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The life span-prolonging effect of sirtuin-1 is mediated by autophagy
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he life span of various model organ-

isms can be extended by caloric
restriction as well as by autophagy-
inducing pharmacological agents. Life
span-prolonging effects have also been
observed in yeast-cells;-nematodes and
flies upon the overexpression of the
deacetylase Sirtuin-1. Intrigued by these
observations and by the established link
between caloric restriction and Sirtuin-1
activation, we decided to investigate
the putative implication~of Sirtuin-1"in
the response of human cancer cells and
Caenorhabditis elegans to multiple trig-
gers of autophagy. Our data indicate that
the activation of Sirtuin-1 (by the phar-
macological agent resveratrol and/or
genetic means) per se ignites autophagy,
and that Sirtuin-1 is required for the
autophagic response to nutrient depri-
vation, in both human and nematode
cells, but not for autophagy triggered by
downstream signals such as the inhibi-
tion of mTOR or p53. Since the life span-
extending effects of Sirtuin-1 activators
are lost in autophagy-deficient C. elegans,
our results suggest that caloric restriction
and resveratrol extend longevity, at least
in experimental settings, by activating
autophagy.

Stressed and dying cells often accumulate
autophagic vacuoles, an observation that
has been (mis)interpreted as suggesting
that autophagy would contribute to cellu-
lar suicide. Today, it has become clear that
autophagy constitutes—in most if not all
cases—a (sometimes futile) mechanism of
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cellular defense that facilitates the adapta-
tion of cells to adverse conditions includ-
ing deprivation of nutrients, growth factors
and/or oxygen as well as sublethal dam-
age to various organelles. The systemic
administration of pharmacological agents
that induce autophagy, such as rapamycin
or spermidine, can prolong the life span
of model animals including the nema-
tode Caenorhabditis elegans, the fruit fly
Drosophila—melanogaster and mice. The
longevity-extending effect of rapamy-
cin in nematodes is lost when bec-1, the
worm ortholog of the mammalian gene
Atg6/beclin I (which codes for an essential
autophagic modulator), is knocked down.
Similarly, spermidine does not exert anti-
aging activities in nematodes or fruit flies
subjected to the knockdown or knock-
out of essential atg genes, respectively.
Altogether, these results demonstrate that
the whole-body induction of autophagy
by pharmacological agents may prolong
life span, at least in laboratory conditions,
indicating that autophagy does not only
mediate cytoprotection but has beneficial
anti-aging effects at the organism level as
well.

Driven by these considerations, we
formulated the working hypothesis that
autophagy might constitute the mecha-
nism through which life span-prolonging
manipulations operate. The first protein
shown to extend longevity in a model
organism, yeast (Saccharomyces cerevisiae),
is Sirtuin-1. Transgene-enforced over-
expression of Sirtuin-1 augments the
life span of yeast cells as well as that of
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Figure I. Schematic representation of the role of Sirtuin-1 in the regulation of autophagy and
longevity. Please consult the main text for further details. Ac, acetyl; PNC-I, pyrazinamidase/nico-

animals including C. elegans and flies.
Sirtuin-1 is a nicotinamide adenine dinu-
cleotide (NAD*)-dependent deacetylase
that can be activated by caloric restriction
(presumably through increased NAD*
concentrations), by depletion of its nega-
tive regulators (such as nicotinamide, the
end-product of NAD breakdown) or by
pharmacological activators, in particular
resveratrol, which is now used by the cos-
metic industry as an anti-aging measure.
Sirtuin-1 induces autophagy, an effect
presumably mediated by the deacetylation
of essential autophagy proteins such as
ATGS and ATG7. Therefore, we explored
the possibility that transgenic expression
of Sirtuin-1 might trigger autophagy in
human cancer cells in vitro and in C. ele-
gans in vivo. We found that Sirtuin-1 over-
expression promotes the autophagic flux
in human cancer cells, and that this effect
can be prevented by the pharmacologi-
cal Sirtuin-1 inhibitor EX527. Similarly,
transgene-mediated
sir-2.1 (the C. elegans ortholog of human
Sirtuin-1) causes autophagy in nematodes,
suggesting that the link between the acti-
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vation of Sirtuin-1 and autophagy is phy-
logenetically ancient.
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Next, we investigated

Sirtuin-1 is required for

triggered by physiological and pharma-
cological stimuli. Human cancer cells
were depleted of Sirtuin-1 through RNA
interference (RNAi) or- cultured in the
preserice of EX527, and-were then stimu=
lated with different inducers of autophagy.
Thus, while the depletion or inhibition of
Sirtuin-1 does not affect autophagy driven
by the mTOR inhibitor rapamycin, the
p53 inhibitor pifithrin-o, and the endo-
plasmic reticulum stressor tunicamycin,
it does abolish the pro-autophagic effect
of nutrient (amino acid and glucose)
and growth factor (serum) deprivation.
Similar results are obtained in C. elegans,
in which a loss-of-function mutation of
sir-2.1 abolishes autophagy induced by
caloric restriction but not the autophagic
response to rapamycin or tunicamycin.
Thus, Sirtuin-1 is an evolutionarily con-
served link between nutrient deprivation-
dependent stress and autophagy.
Autophagy is a mechanism through
which cells can adapt to declining
resources. Therefore, the failure to mount
an autophagic response should reduce the
fitness of cells that are cultured in the
absence of nutrients and oxygen (meta-
bolic stress). In line with this notion, we
observe that the knockdown or inhibi-
tion of Sirtuin-1 augments the mortality
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of human cancer cells cultured in condi-
tions of metabolic stress. This phenom-
enon can be partially prevented by the
addition of rapamycin, suggesting that it
is indeed failing autophagy that accounts
for the increased susceptibility of Sirtuin-
l-incompetent cells to metabolic stress.

In a next step, we investigated whether
autophagy contributes to the increase in life
span mediated by the C. elegans Sirtuin-1
ortholog SIR-2.1.
pression of sir-2.1 augments the median
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and maximum life span of nematodes as
compared to wild-type strains. This gain
in longevity is lost when the essential
autophagy gene bec-1 is knocked down by
feeding worms with bacteria producing
a bec-1-specific small interfering RNA.
Transgenic overexpression of pnc-1, which
encodes a pyrazinamidase/nicotinami-
dase that activates Sirtuin-1 by depleting
nicotinamide, also enhances life span, an
effect that is abolished by the concomitant
knockdewn of sir-2.1-or by that of either
of the two essential autophagy genes bec-1
or atg-5. Similarly, the addition of resvera-
trol to the culture medium reduces the
age-associated mortality of C. elegans, and
this benefitalso is prevented by the knock-
down of sir-2.1 or by the knockdown of
bec-1. Knockdown of the C. elegans p53
ortholog cep-1, which increases longevity
by inducing autophagy, does not further
augment the gain in longevity conferred
by sir-2.1 overexpression. The results of
this epistatic analysis are in agreement with
the hypothesis that SIR-2.1 accumulation
and CEP-1 depletion enhance longevity
through a common pathway that impli-
cates autophagy. Altogether, these results
suggest that activation of the C. elegans
Sirtuin-1 ortholog by three distinct pro-
cedures (overexpression, pharmacological
activation with resveratrol, or removal of
its negative regulator nicotinamide) aug-
ments longevity by stimulating autophagy
(Fig. 1).

Our data underscore the notion that
the induction of autophagy is universally
required for life span extension by caloric
restriction and by a variety of pharma-
cological agents including rapamycin,
spermidine or resveratrol. Based on these
results, it will be important to investi-
gate which (if any) genetic manipula-
tions designed to increase longevity do so
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independently of autophagy. In addition,
our work generates two questions that
must be answered by future investigation.
What are the precise mechanisms though
which the activation of Sirtuin-1 stimu-
lates autophagy? And how does autophagy
mediate its cytoprotective and life span-
prolonging effects in molecular terms?
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