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INTRODUCTION

his essay considers environmental and life-style factors in natu-

ral selection during the three hundred thousand generations

that separate us from a great ape ancestor. Humans have the
evolved greatest life expectancy (LE) among the primates (fig. 1). The
LE at birth of pre-industrial humans, ca. 30-40 years, is twice that of
the four extant great ape species (Finch 2007, 2010a; Finch and Austad
2011). The longer human LE is associated with slower postnatal matu-
ration and with lower mortality as adults than the great apes. While
these differences are clearly seated in genetics, recent environmental
improvements have further increased LE. Since 1800, during industrial-
ization and economic development, the LE doubled again, reaching
70-85 years in favored populations (Christensen et al. 2009). Not only
was survival at early ages enhanced, but the LE at age 70 has also more
than doubled (Finch and Crimmins 2005). The recent rapid increases in
lifespan within ten generations are consistent with environmental fac-
tors, rather than genetic selection. The limited heritability of human
lifespans, about 25% in identical twins (Herskind et al. 1996; Finch
and Tanzi 1997), also shows the importance of environmental and epi-
genetic factors in aging processes (Finch and Kirkwood 2000; Kirk-
wood and Finch 2002; Martin 2011). Infection and inflammation have
had recognized roles during the recent increases of LE, which I propose
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Figure 1. Evolution of the human life expectancy (LE) (Finch 2007 adapted
from fig. 6.1. Elsevier Press). The LE at birth of the shared great ape ancestor is
hypothesized to approximate that of chimpanzees, which are the closest species to
humans by DNA sequence data. The LE of chimpanzees at puberty is about
15 years, whereas pre-industrial humans had LE at puberty of about 30 years
(Kaplan et al. 2000). Since 1800 during industrialization, LE at birth (Oeppen and
Vaupel 2002), as well as at later ages (Finch and Crimmins 2005) has more than
doubled. LE estimates for ancestral Homo species are hypothesized to be inter-
mediate based on allometric relationships (Finch 2007, p. 375). Ages of adult
bones cannot be known accurately after age 30 even in present skeletons (Finch
2010b). The proportion of adults to juveniles does, however, suggest a shift toward
greater LE at birth (Caspari 2004; Trinkaus 2011). The few samples in any case
cannot give statistically reliable estimates at a population level. The number of
generations is estimated at 25 years for humans.

were also important in our evolutionary past. Last, I also consider how
global environmental deterioration and emerging climate changes could
increase global inflammatory exposure and potentially reverse recent
gains in LE.

MoRTALITY CURVE ANALYSIS

The huge recent increases in LE are concurrent with the improvements
in hygiene, nutrition, and medicine during the nineteenth and twentieth
centuries that reduced mortality from infections at all ages. A hypothe-
sis developed with Eileen Crimmins proposes that these reductions in
mortality were enabled by a reduced load of chronic inflammation and
infection. The load of infection and inflammation is represented by
mortality at early ages, which is dominated by infectious causes (Finch
and Crimmins 2004, 2005; Crimmins and Finch 2006a; Finch 2007).
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Inflammation is closely linked to most chronic diseases of aging, in-
cluding atherosclerosis and cancer (Finch 2007, 2010a,c; Franceschi
2007; Van Den Biggelaar et al. 2004). Consider two textbook exam-
ples: The twentieth-century scourge of tobacco smoking is well under-
stood as causing chronic inflammation with oxidative stress that accel-
erates vascular aging (carotid thickening) and causes DNA damage and
increased cancer. The common gut bacterium Helicobacter pylori, once
pandemic and now increasingly restricted, increases cancer risk in asso-
ciation with chronic inflammation and DNA damage.

The historical shifts in mortality are graphed as mortality rates by
historical cohort, which have a “J-shaped” curve (fig. 2A). Data may be
plotted by period, i.e., cross-sectionally, representing all ages present
for a given year. Alternatively, tracking a birth cohort across its lifespan
reveals additional features of lingering environmental effects. When
mortality rates are graphed by cohort, the curves show more distinct
trajectories than if plotted by period, with progressive displacement
downward across the lifespan during the last two hundred years. The
most complete demographic history is from the national data of Sweden
since 1750 (Finch and Crimmins 2004; Crimmins and Finch 2006a,b).

Four phases can be resolved in human mortality curves: Mortality
Phase 1, decreasing mortality from birth to puberty (0-9 years); Phase
2, basal mortality, which is the lowest during the lifespan (10-40 y);
Phase 3, exponentially accelerating mortality (40-80 y); Phase 4, asymp-
toting mortality (>80 y), which approaches a maximum of 0.5/y after
100. The acceleration of mortality in adults, during the long ascending
Phase 3, is described by the Gompertz exponential model:

m(x) = Aexp(Gx) Eq. 1

G is the Gompertz coefficient and A is the intercept (initial mortal-
ity rate), usually extrapolated to age O (Strehler and Mildvan 1960;
Hawkes et al. 2010) or to age at puberty (Finch et al. 1990). However,
age 40 is more appropriate for Gompertz modeling, as the age of onset
of mortality accelerations in most populations (Beltran-Sanchez et al.,
in press).

First I discuss the historical changes in Sweden and other European
countries from 1800 as cohort effects, which show direct links of early
age mortality to later age mortality (Crimmins and Finch 2006a,b).
Specifically, neonatal mortality, which is largely due to infections,
co-varies with the birth cohort mortality at age 70 in Sweden, as well
as in England, France, and Italy (fig. 3A). These correlations were much
weaker for period relationships of mortality of neonates to age 70
(Crimmins and Finch 2006a). Both women and men show these trends
(Crimmins and Finch 2006b). In net effect, we hypothesize that aging
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FIGURE 2. A. Swedish mortality rates from household census data, starting
before 1750 plotted on a semi-log scale; data from Human Mortality Database
(Finch and Crimmins 2004). Finch 2007 fig. 2.7. B. Annual mortality of feral chim-
panzee and select hunter-foragers (Kaplan et al. 2000). Note the higher back-
ground mortality of chimpanzees aged 10-20 (subadult and adult) than humans
living under pre-industrial conditions without modern medicine. The mortality
accelerations associated with senescence begin much earlier in chimpanzees than
in any human population.
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FIGURE 3. Swedish cohorts show links of early infection exposure to adult
height and later mortality rates. A. Mortality before age 10 up through 1950 is
largely due to infections. It is hypothesized that survivors of high early mortality
carried a load of infections and inflammatory burden that was proportional to
mortality in their birth cohort (Finch and Crimmins 2004; Crimmins and Finch
2006). The tight linkage between mortality at early and later age (70 years; q1 and
q70) is attributed to persistent inflammation and infections that, in specific exam-
ples, are known to promote atherosclerosis and other chronic diseases with an
inflammatory component (Finch 2007b). B. Adult height reflects growth during
childhood, which is known to be attenuated by childhood infections (Finch 2007,
pp- 267-69; Crimmins and Finch 2006).

has been slowed in proportion to the reduced exposure to infections in
early life. The high mortality rates of early cohorts may be described as
“cohort morbidity,” which we hypothesize is due to the load of infec-
tions and inflammation carried by survivors of early age mortality
(Finch and Crimmins 2004; Crimmins and Finch 2006a). Thus, early
damage from infections and chronic inflammation persists through-
out life even as the environment improves. Although infections are



14 CALEB E. FINCH

recognized as the main causes of death across the lifespan in the pre-
industrial world, cardiovascular conditions have been recorded as im-
portant causes of adult mortality in nineteenth-century Sweden (Pres-
ton et al. 1972; Preston 1976). Moreover, it is well recognized that the
combination of vascular disease with infections increases mortality risk,
as observed in recent influenza pandemics (Reyes et al. 2011).

Further analysis shows that the early age mortality (Phase 1) in
nine European cohorts 1800-1915 accounts for 80% of variance in
the intercept at age 40 (initial mortality rate at the onset of mortality
acceleration) and in the Gompertz acceleration constant (eq. 1) (Beltran-
Sanchez, Crimmins, Finch, in press). These historical trends apply to both
genders. In essence, women’s mortality curves are displaced slightly be-
low mens’ across mortality Phases 2 and 3 of adult life.

These findings extend our conclusions on cohort morbidity and later
mortality rates at age 70 (fig. 3A) to the Gompertz mortality model.
Significantly, the majority of the benefits of lower early mortality occur
because of lower mortality at age 40, when mortality accelerates. These
findings also extend the inverse relationships between In A and G
(Strehler and Mildvan 1960), which were derived from 1950 cross-
sectional WHO data. Although Yashin et al. (2002) found that the
Strehler-Mildvan relationships were “unstable” for Swedish cohorts, we
found them valid for a larger data set for the nine European countries.

It may seem paradoxical that healthy modern populations with
ever-lengthening LE nonetheless show faster mortality acceleration
rates during aging. The major cause of increased LE remains the >90%
reduction of background mortality (Phases 1 and 2). The LE would
have been even greater if mortality rates had also not accelerated by ca.
50% since 1800. The exact cost to LE of faster mortality acceleration is
not yet calculated. The faster mortality accelerations also contribute to
the narrowing distribution of ages at death, with shifts in modal age at
death (most frequent age class) to later ages. The narrowing distribu-
tion is also represented by the decreasing coefficient of variation of
the modal age at death in cross-sectional data (Canudas-Romo 2008;
Engelman et al. 2010) and is a basis for the “compression of morbid-
ity” at later ages (Fries 1980; Kannisto 2001; Canudas-Romo 2008).

TwENTIETH-CENTURY EXAMPLES

These historical associations are strongly supported by recent exam-
ples, which strongly demonstrate influences of the early life environ-
ment on adult health. Studies begun in the 1980s by David Barker and
colleagues defined the importance of maternal malnutrition and low
birth weight to adult risks for diabetes, obesity, and vascular disease



EVOLUTION OF THE HUMAN LIFESPAN 15

(Barker and Osmund 1986; Barker et al. 1989; Barker et al. 1993;
Barker 2007). Prenatal and postnatal developmental influences on adult
chronic metabolic and vascular disorders now represent a major field
(Godfrey et al. 2010; Case and Paxson 2010; Symonds et al. 2009).
Nutrition also has had a major role in the improvements of LE, because
greater year-around access to fresh fruit and vegetables has improved
resistance to infections. Fogel and Costa (1997) described the complex
of nutritional, medical, and hygienic improvements of the nineteenth
and twentieth centuries as a “technophysio revolution,” which is fur-
ther documented in an important new monograph, The Changing Body:
Health, Nutrition, and Human Development in the Western World
since 1700 (Floud, Fogel, Harris, and Hong 2011). Subsequent ad-
vances in the understanding of atherosclerosis, cancer, and obesity have
made it clear that the reduction of chronic infections and inflammation
during the last 150 years is directly linked to improved LE, because all
of the chronic diseases of aging have inflammatory components (Finch
2007, 2010a,¢).

Besides maternal metabolism, infections in well-nourished popula-
tions also have lasting imprint, as illustrated by the 1918 influenza pan-
demic. The peak mortality occurred in the fall of 1918 and faded to-
ward seasonal norms by early 1919. In national data across the U.S.,
the cohort born in the first 3 months of 1919 had deficits of education
(Almond 2005; Almond and Mazumder 2006). Furthermore, the men
of the 1919 cohort were slightly shorter at enlistment in World War II,
as found in collaboration with these authors (Mazumder et al. 2010)
(fig. 4A). These developmental effects are concurrent with population ex-
posure to influenza during middle or late pregnancy. Sixty years later, the
1919 birth cohort incurred 25% excess of heart disease, with the stron-
gest effects on those born in the first three months of 1919 (fig. 4B).
Our analysis controlled for seasonal effects on heart disease (Doblham-
mer and Vaupel 2001). However, we could not evaluate effects of birth-
weight or maternal health histories, for which data are lacking. The ex-
ceptional virulence of the HINT1 virus is attributed to severe pneumonias
from secondary bacterial infections to which pregnant women were es-
pecially vulnerable (Morens et al. 2008; Brundage and Shanks 2008).
The general health and nutritional status of the U.S. at that time is con-
sidered good, and most recovered from the flu. However, pregnant
women were noted to have had more serious illnesses. Indirect effects
of stress during pregnancy are the most likely cause, because the HIN1
virus does not directly reach the fetus (Shi et al. 2005). In mouse mod-
els, sterile immune activations with poly d(IC) cause alterations of
brain development similar to those caused by HIN1 (Shi et al. 2009).
Other rodent models causing transient increases of corticosteroids and
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slightly impaired growth and 25% excess heart dis-

ease after age 60. A. The 1919 U.S. birth cohort was slightly shorter at enlistment
of men in World War II. B. This birth cohort also had excess heart disease after age
60. The heart disease associations are strongest in births January—March of 1919,
who were exposed to maternal influenza during the second and third trimesters of
gestation. Data are adjusted for seasonal effects. No data are available on individ-
ual maternal infections or birthweight (Mazumder et al. 2010 JDOHaD).
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IL-6 during pregnancy show transplacental effects on kidney and hypo-
thalamic functions that predispose to adult hypertension and cardio-
vascular dysfunctions (Samuelson et al. 2004; Ortiz et al. 2003).

Other examples from the pre-antibiotic era show associations of
adult heart disease with early exposure to infections. Childhood rheu-
matic fever is another classic association of infections with heart dis-
ease, in which streptococcus A infections caused endocarditis and valve
mitral damage; most died before age 15 from the heart damage, but a
few survived to age 40 (Finch 2007, p. 115). In Norwegian adults aged
40-69, mortality from ischemic heart disease was proportionate to the
levels of infant mortality in these birth cohorts, 1869-1925 (Forsdahl
et al. 1977). Barker’s analysis of births in England and Wales 1921-25
also showed strong correlations with infant mortality, infections, and
later life morbidity (Finch 2007, pp. 241-43). For example, death from
ischemic heart disease at ages 35-74 correlated strongly with neonatal
mortality (7, 0.68), infections being the majority cause (Barker and Os-
mond 1986). I suggest broadening the concept of “developmental ori-
gins” to include three groups of factors: nutritional deficits, chronic
stress from socio-economic factors, and direct and indirect damage
from infections (fig. 5).

Adult chronic infections can also accelerate vascular disease. A ma-
jor contemporary example is HIV/AIDS, in which successful antiretro-
viral therapy (HAART) has increased life expectancy. However, survi-
vors are incurring higher levels of coronary disease and stroke relative
to the non-infected age group (Rockstroh et al. 2010; Voelker 2011)
and non-AIDS-defining cancers (Shiels et al. 2011). These links between
infections and vascular disease suggest that the highly infectious envi-
ronment before 1900 would also have promoted vascular disease.

Modern populations present severe obstacles to studying asso-
ciations of inflammation and cardiovascular disease, because many
modern medications interact with inflammatory system pathways, e.g.,

environmental
inflammagens inflammation/
\oxidative stress;

- . atherosclerosis,
infections —————— cancer, immuno-
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\ obesity / A
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aspirin and statins. However, there are important opportunities to study
these processes in a few remaining non-acculturated hunter-gatherers
who in the later twentieth century had low life expectancies and lim-
ited access to modern medications (Gurven and Kaplan 2007). Crim-
mins and I are collaborating with anthropologists Michael Gurven and
Hilliard Kaplan, who study the Tsimane. This hunter-forager-farmer
group from the Bolivian Amazon (population ca. 7,000) has had short
lifespans with LE at birth of 42 years, which approximates eighteenth-
century Sweden and other pre-industrial European populations. Early
mortality is high in association with rampant infections: 60% carry at
least one parasite (Vasunilashorn et al. 2010). Blood C-reactive protein
(CRP) levels (fig. 6A) and the total white blood cell counts (fig. 6B) are
high at all ages, e.g., 25% had CRP >10 mg/dl, consistent with acute
or chronic infections (Gurven et al. 2008). The most prevalent Tsimane
alleles for CRP and IL-6 are considered pro-inflammatory in European
populations, which may contribute to the elevated CRP and other in-
flammatory markers (Vasunilashorn et al. 2011).

Given the many associations of inflammation with vascular disease,
we anticipated its high prevalence. However, in sizable population sam-
ples of adults, blood cholesterol (total-C; fig. 6D) and blood pressure
(fig. 6E) were below U.S. norms (Vasunilashorn et al. 2010), e.g., only
3% over 40 y had elevated blood pressure, and none had indications of
peripheral arterial disease by the ankle-brachial index (ABI) (Gurven et
al. 2009). The low body mass index (average BMI of ca. 23; fig. 6C) is
below U.S. norms for the corresponding ages, consistent with the Tsimane
meager average daily diet with low levels of saturated fat (Reyes-Garcia
et al. 2008). Ongoing studies of heart function indicate a low incidence
of ischemic artery disease, also consistent with the low levels of blood
cholesterol and blood pressure. The Tsimane are undergoing rapid ac-
culturation, which brings access to modern medicine through Bolivian
government clinics, but also access to diets richer in unsaturated fats.
The Tsimane are giving a unique and fleeting opportunity to study rela-
tionships of infection, inflammation, and diet to cardiovascular disease
and other aspects of aging in modern industrial populations.

The paleopathology in some ancient civilizations is being approached
in a limited way through the study of mummies. Ancient Egyptians in-
curred advanced atherosclerosis, as shown in a radiological study of
mummies of the noble classes from the Old and New Kingdoms (Allam
et al. 2011; Finch 2011). About half (20/44) the adult mummies had
calcification of coronary and other arteries (average estimated age 45),
and these were about 10 years older than mummies without detectable
calcification. The ages of these or other ancient skeletal remains can-
not be known much closer than within a decade, based on the intrinsic
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uncertainties of bone age markers (Finch 2010b). These findings extend
the pioneering studies of mummies by Marc Ruffer of a century ago. He
described macroscopically visible atherosclerotic plaques in 16/24 adult
mummies (Ruffer 1911; Magee 1998). Although there are no ancient
records of the daily diet, the noble class had access to foods rich in sat-
urated fats (fattened fowl and cattle), as depicted on tomb paintings
(David et al. 2010). Several statues of noblemen portray obesity—that
of Hemiunu from the Old Kingdom shows conspicuous pectoral fat
(Roemer- und Pelizaeus-Museum). We do know that ancient Egyptian
nobles, like the Tsimane, carried tuberculosis and other pathogenic bac-
teria (Donoghue et al. 2010; Zink et al. 2000), and tapeworms (Taenia)
and other parasitic worms (Bruschi et al. 2006; David 1979; Le Bailly
et al. 2010). The arterial calcification in Egyptian mummies is anticipated
by the early Bronze Age “Tyrolean iceman,” who died at about 45 years
and had remained frozen since ca. 3300 BCE. Utze, as he is called,
shows arterial calcification in both carotids (Murphy et al. 2003).

While there is no doubt that infections were the major cause of
death in ancient times as in recent pre-industrial populations, the com-
bination of vascular disease with infections nonetheless increases mor-
tality risk, as noted above (Reyes et al. 2011). In anticipating further
data on mummies, several caveats must be kept in mind: it is difficult to
estimate the bone age of adults, and the extremely limited number of
specimens cannot be considered as a representative sample of these an-
cient populations (Finch 2010b, p. 366). Nor do we know the typical
diet and level of physical activity. Further work may yield more data on
age and vascular risk factors in these and other ancient populations.
However, given the haphazard survival of specimens, it seems unlikely
that the few samples available from the tens to hundreds of thousands
in these populations of each dynastic period will ever meet current
standards for epidemiological studies. The findings of advanced athero-
sclerosis in ancient mummies must be regarded as case studies, rather
than meaningful population samples.

DIET, INFECTIONS, AND INFLAMMATION IN HUMAN EVOLUTION

To consider our evolutionary past in terms of inflammation and diet, I
suggest a new framework to explain how humans evolved uniquely
long LE among the primates. While hard evidence is currently lacking, I
proceed in the spirit of natural philosophy to propose a new set of
questions, some of which may lead to testable hypotheses.

While our larger brains and longer postnatal maturation have re-
ceived most attention in evolutionary studies, the mortality patterns
after puberty in humans also differ strikingly from those of the great
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apes in the much lower values and in the delayed acceleration during
adult aging (Hill et al. 2001; Finch 2010a) (fig. 2B). The lower mortal-
ity of human juveniles and young adults under pre-industrial condi-
tions as compared with that of feral chimpanzees suggests our greater
resistance to infections. I propose that several environmental and for-
aging factors were important in the genetic basis for evolving lower
basal mortality through their interactions with chronic inflammation:
dietary fat and caloric content; infections from pathogens ingested from
carrion, from exposure to excreta, and non-infectious inflammagens
such as those in aerosols and in cooked foods. I suggest that humans
have had far greater exposure to these inflammatory factors than great
apes. These pro-inflammatory factors would be expected to increase
mortality and shorten life expectancy, yet humans evolved lower mor-
tality and longer lifespans even in highly inflammatory environments.
The great ape LE is about 15 years, and the lifespan rarely exceeds
50 years, whether in natural habitats or in captivity with improved
diet, veterinary care, and absence of predators (Goodall 1986; Hill
et al. 2001; Finch 2010a; Gurven and Kaplan 2007; Finch and Austad
2011). Under conditions of natural mortality, in which infections are
the dominant proximal cause of death, chimpanzees and humans show
similar levels of neonatal mortality, 10%-35% (fig. 2B). However, there
are two striking differences in mortality patterns. The first emerges at
about puberty, when mortality rates tend to be lowest: chimpanzees
show about twofold higher baseline mortality as juveniles and young
adults than pre-industrial human populations including eighteenth-
century Sweden and twentieth-century hunter-foragers (Finch 2010a),
based on data in Hill et al. (2001), Gurven and Kaplan (2007), and
Hawkes et al. (2009). Subsequently, acceleration of mortality rates oc-
curs 10-20 years earlier in chimpanzees than in human populations.
Under conditions of natural mortality, infections are the main cause of
death in chimpanzees and hunter-foragers (reviewed in Finch 2010a,
p. 1720). Curiously, chimpanzees under modern husbandry have low
incidence of major modern human diseases of aging such as cancer and
ischemic vascular disease, and lack altogether Alzheimer-like neuro-
degeneration (Austad and Finch 2011; Finch 2010a; Varki et al. 2011).
Human diets have undergone huge changes. Our preferred diets
with 20%-40% fat by dry weight far exceed the natural fat intake of
great apes, by an estimated tenfold (Finch and Stanford 2004; Stan-
ford and Bunn 2001). High fat intake is proinflammatory in many
settings. While most of the fruits and leaves eaten have negligible cho-
lesterol and are low in unsaturated fatty acids, some oily nuts are con-
sumed, e.g., Panda nut. Additionally, chimps and other great apes, par-
ticularly female chimpanzees, avidly forage insect larvae. Hunting of
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small mammals and considerable meat consumption are observed in
some chimpanzee communities, but are rare in neighboring communi-
ties, as well as in other great apes. Thus, it is a working hypothesis that
the last shared ancestor had a low-fat diet like that of the present great
apes. Dentition would be informative about the diet, but the earliest
chimpanzee fossil teeth in the Rift Valley date from only 500,000 YBP
(McBrearty and Jablonski 2005).

Besides fat and cholesterol, mammalian prey tissues contain many
infectious pathogens. For example, red colobus monkeys, a favorite
prey-food of some chimpanzee communities, carry the Ebola virus,
which has infected chimpanzee populations in proportion to their con-
sumption (Formenty et al. 1999). Carrion scavenging would have ex-
posed ancestral humans to numerous other infectious pathogens (Finch
and Stanford 2004). The tapeworm Taenia evolved infectious cycles with
human-specific hosts during the past 1.7 million years (Hoberg 2006).
This date is consistent with evidence for scavenging by early humans
from bone cuts about 2 MYA (Plummer 2004). Chimpanzees also oc-
casionally scavenge carcasses (Muller et al. 1995; Watts 2008). Orga-
nized hunting of large animals is not documented until much later, ca.
400,000 YBP, with handax flaking at Boxgrove (Iovita and McPherron
2011; Roberts and Parfitt 1999) and shafted wooden spears and butch-
ered remains of large mammals at Schoeningen (Thieme 1997).

Dust and pollen inhalation is another possible source of chronic in-
flammation, which has been neglected in discussions of paleopathol-
ogy. The hazards of dust inhalation are shown in twenty-first-century
Spain, where seasonal intrusions of 2.5 micron Sahara dust particles
are associated with surges of mortality among the elderly (Jiménez et
al. 2010; Maté et al. 2010). Dust particles rapidly penetrate lung alve-
oli, causing local inflammation and adversely impacting lung, heart,
and circulation. Moreover, allergenic pollen from grasses and trees can
cause respiratory distress during aerobic exercise (Hellenius et al. 2005).
Ample geologic evidence shows surges of pollen and aerosols during
human evolution through climate-driven shifts in vegetation and through
volcanic activity.? Within the last 3 MY, East Africa has undergone
major aridification, with shifts in vegetation from closed canopy forest
to open grass- and shrub-land savannahs (Cerling et al. 2011; Feakins
et al. 2005; Bonnefille 2010). Unlike tropical trees, grasses are major
sources of pollen (Dupont and Wyputta 2003). Thus, increased pollen
exposure may have been encountered as grasslands expanded. Arid areas
are also major dust sources (Prospero et al. 2002). The aridification of

2The geologic basis for this section was developed in discussion with Sarah Feakins
(USC).
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the East African hominin sites is amply documented by an increase in
wind-blown dust reaching marine sediments (deMenocal 1995) and by
the carbon isotope ratios in paleosols that distinguish woodland and
grassland (Cerling et al. 2011). These changes in foliage varied in com-
plex and regionally diverse ways during early human evolution, which
is increasingly recognized to have involved southern Africa as well as
the upper Rift Valley (Levin et al. 2011). After 3 MYA in the Rift Valley
and elsewhere in Africa (Wood and Lonergan 2008; White et al. 2009),
hominins would have been exposed to seasonal surges in airborne dust
and pollen. Fossil bovids and rodents show shifts to arid-adapted spe-
cies after 2.7 MYA (Vrba 1995; Bobe and Behrensmeyer 2004). The in-
crease of bovids ca. 1.7 MYA precedes the bifacial hand axes (Acheu-
lian tools, ca 1.4 MYA).

Volcanic aerosols also merit consideration. Major surges of explo-
sive volcanic activity at 4, 2.5, and 1.5 MYA in the Rift Valley are well
documented from marine sediments (Feakins et al. 2007) in amounts
that imply high density aerosols (S. Feakins, pers. comm.) in regions
inhabited by early hominins (Feibel and Brown 1989; Feibel 1999).
Volcanic aerosols can cause extensive mortality from inhalation of
particulate matter and sulfur dioxide, as in the Laki eruption of 1783—
84, which caused 10%-20% excess mortality in Iceland and England
(Schmidt et al. 2011).

The clinical observations on pollen and dust inhalation discussed
above are relevant to the evolution of human running and fast-walking
as part of our bipedalism: ergonomic analysis of fossils suggests that
the skeletal capacity for long-stride endurance running may be unique
to the genus Homo: no great ape or other primate has the capacity for
endurance running or walking (Bramble and Lieberman 2004; Car-
rier 1984; Pontzer et al. 2010; Ruxton and Wilkinson 2011). As dis-
cussed in these references, the evolution of long-distance running has
been considered as adaptive for scavenging and hunting. Besides nu-
merous anatomical changes to support long-stride walking and run-
ning (musculo-skeletal, sweat glands, hair), I suggest that the immune
system evolved to cope with the increased inhalation of dust, pollen,
and volcanic ash. These concepts could be developed further with esti-
mations of the aerosol load from geologic data. This discussion may
also be considered in relation to Raymond Dart’s (1925) proposal that
human evolution of bipedalism and hunting was shaped by the savan-
nah. Although the “savannah hypothesis™ is being challenged (White et
al. 2009), evidence is consistent for the progressive expansion of open
environments with arid grasslands during the last 3 million years (Cer-
ling et al. 2011).

Smoke from domestic fire contributed additional inflammagens.
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Controlled use of fire is documented by about 0.5 MYA in H. erectus, a
predecessor of H. sapiens and H. Neanderthalensis (Roebroeks and
Villa 2011). The regular use of fire continued in both lineages. Wrang-
ham and Conklin-Brittain (2003) proposed that cooking increased the
nutritional yield of meat as well as tubers. Moreover, cooking would
also benefit energy and immune resources by killing off parasites such
as worms that consume host nutrients and impair childhood growth
(Finch 2007). However, there is no evidence for cooking until much
later, about 20,000 YBP, at the Ohalo II site near the Sea of Galilee,
where wild grains were stone-ground and charred grains were associ-
ated with hearths (Piperno et al. 2004). Even earlier, 30,000 YBP, starch
grains have been found on human-made grinding platforms in Europe,
but were not associated with fire (Revedin et al. 2010).

Domestic fire has many advantages for cooking, heating, and tool
making. Moreover, domestic smoke from smoldering twigs, grass, or
dung is traditionally used to suppress insects in dwellings throughout
the world (Ziba et al. 1994; Biran et al. 2007). However, chronic smoke
inhalation from biomass fuel smoke (indoor air pollution) causes pul-
monary and vascular damage (hut lung syndrome) (Fullerton et al.
2008; Bruce et al. 2000). I suggest indoor smoke inhalation is an an-
cient human environmental exposure. In the large Neolithic town of
Catalhoytik on the southern Anatolian plateau (9500-8000 YBP), hu-
man burials showed sooty particles on the inner surfaces of ribs, evi-
dently particles trapped by lung tissues that had dried against the ribs
(Finch 2007, p. 400; Andrews et al. 2005). The expanding use of do-
mestic fire since 400,000 YPB (Roebroeks and Villa 2011) implies in-
creased exposure to indoor smoke, especially in the colder temperate
zones where warmth was critical. Besides carbon particles, endotoxins
are found in wood smoke, as well as in smoke from dung, which is
widely used as a fuel outside of the developed world. Levels of endo-
toxin during cooking over biomass fires can reach a thousandfold above
the typical background in suburban North American households (Sem-
ple et al. 2010). Thus, the progressive use of fire after 400,000 YBP in-
troduced a new level of exposure to environmental inflammagens.

Moreover, cooking itself produces inflammagens: browning and
charring during cooking cause glyco-oxidation through non-enzymatic
chemistry. These complex Amadori-Maillard products are also produced
at slow levels throughout life from glucose in our tissue, where they are
known as advanced glycation end products (AGEs) of great significance
to aging because AGEs cross-link collagen and other long-lived proteins
(Monnier et al. 1984). In rodent models and human dietary crossover
studies, dietary AGEs are proinflammatory, proatherogenic, and pro-
thrombotic, and stress or damage kidney and pancreatic beta-cells
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(Uribarri et al. 2010; Striker et al. 2009). Thus, while cooked foods
have fewer living pathogens, the cooking process introduced new in-
flammagens not experienced by primate ancestors (Finch 2010a). On
the other hand, cooking increases the digestibility of plant foods, as
well as inactivating heat-sensitive toxins in tubers. De Bry (1994) sug-
gested that early humans used browning (Amadori-Maillard products)
to assure sufficient cooking.

Exposure to excreta is another fundamental environmental differ-
ence between modern H. sapiens and the great apes. In their largely
woodland habitats, the great apes have minimal exposure to excreta.
Chimpanzees and other great apes make individual night nests, typi-
cally left behind each morning after voiding (Goodall 1986, p. 208;
Llorente Cafo 2004). In Kibale, Uganda, traces of urine and feces were
found in < 20% of the chimpanzees’ arboreal night nests (on the pe-
riphery of the nest) that were inspected by climbing (Llorente Cafio
2004). However, exposure of the apes to these traces may be limited by
the irregular reuse of nests (14% consecutive night nest reuse, ca. 1 in
7 nights). The low frequency of nest reuse in chimpanzees is associated
with relocation for foraging needs and social behavior (Hernandez-
Aguilar et al. 2009), which I suggest would have an incidental, second-
ary benefit to hygiene. Anecdotal observations suggest that adult chim-
panzees fastidiously avoid contact with excreta (Goodall ibid.), as do
orangutans (Carel van Schaik, pers. comm.). However, these hygienic
behaviors do not prevent infections altogether, and diarrhea is said to
be “common” in wild chimpanzees (Goodall 1986, pp. 93-96). The
protozoan Cryptosporidium, which causes transient diarrhea, is trans-
mitted by a fecal-oral route (Gonzalez-Moreno et al., in press). Quanti-
tative data are needed to evaluate the relative daily exposure to excreta
in the great apes vs. pre-industrial forager-hunters. Anthropologists I’'ve
asked agree from their field studies of traditional hunter-gatherer-
forager-farmers that daily exposure to feces is extensive and unavoid-
able in the villages or semi-permanent settlements. All ages frequently
incur diarrhea, and water is usually contaminated by bacteria and para-
sites. Exposure must be even greater in permanent villages and towns,
where raw sewage ran through the streets until recently throughout the
world. Sadly for science (on many accounts), the dwindling natural
habitat of feral apes may preclude meaningful data on fecal contamina-
tion of their drinking water sources.

Another factor in the exposure to excreta is that humans have a
higher density of young in their groups because of shorter intervals be-
tween births. Under natural fertility, humans are typically weaned by
2-3 years vs. the great apes’ weaning at 5 years or longer, at ages when
the first adult molars are emerging (Finch 2007, p. 382; Bogin 1999;
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Hrdy 2010; Robson and Wood 2008). The earlier weaning of humans
might also reduce maternal protection from infections. Moreover,
transmission of worms also increases in children after weaning (Drake
and Bundy 2001). The higher density of young in humans as compared
with that in the chimpanzee family groups would further increase the
community load of infections. Recognizing gaps in data, we may still
reasonably consider that the common great ape had a much lower ex-
posure to excreta than most human populations before the twentieth
century.

While prehistoric hygiene is undocumented, there are archeological
indications for a progressive separation of garbage from living and
cooking space in pre-Neolithic Natufian settlements (Jordan Valley,
13,000 YBP) (Finch 2007, p. 399). In the Neolithic proper, the town of
Catalhoyuk (see above) had clean and dirty areas in its hundreds of
apartments (Hodder 2005, 2006; Finlayson et al. 2011). Fecal bile acid
residues also show separation of human and animal excreta (Bull et al.
2005). This archeological site is not far from sites of cereal domestica-
tion ca. 11,000 YBP.

Glutens, an important current intestinal inflammagen, also entered
the human scene by the growing consumption of cereals during the
Neolithic (and possibly long before domestication). While gluten pep-
tides are valuable for giving dough its elasticity, these peptides resist
digestion by gut enzymes because of their high content of proline and
hydrophobic amino acids. A substantial fraction of modern adults in-
cur chronic intestinal inflammation from T-cell reactions to gluten,
which reaches clinical grade in celiac disease. Gluten and other cereal
proteins are thus another dietary source of inflammagens novel to hu-
man evolution, and may have been encountered before the Neolithic,
from evidence of residues in grinding stones (see above). Countering
the dietary inflammagens from cooking (AGEs) and glutens, human di-
ets introduced some anti-inflammatory factors (Accomando et al. 2010;
Calder et al. 2009; Finch 2007): the scattered literature includes salicy-
lates (some fruit skins, willow bark), polyphenols (curcumin), and
omega-3 polyunsaturated fatty acids.

Human body size changes give further clues about the growing load
of infection and inflammation. From skeletal data representing 60,000 to
10,000 YBP, adult size shrank progressively by about 3 kg/10,000 years
(fig. 7, based on Rulff et al. 1997). I hypothesize that this reduction in-
dicates growth limitations from an increasing load of infections and
nutritional limitations. Among the many caveats are growth impair-
ments from climate and genotype (Auerbach and Ruff 2010). During
the past 200 years, the reverse happened in developing nations: as the
load of infections diminished, adult height grew (fig. 3A), while transient
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Ficure 7. Adult body size since 60,000 years. Adult body mass decreased pro-
gressively during the past 60,000 years up to the onset of the Neolithic. I hypothe-
size that this decrease is associated with increased load of infections and inflam-
mation associated with increasing population density. Based on skeletal data
(regraphed from Ruff 1997; adapted from Finch 2007 fig. 6.7, p. 399, Elsevier).

infections such as influenza could blunt growth across a birth cohort
(fig. 4B).

To stimulate further discussion of these complex changes, I propose
seven ecological stages in human evolution, distinguished by inflamma-
tory exposure during human evolution (table 1). This framework extends
forward into the twenty-first century to include current trends for obe-
sity, population growth, and global climate deterioration (Stage 7).

INCREASING OZONE AND AIR POLLUTION; WATER SHORTAGES

The human genome was under intense natural selection until mortal-
ity from infections became negligible after 1950. The importance of
infection-related mortality is shown in the overrepresentation of genes
for host defense among those with signals of positive selection; brain
and diet are also overrepresented (Wagner 2007). I briefly discuss the
apoE gene, which illustrates the multiple interactions of diet, inflam-
mation, and infection with many trade-offs and pleiotropies during hu-
man evolution.

Apolipoprotein E (apoE) is a major transporter of cholesterol and
lipids with multiple roles in systemic lipid metabolism, as well as in
brain and immunity. The apoE protein also binds growth factors and
other peptides, including the amyloid B-peptide (AB) of Alzheimer dis-
ease (Mahley and Ralls 2000; Finch 2007; Kuhlmann et al. 2010).
Human populations have two major alleles, ApoE3 and ApoE4; ApoE3
is the most prevalent in all populations; apoE4 varies widely, over a
range of <5% to nearly 50% (Corbo and Scacchi 1999; Singh et al.
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TaBLE 1. Ecological Stages with Increasing Dietary Fat and Exposure to
Infections and Inflammagens
Infection/
Ecology/ Inflammmagen
Stage Group Size Diet Exposure
1: 4-6 MYA: Forest-savannah*/  Low intake of Low exposure to
ancestral ape small groups saturated fats excreta
2:4-0.5 MYA: Forest—savannah/ Increasing exposure
hominins/ small groups to infections from

early Homo

excreta & carrion;
increased exposure
to pollen and dust

3: 500,000— Varied-temperate  Increased meat Domestic fire &
15,000 YBP: zone/larger consumption smoke
H. ergaster to groups
H. Sapiens
pre-Neolithic
4:12,000- Permanent Cereal and milk from  Intense exposure to
150 YBP: settlements/ domestic crops and human and
H. sapiens, larger groups animals domestic animal
Neolithic excreta and
parasites
5:1800-1950: 90% permanent Improving nutrition Improving sanitation

Industrial age homes, high year around and hygiene
density
6: 1950-2010 Increasing Increasing fat and Public health-
urbanization sugar consumption; hygiene; reduced

7: 21st century

90% urban; very
high density

decreasing physical
activity; increasing
obesity

infections and
parasites;
vaccination/
antibiotics, statins

Increasing ozone and
air pollution;
water shortages

* As discussed above, open environments increased throughout hominin sites with regional variations in eastern
and southern Africa. The habitat of the shared ancestor could have resembled any of the present habitats of
chimpanzees and other great apes, from rainforest to dry forest and savannah. Because early Homo fossils are
found in the same region and strata of the Rift Valley of 0.5 MYA, McBrearty and Jablonski (2005) suggest
that ancestral chimpanzees and humans could have had a prolonged coexistence.

2006). ApoE4 carriers have slightly higher blood total cholesterol and
slightly enhanced inflammatory responses (Mahley and Rall 2006; Finch
2007). ApoE allele effects are being studied in transgenic mice with tar-
geted replacement of the human alleles. When fed high-fat “Western”
diets, ApoE4 mice develop glucose intolerance with marked adiposity
(Arbones-Mainar et al. 2008). This finding supports Corbo and Scacchi’s
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(1999) hypothesis that apoE4 is a “thrifty gene” favoring advantageous
fat accumulation during times of uncertain nutrition. However, human
obesity has not shown consistent apoE allele association.

ApoE4 is also associated with enhanced inflammatory responses
(Lynch et al. 2003; Vitek et al. 2009; Zhu et al. 2012), which might be
advantageous in the highly infectious environments that prevailed until
very recently. Pilot studies of children in Brazilian slums where intesti-
nal disorders are common show protective effects of ApoE4 on cogni-
tive development (Mitter et al. 2012). In hepatitis virus C (HCV) infec-
tions several small clinical samples of E4 carriers have shown less
fibrotic liver damage (Kuhlmann et al. 2010; Wozniak et al. 2002).
Thus far, the risk of HCV infection has not been consistently associated
with any allele (Kuhlmann et al. 2010).

ApoE alleles also influence diverse chronic non-infectious degen-
erative diseases and lifespan. In many populations, ApoE4 carriers
have modestly increased risk of coronary disease (Bennet et al. 2007;
Stengard et al. 1998). Risks of Alzheimer disease are even higher, up to
tenfold for E4/E4 homozygotes in some populations (Bonomini et al.
2010). ApoE4 carriers have earlier onset and faster progression during
clinical phases, as well as poorer recovery from traumatic brain injury
and brain hemorrhage (Verghese et al. 2011; Zhou et al. 2008). Brain
development is also influenced by ApoE alleles. By MRI imaging, the
entorhinal cortex was thinner in apoE4 than -E3 adolescents (Shaw et
al. 2007), while transgenic apoE3 mice had greater dendritic complex-
ity and spatial memory, and slower losses during aging than apoE4
mice (Klein et al. 2010; Wang et al. 2005). These regional brain volume
differences persist in healthy individuals into the fifties and sixties,
when they may be important as neuronal reserves protective against
Alzheimer disease and other neurodegenerative changes (Burggrenn
et al. 2008; Donix et al. 2010). Not surprisingly, life expectancy is
shorter in E4 carriers. In the Framingham Heart Study, E4/E4 carriers’
life expectancy was 6.4 years shorter than that of non-E4 carriers (Kul-
minski et al. 2011). Risks of aging without heart disease varied corre-
spondingly. However, a trade-off was found: while E3/E4 carriers have
earlier onset cardiovascular disease, those surviving to 65 have a lower
risk of cancer. This tradeoff joins other pleiotropies of apoE alleles.

Robert Sapolsky, Craig Stanford, and I have argued that apoE al-
leles were mediators of longer lifespans, which evolved despite the
increase of fat and exposure to inflammation, which would tend to in-
crease mortality (Finch and Sapolsky 1999; Finch and Stanford 2004).
ApoE4, the minor allele in all human populations, is considered ances-
tral in the genus Homo (Fullerton et al. 2000). The uniquely human
apoE3 spread about 0.226 MYA (range 0.18-0.58 MYA). The upper
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TaBLE 2. Species Comparisons of Apolipoprotein E Protein Polymorphisms

Residue number in the

mature apoE peptide 61 112 158
Chimpanzee Threonine Arginine Arginine
Human apoE4 Arginine Arginine Arginine
Human apoE3 Arginine Cysteine Arginine

The chimpanzee apoE protein may function more like human apoE3 in its lipid binding and receptor interac-
tions than apoE4 due to a key amino acid difference at residue 61, a hydrophilic threonine, which is predicted
to alter folding of the peptide chains (Finch and Stanford 2004; Finch 2010a). The mouse also has this threo-
nine, whose functional importance to lipid binding was proven by site-directed mutagenesis (Raffai et al.
2001). Other differences between human and chimp apoE could alter the many functions of apoE, e.g., of the
8 residues that show evidence of positive selection, 4 are in the lipid binding region of the C-terminus (Vamathe-
van et al. 2008).

limit of this date range precedes the emigration of H. sapiens from Af-
rica, while the lower limit overlaps with increased organized hunting of
large animals and use of fire during Ecological Stage 3.

The chimpanzee apoE differs from the human in two critical amino
acids that are predicted to render its function more apoE3-like (table 2)
(Finch and Stanford 2004; Finch 2010a). Though the chimpanzee apoE
resembles human apoE4 at 2 amino acid positions, it is predicted to
function like the human apoE3 isoform because a further coding differ-
ence at residue 61 alters peptide conformation with effects on lipid
binding and receptor affinity that resemble apoE3. Raffai et al. (2001)
engineered a transgenic mouse with site-directed mutagenesis of T61R,
which produced the predicted apoE3-like lipid binding and functions.
These apoE3-like functions could underlie the low levels of Alzheimer’s
and ischemic heart disease in captive chimpanzees discussed above. The
initial step in the evolution of human apoE is predicted to have been re-
placement of T61R, which should convert to apoE4-like functions.
Again, based on transgenic mouse models carrying human apoE alleles
described above, the proto-human apoE4 genotype would have had
heightened inflammatory responses and more efficient fat storage,
which I argue would have been adaptive during Phases 2 and 3. A sub-
cellular activity of apoE4 also merits consideration: within the lyso-
some, apoE4 causes more membrane disruption and leakage than
apoE3, because the low lysosome pH allows more peptide chain un-
folding, into “molten globule” conformation. Enhanced lysosomal leak-
age, demonstrated in cell models, may be relevant to Alzheimer patho-
genesis (Morrow et al. 2002; Mahley and Huang 2006). Together, the
lipid binding and molten globule conformation of apoE4 may be unique
to humans. Thus, the apoE allele system has multiple influences rele-
vant to evolution of brain development, metabolic storage, host de-
fense, and longevity.



EVOLUTION OF THE HUMAN LIFESPAN 31

THE FUTURE OF AGING

Last, I consider future challenges to the accomplishments in LE that
were enabled by improved nutrition, hygiene, and medicine. Stage 7,
the twenty-first century, is emerging with increasing global tempera-
tures, increased ozone and air pollution, and shrinking resources of
clean water. Urban growth will continue: >80% of the elderly live in
cities with high density (WHO 2009). Obesity continues to grow
world-wide (Olshansky et al. 2005). Nonetheless, many expect con-
tinuing expansion of the remarkable gains in LE. By extrapolating the
trajectories of the past century, several leading demographers predicted
that “most babies born since 2000 in France, Germany, Italy, the UK,
the USA, Canada, Japan, and other countries with long life expectan-
cies will celebrate their 100th birthdays [my italics]” (Christensen et al.
2009). Further analysis of mortality trends by the Gompertz model
(eq. 1) challenges this prediction (Beltran-Sanchez, Crimmins, and Finch,
in press). The historical trends up through 1990 show that background
adult mortality rates are approaching a lower limit of about 0.02%
(2/10,000 deaths/y)(Crimmins et al. 2007) (fig. 8). The onset of mortal-
ity acceleration after age 40 has not shown any evidence of delay. On
the contrary, the faster acceleration against a lower background mor-
tality defines its onset more clearly by the age of 40. The limits of LE
can be modeled by modeling with q(0-10) set to 0, which would give a
small further increase in the Gompertz slope, and in the “wrong direc-
tion” to increase lifespan. For example, in a population of 10 billion,
the modal survival age would be about 80 for men and 85 for women.
The increases of LE for women are progressing faster than those for
men, because women incur progressively lower baseline mortality and
faster mortality accelerations. These two parameters have changed less
for men in the twentieth century (Beltran-Sanchez et al., in press).

While the Gompertz coefficients predict further increases in me-
dian LE into the twenty-first century, the maximum lifespan (Lmax)
will increase much less. The Gompertz formula for mortality rate (eq. 1)
may be integrated to obtain the fraction surviving as a function of age
(eq. 2) (Finch et al. 1990).

S(x) = exp{[A/G][1 — exp(Gx)]} Eq. 2

The Lmax is approximated by the age x when a population of size N
has a single survivor (1/N). Because solving for N involves In[In], popu-
lation size has a minor effect on Lmax for most countries. Again, for a
world population of 10 billion, the oldest survivors (maximum life-
span) would be 113 years for men and 120 years for women (Beltran-
Sanchez, Crimmins, and Finch, in press). These predictions closely
match the current record lifespans of Harold Martinsen (115 years)
and Jeanne Calment (122 years).
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FiGURrE 8. Age-specific mortality (Mortality Phase 2). Age-specific mortality
declines sharply after birth to a minimum level at about the onset of puberty,
which persists up through about age 40 (Mortality Phase 2). After age 40, mortal-
ity rates accelerate (Phase 3); see figure 2. Phase 2 may be approaching a pragmatic
lower limit of 2 deaths/10,000/year, due to rare accidents (Crimmins et al. 2007
Pop. Assoc. America).

Given the approach to a lower limit to background mortality, the
only escape from these limiting values of LE and Lmax would theoreti-
cally come from two possibilities: (1) slowing the Gompertz accelera-
tion or (2) delaying the mortality rate acceleration to later ages (or in
some combination). Some rodent genotypes do model these possibilities:
caloric restriction extends LE and Lmax of some genotypes by slowing
the Gompertz acceleration; most of these studies also show higher
background mortality (Finch 2007, p. 347; Finch 1990, pp. 507-09),
consistent with Strehler-Mildvan relationships. The possibility of de-
layed mortality acceleration is modeled by two long-lived mouse mu-
tants, the pituitary dwarf mouse (Pit-1), which lacks growth hormone
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(Flurkey et al. 2001) and the mCAT transgenic (Schriner et al. 2005),
which overexpresses mitochondrial catalase. Neither caloric restriction
nor deficiencies in growth hormone has been shown to increase human
lifespan.

Two global trends also challenge the prediction of continuing in-
crease in human longevity: the global increase of obesity and the global
environmental deterioration in association with climate changes. Be-
cause obesity is well recognized as a public health liability and risk fac-
tor in morbidity, I will focus on climate deterioration. Recent reports
on climate change from the U.S. National Academy of Sciences (Anon-
ymous 2010a,b) noted briefly that the elderly are among disadvantaged
populations with particular vulnerability. An obvious consequence of
global warming trends is that regional heat waves are predicted to be-
come more frequent and intense. The killer summers of 1995 (U.S.)
and 2002 (Europe) document the acute vulnerability of the elderly to
heat waves. Continuing urbanization will bring even more elderly to
cities, which are warmer by several °C than the countryside (“urban
heat islands”). Moreover, many elderly cannot afford housing with
air-conditioning.

Climate warming alone increases ground-level ozone (Anonymous
2010a,b), which has direct adverse effects on cardio-pulmonary func-
tions (Alexeeff et al. 2008). Western Europe and Southern California
are predicted to incur up to 30 more days/year of hazardous ozone by
2050 (www.arb.ca.gov/research/apr/past/04-349.pdf; Varotsos et al.
2011). Ozone notably exacerbates cardiac arrhythmias and other cardio-
pulmonary dysfunctions prevalent among the elderly. Moreover, 10 ppb
elevations of ozone were associated with cognitive deficits during mid-
dle age across the U.S., equivalent to accelerating “normative aging” by
4 years (Chen 2009). Ozone also increases during episodes of air stag-
nation (Valente et al. 1998), which are predicted to become more fre-
quent (Anonymous 2010a,b). The total impact of ozone goes beyond di-
rect effects because of its chemical role in smog. There are also potential
feedback loops because trophosphere ozone acts as a greenhouse gas.

Although the most developed countries have lowered their emis-
sions from fossil fuels, the situation is darker in the developing world,
where there is an increase in coal use for power, particularly in the
Asia-Pacific region, and for vehicular transport. Gains in life expec-
tancy from lower infections and improved diet in many developing
countries will be challenged by local levels of air pollution. For exam-
ple, traffic-related air pollution is the leading cause (“population attrib-
utable fraction”) of heart attacks in a meta-analysis of 36 epidemiolog-
ical studies (Nawrot et al. 2011). Associations of vascular disease with
vehicular emissions are also well documented. In longitudinal studies
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of Los Angeles Basin residents, the rate of carotid thickening maps with
local air pollution gradients (Kunzli et al. 2010). In Los Angeles (Linn
et al. 2000) and Hong Kong (Ko et al. 2007), smog derived from vehic-
ular emissions is associated with transient cardio-pulmonary conditions
and increased hospital admission. The particular impact of vehicular
emissions on the health of the elderly is documented in Southern Cali-
fornia nursing homes, where cardiovascular risk factors scale with the
levels of indoor air pollutants derived from vehicular emissions (Ar-
hami et al. 2010; Delfino et al. 2010). Recent studies from my lab show
inflammatory markers of accelerated brain aging in rodents exposed to
urban air nanoparticles (Morgan et al. 2011; Zhang et al., in press).
Infections are another danger of global warming (Patz et al. 1996;
Anonymous 2010a,b). Emerging shortages of water in many regions
threaten hygiene and public health, while the range of insect vectors is
expanding with warming trends in temperate zones. Rising sea levels
expand the range of brackish waters and marshlands, which support
insect populations (Ramasamy and Surendran 2011). These changes
have major implications for malaria, dengue, plague, and viral enceph-
alitis (Khasnis and Nettleman 2005). Cholera is also facilitated because
Vibrio cholera is associated with plankton in brackish waters (Lobitz
et al. 2000; Constanti de Magney et al. 2008). The vulnerability of the
elderly has been neglected in these discussions. A greater exposure to
pathogens, coupled with the well-documented immunosenescence with
diminished T-cell responses (Akbar and Henson 2011; Arnold et al.
2011) could increase the burden of infections among seniors. I suggest
that the growing density of urban elderly populations could create a
reservoir of latent infections from pathogens that are rare in younger
groups. These and many other aspects of climate change warrant de-
tailed study for their impact on the expanding elderly populations.
Given the slowness of the development of less-polluting transporta-
tion and electricity, we need to examine potential dietary and pharma-
cological protections. Two studies indicate Vitamin E as a prophylactic
for airborne pollutants: Mexico City men who showed nasal mucosal
cell dysplasia in association with high levels of urban air pollution im-
proved after 4 months of vitamins A and E (Calderon-Garciduefias and
Roy-Ocotla 1993), whereas vitamin E increased the survival of elderly
male Finnish smokers (Hemila and Kaprio 2009). While tobacco smoke
differs from urban air pollution, e.g., in volatile organic compounds,
there are shared vascular and cardio-pulmonary effects. A major pro-
gram of intervention research for air pollution is warranted in view of
the slow progress in further improvements of urban air and the high
health-care costs of heart and lung dysfunctions in the elderly. Even
small benefits would also translate into improved performance in the
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workforce of developing nations that lack resources to prioritize these
aspects of public health.
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