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Abstract 
Population ageing is probably the single most important healthcare challenge the developed 
and developing world will face in the 21st Century.  This is because the later part of the 
human life course is marked by the emergence of a wide spectrum of pathological 
impairments which increase morbidity and reduce quality of life.  The processes driving these 
increases in mortality and morbidity are often conceptualised as highly complex and multi-
causal.  Indeed, it has been suggested that there is no human “ageing process”, only distinct, 
disease-specific mechanisms of pathology. 
 
However, humans are not the only organisms within the biosphere to show ageing and the use 
of cross-species approaches has demonstrated that common ageing processes exist and 
allowed some of  the common genetic pathways controlling them to be identified.  Mutants in 
these pathways either delay or accelerate the development of late life diseases giving rise to 
extended healthy lives or progerias, respectively. These advances in fundamental 
understanding open opportunities for a more detailed investigation of the key causal 
mechanisms underlying ageing and the exploitation of that knowledge for improved 
interventions in later life. 
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INTRODUCTION 
 
Over the past 150 years dramatic progress occurred in both public sanitation and our 
understanding of the causes of infectious disease.  In combination, these discoveries produced 
the “epidemiological transition” - a very marked reduction in mortality in the early part of the 
life course due to a sharp fall in deaths from acute infectious disease, followed by a rise in 
both mortality and morbidity resulting from chronic degenerative conditions as a result of 
larger numbers of individuals surviving into later life [1].   
 
The epidemiological transition is recognised as the single most important change to affect 
both the scale and patterning of human mortality to date.  It has turned the problem of age-
associated diseases into the major one facing healthcare systems which were developed to 
deal primarily with purely exogenous causes of pathology (e.g. infectious disease or trauma).  
By way of example, it has been estimated that by 2050, between 40-50% of the population of 
the western world and the Pacific Rim will be over the age of 60 [2]. Advancing 
chronological age is associated with an increased susceptibility to a wide range of 
degenerative conditions, which range in seriousness from the trivial to the fatal. All of these 
illnesses cost money and reduce the quality of life of those who suffer from them. The 
challenge posed by the ageing population in the 21st century is thus to avoid both a sharp 
reduction in the quality of later life and steep increases in health spending.    
 
The resource implications of dealing with the ageing population if conventional approaches 
are employed are very serious and dwarf the investment needed to improve health in early 
life.  The public health measures that were responsible for the demographic transition were 
relatively cheap.  For example, it has been estimated that the cost per life year saved by 
providing clean water in the USA was ~$500 (in 2003 dollars) [3].  In contrast, interventions 
such as stenting cost ~ $433,000 per healthy life year gained (at 2007 values) [4].  In the 
same year (2007) the total cost of prescription medications for the British National Health 
Service was approximately £8.4 billion.  Of the medicines purchased with this sum, patients 
over the age of 65 were prescribed 59.7% of all items dispensed by community pharmacists 
and 67.7% of items dispensed by doctors [5].  It has been estimated that ~40% of the total 
budget of the British National Health Service is deployed combating the poor health 
consequences of ageing [6]. 
 
However a study from the RAND Corporation on future medical advances which might 
benefit the elderly showed that the potential exists for new treatments which are considerably 
cheaper.  The best disease-specific example was a (hypothetical) drug which could reduce the 
incidence of Alzheimer’s disease by one third.  If such a drug existed then it could be used to 
provide one extra healthy year of life expectancy for $80, 334 (at 1999 values).In contrast, 
the RAND study estimated that a drug capable of adding ten years to healthy life expectancy 
could be used to purchase an extra healthy life year for $8,790 (at 1999 values) [7].  This type 
of quantitative estimate of the potential benefits of understanding ageing and age-related 
disease highlights the need for both a better understanding of the fundamental biological 
basis of the process and the necessity of exploiting the knowledge gained so far in the 
production of better late life interventions.  
 
Why do we age? 
      
Ageing has been defined as a failure to maintain homeostasis under conditions of 
physiological stress [8].  This is accurate as far as it goes but the definition is insufficiently 
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exclusive to provide a robust conceptual framework.  Many researchers use that of Strehlar 
[9] who considered the defining features of ageing to be that it was universal, progressive, 
intrinsic and, above all, degenerative. 
 
It also need to be stressed that even though the word ‘ageing’ is frequently applied to tissue 
components (as in ‘cell ageing’), true ageing is something that can only happen to entire 
organisms.  Formally speaking, it does not happen to proteins (which become adducted or 
damaged as a function of chronological dwell time in more or less damaging environments) 
and it does not happen to cells (unless the cell in question is something like yeast which is 
also an organism in its own right).  Metazoan cells certainly undergo a range of changes over 
time and these changes almost certainly play causal roles in the ageing of the organism, but 
the cells themselves (whether mitotic or post mitotic) are not ageing in Strehlar’s sense of the 
term.  Rather, organismal ageing results from combinations of these intrinsic changes.  What 
is the evolutionary rationale for ageing when it clearly compromises organismal survival? 
  
Medawar (1952) [10] made what is still recognised as a fundamental insight into why ageing 
exists.  He considered it to be a by product of the age-dependence of reproduction.  This 
increases from zero (at the time of birth), peaks in young adult organisms (after puberty), and 
them decreases due to the increased likelihood of extrinsic mortality (e.g. predation, disease 
or accident). In natural conditions organisms rarely live to the age when ageing becomes 
apparent, thus their mortality is almost entirely dependent on extrinsic factors.  
 
It follows that early-acting deleterious mutations are strongly selected against, since they 
affect the reproduction rate (or chances) of an organism. However, harmful mutations that 
occur later in the life course will not be exposed to such strong natural selection, as their 
carriers have already passed their genes to the next generation. A case in point would be 
Alzheimer's disease, which manifests itself in later life.  Affected individuals are able to 
reproduce and, thus, potentially transfer the risk of developing pathology to their 
descendants.  
 
The antagonistic pleiotropy theory of ageing [11] extended Medawar’s initial observations on 
the age-dependence of reproduction by postulating the existence of pleiotropic genes i.e. 
alleles that have different effects on the survival of organisms during the life course.  Such 
genes exert favourable effects on early life fecundity (when the effect of natural selection is 
strong), but deleterious ones in later life when the effect of natural selection is weak. The 
predictions of antagonistic pleiotropy (e.g. that fertility and longevity are negatively 
correlated) have been confirmed in experiments using the fruit fly Drosophila melanogaster.  
Postponing reproduction increased life expectancy and, conversely, decreased fertility was 
observed in long-lived flies [12]. Pleiotropic effects can occur both at the level of individual 
genes (e.g. p53 which plays a key role in the cellular anticancer mechanism at the cost of 
suppressing stem cell proliferation and survival) but also at the level of global processes such 
as cognition or tumour suppression. 
  
The disposable soma theory, proposed by Kirkwood [13], has significant conceptual 
similarities to antagonistic pleiotropy.  It postulates that longevity assurance mechanisms 
exist which are energetically expensive. Since energy is finite, organisms invest resources in 
somatic maintenance in line with their likely chances of survival. Since different species 
(sometimes even different individuals within species) have different external threat levels, 
this naturally leads to differential investment in somatic maintenance, differential 
reproductive rates and interspecies distinctions in the rate of ageing and maximum life span 
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under protected conditions. For example, birds and bats live longer in comparison to land 
animals of similar size due to their ability to fly, which means that they experience less 
predator pressure. 
  
Each of these theories has the potential to explain the variation in ageing rates seen in natural 
populations.  However, not all the theories have resisted falsification to the same degree. 
Although there is some evidence that mutation accumulation plays a causal role in ageing this 
is quite limited and it appears unlikely that it is a major cause of ageing in Drosophila [14, 
15]. The disposable soma theory has recently been subject to challenge with regard to the 
idea that the energy supply in the wild is limited. It has been suggested that the ability of 
organisms to dissipate heat, rather than the supply of energy per se, is the primary limit to 
reproductive success [16]. If this is accepted, then testable predictions arise that directly 
contrast with those posed by the disposable soma theory.  In contrast, multiple lines of 
evidence are consistent with the idea of antagonistic pleiotropy as a broad-based ageing 
mechanism [17]. 
 
Antagonistic pleiotropy provides a useful starting framework for understanding the evolution 
of ageing, but an uncomplicated trade-off between early life fecundity and late life mortality 
should not be treated as the only factor determining lifespan in all species. For example, 
isolated populations of guppies (Poecilia reticulate) in the same river system in Trinidad live 
in either high or low predation environmental niches [18]. Classical antagonistic pleiotropy 
would predict that the fish populations in low predation environments should display 
relatively longer lifespans compared to those guppies in high predation niches. In fact, those 
guppies that evolved with predators mature earlier but also show longer lifespans than their 
counterparts in environments with low extrinsic mortality.   This is difficult to reconcile with 
simple antagonistic pleiotropy and demonstrates that other factors (e.g. viability penalties for 
male sexual display) need to be factored into our standard evolutionary models for 
senescence [19]. 
 
Any theory which seeks to explain the existence of ageing must also be able to explain how it 
is possible for non-ageing organisms to evolve.  Here again, antagonistic pleiotropy has 
provided an initial conceptual framework. In essence, an organism can be non-ageing if it 
becomes a quantitatively better replicator with time (in terms of offspring produced per unit 
of energy expended). This has the effect of reducing the overall potential benefits of 
mutations which increase early life fecundity but carry a late life fitness cost. 
 
This fits well with a few examples of negligible senescence which exist in the natural world. 
A famous example of negligible senescence is the Cnidarian hydra, which is often considered 
to be immortal [20].   These organisms appear to be non ageing when growing in their 
asexual phase but undergo ageing after initiating transition to sexual reproduction.  However 
asexual metazoans also undergo senescence and it would be wrong to consider ageing simply 
to be the "price paid for sex" [21]. 
 
The North Atlantic quahog (Arctica islandica) is perhaps the most extreme example of a 
complex organism that shows either negligible senescence or exceptional longevity.  These 
molluscs have life spans in excess of 500 years [22].  The mechanisms by which the quahog 
achieves this exceptional lifespan remain unclear but, unlike many other ultra-long lived 
animals, the life cycle of Arctica (in particular the ability to readily harvest large populations 
of organisms of the same age from the same part of the sea bed) and its simple housing 
requirements render it a potentially tractable laboratory model [23]. 
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One ageing process or many? 
 
Evolutionary theory provides a useful conceptual framework for why ageing exists but is less 
helpful in explaining how the process operates. If any mutation which increases early life 
fecundity is selected for, even if this is associated with deleterious effects later on in the life 
course, then the number of processes which could contribute to ageing is potentially 
extremely large. Thus, in a complex organism, there could (in principle) be a distinct ageing 
mechanism for every tissue and every organ system. Classical epidemiologists have taken 
this view from time to time [24] and it resonates well with research programmes aimed at 
targeting specific diseases. 
  
However, from the late 1980s onwards it became possible to isolate multiple mutants in 
common laboratory model organisms (eg nematode worms and fruit flies) which showed 
greatly extended lifespans [25-27]. Analysis suggested that these organisms were longer lived 
due to improved health status across multiple tissues and organ systems [28, 29]. Such 
observations are difficult to reconcile with a rigid "single pathology, single cause" model of 
later life dysfunction and are more consistent with a situation in which a few major "ageing" 
mechanisms drive the degeneration that characterises the latter period of the life course. If 
this is indeed the case, then it suggests that a realistic route to intervention in multiple late life 
pathologies is to target these ageing mechanisms rather than to focus efforts exclusively on 
cures for single age-associated diseases. 
 
Many of the mutants that display significantly retarded ageing and extended lifespans 
compared to wild-type controls are found in the insulin/insulin-like growth factor signalling 
pathway (IIS mutants).  These IIS mutations include the daf-2 mutant in C. elegans (a null 
mutation in the insulin/IGF1 receptor), chico (a Drosophila insulin receptor substrate protein 
mutant) and a variety of mutations in mice that affect either the insulin receptor in selected 
tissues, or global circulating insulin levels and insulin receptor substrates.  However, the 
mechanisms by which these effects are produced were not initially clear. Reduced IGF-1 
levels, increased cellular stress resistance, enhanced insulin sensitivity, altered body size, and 
improved anti-oxidant defences have all been proposed as contributing to the phenotype 28, 
29]. 
 
At least one potential mechanism, that ageing results from damage to the organism caused by 
oxidative stress (as postulated in the ‘free radical’ theory of ageing), now seems to be 
insecure [30]. 
 
 If oxidative damage is indeed a major factor limiting lifespan, then animals with 
compromised antioxidant defences should show significant reductions in lifespan, and those 
with elevated protective or repair capacities should show extended lifespans. However, a 
large series of knockouts or knock-ins for genes involved in antioxidant protection have now 
been generated in both C.elegans and mice [31, 32].  The general picture from these 
transgenic animals is that heterozygous C57BL/6 mouse knockouts of superoxide dismutase-
2 (Sod2), glutathione peroxidase-4 (Gpx4), thioredoxin-2 (Trx2) show increased levels of 
oxidative damage but no decrease in lifespan.  Sod1 homozygous knockouts have shorter 
lifespans than wild-type littermates but overexpression of the enzyme fails to extend lifespan 
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(a pattern replicated with Sod2, Gpx4, and catalase).  As it stands, any simple assertion that 
oxidative damage alone forms the major constraint on lifespan seems unlikely to be valid. 
 
Cross species genomic studies show that IIS mutants appear to down-regulate protein 
biosynthesis and enhance Phase I/Phase II xenobiotic metabolism (upregulation of 
cytochrome p450 genes, short-chain dehydrogenase/ reductases and glutathione-S-
transferases) [33].  This has led to the idea that ageing results from macromolecular damage 
which has accumulated as a result of the toxic action of metabolic by-products [34]. 
Considered in these terms, lifespan is principally determined by the efficiency with which 
damaging species are removed or damaged macromolecules are repaired and recycled. The 
recent observation that mammalian lifespan can be extended using the mTOR inhibitor 
rapamycin is consistent with the idea that enhanced recycling of damaged cellular 
components is a prerequisite for extended organismal lifespan (since inhibition of TOR 
stimulates autophagy) [35, 36]. This idea is also consistent with antagonistic pleiotropy 
because Phase I/Phase II metabolism is an energetically costly process to carry out and it is 
thus unlikely that selection has occurred for it to be more efficient than absolutely necessary. 
 
It has been proposed  that a major cause of the extended healthy lifespan of IIS mutant 
mammals is a reduced accumulation of senescence cells [37].  Senescence is the permanent 
entry of individual cells into a viable but non-dividing state, usually as the result of repeated 
cell division. The pathways which trigger this process are complex but the roles of the major 
molecular players are now relatively well understood [38].  Cell senescence can be observed 
in vitro in cells from a wide variety of different species and probably act as an anti-cancer 
mechanism [39]. Thus, senescence represents an example of antagonistic pleiotropy at the 
process level, limiting the growth of tumours in the early part of the organismal lifespan and 
contributing to organismal survival.  However, cellular senescence is typically associated 
with the significantly upregulated secretion of proinflammatory factors (e.g. IL-6, IL−7, 
MCP-2,  IL-8 and TNF-alpha) and matrix remodelling enzymes such as MMP-1 [40].  In 
vascular smooth muscle, the senescent cell phenotype is even more extreme and combines 
up-regulation of pro-inflammatory factors with the induction of an osteoblast-like 
phenotype,resulting in vascular calcification [41]. Cells with such radically altered 
phenotypes clearly have the potential to exert degenerative effects if their numbers reach a 
sufficiently high level in tissue.  
 
The most rigourous test of the cell senescence hypothesis conducted to date involved deletion 
of senescent cells in vivo in the BubR1 progeroid mouse [42]. This resulted in delayed onset 
of a range of age-related pathologies, including cataracts and sarcopenia.  The study has a 
number of limitations (most notably use of a non-standard genetic background) but provides 
proof of concept for more intensive investigation of replicative senescence in vivo. 
 
Crucial Tests and Interventions 
 
Exploiting novel model systems The ubiquitous nature of the ageing process has produced an 
enormous number of organisms which could potentially be studied and which might provide 
insights into how ageing operates. Of these, ultra-long-lived organisms have the potential to 
be the most informative, since their physiology may provide important clues as to how 
complex tissues can be organised which have either negligible senescence or survival time 
substantially in excess of those seen in humans. However, care needs to be taken in 
interpreting the results. 
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For example, recent studies that found evidence that Arctica’s extreme longevity is associated 
with resistance to oxidative damage. Protein carbonyl concentrations in A. islandica gill 
tissue are reduced compared with those of the shorter lived M. Mercenaria [43]. This may 
result from reduced ROS production in Arctica and may indicate a link between cellular 
redox homeostasis and life span. Alternatively, it may indicate nothing at all since another 
long-lived species (the naked mole rat) routinely has high, steady state levels of oxidative 
damage, levels of ROS production similar to its shorter lived relatives and exceptional 
antioxidant scavenging capacities [30]. In both species, more global studies of their cells’ 
capacity for detoxification and ability to tolerate damage loads may be necessary if 
informative insights are to be gained. Arctica would prove a particularly useful species to 
study in this regard since it is closely related to molluscs with well characterised central 
nervous systems such as Lymnaea and Aplysia. Research on these species has informed much 
of our modern understanding of mammalian learning and memory. 
 
Will elevated recycling prove to be a double-edged sword? Rapamycin produces a significant 
increase in lifespan, even if treatment is started in adulthood. Potentially, this provides proof-
of-principle that at least one drug (already licensed for clinical use) could slow the ageing 
process although how late in life such an intervention could be delivered remains a moot 
point. A central question thus becomes the extent to which this compound, or other related 
compounds (the so-called "rapalogues") can prevent or retard key aspects of morbidity. It is 
clear than rapamycin treatment has beneficial effects in transgenic mouse models of both 
Alzheimer and Huntington disease, probably via the induction of autophagy and the 
enhancement of proteostasis [44-46]. In themselves, these results are sufficient to justify 
sustained research into the therapeutic potential of compounds of this type. However, these 
results must be set against a series of studies which show that treatment of normal neurons 
with rapamycin inhibits some aspects of learning in a number of species. Thus in the normal 
situation, there is convincing evidence that rapamycin is detrimental to memory formation 
[47]. Reconciling these two areas of work requires detailed investigation the effects of mTOR 
inhibition (pharmacologically or otherwise) on deficits seen in normal brain ageing. This 
crucial work has yet to be carried out and is far from trivial even in simple model systems 
such as molluscs. 
 
Drug development to tackle cell senescence. The evidence base that senescent cells do indeed 
contribute to organismal ageing appears to be solid. Thus a rational strategy would be to 
either develop drugs that remove such cells, or small molecules that block the worst of their 
pro-inflammatory effects. This would require a tractable animal model system where 
senescence can be efficiently and reproducibly induced in specific tissues of an otherwise 
normal animal. Such a system would be far more cost effective that attempting to work with 
populations of ageing animals, permit both an investigation of the effects senescent cells have 
on tissue structure and function, and would also provide a platform to assess the effect of 
drug-induced removal of senescent cells. It is to be hoped that such a system could be 
developed in the near future. 
 
Conclusions 
 
Ageing is often thought of as a highly complex multi-causal process and to a certain extent 
this is indeed the case. However, such thinking carries the unvoiced implication that the many 
potential mechanisms that could contribute to ageing at the different level of organisation of 
an organism (e.g. damage from endogenous oxygen radicals, protein glycation, epigenetic 
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changes in DNA at the cellular level, neuroendocrine and immune system changes the whole 
organism level etc) all make roughly equal contributions to lifespan.  The data emerging from 
the study of long-lived mutants animals does not seem to be consistent with such an 
interpretation but rather with one in which a small number of master regulators or key 
processes are responsible for major effects on lifespan. This improvement in our 
understanding of the fundamental biology of ageing is a very encouraging development 
which raises the prospect that we will be able to develop broad-spectrum treatment regimes 
for later life disease.  At the current time, the most likely areas in which progress can be made 
rapidly would appear to be through study of the mTOR axis and the downstream effects of 
compounds which interdict it (e.g. rapamycin) and through targeted modulation of the 
phenotype of senescent cells. Progress in these areas will require much detailed analysis at 
both the genome and proteome levels and a long road to eventual drug development. 
However the fundamental biology tells us that this is a journey to a far-off destination and not 
a trip to never-never land.	
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