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Are we becoming less disposable?
Evolution has programmed us for early survival and reproduction but has left us vulnerable to disease

in old age. In our present affluent environment, we are better adapting to these improved conditions

Rudi G.J. Westendorp

Time and again we see not only does
our mean life expectancy keep
increasing (Fig 1), but also that this

linear increase means that all predictions
of our maximum life expectancy so far
have turned out to be gross underestimates
(Oeppen & Vaupel, 2002). Today, citizens
in developed countries can easily expect
to live beyond the age of 75 years—81 for
women—but if we take Fig 1 as an indica-
tion, they will probably reach an even
higher age. This ongoing demographic
trend is caused by an incremental
decrease in the probability of disease, dis-
ability and death at old age. Because the
number of births is decreasing, old people
constitute the fastest growing segment of
developed countries’ populations. This
trend not only has repercussions for indi-
viduals or families that today can easily
span four generations, but also has serious
implications for our affluent societies.
Ever-ageing populations are already creat-
ing concerns—and ongoing debates—
about the future of retirement funds,
health care and regulations of the labour
market, such as the age of retirement. To
deal with these social problems and make
predictions about the future of popula-
tions, it is therefore necessary to under-
stand the biological reasons behind this
demographic trend towards ever higher
life expectancy.

In most countries, the increase in the
gross national product and the increase in

mean life expectancy are closely linked,
illustrating that higher life expectancy is
caused by an improvement of the environ-
mental conditions in which we live.
Starting at about the second half of the
nineteenth century—although at different
time points for various nations—child
mortality decreased markedly as mortality
from famine and disease decreased to a
minimum (Omran, 2001). However, if
improved environmental conditions affected
only the young, we would expect the
increase in life expectancy to level off at
some point. This expectation clearly does

not match the steady, linear increase in life
expectancy that has been observed since
1840 (Fig 1) and there is no sign that it will
slow down soon. The abundant resources
that have helped to overcome child mor-
tality have also led to better survival at
middle and old age. This can be best illus-
trated with the impressive decrease in
death from coronary heart disease—
although, again, this has occurred at a dif-
ferent pace in different countries.

But not only can we expect to live
increasingly to the maximum of human
lifespan, the maximum itself keeps
increasing. In fact, this trend has accelerated
over the past few decades, with the record
set by a French woman who lived to the
age of 122. The demographic data suggest
that the limit of our biological design has
not yet been reached. It is a tantalizing
question, then, how our bodies manage 
to keep up as we continuously challenge
the end of life—why is it that we still 
live longer?

In fact, human bodies have never been
intended to be perfect and thus immor-
tal, because there is no evolutionary

need for it. Irrespective of the species stud-
ied, animals that live in their natural habi-
tat do not grow old, because the risk of
mortality from environmental factors—
disease or predators—is high and the
probability of long-term survival is limited.
For instance, features of ageing in animals
can be observed only in artificial, protected
environments—lions with grey manes are
present in zoos but not in the African
savannahs. For a true understanding of the
ageing process in man, it is therefore cru-
cial to realize that the natural habitat of

The abundant resources that
have helped to overcome child
mortality have also led to better
survival at middle and old age
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Fig 1 | Increase in life expectancy in record-holding

countries from 1840 to 2000 (based on data from

Oeppen & Vaupel, 2002). The data fit a straight line,

indicating that there is no reason to expect the

increase in life expectancy to level off in the

foreseeable future. Life expectancy for women

increases by 2.4 years with every decade of calendar

time, in comparison with 2.2 years for men.
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Homo sapiens is far different from our pre-
sent, affluent environment. The human
species stems from the African continent
where tens of thousands of years ago it
was highly exceptional to reach an age of
more than 40 years (Fig 2). The fact that
long-term survival in our natural habitat is
limited led Peter Medawar to conclude
that old people can contribute little to the
next generation and to the evolution of 
the human population genome (Medawar,
1952). Ageing remains in the shadow of
evolution and is for that reason not 
programmed into our genome.

It provides a useful insight into the age-
ing process to realize that the DNA in our
germ cells is the result of an uninterrupted
chain of events and modifications that,
over millions of years, links us to the earli-
est forms of life on Earth. In contrast to
ever-renewing DNA, our bodies are only
temporary and disposable carriers of
genetic material, and continuously accu-
mulate damage from wear and tear. As
time goes by, the risk of mortality grows,
and it is in fact the increase in the proba-
bility of death that defines the ageing
process. Absence of ageing is only attain-
able if we have an unlimited ability to
maintain and repair our bodies, an ability

that prevents permanent damage from
occurring and keeps our bodies in perfect
condition. It easily follows why there has
never been a need for such a perfect body.
Once we have children who have reached
reproductive age we have fulfilled our
duties and there is, from an evolutionary
point of view, no need to live any longer.

Some will find the thought of being a
disposable vessel, to be thrown away after
use, unbearable and will refer to the great
knowledge, experience and abilities of
grandparents to contribute to the survival
of the young, while referring to their
undisputable position in our temporary
societies. It should be remembered, how-
ever, that this is only a social construct. In
our natural habitat in the middle of Africa,
under adverse conditions, the number of
old people was small and could therefore
not have materially contributed to the 
survival of the lineage.

In 1977, Thomas Kirkwood took this
idea a major step further and proposed that
investment in maintenance and repair
comes at the cost of investment in repro-
duction (Kirkwood, 1977). His theory is of
an illuminating simplicity. Too little invest-
ment in the maintenance and repair of our
bodies will lead to premature death and a
low probability of having progeny; our bio-
logical fitness will thus be low. Too much
investment in maintenance and repair,
however, will also lead to a decrease in
reproductive success, because resources
are not unlimited. Every species trades
investments in maintenance and repair
against investments in reproduction to opti-
mize evolutionary fitness under the specific
environmental conditions in which they
live. The theory helps us to understand why
species that suffer high mortality from their
environment invest a great deal in repro-
duction to prevent extinction, whereas
species under less environmental pressure
invest more in maintenance and repair 
and live longer—although at the cost of 
reproductive success.

The past two decades have brought
ample experimental evidence for this
trade-off, also known as the ‘dispos-

able soma theory’. Experiments with the
fruitfly Drosophila melanogaster proved
the general existence of trade-offs between
longevity and reproduction, for both
females and males. A selection regime that
favours flies that retained fertility at later
ages resulted in populations with increased

lifespans, reduced fertility early in life and
enhanced resistance to a variety of stresses,
suggesting that the mechanisms underlying
the increase in lifespan involve greater
investments in somatic durability. Direct
selection for longevity, by exploiting the
dependence on temperature of the fruitfly
lifespan, also produced long-lived popula-
tions with significantly reduced fertility,
underpinning a genetic cause for the 
trade-off (Zwaan et al, 1995).

Similar trade-offs have been described for
the worm Caenorhabditis elegans. A series of
point mutations in the insulin signalling
pathway—regulating metabolism, stress resis-
tance and cell growth—are associated with
increases in lifespan of up to 200%, but at
the cost of reproductive success. This
explains why these mutants do not last in
their natural habitat, where only the evolu-
tionarily fittest survive. The climax of evi-
dence for the existence of a trade-off
between reproduction and longevity, how-
ever, is provided by experiments in which
germline precursor cells are removed. As a
result, the worm’s lifespan increases markedly
(Arantes-Oliveira et al, 2002, 2003).

Few would accept that the disposable
soma theory is also applicable to humans
on the basis of experimental work in fruit-
flies and worms. Some years ago, our
group at Leiden University therefore set
out to find arguments for a trade-off
between longevity and reproduction in
Homo sapiens. A major methodological
problem in such an epidemiological
analysis is to exclude the fact that specific
environmental conditions determine the
number of offspring and better survival,
causing spurious correlations. Instead of
adjusting for differences in socio-economic
class, we relied on the genealogies of the
British aristocracy that for centuries
embodied the upper crust of society, and
thus provided us with a unique, uniform
population sample for which environ-
mental conditions were equal within a
certain time frame (Westendorp &
Kirkwood, 1998).
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Fig 2 | Survival curve for populations in their

natural habitat. Simply because older individuals

have been exposed to environmental hazards for

longer, the likelihood of getting old is limited.

Young individuals outnumber old, and old

individuals outnumber those even older. The force

of natural selection thus progressively weakens

with increasing age, and ageing remains in the

evolutionary shadow.

It is a tantalizing question, then,
how our bodies manage to keep
up as we continuously challenge
the end of life—why is it that we
still live longer?

In contrast to ever-renewing
DNA, our bodies are only
temporary and disposable
carriers of genetic material, and
continuously accumulate
damage from wear and tear
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When we plotted the age of death of
aristocratic women against the number of
children that they had, the number of chil-
dren was small when women died at an
early age, increased with age at death
reaching a plateau through the sixth, sev-
enth and eighth decades of life, and
decreased again for women who died at
ages of 80 years and over (Fig 3). In line
with the disposable soma theory, post-
menopausal women who reached very old
age therefore had significantly fewer chil-
dren than those who died in middle age.
Clearly, the relationship between the num-
ber of children and lifespan cannot be the
consequence of deliberate family planning,
because considerations of family size took
place when these women were in their
twenties to forties and would be unaware of
their age at death. Apparently, women
whose bodies had better durability because
of greater investment in maintenance and
repair lived longer, but at the cost of repro-
ductive success. This study of the British
aristocracy was carried further by Oeppen,
who argued that the initial analysis did not
take into account the fact that pre-
menopausal women might have died at an
early age because they had invested more
in fertility than in maintenance. In an
updated version of the historical data set,
he found even stronger statistical evidence
for this trade-off when he modelled mainte-
nance at the cost of reproduction over the
whole trajectory of life (Doblhammer &
Oeppen, 2003).

In parallel, we set out to find molecular
mechanisms that would support the dis-
posable soma theory. One obvious can-

didate is immunity, because the adverse
conditions in our natural habitat necessi-
tate large investments in an adequate
immune system to fight abundant infec-
tions and therefore reach reproductive
age. We studied the levels of two major
cytokines—interleukin-10 (IL-10) and
tumour necrosis factor (TNF)—in first-
degree relatives of patients who suffered
meningococcal disease, an infection that
is widely present in Africa and occasion-
ally surfaces in developed countries
(Westendorp et al, 1997). Cytokines are
signalling molecules for cell–cell interac-
tions, and include compounds such as
TNF that initiate an inflammatory
response to fight infection, and regulatory
signals such as IL-10 to switch off the
inflammatory response and prevent collat-
eral damage after the infection has been
overcome. Their activity has been shown
to be under tight genetic control and we
therefore assumed that families of those
patients who had died would have a dis-
tinct pattern of cytokine activity (Fig 4).
Almost without exception, the level of
pro-inflammatory TNF in all of these cases
was low, and the level of the anti-inflam-

matory IL-10 was high. Our interpretation
of these data is that subjects with an
innate propensity towards anti-inflammatory
responses are at an increased risk of death
from infection.

In contrast with fighting infection, which
requires a strong inflammatory host response,
reproductive success depends on a tolerant
immune response. About half of a baby’s
tissue antigens have paternal origin, so at
the fetal–maternal interface, immune reac-
tions must be suppressed to allow pregnancy
to proceed. We therefore compared the
cytokine profiles of women with impaired
fertility, as defined by having at least three
consecutive spontaneous abortions, with
the profiles of women of normal fecundity
(Westendorp et al, 2001). Reproductive
success was associated with a tolerant pro-
file—low TNF and high IL-10—whereas an
inflammatory profile was associated with
habitual abortion. The probability of nor-
mal fecundity increased up to 16-fold when
the women’s cytokine levels were charac-
terized by high anti-inflammatory and low
pro-inflammatory profiles.

These data on cytokine profiles help to
elucidate two phenomena. First, they can
explain why British aristocrats, who lived
longer, were less likely to have successful
pregnancies. Their innate immune system
favoured resistance to infection but at the
same time prevented pregnancy from pro-
ceeding, a trade-off that was even stronger
in times when the environmental conditions
were relatively poor. Second, it explains
why a genotype associated with impaired
fertility might have persisted in spite of its
obvious disadvantage with regard to evolu-
tionary fitness. Selection for resistance to
infection is traded against selection for fertil-
ity, resulting in a compromise that is optimal
for the fitness of the species in a specific
environment (Fig 5).

The evolutionary theory could thus
explain two concepts: the forces of natural
selection progressively weaken with
increasing adult age, and the acquisition of
longevity involves significant investments
in somatic durability. The first suggests that

Before 1700 1700 to 1875

Age at death (decades) 

M
ea

n 
nu

m
b

er
 o

f c
hi

ld
re

n

1
0

1

2

3

4

2 3 4 5 6 7 8 9 10 11

Fig 3 | Progeny number for married aristocratic

women from different birth cohorts as a function of

age at death (Westendorp & Kirkwood, 1998).

When only postmenopausal women (that is, aged

60 years and over) were included in the analysis, the

decrease in number of progeny with age at death

was statistically significant for both the period

before 1700 and the period after 1700.

…improvements in our
environmental conditions have,
through genetic adaptation,
an indirect effect on the patterns
of disease
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genes with deleterious effects late in life
can accumulate within the gene pool. The
second suggests that resources invested in
longevity might be at the expense of repro-
duction. These mechanisms are not mutu-
ally exclusive, and generalized trade-offs
between early-life and late-life fitness are
also implied by the pleiotropic-genes
hypothesis. According to Williams, genes
that have beneficial effects early in life can
have deleterious effects later in life
(Williams, 1957).

Despite its protective role in infec-
tion, inflammation is potentially
harmful; for instance, strong pro-

inflammatory responses can cause tissue
damage at the site of infection. Although
we are programmed to resist infection, in
affluent countries the burden of disease
has now shifted away from infectious 
diseases towards chronic diseases that 
are typically expressed in old age.
Accordingly, fatal infections still account
for the majority of deaths in less-devel-
oped parts of the world, especially at
younger ages, but cardiovascular disease
has become the leading cause of mortality
in ageing populations, accounting for 
30% of all deaths worldwide each year.
Contrary to general opinion, cardiovascu-
lar disease is not a ‘new’ disease due to
our modern, affluent lifestyle, but the epi-
demic has developed as a result of
improved survival, because we all become
increasingly susceptible to this disease
when we reach middle age. Further argu-
ments for this reasoning can be found in
Egyptian mummies of people who had
reached old age. The bodies of these
exceptional men and women who died in
their fifties and sixties all show symptoms

of widespread atherosclerosis (Magee,
1998). Similar observations can be made
in the relative few who reach old age in
developing countries in contemporary
time. Indeed, the causes of death at old
age in developed and developing coun-
tries are similar, indicating that in the sec-
ond half of human life, death from cardio-
vascular disease is taking the lead, under
both affluent and adverse environmental
conditions (Bonow et al, 2002). Under
adverse conditions, relatively few will
reach old age to suffer from cardiovascular
disease, but it becomes epidemic in devel-
oping countries as soon as death from
infection and malnutrition disappears and
life expectancy rapidly increases.

There is clear evidence that inflamma-
tion contributes to the development of
cardiovascular disease (Libby et al, 2002).
For example, levels of C-reactive protein,
a marker of inflammation, have been
associated with coronary artery disease,
angina and infarction. Moreover, results
from population-based studies have
demonstrated that increased levels of
markers of inflammation, such as
cytokines, adhesion molecules and acute-
phase reactants, are associated with car-
diovascular events. Because our immune
system has evolved under the constant
attack of pathogens, we are evolutionarily
programmed for an inflammatory response
to resist infection. In old age, however,
the protective effect of this inflammatory
response trades off with the increased risk
of death from cardiovascular events,
thereby reducing life expectancy. This
idea is confirmed by our own data that at
very old age those with high inflammatory
responses are at a higher risk of stroke and
vascular dementia.

In our modern affluent societies, death
from infection has become rare, which
is causing various transitions at the epi-

demiological and demographic levels. The
change in the causes of death—from infec-
tion to cardiovascular disease and can-
cer—is known as the ‘epidemiological
transition’, following the improvements
we have made to our environment that
have altered the biology of disease.
Nowadays, virtually everybody can expect
to survive up to middle age, when he or
she will typically suffer from chronic dis-
eases such as atherosclerosis and cancer.
Consequently, whereas in former times
society was dominated numerically by
youth—as it still is in developing coun-
tries—in our present societies the old out-
number the young. This change in the 
population structure is known as the
‘demographic transition’.

But these changes do not stop there; in
fact, we are witnessing a second transition
in both epidemiology and demography in
developed countries. Whereas in the
ancestral, adverse environment, only chil-
dren who were genetically outfitted to
resist infection were able to survive,
nowadays this force of selection has faded
away. At present, newborns will survive to
reproductive age and have progeny,
which might have a great impact on the
distribution of the population genome—
in an affluent environment, those with a
tolerant immune response will also sur-
vive and propagate. This adaptation of the
innate immune system to improved envi-
ronmental conditions is not illogical and
is in line with evolutionary theory. And as
the population genome adapts, the pat-
tern of disease will become different.
Hence, improvements in our environmen-
tal conditions have, through genetic
adaptation, an indirect effect on the pat-
terns of disease. This could best be
described as the ‘second epidemiological
transition’, to emphasize the difference
from the first epidemiological transition
that was caused by the direct effects of
improved health care, sanitation and 
sufficient nutrition.

Fi
tn

es
s

Resistance to infection

Population 
            variation

Anti-inflammatory response

Pro-inflammatory response

Fig 5 | Schematic diagram showing how pro-inflammatory responses that are beneficial because they

increase the probability of surviving fatal infections are traded off against anti-inflammatory immune

responses that allow pregnancies to proceed. This results in a compromise that is optimal for the fitness of

the species in a specific environment.
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the cost of impaired fertility
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Similarly, patterns of fertility follow
this increase in mean life expectancy,
and this is known as the ‘second

demographic transition’. Not long ago,
only a minority of women gave birth to a
majority of the offspring—estimates
around 1900 show that about 10% of the
women gave birth to more than half of the
newborns. Nowadays, all women con-
tribute equally to the next generation, and
even sub-fertile women can have one or
more children. Furthermore, mothers tend
to become pregnant later in life. Apart
from the impact on society, this could have
profound biological effects as well. As the
evolutionary pressures that favoured high
fertility decrease, more resources can be
invested in maintenance and repair, thus
increasing both mean life expectancy and
maximum lifespan. I mentioned above
that a selection regime favouring flies that
retained fertility at later ages resulted in
populations with reduced fertility early in
life but with increased lifespans. The
enhanced resistance to a variety of stresses
suggests that their bodies were less dispos-
able. If we take the lead from these flies
and from the demographic and epidemio-
logical transitions taking place, we can
foresee that the next generations of Homo
sapiens will have even longer lifespans but
at the cost of impaired fertility. This is not

due to alleged phyto-oestrogens or
endocrine disruptors in our food chain
that impair fertility or even more improve-
ments being made to our current environ-
ment, but because our human population
genome is on the drift.
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