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Target of rapamycin activation predicts lifespan
in fruit flies
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Aging and age-related diseases are one of the most important health issues that the world will confront during the
21° century. Only by understanding the proximal causes will we be able to find treatments to reduce or delay the onset
of degenerative diseases associated with aging. Currently, the prevalent paradigm in the field is the accumulation of
damage. However, a new theory that proposes an alternative explanation is gaining momentum. The hyperfunction
theory proposes that aging is not a consequence of a wear and tear process, but a result of the continuation of
developmental programs during adulthood. Here we use Drosophila melanogaster, where evidence supporting both
paradigms has been reported, to identify which parameters that have been previously related with lifespan best predict
the rate of aging in wild type flies cultured at different temperatures. We find that mitochondrial function and
mitochondrial reactive oxygen species (mtROS) generation correlates with metabolic rate, but not with the rate of
aging. Importantly, we find that activation of nutrient sensing pathways (i.e. insulin-PI3K/Target of rapamycin (Tor)
pathway) correlates with lifespan, but not with metabolic rate. Our results, dissociate metabolic rate and lifespan in wild
type flies and instead link nutrient sensing signaling with longevity as predicted by the hyperfunction theory.

Introduction

Aging is a complex process that causes a progressive deterio-
ration of the organism and reduces its capacity to manage stress.
Because of its debilitating nature, aging is one of the main prob-
lems society faces during the 21 century. The only way to
delay or reverse the onset of age-related diseases is to understand
its proximal causes. Hundreds of theories have been proposed to
explain aging,' but few of them have stood the test of time.
Nowadays, the dominant paradigm is that a progressive accu-
mulation of damage causes aging. The most prominent example
of this paradigm is the Mitochondrial Free Radical Theory of
Aging (MFRTA) that provides a logical mechanistic explanation
and has shown remarkable resilience in adapting to criticism
and conflicting results. MFRTA posits that aging is a conse-
quence of the accumulation of oxidative damage caused by
mitochondrial reactive oxygen species (ROS).> Mainly support
for MFRTA comes from descriptive data,>® with less support
coming from experimental evidence.” For example, long-lived
animals, in general are characterized by low levels of ROS and
membranes resistant to oxidation.” Unsaturated membranes
are more sensitive to oxidation ®” and a reduction in unsatura-
tion has been shown to extend the lifespan of C. elegans ® in

accordance with the free radical theory. However, depletion of
all the superoxide dismutases (SODs) increases oxidative stress,
but does not shorten lifespan iz C. elegans.” Similarly, heterozy-
gous mutant mice for superoxide dismutase 2 (Sod2) “suffer”
higher levels of oxidative damage, but have no reduction in
lifespan.'®

There are 3 different possibilities to explain these results: (i)
oxidative damage is not properly assessed, (ii) the damage which
causes aging is not oxidative or (iii) aging is not a consequence of
damage accumulation.'" In line with this last possibility, a new
hypothesis to explain aging independently of damage accumula-
tion is gaining momentum. It proposes that aging is a later conse-
quence of the growth program initiated during development.'”
Therefore hyperfunction, a consequence of the activation of Tar-
get of rapamycin beyond the point where growth has concluded,
would cause the degenerative processes which result in aging.
Supporting this idea, aging is better explained by hyperfunction
than damage accumulation in C. elegans'® and it has been dem-
onstrated that pharmacological inhibition of Tor extends lifespan
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in yeast, worms, flies and mammals.

Interestingly, rapamycin
. .. 18 .

extends lifespan even when administered at old ages™® or in obese

mice,"” indicating that inhibitors of Tor may be an option to

extend health-span in humans.
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Drosophila melanogaster is probably the model organism where
most experimental support for MFRTA has been accumulated
(reviewed in®°). For instance, in Drosophila it has been shown
that depletion of antioxidants shortens lifespan, and overexpres-
sion of some of these antioxidants extends lifespan.*""** However,
many other data do not support MFRTA. High levels of protein
damage (including oxidative damage) do not shorten lifespan,23
low levels of ROS do not delay aging®* and reduced mitochon-
drial function increases ROS but prolongs lifespan.”” A recurrent
explanation for these and other contradictory data is that these
models are non-physiological, i.e., these models do not represent
aging in wild type individuals.

Here we study parameters that have been proposed to regulate
aging using wild type flies cultured at different temperatures. Sev-
eral factors make this model appropriate: firstly, temperature is
the most important modulator of Drosophila lifespan, and changes
in temperature modify longevity more than 4-fold;*® >’ secondly,
temperature variation is the most common stress flies confront in
the wild forcing them to adapt their metabolic rate; and thirdly it
has been proposed that the metabolic and aging rate are con-
nected. The rate of living theory postulates that the faster the
metabolism of one species the shorter it will live®® because more

damage is generated. However, many important exceptions have
been described, such as bats, birds, primates and the naked-mole
rat.”” Moreover, when appropriate corrections for body size and
phylogeny are introduced into the analysis, the correlation
between the metabolic rate and longevity disappears.”® Similarly,
metabolic rate fails to predict lifespan in worms,”' fruit flies **
and mice.”> MFRTA explains these data by arguing that the rate
of ROS production, independently of metabolic rate, determines
the rate of aging.®* To test this hypothesis, we generated a fly
model where aging rate and ROS production can be distin-
guished. We found that mtROS generation correlated both with
mitochondrial respiration and metabolic rate, but not with life-
span. Interestingly, a different picture was observed when we stud-
ied the activation of nutrient sensing pathways. We found that
activation of components of the Insulin/Insulin-like growth factor
signaling (IIS) and Target of rapamycin (Tor) pathways correlated
with lifespan, however activation of IIS or Tor did not correlate
with metabolic rate. Altogether we show that generation of oxida-
tive damage does not explain the differences in longevity found in
wild type individuals, and provide evidence that Tor pathway acti-
vation is a better predictor of longevity in fruit flies.

Results

Lifespan does not correlate with
metabolic rate in fruit flies cultured at
different temperatures

In order to identify parameters that
could explain or predict the lifespan of
fruic flies, we cultured our wild type
Dahomey (DAH) strain at 3 different
temperatures: 10, 18 and 29°C and
recorded the mean, median and maxi-
mum lifespan of the flies (Fig. 1A,
Table 1). We observed that metabolic

rate, indirectly measured by fly activity
and food intake (Fig. 1B, C), positively
correlated with temperature (R = 0.55/
0.50 P < 0.001), but not with lifespan
(R = 0 .05/0.11 P > 0.05). Interest-
ingly, flies lived the longest at 18°C
despite moving and eating the least at
10°C. On the other hand, fly weight was
lowest at 18°C, the temperature at which
flies lived the longest (Fig. 1D) and Tor
signaling was attenuated (see below).
Next, we measured mitochondrial
oxygen consumption in isolated mito-

chondria using a Clark electrode and
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Figure 1. Lifespan does not correlate with the metabolic rate in Drosophila melanogaster. (a) Survival
(days) of wild type flies cultured at 3 different temperatures. See details and statistics in Table 1
(n=200 ). (b) Fly activity expressed as the locomotion count per hour per fly (n = 40 ). (c) Food con-
sumption expressed as pl of food ingested per fly (n = 20 ). (d) Weight expressed as mg per fly (n =
9 —10). The mean +SEM is shown (n indicates independent replicates per group). Different numbers
of * indicate statistically significant differences (ANOVA, p < 0.05) between temperatures.

found that mitochondrial respiration
increased in parallel with environmental
temperature (Fig. 2A), and as expected
correlated with metabolic rate (R = 0
.93, P < 0.001), but not with lifespan
(R =0 .17, P > 0.05). Similarly we
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Table 1. Lifespan of wild type Drosophila melanogaster flies cultured at different temperatures

Experiment 1 (d)

Experiment 2 (d)

Combined (d)

Temperature (°C) Med Mean Max Med Mean Max Med Mean Max Statistics”
10 84 78 119 70 67 107 78 73 113

18 164 130 181 155 122 175 162 122 175 p<0.001
29 41 40 46 44 39 49 41 39 49 p<0.001

*Analyzed using the Kaplan Meier log-rank test, differences with respect to flies cultured at 10°C.

found that mitochondrial mass, measured using 2 different meth-
ods (citrate synthase and mitochondrial DNA copy number),
increased in parallel with increases in temperature (Fig. 2B, C).
Accordingly transcription of components of the electron trans-
port chain
was also elevated at high temperatures (Fig. 2D). In summary,
our data shows that flies respire more per mitochondrion, and
have more mitochondria at higher temperatures, but these

changes do not correspond with the observed changes in lifespan.

Membrane unsaturation negatively correlates with metabolic
rate, but not with lifespan

Homeoviscous adaptation of lipid membranes is a well-known
mechanism used by poikilothermic animals to adapt to changes
in temperature.”> Additionally, homeoviscous adaptation to lon-
gevity has also been proposed®® based

was observed at 29°C, where only one of 5 markers measured
was increased (Fig. 4C). Interestingly, MDA-derived protein
adducts (generated from lipoxidation reactions), were higher at
10°C than at 29°C, indicating that lipoxidative damage is mainly
determined by the sensitivity of membranes to oxidation, and not
by levels of mtROS (Figs. 3B and 4A). Consequently, mtROS
levels correlated with metabolic rate (R = 0 .97, P < 0.001) but
not with lifespan (R =10.11, P > 0.05) and lipoxidative damage
did not correlate with either mtROS levels (data not shown) or
lifespan (R = 0.02, P > 0.05). It has been proposed that the rate
of aging is regulated through nutrient signaling pathways such as
IIS and Tor."" In order to see if changes in the activation of these
pathways explain differences observed in lifespan we measured
the activation of IIS components and Tor at different tempera-
tures. Firstly, we measured the expression levels of the 3 main

on a negative correlation between the
sensitivity to oxidation of lipid mem-

>

branes and lifespan both in birds and 6007

mammals.®” As expected, we found that
levels of membrane unsaturation were
highest at the lowest temperature, and 3001
consequently membranes were more
sensitive to lipid peroxidation (Fig. 3A,
B and Table 2). Membrane unsatura-
tion negatively correlated with metabolic

rate (R = 0 .53, P < 0.01), but we

Nanomoles O2/min mg prot

UNITS (micromoles/ml/min)

found no association with lifespan (R =
0.14, P > 0.05). Finally, levels of ATP
similar at all

(9]

were temperatures
(Fig. 3C), suggesting changes in respira-
tion, mitochondrial density, and mem-
brane unsaturation are effective for
energy constant,

independent of temperature.
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increase ROS production (Fig. 4A), but

higher levels of ROS were offset by
increased expression of antioxidants that
detoxify both superoxide and hydrogen
peroxide (Fig. 4B). Accordingly, no

Figure 2. Mitochondrial function correlates with metabolic rate, but not with the rate of aging. (A)
Mitochondrial oxygen consumption (n =5 — 9). (B) Mitochondrial density (n = 6 — 7). (C) Mitochon-
drial copy number (n = 3 — 4). d) gPCR analysis of ND1, Cyt-b, SdhB and Cox1 (n = 4 — 5). The mean
+SEM is shown (n indicates independent replicates per group). Different numbers of * indicate statis-
tically significant differences (ANOVA, p < 0.05) between temperatures.

significant increase in protein damage
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Drosophila Insulin-like peptides (DILPs)
that have previously been related with fly
longevity: dilp2, 3 and 5°°. We observed
that levels of dilp2 and 5 changed in par-
allel with changes in temperature but not
with changes in lifespan (Fig. 5A). Fur-
thermore, levels of phosphorylated Aktl
(pAKT), a central component of IIS sig-
naling, negatively correlated with life-
span (R = 0 .58, P < 0.05). However,
the ratio between pAKT and total AKT
was unchanged, indicating that the same
proportion of the total AKT is active at
both 10 and 18°C (Fig. 5B, C). Surpris-
ingly, phosphorylation of forkhead box
sub-group O (pdFOXO), a downstream
target of AKT, did not correlate with
activation of AKT (data not shown).
Moreover, pdFOXO was highest at
10°C, but total levels of dFOXO were
also increased at this temperature. In
fact, no correlation between the propor-
tion of activated dFOXO and the meta-
bolic (R = 0 .04, P > 0.05) or aging
rate (R = 0 .31, P > 0.05) was found

Figure 3. Membrane unsaturation negatively correlates with metabolic rate. (A) Double bond index
of fatty acids (n = 4 —5). (B) Peroxidation index of fatty acid (n = 4 —5). (C) ATP content (n = 4 —5).
The mean £SEM is shown (n indicates independent replicates per group). Different numbers of * indi-
cate statistically significant differences (ANOVA, p < 0.05) between temperatures.

(Fig. 5B, C). A different
emerged when activation of Tor was

studied by measuring the phosphoryla-

picture

tion levels of 2 downstream targets of

Table 2. Fatty acid composition in wild-type flies cultured at 3 different
temperatures

DAHOMEY wild type

10°C 18°C 29°C
14:0 9.78+0.4 2041+£1.2" 21.2403"
14:1 0.740.1 1.040.0" 1.040.0
16:0 19.040.2 19.740.9 17.740.2
16:1 18.9+0.8 25044 23.040.2"
18:0 0.3+0.0 0.540.1 0.7+0.0
18:1 274406 20.540.3" 217402
18:2n6 18.0+0.4 9.8+0.8" 11.2+0.1
18:3n3 54+1.0 2.8+0.1 340.17
20:0 0.2+0.0 0.140.1 0.2+0.1
20:1n9 0.4+0.0 0.3+0.0 0.3+0.1
ACL 16.8+0.0 16.3+0.0" 16.3+£0.0"
SFA 29.24+0.4 407+1.0° 39.740.1
UFA 70.8+0.4 59.3+1.0" 60.3+0.1"
MUFA 474407 46.74+0.3 46.140.0
PUFA 23.4+0.6 12.5+0.8" 142+0.1"
PUFAN3 54+1.0 2.8+0.1" 3.0+0.17
PUFAN6 18.0+0.4 9.8+0.8" 11.2+0.0"

Values: mean £SEM from n = 4 — 5 samples x group. *Statistical significant
differences (ANOVA, p < 0.05) between flies cultured at 10°C and the rest of
the groups. **Significant differences (ANOVA, p < 0.05) between flies cul-
tured at 29°C and the rest of the groups.
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Tor: (i) RPS6-p70-protein  kinase
(S6K1) and (ii) Thor (4E-BP) (Fig. 5D,
E). Both total phosphorylation and the ratio between the phos-
phorylated and total amount of protein displayed a nice correla-
tion with lifespan (Table S1), but not with metabolic rate
(Table S1) indicating that activation of Tor is a better predictor
of fly lifespan than other components of the insulin-PI3K/Tor
pathway. The decreased weight detected in flies cultured at 18°C
further confirmed the reduction of Tor signaling at this tempera-
ture (Fig. 1D).

Discussion

Based on a comparative approach, the rate of living theory
proposes that lifespan is directly proportional to metabolic
rate.”> MFRTA provides a mechanistic explanation® for the
inverse relationship between metabolic rate and lifespan, and
an explanation for those exceptions such as birds,>* although
not for others such as naked-mole rat.”” Some of the strongest
support for the rate of living theory comes from fly studies
demonstrating a negative correlation between lifespan and
metabolic rate.”*?”** Unfortunately, most of these studies do
not use temperatures below 18°C in spite of the fact that flies
live at these temperatures in the wild and are able to eat, move
and mate. Rearing flies at 3 different temperatures, including
one lower than 18°C, we were able to show that it is possible
to separate the metabolic and aging rate in wild type flies. We

Volume 14 Issue 18
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Figure 4. Mitochondrial ROS production correlates with metabolic rate, but not with lifespan. (A) Levels of mitochondrial H,O, production (n = 4 — 7).
(B) gPCR analysis of Catalase, PHGPx, Glyoxalase |, Sod2, Sod and dj-1beta (n = 3 — 4). (C) Markers of oxidative (GSA, AASA), glycoxidative (CML, CEL)
and lipooxidative (MDA-lys) damage to proteins (n = 4 — 5). The mean £SEM is shown (n indicates independent replicates per group). Different numbers
of * indicate statistically significant differences (ANOVA, p < 0.05) between temperatures.

found that lifespan did not correlate with mitochondrial respi-
ration or mitochondrial ROS production indicating that lower
levels of ROS do not always correlate with a longer lifespan,
as we have previously shown in genetically modified
populations.*

ATP and protein damage levels remained constant at all tem-
peratures, indicating that homeostatic mechanisms work effi-
ciently at the 3 different temperatures studied. In order to
maintain ATP levels, flies increased mitochondrial respiration
and mitochondrial mass at 29°C, at 10°C the flies increased lev-
els of unsaturation in lipid membranes. Interestingly, this meant
that lipoxidative damage was highest at lower temperatures,
whereas other types of damage were kept constant by adjusting
the expression levels of antioxidants against production of ROS.
This increase in unsaturation of lipid membranes is a well-known
mechanism of temperature adaptation used by poikilothermic

www.tandfonline.com
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animals.*""*? In homeothermic vertebrates, changes in unsatura-
tion have not only been related to the regulation of metabolic
rate, but have also been associated with changes in lifespan
observed between different animal species.® Highly unsaturated
membranes are more prone to oxidation 7 and although this has
not been confirmed in other animal models,">***> a reduction
of membrane unsaturation has been shown to extend the lifespan
of C. e[egﬂm.g However, changes in lipoxidation have
been related to changes in mtROS 46 and/or unsaturation.”” Our
results indicate that in fruit flies, lipoxidative damage is deter-
mined by the level of membrane unsaturation and not by steady-
state levels of ROS, and negatively correlates with metabolic rate
but not with the rate of aging.

Our results do not support the idea that differences in mtROS
generation or lipoxidation levels cause the divergent aging rates
observed in flies cultured at different temperatures. However, we
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Figure 5. Tor activation correlates with lifespan. (A) gPCR analysis of dilp2, 3 and 5 (n = 3 — 4). (B) Western blot analysis of phosphorylated and total AKT
and dFOXO. (€) Quantification of b (n = 3 ). (D) Western blot analysis of phosphorylated and total S6K1 and 4E-BP. (E) Quantification of d (n = 3 ). The
mean +SEM is shown (n indicates independent replicates per group). Different numbers of * indicate statistically significant differences (ANOVA, p

cannot discard other types of damage. We find that activation of
nutrient signaling pathways better predicts the lifespan of wild type
flies. Activation of Tor correlated with lifespan, however other
components of the insulin-PI3K/Tor signaling pathway were not
so clearly connected. For instance, we found that phosphorylation
of AKT changed in parallel with lifespan, but this correlation disap-
peared after normalization with total levels, indicating that AKT
concentration, more than its activation, may be important in
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determining fly lifespan. Interestingly, phosphorylation of
dFOXO, a downstream target of AKT, was highest at 10°C but no
correlation with AKT activation status or lifespan was observed.
This was surprising since dFOXO or its ortholog gene DAF-16 are
required for lifespan extension in models of reduced or attenuated
I1S."" Rapamycin is able to extend lifespan independently of die-
tary restriction and without altering IIS or AMP-activated protein
kinase (AMPK) activity.'® Similarly, attenuated Tor signaling
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extends lifespan of DAF-16 null mutants. However, it does not fur-
ther extend the lifespan of DAF-2 or chico mutants."®*® These
results indicate that IIS and Tor work in pathways that partally
overlap. Accordingly, we found a consistent reduction in Tor acti-
vation independently of the activation status of other components
of the insulin-PKI3-Tor pathway. Two different mechanisms have
been proposed to explain the effects of Tor on lifespan: (i) a boost
in autophagy and (ii) repression of protein translation. Accord-
ingly, inhibition of autophagy or induction of protein translation
prevents lifespan extension via rapamycin.* In the future, testing
these 2 mechanisms may prove instrumental in determining
whether the hyperfunction or damage theory is correct.

Our results fit better with the hyperfunction theory than with
MFRTA or similar theories. Recent findings indicate that pharma-
cological'® or genetic®® inhibition of Tor or its downstream tar-
gets'” extends lifespan in rodent models, whereas modifications in
ROS levels mainly failed to modify longevity.”® Interestingly,
females generally live longer than males, and are smaller being this
last characteristic associated to attenuated Tor signaling.”" Simi-
larly wild type flies live longer and are lighter at 18°C where Tor
signaling is reduced. However, the extension in lifespan as a result
of IIS/Tor inhibition is modest in comparison with the observed
differences in lifespan between flies cultured at different tempera-
tures.'®>>% This indicates that other factors must be important in
the determination of lifespan of wild type flies. The hyperfunction
theory predicts that oxidative damage (as well as other forms of
damage) is a consequence, and not a cause, of aging. However, the
hyperfunction theory acknowledges that damage can play a role in
the development of age-related diseases that affect individual sur-
vival reducing lifespan.12 Therefore, it is possible that low levels of
mtROS and membranes more resistant to oxidation could protect
individuals from age-related diseases contributing to a longer life-
span. In this model, aging would be driven by a de-regulation of
essential signaling pathways. Beyond a certain threshold de-regula-
tion would cause uncontrolled damage generation that would be
responsible for age-related diseases resulting in death. Cellular sys-
tems generating lower levels of damage or those more resilient to
damage would be protected against age-related diseases contribut-
ing to an extended lifespan. This agrees with models showing that
increased levels of ROS cause age-related degenerative diseases but
do not accelerate aging.54 Also from our own results we observed
intermediate levels of ROS and lipoxidative damage at 18°C
where flies lived the longest. The hyperfunction theory like any
other theory challenging the established damage accumulation par-
adigm must be thoroughly tested. Our data suggest that these tests
will be worth the time and effort.

Experimental procedures

Fly stocks and lifespan assessments

Wild-type Dahomey (DAH) female flies, used in this study,
were maintained on standard media (1% agar, 1.5% sucrose, 3%
glucose, 3.5% dried yeast, 1.5% maize, 1% wheat, 1% soya, 3%
treacle, 0.5% propionic acid, 0.1% Nipagin). Flies were collected
under CO, anesthesia within 24 hours of eclosion and then
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maintained at a density of 20 flies per vial at 10°C, 18°C, or
29°C under a controlled 12 hour light:dark cycle. Flies were
transferred to new vials every 2-3 d Lifespan assessments were
performed with a minimum of 100 flies per temperature and
repeated twice. The number of dead flies was recorded every
2-3 d. The median, mean and maximum lifespan (the last 10%
of surviving flies) were calculated for each experiment. Ten days
old flies were used in all experiments.

Mitochondrial O, consumption and measurement of
mitochondrial H,O,

Mitochondria were isolated as described elsewhere.” Mito-
chondrial respiration rates were measured via polarography using
a Clark-type oxygen electrode as previously described.** Mito-
chondria were incubated in assay buffer (120 mM KCl, 5 mM
KH,POy4, 3 mM HEPES, 1 mM EGTA, 1 mM MgCl,, and
0.2% bovine serum albumin, pH 7.2 at 25°C), supplemented
with a combination of complex I (5 mM pyruvate+ 5 mM pro-
line) linked substrates. State 3 respiration was initiated by adding
500 uM ADP to the sample. Mitochondrial ROS production
was assayed according to the method described in** using pyruva-
te+proline (5 mM each) to feed the electron transport chain.

Western blot analysis

Protein extraction, SDS-PAGE and Western blotting were
performed as described in.”> The primary antibodies, employed
together with the appropriate secondary antibodies, were as fol-
lows: anti-phospho-Drosophila-AKT (Ser505) (Cell Signaling,
Massachusets, USA), 1:1,000; anti-Drosophila-AKT (Cell Sig-
naling, Massachusets, USA), 1:1,000; anti-phospho-Fox01
(Ser256) (Cell = Signaling, Massachusets, USA), 1:1,000;
anti-FOXO (Cell Signaling, Massachusets, USA), 1:1,000; anti-
p-p70 S6 Kinase (Thr389) (Cell Signaling, Massachusets, USA),
1:1,000; p70 S6 kinase a (Santa Cruz, Texas, USA), 1:250; anti-
phospho-4E-BP1 (Thr37/46) (Cell Signaling, Massachusets,
USA), 1:250; anti-4E-BP1(Cell Signaling, Massachusets, USA),
1:250; and anti-GAPDH (Everest Biotech, Oxfordshire, United
Kingdom), 1:40,000. The secondary antibodies were as follows:
HRP-conjugated horse anti-mouse IgG [H'L] (Vector Laborato-
ries, Burlingame, USA), used at 1:10,000; HRP-conjugated horse
anti-rabbit IgG [H'L] (Vector Laboratories, Burlingame, USA),
1:10,000; and HRP-conjugated horse anti-goat IgG [H'L] (Vec-
tor Laboratories, Burlingame, USA), 1:5,000. The intensity of
the bands were quantified with Image] software.

ATP measurements

The total ATP content was measured using a luciferin-lucifer-
ase-based ATP determination kit (Molecular Probes, Eugene,
USA). One to 5 flies were homogenized in 100 pl of 6 M guani-
dinium chloride, and the homogenates were centrifuged at
16,000 x g for 5 min. The supernatants were dissolved 1:750 in
TE buffer. Ten microliters of the diluted sample was mixed with
a reaction solution containing luciferin-luciferase, and triplicate
samples were measured via luminometry. A standard curve of
different ATP dilutions was run in parallel, and the results were
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normalized based on the protein content (mg), after interpolation
with the standard curve.

Fly activity

The locomotor activity of individual flies was measured in a
Digitherm CircKinetics monitoring incubator (Tritech Research,
Los Angeles, USA) at the appropriate temperature under a con-
trolled 12:12-hour dark:light cycle. Individual flies were placed
in capillary tubes with standard fly food, and their activity was
monitored over 72 hours using TriKinetics Activity Monitors
(TriKinetics Inc.., Waltham, USA). The flies were acclimated for
the first 24 h, and their activity was monitored during the next
48 h. The number of times that flies crossed the center of the vial
per hour was counted and integrated using TriKinetics software.

Mitochondrial density measurements via the citrate synthase
assay

Approximately 40-60 flies were immobilised on ice and then
transferred to a chilled mortar. The flies were homogenized in
500 pl of ice-cold mitochondria isolation medium (250 mM
sucrose, 5 mM Tris-HCL, 2 mM EGTA), and the homogenate
was filtered through cheesecloth. Then, an additional 500 pl of
the mitochondria isolation medium containing 1 mM DTT was
added, and the samples were frozen at —80°C overnight. Next,
samples were defrosted and 50 pl of the sample was diluted 1:5
in mitochondria isolation medium containing 1 mM PMSF.
The remainder of the sample was used to isolate mitochondria as
described elsewhere.”” The mitochondria were subsequently
diluted 1:4 in mitochondria isolation buffer containing 1 mM
PMSE. Measurements were performed in a 96-well plate, in
which 182 pl of fresh reaction buffer (100 mM Tris-HCL (pH
7.5) and 2.5 mM EDTA), 2 pl of 30 mM acetyl-CoA and 2 pl
of 10 mM DTNB were added to each well. Finally, the samples
(either the whole homogenate or isolated mitochondria) were
added. The reaction was initiated by adding 10 ul of 10 mM
oxaloacetate (OAA), and the linear increase in absorbance at
412 nm was followed for 3-4 minutes using a PerkinElmer
EnVision 2104 plate reader. Blanks were made from the same
samples without the addition of OAA and then measured. Mito-
chondrial density was calculated by dividing the specific citrate
synthase activity measured in the whole-fly homogenates by the
citrate activity measured in isolated

specific synthase

mitochondria.

CAFE assay

Tubes were punched with holes on the top and the sides to
allow the introduction of capillary tubes (containing the food)
and air circulation. Flies were anesthetised with CO, and trans-
ferred to a 1.5-ml tube. Capillary tubes were filled with CAFE
assay food (5% sucrose and 5% yeast extract). Quantification of
food intake was performed by adding a known amount of food
to capillaries and then measuring changes in this volume every
24 hours. Food evaporation was controlled for by carrying out
measurements in capillary tubes in 1.5-ml tubes without flies.
The analysis was performed for approximately 120 hours.
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Weight measurements

Approximately 10 flies were anesthetised with CO, and then
collected into a tube. Their weight was calculated by subtracting
the weight of the tube without flies from the weight of the tube
with the flies.

RNA/DNA quantification

The methods for the isolation of mRNA and ¢cDNA and
q-RT-PCR synthesis have been described in detail in.”> To deter-
mine mtDNA copy number, total DNA was isolated according
to >* and analyzed via qPCR using the same conditions employed
for mRNA analysis. The data were extracted and analyzed using
Applied Biosystems StepOne software version 2.1. Primer
sequences are available upon request.

Fatty acid analyses and global fatty acid unsaturation indexes

The fatty acids in lipids were analyzed as methyl ester derivatives
via gas chromatography/mass spectrometry (GC/MS) as previously
described.*® The following fatty acyl indices were also calculated:
saturated fatty acids (SFA); unsaturated fatty acids (UFA); mono-
unsaturated fatty acids (MUFA); polyunsaturated fatty acids
(PUFA) of n-3 and n-6 series (PUFAn-3 and PUFAn-6); and the
average chain length (ACL) = [(X%Total14 x 14) + (X% Total16
x 16) + (Z%Totall8 x 18 ) + (Z%Total20 x 20 )]/100. The
density of double bonds in the membrane was calculated according
to the double bond index, DBI = [(I X Xmol% monoenoic)
+ (2xZmol% dienoic) + (3xXmol% trienoic)]. The susceptibil-
ity of the membrane to peroxidation was calculated using the perox-
idizability index, PI = [(0.025 x Xmol% monoenoic) + (1 x
2mol% dienoic) + (2 x £mol% trienoic)].

Analysis of protein damage markers via mass spectrometry

The levels of the markers aminoadipic semialdehyde (AASA -
oxidation), glutamic semialdehyde (GSA - oxidation), carboxy-
methyl-lysine  (CML - glycoxidation), carboxyethyl-lysine
(CEL - glycoxidation) and malondialdehydelysine (MDAL - lip-

oxidation) were determined via GC/MS according to.””

Statistical analysis

The data were analyzed using GraphPad Prism 6 software.
One-way ANOVA followed by the Newman-Keuls multiple
comparisons test. Lifespan data were analyzed using the Kaplan
Meier log-rank test. Linear regression analysis (equation y = a
+b*x) was used to confirm whether parameters analyzed (y) cor-
related or not with lifespan (x = mean lifespan) or metabolic rate
(x = temperature ). Pearson correlation coefficient (r) was calcu-
lated and data are shown as R square (R) and statistical signifi-
cance (P) in Table S1. The level of statistical significance was
established as p < 0.05.
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