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completely unknown. Together, these genes constitute a treasure trove 
of discovery for the future. For example, some genes double their activ-
ity in a long-lived mutant; what would happen if their activity were 
increased tenfold?

Autophagy, a process that recycles cellular organelles, is also required 
for the inhibition of daf-2 to extend lifespan30. Because it rejuvenates the 
cell, autophagy could be a powerful anti-ageing mechanism. But although 
DAF-16 is required for lifespan extension, DAF-16 itself is not required 
for autophagy in C. elegans daf-2 mutants31. This suggests that autophagy 
might be acting to provide raw materials to be recycled into new protec-
tive proteins by the actions of DAF-16 and other transcription factors.

Perturbations in the insulin /IGF-1 pathway in one tissue reverberate 
through other tissues to establish a new homeostasis19. For example, in 
otherwise wild-type C. elegans, increasing the level of DAF-16 activity in 
just one tissue can increase DAF-16 activity elsewhere, through feedback 
regulation of insulin gene expression32. In addition, in daf-16(–); daf-2(–) 
double mutants, which do not live long, expressing daf-16 exclusively in 
one tissue (such as intestinal/adipose tissue or neurons) can extend the 
lifespan of the whole animal. Therefore, in addition to regulating insulin 
gene expression, DAF-16 must also regulate downstream intercellular 
longevity signals that can act independently of daf-16 in other tissues. 
DAF-16 is not the only transcription factor that can affect lifespan by 
influencing cells other than those in which it acts (that is, by acting 
cell non-autonomously): the same is true of HSF-1 (ref. 19) and SKN-1 
(ref. 33). This complex network of tissue–tissue interactions may help 
to coordinate the rates of ageing of the different tissues.

A lifespan pathway that acts in a tiny roundworm composed largely of 
post-mitotic cells might not be expected to affect more complex animals. 
In fact, the insulin/IGF-1 pathway’s effect on lifespan has been evolution-
arily conserved19,34 (Fig. 1). In Drosophila, inhibiting insulin/IGF-1 sig-
nalling systemically or increasing the activity of FOXO (the Drosophila 
orthologue of DAF-16) specifically in adipose tissue increases lifespan. 
And, as in worms, Drosophila FOXO can act cell non-autonomously by 
regulating insulin gene expression. In mice, a striking inverse correlation 
between IGF-1 levels and lifespan exists among inbred strains, strongly 
implicating IGF-1 in lifespan regulation35. In addition, mutations that 
inhibit the insulin receptor (specifically in adipose tissue34), the IGF-1 
receptor34,36, upstream regulators34 and downstream effectors34,37 can 
all extend lifespan (although not, for some genes, in all studies). Like-
wise, small dogs, which have a mutation that decreases IGF-1 levels, 
live longer than large dogs. Note, however, that in flies and mice, the 
effects of the insulin/IGF-1 pathway on body size and longevity have 
been uncoupled. And, at least in worms and flies, the pathway acts in 
adults, after growth has occurred, to affect lifespan19. 

In some ways, it is surprising that any insulin/IGF-1 pathway mutants 
live long, as these pathways are essential in all animals. In fact, knocking 
out the gene encoding the insulin receptor in the liver causes diabetes 
in mice. Thus, the precise type of perturbation in the pathway can have 
important consequences. Long-lived animals carrying mutations in some 
insulin/IGF-1 pathway genes are insulin sensitive, whereas, unexpectedly, 
mutations in other genes cause insulin resistance (a characteristic of indi-
viduals with type 2 diabetes)34,37. Perhaps as long as a mutation reduces 
the insulin/IGF-1 signalling flux and DAF-16/FOXO-like proteins are 
activated, the animal will undergo its physiological shift towards cell 
maintenance and live long. Consistent with this interpretation, inhibit-
ing either insulin production or insulin receptor signalling in worms and 
flies increases lifespan19, although the first perturbation should bring 
about insulin sensitivity and the second, insulin resistance.

Can a perturbation of insulin/IGF-1 activity increase lifespan in 
humans? The answer seems to be yes (Fig. 1). Mutations known to impair 
IGF-1 receptor function are overrepresented in a cohort of Ashkenazi 
Jewish centenarians38 and DNA variants in the insulin receptor gene are 
linked to longevity in a Japanese cohort39. Variants of AKT and FOXO3A 
have been linked to longevity in three40 and seven cohorts, respectively. 
The FOXO3A cohorts are located throughout the world: they include 
Hawaiians of Japanese descent41, Italians42, Ashkenazi Jews40, Califor-
nians40, New Englanders40, Germans43 and Chinese44. In the German 

cohort, the FOXO3A variants were even more frequent in centenarians 
than in 90 year olds, strengthening the case that these variants extend 
lifespan. FOXO1 gene variants have also been linked to longevity in 
American and Chinese cohorts44,45. It is striking that FOXO variants are 
so consistently associated with longevity. Perhaps this is because FOXO 
proteins act in many pathways to affect lifespan19 (Fig. 2).

Because the insulin/IGF-1 pathway senses nutrients, and because this 
pathway also affects the development of C. elegans in response to nutri-
ent limitation (discussed below), it is a good candidate for mediating the 
longevity response to dietary restriction46 (Figs 3 and 4). In worms, flies 
and mice, it does indeed seem to fulfil this role, at least under certain 
conditions. To ask whether a life-extending or a progeric (rapid-ageing) 
mutation renders a dietary-restriction pathway constitutively active or 
inactive, one begins by determining whether the lifespan of the ageing 
mutant can be increased by dietary restriction. If not, then the gene is 
a candidate for a dietary-restriction gene. This interpretation is greatly 
strengthened if the gene’s activity or expression is influenced by nutrients, 
and if other conditions can be shown to extend the mutant’s lifespan, 

Figure 1 | Insulin/IGF-1 and FOXO signalling affects mouse and human 

lifespan. In mice and humans, plasma IGF-1 is produced by the liver in 
response to growth hormone secreted from the pituitary gland. In addition, 
PAPPA (pregnancy-associated plasma protein), a metalloproteinase 
that inactivates IGF-1 binding proteins, raises available IGF-1 levels. 
(Inactivation of PAPPA reduces IGF-1 signalling.) In response to IGF-1, 
the IGF-1 receptor activates a downstream signalling pathway containing 
several proteins that have been shown to affect lifespan. Shown in the figure 
are IRS (insulin-receptor substrate proteins 1 and 2) and AKT (a kinase 
that phosphorylates and inactivates FOXO transcription factors; originally 
called DAF-16 in C. elegans). These downstream signalling proteins are 
also components of insulin-response pathways (not shown). Unless noted 
otherwise, each star represents a long-lived mutant mouse strain (left) or 
a human cohort in which DNA variants are associated with exceptional 
longevity (right). Studies of the insulin receptor are indicated below the 
line. The star for mouse IGF-1 represents a study in which low IGF-1 levels 
were found to correlate with longevity among 31 inbred mouse lines, 
providing strong evidence that this hormone influences mouse longevity. 
One of the mouse IGF-1 receptor mutant strains lacked the receptor only in 
the nervous system, as did one of the IRS2 mutant strains. The long-lived 
insulin receptor mutant mice lacked the receptor only in fat tissue. Circles 
represent studies in which similar mutants were examined (sometimes in 
different genetic backgrounds) but lifespan extension was not observed. 
The human cohort in which IGF-1 receptor mutations were associated with 
exceptional longevity was noteworthy because one of the mutant receptors 
was analysed in cultured cells and was shown to have decreased function. 
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