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Chapter

17
Alzheimer’s Disease as a Disease of
Evolutionary Mismatch, with a Focus on
Reproductive Life History
Molly Fox

Abstract
Risk factors for Alzheimer’s disease, such as cardiovascular, metabolic and inflammatory prob-
lems, were probably less prevalent throughoutmuch of human history compared to today in post-
industrial societies. Therefore, I explore the possibility that individuals today have greater
Alzheimer’s disease risk compared to our age-matched, pre-modern counterparts. Additionally,
a critical way in which human physiology has changed across history relates to dramatic changes
in female reproductive life history norms. Reproductive life history may exert cumulative effects
across an individual’s lifespan, bestowing considerable influence on geriatric disease risk. A
growing body of research links women’s reproductive life histories with Alzheimer’s disease risk.
Here, I briefly discuss ways in which aspects of female reproductive life history (e.g. reproductive
span, pregnancy and breastfeeding) might alter physiological pathways implicated in Alzheimer’s
disease aetiology, as well as how each of these aspects of female reproductive life history have
shifted across our species’ evolutionary past. I also explore the connections between the apolipo-
protein E gene, its context-dependent role in Alzheimer’s disease risk and its emerging role in
women’s reproductive function. In summary, some aspects of pre-modern female reproductive
life history patterns could indicate lower age-matched risk in the past, but further research is
needed to establish the relevant biological pathways and epidemiological patterns.
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Key Points

� Diseases that manifest in the later stages of
life may still be subject to selection via
inclusive fitness effects because of the
interconnected nature of human families
and communities.

� Several Alzheimer’s disease risk factors were
probably less common in the pre-modern
past than today in post-industrial societies,
such as cardiovascular and
metabolic dysfunction.

� Female reproductive life history norms have
changed dramatically across human history,
with implications for geriatric health via
cumulative biological effects across
the lifespan.

� Female reproductive life history may influence
Alzheimer’s disease risk through various
physiological pathways, such as hormone

exposure, immune function or oxidative
stress.

� The APOE-ε4 allele may have context-
dependent effects on both fertility and
Alzheimer’s disease risk, with risks that are
unique to post-industrialised environments.

17.1 Introduction
Alzheimer’s disease (AD) is a devastating neuro-
degenerative disorder. Here, I consider the possi-
bility that AD may be a case of evolutionary
mismatch (see Chapters 1 and 5). Although
human lives are, broadly speaking, more comfort-
able and healthy as we have eliminated threats
that afflicted us throughout much of our evolu-
tionary history, many of the conditions that
plague us today may have been rarer for most of
our species’ collective history (Nesse and
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Williams, 1996). While this concept has been
invoked often to explain the high rates of condi-
tions like obesity and type 2 diabetes (Stearns and
Koella, 2008), there is justification to consider
whether contemporary age-matched rates of AD
may also be a more recent phenomenon
(Figure 17.1). Firstly, AD has biological similar-
ities with other ‘diseases of civilisation’. Secondly,
AD’s high incidence and heavy burden on kin are
inconsistent with the prevailing framework for
human life history evolution, which assumes
inclusive fitness benefits of longevity (Fox, 2018).

While AD is primarily problematic and feared
because of its characteristic deterioration of
memory and thinking ability (Gunten et al.,
2018), the late stages of disease progression involve
the deterioration of other somatic functions that
are centrally controlled, such as the ability to swal-
low, walk and, eventually, breathe (Holtzman et al.,
2011). Additionally, AD risk factors are not exclu-
sively psychosocial or neurobiological but also
involve peripheral biology. While early-onset AD,
also known as autosomal dominant familial AD, is
caused by mutations usually in one of three genes,
this only accounts for <1% of AD cases (Karran
et al., 2011). More than 99% of AD cases are
considered sporadic and late onset. Here, I focus
on late-onset AD and utilise the shorthand ‘AD’ to

refer to this condition. AD accounts for 60–80% of
dementias, which are estimated in the USA/
Europe to afflict 0.8%/0.9% of people aged 60–64,
1.7%/1.5% of people aged 65–69 and 3.3%/3.6% of
people aged 70–74, and these rates exponentially
increase thereafter (Ferri et al., 2005). I focus on
prevalence rates among the younger age categories
for AD because of their relevance for human life
history evolution.

The cause(s) of AD remains mysterious.
Various risk factors have been identified, but
none establish precisely whether an individual will
develop the disease. Well-established risk factors
include cardiovascular, metabolic and inflamma-
tory problems (Chakrabarti et al., 2015; De Bruijn
and Ikram, 2014; Kinney et al., 2018; Tao et al.,
2018). Other risk factors with preliminary or vari-
able evidence include air pollution, smoking, alco-
hol consumption, traumatic brain injury and
lower oestrogen exposure (Durazzo et al., 2014;
Piazza-Gardner et al., 2013; Van Den Heuvel
et al., 2007; Wu et al., 2015).

17.2 Selection Pressure and
Diseases of Ageing
Humans are unique compared to other extant pri-
mates in our species’ remarkable longevity. While

Figure 17.1 Alzheimer’s disease risk factors evaluated for their consistency with an evolutionary mismatch hypothesis
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the maximum human longevity is around 122 years
(Gavrilov and Gavrilova, 2000), a composite of 8
hunter-gatherer populations exhibited a modal age
at death of 72 years (for those who survived to age
14; Gurven and Kaplan, 2007). The human lifespan
is estimated to have extended beyond age 50 between
1,600,000 and 150,000 years ago (Peccei, 2001).

In any species, natural selection imposes differ-
ential force across the lifespan. Because the cur-
rency of selection is reproductive success, traits
that manifest earlier in the lifespan tend to bemore
sensitive to the force of selection compared to
traits that manifest later (Medawar, 1952).
Human females exhibit a sudden cessation of
fecundity at the time of menopause, and so pheno-
types that are expressed during pre-reproductive
or reproductive life phases are subject to stronger
selection pressures than phenotypes expressed
during the post-reproductive life phase. For
human males, the force of selection also declines
with age, but not as suddenly, due to males’
ongoing reproductive potential throughout adult
life. Hence, diseases that emerge during later stages
of the lifespan are subject to less selective pressure
than those that manifest earlier, when there is
greater opportunity for pathology to reduce repro-
ductive output, and this discrepancy is starker
among women. Medawar’s mutation accumula-
tion theory suggests that the genes responsible for
pathology and senescence in old age may accumu-
late in the genome because of the weakness of
selection against them (Medawar, 1952).
Williams’ (1957) antagonistic pleiotropy theory
suggests that age-related selection bias favours
genes with age-dependent effects whose benefits
occur earlier and whose detriments occur later.
This theory has been invoked to theorise that AD
susceptibility genes may have age-dependent
pleiotropic effects (Twamley et al., 2006).

However, phenotypes during women’s post-
menopausal life phase may be more visible to
selection than the mutation accumulation and
antagonistic pleiotropy theories would suggest
(Fox, 2018). During the postmenopausal life
phase, women are able to invest in their inclusive
fitness by assisting their adult daughters and
daughters-in-law with childcare towards depend-
ent young children, allowing daughters and
daughters-in-law to invest their own efforts in
neonates, thereby allowing for shorter inter-birth
intervals. This pattern rewards women who
experience postmenopausal longevity with fitness

benefits (i.e. Hawkes’ grandmother hypothesis;
Hawkes et al., 1997, 2000; Lahdenperä et al.,
2004). Whether or how much this allocare system
contributed to the emergence or maintenance of
human postmenopausal longevity is debated by
evolutionary anthropologists and is beyond the
scope of this chapter (Kachel et al., 2011). In
addition to direct childcare, grandmothers can
enhance their inclusive fitness through domestic
and economic labour that alleviate adult chil-
dren’s time and energetic constraints, allowing
them to engage in reproductive effort (Fox,
2012; Reiches et al., 2009). Grandmothers can also
enhance their inclusive fitness through pedagogy.

Pathologies that undermine these behaviours
during the postmenopausal life phase have fitness
costs, despite women’s infecundity (Fox, 2018).
Accordingly, Sapolsky and Finch (2000) argued
that AD neuropathy may be delayed in humans
compared to non-human primates because of the
fitness detriments that women would experience
by losing the opportunity to engage in grand-
mothering behaviours. Additionally, a long
period of adult dependence would be burdensome
for kin on whom an AD patient relies, undermin-
ing inclusive fitness beyond just lost opportunity
(Fox, 2018). Typical life expectancy after AD diag-
nosis is 7–10 years (Zanetti et al., 2009), instigat-
ing a period of progressive loss of autonomy that
imposes a costly burden to kin in addition to the
loss of opportunity to benefit kin.

The prospect that AD may impose fitness con-
sequences invites exploration of the evolutionary
dynamics to explain the persistence of this trait.
Furthermore, AD is more prevalent in women
thanmen even after adjusting for survivorship bias
(Andrew and Tierney, 2018). This sex bias, in the
context of the adaptiveness of postmenopausal
grandmothering, justifies a focus on the evolution-
ary dynamics of AD in women specifically.

17.3 Mismatch Hypothesis for
Alzheimer’s Disease
In evolutionary medicine, ‘mismatch’ describes
the concept that human bodies are adapted to
better suit a different environment from the one
in which we currently reside. Biological change
via natural selection is a slower process on a
multigenerational timescale compared with the
relatively rapid pace of human cultural modifica-
tions to lifestyles and environments (Stearns and
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Koella, 2008). Depending on the trait of interest,
the timescale and geographies of what is con-
sidered to be the environment of evolutionary
adaptedness (EEA) (Bowlby, 1969) and of what
is to be considered to be the contemporary envir-
onment may vary. Often, the Industrial
Revolution is regarded as instigating the emer-
gence of contemporary lifestyles due to its trans-
formative global effects on aspects ranging from
built environments to population density to phys-
ical activity (Rook, 2012; Stearns and Koella,
2008). Sometimes, the Agricultural Revolution is
regarded as the turning point between the EEA
and contemporary environments if the trait of
interest is most affected by, for instance, diet or
residence patterns (Rook, 2012; Stearns and
Koella, 2008). Disease risk factors or causes asso-
ciated with modernity may be entirely novel or at
greater frequency today than in the past. In many
cases, a risk factor that began to increase in fre-
quency with the advent of agriculture or industri-
alisation may be accelerating in frequency or
degree with the more recent globalisation trends
of the twenty-first century (Fox et al., 2019).

It is difficult or impossible to determine soft-
tissue disorders and women’s reproductive life
history (RLH) traits in the archaeological record.
However, certain features may be surmised by
examining these conditions among contemporary
people with environments and lifestyles that more
closely resemble those of our pre-industrial and
pre-agricultural ancestors. However, these
methods only help us surmise traits broadly
because, firstly, contemporary people’s environ-
ments and lifestyles inherently vary from those of
the past and, secondly, peoples in the past surely
exhibited variability in many domains.

There are well-established risk factors for AD
that we can suppose with some confidence are
either novel to post-industrial environments or
are at much greater frequency (Figure 17.1). The
sedentism and processed food consumption of the
post-industrial era are likely to be associated with
the far greater frequency of cardiovascular risk
factors for AD, such as cardiovascular disease,
stroke, high blood pressure and high cholesterol
(De Bruijn and Ikram, 2014), and the metabolic
risk factors for AD, such as metabolic syndrome,
type 2 diabetes, obesity and hyperlipidaemia
(Chakrabarti et al., 2015). While cardiovascular
and metabolic dysfunction are not entirely novel
to the post-industrial era, evidence that the

physical activity and diets of contemporary for-
agers and subsistence farmers are linked with
dramatically superior cardiovascular and meta-
bolic health in those populations underscores the
likelihood that these AD risk factors would have
been less prevalent in the past (Pontzer et al.,
2012).

The typical urban lifestyles of the post-
industrial era are characterised by a lack of expos-
ure to a variety of benign microbes at young ages,
which would have been more common in previ-
ous environments, due to urban living being sep-
arated from other animals and soil and the
widespread sanitisation infrastructure (e.g. chem-
ical decontamination of water; Rook, 2007). This
lack of diverse, benign microbial exposure, along-
side high population densities, is associated with
inadequate education of the immune system,
leading to lifelong, chronic, low-grade inflamma-
tion. Various inflammatory conditions – allergies,
atopies and autoimmunities – have been linked to
this aspect of urban dwelling. Chronic, low-grade
inflammation – an established risk factor for AD
(Kinney et al., 2018) – is widespread in contem-
porary urban populations but not among contem-
porary subsistence populations, such as the
Tsimane forager-horticulturalists (Gurven et al.,
2008). Therefore, it seems likely that this AD risk
factor was less prevalent in the past (Fox et al.,
2019).

Social isolation, measured by small social net-
works, living alone, lacking social ties or a com-
posite of these, has been associated with
increased risk of dementia and AD (Fratiglioni
et al., 2000; Wilson et al., 2007). Loneliness, an
emotional state related to social isolation, was
associated with more than double the risk of
AD in a prospective study independent of the
effect of social isolation (Wilson et al., 2007).
Generally, people in pre-modern human societies
were less socially isolated than post-industrial
norms due to their closer relationships with
extended family and multigenerational family
compared to the post-industrial nuclear family-
based social structure, as well as their greater
number of children. In contemporary developed
countries, loneliness has been described as an
epidemic caused by the loss of traditional social
connectivity and a reliance on technology (Jeste
et al., 2020). Therefore, it seems likely that the
AD risk factors of social isolation and loneliness
were less prevalent in the past.

Chapter 17: Alzheimer’s Disease as a Disease of Evolutionary Mismatch
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Air pollution, smoking and alcohol consump-
tion have been associated with AD risk, although
the mechanisms by which these risks influence
AD aetiology remain questions of debate
(Durazzo et al., 2014; Piazza-Gardner et al.,
2013; Wu et al., 2015). Widespread air pollution
is a product of industrial manufacturing and
transportation, although non-human-made forms
of air pollution (e.g. dust storms) exist, and their
relationships with AD merit investigation
(reviewed in Fox et al., 2019). Smoking and alco-
hol consumption have accelerated in the post-
industrial era, although exposure to smoke and
alcohol is also present among contemporary for-
agers and subsistence farmers, such as from
campfire smoke and fermented beverages (Dana
Lynn, 2014; Hornsey, 2012). Thus, air pollution,
smoking and alcohol consumption are less clear-
cut in their history as AD risk factors.

Moderate or severe and repeated mild trau-
matic brain injuries have been associated with AD
risk (Van Den Heuvel et al., 2007); however, there
is no reason to suspect that risk of impact injuries
to the head would have been systematically at
greater or lower frequency across different eras
of human history. Therefore, this risk factor does
not support a mismatch hypothesis.

17.4 Reproductive Life History
One of the most profound ways that women’s
physiologies have changed across human history
is the shift in female RLH norms, which can be
estimated by comparing people who live today as
industrialised urban dwellers with foragers and
subsistence farmers. These differences in RLH
have profound effects on women’s lifelong biol-
ogy and therefore could affect AD risk. RLH
might modify later-life risk of AD through the
alteration of biological pathways known to be
involved in the disease’s aetiology. Female RLH
is linked to cardiovascular, metabolic, inflamma-
tory and endocrine alterations to physiology in
ways that have not only short-term but also long-
term and, in some cases, permanent effects.

The vast majority of relevant studies have
focused on the oestrogen hypothesis (Colucci
et al., 2006; Fox et al., 2013a; Geerlings et al.,
2001; Hong et al., 2001; Prince et al., 2018). In
animal and in vitro studies, oestrogen has been
observed to be broadly protective against a variety
of pathogenic pathways implicated in AD

aetiology (Carroll et al., 2007; Greenfield et al.,
2002). As a result, the medical research commu-
nity has pursued clinical trials involving oestrogen
administration and observational cohort studies
assessing the relationship between oestrogen
exposure and AD risk (Imtiaz et al., 2017; Shao
et al., 2012).

The oestrogen hypothesis raises a few mostly
overlooked issues. It is unclear whether the dur-
ation or quantity of oestrogen – or both – would
drive a relationship between oestrogen exposure
and AD risk; for example, should we expect the
oestrogen exposure of pregnancy to be hundreds
of times more potent in protecting against AD
than the oestrogen exposure of hormone-
replacement therapy due to pregnancy’s oestro-
gen levels being hundreds of times higher
(Tulchinsky and Little, 1994)? Also, there is no
clear hypothesis for the timing of oestrogen’s
influence; for example, should we expect expos-
ure to oestrogen at age 70 to have a greater
impact compared to at age 40 or age 20?
Finally, the oestrogen hypothesis implicitly sug-
gests that women’s RLH should be associated
with AD risk solely because of the ways in which
RLH events alter oestrogen levels; however, RLH
events alter many aspects of physiology beyond
oestrogen levels, some of which are also impli-
cated in AD risk (Fox et al., 2018). Therefore,
any correlations observed between RLH traits
and AD risk should be considered in light of
several possible physiological pathways.

There is no singular time or location at which
women’s RLH patterns shifted, but rather there
are many transitions, with different RLH traits
changing at different times. Furthermore, RLH
traits are facultative, with reaction norms that
reflect variability between individuals and socio-
environmental contexts depending on adaptive
strategies and constraints. Investigation of the
individual transitions in traits in different con-
texts is beyond the scope of this chapter. Rather,
we compare large-scale population normative
ranges in ‘pre-modern’ contexts to reflect the vast
majority of human history before the advent of
agriculture with ‘post-industrial’ contexts to
reflect the more recent, more urbanised, more
industrialised context of human lives. I make no
claim of uniformity in any trait (besides breast-
feeding as a pre-modern universal method of
early infant feeding) in any era, culture
or geography.

Molly Fox
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17.4.1 Reproductive Span
Reproductive span describes the length of time
betweenmenarche andmenopause. This construct
offers weak or inconsistent evidence in opposition
to a mismatch hypothesis. Reproductive span is
likely longer in post-industrial societies than what
would have been the norm for most of human
evolutionary history due to younger ages atmenar-
che and potentially older ages at menopause,
although the latter is controversial (Flint, 1978;
Papadimitriou, 2016). Some studies have found
that earlier menarche, later menopause and/or
longer reproductive span were associated with
lower risk of dementia or AD (Geerlings et al.,
2001; Hong et al., 2001), although several others
found no such effects (Colucci et al., 2006; Prince
et al., 2018), including our study of British women
(Fox et al., 2013a).

Although the evidence is weak, longer repro-
ductive span associated with reduced AD risk is
consistent with what should be expected based on
biomechanisms. Reproductive span has been
interesting to AD researchers primarily because
of the oestrogen hypothesis (i.e. long reproductive
span should be protective; Colucci et al., 2006;
Fox et al., 2013a; Geerlings et al., 2001; Hong
et al., 2001; Prince et al., 2018). Also, longer
reproductive span has been associated with lower
risks of cardiovascular disease (Ley et al., 2017)
and type 2 diabetes (Brand et al., 2013) and lower
C-reactive protein levels (Huang et al., 2019), so
this construct should be considered as a potential
AD protective factor through various pathways in
addition to oestrogenic neuroprotection.

17.4.2 Pregnancy
Pregnancy has been interesting to AD researchers
primarily because of the oestrogen hypothesis (i.e.
if quantity of oestrogen is protective, then more
pregnancies – which are characterised by high
oestrogen levels – should be protective). We pre-
viously suggested an alternative pathway by which
expansion of immunosuppressive regulatory T-
cell populations during pregnancy could explain
the observed correlations between more pregnan-
cies and lower AD risk (Fox et al., 2018).
Pregnancy involves the reorganisation of several
physiological systems, sometimes with long-term
or even permanent effects. In addition to endo-
crine and immune system changes, pregnancy is
also characterised by cardiovascular and

metabolic alterations that should be further inves-
tigated in relation to AD risk. For instance, preg-
nancy induces a state of peripheral insulin
resistance, and higher parity has been associated
with greater risk of type 2 diabetes in postmeno-
pausal life (Dahlgren, 2006), which could poten-
tially increase AD risk. However, breastfeeding
counteracts pregnancy-induced insulin resistance
(see Section 17.4.3) (Bell and Bauman, 1997).

The practice of contraception (besides lacta-
tional amenorrhea) is a relatively recent phenom-
enon in human history. There is evidence of
contraceptive and abortifacient practices – of
varying levels of assumed efficacy – dating back
to ancient Egyptian, Greek and Jewish sources,
but there is no evidence of widespread contracep-
tive practices until nineteenth-century barrier
methods and later twentieth-century hormonal
methods (Himes, 1970). A composite of hunter-
gatherer groups exhibited completed lifetime fer-
tility of 5.9 compared to contemporaneous
Americans’ completed lifetime fertility of 1.8
(Eaton et al., 1994). The comparatively low com-
pleted fertility typical of contraceptive, post-
industrial societies suggests differential health
effects.

The differences in typical completed fertility
have implications for geriatric women’s health in
two ways. Women in non-contraceptive popula-
tions exhibit greater cumulative effects of many
pregnancies, whereas women in contraceptive
populations would experience comparatively
diminished effects. Conversely, women in contra-
ceptive populations would exhibit greater cumu-
lative effects of the physiological state that
replaces the missing pregnancies. In post-
industrial populations with sufficient or excess
nutritional availability, fewer pregnancies would
be associated with more ovulatory menstrual
cycles, although the cumulative effects of ovula-
tion and menstrual cycles could be altered by
hormonal contraceptives. Thus, it is difficult to
attribute the effects of parity on AD risk to gesta-
tional biology itself versus the deprivation of
the alternative.

Several studies have investigated the relation-
ship between parity and AD risk. While two stud-
ies found greater parity to be associated with AD
or dementia risk (Prince et al., 2018; Ptok et al.,
2002), several studies found no such effect (Kim
et al., 2003; Waring et al., 1999). Most study
designs are inadequate because it could be
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possible that number of pregnancies is simply a
proxy for duration of oestrogen exposure, mar-
riage or breastfeeding – constructs that are highly
correlated with parity. Thus, any observed effects
could be misattributed. Moreover, other ways of
operationalising pregnancy history encompass
more information than parity (number of com-
pleted pregnancies), especially gravidity (number
of initiated pregnancies). Depending on the
mechanism by which pregnancy may affect AD
aetiology, it may be more meaningful to measure
how many pregnancies are initiated (i.e. when
major immune reorganisation occurs) instead of
how many pregnancies are completed (i.e. when
major sex steroid exposure occurs).

My team endeavoured to improve upon past
study designs by controlling for age at first birth,
reproductive span and history of breastfeeding
and marriages (Fox et al., 2018). In order to
clarify the oestrogen hypothesis, we deemed it
crucial to distinguish between the effects of dur-
ation and quantity of oestrogen exposure by
adjusting the analyses for reproductive span.
Furthermore, we operationalised pregnancy his-
tory in two unique ways. Firstly, we measured
cumulative number of months pregnant, combin-
ing incomplete (e.g. miscarriages) and complete
(e.g. childbearing) pregnancies. Our results sug-
gested that cumulative number of months preg-
nant was associated with a dose-dependent
reduction in AD risk, suggesting that quantity of
oestrogen exposure was a more plausible mech-
anism than duration of oestrogen exposure.
Secondly, we compared the oestrogenic explan-
ation with an immunoregulatory explanation. In
this pursuit, we found that AD risk was signifi-
cantly associated with a woman’s cumulative
number of first trimesters and not with third
trimesters. Therefore, our results were more con-
sistent with an immunoregulatory rather than an
oestrogenic mechanism.

17.4.3 Breastfeeding
Breastfeeding has not been widely investigated in
the context of AD. Nonetheless, there are a variety
of physiological pathways that would potentially
connect breastfeeding with AD aetiology.
Breastfeeding involves alterations to the mother’s
peripheral glucose metabolism and lipid metabol-
ism, beta-cell efficiency and fat mobilisation
(reviewed in Fox et al., 2021). Perturbations in

each of these physiological functions have been
implicated in AD pathogenesis. Furthermore, a
woman’s history of breastfeeding has already been
connected to long-term effects on the risk of other
conditions that are themselves risk factors for
AD, including type 2 diabetes, cardiovascular dis-
ease, hypertension and hyperlipidaemia (Fox
et al., 2021).

Of all aspects of RLH that have changed
across human history, breastfeeding is arguably
the domain with the largest change. Because of
the combination of greater parity and longer
duration of breastfeeding per child compared
to post-industrial populations, pre-modern
women likely spent vastly more total time
breastfeeding. Women in post-industrial soci-
eties practice less breastfeeding than their pre-
modern counterparts (Stuart-Macadam, 1995).
In the USA, 45.9% of infants born in 2017 were
exclusively breastfed through 3 months of age
and 25.6% were exclusively breastfed through
6 months of age; 35.3% were still being breast-
fed at all by 12 months of age (Centers for
Disease Control and Prevention, 2021). While
74.4% of US infants are ever breastfed, the ever-
breastfed rate varies across high-income coun-
tries (e.g. Ireland, 55%; France, 63%; Uruguay,
99%; UNICEF, 2018). Previous to the mid-
nineteenth century, when infant formula was
first produced, virtually all surviving infants
would have been breastfed.

Breastfeeding norms across human history
can be estimated based on evidence from skeletal
remains and patterns among contemporary sub-
sistence populations, although we only have
limited ability to reconstruct the past from these
methods. Skeletal isotope analyses of foraging
populations from 12,000 to 2,500 years ago found
that total breastfeeding per child was 22–68
months (Tsutaya et al., 2016). A meta-analysis of
113 contemporary non-industrialised populations
found that mean length of total breastfeeding per
child was 29 months (Sellen, 2001).

For example, Hadza hunter-gatherers in
Tanzania exhibited a mean age at cessation of
breastfeeding of 30 months and a total fertility
rate of 6.3 (Jones, 2016; Sellen, 2001). Therefore,
the cumulative duration of breastfeeding across a
typical Hadza woman’s life would be several years,
possibly around a decade (not a simple matter of
multiplying breastfeeding per child by number of
children due to infant mortality and the potential

Molly Fox
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for breastfeeding throughout a subsequent preg-
nancy and alongside a new sibling).

My team has conducted two relevant studies
in this area. We found in a cohort of British
women that longer duration of breastfeeding
was associated with lower AD risk (Fox et al.,
2013b). We found in a cohort of south
Californian women that ever-breastfeeding was
associated with superior cognitive performance
after age 50 (Fox et al., 2021). Two other studies
found negative relationships between breastfeed-
ing and cognitive performance in older women
(Hesson, 2012; Heys et al., 2011). While these
opposite effects are perplexing, cognitive per-
formance in non-AD cohorts is not a sufficient
indicator of AD risk. Because only one study
directly investigated AD risk with relation to
breastfeeding, more work is needed in this area.

17.4.4 Menstrual Cycles
Menstrual cycles could plausibly be connected to
AD risk because ovulation is associated with a
surge in oestrogen. Menstrual cycle oestrogen
exposure is small compared to pregnancy but
larger than lactational amenorrhea, premenarche
or postmenopause (Tulchinsky and Little, 1994).
There is already evidence that cumulative number
of menstrual cycles is positively associated with
postmenopausal breast cancer risk, underscoring
the possibility of its long-term effects on health
(Clavel-Chapelon, 2002). My team conducted the
only analysis (known to me) of the cumulative
number of menstrual cycles and AD risk and
found no relationship (Fox et al., 2013a).

Women in post-industrial contexts today typ-
ically exhibit more cumulative menstrual cycles
than their hunter-gatherer peers: the mean for
individuals not using hormonal contraceptives,
from composites of post-industrial and hunter-
gatherer groups, was found to be 450 versus 160
(Eaton et al., 1994). Therefore, I extrapolate that
women in post-industrial contexts who do not use
hormonal contraceptives likely experience more
menstrual cycles than women in pre-modern con-
texts would have. This difference can be attributed
to post-industrial women having younger typical
age at menarche, more pregnancies, less lacta-
tional amenorrhea and older age at menopause.
However, without evidence for a relationship
between number of menstrual cycles and AD risk,
this difference may lack relevance here.

17.4.5 Exogenous Hormone Therapies
While hormone therapies are a twentieth-century
invention absent for most of our species’ history,
understanding their relationships with AD risk
can help us to discern certain aspects of the rela-
tionship between RLH and AD. Comparing use of
hormonal contraception with the equivalent dur-
ation of non-pregnant menstrual cycles could
help identify the relationship between ovulation
with AD risk; future studies should explore this
question. While hormone therapies are adminis-
tered continuously, in the human ovarian cycle
hormones are naturally cyclic. Carroll et al. (2010)
investigated the effects of progesterone adminis-
tration in 3xTg-AD mice, distinguishing between
continuous versus cyclic administration. They
replicated the results of their previous study
(Carroll et al., 2007) that, when both hormones
are administered continuously, oestradiol lowers
beta-amyloid (Aβ) accumulation and progester-
one blocks this effect. However, cyclic progester-
one administered alone inhibited Aβ
accumulation, and when cyclic progesterone was
administered with continuous oestradiol, oestra-
diol’s reduction of Aβ accumulation was actually
enhanced. Similar effects were found for working
memory and visual attention. These observations
suggest that menstrual cycles could potentially be
neuroprotective, but human studies are needed.

An enormous body of research has explored
the relationship between hormone-replacement
therapy administered around the time of meno-
pause or thereafter as a potential intervention to
prevent AD-related pathogenesis. These studies
are justified by the oestrogen hypothesis. While
several studies that looked at exclusive oestrogen-
replacement therapy found protective effects
(Imtiaz et al., 2017; Shao et al., 2012), those that
looked at combined oestrogen plus progestin ther-
apy often reported either no effect (Imtiaz et al.,
2017) or the opposite effect: greater risk (Shao
et al., 2012). These patterns could be attributed to
the phenomenon described earlier in this section:
that unopposed oestrogen is neuroprotective, but
when administered in conjunction with continu-
ous progesterone the protection is attenuated.

These observations have relevance for eluci-
dating how women’s RLH may influence AD risk.
For instance, it is possible that the neuroprotec-
tive oestrogenic benefits of a menstrual cycle
(cyclic progesterone) may be more pronounced

Chapter 17: Alzheimer’s Disease as a Disease of Evolutionary Mismatch

267

mollyfox
Cross-Out

mollyfox
Inserted Text
and



Comp. by: 201508 Stage: Proof Chapter No.: 17 Title Name: Abedetal
Date:16/5/22 Time:08:11:42 Page Number: 268

than the oestrogen exposure of a pregnancy (con-
tinuous progesterone).

17.4.6 Psychosocial Aspects
of Reproductive Life History
Previous studies on the links between women’s
RLH and AD risk have neglected the potential
psychosocial mechanisms. In particular,
women’s history of pregnancy and breastfeed-
ing are intertwined with her relationships with
romantic partners and children. Relationships
with romantic partners and children are rele-
vant for AD aetiology because a lack of social
support and psychological distress have been
implicated as AD risk factors (Holmen et al.,
2000; Wilson et al., 2007). More pregnancies
should be correlated with younger age at mar-
riage or more years married (or in non-
married romantic partnerships), which plaus-
ibly could be associated with the kind of emo-
tional and instrumental social support that is
protective against AD. Number of pregnancies
should be strongly correlated with number of
children. Especially at older ages, adult chil-
dren are an important source of social support
and have been associated with lower AD risk.
A more tenuous argument could be made for
breastfeeding, such that it is associated with
mother–child bonding and lower maternal risk
of postpartum depression (Hahn-Holbrook
et al., 2013), both of which could arguably be
hypothesised to lead to lower AD risk. While
postpartum depression is a risk factor for
major depressive disorder and history of major
depressive disorder is a risk factor for AD
(Green et al., 2003), the direct link between
postpartum depression and AD risk remains
untested. Similarly, mother–child bonding in
the postpartum period could plausibly lead to
better mother–child relationships in adulthood,
which would plausibly be protective against
AD, but these links are also untested. Future
research into the connections between women’s
RLH and AD risk should explore psychosocial
mechanisms.

Previous studies found that marriage/romantic
partnerships were protective against AD risk. In a
large study of over 3,000 participants, those who
had been married or cohabitated with a partner
exhibited significantly lower AD risk compared to
those who had never done so (Helmer et al., 1999).

Relationship quality with their primary caregiver
was associated with quality of life among a cohort
of 50 AD patients (Mortazavizadeh et al., 2020).
No association was found between age when first
married or cumulative duration of all marriages
with AD risk in our cohort of British women after
adjusting for the effects of several RLH variables
(Fox et al., 2018).

Less is known about relationships with adult
children and risk of AD. One study found that
strained relationships with adult children were
correlated with cognitive limitations among older
adults (Thomas and Umberson, 2017).

17.5 Oxidative Stress
The oxidative stress generated by greater repro-
ductive effort among women with typical pre-
modern RLH patterns compared to post-
industrial counterparts is, theoretically, inconsist-
ent with a mismatch hypothesis. Reproductive
effort is metabolically costly, increasing the by-
product of reactive oxygen species and thereby
self-tissue damage (i.e. oxidative stress).
Oxidative stress is implicated in AD pathogenesis
(Huang et al., 2016). Therefore, we should exam-
ine RLH traits’ long-term effects on oxidative
stress to appreciate the possibility of links with
AD aetiology. Ovulation produces oxidative
stress, but little is known about cumulative or
long-term effects in humans (Agarwal et al.,
2012). Animal studies have observed oxidative
stress associated with lactation, but this topic has
not been adequately studied in humans
(Berchieri-Ronchi et al., 2011; Ziomkiewicz
et al., 2016). More is known about oxidative stress
associated with pregnancy in humans.
Multiparous women exhibit higher levels of bio-
markers of oxidative stress during their repro-
ductive life phase, and there is also a cumulative
effect that is evident in the postmenopausal life
phase (Mutlu et al., 2012; Ziomkiewicz et al.,
2016). If human gestation and lactation both pro-
duce more oxidative stress than is produced
during a menstrual cycle – an idea that is plausible
but not yet endorsed by evidence – then women
who spend more of their reproductive life phases
in gestation and lactation should suffer the cumu-
lative consequences of self-tissue damage more so
than women who spend more of their reproduct-
ive life phases in menstrual cycles. Thus, differ-
ences between post-industrial and pre-modern
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RLH norms would suggest that post-industrial
women suffer less from the oxidative stress of
reproductive effort. This is not to imply that
post-industrial women would be expected to
exhibit less overall lifelong oxidative stress; rather,
the opposite is likely to be true due to other
factors such as pollution, toxic exposures and
chronic psychosocial stress, rendering post-
industrial women at overall greater AD risk than
their pre-modern counterparts. Nonetheless, RLH
patterns may not contribute to (or may even
counteract) this mismatch.

17.6 APOE
The apolipoprotein E (APOE) gene, which encodes
the ApoE protein, is implicated in both AD risk and
female RLH. APOE encodes three variants: APOE-
ε4 (the ancestral allele) and APOE-ε3 and APOE-ε2
(both human-specific, more recently derived
alleles). Each encodes a unique isoform of the
ApoE protein. In non- or semi-industrialised popu-
lations, APOE-ε4 may give a reproductive success
advantage despite its association with AD (Corbo
et al., 2004b; Jasienska et al., 2015). Furthermore,
there is a lack of evidence forAPOE-ε4 as anAD risk
factor in non-industrialised populations, which
supports the possibility of a mismatch hypothesis
(Chen et al., 2010; Farrer et al., 2003; Gureje et al.,
2005; Sayi et al., 1997).

Growing evidence supports a key role for
APOE in women’s differential reproductive suc-
cess, although the results are often conflicting.
APOE genotypes have been associated with earlier
(Koochmeshgi et al., 2004), later (Meng et al.,
2012) and no association with age at menopause
(He et al., 2009) and with risk, protection and
neutral effects regarding pre-eclampsia (Abyadeh
et al., 2020). A meta-analysis found that the ε4
allele was associated with recurrent pregnancy
loss (Li et al., 2014).

ApoE is the primary supplier of cholesterol
precursors for steroid hormone production, such
as progesterone and oestrogen (Mahley and Rall Jr,
2000). The ε4 variant is associated with the highest
cholesterol levels, ε3 with intermediate levels and
ε2 with the lowest levels (Corbo et al., 2004a).
Jasienska et al. (2015) found among a natural-
fertility population in rural Poland that women
who carried at least one APOE-ε4 allele exhibited
20% higher luteal progesterone, which is associ-
ated with likelihood of conception. They found no

association with oestradiol levels, possibly due to
the regulatory effects of several other enzymes in
the conversion pathway from cholesterol.

Consistent with the observation of the poten-
tial for greater fecundability among APOE-ε4 car-
riers, in a non-industrialised natural-fertility
population in Ecuador, Corbo et al. (2004b)
observed the highest fertility among women with
the ε4/ε3 genotype. Contrastingly, among contra-
ceptive populations in rural Italy and urban
Denmark, women with the ε3/ε3 genotype
exhibited the highest fertility (Corbo et al.,
2004a; Gerdes et al., 1996). It is possible that in
more nutritionally limited natural-fertility con-
texts cholesterol availability has a greater impact
on fertility (Jasienska et al., 2015).

ApoE and oestrogen may interact to influence
AD aetiology. Oestrogen has neurotrophic effects
that rely on the presence of either ApoE-ε3 or
ApoE-ε2, but with only ApoE-ε4 oestrogen does
not promote neuronal growth (Depypere et al.,
2016). Oestrogen has neuroprotective effects via
downregulation of microglial proinflammatory
activity, but this protection is weaker in the pres-
ence of ApoE-ε4 compared to ApoE-ε3 and ApoE-
ε2 (Brown et al., 2008). Also, oestrogen promotes
ApoE production in microglia, which, in turn,
participates in myelination and axon regeneration
after neuronal insult (Mor et al., 1999), but ApoE-
ε4 has a weaker effect in this neuronal healing
cascade (Depypere et al., 2016).

ApoE is involved in various physiological func-
tions, so the particular pathway by which it mod-
erates AD risk must be established. Evidence
against cholesterol metabolism being the primary
pathway comes from studies finding that, after
controlling for cholesterol level and blood pres-
sure, the ε4 allele remained an AD risk factor with
no alteration to effect size (Kivipelto et al., 2002;
Minihane et al., 2007). The evidence is stronger for
the ε4 allele exerting its impact on AD risk through
its role in inflammation. Consistent with this pos-
sibility, chronic, low-grade inflammation was a
risk factor for AD only among ε4 carriers (Tao
et al., 2018). Also, ε4 was associated with risk and
poor outcomes in other conditions involving neu-
roinflammation, such as HIV-associated dementia
(Corder et al., 1998; reviewed in Fox, 2018).

The evolutionary dynamics that account for
the emergence and spread of the ε3 and ε2 alleles
and the persistence of the ancestral ε4 allele are
debated. APOE-ε3 emerged approximately
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300,000 years ago and APOE-ε2 emerged approxi-
mately 200,000 years ago (Glass and Arnold,
2012). The ancestral ε4 allele has been associated
with a variety of pathological phenotypes, includ-
ing AD (Farrer et al., 1997), coronary heart dis-
ease (Song et al., 2004) and HIV disease
progression and mortality (Burt et al., 2008). On
the other hand, the ε4 allele has been associated
with protection against hepatitis C-associated
liver damage (Wozniak et al., 2002), cardiovascu-
lar stress (Ravaja et al., 1997), macular degener-
ation (Klaver et al., 1998), childhood diarrhoea
(Oria et al., 2005) and malaria (Wozniak et al.,
2004). Thus, while it is possible that the ε3 and ε2
alleles were under positive selection in certain
contexts, the ε4 allele offers other benefits that
may explain its persistence, potentially dependent
on regional variations in infection risks (Singh
et al., 2006).

Focusing on the relationship between ε4 and
AD risk, Sapolsky and Finch (2000) proposed that
the ε3 and ε2 alleles would have been under posi-
tive selection in humans to delay AD neuropatho-
genesis because of the importance of
grandmothering to women’s adaptive fitness.
A critical question is whether the ε4 allele pro-
motes AD pathogenesis in pre-modern human
contexts. If not, then theories that rely on its
relationship with AD across human history
should be rethought, although its relationship
with other pathologies would remain valid.

Several non- or semi-industrialised popula-
tions demonstrate a lack of association between
APOE genotypes and AD risk, even among some
for whom the ε4 allele is at a relatively high
frequency (Fox, 2018). No correlation between
APOE genotypes and AD risk was observed
among Ibadan Yoruba Nigerians, Nyeri
Kenyans, Tanzanians, Wadi Ara Arab Israelis
and Bantu and Nilotic African cohorts (Chen
et al., 2010; Farrer et al., 2003; Gureje et al.,
2005; Sayi et al., 1997). Contrastingly, the ε4 allele
is associated with AD risk among all Western
industrialised populations studied, including
Americans of various ethnicities, Europeans and

Australians (Farrer et al., 1997; Martins et al.,
1995; Sando et al., 2008).

17.7 Conclusion
Although there may be lower selection pressure
on later parts of the lifespan, phenotypes
expressed in post-reproductive human life stages
can still have meaningful consequences for inclu-
sive fitness. AD afflicts a large portion of indi-
viduals during the post-reproductive life phase
and involves symptoms that render them incap-
able of participating in the activities that would
benefit inclusive fitness. However, it is possible
that AD risk may be greater today in post-
industrial contexts than it would have been for
age-matched individuals in pre-modern contexts.
Evidence supporting this possibility comes from
the observation that many established AD risk
factors were most likely at lower frequencies or
absent for the majority of human history. Here,
I pay special attention to female RLH patterns
both because of epidemiological observations of
their links with AD risk and because these pat-
terns represent a major alteration to human
physiology across evolutionary history.
Pregnancy and breastfeeding could plausibly
exert lifelong physiological effects that are pro-
tective against AD risk, but more research is
needed to establish these patterns in ways that
adjust for each other as well as the psychosocial
correlates of pregnancy and breastfeeding. Other
underexplored areas are the ways in which men-
strual cycles and the oxidative stress caused by
reproductive effort may or may not contribute to
AD risk. The APOE-ε4 allele may only function
as an AD risk factor in the context of chronic,
low-grade inflammation, and in the absence of
such inflammation, this allele may have no rela-
tionship with AD risk. The persistence of this
ancestral allele may, therefore, be explained by
its benefits for fecundability and protection
against other diseases, thereby not requiring us
to devise evolutionary theories to justify its pro-
motion of AD.
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