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Several investigators have generated long-lived nematode wGaasothabditis elegans) in the

past decade by mutation of genes in the organism in order to study the genetics of aging and
longevity. Dozens of longevity assurance genes (LAG) that dramatically increase the longevity of
this organism have been identified. All long-lived mutantsCofelegans are also resistant to
environmental stress, such as high temperature, reactive oxygen species (ROS), and ultraviolet
irradiation. Double mutations of some LAGs further extended life span up to 400%, providing more
insight into cellular mechanisms that put limits on the life span of organisms. With the availability
of the LAG mutants and the combined DNA microarray and RNAi technology, the understanding of
actual biochemical processes that determine life span is within reach: the downstream signal
transduction pathway may regulate life span by up-regulating pro-longevity genes such as those that
encode antioxidant enzymes and/or stress-response proteins, and down-regulating specific life-
shortening genes. Furthermore, longevity could be modified through chemical manipulation.
Results from these studies further support the free radical theory of aging, suggest that the molecular
mechanism of aging process may be shared in all organisms, and provide insight for therapeutic
intervention in age-related diseases.
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WHY WORMS? the L2 larval stage, called the dauer stage. The dauer
larva does not feed, and can survive up to 3 months with-

The nematode worrGaenorhabditis elegansis a small  out further development. When conditions improve, the
free-living soil organism found world-wide. It feeds pri- larva resumes normal development, enters the L4 stage
marily on bacteria and reproduces with a life cycle of 3and continues to mature into a normal aéult.
days. There are two sexes, the hermaphrodite and theBecause of its small size (the adult is 1 mm long), fast
male. The hermaphrodite produces both oocyte angeproduction (it takes 3 days from fertilization to the
sperm and is capable of self-fertilization, whereas th@nset of reproduction), short life span (about 20 days at
male arises spontaneously at low frequencies and cam°C), and easy storage (the worm can be frozen indefi-
fertilize the hermaphrodite. After hatching, the wormnitely without phenotypic changes), numerous mutagen-
develops through 4 larval stages called L1-L4 within 4Gesis techniques have been employed to find mutations
h after fertilization. It then enters adulthood and will live that could increase the worm’s longevity. More than 50
for an additional 12-17 days depending on temperaturgenes have been identified by this means, in which
and food supplies. If in sub-optimal conditions, thealtered gene activity either increases longevity or accel-
worm may enter an alternative developmental state aftefrates aging. Thanks to the worm’s capability of taking
up RNAI directly from their food, the specific down-
stream regulators of the gerontogenes have been identi-
fied2 Although other organisms such as yeasts,
Drosophila and mice have been used in studies of the
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Table1l. Some representative LAGs found@aenorhabditis elegans

Strains Increased life span Molecular basis or gene function References
clk-1 60% CoQ7 (energy metabolism or a biological clock) 8
age-1 65% PI-3 kinase (signal transduction) 6
daf-2 100% Insulin receptor family, upstream of PI-3 kinase (signal transduction) 5
daf-23 > 100% PI-3 kinase (signal transduction) 6
old-1 60% PDK 1 41
daf-16 30% Fork head transcription factor 42
daf-12 100% Ste receptor (transcription factor) 43
eat-1 33% Unc-1, feeding defect 11
eat-2 36-57% Unc-7, slow pumping rate 44
daf-2 + age-1 65-100% Same pathway 7
daf-2 + clk-1 500% Insulin signal transduction and slow living 10
daf-2 + eat-2 200% Insulin signal transduction and feeding defect 45
LONGEVITY ASSURANCE GENES (LAGS) Mutations in manyeat genes were studied under the

assumption that a decrease in food intake would extend
Single-gene mutations with forward genetics of morethe worm’s life span. It is a well-known fact that reduc-
than a dozen different genes have been described thag the caloric intake of rodents can significantly extend
can prolong the worm's life span (Table “1J.hese their life span. It turned out that all alleleseat-2 sig-
strains includeage-1, daf-2, clk-1, eat-2, old-1, and a nificantly increased life span. Thesat-2 mutants have
combined double mutadtf-2/clk-1. Theage-1 anddaf-  a phenotype similar to that ohc genes, which cause
1 mutations both discovered by Ruvkun’'s researchfeeding defectd. In the worms, the insulin-signaling
group in Boston, cause a constitutive dauer phendtype. pathway comes into play when organisms are threatened
Thus, greater longevity is due to delay in developmentalith starvation. They would become dauer, which is a
stages or a decrease in metabolifraf-2 encodes an dormant stage where they can survive for much longer
insulin receptor-like geneand functions in a common than their normal life span. It was calculated that the
pathway withage-1.” Clk-1, named after ‘biological average life span of humans could be boosted from 76 to
clock’, was discovered by Hekimi and colleagues in120 years if people adopted an extremely low calorie
Montreal from a screen for maternal-effect mutationsdiet2 but this approach does not seem to be realistic.
affecting worm developme#tThis mutant has a ‘slow  The silenced information regulator ger@R2) pro-
rate of living’ with the lengthened early embryonic cell vided another link between metabolism and aging.
cycle, embryonic and post-embryonic development aguarente of Massachusetts Institute of Technology stud-
well as the period of rhythmic adult behavidrBhese jed SR2 and its ability to slow the aging process in
researchers further demonstrated that two gedafs  yeast. His group found that the enzyme co-factor NAD
2/clk-1) in combination allow the nematodes to live 5and theSIR2 gene are required for slowing down aging
times their normal life spafi,which is equivalent to py reduction in calorie®. They then inserted extra copy
people capable of living more than 400 years. The explef the SR2 gene into the nematode larvae, and the
nation is that thelk-1 mutant acts on a completely sepa-worms lived 75% longer than their wild-type partnérs.
rate pathway from thelaf-2 and age-1 mutants. The Sir2 protein appears to couple longevity to nutrient
clk-1 mutation appears to affect energy metabolism or availability, or energy status of the cells in a variety of
biological clock, whereas thdaf-2 andage-1 mutations  organismg5 This provided a stimulus for seeking a
affect an insulin-like growth factor (IGF) receptor sig- genetic manipulation that would increase the activity of
naling cascade that controls entrance into an alternativgir2-like protein without caloric restriction in humans,
developmental pathway. Thus, the most dramati¢.e. to trick the cells of the body into thinking that they
increase in life span was observed in the double mutare caloric restricted while allowing individuals to eat all
tion of clk-1 anddaf-2. In contrast, thege-1/daf-2 dou-  the food they want. This approach showed promise
ble mutant did not live longer than mutants that carryrecently in yeast and i@. elegans.’6
only adaf-2 or age-1 mutation, confirming that these  Among all the LAGs found in the nematode mutants,
two genes do function in the same signal transductiothere are three groups that appear to be helpful in under-
pathway. Among 50 LAGs identified, the insulin/IGF- standing the biological determination in aging: (i) LAGs
like signaling pathway (involvingdaf-2, daf-16 and  that involve the signal transduction pathway which regu-
agel) is the best characterized. lates the worms development; (ii) LAGs that slow the
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organism’s metabolic rate; and (iii) LAGs which prevent ~ LONGEVITY CAN BE CHEMICALLY MANIPULATED
the worm from normal feeding. These accomplishments,
as well as the successes to extend the life span of varietyie positive correlation between stress resistance and life
of fruit flies and mice, have provided biologists with span ofC. elegans® prompted many research groups to
valuable insights into the mysteries of aging. explore the possibility of extending life span through pre-
vention of oxidative damage. Successful approaches
include manipulation of genes that increase an organism’s
FREE RADICAL THEORY OF AGING resistance to environmental stresses, particularly the free
radicals of oxygen, molecules containing unpaired elec-
Increasingly, the toxic effects of reactive oxygen speciegons that cause irreparable damage to cells.
(ROS) have been implicated in aging and degenerative dis- Using chemical mimetics of superoxide dismutase and
eased’ The free radical theory of aging states that ROS, bycatalase, which work together to break down free radi-
products of cellular respiration metabolizing oxygen, cartals, Lothgow and co-workers have been able to produce
react with and damage physiologically important macroworms that live longe¥ Ishii and colleagues directly fed
molecules. All organisms have evolved mechanisms to préhe worms with the known antioxidant vitamin E and
vent accumulation of the oxidative damage. When thesebserved positive effects on extension of the life span of
anti-damage defenses lose efficiency due to aging, cells ake elegans>* Larsen and Clarke found extension of life
chronically injured, and the accumulated damage is mangpan inC. elegans by a diet lacking coenzyme Q, a
fested as generalized alterations observed in &ging. redox-active lipid that generates free radiéals.

The involvement of ROS in shortening of the life spanAdministration of a radical-trapping agent also pre-
has been suggested by analyse€.oflegans mutants.  vented age-related oxidative damage and impaired short-
The age-1 mutant, which lives over 50% longer than term memory in mammaf8.A recent report indicates
those of the wild-type animal N2, exhibits elevated catathat resveratrol, a polyphenol abundant in red wine,
lase and superoxide dismutase (SOD) activifieghile  increased life span in yeast a@d elegans via direct
SOD activity of themev-1 mutant, which has about 30% activation ofSir2.%¢
shorter life-span than the wild-type, is half that of the My laboratory has been interested in the neuroprotec-
wild-type animak It is, therefore, conceivable that the tive mechanism of EGb 761, a standardized extract from
levels of anti-oxidative defense are responsible for th&inkgo biloba leaves. TheSinkgo biloba tree has a long
difference in the life span of the mutant and the wild-life span of more than 4000 years and its leaves are
type animals. Adachi found an excellent correlationknown for their resistance to infection and dise&ses.
between the protein carbonyl content, a measurement f&&Gb 761 has been shown to have beneficial effects on
oxidatively damaged protein, of whole body extract ancage-related brain function, presumably due to its anti-
the survival rate during the life @age-1, wild-type N2 oxidative properties. Using thé. elegans model, we
andmev-1 animals: the higher the increase in carbonylhave demonstrated that EGb 761 increases the worm’s
content, the shorter the life sp#rConsistent with their ~ resistance to heat, or a pro-oxidant-induced stress, and
observations, we recently demonstrated an increasedextend their mean life sp&hgconsistent with the effect
H,O,-related ROS levels in a transger elegans of EGb 761 on cognitive behavior and longevity
model of Alzheimer’s diseagé. observed in rat¥.

It has been found that all long-lived mutantCole- We further demonstrated the molecular mechanism of
gans are also resistant to some variety of environmentaEGb 761 on alleviating effects of oxidative stress by
stress, such as high temperature, ROS, and UV irradiaising transgenicC. elegans expressing jellyfish green
tion2* Johnson and colleagues have identified genes th#tiorescent protein (GFP)-tagged inducible small heat
not only double the life span of the worm but also provideshock protein genehgp-16-2). hsp-16-2 belongs to a
increased resistance to the damaging effect of high tempdamily of low molecular weight polypeptides (12-43
ature, UV radiation and oxygen metabol@rseveral of kDa) that have been highly conserved from yeasts
the genes appear to accomplish this by lowering the wornthrough to humans. I'€. elegans, hsp 16-2 is only
metabolic rate. The lowered metabolism may reduce agingxpressed under stress conditiéng/e found that the
via reducing cellular damage from oxygen metabolismexpression ofhsp-16-2 induced by a pro-oxidant,
Austad and colleagues believe that extension of life couliiglone, and by heat shock was significantly suppressed
be a general by-product of an organism’ response to envR the nematodes fed with EGb 78M/e speculate that
ronmental stres. It is well-known that reducing the in the presence of EGb 761 fewer radicals are around,
caloric intake of rodent can lengthen their life span up t@nd fewer proteins are damaged, which makes expres-
50967 which was then reproduced in monkeys: caloricsion ofhsp-16-2 unnecessary.
restricted monkeys appeared healthier and less likely to The role of amyloid3 peptide in the free-radical
develop age-related diseades. oxidative-stress model of neurotoxicity in Alzheimer’s
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disease has received much attention recently. We Caenorhabditis elegans. Nature 1996;382: 536-539.
employed a transgeni elegans constitutively express- /- Dorman JB, Albinder B, Shroyer T, Kenyon C. Hge-1 and

. - . . daf-2 genes function in a common pathway to control the lifespan
ing human amyloid@ peptide to test the hypothesis of o oo itis elegans. Genetics 1995 141: 1399-1406.

the _inVOlV_ement Of_amymi@_' peptide an(_j RQS in asso- g wong A, Boutis P, Hekimi S. Mutations in ttié-1 gene of

ciation with Alzheimer’s disease. A rise in levels of  Caenorhabditis elegans affect developmental and behavioral
hydrogen peroxide (}0,) was observed in Alzheimer’s timing. Genetics 1995;139: 1247-1259. _
disease-associated transgenic worms compared with tHe Hekimi S, Burgess J, Bussiere F, Meng Y, Benard C. Genetics of
wild—type controls. Feeding e eleganswith EGb 761 lifespan inC. elegans: molecular diversity, physiological

L . complexity, mechanistic simplicitifrends Genet 2001;17:
significantly attenuated the basal as well as the induced 775715

levels of HO,-related reactive oxygen species (ROS).10. Lakowski B, Hekimi S. Determination of life-span in
Among individual EGb 761 components tested, Caenorhabditis elegans by four clock genesScience 1996;272:

kaempferol and quercetin provided maximum attenua- ~1010-1013. _ _ .
tion in this modef? 11. Avery L. The genetics of feeding @aenorhabditis elegans.

Genetics 1993;133: 897-917.
Taken together, at a molecular level, almost all the, Finch cE, Pike MC. Maximum life span predictions from the

fundamental components involved in neurodegeneration Gompertz mortality modell Gerontol A Biol Sci Med Sci 1996;
and aging are present in the nematode, including pro- 51 B183-B194. '
teins and enzymes of the endogenous antioxidant sy§3- Lin SJ, Defossez PA, Guarente L. Requirement of NAD and

. . SIR2 for life-span extension by calorie restriction in
tem. The genetic and cellular features of apoptotic cell Saccharomyces cerevisiae, Science 2000:289: 2126-2128.

death have been well describedGnelegans,* thus 14. Tissenbaum HA, Guarente L. Increased dosageipf2egene
providing a good system to evaluate pharmacological extends lifespan iftaenorhabditis elegans. Nature 2001;410:
intervention and the drugs’ mode of act®ihe ease of 227-230.

culturing C. elegans and the availability of transgenic 15. Guarente L, Kenyon C. Genetic pathways that regulate ageing in

strains makes this nematode an ideal model for evalugs; ﬂga/?tlzoﬂa'gi?;f;f‘;f%ooccgsgﬁ:ﬁ;sa_lzgfﬁa” olecule

tion of LAGs and potential drugs affecting aging the  ,ctivators of sirtuins exter@ccharomyces cerevisiae lifespan.

degenerative diseases. Nature 2003;425: 191-196.

17. Wallace DC, Melov S. Radicals r'agingat Genet 1998;19:
105-106.

18. Harman D. Ageing: a theory based on free radical and radiation
chemistry.J Gerontol 1957;2: 298-300.

19. Larsen PL. Aging and resistance to oxidative damage in

I thank all members of my laboratory and our collabora-  Caenorhabditis elegans. Proc Natl Acad Sci USA 1993;90:

tors. The Elison Foundation is acknowledged for the fel- 8905-8909.

|OWShip to attend a summer course on Molecular BiOlOg)?O' Ishii N, Takahashi K, Tomita& al. A methyl viologen-sensitive

. . . mutant of the nematodeaenorhabditis elegans. Mutat Res
of Aging at Woods Hole, MA. Studies ofilikgo biloba 1990:237: 165-171.

neuroprotection in my laboratory are SL_Jpported by an NIb;  adachi H, Fujiwara Y, Ishii N. Effect of oxygen on protein
grant AT00293-01A2 from the National Center for carbonyl and aging i@aenorhabditis elegans mutants with long

Complementary and Alternative Medicine, and by BEAU-  (age-1) and short (mev-1) life spadserontol 1998;53:

FOUR IPSEN Foundation, France. B240-B244. _ o o
22. Smith JV, Luo Y. Elevation of oxidative free radicals in

Alzheimer’s disease models can be attenuate@ibkgo biloba
extract EGb 761) Alzheimers Dis 2003;5: 287-300.

ACKNOWLEDGEMENTS

REFERENCES 23. Link CD. Expression of human beta-amyloid peptide in
transgenicCaenorhabditis elegans. Proc Natl Acad Sci USA
1. Wood WB. Introduction t€. elegans biology. In: The Nematode 1995;92: 9368-9372.
Caenorhabditis elegans. Cold Spring Harbor: Cold Spring 24. Johnson TE, de Castro E, Hegi de Castro S, Cypser J, Henderson
Harbor Laboratory Press, 1988; 1-16. S, Tedesco P. Relationship between increased longevity and
2. Murphy CT, McCarroll SA, Bargmann @l al. Genes that act stress resistance as assessed through gerontogene mutations in
downstream of DAF-16 to influence the lifespan of Caenorhabditis elegans. Exp Gerontol 2001;36: 1609-1617.
Caenorhabditis elegans. Nature 2003;424: 277-283. 25. Murakami S, Johnson TE. A genetic pathway conferring life
3. Hekimi S, Guarente L. Genetics and the specificity of the aging extension and resistance to UV stres€aenorhabditis elegans.
processScience 2003;299: 1351-1354. Genetics 1996;143: 1207-1218.
4. Johnson TE, Henderson S, Murakanet &l. Longevity genesin ~ 26. Kirkwood TB, Austad SN. Why do we ag§ature 2000;408:
the nematod€aenorhabditis elegans also mediate increased 233-238.
resistance to stress and prevent disehbisterit Metab Dis 27. McCay CM, Crowell MF, Maynard LA. The effect of retarded
2002;25: 197-206. growth upon the length of life span and upon the ultimate body
5. Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G. daf-2, an insulin size.Nutrition 1989;5: 155-171, discussion 172.
receptor-like gene that regulates longevity and diapause in 28. Verdery RB, Ingram DK, Roth GS, Lane MA. Caloric restriction
Caenorhabditis elegans. Science 1997;277: 942-946. increases HDL2 levels in rhesus monkayisgaca mulatta). Am
6. Morris JZ, Tissenbaum HA, Ruvkun G. A phosphatidylinositol- J Physiol 1997;273: E714-E719.

3-OH kinase family member regulating longevity and diapause in29. Cypser J, Johnson TE. Hormesis extends the correlation between



30.

31.

32.

33.

34.

35.

36.

37.

stress resistance and life span in long-lived mutants of
Caenorhabditis elegans. Hum Exp Toxicol 2001;20: 295-296,
discussion 319-320.

Melov S, Ravenscroft J, Malikebal. Extension of life-span
with superoxide dismutase/catalase mimefcience 2000;289:
1567-1569.

Adachi H, Ishii N. Effects of tocotrienols on life span and protein 39.

carbonylation in Caenorhabditis elegah&erontol A Biol Sci
Med Sci 2000;55: B280-B285.

Larsen PL, Clarke CF. Extension of life-spa@aenorhabditis
degansby a diet lacking coenzyme Qience 2002;295: 120-123.
Carney JM, Starke-Reed PE, Oliver &Ml. Reversal of age-

related increase in brain protein oxidation, decrease in enzyme 41.

activity, and loss in temporal and spatial memory by chronic
administration of the spin-trapping compound N-tert-butyl-alpha-
phenylnitroneProc Natl Acad Sci USA 1991;88: 3633-3636.
DeFeudis F\Ginkgo biloba Extract (EGb 761): From Chemistry
to Clinic. Weisbaden, Ullstein Med, 1998.

Wu Z, Smith JV, Paramasivame¥/al. Ginkgo biloba extract

EGDb 761 increases stress resistance and extends life span of
Caenorhabditis elegans. Cell Mol Biol (Noisy-le-grand) 2002;

48: 725-731.

Winter JC. The effects of an extraciGifkgo biloba, EGb 761,
on cognitive behavior and longevity in the Rysiol Behav
1998;63: 425-433.

Leroux MR, Melki R, Gordon B, Batelier G, Candido EP.
Structure—function studies on small heat shock protein oligo-

38.

40.

42.

43.

44,

45.

Long-lived worms and aging 69

meric assembly and interaction with unfolded polypeptides.
Biol Chem 1997;272: 24646—24656.

Strayer A, Wu Z-X, Christen Y, Link CD, Luo Y. Expression of
small heat-shock protein Hsp16-2G@aenorhabditis elegans is
suppressed b@inkgo biloba extract EGb 761FASEB J 2003,

17: 2305-2307.

Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR. The
elegans cell death geneed-3 encodes a protein similar to
mammalian interleukin-1 beta-converting enzy@e! 1993;75:
641-652.

Horvitz HR. Worms, life, and death (Nobel lecture).
Chembiochem 2003;4: 697-711.

Murakami S, Johnson TE. The OLD-1 positive regulator of
longevity and stress resistance is under DAF-16 regulation in
Caenorhabditis elegans. Curr Biol 2001; 11: 1517-1523.

Ogg S, Paradis S, Gottlieletsal. The Fork head transcription
factor DAF-16 transduces insulin-like metabolic and longevity
signals inC. elegans. Nature 1997;389: 994—999.

Snow MI, Larsen PL. Structure and expression of daf-12: a
nuclear hormone receptor with three isoforms that are involved in
development and aging @aenorhabditis elegans. Biochim
Biophys Acta 2000;1494: 104-116.

Raizen DM, Lee RY, Avery L. Interacting genes required for
pharyngeal excitation by motor neuron MQJdaenorhabditis
elegans. Genetics 1995;141: 1365-1382.

Wood WB. Aging ofC. elegans: mosaics and mechanisn@el |
1998;95: 147-150.



Copyright of Redox Report is the property of Maney Publishing and its content may
not be copied or emailed to multiple sites or posted to a listserv without the copyright
holder's express written permission. However, users may print, download, or email
articles for individual use.



