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REVIEW REVIEW

Rationale

A reprieve from aging and the quest for the fountain of youth 
has long fascinated man. It has influenced history, played a sig-
nificant role in literature, and driven major scientific advances. 
Indeed, it could be argued that the vast majority of medical 
research, through the curing of disease, is focused on increasing 
lifespan.
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Drosophila melanogaster as a model system 
for the evaluation of anti-aging compounds
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Accordingly, hundreds of genes have been identified in 
 multiple organisms that influence lifespan. Also, notably, hun-
dreds of compounds have been purported (most of them falsely) 
to effectively stem the tide of aging. Despite the intense interest 
and research in this field, no single agent has been definitively 
shown to increase maximum human lifespan. The probable rea-
son for this seems simple: aging is complex. Genetic heredity, the 
environment, and changes in metabolism and reproduction will 
all contribute to determining an individual’s lifespan. Further, 
aging in humans consists of three phases: development, aging 
and late life. The development phase lasts until puberty, follow-
ing which aging comprises most of a person’s life. Late life is 
defined by a plateau in mortality and fecundity.1-4 The late life 
plateau occurs in humans at very extreme ages, with the majority 
of people not reaching this phase.2 These multiple factors create 
logistical difficulties in the evaluation of anti-aging agents. For 
aging research to be relevant to humans, a good model system 
will include genes that exhibit high conservation with those of 
humans, the ability to be genetically manipulated, multiple life 
stages and a short enough lifespan and generational time to be 
effectively monitored over a reasonable period of time.

Drosophila melanogaster fits these qualifications, providing a 
suitable model system for the screening of anti-aging compounds. 
Humans and D. melanogaster have many conserved physiological 
and biological pathways. In addition, since fruit flies have a long 
history of use as a model system in many research fields, there are 
a wide variety of genetic strains available with different lifespans. 
This is important not just for validation of compounds in mul-
tiple genetic backgrounds, but genetic manipulation of D. mela-
nogaster also allows for the development of accelerated assays 
based on the expression of age-dependent molecular biomarkers 
coupled to lethal toxins.5 In addition, the availability of many 
transgenic models (e.g., flies lacking or with elevated levels of a 
particular gene function), enables mechanistic studies to evaluate 
whether the effect of a particular compound depends on a spe-
cific pathway. Finally, in an anti-aging research program, using 
a model organism with a shorter lifespan, such as fruit flies, is a 
critical factor since lifespan analysis represents the rate-limiting 
research step.

The outcome of studies of survival in model systems such as 
Drosophila can often be summarized by the mean and maximum 
life span. The maximum lifespan is sensitive to sample size and 
therefore it is difficult to compare this value in different experi-
ments. Mean lifespan is not sample size dependent but does not 

Understanding the causes of aging is a complex problem due 
to the multiple factors that influence aging, which include 
genetics, environment, metabolism and reproduction, among 
others. These multiple factors create logistical difficulties in 
the evaluation of anti-aging agents. There is a need for good 
model systems to evaluate potential anti-aging compounds. 
The model systems used should represent the complexities of 
aging in humans, so that the findings may be extrapolated to 
human studies, but they should also present an opportunity 
to minimize the variables so that the experimental results can 
be accurately interpreted. In addition to positively affecting 
lifespan, the impact of the compound on the physiologic 
confounders of aging, including fecundity and the health 
span—the period of life where an organism is generally 
healthy and free from serious or chronic illness—of the model 
organism needs to be evaluated. Fecundity is considered a 
major confounder of aging in fruit flies. It is well established 
that female flies that are exposed to toxic substances typically 
reduce their dietary intake and their reproductive output and 
display an artifactual lifespan extension. As a result, drugs that 
achieve longevity benefits by reducing fecundity as a result 
of diminished food intake are probably not useful candidates 
for eventual treatment of aging in humans and should be 
eliminated during the screening process.

Drosophila melanogaster provides a suitable model system 
for the screening of anti-aging compounds as D. melanogaster 
and humans have many conserved physiological and biologi-
cal pathways. In this paper, I propose an algorithm to screen 
anti-aging compounds using Drosophila melanogaster as a 
model system.



254 Fly Volume 4 Issue 3

review of identified genes affecting D. melanogaster aging.24 
However, caution is recommended in the interpretation of these 
findings. On some occasions, increased lifespans due to genetic 
manipulations are not replicated in independent laboratories, 
suggesting that the particular modification may be specific to 
certain diets or environments present, or possibly due to some 
other  cofounding factor, such as mutation in another locus.25-27

Histone deacetylases have also been implicated in lifespan in 
multiple models, including D. melanogaster. It has been shown by 
Lin and colleagues that lifespan extension in Saccharomyces cer-
evisae via caloric restriction requires the Sir2 gene, a nicotinamide 
adenine dinucleotide (NAD+) dependent deacetylase of the sir-
tuin family.28 Partial reduction in the levels of Rpd3, another 
histone deacetylase, also resulted in a 30%–50% increase in fly 
lifespan.19 Others have previously observed that sirtuin-activating 
compounds such as resveratrol extend yeast replicative capacity, 
increase fly lifespan, and can promote human cell survival.14,18,19,29 
Reseveratrol was reported to extend lifespan in flies by activating 
sirtuins without affecting fecundity.29 Although based on previ-
ous reports, resveratrol-induced increase in lifespan was shown 
to be Sir2-dependent and to function through pathways related 
to caloric intake,29 recent reports using biochemical assays with 
native substrates, suggested that resveratrol does not directly 
activate SIRT1.30 Although, the question of whether resveratrol 
activate SIRT1 remains controversial, these experiments provide 
an example of how pharmacologic-genetic interplay can be used 
to investigate both agent activity and mechanism; and to iden-
tify other genes and pathways that influence the aging process. 
However, it is vital to ensure that any observed anti-aging effects 
are not due to genetic modifications but result from administra-
tion of the pharmacologic agent since genetic modifications are 
not considered a desired intervention in clinical studies.

In addition to the vast knowledge on D. melanogaster aging 
derived from genetic studies, environmental factors, including 
various types of diet, have been shown to be key players in the 
fruit fly aging process, with studies dating back to the early 20th 
century.31,32

While the genetic approach follows the effect of compounds 
on pathways either known or suspected to be involved in the 
aging process, there are a number of pharmacologic agents that 
are believed to influence aging, but the mechanisms have yet to 
be determined. These putative anti-aging compounds offer the 
potential to validate the search for anti-aging compounds as well 
as to further insight into anti-aging pathways. In a screen of 75 
pharmaceutical and botanical agents, using D. melanogaster as 
our model system, we identified a handful of potential anti-aging 
agents. These include extracts of the plants Rhodiola rosea and 
Rosa damascena and the anti-diabetic drug pioglitazone. All three 
decreased the mortality rate in male and female flies without 
affecting the physiological confounds of aging.33 Upon further 
study, Rhodiola rosea was found to extend both mean (24% in 
both sexes) and maximum (16% in males and 31% in females) 
life span in D. melanogaster when compared to controls.34 Others 
have studied the antioxidant effects of alpha- and gamma-
tocopherol,35 tocopherol-p-chloro-phenoxy acetate,36 NDGA36 
and Mg-TCA36 in the D. melanogaster system. Notably, while 

convey information about age-specific patterns of mortality. A 
simple means of summarizing this type of age-specificity is with 
a simple model called the Gompertz equation.6 This model is a 
useful descriptor of mortality in wide array of organisms includ-
ing humans.7 Although it is now clear that many organisms show 
departures from the Gompertz mortality predictions late in life 
this model can still be successfully used to describe the mortality 
of the first 90–99% of deaths in model populations.6 As noted 
above in organisms like Drosophila, lifespan can be increased by 
factors that reduce reproduction. These effects are often reflected 
in the Gompertz model by a reduction in the age-independent 
parameter of the Gompertz equation.8 Thus, compounds that 
increase lifespan through the decrease in the age-independent 
parameter of the Gompertz certainly suggest that additional 
research needs to be done on the effects of these compounds on 
reproduction.

For anti-aging compounds to be useful for humans, though, 
other parameters also need to be monitored, including the impact 
of the compound on the physiologic confounders of aging and 
the health span of the model organism. It is not sufficient that 
anti-aging compounds increase survival probability alone, they 
must also do so in a manner that does not compromise quality 
of life. In addition, to be a true anti-aging compound, it must 
work independently of effects on known aging confounds such 
as fecundity. General considerations for the screening of poten-
tial anti-aging compounds using the D. melanogaster system have 
been outlined previously.9 While these considerations are still 
important, based on our experience in testing the assays that we 
proposed, and to make the screening process more time efficient, 
we have since refined this process. In this paper, using Drosophila 
melanogaster as a model system, I propose an  algorithm to 
 evaluate anti-aging compounds.

The Identification of Anti-Aging Genes 
and Compounds

Fruit flies have a long history of use in the identification of genes 
and pathways that are involved in human diseases. Drosophila 
melanogaster and humans share a large number of key metabolic 
pathways, including several potential aging modulation pathways 
such as oxidative stress, DNA repair and insulin-like signaling. 
There are many known genes involved in the aging process, which 
have been identified in multiple model systems. For example, in 
Caenorhabditis elegans, more than 100 genes impacting organism 
aging have been identified.10 Many mutations in genes encoding 
members of signaling pathways such as age-1,11 daf-2,12,13 Indy,14 
dilp genes,15 chico16 and others have been found to increase life 
span in C. elegans or D. melanogaster. In addition, many genes 
encoding products directly involved in multiple cellular processes 
such as glucose metabolism, DNA damage, antioxidant defenses 
and heat shock response have also been shown to enhance lifes-
pan.17 Although approximately 40 genes have been identified in 
the D. melanogaster system,10,15,16,18-20 recent advances suggest that 
many more genes, possibly as many as 400, are regulated dur-
ing D. melanogaster aging, and could conceivably influence lifes-
pan.21-23 Paaby and Schmidt have recently published an extensive 
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rate and dietary restriction.33,39,40 For example, a reduction in 
fecundity has been shown to affect fly lifespan,31,41,42 but fecun-
dity can also be reduced due to dietary restriction. Assaying for 
female fecundity in the D. melanogaster model system is relatively 
straightforward, and can be accomplished by measuring the 
number of eggs laid.

As caloric restriction has been shown to increase lifespan in 
flies, as in other organisms, it is important to determine whether 
any lifespan increases following agent administration occur 
through this mechanism. Conveniently, measurement of fly 
fecundity can also serve as an indicator of caloric intake, since 
egg production in D. melanogaster is proportional to food levels.43 
Chippendale and colleagues have shown that dietary restriction-
induced longevity increases in D. melanogaster is associated with 
a several-fold reduction in fecundity.44 Thus, the fecundity mea-
surement is not only necessary to screen for useful agents; it can 
serve as a caloric intake surrogate and potentially help delineate 
a compound’s mechanism of action. Metabolic rate is another 
important potential physiologic confounder that is necessary to 
follow. While an inverse correlation between metabolic rate and 
longevity in D. melanogaster has been reported in a number of 
studies, there is still some uncertainty as to whether this variable 
influences fly longevity.45 Van Voorhies and colleagues recently 
evaluated CO

2
 production in a large set of recombinant D. mela-

nogaster males. The study was conducted over a range of ages and 

many of the agents investigated were studied because of 
their suggested anti-aging effects, several of the investi-
gated compounds have been shown to extend life span 
at the expense of compromising health. For instance, we 
found that lamotrigine decreased the mortality rate and 
increased lifespan in both male and female flies, but it 
decreased the metabolic rate and compromised the flies’ 
physical performance via locomotor activity.37 We also 
observed that metformin decreased mortality rate but it 
also decreased fecundity significantly (data on file).

The Screening Algorithm

It is possible to find drugs that seem to slow aging in 
fruit flies, but unfortunately there is a long history 
of apparent anti-aging responses to toxic or noxious 
substances by D. melanogaster that turned out to be 
artifacts. Pharmacologic agents in the food may be per-
ceived by flies as toxic or distasteful, which may result 
in decreased food intake; females that are exposed to 
toxic substances typically reduce their dietary intake 
and their reproductive output—effects that are strongly 
associated with an increase in longevity.31 Additionally, 
some pharmacological interventions may result in 
adverse metabolic effects or affect other physiological 
systems that can impact lifespan, such as fecundity. 
Accordingly, these factors should also be evaluated 
when screening anti-aging agents.9

An ideal model anti-aging pharmacologic research 
program should attempt to limit artifacts and not have 
deleterious effects on health span. Once a compound 
has displayed such properties, it can be considered for testing in 
a mammalian system, such as rodents and eventually humans. 
In an attempt to limit these artifacts and maximize the poten-
tial to identify a useful agent for humans, we have developed an 
algorithm for the assessment of putative anti-aging compounds 
(Fig. 1).

Although lifespan is considered the “gold standard”  screening 
assay, our work suggests that an alternative initial screening 
assay would be to evaluate the impact of the compound on the 
mortality rate of flies during their aging phase.33,38 As described 
previously, there are three life phases; developmental, aging and 
late life. For humans, extension of the developmental phase is 
undesirable and extensions in late life, while not undesirable, may 
not be useful since many humans do not reach this life phase. 
Further, we have reported that if the mortality rate in flies is 
decreased during the aging phase, there is a high chance that the 
total lifespan will be increased.33,38 During the screening process, 
we do not propose to replace lifespan assays with mortality assays 
but based on our experience, when an agent reduces mortality 
rate during the aging phase, there is a good chance that this agent 
will positively impact the lifespan as well.

To demonstrate that a compound has true anti-aging activity, 
it is necessary to determine that any lifespan increases are due to 
direct action of the agent on the aging process, and not due to 
effects on physiological confounds such as fecundity, metabolic 

Figure 1. Proposed algorithm to screen anti-aging agents.
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paste that is added on the top of the food. A variety of meth-
ods might be employed to test for drug intake, including adding 
dye to the food and drug mixture, administering radiolabeled 
drugs and measuring drug concentration in fly extracts. We have 
previously measured drug bioavailability when studying piogli-
tazone, an anti-diabetic compound that was identified in a screen 
for compounds that decrease fly mortality.38 A homogenate of 
flies that were fed pioglitazone for 3 days was assayed by HPLC/
mass spectrometry. Pioglitazone at a concentration of 3 ng/mL 
was easily detectable in the fly homogenate.38 While this method 
was successful, it remains to be determined if this method mer-
its widespread use to evaluate the bioavailability of other agents. 
It will also be necessary to perform dose-response curves, both 
as a method of monitoring drug intake, but also as a means of 
v alidating compound activity.

Other challenging issues are the drug’s molecular site of 
action and its metabolism. For instance, intake of the drug 
in food may not lead to delivery of the drug to target tissues 
beyond the digestive tract, as Drosophila has cytochrome P450s 
enzymes in the gut that may metabolize pharmaceuticals.47 In 
the absence of validated protocols to measure adult fly intake, 
distribution and metabolism of pharmaceutical candidates, it is 
important to measure effects in other model systems for which 
these controls do exist.

Conclusion

Anti-aging drug development needs multiple model systems. No 
model system is going to be without limitations; this is especially 
true with aging studies since ideally the results will be extrapo-
lated to human studies. For example, a model system that has 
a rapid enough generation time to produce sufficient amounts 
of data may be limited by its ability to show long-term adminis-
tration effects in longer lived and more complex species, such as 
humans. Further, simpler organisms may not possess aging phases 
or aging pathways comparable to humans. In spite of these limi-
tations, Drosophila melanogaster represents a good cost and time 
efficient intersection of organism complexity with a rapid assay 
potential, making it a valuable system for the evaluation of puta-
tive anti-aging compounds. Further, the wealth of strains, as well 
as 100 years of experimental work in fly genetics and physiological 
phenotypes, provides valuable tools for the assessment of candi-
date agents. Using the algorithm proposed here, potential agents 
can be efficiently screened in Drosophila melanogaster, identifying 
candidates for further study in additional model systems.

the authors observed no correlation between longevity and CO
2
 

production.46 Regardless, any potential agent that substantially 
lowers metabolic rate will be unattractive as a potential agent for 
human use, since humans, as homeotherms, are not capable of 
adapting to hypometabolic states.

Lifespan extension in the absence of demonstrable physiologic 
confounders should be considered the baseline for an acceptable 
anti-aging compound candidate. However, a compound that 
increases lifespan but has adverse effects on health span is not a 
desirable candidate. Although not all compounds that have toxic 
effects on health span in flies will necessarily exert similar effects 
in humans, health span assays should be monitored. In D. mela-
nogaster, this can be accomplished through evaluating the impact 
of the compound on fly locomotion. We have monitored verti-
cal climbing ability in fruit flies treated with lamotrigine, a drug 
that extended lifespan in both male and female flies, observing 
decreases in locomotion at various doses.37 The results demon-
strate that while lamotrigine extends lifespan, it also negatively 
impacts health span by compromising fly locomotor ability.

Once an agent has shown anti-aging activity without impact-
ing physiologic confounders or adversely affecting health span, it 
may warrant further evaluation in either other D. melanogaster 
genetic backgrounds or in other model systems. Additionally, 
determining the mechanism of action may be useful for identify-
ing further candidate agents or evaluating combination therapies. 
The strength of the D. melanogaster system is the availability of 
a broad range of transgenic and mutant flies that can be used 
to evaluate the mechanism of action of selected compounds. 
However, there are still several challenges for the field, which 
need to be overcome.

Current Challenges

While Drosophila melanogaster represents an ideal organism for 
genetic research and has been studied for many decades, its use as 
a pharmacologic evaluation tool is still being developed. Since the 
majority of pharmacological experiments in fruit flies use adult 
feeding as the preferred mode of drug delivery, the main chal-
lenge is the issue of drug bioavailability in the fly. While larval 
rates of feeding are well understood, adult feeding is not well 
characterized. For the investigation of anti-aging candidates, it is 
obviously important to supply candidate compounds at  various 
stages of D. melanogaster life, so it is necessary to standardize 
and quantify adult fly intake in these experiments. Currently, 
the drug is either directly mixed with the fly food or with yeast 

References
1. Carey JR, Liedo P, Orozco D, Vaupel JW. Slowing of

mortality rates at older ages in large medfly cohorts.
Science 1992; 258:457-61.

2. Vaupel JW, Carey JR, Christensen K, Johnson TE,
Yashin AI, Holm NV et al. Biodemographic trajectories 
of longevity. Science 1998; 280:855-60.

3. Curtsinger JW, Fukui HH, Townsend DR, Vaupel
JW. Demography of genotypes: failure of the limited
life-span paradigm in Drosophila melanogaster. Science
1992; 258:461-3.

4. Rauser CL, Mueller LD, Rose MR. Aging, fertility and 
immortality. Exp Gerontol 2003; 38:27-33.

5. Bauer JH, Goupil S, Garber GB, Helfand SL. An accel-
erated assay for the identification of lifespan-extending 
interventions in Drosophila melanogaster. Proc Natl
Acad Sci USA 2004; 101:12980-5.

6. Mueller LD, Nusbaum TJ, Rose MR. The Gompertz
equation as a predictive tool in demography. Exp
Gerontol 1995; 30:553-69.

7. Finch CE. Longevity, Senescence, and the Genome
Chicago: University of Chicago Press, 1990.

8. Joshi A, Shiotsugu J, Mueller LD. Phenotypic enhance-
ment of longevity by environmental urea in Drosophila 
melanogaster. Exp Gerontol 1996; 31:533-44.

9. Jafari M, Rose MR. Rules for the use of model organ-
isms in anti-aging pharmacology. Aging Cell 2006;
5:17-22.

10. Guarente L, Kenyon C. Genetic pathways that regulate 
ageing in model organisms. Nature 2000; 408:255-62.

11. Arking R. Biology of Aging: Observations and
Principles. Sunderland, MA: Sinauer Associates, 1998.

12. Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. 
A C. elegans mutant that lives twice as long as wild type. 
Nature 1993; 366:461-4.

13. Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G. daf-2, 
an insulin receptor-like gene that regulates longevity
and diapause in Caenorhabditis elegans. Science 1997;
277:942-6.

14. Rogina B, Reenan RA, Nilsen SP, Helfand SL. Extended 
life-span conferred by cotransporter gene mutations in
Drosophila. Science 2000; 290:2137-40.



www.landesbioscience.com Fly 257

36. Yu BP. Approaches to anti-aging intervention: the
promises and the uncertainties. Mech Ageing Dev
1999; 111:73-87.

37. Avanesian A, Khodayari B, Felgner JS, Jafari M.
Lamotrigine extends lifespan but compromises health
span in Drosophila melanogaster. Biogerontology 2009.

38. Jafari M, Khodayari B, Felgner J, Bussel II, Rose MR,
Mueller LD. Pioglitazone: an anti-diabetic compound
with anti-aging properties. Biogerontology 2007;
8:639-51.

39. Kang HL, Benzer S, Min KT. Life extension in
Drosophila by feeding a drug. Proc Natl Acad Sci USA 
2002; 99:838-43.

40. Jafari M, Zarban A, Pham S, Wang T. Rosa damascena
decreased mortality in adult Drosophila. J Med Food
2008; 11:9-13.

41. Rose MDMCASP. The morphology of postponed
senescence in Drosophila melanogaster. Can J Zool
1984; 62:1576-80.

42. Leroi AM CA, Rose MR. Long-term laboratory evolu-
tion of a genetic trade-off in Drosophila melanogaster I.
Evolution 1994; 48.

43. Chapman T, Partridge L. Female fitness in Drosophila 
melanogaster: an interaction between the effect of nutri-
tion and of encounter rate with males. Proc Biol Sci
1996; 263:755-9.

44. Chippindale AL, Kim SB, Rose MR. Metabolic
aspects of the trade-off between fecundity and longev-
ity in Drosophila melanogaster. Journal of Evolutionary
Biology 1993; 10:269-93.

45. Van Voorhies WA, Curtsinger JW, Rose MR. Do lon-
gevity mutants always show trade-offs? Exp Gerontol
2006; 41:1055-8.

46. Van Voorhies WA, Melvin RG, Ballard JW, Williams
JB. Validation of manometric microrespirometers for
measuring oxygen consumption in small arthropods. J
Insect Physiol 2008; 54:1132-7.

47. Feyereisen R. Insect P450 enzymes. Annu Rev Entomol 
1999; 44:507-33.

26. Toivonen JM, Walker GA, Martinez-Diaz P, Bjedov
I, Driege Y, Jacobs HT et al. No influence of Indy on
lifespan in Drosophila after correction for genetic and
cytoplasmic background effects. PLoS Genet 2007;
3:95.

27. Baldal EA, Baktawar W, Brakefield PM, Zwaan BJ.
Methuselah life history in a variety of conditions,
implications for the use of mutants in longevity
research. Exp Gerontol 2006; 41:1126-35.

28. Lin SJ, Defossez PA, Guarente L. Requirement of NAD 
and SIR2 for life-span extension by calorie restriction in 
Saccharomyces cerevisiae. Science 2000; 289:2126-8.

29. Wood JG, Rogina B, Lavu S, Howitz K, Helfand SL,
Tatar M et al. Sirtuin activators mimic caloric restric-
tion and delay ageing in metazoans. Nature 2004;
430:686-9.

30. Pacholec M, Bleasdale JE, Chrunyk B, Cunningham
D, Flynn D, Garofalo RS et al. SRT1720, SRT2183,
SRT1460, and resveratrol are not direct activators of
SIRT1. J Biol Chem; 285:8340-51.

31. Rose MR, Passananti HB, Matos M. Methuselah Flies: 
A Case Study in the Evoultion of Aging. New Jersey:
World Scientific Publications, 2004.

32. Miquel J, Lundgren PR, Bensch KG, Atlan H. Effects
of temperature on the life span, vitality and fine struc-
ture of Drosophila melanogaster. Mech Ageing Dev
1976; 5:347-70.

33. Jafari M, Felgner JS, Bussel II, Hutchili T, Khodayari
B, Rose MR et al. Rhodiola: a promising anti-aging
Chinese herb. Rejuvenation Res 2007; 10:587-602.

34. Schriner SE, Abrahamyan A, Avanessian A, Bussel I,
Maler S, Gazarian M et al. Decreased mitochondrial
superoxide levels and enhanced protection against para-
quat in Drosophila melanogaster supplemented with
Rhodiola rosea. Free Radic Res 2009; 43:836-43.

35. Zou S, Sinclair J, Wilson MA, Carey JR, Liedo P,
Oropeza A et al. Comparative approaches to facilitate
the discovery of prolongevity interventions: effects of
tocopherols on lifespan of three invertebrate species.
Mech Ageing Dev 2007; 128:222-6.

15. Broughton SJ, Piper MD, Ikeya T, Bass TM, Jacobson
J, Driege Y et al. Longer lifespan, altered metabolism
and stress resistance in Drosophila from ablation of
cells making insulin-like ligands. Proc Natl Acad Sci
USA 2005; 102:3105-10.

16. Clancy DJ, Gems D, Harshman LG, Oldham S,
Stocker H, Hafen E et al. Extension of life-span by loss 
of CHICO, a Drosophila insulin receptor substrate
protein. Science 2001; 292:104-6.

17. Shen J, Curtis C, Tavare S, Tower J. A screen of apopto-
sis and senescence regulatory genes for life span effects
when overexpressed in Drosophila. Aging (Albany NY) 
2009; 1:191-211.

18. Rogina B, Helfand SL. Sir2 mediates longevity in the
fly through a pathway related to calorie restriction. Proc 
Natl Acad Sci USA 2004; 101:15998-6003.

19. Rogina B, Helfand SL, Frankel S. Longevity regulation 
by Drosophila Rpd3 deacetylase and caloric restriction. 
Science 2002; 298:1745.

20. Tatar M, Kopelman A, Epstein D, Tu MP, Yin CM,
Garofalo RS. A mutant Drosophila insulin receptor
homolog that extends life-span and impairs neuroen-
docrine function. Science 2001; 292:107-10.

21. Pletcher SD, Macdonald SJ, Marguerie R, Certa
U, Stearns SC, Goldstein DB et al. Genome-wide
transcript profiles in aging and calorically restricted
Drosophila melanogaster. Curr Biol 2002; 12:712-23.

22. Rose MR, Long AD. Ageing: the many-headed mon-
ster. Curr Biol 2002; 12:311-2.

23. Fleming JE, Spicer GS, Garrison RC, Rose MR. Two-
dimensional protein electrophoretic analysis of post-
poned aging in Drosophila. Genetica 1993; 91:183-98.

24. Paaby AB, Schmidt PS. Dissecting the genetics of lon-
gevity in Drosophila melanogaster. Fly 2009; 3:29-38.

25. Toivonen JM, Gems D, Partridge L. Longevity of Indy 
mutant Drosophila not attributable to Indy mutation.
Proc Natl Acad Sci USA 2009; 106:53.




