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Abstract: Dietary restriction (DR), defined as a moderate reduction in food intake short of malnutrition, has been shown to
extend healthy lifespan in a diverse range of organisms, from yeast to primates. Reduced signalling through the
insulin/IGF-like (11S) and Target of Rapamycin (TOR) signalling pathways also extend lifespan. In Drosophila melanogaster
the lifespan benefits of DR can be reproduced by modulating only the essential amino acids in yeast based food. Here, we
show that pharmacological downregulation of TOR signalling, but not reduced 1IS, modulates the lifespan response to DR
by amino acid alteration. Of the physiological responses flies exhibit upon DR, only increased body fat and decreased heat
stress resistance phenotypes correlated with longevity via reduced TOR signalling. These data indicate that lowered
dietary amino acids promote longevity via TOR, not by enhanced resistance to molecular damage, but through modified
physiological conditions that favour fat accumulation.

INTRODUCTION

The molecular mechanisms underlying the physiological
Dietary restriction (DR) is an intervention whereby a changes elicited by DR have yet to be elucidated,
considerable reduction of food intake, just short of however, experimental data point towards nutrient
malnutrition, extends lifespan. This has been signalling pathways as playing an important role. The
demonstrated to be effective in a wide range of evolutionarily conserved Target of Rapamycin Complex
evolutionarily diverse organisms, from yeast [1] to 1 (TORCI) pathway senses amino acid availability and
invertebrates [2] and mammals [3], and is considered signals to enhance translation via activation of S6 kinase-
one of the most robust environmental interventions to 1 (S6K1) and inhibition of eIF4E binding protein-1(4E-
extend lifespan in laboratory organisms. Moreover, the BP1). TORCI also regulates transcription and autophagy
longevity promoting effects of DR are accompanied by in response to a range of signals, including nutrient
a range of health benefits. DR rodents had a delayed availability, cellular energy levels, and growth factors, in
onset or a lesser severity of age-related diseases such as such a way that growth rates match resources [10].
cancer, autoimmune diseases and motor dysfunction [4— Experimental validation of a role for TORCI in
6] and improved memory [7]. In C. elegans, DR was determining lifespan has come from a range of laboratory
shown to reduce proteotoxicity [8]. DR rhesus monkeys organisms. Lifespan extension by inhibition of TORCI
were found to have improved triglyceride, cholesterol pathway genes has been demonstrated in S.cerevisiae
and fasting glucose profiles, and a reduced incidence of [11], C.elegans [12], D. Melanogaster [13] and in mice
diabetes, cancer, cardiovascular disease and brain [14-19]. How TORCI inhibition promotes longevity is
atrophy [9]. unknown.
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Another nutrient sensing pathway that is commonly
associated with modified ageing is the insulin/insulin-
like growth factor signalling (IIS) network. Mutations in
components of the IIS pathway have extended lifespan
in a host of model organisms [20]. Because the IIS
pathway senses nutrients, considerable effort has been
made to assess the role for IIS in modulating the
longevity responses to DR. While IIS does not seem to
be solely accountable for DR, some experimental data
suggest overlapping mechanisms for IIS- and DR-
mediated lifespan extension [21].

Recent work has shown that adjustments to the dietary
amino acid balance can mimic the benefits to lifespan
by DR in D. melanogaster [22]. Supplementing a DR
diet with the ten essential amino acids (EAA)
phenocopy the effects of full feeding (FF) on lifespan
and fecundity, indicating that the beneficial effects of
DR are a consequence of improved amino acid balance.
Experimentally, the addition of EAAs to DR (DR+EAA)
offers a sharper instrument with which to dissect the
potential causes of lifespan change in response to
nutritional balance than the FF condition, which is
achieved by increasing the concentration of dietary yeast.
Here we characterize physiological and metabolic
parameters that define DR and fully fed flies with the aim
of identifying candidate factors for causation of the
lifespan response to DR.

RESULTS

TORCT1 signalling but not IIS signalling is required
for the effect of EAA on lifespan and fecundity

Dietary restricted (DR) flies are longer-lived than fully
fed flies, but produce fewer eggs. The effect of full
feeding to shorten lifespan and increase egg laying can
be mimicked by the addition of the 10 essential amino
acids (EAA) to DR food (Figures la-1c).

To assess the role of the longevity-associated nutrient
signalling pathways as potential mediators of the effect
of EAA on lifespan, we tested the response to DR of
flies that are long lived due to deletion for genes
encoding three of the Drosophila insulin-like peptides,
(DILPs) ilp2, ilp3 and ilp5. We found no difference
between the responses of wild type and DILP mutant
flies to the addition of EAA to DR food, indicating that
IIS is not required for the lifespan extension by DR
(data not shown). In contrast, addition of the TORCI
inhibitor rapamycin extended the lifespan of flies on
DR+EAA such that their lifespan was not shorter than
those subjected to DR (Figure 2a). Rapamycin treatment
also prevented the increase in egg laying seen for EAA
addition to DR food, in fact egg laying was effectively
blocked by rapamycin treatment. We also found that
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Figure 1. Amino acids mediate lifespan and fecundity changes under DR. (a) Summary of Drosophila median
lifespans under dietary restriction (DR), full feeding (FF) and essential amino acid supplementation of DR (DR+EAA)
(n=13 biological replicates; DR vs FF, P<0.001; FF vs DR+EAA, P=0.9383; DR vs DR+EAA, P=0.002; Wilcoxon rank-sum
test) (b) A representative lifespan experiment: adding EAAs to DR food shortened lifespan (P< 0.001) to that of FF flies
(P=0.194); n=150 per treatment; compared using the log-rank test. (c) Adding EAAs to DR food increased egg-laying
(P<0.001) to that of FF flies (P<0.936). Fecundity: meants.e.m.; n=15; compared using the Wilcoxon rank-sum test.
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Figure 2. Effect of Rapamycin treatment on EAA-supplemented flies. (a) Rapamycin treatment extended
the lifespan of DR+EAA flies beyond that of DR (DR+EAA vs DR+EAA+Rapamycin, P<0.001; DR vs DR+EAA,
P<0.012). n=150 per treatment; log-rank test. (b) Rapamycin treatment decreased the lifetime fecundity of
DR+EAA flies (P<0.001). Fecundity: meants.e.m.; n=10; Wilcoxon rank-sum test. (c) Levels of phospho-T398-S6K
were measured from whole-fly protein extracts. Treatment with rapamycin for 7 days decreased phospho-T398-
S6K levels in DR+EAA+Rapamycin flies relative to DR+EAA flies.

phosphorylation of the TORCI1 target S6K was reduced
by the addition of rapamycin (Figures 2b, 2¢). Together,
these data are consistent with TORC1 signalling playing
a role in mediating the change in lifespan upon DR.

EAA supplementation alters responses of DR flies to
H,0; stress, heat stress, starvation stress, and TAG
levels

We set out to identify phenotypic correlates of lifespan
change under our dietary conditions in order to
understand the causal mechanisms of increased lifespan
under DR. Long-lived animal models often have an
associated increase in the ability to resist environmental
stresses and this is assumed to reflect a general increase
in their health. Long-lived insulin/IGF-like signalling
(IIS) mutant flies have been shown to be resistant to
acute toxic doses of DDT, paraquat and hydrogen
peroxide (H,0;) [23-25]. We tested whether long-lived
DR flies are protected from the harmful effects of these
compounds. We found that DR flies were significantly
more resistant than DR+EAA flies to a toxic dose of
H,0,, whereas no difference was apparent for paraquat
(Figures 3a, 3b). Surprisingly, DR flies were more
sensitive to a toxic dose of DDT than DR+EAA flies
(Figure 3c), indicating that, at least for DDT resistance,
DR does not protect against this toxin in the same way
that lowered insulin signalling does.

Long-lived DR C. elegans have increased resistance to
heat stress [26,27]. Upon testing the response of flies to
heat shock stress, we found that DR flies were
significantly less resistant than DR+EAA flies (Figure
3d), indicating that longevity associated with amino
acid reduction comes at a cost to heat stress resistance.

Finally, we found that DR flies showed greater
resistance to starvation than DR+EAA flies (Figure 3e),
suggesting a possible mechanistic relationship between
longevity and starvation resistance. Resistance to
starvation stress could depend on the availability of
enhanced energy stores within the fly. While we found
no difference between groups in the levels of the
storage carbohydrates glycogen or trehalose (Figure 3f,
3g) we did find that DR flies had significantly higher
levels of triacylglycerides (TAG) than DR+EAA flies
(Figure 3h). It is possible that this difference in
TAG levels is causative of the longevity differences
between DR and DR+EAA flies such that increased
TAG confers some benefit to survival.

Increased TAG and decreased heat-stress resistance
correlate with increased lifespan with DR

If the above phenotypes induced by DR are causally
linked to longevity through reduced TORCI signalling,
it should be possible to reproduce the same
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physiological outcomes by treating flies with
rapamycin. We therefore tested the effect of rapamycin
on DR+EAA flies for H,O, stress resistance, starvation
sensitivity, heat shock stress resistance and TAG levels
(Figures 4a-d). Of these, heat stress resistance and TAG
levels changed upon rapamycin treatment of DR+EAA

flies, such that the responses became more similar to
DR flies; Like DR, rapamycin treatment increased the
sensitivity of EAA-treated DR flies to a 39°C heat
stress, and increased their TAG content. There was no
effect of rapamycin on the response of EAA-treated
flies to H,O, stress or to starvation stress.
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Figure 3. Phenotype comparisons between dietary restricted flies and those supplemented with EAAs. (a)
DR+EAA flies showed a decreased resistance to hydrogen peroxide toxicity compared to DR flies (P=0.013; n=150 flies per
condition). (b) There was no difference between DR and DR+EAA flies in their sensitivity to paraquat stress (P=0.517; n=150
flies per condition). (c) DR+EAA flies showed only a marginal, but significantly improved tolerance to DDT compared to that
of DR flies (P=0.042, n=100 flies per condition). (d) DR+EAA flies were significantly more resistant to a 392C heat stress
compared to DR flies (P<0.001; n=40 flies per condition). (e) DR+EAA flies were significantly more sensitive to starvation
than DR flies (P<0.001; n=100 flies per condition). (f) After 7 days of treatment there was no difference in the amounts of
glycogen measured for DR+EAA flies compared to DR flies (P=0.656; n= 6). (g) There was no difference in the levels of
trehalose measured for DR+EAA flies compared to DR flies (P=0.630; n=6 flies per condition). (h) DR+EAA flies had
significantly reduced levels of TAG compared to DR flies (P<0.001; n=6 flies per condition). For figures a-e, P values were
calculated using the log-rank test. For figures f-h, P values were calculated by T-test, and error bars represent the s.e.m.
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Figure 4. The effect of rapamycin to alter phenotypic differences between DR and DR+EAA flies. (a)
Rapamycin had no effect on the sensitivity of DR+EAA flies to H,0, stress (P=0.963; n=105 flies per condition). (b)
Rapamycin had no effect on the sensitivity of DR+EAA flies to starvation stress (P=0.071; n=150 flies per condition). (c)
Rapamycin, like DR, increased the sensitivity of DR+EAA flies to a 392C heat stress (P<0.001; n=30 flies per condition).
For figures a-c, P values were calculated using the log-rank test. (d) Rapamycin treatment increased the
triacyglyceride (TAG) levels of DR+EAA flies to the level of DR (P=0.011; n=6; T-test; error bars represent the s.e.m).

DISCUSSION

We have described the physiological and metabolic
features that define long-lived DR flies in order to
understand the mechanisms by which longevity is
achieved. Our data indicate that dietary amino acids
modify TORCI signalling, which in turn alters lifespan
outcomes. We also found that both dietary amino acid
manipulation and TORC1 modification in flies alter
TAG levels, such that higher body fat may play a causal
role in enhancing fly lifespan in response to dietary
restriction.

We found that the lifespan of insulin-mutant flies
responded in a similar way to DR as wild-types,
indicating that reduced IIS is not required for the
lifespan-extending effects of DR. This appears to

contrast previous studies that have reported interacting
effects of IIS on DR, such that lifespan modification in
response to yeast dilution is abolished in some IIS
mutants [22,23,28]. These differences could be due to
the fact that in the current study we modulated lifespan
by adjusting EAA alone, rather than yeast. In doing so,
we report a markedly different sampling of nutritional
space than for yeast dilution, since we change the ratio
of EAAs to all other dietary components, such as lipids,
carbohydrates, non-essential amino acids, vitamins and
trace elements. This may also explain why the
phenotypes of our long-lived flies are somewhat
different from those of other organisms subjected to
DR. Interestingly, our experiments also showed that
long-lived DR flies had decreased resistance to DDT,
which is the opposite phenotype seen for IIS mutant
flies, in which longevity is accompanied by dFOXO-
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dependent DDT resistance [23,29]. Together, these data
suggest that the beneficial effects on lifespan of DR can
be achieved independently of IIS, similar to that
reported by Tatar [21]. Moreover, it has been suggested
that the effects of IIS on longevity are dependent on the
status of TOR activity [30].

One of the strategies taken to understand the
mechanisms by which dietary or genetic treatments
enhance longevity is to seek out correlated
physiological changes that may provide insights into the
treatment’s mode of action. A common mechanistic
explanation for longevity requires enhancing systems to
protect against the damaging side-effects of aerobic
metabolism, such as that caused by oxidative stress or
endogenous lipophilic toxins [31,32]. In our analyses,
we found no evidence for broad-spectrum enhanced
protection against stressors under DR. Thus, the
mechanism for increased longevity under DR may not
involve enhanced resistance to stress. Similar
observations in studies on worms [33,34] has led to an
alternative hypothesis that “hypertrophy” caused by
inappropriate  continuation of early-life growth
programmes into later life is detrimental to an organism
and causes ageing [35-38]. This explanation also
implicates high levels of TOR signalling as its
mechanism.

We found increased TAG levels correlated with longer
life in our flies subjected to DR or rapamycin treatment.
DR by yeast restriction in Drosophila has also been
shown to increase lipid content [39—41], and several
rodent studies show that higher fat levels correlate with
increased lifespan [42—44]. In a recent study, Kapahi
and colleagues showed that DR flies have increased
TAG, and demonstrated an increased requirement for
muscle-specific fatty-acid synthesis and breakdown in
extending lifespan under DR [45]. Moreover, some
long-lived TOR and IIS pathway mutants have
increased fat levels [46—49]. Given that not all fat
mutants are long-lived [50], it is likely that if fat levels
are causally involved in extending life, the quality of fat
accumulated is important. It would be interesting in
future work to determine how lipid profiles change
under different dietary conditions, to identify the
specific types of lipids that are altered, and whether
experimental manipulation can enhance lifespan.

EXPERIMENTAL PROCEDURES

General Methods

Standard laboratory food . Dietary restriction medium
(1xSYA) contained100 g/l yeast (1x; MP Biomedicals,
OH, USA), 50 g/l sucrose (Tate & Lyle, London, UK),

15 g/l agar (Sigma-Aldrich, Dorset, UK), and 30ml/]
nipagin (Chemlink Specialities, Manchester, UK) and
3ml/l propionic acid (Sigma-Aldrich, Dorset, UK).This
diet and its method of preparation is described in Bass
et al.,, 2007 [51]. The fully fed medium (2xSYA) was
prepared in the same way, except that it contained
200g/1 yeast.

Experimental food. Rapamycin (LC Laboratories, MA,
USA) was dissolved in ethanol and added to 1xSYA
food at a final concentration of 200uM. Essential amino
acids (Sigma-Aldrich, Dorset, UK) were dissolved in
MiliQ water, and added to 1xSYA food at
concentrations shown in Table 1. As control measures,
ethanol alone was added to the food conditions that did
not contain rapamycin, and water was added to food
conditions that did not contain essential amino acids.

Table 1. Quantities of each of the essential amino acids
added to 1l of 1xSYA food medium

Essential amino acid Concentration in 1xSYA
(Sigma-Aldrich) medium (g/1)
L-arginine 0.43
L-histidine 0.21
L-isoleucine 0.34
L-leucine 0.48
L-lysine 0.52
L-methionine 0.10
L-phenylalanine 0.26
L-threonine 0.37
L-tryptophan 0.09
L-valine 0.40

Fly stocks and husbandry. The wild-type Dahomey
strain was originally collected in 1970 from Dahomey
(now known as the Republic of Benin) and since
maintained as a large outbred stock with overlapping
generations at 25°C on a 12h light:12h dark cycle.
These conditions allow for inter-generational breeding
and the life expectancy of flies remain similar to that of
newly caught wild flies [52]. Flies wused for
experimentation came from parental flies of the same
age at egg laying, thereby controlling for the effects of
parental age on lifespan [53].

Insulin-signalling mutant flies lacking the Drosophila
insulin-like peptides (DILPs) ilp2, ilp3 and ilp5S were
generated as described in Gronke et al., 2010 [23].
These flies were backcrossed into a control whize”"™
background stock, which was derived by backcrossing
w'" into the outbred wild-type Dahomey background
[24]. All mutations were back-crossed into their control

backgrounds for a minimum of 6 generations.
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Lifespan. All experiments were conducted at 25°C on a
12h light:12h dark cycle, at a constant humidity of 65%.
Flies were reared at a standard larval density of ~300
flies per bottle, and all experimental adults were
collected within a 12 hour period after eclosion. Flies
were allowed to mate for 48 hours after eclosion before
the experimental females were separated out under CO,
anaesthesia. Females were then randomly allocated to
the experimental food treatments and housed in plastic
vials containing food at a density of 10 flies per vial,
with 15 wvials per condition (n=150). Flies were
transferred to a fresh food source 3 times per week,
during which any deaths and censors were recorded.

Fecundity. Lifetime fecundity was measured as the
cumulative total for days 7, 14, 21 and 28 of the mean
number of eggs laid per female fly over each 24-hour
period. Eggs in each vial were counted by eye using a
light microscope after 18-24 hours exposure to flies.
Western blots. Protein extracts for western blot analysis
were made from whole flies, sampled after 7 days of
food treatment, using a TCA-based extraction protocol.
10ul of each sample was loaded into a 12% SDS-PAGE
gel and blots were probed with anti-phospho-Thr398-
S6K antibody (#9209, Cell Signaling Technologies,
MA, USA), and total-S6K (re-made using a peptide
sequence previously used to generate the total S6K
antibody in Stewart et al., 1996 [54]). Both antibodies
were used at a dilution of 1:12000 and normalised by
probing with an anti-actin antibody at a dilution of
1:5000. Secondary antibodies conjugated to HRP
(AbCam, Cambridge, UK) were used at a dilution of
1:5000, and the signals were detected by
chemiluminescence.

Stress Experiments

Experimental flies were reared and housed as described
for the lifespan experiment. Mated female flies were
kept on the experimental food types for 7 days before
being transferred to the stress conditions.

Paraquat, DDT and H,O, Stress. The orally
administered stressors were as made up follows: 1xSYA
containing 20mM paraquat (Sigma-Aldrich, Dorset,
UK), 1xSYA containing 0.03% w/v DDT (Supelco
Sigma-Aldrich, Dorset, UK), 1.5% agar medium
containing 5% H,0, (Sigma-Aldrich, Dorset, UK) and
50g/l sucrose, or plain 1.5% agar medium for the
starvation experiment.

Heat Shock. Experimental flies were transferred singly
into dry empty 2ml glass vials, plugged with cotton
wool and placed into a water bath set at 39°C. The time

taken for each fly to fall onto its back and stop
twitching (knockout) was recorded.

Metabolic measurements

Experimental flies were reared and housed as described
for the lifespan experiment. Mated female flies were
kept on the experimental food types for 7 days before
being frozen in liquid nitrogen. 6 replicas of 5 flies per
condition were used for all metabolic measurements.

Triacylglyceride measurement. Flies per condition were
homogenised in 0.05% Tween 20 (Sigma-Aldrich,
Dorset, UK) according to Gronke et al., 2003 [55]. TAG
content was quantified using the Triglyceride Infinity
Reagent (Thermo Fisher Scientific, Surrey, UK).

Glycogen measurement. Flies were homogenised in
200ul saturated Na,SOy4 solution and centrifuged for 1
min. 80ul of each sample was transferred to new
Eppendorf tubes and 800ul chloroform:methanol (1:1)
solution was added. Samples were centrifuged for 5
minutes and the supernatant was removed. The
remaining pellet, containing precipitated glycogen, was
resuspended in 1ml anthrone solution (anthrone in 50
ml 70% H,SO,) and incubated at 90°C for 20 minutes.
200ul of each sample was dispensed into the wells of a
flat-bottomed 96-well plate, and the absorbance in each
well was measured at 620nm and compared against a
set of glycogen standards ranging from 0-2pg/pl
(protocol adapted from Van Handel, 1965 [56]).

Trehalose measurement. Trehalose levels were
measured using the Glucose Infinity Reagent (Thermo
Fisher Scientific, Surrey, UK), as described in
Broughton et al., 2005 [24].
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