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A remarkable discovery of recent years is that, despite the complexity of ageing, simple genetic interventions
can increase lifespan and improve health during ageing in laboratory animals. The pathways involved have
often proved to sense nutrients and to match costly activities of organisms, such as growth, metabolism and
reproduction, to nutrient status. For instance, the insulin/insulin-like growth factor and Target of Rapamycin
signalling network has proved to play a function in ageing, from yeast to mammals, seemingly including
humans. In the fruit fly Drosophila, altered activity of several components of this network can increase lifespan

Section Editor: T.E. Johnson ; . . y ; h . .
and improve locomotor and cardiac function during ageing. The fly brain, fat body (equivalent of mammalian

Keywords: liver and white adipose tissue) and the germ line are important in determination of lifespan, with
Aging considerable communication between different tissues. Cellular detoxification pathways, increased
Drosophila autophagy and altered protein synthesis have all been implicated in increased lifespan from reduced IIS/
ITI:)SEHH/ Igf signalling TOR activity, with the role of defence against oxidative stress unresolved. Reduced IIS/TOR signalling can alter

or block the response of lifespan to dietary restriction. Reduced IIS can act acutely to lower death rate,
implying that it may ameliorate the effects of ageing-related damage, rather than preventing it.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

A breakthrough in research into ageing has come from the
discovery of single gene mutations that extend the healthy lifespan
of laboratory animals. Evolutionary conservation of the underlying
mechanisms is at present clearest for the classic nutrient-sensing
pathways, the insulin/insulin-like growth factor (Igf) and Target of
Rapamycin (TOR) network (Evans et al., 2011; Fontana et al., 2010;
Kenyon, 2010; Partridge, 2010). Reduced insulin/Igf-like signalling
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(IIS) was first shown to extend lifespan in the nematode worm
Caenorhabditis elegans, as a result of direct genetic screens for
lifespan-extending mutations (Kenyon, 2010; Partridge, 2010). The
fruit fly Drosophila provided the initial evidence for evolutionary
conservation of the anti-ageing effect of reduced IIS (Clancy et al.,
2001; Tatar et al., 2001). Reduced activity of the amino acid sensing
TOR pathway, which interacts extensively with IIS (Fig. 1), was also
initially shown to extend the lifespan in C. elegans (Vellai et al., 2003),
again with evolutionary conservation first demonstrated in Drosophila
(Kapahi et al., 2004), and subsequently in yeast (reviewed in (Kenyon,
2010)). Importantly, reduced activity of both of these pathways,
whether through genetic manipulation or chemical inhibition, can
extend the lifespan in mice (reviewed in (Fontana et al, 2010;
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Fig. 1. The IIS/TOR signalling network in Drosophila, adapted from Teleman (2010). Those components that have been experimentally demonstrated to play a role in fly lifespan are
coloured red. Arrows indicate activation, but not necessarily direct physical interactions, bar-ended lines indicate inhibitory interactions. Broken lines indicate indirect or less certain

interactions. Red arrows indicate transcriptional regulation.

Kenyon, 2010), and can produce a remarkably broad-spectrum
improvement in health during middle and old age (Selman et al.,
2008, 2009). Seven independent population-genetic studies of life-
span in humans have also pointed to an association with genetic
variation in Foxo3a, a human orthologue of the key IIS effector in C.
elegans, the forkhead transcription factor DAF-16 (reviewed in
(Kenyon, 2010)). We can thus use simpler and shorter-lived
laboratory model organisms, including Drosophila, to understand at
least certain aspects of human ageing.

The fruit fly has both strengths and weaknesses for ageing
research. On one hand, it has the advantages of a well-established
model organism, including powerful genetic and genomic reagents

and methodologies and increasingly well understood physiology and
behaviour. On the other hand, much that is known about Drosophila
has been learned from embryos, larvae and the process of metamor-
phosis. The adult fly, the subject of studies of longevity, is significantly
less well known generally and the effects of the IIS/TOR network are
much less thoroughly explored. However, Drosophila is more
mammal-like than C. elegans, with a well-differentiated brain and
complex behaviours, a heart, homologues of kidneys (the Malpighian
tubules) and dioecy (females and males). It also has powerful systems
for gene knock-out and targeted mutagenesis, it is an excellent
organism for work on demography and many genetic models of
human ageing-related diseases have been developed.
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The aim of this review is to synthesise what is known of the role of
the IIS/TOR network in the determination of Drosophila lifespan,
particularly in respect of those aspects that are strong candidates for
conservation in mammals.

2. IIS/TOR signalling and lifespan in flies

The most direct indication that an intervention slows ageing is to
demonstrate that it extends organismal lifespan. A diagram of the
signalling role of the insulin/Igf/TOR network in growth and me-
tabolism in Drosophila (modified from Teleman, 2010) is shown in
Fig. 1, with those components and links demonstrated to increase
adult lifespan highlighted. Reduced expression of Drosophila insulin-
like peptides (dilps) (Gronke et al., 2010), of the insulin receptor
(Tatar et al., 2001; Ikeya, et al., 2009 #174) and receptor substrates
chico (Clancy et al., 2001) and Lnk (Slack et al., 2010) extends lifespan,
as does increased expression of the negative pathway regulator PTEN
(Hwangbo et al., 2004). In C. elegans the forkhead transcription factor
DAF-16 is negatively regulated by IIS and it is essential for extension of
lifespan by reduced IIS. It is not yet known if its Drosophila orthologue
dFOXO is also required for IIS to extend lifespan, but over-expression
of dFOXO itself extends lifespan (Giannakou et al., 2004; Hwangbo
et al., 2004) as does reduced expression of its negative regulator 14-3-
3¢ (Nielsen et al., 2008). Reduced activity of the TOR pathway through
modulation of several genes, including dTsc1, dTsc2, dTOR and dS6K
also extends lifespan (Kapahi et al., 2004), as does inhibition of TORC1
by rapamycin (Bjedov et al., 2010). Although the lifespan of flies null
for the inhibitor of cap-dependent translation 4E-BP that lies down-
stream of TORC1 can also fail to respond to rapamycin (Bjedov et al.,
2010), lifespan of these mutants can be increased in at least some
genetic backgrounds (Fig. 2), implying that 4E-BP is not required for
inhibition of TORC1 to extend lifespan. These experiments were
conducted in the outbred and long-lived white Dahomey genetic
background, where the null mutation for 4E-BP itself reduced lifespan
only moderately, and the previous failure to extend lifespan by
rapamycin in this mutant may have been because the genetic back-
ground used rendered the mutant too generally sick to respond to the
drug.

Many wild populations and laboratory stocks of Drosophila are
host to the endosymbiotic bacterium Wolbachia pipientis. Removal of
Wolbachia from wild type stocks by antibiotic treatment can increase
lifespan, suggesting that the bacterium can be life-shortening (Min
and Benzer, 1997). Wolbachia also shows intriguing interactions with
IIS. Removal of the bacterium can enhance IIS mutant phenotypes
(Ikeya et al., 2009), implying that the bacterium may increase IIS.
Furthermore, some mutants that reduce IIS extend lifespan only in the
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Fig. 2. Effect of rapamycin on lifespan. Rapamycin treatment extends lifespan of wP"
females. Compared to flies on control food (0uM rapamycin), flies on 200 pM
rapamycin food have increased median lifespan (p<0.0001, log-rank test). In w”®"
background, rapamycin also extends lifespan of 4E-BPA mutant female flies (p<0.0001,
log-rank test). 4E-BP improves survival, as 4E-BPA flies live shorter than the control flies
on standard food (p<0.0001, log-rank test).

presence of Wolbachia (Gronke et al., 2010), possibly because the
bacterium can attenuate deleterious effects of IS down-regulation.
Lifespan may be particularly sensitive to changes in IIS or there may
be more specific interactions between Wolbachia and IIS in Drosophila.

3. Which tissues mediate extension of lifespan?

The two main tissues so far implicated in extension of lifespan
from reduced insulin/TOR signalling are the nervous system and the
fat body, the fly equivalent of mammalian white adipose tissue and
liver, with documented cross-talk between these two tissues.
Communication between the germ line and systemic IIS is important
in determination of lifespan.

In adult Drosophila dilps 2, 3 and 5 are produced in a set of median
neurosecretory cells (MNC) in the brain. Targeted ablation of these
cells late in larval development extends lifespan (Broughton et al.,
2005), as does deletion of the genes encoding these 3 DILPs (Gronke
et al,, 2010). There is extensive feedback in the expression of these 3
brain dilps, with positive regulation of dilps 2 and 5 by dilp 3, and
several compensatory interactions between them (Gronke et al.,
2010). There is also cross-talk between the dilps in the brain and dilp6
in the fat body. When dilps 2, 3, and 5 genes are deleted, there is a
substantial compensatory increase in the expression of dilp6 in the fat
body, although deletion of dilp6 does not alter the expression of the
brain dilps, and nor does it result in an increase in lifespan. The triple
dilp 2, 3 and 5 deletion mutant and the single dilp6 mutant are both
viable, but deletion of all 4 of these dilps is lethal (Gronke et al., 2010),
implying functional redundancy between them.

The dilp-producing MNC in the brain act as an important site for
integration of external inputs to IIS, including stress and nutrient
status. For instance, Jun-N-terminal kinase (JNK) is activated in
response to a variety of stresses, and flies with genetically increased
JNK activity show increased resistance to paraquat and extended
lifespan (Wang et al., 2003). These changes are mediated by the fly
forkhead transcription factor dFOXO, and at least part of the
mechanism may be through reduced systemic IIS, because activation
of JNK signalling specifically in the brain MNC reduces transcript
levels of dilps 2 and 5 (Karpac et al., 2009; Wang et al., 2005). Sim-
ilarly, expression of a dominant-negative form of the tumour
suppressor Dmp53 in these cells both extends lifespan and reduces
transcript level of dilp2 (Bauer et al., 2007), which when deleted
extends fly lifespan (Gronke et al., 2010). Dietary restriction (DR) in
Drosophila, which extends fly lifespan, results in reduced levels of
dilp5 transcript in the MNC (Min et al., 2008), although deletion of the
dilp5 gene alone does not alter the response to DR, possibly because of
increased compensatory expression of dilps 3 (Gronke et al., 2010).

Temporally- and spatially-controlled over-expression of the fork-
head transcription factor dFOXO in the fat body of the adult fly
extends lifespan (Giannakou et al., 2004; Hwangbo et al., 2004),
demonstrating both that the developmental effects of reduced IIS can
be uncoupled from its effects on lifespan and a role for the fat body in
the control of lifespan. The mechanisms involved require further
elucidation. Expression of dilp2 in the brain has been reported to
decrease upon over-expression of dfoxo in pericerebral fat body and to
be associated with a decrease in insulin signalling in the abdominal fat
body (Hwangbo et al., 2004).

In C elegans, ablation of the germ line increases lifespan, while
ablation of the germ line and somatic gonad together leaves lifespan
unaffected, implying that signals from the germ line shorten lifespan,
and that these signals are transduced by the somatic gonad (Arantes-
Oliveira et al., 2002). Removal of the germ line activates the worm
forkhead transcription factor daf-16, and this gene is necessary for the
extension of lifespan by germ line removal. Interestingly, the negative
effect of the germ line on lifespan appears to be conserved in Drosophila.
Although the life-long absence of the germ line has no effect on lifespan
(Barnes et al., 2006), loss of germ cells late in development or in the
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adult extends lifespan of both sexes. This is accompanied by apparent
peripheral insulin resistance and a, possibly compensatory, increase in
expression of dilps 2, 3 and 5 in the brain (Flatt et al., 2008).
Understanding the mechanistic basis of the interactions between
these different tissues will be an important step in understanding the
signalling mechanisms at work in the extension of lifespan.

4. What cellular biochemical processes are altered to
increase lifespan?

Increased lifespan could be a consequence of improved defences
against processes leading to loss of function and death, reduction in
activities that feed into these destructive processes, or both. An
unbiased approach to this question, using gene expression profiles
from long-lived, IIS mutant worms, flies and mice, showed that
cellular detoxification pathways were strongly up-regulated in all 3
organisms (McElwee et al., 2007). Indeed, experimentally increasing
the activity of a key transcriptional regulator of this pathway can
increase the lifespan in Drosophila (Sykiotis and Bohmann, 2008).
Detoxification and elimination of lipophilic endobiotics and xenobio-
tics may therefore be important processes for protection against the
effects of ageing.

Increased lifespan as a result of decreased IIS signalling has often
been associated with increased resistance to oxidative stress, and
Drosophila is no exception. However experiments aimed at directly
testing for a role of reactive oxygen species or oxidative stress in
ageing have met with mixed results (Piper et al., 2008). This may be in
part because the idea is difficult to test cleanly, because free radicals
not only generate damage to macromolecules, but also affect other
processes, such as cellular signalling.

Rapamycin increases Drosophila lifespan through inhibition of
TORC1, and it also decreases levels of protein translation and induces
autophagy. Both of these effects of rapamycin may be causal in the
extension of lifespan, because constitutive activation of the S6 kinase
and blocking of autophagy block the increase in longevity (Bjedov
et al., 2010), although the precise mechanisms require further study.
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5. Does the IIS/TOR network mediate the effects of
dietary restriction?

Dietary restriction (DR) is a reduction in food intake that falls short
of malnutrition or starvation, and it has been shown to increase
lifespan and reduce fecundity in a wide range of organisms (Mair and
Dillin, 2008). DR in Drosophila can be implemented in different ways,
such as manipulation of the presence of live yeast paste, of the
concentration of the whole diet or of specific nutrients in the diet. In
addition, a variety of diets have been used for DR. The IIS/TOR network
may well respond differently to these specific interventions. Flies do
not show compensatory feeding in response to dilution of at least
some ingredients in the diet during DR (Wong et al., 2008; Grandison
et al., 2009).

Most work on the role of the IIS/TOR network has examined the
effect of mutants on the response to DR. Initially, both loss of chico
(Clancy et al., 2002) and reduced TOR activity (Kapahi et al., 2004)
caused lifespan to peak at a higher food concentration than wild type
DR, with a greater extension of lifespan by these mutants at higher
levels of food intake. These results imply that reduced signalling
activity may induce a DR-like state. The downstream IIS/TOR effector
4E-BP can extend lifespan when over-expressed, and is required for
the response to DR on food containing yeast extract (Zid et al., 2009).
However flies null for 4E-BP respond normally to DR using a broader
range of dilutions of whole-cell yeast lysate (Fig. 3), indicating that
the role of 4E-BP may therefore depend upon the type of DR.

In C. elegans, the role of IIS in mediating the response to an en-
vironmental intervention is generally assessed by the effect of
reduction in the function of daf-16, which is required for the increase
in lifespan in response to reduced IIS. In contrast, daf-16 is not
required for the response of lifespan to most forms of DR in C. elegans
(Mair and Dillin, 2008), which has led to the conclusion that these two
interventions extend lifespan by different mechanisms. Flies that are
null for dfoxo are short-lived, but they also respond normally to at
least one form of DR (Giannakou et al, 2008; Min et al., 2008).
However, flies with over-expression of dfoxo in the fat body behave
like chico and TOR mutants, with greater extension of lifespan relative
to controls at higher food intake levels, and a peak in lifespan at higher
food concentrations (Giannakou et al., 2008). These findings imply
that dfoxo may normally play a role in the response to DR, but that
other mechanisms can compensate for the loss of dfoxo.

Loss of the dilp-producing MNC in the brain (Broughton et al.,
2010), deletion of dilps 2, 3 and 5 (Gronke et al., 2010) and over-
expression of a dominant-negative form of the insulin receptor
(Grandison et al., 2009) all extend lifespan at higher food concentra-
tions, and largely abolish the effect of food intake on both lifespan and
fecundity, while rapamycin has similar effects on the response of
lifespan to DR (Bjedov et al., 2010). These interactions of IIS and TOR
signalling with DR imply that the signalling network has a role in
mediating the responses to DR. However, in general the interpretation
of this kind of epistasis analysis can be tricky (Gems et al., 2002), and
it will be important to establish the exact nutritional and molecular
mediators of the normal response to DR in the fly.

6. Does reduced IIS/TOR signalling slow ageing in Drosophila?

Although increased lifespan is an important output, it might be
expected that an intervention would also improve health and function
at later ages if the ageing process was ameliorated. Reduced activity of
the IIS/TOR network can improve some aspects of function during
ageing, and can also reduce the pathology associated with genetic
models of specific ageing-related diseases, but much more work is
needed to understand the generality of these effects and the mech-
anisms mediating them.

Fecundity drops with age in female flies, as a result of loss of germ
cells, because of failure of the germ cell niche (Pan et al., 2007).
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Reduced activity of the IIS/TOR network often decreases female
fecundity, and IIS/TOR signalling plays an important role in growth,
proliferation and survival of the ovarian stem cells, both germ line and
somatic (Hsu et al.,, 2008; LaFever and Drummond-Barbosa, 2005;
LaFever et al., 2010; Sun et al., 2010). Interestingly, female mutants
for the insulin receptor dInR or for chico, which are long-lived, show
more rapid loss of germ line stem cells with age, and over-expression
of dilp2 in ovarian somatic cells counteracts both the age-related loss
in wild type flies and the accelerated loss in IIS mutants (Hsu and
Drummond-Barbosa, 2009), implying that IIS may reduce reproduc-
tive ageing. Surprisingly, and in contrast, dietary restriction (DR), the
effects of which may be mediated at least in part by reduced activity
of the IIS/TOR network, enhances germ line stem cell maintenance
with age (Mair et al., 2010). It will be important to understand the
mechanisms by which these two, apparently related, interventions
have opposite effects on reproductive ageing.

Both reduced IIS (Wessells et al., 2004) and TOR signalling (Luong
et al.,, 2006) can protect against loss of cardiac function during ageing,
and this protection is mediated through 4E-BP (Wessells et al., 2009).
Locomotor performance, including negative geotaxis, also shows a
marked age-related decline in flies, and a genetic screen for delayed
decline revealed that mutations in chico, the phosphoinositide-
dependent kinase 1 (pdk-1), the catalytic subunit of the PI3 kinase
(Dp110) and the protein kinase B (Akt) all delayed the loss of negative
geotaxis (Jones et al., 2009).

As yet, little work has been done in Drosophila on the interaction
between the IIS/TOR signalling network and genetic models of specific
ageing-related diseases, but where it has, the focus has been mainly
on fly models of neurodegeneration. For instance, fly models of
Alzheimer's Disease (AD) have investigated mechanisms of toxicity of
the Amyloid Precursor Protein and its derivatives, and of the
microtubule-associated protein tau, both strongly implicated in the
aetiology of human AD. Similarly, alpha-synuclein is strongly
implicated in age-related, sporadic, Parkinson's Disease in humans,
and fly models that over-express this protein have been developed .
Reduced activity of components of the IIS/TOR network can reduce
the neurotoxicity from all of these proteins and from genetic models
of other types of neurodegenerative disease (reviewed in Hirth, 2010
#202). However, so far investigation of the mechanisms at work has
barely scratched the surface. For instance, it is quite unclear what
specific modulations of IIS/TOR signalling are required to produce
neuroprotection, whether these modulations are the same for
protection against different forms of neurotoxicity or whether there
is an inevitable association between neuroprotection and extension of
lifespan.

Demographic analysis provides another avenue for addressing the
issue of whether lifespan is increased through a reduced rate of
ageing. In Drosophila, rather than slowing the accumulation of
irreversible damage, DR acts entirely acutely to reduce the death
rate of the flies. If the diet of the flies is switched to or from DR, they
immediately adopt the death rates of flies of the same age that are
kept permanently in the new dietary regime. There is thus no effect of
dietary history on death rate, suggesting that the flies are acutely
protected against a diet-related risk of dying with ageing, but that
their underlying rate of ageing has not been slowed down. This
contrasts sharply with the effects of temperature, where thermal
history is the sole determinant of likelihood of death (Mair et al.,
2003). These two interventions, diet and temperature, are also
associated with very different forms of molecular damage (Jacobson
et al,, 2010). Use of an inducible system for gene expression allows
switching of IIS status part-way through adulthood and, as for DR, up
to the age of one month, reduced IIS acts at least partly acutely to
lower death rate (Giannakou et al., 2007). Understanding how the
molecular mechanisms can act acutely to protect against loss of
function and death will be important in identifying potential drug
targets.

7. Conclusions and future directions

Although an enormous amount of progress has been made in the
few years since the role of these nutrient-sensing pathways in ageing
was discovered, we have barely begun to understand the mechanisms
at work. These pathways are highly pleiotropic in their effects, with
influences on growth, fecundity, stress resistance and metabolism, as
well as on survival. It is not yet clear to what extent the less desirable
effects of reducing their activity can be separated from the beneficial
effects on lifespan, nor have possible negative side-effects, for
instance on wound healing and immunity, been fully explored.
Understanding these issues will be vital to pinpoint the levels in the
signalling network where intervention might be beneficial and for
identifying potential drug targets to improve health during ageing.
Information on the timing of the effects on survival, and specifically
whether they are acute, will also be important for understanding the
stage(s) during adulthood at which intervention could be useful. The
fly is an excellent model organism for work on genetic models of
ageing-related disease and the role of ageing as a risk factor, an area
that has as yet been hardly touched.
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