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Abstract
Insulin signaling, mitochondrial respiration, and dietary restriction share conserved roles not only in the regulation of lifespan, but
also in the timing and control of diverse functions such as reproduction, stress resistance and metabolism. These autonomous pathways
diﬀer in their dependence on known transcription factors and in their temporal requirements, but converge to manipulate the core set of
physiological systems necessary for extended lifespan in worms. Recent work suggests that components of these pleiotrophic pathways
might be manipulated speciﬁcally for their eﬀects on aging without aﬀecting additional downstream functions. Examination of these ﬁndings will help us to understand how the molecular mechanisms of distinct pathways can unite in the regulation of longevity.
Ó 2006 Elsevier Inc. All rights reserved.
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1. Introduction
The discovery of genetic manipulations that regulate the
aging process has revolutionized the ﬁeld of molecular gerontology, moving it from a purely descriptive scientiﬁc
endeavor to one of mechanistic, hypothesis-based experiments. This emergence resembles the early time period of
developmental genetics when scientists ﬁrst discovered that
embryonic pattern formation was determined by the temporal ordering of early acting programs. In this regard,
aging itself can be viewed as a developmental stage during
which receptive cues initiate a progressive sequence of
events that ultimately lead to the faithful execution of its
processes. The identiﬁcation of genetic pathways that regulate aging has suggested the realistic possibility of creating
therapeutics that can target these pathways to circumvent
the aging process. This in itself is a bold notion and has
brought much excitement to the ﬁeld. However, the focus
of many aging researchers remains not only on the potential extension of human longevity, but also on the modulation of the aging process to retard or even prevent age
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onset diseases such as cancer, neurodegeneration and
diabetes.
Since the discovery over 20 years ago that genetic or
environmental manipulations cause worms to live over
twice as long as wild type animals, (Johnson and Wood,
1982; Klass, 1977, 1983) many more genes have been identiﬁed and characterized as gerontogenes, or genes that play
an active role in lifespan determination. Within a genetically tractable model organism with a short lifespan such as
Caenorhabditis elegans, aging is often measured as the total
lifespan of a population of age-synchronized animals.
Despite the large number of mutations that inﬂuence aging,
however, most gerontogenes can be grouped into one of
three distinct pathways that regulate lifespan in worms.
Reduced insulin signaling, dietary intake, or rates of mitochondrial respiration can increase lifespan via signaling
mechanisms that are genetically regulated and autonomous
of one another. All three pathways have been found to regulate longevity in C. elegans and in mice, suggesting an evolutionarily conserved mechanism for the determination of
lifespan. Evidence for the independence of these pathways
comes from three groups of observations regarding the
temporal and epistatic requirements for their components
with regards to longevity. First, simultaneous manipulation
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of more than one of these three pathways results in longer
lifespan than is seen through the manipulation of a single
pathway (Dillin et al., 2002b; Lakowski and Hekimi,
1998) (Fig. 1). Although this epistatic analysis lacks null
alleles, it seems improbable that these eﬀects are caused
simply by a further downregulation of insulin signaling.
While combinations of mutations between these parallel
pathways results in a highly additive increase in lifespan,
the combination of mutations in multiple genes downstream of IIS or of an IIS mutation in combination with
daf-2 RNAi yields results only in lifespan extension comparable to single mutations or to stronger daf-2 alleles (Arantes-Oliveira et al., 2003; Dillin et al., 2002b; Dorman et al.,
1995; Lakowski and Hekimi, 1998; Larsen et al., 1995).
Secondly, the temporal requirements during the life cycle
of the worm for each pathway are separable: loss of insulin
signaling during adulthood regulates lifespan; mitochondrial respiration must be lost during early development in
order to extend longevity; and dietary restriction appears
capable of being imposed at any time point during the lifespan to increase longevity, at least in ﬂies (Dillin et al.,
2002a,b; Mair et al., 2003). Finally, transcription factors
that are an absolute requirement for one pathway (such
as daf-16 for insulin signaling) are dispensable for the longevity of other pathways (Dillin et al., 2002b; Houthoofd
et al., 2003; Houthoofd et al., 2005a; Lakowski and Hekimi, 1998). This collective evidence suggests at least three different mechanisms by which longevity is regulated in longlived C. elegans mutants.
Although a clear separation of these signaling cascades
in the regulation of longevity is documented, a central
question remains as to whether a single, common downstream module is shared by all three pathways to regulate
the aging process. Manipulation of the core components

Fig. 1. Modulation of the three core pathways that aﬀect aging act
synergistically with each other. Dietary restriction (red line), reduced
insulin signaling (green line), or impairment of the mitochondrial electron
transport chain (blue line) can extend the lifespan of a wild type animal
(orange line). Modulation of any two of these three pathways has an
additive eﬀect on lifespan, supporting arguments for their mechanistic
autonomy. In theory, knockdown of all three pathways should create an
animal that is far longer lived than an animal with reduced function in just
two of the three pathways.
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of these independent pathways results in overlapping
eﬀects that protect the organism from multiple toxic insults
such as oxidative stress, thermal stress, and DNA damage
(reviewed by Hekimi and Guarente, 2003). These pathways, along with the long-lived dauer pathways, also diﬀerentially regulate a wide range of metabolic functions,
aﬀecting the rates of glycolysis and gluconeogenesis, levels
of glycogen and fat storage, ATP production, and the glyoxylate cycle (Hagopian et al., 2003; Holt and Riddle,
2003; Kimura et al., 1997; Lee et al., 2003a; Murphy
et al., 2003). Additionally, inactivation of any one of the
three pathways slows development and delays or protracts
reproduction (Dillin et al., 2002b; Kenyon et al., 1993;
Lakowski and Hekimi, 1998; Larsen, 1993; Lee et al.,
2003a). While it remains unclear which of these core eﬀects,
if any, is an absolute requirement for extended lifespan, the
number of overlapping physiological processes shared
between the signaling networks indicates that the downstream mechanism for the regulation of aging might be
shared. It makes intuitive sense, then, that beyond the level
of autonomous transcriptional regulation lays a core and
overlapping set of targets required to execute the genetic
program of aging.
What, then, are the requirements for aging in worms?
What are the most fundamental targets of these transcriptional pathways? Below we review the key components by which each of these pathways is regulated and
discuss how each aﬀects a set of basic physiological processes that can help determine the lifespan of the individual worm.
2. IIS dependent regulation of aging
The best-characterized mutations aﬀecting the longevity
of worms lie in the insulin/IGF-1 signaling (IIS) pathway,
and many of the key components of this signaling network
have been identiﬁed (Fig. 2). Lifespan extension in worms
can be achieved by mutations in the sole insulin/IGF-1
receptor, DAF-2 (Kimura et al., 1997). Active DAF-2 initiates a subsequent downstream cascade that activates
AGE-1, a phosphatidylinositol 3-kinase (PI(3)K) (Morris
et al., 1996), produces PIP3, and activates the AKT family
kinases (Hertweck et al., 2004; Paradis and Ruvkun, 1998)
in a PDK-1 kinase dependent manner (Paradis et al., 1999).
These active AKT family kinases phosphorylate the forkhead transcription factor DAF-16 (Henderson and Johnson, 2001; Lee et al., 2001; Lin et al., 2001), preventing
DAF-16 from entering the nucleus and rendering it incapable of promoting or repressing transcription of genes
required for DAF-2 dependent functions (Lin et al., 1997;
Ogg et al., 1997). Inactivation of this pathway occurs in
part via the activity of the PIP3 phosphatase, DAF-18
(Dorman et al., 1995; Ogg et al., 1997).
The DAF-2 pathway has pleiotrophic eﬀects on the worm
in addition to its eﬀects on longevity, inﬂuencing divergent
functions such as early developmental decisions, the timing
and duration of reproduction, resistance to a variety of envi-
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Fig. 2. DAF-16 regulates aging through IIS and IIS-independent modes of activation. The FOX3a transcription factor DAF-16 is primarily regulated
through its state of phosphorylation. An unknown insulin-like peptide activates the DAF-2 IIS receptor and subsequent downstream kinases AGE-1,
PDK-1, and AKT-1/AKT-2/SGK-1. Signaling bifurcation from IIS to the Ras/LET-60 MAPK pathway also helps to modulate DAF-16 activity. This
signaling cascade results in the phosphorylation of DAF-16 and its subsequent export from the nucleus. DAF-16 can also be activated in an IISindependent fashion via the histone deacetylase SIR-2.1, the LET-7/LIN-4 target LIN-14, germline ablation, or the Jun N-terminal kinase JNK-1. DAF16 requires the activity co-regulators HSF-1 and SMK-1 for regulation of speciﬁc subsets of its target genes. Activators of DAF-16 are shown in green;
repressors of DAF-16 are shown in red.

ronmental stressors, and fat metabolism. Attempts at targeted
knockdowns of single genes downstream of daf-16 have not
resulted in the identiﬁcation of a single gene capable of suppressing daf-2 longevity (McElwee et al., 2003; Murphy
et al., 2003). How does a seemingly simple signaling mechanism have control over such complex processes?
Although nucleo-cytoplasmic transport of DAF-16 plays
a major role in its regulation, constitutive nuclear localization of DAF-16 does not increase lifespan, and additional
regulators such SIR-2.1, HSF-1, LIN-14, and SMK-1 all
play a role in modulating DAF-16’s phenotypes once it is
inside of the nucleus (Boehm and Slack, 2005; Hsu et al.,
2003; Tissenbaum and Guarente, 2001; Wolﬀ et al., 2006).
Additionally, spatial and temporal activation of DAF-16 is
necessary to specify its divergent functions (Dillin et al.,
2002a,b; Libina et al., 2003; Wolkow et al., 2000). What is
becoming a surprising suggestion, however, is that perhaps
even the redistribution of DAF-16 into the nucleus is not a
necessary prerequisite for all of its activity. For example,
age-1 mutant animals do not exhibit increased levels of
nuclear DAF-16 localization but are still long lived (Henderson and Johnson, 2001). Examination of a well-characterized DAF-16 target, the sod-3 promoter, using chromatin

immunoprecipitation (ChIP) found equivalent amounts of
DAF-16 bound in wild type and daf-2 mutant animals, even
though much higher levels of sod-3 are produced in a daf-2
mutant background (Oh et al., 2006). Worms that undergo
starvation for extended periods of time retain daf-16 dependent resistance to hydrogen peroxide even though DAF-16
eventually translocates back to the cytoplasm (Weinkove
et al., 2006). Finally, DAF-16 binding sites in promoters
do not correlate with increased probability that DAF-16 will
actually be bound; further modulation is required for DAF16 to select its speciﬁc targets in vivo (Oh et al., 2006). Interestingly, nuclear localization of DAF-16 is seen in response
to certain stressors such as starvation (as opposed to dietary
restriction) and heat shock, but some stresses such as UV
irradiation or some forms of oxidative stress do not seem
to cause nuclear localization of DAF-16 in wild type worms
(Henderson and Johnson, 2001; Weinkove et al., 2006). This
suggests that in some settings, the DAF-2 pathway is not the
primary pathway invoked in order to provide a daf-16 dependent response to environmental stressors.
One potential possibility is that a parallel pathway(s)
regulates stress response in a DAF-16 dependent manner.
Consistent with this hypothesis, overexpression of the his-
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tone deacetylase SIR-2.1 extends lifespan in a daf-16
dependent manner, and the long lifespan of daf-2 mutants
cannot be extended further by the overexpression of sir-2.1
– but complete loss of sir-2.1 does not aﬀect the extended
lifespan of daf-2 mutant animals (Tissenbaum and Guarente, 2001; Wang and Tissenbaum, 2006). SIR-2.1 can
also regulate the response to dietary restriction in a daf16 independent fashion; this pathway may be invoked to
mediate both general stress response and the response to
dietary restriction (Wang and Tissenbaum, 2006). Mammalian SIR2 can bind to and deacetylate FOXO transcription factors, suggesting a direct interaction between the two
proteins (Brunet et al., 2004; Daitoku et al., 2004). However, in worms, DAF-16 is capable of increasing lifespan only
in intestinal tissues, where SIR-2.1 is not present (Libina
et al., 2003; Wang and Tissenbaum, 2006). In fact,
SIR-2.1 and DAF-16 overlap in expression only in a small
subset of neurons (Wang and Tissenbaum, 2006). This
evidence may implicate SIR-2.1 in the upstream regulation
of DAF-16 and the involvement of SIR-2.1 in regulation of
a cell non-autonomous reaction to changing environmental
conditions.
At least four other modulations also activate DAF-16 in
an IIS-independent fashion. One, similar to overexpression
of sir-2.1, worms with an ablated germline exhibit a daf-16
dependent extension in lifespan, but the long lifespan
caused by germline ablation functions in a synergistic manner with mutations in daf-2 (Arantes-Oliveira et al., 2002;
Hsin and Kenyon, 1999). In opposition to the lifespan
extension caused by germline ablation alone, animals missing their entire gonad do not exhibit an extended lifespan
except when combined with some classes of daf-2 mutants,
suggesting that this extension is again in part mediated by
insulin signaling (Arantes-Oliveira et al., 2002). Both daf-2
mutants and germline-ablated animals require DAF-16
nuclear localization in the intestine (Libina et al., 2003;
Lin et al., 2001). In germline-ablated animals, however,
the constitutive nuclear localization of DAF-16 is not sufﬁcient to extend longevity (Lin et al., 2001); the activity of
the nuclear hormone receptor daf-12 is also required (Berman and Kenyon, 2006). Two, unlike germline ablation,
overexpression of the JUN N-terminal kinase, jnk-1,
increases lifespan in worms by increasing the nuclear localization of DAF-16 (Oh et al., 2005). This lifespan extension
is additive with known mutations in IIS, but it is not
known whether the propensity for nuclear localization of
DAF-16 is synergistic with DAF-2 mutations. Three, loss
of the lin-4 microRNA target, lin-14, causes a daf-16 dependent increase in lifespan which further extends the long lifespan of daf-2 mutant animals (Boehm and Slack, 2005).
Finally, activation of the let-60 Ras pathway may modulate the eﬀect of IIS on longevity (Nanji et al., 2005).
Gain-of-function let-60 mutations extend the maximum
lifespan of daf-2 mutant animals, but it is not known
whether this occurs in a daf-16 dependent manner (Nanji
et al., 2005). let-7 is an upstream negative regulator of both
lin-14 and let-60 (Boehm and Slack, 2005; Johnson et al.,
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2005). However, in one study, the let-7 gain of function
mutation extends daf-2 lifespan by negatively regulating
lin-14 (Boehm and Slack, 2005), while the results of the second study suggest that the loss of let-7 should theoretically
extend daf-2 lifespan by increasing expression of let-60
(Nanji et al., 2005). Further analysis is needed before these
interactions will be fully understood, but the involvement
of tightly regulated, temporally-expressed microRNAs in
the determination of longevity suggests an attractive new
area for aging research and ﬁts well with paradigms that
deﬁne aging as a developmental program.
These collective ﬁndings strongly support the potential
for the IIS-independent regulation of DAF-16 to delay
aging. Although the upstream activation of DAF-16 occurs
via multiple mechanisms, it does not appear that DAF-16’s
selection of its target genes diﬀers in response to any of
these pathways. With the possible exception of SIR-2.1
activation of DAF-16 via deacetylation, these pathways
regulate DAF-16 primarily by changing its nuclear localization and thus cannot provide speciﬁcity for target activation. Additionally, most of these mutants seem to produce
mild to moderate daf-2-like mutant phenotypes, and the
extent to which they regulate downstream targets is minor
when compared to a daf-2 mutant. Furthermore, the evidence provided thus far does not clearly implicate these
pathways in specifying the initiation of a particular
DAF-16 program during its particular developmental
stage. Perhaps, then, the activation of all of DAF-16’s
downstream core processes and stress-resistance pathways
are required to regulate longevity. This would be an
appealing and simple answer. However, the autonomy of
many of these pathways, and their individual dispensability
in speciﬁc long-lived mutants, suggests otherwise.
Multiple studies have helped to expose many of the
physiological processes aﬀected by reduced insulin signaling, but in turn, each of these processes also has proven dispensable for the lifespan of at least one speciﬁc long-lived
mutant. It thus remains ambiguous as to which core modules are required for delaying the onset of the aging process, if any. For example, although IIS regulates the
timing and the level of reproduction by the animal, the
eﬀects on fecundity appear to be dispensable for the long
lifespan of daf-2 mutants, as daf-2 RNAi inactivation during adulthood only can extend longevity without aﬀecting
the reproductive schedule (Dillin et al., 2002a) and not all
IIS mutants with extended lifespan exhibit protracted
reproductive schedules (Johnson et al., 1993). The long lifespan of some daf-2 mutants also can be suppressed with
reduced expression of DAF-16 co-regulators without
aﬀecting the protracted reproductive schedule of daf-2
mutants (Wolﬀ et al., 2006). Propensity towards dauer formation likewise seems independent of the regulation of longevity; not all mutants that aﬀect dauer formation increase
adult lifespan, and the spatial and temporal requirements
for DAF-16 activity to regulate this function are distinct
from those in its regulation of longevity (Dillin et al.,
2002a; Kenyon et al., 1993).
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More than reproduction or activation of dauer programs, resistance to environmental stress may in part confer the longer lifespan of IIS mutants. daf-2 mutants are
resistant to multiple physiological challenges, such as
immunity to infection, thermal stress, UV irradiation,
DNA damage, and oxidative stress (Barsyte et al., 2001;
Henderson and Johnson, 2001; Houthoofd et al., 2005b;
Johnson et al., 2002; Larsen, 1993). However, resistance
to all of these stressors is not required for the increased longevity in daf-2 mutants. For example, mutations in the heat
shock factor hsf-1 render animals extremely susceptible to
protein aggregation and thermal stress, but daf-2 mutants
with reduced hsf-1 expression still exhibit elevated levels
of some stress resistant genes, such as sod-3 and ctl-1
(Hsu et al., 2003). Thus, the upregulation of genes protecting worms from oxidative damage is not suﬃcient to confer
longevity in daf-2 mutants. Overexpression of hsf-1 can
also signiﬁcantly increase lifespan in a daf-16 dependent
fashion. This would suggest that increased thermotolerance
is suﬃcient to confer increased longevity. However, in an
opposing fashion, reduced smk-1 expression in daf-2
mutants creates worms that are short lived but remain thermotolerant (Wolﬀ et al., 2006). Thus, thermotolerance
alone is also not suﬃcient for the increased longevity of
daf-2 mutants. As loss of hsf-1 has been shown to cause a
premature aging phenotype in wild type worms, and its loss
can also decrease the lifespan of eat-2 mutants (diet
restricted animals, see below) by up to 50%, a phenotype
that is non-speciﬁc to the IIS pathway (Garigan et al.,
2002; Hsu et al., 2003). This could indicate that a loss of
thermal stress resistance may generally mask increases in
longevity seen as a result of other mechanisms (such as
increased resistance to oxidative stress).
It seems, then, that DAF-16 dependent longevity initiates more than it truly needs to extend lifespan. It is not
yet clear which of these speciﬁc functions is required, and
which ones are suﬃcient. Perhaps by examining physiological processes regulated by DAF-16 independent of longevity we can determine whether any commonalties are shared
between these autonomous mechanisms.
3. Dietary restriction dependent regulation of aging
The mechanism by which dietary restriction (DR)
results in an extended lifespan is unknown but appears to
be conserved across phyla. Studying DR in worms has been
complicated by a failure to identify a single genetic component speciﬁc to dietary restriction; this remains true despite
the relative ease for gene knockdown in this model organism. One obstacle in the characterization of the genetic
requirements for DR lies in a lack of consensus as to what
constitutes a valid method for DR in worms. Three main
methods for implementing dietary restriction have been
used, but diﬀerences in downstream physiological characteristics caused by these treatments have raised questions
as to whether they allow for a true method of studying
DR in worms. The most traditional model for DR comes

from dilution of the bacteria fed to the worms (BDR).
When bacteria are diluted, DR seems to increase lifespan
maximally at an intermediate concentration in a parabolic
curve (see Houthoofd et al., 2002b). Too little food results
in starvation and sickness, while too much food results in
organisms living a wild type lifespan or less. Like IIS
mutants, worms fed diluted bacteria show increased
expression levels of superoxide dismutase and catalase,
but unlike IIS mutants, these worms do not exhibit resistance to paraquat or hydrogen peroxide treatment (Houthoofd et al., 2003). This could indicate that these worms
are resistant to lower levels of oxidative stress not tested
in these experiments. The eﬀect of BDR appears to be independent of daf-16, as daf-16 null mutant animals still exhibit a slight (although signiﬁcantly diminished) parabolic
curve in response to BDR and an optimal DR concentration at which the lifespan of daf-16 mutants is increased
(Houthoofd et al., 2003). However, as the optimal dilution
of food concentration is neared, just a slight additional
removal of food will cause DAF-16 to transport dramatically inside the nucleus, a point at which a starvation
response may have been initiated (Houthoofd et al.,
2003). Respiration of worms undergoing BDR remains
constant, indicating that metabolism may not be a contributing factor in this lifespan extension as measured (Houthoofd et al., 2002b). Worms undergoing BDR display
extended reproductive schedules and reduced brood sizes
(Klass, 1977) consistent with DR in other organisms, but
the change to fecundity does not correlate with increased
lifespan. At high concentrations, brood size remains
increased while lifespan is decreased below what is seen
at optimal DR conditions (Klass, 1977).
Worms grown in the absence of bacteria, in liquid supplemented with nutrients known as axenic culture conditions, exhibit extended lifespan, and this lifespan
extension may be caused by dietary restriction. Growth
of worms on axenic culture enhances metabolism, levels
of sod, and levels of catalase; additionally, these worms
are resistant to thermal stress (Houthoofd et al., 2002a).
The reduced fecundity and extended reproductive schedule
of worms on axenic culture additionally suggests that this
method is another surrogate for true dietary restriction
(Houthoofd et al., 2002a). The physiological characteristics
of these worms, including their longer lifespan, are independent of daf-16. As in BDR, these worms do not exhibit
severely altered localization of DAF-16 (Houthoofd et al.,
2003). The fact that worms grown in axenic culture are
resistant to paraquat while worms grown on BDR are
not resistant suggests that this may not be a true model
for DR in worms. However, mice undergoing caloric
restriction are more resistant to oxidative stress than mice
fed ad libitum, a ﬁnding which argues that this increase in
stress resistance may not be an artifact of the use of axenic
culture (Bartke and Brown-Borg, 2004).
The genetic model most commonly used to mimic DR in
worms involves a series of mutations that slow feeding
rates – eat mutations. Of these, eat-2 mutants exhibit the
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most signiﬁcant increases in lifespan, an eﬀect thought to
be a result of their decreased rates of feeding (Lakowski
and Hekimi, 1998). Unlike other worms with chemosensory mutations, however, the eﬀects of eat-2 mutations on
lifespan are independent of daf-16 (Lakowski and Hekimi,
1998). eat-2 worms, like BDR worms, do not exhibit
increased metabolism but do exhibit increased sod and catalase activity (Houthoofd et al., 2002b). Unlike worms
grown in axenic medium or BDR, however, eat-2 mutant
worms are not thermal stress resistant, a second example
in which thermal stress can be uncoupled from longevity
(Houthoofd et al., 2002b).
Each of these three methods oﬀers unique beneﬁts but
comes with caveats beyond the potential diﬀerences in the
downstream processes each one aﬀects. Implementation
of BDR in the measurement of lifespan is extremely time
consuming and is not readily conducive to genome-wide
screens. Additionally, creation of axenic media is expensive. Although use of the eat-2 mutants oﬀers a simple, convenient method for implementing DR and potentially
screening for other genetic mediators of the extended lifespan, further research needs to help establish it as a true
model for reduced dietary intake in worms. To date, however, much ambiguity remains as to which method should
be used.
Can work in other model organisms shed light onto
the genetic requirements of DR in worms? In the yeast
Saccharomyces cerevisiae and the fruit ﬂy Drosophila melanogaster, SIR2 has been implicated in the response to
DR (Howitz et al., 2003; Wood et al., 2004). In worms,
it remains ambiguous whether the SIR2 orthologue, sir2.1, regulates DR-mediated longevity. Although overexpression of sir-2.1 extends lifespan, this extension is
dependent upon daf-16, a master regulator of insulin/
IGF-1 signaling (Tissenbaum and Guarente, 2001). Since
daf-16 is not required for the long lifespan of eat-2
mutant animals (Lakowski and Hekimi, 1998), a genetic
surrogate for DR, it is possible that sir-2.1 is part of the
insulin signaling pathway instead of the DR pathway.
However, deletion of sir-2.1 suppresses the extended lifespan of eat-2 mutants (and not daf-2 mutants) (Wang
and Tissenbaum, 2006). This evidence suggests that sir2.1 in worms may work through two parallel pathways
to bridge the interaction between DR and IIS for the
regulation of longevity.
Additional work on DR in yeast and ﬂies suggests the
possible role for TOR signaling in mediating the eﬀects
of DR on lifespan. tor1 mutations in yeast increase both
replicative and chronological lifespan but do not further
increase the lifespan of yeast undergoing DR (Kaeberlein
et al., 2005; Powers et al., 2006). In worms, however, like
SIR-2.1, TOR (let-363) appears dependent on IIS for its
activity. Loss of let-363, tor, results in increased lifespan,
and research suggests that the TOR adaptor protein rapTOR (daf-15) is directly repressed by active DAF-16 (Jia
et al., 2004; Vellai et al., 2003). Although the extended
lifespan of let-363 mutant animals cannot be suppressed
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by daf-16 mutants, the loss of let-363 in combination
with daf-2 mutation does not further extend lifespan
(Vellai et al., 2003). This suggests that the downstream
mechanisms and targets for TOR and daf-2 extension
of longevity are the same. While the potential remains
that TOR and SIR-2.1 aﬀect lifespan by mediating the
response to DR, more deﬁnitive results are required
before ﬁrmly placing either gene within the DR pathway
in C. elegans.
A failure to identify genetic components regulating
DR that work independently of IIS could suggest that
IIS and DR in worms may not work autonomously of
one another, but several pieces of evidence argue otherwise. For example, the extended lifespan of daf-2
mutants can be greatly enhanced by eat-2 mutants
(Lakowski and Hekimi, 1998). The extended lifespan of
eat-2 mutants is daf-16 independent, and extended lifespan seen in two other models for DR is independent
of daf-16 (Houthoofd et al., 2003; Lakowski and Hekimi,
1998). daf-2 mutants undergoing DR exhibit a characteristic ampliﬁcation in their mean survival when plotted
against food concentration (Houthoofd et al., 2003). If
DR worked via the same mechanisms as daf-2, one
might expect a horizontal, rather than vertical, shift in
this parabolic curve. Additionally, mutations in eat-2
do not cause a nuclear localization of DAF-16 (Henderson and Johnson, 2001). In worms undergoing DR by
axenic culture or by bacterial dilution, DAF-16 also
remains largely cytoplasmic (Houthoofd et al., 2003).
Finally, as mentioned earlier, daf-16 mutations block
the ability for chemosensory mutants to extend lifespan,
but have no eﬀect on the ability of eat-2 mutants to
extend lifespan (Apfeld and Kenyon, 1998; Lakowski
and Hekimi, 1998). This suggests that unlike DR, IIS
aﬀects the worm’s sense of the environment through neuronal sensing of nutrient availability.
We thus far have suggestions of a role for SIR2, TOR,
and DAF-16 as potential regulators of DR in worms, but
the role for any of these genes in the modulation of DR
remains highly debatable. The diﬀerences in physiological
outcomes of growth on BDR, axenic medium, and eat-2
mutation suggest that care must be taken in interpreting
downstream requirements for longevity. In each method
tested, however, metabolic rates remain constant or
increase when compared to wild type animals, while levels
of ATP production are signiﬁcantly diminished (Houthoofd et al., 2002a,b). In our examination of IIS mutants,
we have seen that neither resistance to oxidative damage,
nor thermal stress, seems an absolute requirement for
longer life. Likewise, in our examination of methods for
imposing DR, again, there is no clear stress-resistance
pathway common to all forms of DR. Additionally, in
opposition to the multiple studies examining downstream
targets for IIS, no global screen for genes conditionally regulated by DR has been conducted in worms. The mechanism for lifespan extension in worms undergoing DR
thus remains largely unknown.
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4. Mitochondrial mediated regulation of aging
As the primary sites for oxygen consumption within the
cell, mitochondria are also the primary sites for the production of reactive oxygen species (ROS). Proper control of
ROS production, via modulation of mitochondrial activity,
has been predicted to increase longevity. Consistent with
this prediction, research in nematodes identiﬁed the mitochondrial electron transport and ATP synthase as regulators of the aging process (Dillin et al., 2002b; Feng et al.,
2001; Lee et al., 2003b).
Three main studies demonstrate that the reduced function of several mitochondrial genes extends the lifespan
of worms. Each of these three studies has identiﬁed mitochondrial perturbations that increase lifespan by decreasing respiration and electron transport chain activity.
Mutations in the iron sulfur component of complex III,
isp-1, increase longevity by decreasing oxygen consumption
(Feng et al., 2001). Two additional independent RNAibased screens indicate that reduced expression of components of the mitochondrial electron transport chain could
increase longevity (Dillin et al., 2002b; Lee et al., 2003b).
In one screen, RNAi inactivation of components of Complex I, III, IV and the ATP synthase increased longevity
of wild type worms (Dillin et al., 2002b). In the second
screen, a mutation in the mitochondrial leucyl-tRNA synthetase gene impaired mitochondrial function and was
associated with longer lifespan (Lee et al., 2003b).
Mutations in another worm gene potentially aﬀecting
electron transport chain function, clk-1, lengthens lifespan
(Wong et al., 1995). clk-1 mutations prevent the synthesis
of ubiquinone (Miyadera et al., 2001), which is required
for respiratory-chain activity. clk-1 mutants are viable
because they acquire ubiquinone from the bacteria in their
culture media (Jonassen et al., 2001). It does not appear
that clk-1 works to extend lifespan via the same mechanisms as other known ETC mutants. For instance, clk-1
mutants do not reduce respiration (Braeckman et al.,
1999; Miyadera et al., 2001). Unlike knockdown of other
ETC components, clk-1 mutant lifespan cannot further
be extended by DR, and clk-1 mutants grown on axenic
culture require a supplement of exogenous CoQ, suggesting
that the synthesis of ubiquinone is required to mediate the
eﬀects of DR on longevity and that a loss of ubiquinone
synthesis models a form of DR in worms (Braeckman
et al., 1999; Lakowski and Hekimi, 1998). Furthermore,
the synergistic eﬀect of a clk-1 mutation on the daf-2
mutant lifespan can be regulated during adulthood, suggesting a temporal requirement for clk-1 that is disparate
from the timing requirement of ETC knockdown in other
known long-lived mitochondrial mutants (Burgess et al.,
2003; Dillin et al., 2002b).
Again, it is possible that alteration of the mitochondrial
electron transport chain regulates longevity through IIS
pathway components. However, isp-1 and clk-1 mutations
or knockdown of RNAi of respiratory-chain components
can extend the lifespan of daf-16 mutant animals (Dillin

et al., 2002b; Feng et al., 2001; Lee et al., 2003b; Wong
et al., 1995). Additionally, the already long lifespan of
daf-2(e1370) mutants are further extended by isp-1 (Feng
et al., 2001), clk-1 mutations or RNAi of respiratory-chain
components (Dillin et al., 2002b; Feng et al., 2001; Lee
et al., 2003b; Wong et al., 1995). Furthermore, unlike
reduction of respiratory-chain activity, reduced IIS causes
a signiﬁcant increase in ATP levels (Braeckman et al.,
1999; Dillin et al., 2002b). Finally, and most compelling,
following the temporal requirements of the ETC by a conditional RNAi approach, inactivation of the ETC during
larval development is suﬃcient to confer extended longevity, whereas inactivation during adulthood does not (Dillin
et al., 2002b). Because daf-2 and daf-16 act exclusively in
adults to regulate lifespan but the ETC is required during
development, the temporal requirements of these pathways
are separable (Dillin et al., 2002a). Together these ﬁndings
indicate that respiratory-chain RNAi does not increase lifespan by inhibiting the DAF-2 pathway.
Mitochondria are key sites of metabolic output and
ROS production, suggesting that core metabolic function/ROS production of the mitochondria might be
responsible for lifespan regulation. If ROS production were
a primary cause for premature aging in worms, decreased
mitochondrial respiration during adulthood should extend
longevity. However, although ETC activity can be reduced
during this stage of the worm lifecycle, this decrease in
activity cannot aﬀect lifespan. In contrast, the early temporal requirements of the ETC suggest that a regulatory
mechanism is established and maintained throughout the
life of the animal. Additionally, equally long-lived ETC
RNAi treated animals can respond diﬀerently to oxidative
stress (Lee et al., 2003b). For example, RNAi towards
Cytochrome C oxidase IV extends lifespan and increases
resistance to hydrogen peroxide treatment, yet RNAi
toward Cytochrome C heme lyase, which also extends longevity, does not increase resistance to oxidative stress (Lee
et al., 2003b). Lastly, not all mitochondrial ETC lesions
increase longevity. The mev-1(kn1) mutation is probably
the best example of a mutation that decreases mitochondrial activity, but does not increase longevity. mev-1 encodes
the cytochrome b large subunit of Complex II (Ishii
et al., 1998). mev-1(kn1) mutant animals are hypersensitive
to paraquat, short lived and have reduced mitochondrial
respiratory rates (Hosokawa et al., 1994; Ishii et al.,
1998; Ishii et al., 1990). Additionally, mev-1(kn1) mutant
animals have higher levels of oxygen free radicals compared to wild type animals (Senoo-Matsuda et al., 2001).
Reduced mitochondrial function, by either RNAi or
mutation, can result in increased longevity. However, it is
not clear that reduced mitochondrial metabolic function
is responsible for the extended longevity in these experiments. Although many ETC perturbations do indeed result
in increased resistance to external stresses, such as excess
ROS, this can be uncoupled from the aging process since
some perturbations that result in increased longevity are
in fact hypersensitive to ROS. Therefore, it remains ambig-
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uous as to whether which stresses, if any, unify this genetic
regulatory switch that results in increased longevity.
5. Commonalities among the pathways?
Our examination of the three pathways towards longevity has failed to indicate a clear mechanism for the regulation of longevity. IIS mutants, worms undergoing DR, and
worms undergoing decreased mitochondrial respiration all
show divergent responses to the myriad of stressors tested,
including oxidative stress, thermal stress, DNA damage,
and innate immunity. While one long-lived mutant might
be extremely resistant to paraquat, for example, another
(such as worms treated with ETC RNAi) might be more
sensitive.
If a uniﬁed stress response does not appear to unite these
three pathways for the regulation of longevity, what then
does? One suggestion is that each pathway, on its own
and during its own temporal mode, functions to regulate
a key metabolic alteration that drives the animal into a
hyperprotective mode. One such alteration could include
a general shift away from glycolytic pathways towards
those involved with fat and glycogen storage. IIS mutants
upregulate multiple classes of metabolic genes, suggesting
that a metabolic shift may in part mediate its eﬀects on longevity (Murphy et al., 2003; Oh et al., 2006; Vanﬂeteren
and Braeckman, 1999). Multiple downstream targets of
DAF-16 are required for the increased fat and glycogen
storage of daf-2 mutants, including well-placed genes in
the metabolic pathways such as acetyl CoA synthetase
(Kimura et al., 1997; Oh et al., 2006). However, increased
fat storage in itself is not required for increased longevity,
as TGF-b mutant animals accumulate fat, yet are not long
lived (Kenyon et al., 1993). daf-2 mutants downregulate the
expression of the amino acid transporter pep-2, a gene
which has been associated with TOR mediated increases
in longevity, (Meissner et al., 2004; Murphy et al., 2003)
and negatively regulate growth by downregulating the
expression of rapTOR itself (Jia et al., 2004). It appears
that active DAF-16 might also downregulate genes
required for the metabolism of amino acids or to prepare
for increased fatty acid oxidation, including aminopeptidases, carboxypeptidases, amino-oxidases, aminoacylases,
and genes involved in the glyoxylate cycle (Murphy et al.,
2003). Thus daf-2 mutants may exhibit a general trend
away from the usage of fat storage. IIS mutants also exhibit signiﬁcant increases in ATP levels (Braeckman et al.,
1999; Dillin et al., 2002b).
Less is known about the eﬀects of DR on the metabolic
pathways of worms. Mice undergoing DR, for example,
exhibit the upregulation of multiple gluconeogeneic genes
(Hagopian et al., 2003), and both worms and yeast exhibit
increased storage of glycogen upon either IIS mutation or
DR (Kimura et al., 1997; Powers et al., 2006). It is
unknown whether long-lived worms with altered mitochondrial function require a metabolic shift towards storage in
order to extend lifespan. Decreases in ATP levels would
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traditionally suggest an increase in activity of glycolytic
regulators like phosphofructokinase in order to use up glucose and produce more energy. However, in situations in
which feeding and glucose intake remain constant, the loss
of ETC components would result in a move towards anaerobic respiration, away from oxidative respiration, and a
subsequent lower return on glucose utilization. This shift
could instigate an upregulation in gluconeogenesis in the
eﬀorts to keep glucose levels more constant in the organism. It would be interesting to determine whether this shift
is required for ETC mutants to extend longevity. Alternatively, feeding worms a high caloric diet might suppress the
extended longevity of these mutants. This may yield a parallel suppression among IIS mutants, ETC mutants, and
worms undergoing DR, and would thus suggest the ﬁrst
commonality of a requirement for all known pathways
aﬀecting longevity.
It is evident that there is to date no clear mechanistic
explanation for the increased longevity of IIS, DR, or
ETC mutants. Unfortunately, changes to any of these three
pathways result in pleiotrophic eﬀects upon the organism.
It then becomes imperative for aging researchers to focus
their eﬀorts on ﬁnding means to determine the speciﬁcity
of these pathways, and, subsequently, the components that
are absolutely required in order to increase health, stave oﬀ
disease, and extend lifespan among these animals.
Acknowledgements
We thank members of the Dillin lab for critical comments on this manuscript, especially Jenni Duireux and
William Mair. We are thankful to the NIH, Ellison Medical Foundation and the Hillblom Foundation for research
support. A.D. holds the Pioneer Developmental Chair.
References
Apfeld, J., Kenyon, C., 1998. Cell nonautonomy of C. elegans daf-2
function in the regulation of diapause and life span. Cell 95, 199–210.
Arantes-Oliveira, N., Apfeld, J., Dillin, A., Kenyon, C., 2002. Regulation
of life-span by germ-line stem cells in Caenorhabditis elegans. Science
295, 502–505.
Arantes-Oliveira, N., Berman, J.R., Kenyon, C., 2003. Healthy animals
with extreme longevity. Science 302, 611.
Barsyte, D., Lovejoy, D.A., Lithgow, G.J., 2001. Longevity and heavy
metal resistance in daf-2 and age-1 long-lived mutants of Caenorhabditis elegans. FASEB J. 15, 627–634.
Bartke, A., Brown-Borg, H., 2004. Life extension in the dwarf mouse.
Curr. Top. Dev. Biol. 63, 189–225.
Berman, J.R., Kenyon, C., 2006. Germ-cell loss extends C. elegans life
span through regulation of DAF-16 by kri-1 and lipophilic-hormone
signaling. Cell 124, 1055–1068.
Boehm, M., Slack, F., 2005. A developmental timing microRNA and its
target regulate life span in C. elegans. Science 310, 1954–1957.
Braeckman, B.P., Houthoofd, K., De Vreese, A., Vanﬂeteren, J.R., 1999.
Apparent uncoupling of energy production and consumption in longlived clk mutants of Caenorhabditis elegans. Curr. Biol. 9, 493–496.
Brunet, A., Sweeney, L.B., Sturgill, J.F., Chua, K.F., Greer, P.L., Lin, Y.,
Tran, H., Ross, S.E., Mostoslavsky, R., Cohen, H.Y., et al., 2004.
Stress-dependent regulation of FOXO transcription factors by the
SIRT1 deacetylase. Science 303, 2011–2015.

902

S. Wolﬀ, A. Dillin / Experimental Gerontology 41 (2006) 894–903

Burgess, J., Hihi, A.K., Benard, C.Y., Branicky, R., Hekimi, S., 2003.
Molecular mechanism of maternal rescue in the clk-1 mutants of
Caenorhabditis elegans. J. Biol. Chem. 278, 49555–49562.
Daitoku, H., Hatta, M., Matsuzaki, H., Aratani, S., Ohshima, T.,
Miyagishi, M., Nakajima, T., Fukamizu, A., 2004. Silent information
regulator 2 potentiates Foxo1-mediated transcription through its
deacetylase activity. Proc. Natl. Acad. Sci. USA 101, 10042–10047.
Dillin, A., Crawford, D.K., Kenyon, C., 2002a. Timing requirements for
insulin/IGF-1 signaling in C. elegans. Science 298, 830–834.
Dillin, A., Hsu, A.L., Arantes-Oliveira, N., Lehrer-Graiwer, J., Hsin, H.,
Fraser, A.G., Kamath, R.S., Ahringer, J., Kenyon, C., 2002b. Rates of
behavior and aging speciﬁed by mitochondrial function during
development. Science 298, 2398–2401.
Dorman, J.B., Albinder, B., Shroyer, T., Kenyon, C., 1995. The age-1 and
daf-2 genes function in a common pathway to control the lifespan of
Caenorhabditis elegans. Genetics 141, 1399–1406.
Feng, J., Bussiere, F., Hekimi, S., 2001. Mitochondrial electron transport
is a key determinant of life span in Caenorhabditis elegans. Dev. Cell 1,
633–644.
Garigan, D., Hsu, A.L., Fraser, A.G., Kamath, R.S., Ahringer, J.,
Kenyon, C., 2002. Genetic analysis of tissue aging in Caenorhabditis
elegans: a role for heat-shock factor and bacterial proliferation.
Genetics 161, 1101–1112.
Hagopian, K., Ramsey, J.J., Weindruch, R., 2003. Caloric restriction
increases gluconeogenic and transaminase enzyme activities in mouse
liver. Exp. Gerontol. 38, 267–278.
Hekimi, S., Guarente, L., 2003. Genetics and the speciﬁcity of the aging
process. Science 299, 1351–1354.
Henderson, S.T., Johnson, T.E., 2001. daf-16 integrates developmental
and environmental inputs to mediate aging in the nematode Caenorhabditis elegans. Curr. Biol. 11, 1975–1980.
Hertweck, M., Gobel, C., Baumeister, R., 2004. C. elegans SGK-1 is the
critical component in the Akt/PKB kinase complex to control stress
response and life span. Dev. Cell 6, 577–588.
Holt, S.J., Riddle, D.L., 2003. SAGE surveys C. elegans carbohydrate
metabolism: evidence for an anaerobic shift in the long-lived dauer
larva. Mech. Ageing Dev. 124, 779–800.
Hosokawa, H., Ishii, N., Ishida, H., Ichimori, K., Nakazawa, H., Suzuki,
K., 1994. Rapid accumulation of ﬂuorescent material with aging in an
oxygen-sensitive mutant mev-1 of Caenorhabditis elegans. Mech.
Ageing Dev. 74, 161–170.
Houthoofd, K., Braeckman, B.P., Lenaerts, I., Brys, K., De Vreese, A.,
Van Eygen, S., Vanﬂeteren, J.R., 2002a. Axenic growth up-regulates
mass-speciﬁc metabolic rate, stress resistance, and extends life span in
Caenorhabditis elegans. Exp. Gerontol. 37, 1371–1378.
Houthoofd, K., Braeckman, B.P., Lenaerts, I., Brys, K., De Vreese, A.,
Van Eygen, S., Vanﬂeteren, J.R., 2002b. No reduction of metabolic
rate in food restricted Caenorhabditis elegans. Exp. Gerontol. 37, 1359–
1369.
Houthoofd, K., Braeckman, B.P., Johnson, T.E., Vanﬂeteren, J.R., 2003.
Life extension via dietary restriction is independent of the Ins/IGF-1
signalling pathway in Caenorhabditis elegans. Exp. Gerontol. 38, 947–
954.
Houthoofd, K., Braeckman, B.P., Lenaerts, I., Brys, K., Matthijssens, F.,
De Vreese, A., Van Eygen, S., Vanﬂeteren, J.R., 2005a. DAF-2
pathway mutations and food restriction in aging Caenorhabditis
elegans diﬀerentially aﬀect metabolism. Neurobiol. Aging 26, 689–696.
Houthoofd, K., Fidalgo, M.A., Hoogewijs, D., Braeckman, B.P., Lenaerts, I., Brys, K., Matthijssens, F., De Vreese, A., Van Eygen, S.,
Munoz, M.J., Vanﬂeteren, J.R., 2005b. Metabolism, physiology and
stress defense in three aging Ins/IGF-1 mutants of the nematode
Caenorhabditis elegans. Aging Cell 4, 87–95.
Howitz, K.T., Bitterman, K.J., Cohen, H.Y., Lamming, D.W., Lavu, S.,
Wood, J.G., Zipkin, R.E., Chung, P., Kisielewski, A., Zhang, L.L.,
et al., 2003. Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. Nature 425, 191–196.
Hsin, H., Kenyon, C., 1999. Signals from the reproductive system regulate
the lifespan of Caenorhabditis elegans. Nature 399, 362–366.

Hsu, A.L., Murphy, C.T., Kenyon, C., 2003. Regulation of aging and agerelated disease by DAF-16 and heat-shock factor. Science 300, 1142–
1145.
Ishii, N., Takahashi, K., Tomita, S., Keino, T., Honda, S., Yoshino, K.,
Suzuki, K., 1990. A methyl viologen-sensitive mutant of the nematode
Caenorhabditis elegans. Mutat. Res. 237, 165–171.
Ishii, N., Fujii, M., Hartman, P.S., Tsuda, M., Yasuda, K., SenooMatsuda, N., Yanase, S., Ayusawa, D., Suzuki, K., 1998. A mutation
in succinate dehydrogenase cytochrome b causes oxidative stress and
ageing in nematodes. Nature 394, 694–697.
Jia, K., Chen, D., Riddle, D.L., 2004. The TOR pathway interacts with
the insulin signaling pathway to regulate C. elegans larval development, metabolism and life span. Development 131, 3897–3906.
Johnson, T.E., Wood, W.B., 1982. Genetic analysis of life-span in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 79, 6603–6607.
Johnson, T.E., Tedesco, P.M., Lithgow, G.J., 1993. Comparing mutants,
selective breeding, and transgenics in the dissection of aging processes
of Caenorhabditis elegans. Genetica 91, 65–77.
Johnson, T.E., Henderson, S., Murakami, S., de Castro, E., de Castro,
S.H., Cypser, J., Rikke, B., Tedesco, P., Link, C., 2002. Longevity
genes in the nematode Caenorhabditis elegans also mediate increased
resistance to stress and prevent disease. J. Inherit. Metab. Dis. 25, 197–
206.
Johnson, S.M., Grosshans, H., Shingara, J., Byrom, M., Jarvis, R., Cheng,
A., Labourier, E., Reinert, K.L., Brown, D., Slack, F.J., 2005. RAS is
regulated by the let-7 microRNA family. Cell 120, 635–647.
Jonassen, T., Larsen, P.L., Clarke, C.F., 2001. A dietary source of
coenzyme Q is essential for growth of long-lived Caenorhabditis elegans
clk-1 mutants. Proc. Natl. Acad. Sci. USA 98, 421–426.
Kaeberlein, M., Powers 3rd, R.W., Steﬀen, K.K., Westman, E.A., Hu, D.,
Dang, N., Kerr, E.O., Kirkland, K.T., Fields, S., Kennedy, B.K., 2005.
Regulation of yeast replicative life span by TOR and Sch9 in response
to nutrients. Science 310, 1193–1196.
Kenyon, C., Chang, J., Gensch, E., Rudner, A., Tabtiang, R., 1993. A C.
elegans mutant that lives twice as long as wild type. Nature 366, 461–
464.
Kimura, K.D., Tissenbaum, H.A., Liu, Y., Ruvkun, G., 1997. daf-2, an
insulin receptor-like gene that regulates longevity and diapause in
Caenorhabditis elegans. Science 277, 942–946.
Klass, M.R., 1977. Aging in the nematode Caenorhabditis elegans: major
biological and environmental factors inﬂuencing life span. Mech.
Ageing Dev. 6, 413–429.
Klass, M.R., 1983. A method for the isolation of longevity mutants in the
nematode Caenorhabditis elegans and initial results. Mech. Ageing
Dev. 22, 279–286.
Lakowski, B., Hekimi, S., 1998. The genetics of caloric restriction in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 95, 13091–13096.
Larsen, P.L., 1993. Aging and resistance to oxidative damage in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 90, 8905–8909.
Larsen, P.L., Albert, P.S., Riddle, D.L., 1995. Genes that regulate both
development and longevity in Caenorhabditis elegans. Genetics 139,
1567–1583.
Lee, R.Y., Hench, J., Ruvkun, G., 2001. Regulation of C. elegans DAF-16
and its human ortholog FKHRL1 by the daf-2 insulin-like signaling
pathway. Curr. Biol. 11, 1950–1957.
Lee, S.S., Kennedy, S., Tolonen, A.C., Ruvkun, G., 2003a. DAF-16 target
genes that control C. elegans life-span and metabolism. Science 300,
644–647.
Lee, S.S., Lee, R.Y., Fraser, A.G., Kamath, R.S., Ahringer, J.,
Ruvkun, G., 2003b. A systematic RNAi screen identiﬁes a critical
role for mitochondria in C. elegans longevity. Nat. Genet. 33,
40–48.
Libina, N., Berman, J.R., Kenyon, C., 2003. Tissue-speciﬁc activities
of C. elegans DAF-16 in the regulation of lifespan. Cell 115,
489–502.
Lin, K., Dorman, J.B., Rodan, A., Kenyon, C., 1997. daf-16: An HNF-3/
forkhead family member that can function to double the life-span of
Caenorhabditis elegans. Science 278, 1319–1322.

S. Wolﬀ, A. Dillin / Experimental Gerontology 41 (2006) 894–903
Lin, K., Hsin, H., Libina, N., Kenyon, C., 2001. Regulation of the
Caenorhabditis elegans longevity protein DAF-16 by insulin/IGF-1
and germline signaling. Nat. Genet. 28, 139–145.
Mair, W., Goymer, P., Pletcher, S.D., Partridge, L., 2003. Demography of
dietary restriction and death in Drosophila. Science 301, 1731–1733.
McElwee, J., Bubb, K., Thomas, J.H., 2003. Transcriptional outputs of
the Caenorhabditis elegans forkhead protein DAF-16. Aging Cell 2,
111–121.
Meissner, B., Boll, M., Daniel, H., Baumeister, R., 2004. Deletion of the
intestinal peptide transporter aﬀects insulin and TOR signaling in
Caenorhabditis elegans. J. Biol. Chem. 279, 36739–36745.
Miyadera, H., Amino, H., Hiraishi, A., Taka, H., Murayama, K.,
Miyoshi, H., Sakamoto, K., Ishii, N., Hekimi, S., Kita, K., 2001.
Altered quinone biosynthesis in the long-lived clk-1 mutants of
Caenorhabditis elegans. J. Biol. Chem. 276, 7713–7716.
Morris, J.Z., Tissenbaum, H.A., Ruvkun, G., 1996. A phosphatidylinositol-3-OH kinase family member regulating longevity and diapause in
Caenorhabditis elegans. Nature 382, 536–539.
Murphy, C.T., McCarroll, S.A., Bargmann, C.I., Fraser, A., Kamath,
R.S., Ahringer, J., Li, H., Kenyon, C., 2003. Genes that act
downstream of DAF-16 to inﬂuence the lifespan of Caenorhabditis
elegans. Nature 424, 277–283.
Nanji, M., Hopper, N.A., Gems, D., 2005. LET-60 RAS modulates eﬀects
of insulin/IGF-1 signaling on development and aging in Caenorhabditis elegans. Aging Cell 4, 235–245.
Ogg, S., Paradis, S., Gottlieb, S., Patterson, G.I., Lee, L., Tissenbaum,
H.A., Ruvkun, G., 1997. The Fork head transcription factor DAF-16
transduces insulin-like metabolic and longevity signals in C. elegans.
Nature 389, 994–999.
Oh, S.W., Mukhopadhyay, A., Svrzikapa, N., Jiang, F., Davis, R.J.,
Tissenbaum, H.A., 2005. JNK regulates lifespan in Caenorhabditis
elegans by modulating nuclear translocation of forkhead transcription
factor/DAF-16. Proc. Natl. Acad. Sci. USA 102, 4494–4499.
Oh, S.W., Mukhopadhyay, A., Dixit, B.L., Raha, T., Green, M.R.,
Tissenbaum, H.A., 2006. Identiﬁcation of direct DAF-16 targets
controlling longevity, metabolism and diapause by chromatin immunoprecipitation. Nat. Genet. 38, 251–257.
Paradis, S., Ruvkun, G., 1998. Caenorhabditis elegans Akt/PKB transduces insulin receptor-like signals from AGE-1 PI3 kinase to the DAF-16
transcription factor. Genes Dev. 12, 2488–2498.

903

Paradis, S., Ailion, M., Toker, A., Thomas, J.H., Ruvkun, G., 1999. A
PDK1 homolog is necessary and suﬃcient to transduce AGE-1 PI3
kinase signals that regulate diapause in Caenorhabditis elegans. Genes
Dev. 13, 1438–1452.
Powers 3rd, R.W., Kaeberlein, M., Caldwell, S.D., Kennedy, B.K., Fields,
S., 2006. Extension of chronological life span in yeast by decreased
TOR pathway signaling. Genes Dev. 20, 174–184.
Senoo-Matsuda, N., Yasuda, K., Tsuda, M., Ohkubo, T., Yoshimura, S.,
Nakazawa, H., Hartman, P.S., Ishii, N., 2001. A defect in the
cytochrome b large subunit in complex II causes both superoxide
anion overproduction and abnormal energy metabolism in Caenorhabditis elegans. J. Biol. Chem. 276, 41553–41558.
Tissenbaum, H.A., Guarente, L., 2001. Increased dosage of a sir-2
gene extends lifespan in Caenorhabditis elegans. Nature 410, 227–
230.
Vanﬂeteren, J.R., Braeckman, B.P., 1999. Mechanisms of life span
determination in Caenorhabditis elegans. Neurobiol. Aging 20, 487–
502.
Vellai, T., Takacs-Vellai, K., Zhang, Y., Kovacs, A.L., Orosz, L., Muller,
F., 2003. Genetics: inﬂuence of TOR kinase on lifespan in C. elegans.
Nature 426, 620.
Wang, Y., Tissenbaum, H.A., 2006. Overlapping and distinct functions for
a Caenorhabditis elegans SIR2 and DAF-16/FOXO. Mech. Ageing
Dev. 127, 48–56.
Weinkove, D., Halstead, J.R., Gems, D., Divecha, N., 2006. Longterm starvation and ageing induce AGE-1/PI 3-kinase-dependent
translocation of DAF-16/FOXO to the cytoplasm. BMC
Biol. 4, 1.
Wolﬀ, S., Ma, H., Burch, D., Maciel, G.A., Hunter, T., Dillin, A., 2006.
SMK-1, an essential regulator of DAF-16-mediated longevity. Cell
124, 1039–1053.
Wolkow, C.A., Kimura, K.D., Lee, M.S., Ruvkun, G., 2000. Regulation
of C. elegans life-span by insulinlike signaling in the nervous system.
Science 290, 147–150.
Wong, A., Boutis, P., Hekimi, S., 1995. Mutations in the clk-1 gene of
Caenorhabditis elegans aﬀect developmental and behavioral timing.
Genetics 139, 1247–1259.
Wood, J.G., Rogina, B., Lavu, S., Howitz, K., Helfand, S.L., Tatar, M.,
Sinclair, D., 2004. Sirtuin activators mimic caloric restriction and delay
ageing in metazoans. Nature 430, 686–689.

