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Human ageing, longevity and evolution: 
can ageing be programmed?
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Abstract: Understanding the proximate and ultimate causes of ageing is one of the key challenges in 
current biology and medicine. These problems are so important that they are sometimes referred to as 
the Holy Grail of biology and the Great Conundrum in biogerontology. From an evolutionary perspective, 
ageing is due to a failure of selection that is caused either by declining strength of selection after the onset 
of sexual reproduction (Medawar’s theory and Charlesworth’s model) or pleiotropic constraints (Williams’ 
theory). According to the disposable soma theory, which was proposed by Kirkwood and Holliday, ageing 
is driven by the accumulation of damage during life and failures of defensive and repair mechanisms as the 
more an animal expends on sexual reproduction, the less it can expend on bodily maintenance, and vice 
versa. Although these standard models rule out the possibility that ageing is programmed, there is no con-
sensus about the nature of ageing within the life history in current biogerontology. Interestingly, empirical 
studies show that there are molecular instructions for ageing and evolutionarily conserved mechanisms 
for ageing, which seems inconsistent with the idea that ageing is a matter of neglect or a consequence of 
a failure of selection due to pleiotropic constraints. Here, selected arguments for programmed (i.e. either 
determined and adaptive or prearranged but non-adaptive) and non-programmed ageing are discussed. 
Recent advances in biogerontology that cast new light on these problems are outlined here in the context of 
the idea that the pace of ageing can act as an adaptation in nature, even though ageing is non-programmed 
and non-adaptive.
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Introduction

In a dialogue between Scipio and Cato, 
the latter says: I follow nature as the best 
guide and obey her like a god. Since she has 
carefully planned the other parts of the drama 
of life, it is unlikely that she would be a bad 
playwright and neglect the final act. This last 

act must take place, as surely as the fruits of 
trees and the earth must someday wither and 
fall. But a wise person knows this and accepts 
it with grace. Fighting against nature is as 
pointless as the battles of the giants against 
the gods (Cicero, about 44 BC; after Free-
man 2016). From such remote begin-
nings, philosophy and science have made 
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great advances in the understanding of 
senescence from both evolutionary and 
mechanistic perspectives (da Costa et al. 
2016; Reichard 2017; Flatt and Partridge 
2018). Cato’s response expresses the 
universal truth that we are pilgrims on 
this earth or, as one of the evolutionary 
theories of ageing suggests, ‘disposable 
carriers’ for genes that use our bodies to 
propagate themselves. According to Pro-
fessor Jacek Witkowski (2009), this text 
written by Cicero more than two thou-
sand years ago is still inspiring and it can 
be a message to young researchers in the 
field of ageing, presumably because we 
can draw upon the wisdom of nature.

In our endeavour to understand all 
aspects of human senescence, there are 
still more questions than answers and 
we need new answers to old questions. 
These perennial questions are: ‘What 
are the evolutionary origins of ageing?’, 
‘What is the nature of human ageing 
within the life history?’, ‘How did evo-
lutionarily conserved mechanisms for 
ageing evolve if ageing is a “matter of 
neglect” or a failure of selection due to 
pleiotropic constraints’ and ‘How to ef-
fectively postpone ageing?’. Although the 
majority of researchers do not share the 
idea that ageing is programmed, current 
biogerontology is not confined to tradi-
tional models. We can hear that: falling 
selection pressure does not explain why 
senescence evolves (Baudisch and Vaupel 
2012; Wensink et al. 2014), ageing might 
be avoidable (Jones and Vaupel 2017; 
Mitteldorf and Fahy 2018), ageing is eas-
ily treatable (Blagosklonny 2018) or even 
that ageing is a disease (Bulterijs et al. 
2015; Gems 2015; Stambler 2017), so we 
can use drugs to delay ageing and prevent 
age-related diseases (Campisi et al. 2019; 
Dönertaş et al. 2019). All these claims go 
against a long tradition in science and 

they must be surprising or even shock-
ing to some authors and researchers. It is 
highly questionable whether reductionist 
or disease-oriented approaches are appli-
cable to human ageing (Hayflick 2004; 
Holliday 2007; Chmielewski 2019). Age-
ing is too broad and too complex to be 
reduced to a disease.

In this mini-review, selected argu-
ments for programmed (either deter-
mined and adaptive or prearranged but 
non-adaptive) and non-programmed 
ageing are discussed. Recent advances 
in biogerontology that cast new light on 
these problems are outlined here in the 
context of the idea that the pace of ageing 
can act as an adaptation in nature, even 
though ageing itself is non-programmed 
and non-adaptive (Lenart and  Biener-
tová-Vašků 2017).

What is ageing?
There are mortality-based and func-
tional-based definitions. In scientific 
writing, combined definitions are often 
used. Ageing can be tentatively defined 
as a ‘persistent decline in the age-spe-
cific fitness components of an organism 
due to internal physiological deterio-
ration’ (Rose et al. 2012) or a ‘process 
that converts physiologically and cogni-
tively fit healthy adults into less fit indi-
viduals with increasing vulnerability to 
injury, illness and death’ (Warner et al. 
2010). The latter definition focuses on 
two aspects: (1) the age-dependent loss 
of physiologic integrity that can be ob-
served after reproductive maturity and 
(2) the increasing susceptibility to a vari-
ety of morbid conditions that can be ob-
served after ‘essential lifespan’ (ELS), i.e. 
the natural duration of life that is nec-
essary for individuals to grow, develop 
and reproduce, which is also referred to 
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as the time that is required to fulfil the 
‘Darwinian purpose of life’.

Evolutionary theories of ageing
Theories of ageing fall into two catego-
ries: evolutionary and mechanistic. As 
we have explained in our previous ar-
ticles (Chmielewski and Borysławski 
2016; Chmielewski et al. 2016; Ch-
mielewski 2016, 2017), standard evolu-
tionary models rule out the possibility 
that ageing is programmed, adaptive or 
altruistic. Nevertheless, empirical data 
are inconsistent with some of these older 
theories. Therefore, new and alternative 
models are possible (e.g. Baudisch 2005; 
Mitteldorf and Pepper 2009; Kenyon 
2010, 2011; Baudisch and Vaupel 2012; 
Mitteldorf and  Martins 2014; Werfel et 
al. 2015; Lenart and  Bienertová-Vašků 
2017; Mitteldorf 2016, 2017, 2018).

Before Darwin and Wallace, ageing 
was commonly understood as a natural 
process of deterioration that is due to 
entropy. All objects deteriorate slow-
ly over time, including celestial bodies, 
cars, watches and organisms. The theo-
ry of evolution through natural selection 
was a major breakthrough in our think-
ing about life. Organisms are not like 
non-living objects as they have evolved 
and they have maintenance mechanisms 
responsible for prevention and repair of 
damage and organisms can reproduce 
themselves. Biological ageing must be 
different from ageing of non-living ob-
jects. Over the decades, the biology of 
ageing has made great advances (Hol-
liday 2007; Rattan 2012, 2018, Ch-
mielewski 2019). Nevertheless, ageing 
continues to be a paradox from an evo-
lutionary perspective (Burger and Miss-
ov 2016) as it appears costly to fitness 
(Kowald and Kirkwood 2016), might be 

avoidable (Jones and Vaupel 2017; Mit-
teldorf and Fahy 2018) and yet it is near-
ly ubiquitous in the wild (Nussey et al. 
2013; Lemaître et al. 2015).

August Weismann was the first to re-
interpret Darwinian natural selection in 
light of Roux’s idea to introduce a con-
cept of ‘programmed death’ of an organ-
ism that might act as an adaptation in 
nature. According to Weismann, somatic 
cells and tissue accumulate damage and 
this fact contributes to ageing and death 
(Mikuła-Pietrasik et al. 2015). Reproduc-
tion is indispensable in the world that 
invariably causes degradation of mortal 
individuals. Older members of a given 
species are expected to die in old age by 
death mechanisms of natural selection so 
that they would no longer compete with 
younger generations for food and other 
resources (Ljubuncic and Reznick 2009). 
Therefore, not immortality but reproduc-
tion and a turnover of generations must 
have been secured by nature. In accor-
dance with this tentative model, ageing 
through ‘programmed death’ might act as 
an adaptation. These death mechanisms 
can help eliminate older and worn-out 
individuals from a given population. To-
wards the end of his life, Weismann tried 
to moderate this idea and he suggested 
that it might be defective due to a num-
ber of reasons. Nevertheless, the most 
important concepts provided by Weis-
mann were the idea that there are two 
lines of cells (somatic and germ cells) 
and the idea that reproduction, unlike 
immortality of individuals, must have 
been secured by evolution. Interestingly, 
Weismann’s idea has survived to modern 
times as a concept of programmed and 
adaptive ageing (e.g. Longo et al. 2005; 
Mitteldorf 2017; 2018; Skulachev and 
Skulachev 2017), even though the major-
ity of researchers do not share this view 
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(Chmielewski et al. 2016; Kowald and 
Kirkwood 2016; Chmielewski 2017).

In 1941, Haldane presented a mathe-
matical model (for Huntington’s disease) 
that shows that strength of natural selec-
tion declines with age, which also sug-
gests that evolution simply does not care 
if we age or not. From an evolutionary 
perspective, only survival and reproduc-
tion have ‘high priority’, and ageing re-
sults from a failure of selection. Haldane 
was struck by the fact Huntington’s dis-
ease is an inherited and dominant trait. 
According to the older models of evolu-
tion, this gene that causes this condition 
should have been eliminated a long time 
ago. Haldane was the first to present an 
early mathematical model and a plausi-
ble explanation. Huntington’s disease 
cannot be eliminated by means of natu-
ral selection because this condition has 
symptoms that do not appear until the 
postreproductive period of life when the 
force of natural selection is drastically 
weakened because the parent has already 
passed on this gene to the offspring. In 
other words, such genes can survive be-
cause they reside in the ‘selection shad-
ow’. The selection shadow means that 
selection pressures are high when we 
are young but after the onset of sexual 
reproduction they decline with age, and 
there is a ‘shadow of time’ where evolu-
tion through natural selection becomes 
‘blind’ and does not care what happens 
because the genes have been passed on 
to the next generations. This is beyond 
ELS, so this is when ageing begins (Rat-
tan 2014; Chmielewski 2017).

This mathematical model was devel-
oped by Peter Medawar in 1952. Medawar 
argued that ageing is a by-product of nat-
ural selection that is driven by the fact 
that diminishing selection leads to the 
accumulation of mutations or late-act-

ing harmful genes (Medawar 1952; 
Ljubuncic and Reznick 2009). In particu-
lar, the accumulation of mutations is the 
real cause of ageing. Medawar suggested 
that all animals are prone to predators, 
starvation and disease. In the wild, there 
is a very low probability to survive to ad-
vanced ages and suffer from the effects 
related to senescence. From an evolu-
tionary standpoint, there is not much 
reason why the body should stay fit for 
the long haul as the strength of selection 
is very low in old ages and older individ-
uals will die soon anyway. In accordance 
with this important theory, ageing is 
a matter of neglect and a by-product of 
natural selection. Senescence is not ubiq-
uitous but rare in the wild. Medawar’s 
concept is popular and remains valid. 
It is one of the three main evolutionary 
theories of ageing. This theory is often 
used by advocates of non-programmed 
and non-adaptive ageing to show that 
ageing results from random causes and, 
therefore, cannot be programmed. Nev-
ertheless, there are at least three prob-
lems with this theory. The first problem 
was noted a long time ago. If the accu-
mulation of mutations that drives age-
ing proceeds faster in old age and these 
mutations are harmful after reproductive 
maturity, then we should observe a dra-
matic increase in mortality rates when 
selection pressures reach zero, i.e. in the 
postreproductive period. In other words, 
these mortality rates that we observe 
after reproductive maturity in humans 
should be steeper and they should in-
crease monotonically after sexual matu-
rity. In particular, late-life mortality pla-
teaus should not be observed. In humans 
and many other species, a different pat-
tern is observed: (1) the equilibrium fre-
quencies of deleterious alleles affecting 
late life are lower than predicted, (2) the 
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mortality rates after sexual maturity are 
less steep and (3) there are late-life mor-
tality plateaus. Therefore, Charlesworth 
(2001) presented a modified model of 
the accumulation of mutations. None-
theless, there are several other problems. 
One problem is that today we know how 
genes act and how they are expressed in 
different stages of ontogeny. They are 
expressed differentially in progressive 
and regressive ontogeny because of epi-
genetic mechanisms for ageing (Lui et 
al. 2010; Somel et al. 2010). The model 
of ‘epigenetic clocks’ for ageing (Mittel-
dorf 2015, 2016) and ‘molecular instruc-
tions’ for ageing (de Magalhães 2012), 
either in its current form or in a more 
sophisticated future form, might be a 
tentative and plausible explanation. An-
other problem is that we observe differ-
ent patterns of sustenance and negative 
senescence (Baudisch and Vaupel 2012), 
which seems inconsistent with the idea 
that ageing is a matter of neglect and it is 
driven by the accumulation of mutations. 
The last problem is that recent studies 
show that the idea that senescence is 
rare in nature might be specious as se-
nescence is nearly ubiquitous in the wild 
(Nussey et al. 2013; Lemaître et al. 2015; 
Burger and Missov 2016; Lenart and Bie-
nertová-Vašků 2017). These findings also 
suggest that strength of natural selection 
does not have to decline with age and 
does not have to reach zero when sexual 
reproduction ceases (Baudisch 2005). In 
opposition to Hamilton’s model, alterna-
tive mathematical models show that the 
selection shadow can be a dynamic state 
in which the strength of natural selec-
tion can even increase for a while. Fur-
thermore, a number of other theoretical 
problems with Hamilton’s model have 
been recognised (Baudisch 2005).

Another evolutionary model for age-
ing was proposed by George Williams in 
1957. According to this theory, ageing 
is due to the pleiotropic effects of genes 
that are beneficial early in life but harm-
ful in late life (Williams 1957; Ljubuncic 
and Reznick 2009). These genes which 
have these opposite effects, for example 
they are associated with higher levels 
of testosterone in young males (this is 
adaptive as higher masculinity is associ-
ated with greater physical strength, dom-
inance, violence and reproductive suc-
cess) but eventually contribute to cancer 
or cardiovascular disease in older males 
or those that are associated with higher 
inflammatory responses in young indi-
viduals (this is adaptive because the in-
flammatory response is the basic protec-
tive mechanism to tissue damage that is 
activated by pathogens, disease or trau-
ma) but higher levels of systemic inflam-
mation in older individuals, are termed 
pleiotropic genes. There are not many 
good examples of pleiotropic genes that 
might contribute to the ageing process 
in humans. Moreover, there are some 
potential theoretical problems with this 
theory. Williams’ model posits that pre-
adult mortality does not matter to the 
evolution of senescence and higher adult 
death rates select for shorter length of life 
and earlier senescence, which was inter-
preted as predicting that ageing should 
be caused by extrinsic mortality. From a 
mathematical standpoint, this model is 
wrong. Some authors discuss these and 
other flaws of Williams’ model (Moorad 
et al. 2019). Nonetheless, the idea that 
pleiotropic constraints might be a driver 
of ageing seems reasonable from an evo-
lutionary standpoint (Austad and  Hoff-
man 2018; Mitteldorf 2018). This theory 
has been discussed in our previous arti-
cle about modern theories of ageing (Ch-
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mielewski 2017). Here, we want to stress 
the main differences between Medawar’s 
theory and Williams’ theory. The main 
difference is that the latter predicts that 
genes, including genes for ageing or rath-
er ‘virtual gerontogenes’ as there are no 
true gerontogenes (Rattan 2014; de Grey 
2015, are actively kept in the gene pool 
by natural selection because they can-
not be selected against so ageing is due 
to a failure of selection that consists in 
pleiotropic constraints, whilst the former 
predicts that mutations or genes with 
negative effects at old ages accumulate 
passively from one generation to the next 
because of a failure of selection that con-
sists in the fact that the strength of selec-
tion diminishes with age. In other words, 
the latter does not preclude the possibil-
ity that ageing is prearranged, predeter-
mined or quasi-programmed, although 
any purposeful or altruistic programme 
for ageing cannot exist. The former puts 
an emphasis on random causes of age-
ing and the fact that evolution is ‘blind’ 
and ageing is due to random damage that 
cannot be programmed or prearranged 
by nature.

In 1979, Kirkwood and Holliday pre-
sented a model for ageing known as the 
Disposable Soma Theory (DST). Two 
years earlier, Kirkwood had published his 
first article in Nature and he had intro-
duced this new concept. Today, this is the 
third mainstream theory of ageing. This 
theory remains popular and influential 
amongst researchers, even though several 
weak points and possible problems with 
this theory have been recognised by oth-
er authors (e.g. Le Bourg 2007; Blagosk-
lonny 2010; Mitteldorf 2010). According 
to Kirkwood and Holliday (1979), ageing 
occurs because of the accumulation of 
random molecular and cellular damage. 
In brief, maintenance mechanisms and 

reproduction are energetically costly, and 
the body has finite resources. The more 
an animal expends on reproduction, 
which is costly from both physiological 
and behavioural perspectives, the less it 
can expend on bodily maintenance, and 
vice versa. In other words, even though 
this is against popular belief, this theory 
explains that it is not easy to stay alive. 
And this is definitely true. To survive, the 
body (‘soma’) must be continuously re-
paired and renewed. This is very costly. If 
the body expends its finite resources on 
maintenance (e.g. prevention and repair 
of damage), it cannot expend them on 
sexual reproduction. If the body expends 
its resources on reproduction, it can-
not expend them on maintenance. This 
model predicts that sexual reproduction 
is costly in terms of human longevity 
(Kirkwood and Holliday 1979; Westen-
dorp and Kirkwood 1998). This theory 
has been discussed in our previous ar-
ticle (Chmielewski 2017). Numerous 
studies have corroborated this model in 
both laboratory experiments and anthro-
pological investigations (Jasienska et al. 
2017; Ziomkiewicz et al. 2016, 2019). In 
this view, ageing cannot be programmed, 
adaptive or altruistic (Kirkwood 2005; 
Kirkwood and Melov 2011; Kowald and 
Kirkwood 2016). Nevertheless, this the-
ory has several weak points. For exam-
ple, molecular and cellular mechanisms 
to which an organism shifts energy to 
somatic repair over reproduction should 
be recognised and studied but this the-
ory does not postulate any such mech-
anisms. There are also other theoretical 
problems with the modern version of 
the DST (cf. Blagosklonny 2010, 2012). 
Moreover, calorie restriction should not 
have beneficial effects in long-lived spe-
cies, such as dogs and primates, but it 
seems that some beneficial effects have 
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recently been observed (Colman et al. 
2009; Campisi et al. 2019). Furthermore, 
other analyses show that increased re-
production does not have to decrease 
longevity in humans, especially in men, 
as data for women are mixed (Le Bourg 
2007; Mitteldorf 2010).

Mechanistic theories of ageing
From a biochemical perspective, age-
ing can be attributed to slow poisoning 
of the body, which might be an atavis-
tic process. In this view, there are many 
causes of ageing, both extrinsic and in-
trinsic (de Magalhães 2012; da Costa et 
al. 2016). For example, side-effects of 
metabolism and reactive oxygen species 
(ROS) can cause oxidative damage (Har-
man 2006; Barja 2014; Schöttker et al. 
2015), which together with chronic sys-
temic inflammation and its pleiotropic 
effects (Ferrucci and Fabbri 2018) might 
be one of the main causes of ageing and 
selected age-related diseases (Franceschi 
and Campisi 2014; Chmielewski and Str-
zelec 2018).

According to the theory of phenopto-
sis, which was formulated by Vladimir 
Skulachev, ageing is determined from a 
biochemical perspective and age-related 
problems with mitochondria and cells 
are responsible for the ageing process 
(Skulachev 1997; Longo et al. 2005; 
Skulachev and Longo 2005; Skulachev 
2013; Skulachev and Skulachev 2017). 
When we are young our mitochondria 
do not ‘kill’ us yet but when we are old 
poisoning of the whole body is advanced 
and this process can eventually assassi-
nate the body. In accordance with this 
concept, we can use ‘anti-ageing’ drugs 
to fight with ‘phenoptosis’ or we can 
remove defective mitochondria and se-
nescent cells that contribute to chronic 

low-grade systemic inflammation. Al-
though the theory of phenoptosis posits 
that ageing is biochemically determined 
and evolutionarily programmed, this is 
not necessarily true and it depends on 
our point of view whether we interpret 
ageing as an atavistic, evolutionarily con-
served and mitochondria-mediated pro-
gramme, a developmentally prearranged 
‘quasi-programme’ that is a consequence 
of developmental programmes but is 
non-adaptive or a non-programmed and 
non-adaptive metaphenomenon.

According to theories of errors and 
damage-induced ageing, including the 
free radical/oxidative stress theory (Har-
man 2006; Kirkwood and Kowald 2012; 
Barja 2014; Schöttker et al. 2015), the 
mitochondrial free radical theory (de 
Grey 1999), the theory of cross-linking 
(Bjorksten and Tenhu 1990), the theory 
of molecular entropy (Hayflick 2007) and 
the reliability theory of ageing (Gavrilov 
and Gavrilova 2001), errors and damage 
occurring at different levels of biological 
organisation, from the molecular, cel-
lular, tissue to organ level, is the main 
cause of ageing. For example, DNA dam-
age, but especially double-strand breaks, 
might play a key role in ageing and is 
often studied. This damage also occurs 
in mechanisms that are responsible for 
prevention and repair of damage because 
of genomic instability, mutations and 
various stochastic factors and processes 
(Jin 2010). Therefore, ageing can be at-
tributed to the escalating loss of molec-
ular fidelity that exceeds repair capacity. 
Ageing results from the intrinsic, pro-
gressive and age-related deterioration of 
the homeodynamic (homeostatic) capa-
bilities of the body, leading to a constant-
ly increasing risk of death.

According to the theory of hyperfunc-
tion, ageing does not result from the ac-
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cumulation of random molecular dam-
age. Instead, mTOR signalling is a master 
driver of ageing, the grand ‘conducTOR’ 
and ‘moTOR’ of ageing (Blagosklonny 
2012). Next to other signalling pathways, 
such as growth hormone/insulin/ IGF-1 
signalling, mTOR (mechanistic/mam-
malian target of rapamycin) contributes 
to so-called ‘hyperfunction’ that inevi-
tably kills the body, even though ageing 
is non-programmed and non-adaptive. 
In this view, ageing is ‘programme-like’ 
or ‘quasi-programmed, and mTOR is an 
extremely important signalling pathway 
and the signalling ‘hub’ in cell survival 
that is the universal molecular ‘hypothal-
amus’. We have discussed this theory in 
our previous articles (Chmielewski and 
Borysławski 2016; Chmielewski et al. 
2016; Chmielewski 2016, 2017). How-
ever, it remains unclear what ‘hyperfunc-
tion’ really means. Is everything that is 
not caused by random molecular dam-
age but the increased activity of mTOR 
hyperfunction? Moreover, it is not clear 
what drives ageing: the accumulation of 
random molecular and cellular damage 
(caused by ROS, electrophiles and sto-
chastic factors and processes) or mTOR 
and its hyperfunction (cf. Blagosklonny 
2012; Zimniak 2012). Some authors sug-
gest that the theory of hyperfunction can 
help explain why we must die (i.e. why 
our lifespan is finite) but cannot explain 
why we age (since this can be explained 
only by the accumulation of damage oc-
curring over time at different levels of bi-
ological organisation).

The neuroendocrine theory of age-
ing stresses the role of neuronal and 
endocrine mechanisms in the ageing 
process (Diggs 2008), although this 
does not mean that ageing is genetical-
ly programmed as hormones that regu-
late reproduction act in an antagonistic 

pleiotropic manner to control ageing via 
cell cycle signalling (Atwood and  Bow-
en 2011). According to theories of pro-
grammed longevity, genes are differ-
entially expressed in different stages of 
ontogeny, and some genes are switched 
on and off to drive ageing (Jin 2010). 
With ageing, multiple hormone and neu-
ronal changes occur, which suggests that 
multiple genes must be differentially 
expressed. These changes might result 
from alterations in overarching biological 
mechanisms that gradually switch on and 
off selected genes for hormonal axes in 
the body (e.g. the somatotropic axis, the 
lactotropic axis, the thyrotropic axis, the 
corticotropic axis etc.). These axes play a 
key role in mammalian metabolism, and 
decreased sensitivity of hypothalamus 
and peripheral receptors can cause: (1) 
energy misbalance through the hypothal-
amus-pituitary-thyroid axis, (2) weak-
ening of the immune system through 
immunesenescence, (3) decrements of 
physiological adaptability through the 
hypothalamus-pituitary-adrenal axis and 
(4) weakening of reproductive ability 
through the hypothalamus-pituitary-go-
nadal axis, which contributes to ageing. 
Some proponents of this theory suggest 
that improved sensitivity of hypothala-
mus and peripheral receptors should en-
hance longevity in mammals. On the oth-
er hand, we know that increased activity 
of hormones, such as GH, insulin and 
IGF-1, might contribute to ageing and 
some age-related diseases such as cancer. 
For example, reduced GH/insulin/IGF-
1 signalling can be a protective mecha-
nisms in humans. It has been hypothe-
sised that GH/insulin/IGF-1 signalling 
is one of the evolutionarily conserved 
mechanisms for ageing. In general, in-
sulin has beneficial effects on the body 
and these effects result from evolution-
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arily conserved mechanisms. Empirical 
data suggest that decreased activity of 
the somatotropic axis (GHRH/GH/IGF/
IGF-BP3) along with reduced GH/insu-
lin/IGF-1 signalling can slow down the 
ageing process in model animals. Never-
theless, increased insulin levels can ac-
celerate ageing in some tissues.

Network theories of ageing
There is compelling evidence that ageing 
is a highly complex and multifaceted phe-
nomenon that is a by-product of natural 
selection. Multiple different mechanisms 
at many different levels of biological or-
ganisation might contribute to the ageing 
process. Therefore, both programmatic 
aspects of longevity (e.g. side-effects of 
metabolism, a consequence of growth 
and development etc.) and the accumu-
lation of random and non-programmed 
damage might be responsible for ageing. 
Although some of those older theories 
that were presented by Medvedev in 
1990 are no longer current, various the-
ories from different groups can be true.

To understand ageing, multiple con-
nected processes, both intrinsic and ex-
trinsic, that contribute to the biology of 
ageing should be carefully studied. An 
early network model called MARS (mi-
tochondria, aberrant proteins, radicals, 
scavengers) was presented by Kirkwood 
and Kowald in 1994 and 1996. In this 
model, the key variable is the free radial 
production rate that depends on various 
factors and processes such as the kinetics 
of the production of free radicals by the 
mitochondria and their destruction by 
various antioxidants (Kowald and Kirk-
wood 1994; Arking 2019). The network 
theory of ageing puts an emphasis on in-
teractions, synergism and antagonism of 
different biological processes that might 

shape senescence. The production of free 
radicals depends on the level of energy 
that is provided by the mitochondria as 
well as on the synthesis, turnover and 
degradation of these organelles. Some 
new network models posit that the pro-
duction of free radicals is molecularly 
regulated by mTOR and probably other 
molecular ‘conductors’ of ageing. These 
integrative models that are based on sys-
tems biology and new data from empir-
ical studies are extremely important as 
they can help understand the complexity 
of the ageing process. Their implications 
include studying ageing at many differ-
ent levels of biological organisation and 
the development of data bases for the bi-
ology of ageing. Interestingly, data from 
genomics and proteomics suggest that 
there is a relationship between the ge-
netics of development and the genetics 
of ageing (de Magalhães et al. 2009; de 
Magalhães 2012).

Arguments in favour of 
programmed or prearranged 

ageing

Proponents of non-programmed ageing 
have argued that a single gene mutation 
cannot extend lifespan. Today, there is 
compelling evidence that a single gene 
mutation can enhance longevity in model 
organisms such as nematodes, fruit flies 
and mammals (Kenyon 2010, 2011). In-
terestingly, evolutionarily distant organ-
isms share the same molecular basis and 
evolutionarily conserved mechanisms for 
ageing (Kim 2007; Campisi et al. 2019; 
Dönertaş et al. 2019). There are signal-
ling pathways that modulate stress re-
sponse and affect ageing and longevity in 
evolutionarily distant model organisms 
(Kim 2007; Kenyon 2010, 2011). These 
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evolutionarily conserved pathways play 
a crucial role in the link between ageing 
and age-related diseases. For example, 
GH/insulin/IGF-1 signalling might be 
involved in the link between ageing and 
cancer in humans.

Empirical data from modern genet-
ics, genomics and proteomics suggest 
that the idea of programmed (molecu-
larly orchestrated) ageing is not without 
some merit. In brief, multiple genes and 
microRNA (miRNA) are differential-
ly expressed during ontogeny because 
of overarching epigenetic mechanisms 
(Mitteldorf 2016; Chmielewski 2019). 
There are intrinsic mechanisms at the 
molecular level that can be described 
as signatures and ‘instructions’ for age-
ing (de Magalhães 2012). It has been 
hypothesised that there is an epigenetic 
clock that controls this transition from 
the state of high somatic maintenance 
and normal bodily functioning to the 
state of low somatic maintenance and 
increasingly abnormal functioning (Mit-
teldorf 2015; 2016). Interestingly, partial 
reprogramming ameliorates hallmarks 
of ageing and erases markers of ageing, 
thereby extending lifespan in human 
and mouse cells (Ocampo et al. 2016). 
Furthermore, various atavistic process-
es of self-destruction, such as apoptosis 
(programmed cell death) and autophagy, 
might play an important role in ageing 
at the organismal level (Terman et al. 
2007; Barbosa et al. 2019). On balance, 
empirical data show that ageing is molec-
ularly orchestrated and hormonally reg-
ulated (van Heemst et al. 2005; Atwood 
and Bowen 2011; Chmielewski 2019).

In most species, including humans, 
ageing can be observed after ELS, which 
means that all-cause mortality increas-
es with age (Warner et al. 2010; Rattan 
2014). In humans, mortality doubles ev-

ery eight years between ages 30 and 80 
(Kirkwood 2015), which results from 
homeostenosis, i.e. the intrinsic and pro-
gressive decline in physiologic integrity 
of the body (Rattan 2014; Cohen 2015, 
2016). Surprisingly, there are some 
species that have a different pattern of 
age-related changes in mortality rates. 
In desert tortoises (Gopherusagassizii) 
and white mangroves (Avicennia marina), 
the likelihood of survival increases with 
age (Jones et al. 2014). Interestingly, 
some authors argue that the likelihood 
of survival increases with age in human 
populations since ‘death rates decelerate 
with age’ (cf. Vaupel et al. 1998; Hay-
flick 1998). In my view, this argument is 
misleading. In human populations with 
high rates of extrinsic mortality, when 
selection pressures are high, newborns, 
infants and mothers are more likely to 
die due to complications associated with 
delivery, lack of medical care and other 
causes such as starvation, predation etc. 
In these populations, adults who sur-
vived to age 30 or 40 are fit and healthy, 
and those who survived to age 60 or 70 
are extremely successful, e.g. they have 
more resources than other tribe mem-
bers. Therefore, they can outlive young-
er individuals. But these findings do not 
provide any insight into the intrinsic bi-
ology of ageing.

While life expectancy increases in hu-
man populations around the world, there 
is a limit that is known as the maximum 
lifespan (MLS) and this limit remains un-
changed (Lenart and  Bienertová-Vašků 
2017). Therefore, many authors suggest 
that there is a genetic programme for 
longevity in every species, and longevity, 
unlike ageing, is genetically determined. 
Humans grow, develop, reproduce and 
age following a relatively similar pat-
tern. Therefore, those researchers who 
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identify ageing with longevity (but es-
pecially those who assert that there are 
‘genes for ageing’, e.g. Mitteldorf), sug-
gest that ageing, like longevity, must be 
programmed (either determined or pre-
determined by nature).

According to proponents of pro-
grammed and adaptive ageing, several 
‘biological clocks’ have been identified 
to date, including mitotic and epigenetic 
clocks for ageing (Mitteldorf 2015; 2016; 
2017; 2018) as well as the thymus that 
functions continuously throughout life 
(Haynes et al. 2000) and the suprachias-
matic nucleus (SCN) that interacts with 
many other parts of the brain. These sys-
tems are believed to be ‘biological clocks’ 
that act through hormones to control the 
pace of ageing (Jin 2010). At least two 
groups of mechanistic theories seem re-
lated to this concept, i.e. the theory of 
slow poisoning of the body through slow 
phenoptosis and the neuroendocrine 
theory of ageing (cf. Mitteldorf 2018).

Arguments in favour of non-
programmed (damage-induced) 

ageing

It is often argued that most of the ar-
guments for programmed and adaptive 
ageing are based on circumstantial evi-
dence and circular reasoning. Moreover, 
valid mathematical models and simula-
tions show that standard theories of pro-
grammed ageing are defective and pre-
dictions of their proponents are wrong 
(Kowald and Kirkwood 2016). Standard 
evolutionary models rule out the possi-
bility of programmed, adaptive and altru-
istic ageing because ageing is non-adap-
tive at the individual level. Furthermore, 
the majority of authors and researchers 
do not support the view that ageing is 

programmed and adaptive. Ageing arises 
from progressive fall in Hamilton’s forces 
of natural selection and this process does 
not have any biological function or pur-
pose (Rauser et al. 2009; Cohen 2015).

Evolutionary conserved mechanisms 
for ageing are sometimes described as 
arguments against non-programmed 
(damage-induced) ageing. For example, 
Blagosklonny (2012, 2013) and other 
authors suggest that ageing is quasi-pro-
grammed, which means that it is driven 
by signalling pathways such as mTOR 
and GH/insulin/IGF-1, and there are 
no studies showing that prevention of 
damage can extend lifespan. These sig-
nalling pathways can be evolutionarily 
conserved mechanisms for the evolution-
ary trade-offs between growth, develop-
ment, reproduction and ageing. In this 
view, signalling pathways do not actively 
drive the ageing process but they are im-
portant for growth and development. It 
is well known that ageing can be viewed 
as a developmental process that consists 
in retrograde changes over time, includ-
ing the age-related loss of physiologic in-
tegrity of the body. Therefore, these sig-
nalling pathways, including the insulin/
IGF-1 pathway, might play a critical role 
in the link between ageing and age-relat-
ed diseases.

According to Kirkwood (2005), any 
genetic programme for ageing, assum-
ing that ageing and metabolism are not 
intertwined phenomena as ageing is 
against survival, would be eliminated by 
natural selection. In other words, if there 
is a ‘programme for ageing’, we should 
observe non-ageing mutants. Since there 
are no such mutants, ageing cannot be 
genetically programmed. Additionally, 
if ageing were genetically programmed, 
genetically identical organisms should 
age in a very similar way. Noteworthy, 



428	 Piotr Paweł Chmielewski

genetically identical monozygotic twins 
living in the same environment have dif-
ferent life trajectories associated with 
the age-related loss of functional capac-
ity and they differ in lifespan (Finch and 
Kirkwood 2000), which shows that there 
is no genetic programme for ageing.

Modern evolutionary theories of age-
ing are part of life history theory. This 
theory explains how natural selection 
has shaped rates and patterns of ageing 
as well as the relation between ageing 
and reproduction in humans and oth-
er species (Flatt and Partridge 2018). It 
can explain why some species have un-
usual patterns of age-related changes in 
mortality. Interestingly, recent studies 
confirm that there are physiological and 
cognitive costs of increased reproduction 
in humans (Jasienska et al. 2017; Ziom-
kiewicz et al. 2016, 2019), which cor-
roborates the DST. This theory can help 
understand that ageing is non-adaptive 
at the individual level and, therefore, is 
cannot be programmed by nature.

Negligible senescence
Some eminent proponents of pro-
grammed ageing argue that negligible 
senescence, which can be observed in 
some species, might be an argument for 
programmed ageing because these is no 
ageing programme in these animals. Ac-
cording to some traditional models of 
non-programmed ageing, including the 
entropic model that was proposed by 
Hayflick (2007), all organisms should 
age and the very idea that some ani-
mals do not undergo senescence seems 
preposterous. At one anatomical confer-
ence, I said during my speech: ‘Today, 
we know that not all organisms undergo 
ageing. Ageing researchers have discov-
ered negligible senescence. This term 

was coined by Caleb Finch. For example, 
Hydra can live more than 10000 years in 
protected environments’. One Professor 
of Anatomy from Łódź responded: ‘This 
is impossible. You must be wrong. So 
why do these organisms die?’. ‘Because 
of extrinsic mortality, for example pred-
ators’, I replied. He did not believe me, 
and he should have asked why these or-
ganisms do not age. According to pro-
ponents of non-programmed ageing, the 
answer is this: Hydra does not have a 
‘true soma’ and other answers are possi-
ble for different species because of differ-
ent life history strategies. According to 
proponents of programmed ageing, the 
answer is: an ageing programme might 
not work in these species. This answer 
can tentatively explain why other species 
that have a ‘true soma’ do not suffer from 
age-related diseases. For example, naked 
mole-rats (Heterocephalus glaber) do not 
suffer from cancer, atherosclerosis, car-
diovascular disease or immunodeficiency 
(Skulachev 2013; Ruby et al. 2018) and 
these rodents die of unknown causes at 
the age of 28–32 years in protected en-
vironments. Since they have a different 
pattern of age-related changes in gene 
expression than those mammals that un-
dergo ageing, Skulachev (2013) argues 
that an ageing programme ‘seems to be 
not operative in these mammals’.

Conclusions
The discussion concerning the nature 
of human ageing within the life histo-
ry (programmed/quasi-programmed/
non-programmed) involves controversial 
and potentially arbitrary interpretations. 
Standard evolutionary models, according 
to which ageing cannot be programmed, 
are dominant in current biology. These 
standard theories rule out the possibili-
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ty that ageing is programmed, adaptive 
or altruistic. Nevertheless, proponents 
of programmed and quasi-programmed 
(non-adaptive) ageing might present 
their own models.

Conflict of interest

The author declares that there are no 
conflicts of interest regarding the publi-
cation of this paper.

Corresponding author

Piotr Paweł Chmielewski, Division of 
Anatomy, Department of Human Mor-
phology and Embryology, Faculty of 
Medicine, Wroclaw Medical Universi-
ty, 6a Chałubińskiego Street, 50-368 
Wrocław, Poland
e-mail: piotr.chmielewski@umed.wroc.pl

References
Arking R. 2019. Biology of longevity and ag-

ing. Pathways and prospects. 4th ed. New 
York: Oxford University Press.

Atwood CS, Bowen RL. 2011. The reproduc-
tive-cell cycle theory of aging: an update. 
Exp Gerontol 46:100–7.

Austad SN, Hoffman JM. 2018. Is antagonis-
tic pleiotropy ubiquitous in aging biology? 
Evol Med Public Health 2018:287–94.

Barbosa MC, Grosso RA, Fader CM. 2019. 
Hallmarks of aging: an autophagic per-
spective. Front Endocrinol 9:790.

Barja G. 2014. The mitochondrial free radi-
cal theory of aging. Prog Mol Biol Transl 
Sci 127:1–27.

Baudisch A. 2005. Hamilton’s indicators of 
the force of selection. Proc Natl Acad Sci 
102:8263–8.

Baudisch A, Vaupel JW. 2012. Evolution. Get-
ting to the root of aging. Science 338:618–
9.

Bjorksten J,  Tenhu H. 1990. The crosslink-
ing theory of aging-added evidence. Exp 
Gerontol 25:91–5.

Blagosklonny MV. 2010. Why the disposable 
soma theory cannot explain why women 
live longer and why we age. Aging 2:884–7

Blagosklonny MV. 2012. Answering the ul-
timate question “What is the proximal 
cause of aging?”. Aging 4:861–77.

Blagosklonny MV. 2013. Damage-induced 
aging and perpetual motion. Cell Cycle 
12:2709–10.

Blagosklonny MV. 2018. Disease or not, aging 
is easily treatable. Aging 10:3067–78.

Bulterijs S, Hull RS, Björk VC, Roy AG. 2015. 
It is time to classify biological aging as a 
disease. Front Genet 6:205.

Burger O, Missov TI. 2016. Evolutionary the-
ory of ageing and the problem of correlat-
ed Gompertz parameters. J Theor Biol 
408:34–41.

Campisi J, Kapahi P, Lithgow GJ,  Melov 
S, Newman JC, Verdin E. 2019. From dis-
coveries in ageing research to therapeutics 
for healthy ageing. Nature 571:183–92.

Charlesworth B. 2001. Patterns of age-spe-
cific means and genetic variances of mor-
tality rates predicted by the mutation-ac-
cumulation theory of ageing. J Theor Biol 
210:47–65.

Chmielewski P. 2016. Teoria sezonowego pro-
gramowania długowieczności. Kosmos 
65:323–37.

Chmielewski P. 2017. Rethinking modern the-
ories of ageing and their classification: the 
proximate mechanisms and the ultimate 
explanations. Anthropol Rev 80:259–72.

Chmielewski PP. 2019. Human ageing as a 
dynamic, emergent and malleable pro-
cess: from disease-oriented to health-ori-
ented approaches. Biogerontology, accept-
ed manuscript available at: https://link.
springer.com/article/10.1007/s10522-
019-09839-w

Chmielewski P, Borysławski K. 2016. Proksy-
malne przyczyny starzenia się człowieka: 
przypadkowe uszkodzenia molekularne 
czy hiperfunkcja programów rozwo-
jowych? Kosmos 65:339–49.



430	 Piotr Paweł Chmielewski

Chmielewski P, Borysławski K, Strzelec B. 
2016. Contemporary views on human ag-
ing and longevity. Anthropol Rev 79:115–
42.

Chmielewski PP, Strzelec B. 2018. Elevated 
leukocyte count as a harbinger of system-
ic inflammation, disease progression, and 
poor prognosis: a review. Folia Morphol 
77:171–8.

Cohen AA. 2015. Physiological and compara-
tive evidence fails to confirm an adaptive 
role for aging in evolution. Curr Aging Sci 
8:14–23.

Cohen AA. 2016. Complex systems dynamics 
in aging: new evidence, continuing ques-
tions. Biogerontology 17:205–20.

Colman RJ, Anderson RM, Johnson SC, Kast-
man EK, Kosmatka KJ, Beasley TM, Alli-
son DB, Cruzen C, Simmons HA, Kemnitz 
JW,  Weindruch R. 2009. Calorie restric-
tion delays disease onset and mortality in 
rhesus monkeys. Science 325:201–4.

da Costa JP,  Vitorino R,  Silva GM,  Vogel 
C,  Duarte AC,  Rocha-Santos T. 2016. A 
synopsis on aging-Theories, mechanisms 
and future prospects. Ageing Res Rev 
29:90–112.

de Grey ADNJ. 1999. The mitochondrial free 
radical theory of aging. Austin: Landes 
Bioscience.

de Grey AD. 2015. Do we have genes that 
exist to hasten aging? New data, new ar-
guments, but the answer is still no. Curr 
Aging Sci 8:24–33.

de Magalhães JP. 2012. Programmatic features 
of aging originating in development: ag-
ing mechanisms beyond molecular dam-
age? The FASEB Journal 26:4821–6.

de Magalhães JP,  Budovsky A,  Lehmann 
G, Costa J,  Li Y, Fraifeld V, Church GM. 
2009. The Human Ageing Genomic Re-
sources: online databases and tools for 
biogerontologists. Aging Cell 8:65–72.

Diggs J. 2008. Neuroendocrine (aging clock) 
theory of aging. In: SJ Loue, M Sajatovic, 
editors. Encyclopedia of Aging and Public 
Health. Boston: Springer.

Dönertaş HM,  Fuentealba M,  Partridge 
L,  Thornton JM. 2019. Identifying po-

tential ageing-modulating drugs in silico. 
Trends Endocrinol Metab 30:118–31.

Ferrucci L,  Fabbri E. 2018. Inflammageing: 
chronic inflammation in ageing, cardio-
vascular disease, and frailty. Nat Rev Car-
diol 15:505–22.

Finch CE, Kirkwood T. 2000. Chance, devel-
opment, and aging. New York: Oxford 
University Press.

Flatt T, Partridge L. 2018. Horizons in the 
evolution of aging. BMC Biol 16:93.

Franceschi C,  Campisi J. 2014. Chronic in-
flammation (inflammaging) and its poten-
tial contribution to age-associated diseas-
es. J Gerontol A Biol Sci Med Sci 69:S4–9.

Freeman P. 2016. How to grow old. Ancient 
wisdom for the second half of life. Prince-
ton: Princeton University Press.

Gavrilov LA, Gavrilova NS. 2001. The reliabil-
ity theory of aging and longevity. J Theor 
Biol 213:527–45.

Gems D. 2015. The aging-disease false di-
chotomy: understanding senescence as 
pathology. Front Genet 6:212.

Harman D. 2006. Free radical theory of aging: 
an update. Increasing the functional life 
span. Ann N Y Acad Sci 1067:10–21.

Hayflick L. 1998. Why biogerontologists 
should not write popular books on aging. 
The Gerontologist 38:504–8.

Hayflick L. 2004. “Anti-aging” is an oxymoron. 
J Gerontol A BiolSci Med Sci 59:B573–8.

Hayflick L. 2007. Entropy explains aging, ge-
netic determinism explains longevity, and 
undefined terminology explains misun-
derstanding both. PLoS Genet 3:e220.

Haynes BF, Sempowski GD, Wells AF, Hale 
LP. 2000. The human thymus during ag-
ing. Immunol Res 22:253–61.

Holliday R. 2007. Aging is no longer an un-
solved problem in biology. Ann N Y Acad 
Sci 1067:1–9.

Jasienska G, Bribiescas RG, Furberg AS, Helle 
S, Núñez-de la Mora A. 2017. Human re-
production and health: an evolutionary 
perspective. Lancet 390:510–20.

Jin K. 2010. Modern theories of aging. Aging 
Dis 1:72–4.



	 Can ageing be programmed?	 431

Jones OR,  Scheuerlein A,  Salguero-Gómez 
R,  Camarda CG,  Schaible R,  Casper 
BB,  Dahlgren JP,  Ehrlén J,  García 
MB,  Menges ES,  Quintana-Ascencio 
PF,  Caswell H,  Baudisch A,  Vaupel JW. 
2014. Diversity of ageing across the tree 
of life. Nature 505:169–73.

Jones OR, Vaupel JW. 2017. Senescence is not 
inevitable. Biogerontology 18:965–71.

Kenyon CJ. 2010. The genetics of ageing. Na-
ture 464:504–12.

Kenyon C. 2011. The first long-lived mutants: 
discovery of the insulin/IGF-1 pathway 
for ageing. Philos Trans R SocLond B Bi-
olSci 366:9–16.

Kim SA. 2007. Common aging pathways in 
worms, flies, mice and humans. J Exp Biol 
210:1607–12.

Kirkwood TBL. 2005. Understanding the odd 
science of aging. Cell 120:437–47.

Kirkwood TBL. 2015. Deciphering death: A 
commentary on Gompertz (1825) ‘On 
the nature of the function expressive of 
the law of human mortality, and on a new 
mode of determining the value of life con-
tingencies. Philos Trans R Soc Lond B Biol 
Sci 370: 20140379.

Kirkwood TB, Holliday R. 1979. The evolu-
tion of aging and longevity. Proc R Soc 
Lond B Biol Sci 205:531–46.

Kirkwood TBL, Melov S. 2011. On the pro-
grammed/non-programmed nature of 
ageing within the life history. Curr Biol 
21:R701–7.

Kirkwood TBL Kowald A. 2012. The free-rad-
ical theory of ageing: older wiser and still 
alive. Modelling positional effects of the 
primary targets of ROS reveals new sup-
port. BioEssays 34:692–700.

Kowald A, Kirkwood TB. 1994. Towards a 
network theory of ageing: a model com-
bining the free radical theory and the pro-
tein error theory. J Theor Biol 168:75–94.

Kowald A, Kirkwood TBL. 2016. Can aging be 
programmed? A critical literature review. 
Aging Cell 15:986–98.

Lemaître JF, Berger V, Bonenfant C, Douhard 
M, Gamelon M, Plard F, Gaillard JM. 2015. 
Early-late life trade-offs and the evolu-

tion of ageing in the wild. Proc Biol Sci 
282:20150209.

Le Bourg E. 2007. Does reproduction de-
crease longevity in human beings? Ageing 
Res Rev 6:141–9.

Lenart P,  Bienertová-Vašků J. 2017. Keeping 
up with the Red Queen: the pace of aging 
as an adaptation. Biogerontology 18:693–
709.

Ljubuncic P,  Reznick AZ. 2009. The evolu-
tionary theories of aging revisited – a 
mini-review. Gerontology 55:205–16.

Longo VD, Mitteldorf J, Skulachev VP. 2005. 
Programmed and altruistic ageing. Nat 
Rev Genet 6:866–72.

Lui JC, Chen W, Barnes KM, Baron J. 2010. 
Changes in gene expression associated 
with aging commonly originate during 
juvenile growth. Mech Ageing Dev 
131:641–9.

Medawar PB. 1952. An unsolved problem of 
biology. London: HK Lewis and Co.

Mikuła-Pietrasik J, Niewiarowska A, Książek 
K. 2015. Święty Graal biologii, czyli jak 
i dlaczego się starzejemy? Postępy Bio-
chemii 61:344–55.

Mitteldorf J. 2010. Female fertility and lon-
gevity. Age 32:79–84.

Mitteldorf J. 2015. How does the body know 
how old is it? Introducing the epigenetic 
clock hypothesis. Interdiscip Top Geron-
tol 40:49–62.

Mitteldorf J. 2016. An epigenetic clock con-
trols aging. Biogerontology 17:257–65.

Mitteldorf J. 2017. Aging is a group-selected 
adaptation: theory, evidence, and medical 
implications. New York: Taylor & Francis 
Group.

Mitteldorf J. 2018. Can aging be programmed? 
Biochemistry 83:1524–33.

Mitteldorf J, Pepper J. 2009. Senescence as an 
adaptation to limit the spread of disease. J 
Theor Biol 260:186–95.

Mitteldorf J, Martins AC. 2014. Programmed 
life span in the context of evolvability. Am 
Nat 184:289–302.

Mitteldorf J, Fahy GM. 2018. Questioning the 
inevitability of aging. Proc Natl Acad Sci U 
S A 115:E558.



432	 Piotr Paweł Chmielewski

Moorad J, Promislow D, Silvertown J. 2019. 
Evolutionary ecology of senescence and 
a reassessment of Williams’ ‘extrinsic 
mortality’ hypothesis. Trends Ecol Evol 
34:519–30.

Nussey DH, Froy H, Lemaitre J-F. 2013. Se-
nescence in natural populations of ani-
mals: widespread evidence and its impli-
cations for bio-gerontology. Ageing Res 
Rev12:214–25.

Ocampo A,  Reddy P,  Martinez-Redondo 
P, Platero-Luengo A, Hatanaka F, Hishida 
T, Li M, Lam D, Kurita M, Beyret E, Arao-
ka T, Vazquez-Ferrer E, Donoso D, Roman 
JL,  Xu J,  Rodriguez Esteban C,  Nuñez 
G, Nuñez Delicado E, Campistol JM, Guil-
len I,  Guillen P,  Izpisua Belmonte JC. 
2016. In vivo amelioration of age-associ-
ated hallmarks by partial reprogramming. 
Cell 167:1719–33.

Rattan SIS. 2012. Biogerontology: from here 
to where? The Lord Cohen Medal Lec-
ture-2011. Biogerontology 13:83–91.

Rattan SIS. 2014. Molecular gerontology: 
principles and perspectives for interven-
tions. In: R Watson, F De Meester, ed-
itors. Omega 3 Fatty Acids in Brian and 
Neurologic Health. New York, Academic 
Press, Elsevier. 9–18.

Rattan SIS. 2018. Biogerontology: research 
status, challenges and opportunities. Acta 
Biomed 89:291–301.

Rauser CL, Mueller LD, Travisano M, Rose 
MR. 2009. Evolution of aging and late life. 
Experimental Evolution 551–84.

Reichard M. 2017. Evolutionary perspectives 
on aging. Semin Cell Dev Biol 70:99–107.

Rose MR, Flatt T, Graves JL, Greer LF, Marti-
nez DE, Matos M, Mueller LD, Shmookler 
Reis RJ, Shahrestani P. 2012. What is Ag-
ing? Front Genet 3:134.

Ruby JG, Smith M, Buffenstein R. 2018. 
Naked mole-rat mortality rates defy 
Gompertzian laws by not increasing with 
age. ELife 7:e31157.

Schöttker B,  Brenner H,  Jansen EH,  Gar-
diner J,  Peasey A,  Kubínová R,  Pająk 
A,  Topor-Madry R,  Tamosiunas A,  Saum 
KU,  Holleczek B,  Pikhart H,  Bobak M. 

2015. Evidence for the free radical/oxi-
dative stress theory of ageing from the 
CHANCES consortium: a meta-analysis 
of individual participant data. BMC Med 
13:300.

Skulachev VP. 1997. Aging is a specific biolog-
ical function rather than the result of a dis-
order in complex living systems: biochem-
ical evidence in support of Weismann’s 
hypothesis. Biochemistry 62:1191–5.

Skulachev VP. 2013. Concept of aging as a 
result of slow programmed poisoning of 
an organism with mitochondrial reactive 
oxygen species. In: VP Skulachev, AV Bo-
gachev, FO Kasparinsky, editors. Princi-
ples of bioenergetics. New York: Springer.

Skulachev VP, Longo VD. 2005. Aging as 
a mitochondria-mediated atavistic pro-
gram: can aging be switched off? Ann NY 
Acad Sci 1057:145–64.

Skulachev MV, Skulachev VP. 2017. Pro-
grammed aging of mammals: proof of 
concept and prospects of biochemical ap-
proaches for anti-aging therapy. Biochem-
istry 82:1403–22.

Somel M, Guo S, Fu N, Yan Z, Hu HY, Xu 
Y, Yuan Y, Ning Z, Hu Y, Menzel C, Hu 
H, Lachmann M, Zeng R, Chen W, Khai-
tovich P. 2010. MicroRNA, mRNA, and 
protein expression link development and 
aging in human and macaque brain. Ge-
nome Res 20:1207–18.

Stambler I. 2017. Recognizing degenerative 
aging as a treatable medical condition: 
methodology and policy. Aging Dis 8:583–
9.

Terman A, Gustafsson B, Brunk UT. 2007. 
Autophagy, organelles and ageing. J Pathol 
211:134–43.

van Heemst D, Beekman M, Mooijaart SP, 
Heijmans BT, Brandt BW, Zwaan BJ, Slag-
boom PE, Westendorp RGJ. 2005. Re-
duced insulin/IGF-1 signalling and hu-
man longevity. Aging Cell 4:79–85.

Vaupel JW, Carey JR, Christensen K, Johnson 
TE, Tashin AI, Holm NV, lachine IA, Kan-
nisto V, Khazaeli AA, Liedo P, Longo VD, 
Zeng Y, Manton KC, Curtsinger J. 1998. 



	 Can ageing be programmed?	 433

Biodemographic trajectories of longevity. 
Science 280:855–60.

Warner HR, Sierra F, Thompson LV. 2010. Bi-
ology of Aging. In: H Fillit, K Rockwood, 
K Woodhouse, editors. Brocklehurst’s 
Textbook  of  Geriatric Medicine  and  Ger-
ontology. 7th ed. New York: Elsevier.

Wensink MJ, Wrycza TF, Baudisch A. 2014. 
No senescence despite declining selection 
pressure: Hamilton’s result in broader 
perspective. J Theor Biol 347:176–81.

Werfel J, Ingber DE and Bar-Yam Y. 2015. 
Programmed death is favored by natural 
selection in spatial systems. Phys Rev Lett 
114:238103.

Westendorp RG, Kirkwood TB. 1998. Human 
longevity at the cost of reproductive suc-
cess. Nature 396:743–6.

Williams GC. 1957. Pleiotropy, natural se-
lection, and the evolution of senescence. 
Evolution 11:398–411.

Witkowski JM. 2009. Dlaczego się starzeje-
my? In: E Sikora, G Bartosz, JM Witkow-
ski, editors. Biogerontologia. Warszawa: 
Wydawnictwo Naukowe PWN.

Zimniak P. 2012. What is the proximal cause 
of aging? Front Genet 3:189.

Ziomkiewicz A, Sancilio A, Galbarczyk A, 
Klimek M, Jasienska G, Bribiescas RG. 
2016. Evidence for the cost of reproduc-
tion in humans: high lifetime reproduc-
tive effort is associated with greater oxi-
dative stress in post-menopausal women. 
PLoS One 11:e0145753.

Ziomkiewicz A,  Wichary S,  Jasienska G. 
2019. Cognitive costs of reproduction: 
life-history trade-offs explain cognitive 
decline during pregnancy in women. Biol 
Rev Camb Philos Soc 94:1105–15.


