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argues that Sir2 extends lifespan by maintaining gene silencing at telo-
meres during ageing68. This pathway could potentially affect metazoans, 
which do not have rDNA circles.

In C. elegans, overexpressing the sirtuin gene sir-2.1 extends lifespan in 
what seems to be a straightforward way, by activating DAF-16/FOXO19,69 
(Fig. 2). SIR-2.1 is likely to activate DAF-16 directly, by deacetylation, as 
mammalian SIRT1 is known to deacetylate FOXO proteins in response 
to oxidative stress19, which, in turn, shifts their target specificity towards 
genes involved in stress resistance. Oxidative stress may have similar 
effects in worms, as it stimulates the binding of SIR-2.1 to DAF-16 (ref. 69) 
and can extend lifespan in a sir-2-dependent and daf-16-dependent man-
ner15. The finding that sirtuins can deacetylate FOXO proteins directly, as 
well as the fact that insulin/IGF-1 pathway mutants do not require sir-2.1 
for longevity, suggests that sirtuins may influence DAF-16/FOXO and 
lifespan independently of insulin/IGF-1 signalling in worms (Fig. 2). The 
situation with C. elegans SIR-2.1 is analogous to that of another stress regu-
lator, Jun kinase 1 (JNK-1), which can extend lifespan in both worms and 
flies19. In both species, lifespan extension requires DAF-16/FOXO, which 
is phosphorylated directly by JNK-1. However, at least in flies, JNK-1 also 
influences insulin/IGF-1 signalling indirectly, though the action of lipo-
calin signals70.

Long-lived flies that overexpress Drosophila SIR2 also overexpress 
a chaperone that prevents SIR2 from triggering cell death71, so further 
study is required to confirm that SIR2 can extend fly lifespan. Whether 
FOXO is required for the longevity of these flies is not known, but 
another histone deacetylase, RPD3, and the tumour suppressor protein 
p53 seem to be involved19.

Sirtuin overexpression has not been shown to extend lifespan in mam-
mals. In one careful study, the plant polyphenolic compound resveratrol, 
which affects many processes in a sirtuin-dependent manner and has 
been reported to activate sirtuins, extended the lifespan of mice fed a 
high-fat diet but not that of mice fed a normal diet72. This finding does 
not necessarily mean that sirtuins cannot extend mammalian lifespan, 

as the relationship between resveratrol and sirtuins is unclear, and even 
in yeast, worms and flies, resveratrol does not always extend lifespan66,73. 
In particular, resveratrol may not actually activate sirtuins, at least not in 
a simple way (see page 480). Resveratrol stimulates mammalian SIRT1 
to deacetylate a fluorescent substrate but not the native SIRT1 substrates 
that have been tested66,73. In addition, in C. elegans, SIR-2.1 extends 
lifespan through DAF-16/FOXO, but resveratrol does not74. Worse (for 
the model), resveratrol extends worm lifespan by upregulating a gene 
that is downregulated by SIR-2.1 overexpression74. Nevertheless, in some 
studies at least, resveratrol has been shown to require the activity of 
sir-2.1 to extend worm lifespan. Likewise, many of the effects of resvera-
trol in mammalian disease settings require functional sirtuins, so there 
seems likely to be an interesting explanation.

As NAD+ and NADH are important metabolic regulators, sirtuins are 
good candidates for proteins that respond to dietary restriction (Figs 3 
and 4). In wild-type yeast, Sir2 is required for dietary restriction to extend 
lifespan19,66; in its absence, rDNA circles accumulate and kill the cells pre-
maturely. However, whatever the effects of dietary restriction on NAD+ 
and NADH levels may be, it is now clear that dietary restriction does not 
increase sirtuin activity in yeast66,75,76. Puzzles abound. For example, a 
recent study linked dietary restriction, TOR, nicotinamide (a sirtuin inhib-
itor) and sirtuins into a single pathway for lifespan extension56. It is not 
clear how to reconcile this study with those showing that Sir2 is not acti-
vated by dietary restriction and that dietary restriction can extend lifespan, 
apparently by means of TOR inhibition, in cells lacking sirtuins4.

In worms, with the exception of mild chronic dietary restriction77, all 
known modes of dietary restriction increase lifespan robustly in sir2.1 
deletion mutants3,9,11 (Fig. 4). In flies, only one mode of dietary restriction 
has been tested, and here sirtuins were required for lifespan extension7,19. 
Likewise in mice, chronic dietary restriction cannot increase lifespan in 
the absence of SIRT1 (ref. 78). Consistent with sirtuins being nutrient sen-
sors, they regulate a wide variety of metabolic and stress pathways, some 
in unexpected ways, in response to dietary restriction in mice.

Inhibition of respiration
A modest inhibition of respiration extends lifespan in a wide variety of 
species, including yeast, worms, flies and mice19–21,79,80. This seems contra-
dictory to the finding that respiration promotes longevity in response to 
dietary restriction, but perhaps increasing respiration extends lifespan for 
one reason and inhibits it for another. Consistent with this idea, dietary 
restriction increases environmental stress resistance3, but inhibition of 
respiration does not19,81. In any case, this finding may explain a classic 
phenomenon in nature: the general correlation in mammals between 
metabolic rate (which decreases with size) and lifespan (which tends to 
increase with size). Perhaps larger mammals live longer partly because 
their metabolic rates are lower. There are some exceptions to the rule, but 
they need not invalidate this hypothesis, as they can be explained by the 
actions of other longevity pathways. For example, small dogs live longer 
than large dogs because they have low IGF-1 levels.

In yeast, worms and mammalian cells, inhibiting respiration activates 
a conserved nuclear gene expression response called the ‘retrograde 
response’. The retrograde response upregulates genes that activate alter-
native energy-generating pathways, as well as cell-protection pathways. 
In yeast and worms, mutations that inhibit either the entire retro grade 
response or individual retrograde-response genes can inhibit this lifespan 
extension82,83. Thus, inhibiting respiration, like the perturbations described 
above, also triggers a regulated longevity response. In worms (although 
curiously not in flies), respiration must be inhibited during development 
in order to increase lifespan19,81, implying that a molecular memory of 
the event is set up. A similar situation might occur in mice80. In addition, 
at least in flies, inhibiting respiration in neurons alone extends lifespan21, 
again suggesting a cell non-autonomous, regulated response.

Signals from the reproductive system
Physiologically speaking, animals must ‘make choices’ about how to 
deploy their resources. Does this mean that there must always be a 
trade-off between reproduction and longevity? Supporting this idea is 

Figure 4 | Different Caenorhabditis elegans nutrient sensors (red) and 

transcription factors (blue) extend lifespan in response to different modes 

of dietary restriction. eat-2 mutations, which inhibit feeding throughout 
life, are likely to increase lifespan by means of TOR inhibition, as TOR 
inhibition does not further increase the eat-2 mutant lifespan. The PHA-4 
transcription factor is required for TOR inhibition, and the eat-2 mutation 
is required for extending lifespan. The SKN-1 transcription factor extends 
lifespan in response to chronic dietary restriction, but its relationship to 
TOR has not been examined. Curiously, a functional SIR-2.1 gene seems 
to be required for weak but not strong eat-2 mutations to extend lifespan. 
When dietary restriction is initiated in middle age, functional genes for 
AMP kinase and DAF-16 are required for lifespan extension. Neither of 
these genes (nor sir-2.1) is required for strong eat-2 mutations to extend 
lifespan. Every-other-day feeding is likely to extend lifespan by inhibiting 
insulin/IGF-1 signalling, as it does not further extend the long lifespan of 
daf-2 mutants and it is largely dependent on daf-16. This lifespan extension 
also requires the small GTPase RHEB-1 (not shown), but it only partially 
requires TOR, a known RHEB target. 
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