today, may help to advance our knowledge of the underlying biological mechanisms
contributing to the individual differences observed during aging, and may help guide the
development of effective approaches for the treatment and prevention of age-related
diseases for different aging populations. Currently unresolved questions that may help in
achieving these research goals include:
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•

Do other genes that show an association with both exercise and cognitive aging
[e.g., fat mass and obesity-associated (FTO) and brain-derived neurotrophic
factor (BDNF)] have a similar evolutionary history to that of APOE?

•

How does physical activity influence the development of brain structure,
function, and connectivity for ε4 carriers and noncarriers over the lifespan?

•

How does physical activity exert its beneficial effects in the context of APOE ε4
status to reduce the risk of CAD and AD?

•

Does APOE status interact with other genes to influence successful aging and
longevity?

•

How do different amounts of exercise and at different points in the lifespan (e.g,
young adult versus midlife versus old age) impact aging outcomes?
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Hypothesized relation between physical activity, apolipoprotein E (APOE) evolution, and
human longevity. A conceptual time-line showing the relation between changes in lifespan
reflecting both physical and cognitive health and physical activity (A), habitat (B), and
APOE gene evolution (C) in human ancestors. Early in our evolutionary history, human
ancestors lived in heavily forested environments and engaged in little aerobic activity. As
habitats became more open in Africa (approximately 2 million years ago; time a), a loss of
fur combined with increased melanin content in the skin may have led to the evolution of the
APOE ε4 allele (Box 1). An increase in aerobic physical activity under these conditions
would have allowed an increase in lifespan before the evolution of less deleterious APOE
alleles (ε2 and ε3; time b). The solid blue line in (A) shows the change in human lifespan
suggested by paleolife-history reconstructions. An alternative lifespan evolution, with a
more recent prominent increase in longevity suggested by some interpretations of
paleodemographic data [108], is shown as the dashed blue line in (A).
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[119]

[119]

[119]

[119]

[118]

[117]

[116]

[115]

[114]

[113]

[39]

Refs

Odds ratios (ORs) for each genotype relative to referent genotype: ε3/ε3. This sample is not an exhaustive list but is meant to show the range in variation of ORs around the world. All studies are case–
control samples with the exception of [39], which was a community-based longitudinal study design. It is noteworthy that the ORs calculated from data in [39] show non-significant associations with APOE
e4 heterozygotes and homozygotes (95% confidence intervals include 1.0). Future work is needed to demonstrate the reproducibility of these findings in other samples from this region and to determine
whether the low risk is due to gene × environment and/or lifestyle interactions, or other factors.
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