PEROXIDATION

A type of oxidation that involves
the addition of oxygen to, for
example, unsaturated fatty acids.

PROTEIN CARBONYL

A protein that contains oxygen
that is linked by a double bond
to carbon, resulting from protein
oxidation.
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MECHANISMS OF AGEING:
PUBLIC OR PRIVATE?

Linda Partridge and David Gems

nutrient supply.

Ageing is a process of intrinsic deterioration that is
reflected at the population level as an increase in the
likelihood of death and a decline in the production of
offspring'~. During ageing, macromolecules accumu-
late damage, including the peroxipation of lipids, PROTEIN
carBONYLs and various forms of damage to DNA*®. In
turn, macromolecular damage can cause organelles,
particularly the mitochondria, to malfunction®. It can
also lead to the necrosis and apoptosis of cells, and tis-
sues can suffer additional damage from changes in the
extracellular matrix'>'2. One of the principal aims of
research into ageing is to identify the processes that lead
to the generation of ageing-related damage, and to
understand exactly how and where that damage occurs.
Much of the experimental work on ageing is on
model organisms, such as the budding yeast
Saccharomyces cerevisiae, the nematode worm
Caenorhabditis elegans and the fruitfly Drosophila
melanogaster. These organisms have many advantages
for ageing studies that have allowed research to
progress rapidly, including their relatively short life-
spans, completely sequenced genomes and well-charac-
terized biology. They are also simple and inexpensive to
culture. However, for work on these organisms to be
relevant to research in humans, their mechanisms of
ageing need to be in common with those in mammals.
We therefore need to know which mechanisms of age-
ing are ‘public’ — those shared across distantly related

Ageing — the decline in survival and fecundity with advancing age — is caused by damage to
macromolecules and tissues. Ageing is not a programmed process, in the sense that no genes
are known to have evolved specifically to cause damage and ageing. Mechanisms of ageing
might therefore not be expected to be as highly conserved between distantly related organisms
as are mechanisms of development and metabolism. However, evidence is mounting that
modulators of the rate of ageing are conserved over large evolutionary distances. As we discuss
in this review, this conservation might stem from mechanisms that match reproductive rate to

evolutionary lineages — and which are ‘private’ —
those peculiar to particular evolutionary lineages'. The
evolutionary conservation of genes, their products, and
their structures and functions, generally occurs by
descent from a common ancestor. One leading candi-
date for a public (shared) mechanism of ageing is the
accumulation of oxidative damage, a topic that has
been well covered elsewhere'>~'>. In this review, we
focus on the upstream mechanisms that might lead to
the generation of ageing-related damage.

Mechanisms that control development and metabo-
lism show a strong degree of conservation across the ani-
mal kingdom. There is every reason to believe, therefore,
that similar findings will apply to ageing. However, age-
ing is a very different kind of process from development.
Whereas development is characterized by precise timing,
a well-defined set of genetic control mechanisms and
events that occur repeatedly in different individuals, age-
ing often occurs at different rates in different tissues and
in different individuals, and seems to have a stochastic
element'®. Furthermore, no genes seem to have evolved
specifically because they cause damage and, therefore,
ageing. Ageing, and changes in its rate by genes and the
environment, can be understood only as a side effect of
something else (BOX 1).

Even though there is no development-like pro-
gramme for ageing itself, two key interventions have
been shown to reduce the rate of ageing throughout the
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Box 1 | Is ageing a programmed process?

Whether the ageing process represents a wear-and-tear type process of damage
accumulation or whether it is, like development, an ordered, programmed process that
is determined by changes in gene regulation has been a long-standing debate within
BIOGERONTOLOGY. We outline the arguments for both cases below.

The case for no programme

The evolutionary theory of ageing predicts that ageing is a non-adaptive process. There
is much evidence of damage accumulation (for example, oxidative damage) during
ageing, and because no genes are known to function specifically to cause damage, ageing
is believed not to be programmed.

The case for programmed ageing

The large differences in lifespan between species must be genetically determined.
Moreover, single-gene mutations can lead to marked increases in lifespan, therefore
ageing must be genetically determined — that is, it must be a programmed process.

Resolving the paradox

This apparent paradox can be resolved by taking into account two points. The first is to
draw a distinction between ‘programmed;, as in involving an ordered series of regulatory
changes, such as in programmed cell death, and ‘programmed’, meaning simply ‘affected

by genetic variation’ The second is to recognize that genetic programmes have evolved
to control processes such as reproduction that inflict ageing-related damage, and
processes such as repair and resistance that contribute to survival®>. On current
evidence, although ageing itself is not a programmed process, variation in the genes that
affect the rate at which damage is generated or repaired will, as a side-effect, contribute
to the time of onset and the rate of ageing.

BIOGERONTOLOGY
The study of biological processes
that give rise to ageing.

PLEIOTROPY

The capacity of different alleles
of a gene to affect more than one
aspect of a phenotype.

animal kingdom: calorific restriction and reduced repro-
ductive rate. Calorific restriction, in which nutrient
intake is restricted to 60-70% that of voluntary levels,
slows ageing in many organisms, which range from yeast
to mammals'”~2. A lower rate of reproduction also slows
down ageing®* this so-called ‘cost of reproduction’ also
occurs across a range of organisms, from yeast to higher
plants and animals. Interestingly, calorific restriction
reduces both daily and lifetime fecundity??*. Its effects
on the rate of ageing might, therefore, be related to the
cost of reproduction. The precise mechanisms by which
calorific restriction and a reduced reproductive rate slow
down ageing are not understood. However, their wide-
spread effects indicate that common mechanisms might
be at work in different evolutionary lineages. So, the rate
of ageing could be dependent on the rate of reproduc-
tion, which itself could be modulated by mechanisms
that link reproductive rate to nutrition. Indeed, the evo-
lutionary processes that have led to the existence of age-
ing, and of variation in its rate between different species,
point to a link with reproduction.

Evolutionary theories of ageing

Ageing might seem to be a paradox from an evolution-
ary perspective because it is a deleterious trait. However,
despite its deleterious nature, it occurs throughout the
animal kingdom and is seen in natural populations in
the wild*?*. So, it is not an artefact of captivity or,
in humans, of life in industrialized societies. Ageing
could be viewed as inevitable, if organisms do indeed
wear out like cars or washing machines. However, it
occurs at very different rates in different kinds of ani-
mals. For instance, birds are generally much longer lived
than are comparably sized mammals?, indicating that

the rate of ageing might evolve and is not simply an
inevitable consequence of wear and tear. Interestingly,
among mammals, bats are long lived for their size?,
which indicates that something about flight might lead
to the evolution of a slower rate of ageing.

Most biological features — such as eyes, wings and
digestive systems — are there for a reason. Surely ageing
must also serve its purpose, especially as it happens at
such different rates in different species? So, what is ageing
for? In the nineteenth century, Alfred Russel Wallace pro-
posed that ageing occurs for the good of the species. Old
and worn-out individuals would, as it were, bow out
gracefully, freeing up resources for subsequent genera-
tions and for the good of the species. This comforting
scenario of ageing as a natural virtue was, unfortunately,
shown to be untenable by evolutionary biologists in the
latter half of the twentieth century. They showed that
natural selection very rarely acts for the good of the
species if this conflicts with selection on individuals®.
Selection on individuals to produce more offspring is, in
general, far more powerful than the selection on them to
refrain from doing so for the good of their species. The
idea that ageing evolved as a device to prevent old indi-
viduals from further reproduction so as to make way for
the young is therefore theoretically unsound.

The key to the evolution of ageing lies in an obser-
vation by J. B. S. Haldane in the 1940s (REE.29). Haldane
was puzzled by Huntington disease — a genetic disease
that causes severe mental illness and death. Huntington
disease is unusual in two respects: it strikes its victims
in later life, usually in their 30s or 40s, and the mutation
that causes the disease is dominant rather than reces-
sive. Generally, dominant mutations that cause fatal
diseases are expected to disappear quickly from the
population. But, as Haldane saw, by the time
Huntington disease strikes, most people have already
had their children, half of whom will have inherited the
mutation. So, dominant lethal mutations can be main-
tained in a population by mutation if their effects are
delayed until after reproduction.

Haldane made a further, clever observation. If nat-
ural selection is unable to purge the Huntington muta-
tion from the general population, how does it act
against mutations that take effect even later? The power
of natural selection to remove such mutations must be
very weak. Is it possible that ageing itself is the result of
mutations that strike very late in life, at ages beyond the
control of natural selection? The evolutionary theory of
ageing crystallized around this idea. As with Mendel’s
laws of genetics, it took many years before the signifi-
cance of Haldane’s observation was fully appreciated
but, by 1980, a mature evolutionary theory of ageing
was in place, based soundly on theoretical population
genetics. Two key theories had emerged: the mutation-
accumulation theory and the pLetoTroPY Or trade-off the-
ory (BOX 2). In the light of these evolutionary theories,
we can see that ageing has evolved as a late-onset genetic
disease that affects us all. The evolutionary theories of
ageing give us a clear, but stark, picture of the biological
function of ageing: there is none. It is merely a non-
adaptive epiphenomenon.

166 ‘ MARCH 2002 | VOLUME 3

www.nature.com/reviews/genetics

$2 © 2002 Macmillan Magazines Ltd



REVIEWS

Box 2 | Theories for the evolution of ageing

Mutations that have deleterious effects on older organisms have a greater chance of
escaping removal from the population by natural selection (see text for more). This
leads to two theoretical predictions.

The mutation-accumulation theory

This theory predicts that mutations with a later age of onset will be able to reach a
higher frequency in the population under mutation—selection balance. They will enter
the population in accordance with their mutation rate, and selection will remove them
with decreasing efficacy the later their age of onset. Ageing can then evolve as a result of

the greater accumulation of mutations with deleterious effects later in life

1,2,96-98

The pleiotropy or trade-off theory

Mutations that produce beneficial effects early in life, but that later increase the rate of
ageing, can be incorporated into a population because natural selection will act more
strongly on the early beneficial effect than on the later deleterious one'*?. For
example, a hypothetical mutation that promotes calcium deposition might accelerate
bone growth and increase fitness early in life, but then lead to hardening of the

arteries later in life.

INBREEDING DEPRESSION
This occurs when deleterious,
recessive alleles become
homozygous in the progeny of
matings between relatives,
causing reduced fitness among
these individuals.

Both the mutation-accumulation and trade-off
theories predict that the intrinsic rate of ageing will
evolve in response to the level of extrinsic hazard.
Species that lead a hazardous lifestyle or live in envi-
ronments with high levels of external hazard from
predators or disease will have high death rates, even in
the absence of any intrinsic ageing process. These high
death rates will, in turn, lead to the evolution of more
rapid ageing under either the mutation-accumulation
or the trade-off mechanism, because the force of nat-
ural selection that maintains survival and fertility will
decline more rapidly with age. Late-acting deleterious
mutations will therefore reach a higher frequency
under the mutation—selection balance, and the late-
life deleterious effects of pleiotropic mutations will
weigh less heavily against their early benefits.
Comparative studies have provided support for this
association between high extrinsic hazard and a high
intrinsic rate of ageing in social insects®’, birds and
mammals®!. In conclusion, species-specific lifespans
are the product of the varying ability of natural selec-
tion to counter the entry into a population of either
late-acting deleterious mutations or pleiotropic muta-
tions, which produce early-life benefits but cause age-
ing later in life.

These two evolutionary theories have different
implications for the conservation of the mechanisms
of ageing over large evolutionary distances, and
therefore for whether they will be public, that is
shared, between different evolutionary lineages'’.
Mutation accumulation might be expected to lead to
lineage-specific, private mechanisms, because there is
no reason for new mutations or their phenotypic
effects to be shared across different evolutionary lin-
eages. Chance will have a role in determining which
late-acting mutations will occur and reach apprecia-
ble frequencies®***. In addition, mechanisms that
generate new mutations, such as the transposition
of mobile genetic elements, will differ in their contri-
bution to the total mutation rate in different

organisms®, and the genes that are available to be
mutated will differ between different evolutionary
lineages. By contrast, the re-setting of the balance of a
life-history trade-off, such as that between early
reproductive rate and the subsequent rate of ageing,
could occur by similar mechanisms in different evo-
lutionary lineages. It is therefore important to assess
the relative contribution of these two processes to the
evolution of ageing.

Mutation accumulation vs trade-off

Both the mutation-accumulation and the trade-off
theories for the evolution of ageing have been sub-
jected to extensive empirical testing, mainly in experi-
ments with Drosophila melanogaster. These tests have
all relied on either examining the properties of natu-
rally existing genetic variation in fly populations, or
the properties of new mutations as they occur. We dis-
cuss the results of these experiments below and how
they support one theory — the pleiotropy/trade-off
theory — more than the other.

Mutation-accumulation theory. Under the theory of
mutation accumulation, the heritable (additive) genetic
contribution to death rates should increase in magni-
tude with age®. This is because mutations with late-
onset deleterious effects should be more common in
the population the later the age at which they take
effect. Each individual should therefore contain more
of these mutations, and therefore pass more of them to
their offspring. However, additive genetic variation for
mortality rate has been shown to decrease at advanced
ages in Drosophila®*>*’. The mutation-accumulation
theory also predicts that the effect of iNBreEDING
DEPRESSION in the progeny of inbred matings should
increase at later ages. According to the mutation-accu-
mulation theory, late-onset deleterious mutations will
be more common in the population, and the likelihood
that they will become homozygous on inbreeding
increases with the age at which they take effect.
Although evidence to support this idea has been pub-
lished?, the authors of this study pointed out that older
individuals might be more susceptible to the effects of
homozygous, deleterious alleles, because they are
already impaired by their age, and so this issue remains
unresolved. This theory also predicts that new muta-
tions with late ages of onset should occur at a measur-
able frequency, a prediction that has been experimen-
tally tested in Drosophila by allowing new mutations to
accumulate. These experiments have yielded little evi-
dence that mutations with only late-age effects
occur®, The experimental support for a role of muta-
tion accumulation in the evolution of ageing is there-
fore weak. Furthermore, if mutations with late-onset
effects are responsible for ageing, then we would expect
to see an abrupt increase in death rates at the age at
which selection intensity declines to zero, particularly
post-reproductively>***!. However, these sudden
increases in post-reproductive death rates are only
rarely observed in the animal kingdom, and only when
a single, suicidal burst of reproduction has occurred'*.
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DAUER LARVA

A developmentally arrested,
immature, long-lived and non-
feeding form of Caenorhabditis
elegans that forms under
conditions of food scarcity and
high population density, and
that resumes development if
food levels increase.

FORWARD GENETICS

A genetic analysis that proceeds
from phenotype to genotype: for
example, by positional cloning
or candidate-gene analysis.
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Figure 1 | Two models of antagonistic pleiotropy. a | Late
action model. In this model, the early and late actions of a
pleiotropic gene have distinct effects on fitness, and the timing
of gene action and its effect on phenotype are the same.

A probable example of such a gene is the wild-type allele of
the Caenorhabditis elegans gene daf-2, which reduces
DAUER LARVA formation (therefore promoting reproduction) but
accelerates ageing. b | Latent damage model. In this model,
both the early and late effects of a mutation occur as a
consequence of its action in early life, with the later effect
occurring long after the period of action of the mutant gene.
Mutations that lead to reduced early fertility and increased
lifespan in Drosophila are examples of such mutations, as
described in REE 50.

Latent damage
P unmasked

Trade-off theory. The trade-off/pleiotropy theory has
been tested mainly in Drosophila*>*® by using artificial
selection experiments. In these experiments, so-called
‘young’ lines of flies are generated by collecting prog-
eny from only young adults. These flies are compared
with those from ‘old’ lines, which are generated by col-
lecting progeny from only older adults that have
already been reproducing for some time****. Because
more of the adults that give rise to the ‘old’ lines die
before their offspring are collected, longevity has been
more strongly selected for in the adult flies of this line.
A direct response to this selection is usually seen, with
the longevity of the ‘old’ lines increasing relative to that
of the ‘young’ lines, and their mortality rate increasing
less rapidly with age (for example, REFS 44-49). If the
pleiotropy theory of ageing applies, then the more
rapid increase in mortality rate with age in the ‘young’
line adults, as compared with the ‘old’ line flies, should
be associated with an earlier beneficial effect. And,
indeed, higher fecundity early in adulthood has been
consistently observed in the ‘young’ line flies relative to
those from the ‘old’ lines in these experiments**4>454%,
Furthermore, the quicker ageing of the ‘young’ line
flies can be abolished by genetic- or X-ray-induced
sterilization®. Therefore, this more rapid ageing is a
direct consequence of the higher early fecundity of
these flies rather than being a consequence of an inde-
pendent, late-age effect of the genes that caused it
(FIG. 1). Also, there was a substantial time lag between

high fecundity in the early life of the ‘young’ lines and
the increase in mortality that it caused, supporting the
pleiotropy theory of the evolution of ageing. In addi-
tion, mutation accumulation had no role in the more
rapid ageing of the ‘young’ selection lines; if it had
done so, then the difference in the rate of ageing
between the ‘young’ and ‘old’ lines would not have
been abolished by sterilization.

So, the balance of experimental evidence is not
strongly in support of mutation accumulation as a sig-
nificant mechanism for the evolution of ageing. By con-
trast, pleiotropy/trade-offs and, in particular, a time-
lagged cost of reproduction, is implicated as an
important general mechanism for the kind of delayed
genetic effect that will lead to the evolution of ageing.
That mutation accumulation does not occur as pre-
dicted also tells us something more general about the
nature of gene action in later life; it would seem that
genes, as a rule, do not have effects in late adulthood
that can be affected in isolation by mutation. So,
Haldane’s generalization from Huntington disease
might have been misleading.

Linking evolution and mechanism

Evolutionary explanations in biology can tell us why a
trait, such as the age at which organisms first reproduce
or the shape of a wing, takes the particular value or form
that it does, in terms both of its evolutionary history and
of the way that natural selection acts on it. The evolu-
tionary theories of ageing and the empirical tests of them
indicate that differences in the rate of ageing between
animal species might be partly due to a re-balancing of
the trade-off between early reproductive rate and the
subsequent rate of ageing in response to differing levels
of extrinsic hazard. Evolutionary explanations, however,
tell us little about the mechanisms that link early repro-
duction to the subsequent rate of ageing.

The evolutionary data imply that the early fitness-
enhancing effects of a pleiotropic mutation result in
latent damage that takes time to emerge as pathology
and mortality. The key to understanding how the length
of an organism’s life is specified is therefore to under-
stand the mechanisms that generate latent damage and
that determine the length of time between its occur-
rence and its expression as later mortality. On this sub-
ject, the evolutionary theory of ageing says nothing.
How, then, can we discover the processes that underlie
ageing and its timing?

A different type of approach to these questions is to
identify genetic modifiers of the rate of ageing, by gen-
erating mutants with increased lifespan. This classical
FORWARD GENETICS approach can provide a way to under-
stand the determinants of ageing and, during the past
decade, has allowed rapid progress in the field of ageing
research to be made. Long-lived mutants have been iso-
lated in S. cerevisiae, C. elegans, D. melanogaster and
mice (reviewed in REFS 51-53). Recent findings from
these model organisms, although somewhat different,
hint at a possible mechanistic link between ageing and
reproductive rates, through the response of both to
variations in nutrient supply.
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Figure 2 | Extended lifespan in daf-2 mutant Caenorhabditis elegans. The percentage
survival over time of wild-type or daf-2 mutant C. elegans males and hermaphrodites (in

C. elegans, the sexes consist of self-fertilizing hermaphrodites and males). The effect of this
daf-2 mutation (allele €7397) is much greater in males®, resulting in a 6.4-fold increase in
maximum lifespan, and is the result of a single base change in the dar-2 gene®® (D. Gems,
unpublished data). daf, dauer larva formation abnormal.

Insulin/IGF signalling and ageing in the worm

The shortest lived of the multicellular model organisms
is C. elegans. It is in this organism that the most rapid
advances in the genetics of ageing have been made, and
many dozens of genes have been identified with muta-
tions that increase lifespan. The most striking examples
involve genes that encode the elements of a signalling
pathway that is similar to that which responds to insulin
and insulin-like growth factor 1 (IGF1) in
mammals*~%. Some mutants in this pathway have lifes-
pans that are increased by threefold or more, relative to

wild type (FIG.2) (reviewed in REE 59). Below, we outline
some of the key discoveries in the genetics of ageing that
have been made in C. elegans and consider their signifi-
cance in the light of evolutionary theories of ageing.

A neuroendocrine system that modulates ageing. The
first-identified, long-lived C. elegans mutant carried a
mutation in age-1 (REE 54). This gene encodes part of a
lipid kinase enzyme (phosphatidylinositol-3 kinase)*’
that transmits signals from DAF-2 (dauer formation
constitutive) — a receptor that is thought to respond to
insulin-like ligands — into the cell®® (FIG. 3a). Although
the completely sequenced C. elegans genome contains
only a single insulin/IGF receptor gene, it contains an
astonishing 37 genes that encode insulin-like proteins®.
Of these, INS-1 most closely resembles human insulin.
Genetic studies have indicated that both INS-1 and
human insulin modulate the action of DAF-2, not by
activating it, however, but by antagonizing it (REE 60).
Reduced insulin/IGF signalling in C. elegans also
leads to increased dauer formation. The analysis of
C. elegans that contain both normal and mutant daf-2
cells has shown that the expression of wild-type daf-2
in only a few neuronal cells can be sufficient to prevent
dauer formation®'. So, the daf-2 gene product acts not
only in the cells that express it, but also at a distance.

a b
Insulin-like O O Drosophila
ligands O O insulin-like
O OO OOO O peptides OO
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(Insulin/IGF (Insulin/IGF
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Figure 3 | Insulin/IGF signalling pathways in Caenorhabditis elegans and Drosophila. a | The pathway in C. elegans. The
principal effect of signalling from DAF-2 to AKT-1 and AKT-2 is to inactivate the DAF-16 transcription factor by phosphorylation (P).
b | The pathway in Drosophila. Although mutations in Inr, chico and Akt1 each result in dwarf flies, only Inr and chico dwarves are
long lived, indicating that the signalling downstream of chico that affects ageing does not occur through Akt7 (REE 79). It is not yet
known whether insulin/IGF signalling in Drosophila acts through a forkhead transcription factor that is homologous to DAF-16.
AAP-1, age-T-associated protein; DAF, dauer larva formation abnormal; IGF, insulin-like growth factor; Inr, insulin receptor; PDK-1,
3-phosphoinositide-dependent kinase 1; PI3K, phosphatidylinositol-3-kinase; Ptdins(4,5)P,, phosphatidylinositol 4,5-biphosphate;
Ptdins(3,4,5)P,, phosphatidylinositol 3,4,5-triphosphate.
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Figure 4 | Neuroendocrine regulation of ageing. a | Insulin/IGF signalling in a two-step hormone signalling system in Caenorhabditis elegans. In this model, food
modulates the production of an insulin-like peptide hormone (INS) by chemosensory neurons. This acts on DAF-2, which is also expressed in the nervous system, to
cause the production of a second hormone signal, which modulates development and ageing throughout the organism. Elements of this model are speculative, and
the following remain to be determined: whether environmental stimuli regulate INS production and what these stimuli are; the role of DAF-16 in regulating secondary
hormone production; and whether this hormone regulates longevity. b | Two hypotheses for the role of insulin/IGF signalling in ageing in Drosophila. In both models,
Drosophila insulin-like peptides (DILPs)*® are produced by the brain in response to environmental or internal nutritional stimuli. How the production of DILPs is regulated
is unknown. In one version of this model, DILPs act directly on the ovaries, stimulating the production of the steroid hormone ecdysone®!; in the other, DILPs stimulate
the production of the isoprenoid hormone juvenile hormone” by the CORPORA ALLATA. € | Insulin/IGF signalling in mice. This model proposes that Igf1, rather than
insulin, acts as a modulator of ageing in mammals; this role of Igf1 in ageing remains to be shown directly. DAF, dauer larva formation abnormal; Igf1, insulin-like growth

factor 1; Inr, insulin-like receptor.

CORPORA ALLATA
Endocrine glands located in the
head of insects.

AMPHIDS

Paired openings in the nose of
nematodes that act as smell and
taste organs.

This indicates that a second hormone signal exists
downstream of daf-2, which is received by cells
throughout the animal and which regulates develop-
ment and ageing (FIG. 4a). The role of DAF-2 in the ner-
vous system in the regulation of ageing has been
recently confirmed by the rescue of daf-2 and age- 1
mutant phenotypes in specific tissues®. In these experi-
ments, wild-type daf-2 or age-1 was expressed under
the control of cell-type-specific promoters. The life-
extension phenotype was blocked when insulin/IGF
signalling was restored in the nervous system, but not
when it was restored in the muscle or intestine®.

What might insulin/IGF signalling be responding to?
One possibility is the presence of food, as revealed by its
taste or smell. Mutant worms with defects in the
chemosensory neurons that innervate the amprins show
increases in mean lifespan of up to 121% (REE 63).
Studies of compound mutants have shown that these
increases in lifespan result from reduced insulin/IGF
signalling®. Furthermore, ins genes are mainly
expressed in neurons, including chemosensory neu-
rons®; the sensing of food might therefore result in the
secretion of INS ligands from chemosensory neurons
(FIG. 4a). S0, if the DAF-2 receptor has a function similar
to that of the insulin receptor, it would be as if the worm
had its pancreas in its nose.

What does daf-2 regulate? The main target of sig-
nalling through daf-2is daf- 16, which encodes a fork-
head transcription factor that presumably acts to regu-
late downstream target genes**® (FIG. 3a), which, so far,
remain unidentified. But daf-16 might regulate the
genes that are involved in the biosynthesis of a sec-
ondary signal that emanates from daf-2-expressing cells
(FIG. 4a). One possible target for such a signal is the
orphan nuclear hormone receptor, DAF-12 (REFS 64,65).
The DAF-12 protein mediates the regulation of dauer
formation by transforming growth factor (TGF)-f3 sig-
nalling, the timing of larval development® and, perhaps,
ageing®8 Its ligand is unknown, but recent findings
indicate that it might be a steroid®. However, gene inter-
action studies do not support the view that the daf-2-
regulated lifespan signal acts principally through daf-12
because, unlike mutations in daf-16, daf-12 mutations
do not block the extended lifespan phenotype of daf-2
mutants. In some daf-2 mutants, daf-12 mutations
partly block lifespan extension, whereas in others they
actually enhance it®7.

Although the genetics of insulin/IGF signalling and
daf-12 remain unclear, these studies have shown that the
insulin/IGF signalling pathway is part of a central neu-
roendocrine axis (FIG. 4a) that regulates development and
ageing, perhaps through two secretory steps. First,
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environmental stimuli — perhaps food levels — modu-
late the secretion of INS ligands. These are then received
by neuronal DAF-2, resulting in the production of a sec-
ond, global signal, possibly a steroid, which is received
throughout the organism by receptors such as DAF-12.
This type of two-step endocrine signalling system,
involving a polypeptide hormone and then a steroid, is
found throughout invertebrates and vertebrates.

Why does insulin/IGF signalling accelerate ageing? We
have seen that in wild-type C. elegans, ageing is acceler-
ated by insulin/IGF signalling — at least, under stan-
dard laboratory conditions (that is, on a Petri plate with
ample food supplies). This signalling seems to act asa
component of a neuroendocrine system that is respon-
sive to environmental cues, possibly food levels.
However, it seems strange that a system that accelerates
ageing in this way should have evolved. How could it
possibly enhance fitness? The evolutionary theory pre-
dicts that the accelerated ageing is likely to be the down-
side of a trade-off with a fitness-enhancing trait, such as
increased early reproductive output. As in other organ-
isms, calorific restriction in C. elegans reduces fecundity
and increases lifespan'®. It has been suggested that the
capacity to respond to calorific restriction in this way
enhances fitness by helping to delay reproduction until a
period of limited food availability has ended**?. One
possibility is that insulin/IGF signalling mediates the
effect of calorific restriction on fertility and ageing — as
would be consistent with the role of mammalian insulin
signalling in mediating responses to nutritional changes
— and might also modulate trade-offs between fecun-
dity and longevity in response to changes in nutrition.
However, there is little evidence for these interpreta-
tions. If calorific restriction increases lifespan by reduc-
ing insulin/IGF signalling, one might expect that
it would increase lifespan to a lesser extent in
insulin/IGF-pathway mutants, but this is not the case,
which indicates that insulin/IGF signalling does not
mediate the effects of calorific restriction’”". The
trade-off model is also particularly implausible in this
instance because in C. elegans, unlike in Drosophila,
egg-production levels have no discernible effect on
lifespan®°>72. So, there is no evidence of a trade-off
between fecundity and ageing in C. elegans. Moreover,
although some daf-2 mutants show reduced hermaph-
rodite fertility, some mutants have a greatly increased
lifespan but normal fertility®®®’, and fertility among
daf-2 mutant males is increased in many cases®’.
Nonetheless, questions remain about the interpreta-
tion of these findings. It is possible, for example, that the
fertility—lifespan trade-off tests and calorific-restric-
tion—insulin-pathway interaction tests will have differ-
ent outcomes depending on the level of nutrition at
which they are carried out. A further possibility is that
whereas insulin/IGF signalling regulates fecundity and
longevity, reducing fecundity does not cause increased
longevity (discussed in REE.73). Also, if the sensation of
food regulates INS production, it would be surprising if
food levels did not affect ageing through insulin/IGF
signalling. The C. elegans gonad certainly does have a

role in regulating ageing and body size: if the germ line
is removed by laser microsurgery, there are increases in
lifespan®® and body size”™. This indicates the presence of
a system that coordinates reproduction, lifespan and
body size in this organism. Ultimately, the adaptive sig-
nificance of the modulation of ageing by insulin/IGF
signalling in C. elegans will only be resolved by further
investigation.

Do mutants have increased fitness? The finding that the
mutation of a single gene, such as daf-2, could double
lifespan was initially greeted with some consternation by
evolutionary biologists. It begged the question: Why do
mutations of this sort not already exist in the population?
After all, a worm with a doubled lifespan might poten-
tially be around for twice as long to reproduce. It was
assumed that such mutations must, therefore, have dele-
terious pleiotropic effects, which would reduce overall fit-
ness in nature. To worm geneticists, the identity of this
defect was obvious: insulin/IGF mutants more readily
form dauer larvae and are therefore at a reproductive dis-
advantage. age- 1 mutant dauer larvae also take longer to
resume development”. So, insulin/IGF signalling does
regulate a trade-off between fertility and longevity,
although of an unusual sort®. This trade-off, plus the fact
that most insulin pathway mutants are less fertile than the
wild type, means that these mutations lower net fitness.

This is an interesting example of antagonistic
pleiotropy as it would seem that mutations affecting
insulin/IGF signalling have separate effects on gene
action in larvae and adults (FIG. 1a). This is in contrast to
the type of antagonistic pleiotropy that is seen in short-
lived Drosophilawith an increased early-adult fecundity,
which causes deleterious effects in later life*® (FIG. 1b).
One possibility is that the late-action type of antagonis-
tic pleiotropy (see FIG. 1a) occurs when an allele has dis-
tinct pleiotropic effects on juveniles and adults, whereas
the latent-damage type occurs when both early and late
effects occur in adulthood (see FIG. 1b).

Insulin signalling and ageing in Drosophila

In C. elegans, daf-2 regulates the formation of dauer lar-
vae, which can survive more than five times longer than
the adult’®. It was originally thought that daf-2 mutant
adults might live longer because of the re-expression in
the adult of the dauer longevity trait™. If correct, this
predicts that such extensions of lifespan by single-gene
mutations would not occur in species that do not have a
long-lived diapausal form. A simple test of whether the
role of insulin/IGF signalling in ageing is specific to
nematodes is to look at the equivalent mutant in a dif-
ferent organism.

The Drosophila equivalents of daf-2 (Inr, Insulin-
like receptor) and age-1 (Dpl10, also known as
Pi3K92E), and also chico, a fruitfly insulin receptor
substrate (FIG. 3b), have a role in determining body and
organ size (reviewed in REE.77). As in C. elegans, they
probably function within a neuroendocrine system
(FIG. 4b). Strikingly, a mild reduction of Inr function
increases mean female lifespan by up to 85% (REE.78)
and loss of function of chico by up to 52% (REE. 79).
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Table 1 | Long-lived mouse mutants

Strain Affected gene Phenotype Increase in lifespan References
Ames dwarf Prop1 Dwarf, CPHD, obese, infertile Male, 49%; female, 64% 86
Snell dwarf Pit1 Dwarf, CPHD, obese, infertile Similar to Ames dwarf 86,87
Laron dwarf Ghr Dwarf, IGHR, delayed fertility Male, 55%; female, 38% 92
Little mouse Ghrhr Dwarf Male, 23%; female, 25% 87
Overexpresses Plau Small, reduced feeding, ~20% 100
plasminogen self-imposed CR?*

activator

Shc1 mutant Shct Stress resistant 30% 101

*This mutant eats less, and it has been proposed that its extended lifespan results from self-imposed caloric restriction. CPHD, combined
pituitary hormone deficiency; CR, caloric restriction; Ghr, growth hormone receptor; Ghrhr, growth-hormone-releasing hormone
receptor; IGHR, isolated growth hormone resistance; Plau, urokinase-type plasminogen activator; Prop1, prophet of Pit1; Pit1, pituitary-
specific transcription factor 1; Shc, src homology 2 domain-containing transforming protein C1.

These mutations also cause the flies to be dwarves.
Null alleles of Inrand Dp110do not produce viable
adults; the effect of weak Dp110alleles on lifespan is, at
present, unknown.

There are some differences between worms and flies
in the role of insulin/IGF signalling in ageing. For exam-
ple, only certain insulin/IGF pathway mutations increase
lifespan in the fly, and mainly in females™”. By contrast,
all daf-2 and age- I mutant adult worms show increased
lifespans>**>%%7, and in daf-2 mutants, males are the
longer-lived sex®. So, although there is a simple relation-
ship between lifespan and insulin/IGF signalling levels in
worms, in flies it seems that reductions in this pathway
increase lifespan only over a narrow range of gene expres-
sion levels or in particular contexts. Understanding these
subtleties is a priority for future research.

Why does insulin/IGF signalling accelerate ageing? In
contrast to studies in C. elegans, evidence from
Drosophila studies provides some support for the
hypothesis that the insulin/IGF pathway has a role in
modulating a trade-off between fertility and longevity
in response to changes in nutrition. As in C. elegans,
calorific restriction reduces fecundity and increases
lifespan in Drosophila®*®!. Unlike in C. elegans, there are
striking trade-offs between fecundity and longevity, as
discussed earlier. However, it is not yet clear whether
reduced fecundity actually causes the increase in life-
span in calorie-restricted flies, or whether the effects of
calorific restriction on lifespan involve reduced
insulin/IGF signalling.

What about the effect of insulin/IGF signalling on
reproduction? The modulation of egg production by
nutrition levels has been recently shown to be mediated
by chico®. So, in fruitflies, insulin/IGF signalling is regu-
lated by food levels. Moreover, both chico’ and Inr
mutant adults are sterile. Therefore, can the increased
longevity of chico’ females be attributed to their sterility?
This issue is unresolved, but evidence so far indicates
that the later stages of egg production do not have a sig-
nificant role in chico’ mutant longevity. ovo® mutant
females, which are sterile due to a block early in oogene-
sis (stage 4), are long lived. However, they are not as long
lived as chico' females”, which indicates that most of the
increased longevity of chico' mutant flies cannot be

attributed to the absence of egg production beyond
stage 4, which includes the provisioning (yolking) of the
egg. However, it is possible that parallel processes, such
as yolk protein synthesis or earlier endocrinological
processes, do have a role in lifespan determination.

Overall, these findings are consistent with the
hypothesis that trade-offs between fertility and lifespan
are modulated by insulin/IGF signalling in response to
nutrition, although more research is needed to confirm
this hypothesis. These findings indicate that the reason
why insulin/IGF signalling shortens lifespan under
replete nutritional conditions is that it might be a
pleiotropic, deleterious side effect of the role of the
insulin/IGF pathway in maximizing reproductive out-
put under these conditions.

So, insulin/IGF signalling modulates the rate of age-
ing in two very distantly related animal species, and
therefore represents a public rather than a private mech-
anism of ageing. But, is this mechanism also shared by
mammals? Molecular phylogenetics has indicated that
nematodes and arthropods are part of a single clade, the
Ecdysozoa (creatures that moult)®2. It therefore remains
possible that the role of insulin/IGF signalling in regu-
lating ageing evolved after the divergence of the ecdyso-
zoan ancestor from that of the vertebrates more than
500 million years ago; in which case, this role could be
confined to moulting animals. However, recent findings
indicate that insulin/IGF signalling might also have a
role in modulating ageing in mammals.

Insulin/IGF signalling, ageing and dwarf mice

In worms and flies, there is a single insulin/IGF receptor,
whereas in higher animals there are three related recep-
tors: the insulin receptor (Insr), the Igf1 receptor and the
insulin receptor-related receptor (Insrr). Is there evi-
dence that these receptors are involved in the regulation
of ageing?

Insulin is involved in cell growth, glucose homeosta-
sis and in promoting glucose uptake by the cell and its
conversion to lipid. Reduced functioning of Insr results
in type II (non-insulin-dependent) diabetes, which
shortens lifespan. Homozygous loss of Insr function in
humans results in leprechaunism, a syndrome that is
characterized by low birth weight, hyperinsulinism,
mental retardation and early death®. In mice, loss-of-
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neuroendocrine modulators of ageing (FIG. 4a—c),
which shorten lifespan in wild-type animals. As in
nematodes and fruitflies, an attractive explanation for
this apparently maladaptive trait in mammals is that
it is the downside of a trade-off against other fitness-
enhancing traits. Pertinent clues might also be pro-
vided by calorific restriction, which reduces fertility
and increases lifespan in rodents; perhaps signifi-
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A central aim of this discussion has been to explain
some recent findings from the classical genetics of age-
ing in terms of the evolutionary theory of ageing. The
former has identified an evolutionarily conserved neu-
roendocrine system that apparently functions to accel-
erate ageing, which in evolutionary terms is paradoxical.
We have attempted to explain this by means of a
hypothesis: that this effect on ageing is part of a trade-
off with fitness-enhancing pleiotropic effects, which are
subject to neuroendocrine (insulin/IGF-pathway) mod-
ulation in response to changes in nutrition. In the case
of both C. elegans and Drosophila, the shoe fits the foot
quite well, although the detailed mechanisms at work
seem to be somewhat different. The challenges now are
to unravel the mechanisms in these two invertebrate
model organisms, and to determine if they are public
(shared) with those in evolutionary lineages outside the
Ecdysozoa, particularly the mammals.
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