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The Fountain of Youth -- Lucas Cranach (1546)




What Is aging?

Definition: “ A time dependent loss of vigor
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Aging theories
Evolutionary: Loss of selection

Mechanistic: Free radical (F}'13)
Caloric intake (%5 EEV)
Metabolic rate ([~ Z{i=)
Hormone (J3k)
Replicative senescence (if @i/ fu )
— telomere (ifl%'.}%\j)
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Replicative senescence (AP kgH]V )
— telomere (¥ H)

Leonard Hayflick
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Hayflick's three phases of cell culture

Cellular senescence
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Nature Reviews | Molecular Cell Biology

vol. 1, p.72-76 (October 2000)
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Cross-Species Gomparisons of Processes and

(xenes Thal Influence Longevily and/or Aging

Table 5
Insulin-Signaling Pathway Stress Resistance Metabolic Rate
Nematode daf-2 old-1 clk-1
age-1 (daf-23) old-2 eat-1
ctiHl eat-2
mev
Fruit fly InR Indy
chico mth
hsp70
Pemt
Mouse Pit1™ Sod2 Upa
Prop1® pea=he {caloric restriction?)
Ghrhr™ MsrA
Ghr p53?
Klotho?
Primates (including humans) PROP1* ? Caloric restriction
GHR* in primates?=

* Human PROP1 and GHRmutations have been identified,but evidence that they Increase life expectancy Is fragmentary.
# Preliminary results suggest that caloric restriction may extend life expectancy in Rhesus monkeys (Wanagat et al. 1999). Although some mutants have plelotrophic

effects and could be placed in two or more columns,they are listed in the column most relevant to the primary defect.

ILC Workshop Report: Longevity Genes: From Primitive Organisms to Humans



Conserved regulation of longevity in different spec les

" Fles Mice Humans
Growth hormone Growth hormone
Ligands Glucose Insulin/IGF-1-like lnsuIInIIGF-HIke IGF1 \
J ! | "
Receptors Gprl | DAF-2 INH IGF-1-rooeptor \ IGF-1-receptor \‘
S\ omco \ N
G-proteins ’ Ras2 Ras,
"I' l / \\ ‘ l \\‘ \“
Second messengers  /  Cyrl TAMP) AGE-1 (Ptdins-3-Ps) PI3K (Ptdlm-a-pa) N, PIK (Ptdlna-a-Ps) " PI3K (Ptdins-3-Ps) \\3
Y K s 2
Serine/ Schg(és-49% dentcal PKA AKtPKB Akb'PKB ! AWPKB 1 AKUPKB :
Threonine-kinases to AQ/PKB) / ' !
. : y P e
Stress resistai 1 !
B PPt e G
N } Voo [ [
Stress-resistance SOD, catalase, Hsps,  SOD, catalase, Hsps, SOD, ! SOD, catalase, Hsps, ! ? /
proteins lglyoogon accumulation, .. ?,l, fat and glycogen ,Lfntaecumulaﬂon, 5 ,l,fataocumulaﬂon, ‘l,' ,LM accumulation/
accumulation, ...? 'r ; 'r
l | .
1 (] 1
: y ¥
(Growth) (Growth) (Growth) (Growth)
Aging Aging Aging Aging/diseases @

Longo V.D. and Finch C.E. Science 299, p.1342 (2003)
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GENETICS

Sweet longevity

Proc. Natl Acad. Sci USA 105, 13987-13992 (2008)
Variations in a gene that mediates responses
to insulin are associated with longevity in
humans, researchers have found.

Bradley Willcox of the Pacific Health
Research Institute in Honolulu, Hawaii, and
his colleagues looked for links between -
longevity and variations in five genes
involved in insulin signalling and which
had previously been suggested to have
a link with ageing. The researchers
used samples from more than 600
Japanese-American men: 213 who
had lived to at least 95 vears of age,
and 402 who had died before the
age of 81.

Variation within one of the genes,
FOXO3A, was associated with longewity.

Those with two copies of a particular
version of the gene reported fewer
health problems and were nearly three
times more likely than those with just
one copy to live to the age of 98.

NATURE|Vol 455|11 September 2008
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Oxidative Damage

The free radical theory of aging was first proposed by
Denham Harman in November, 1954.

Free radicals are cellular rencgades; they wreak havoc by damaging DNA mitochron-
dria, altering biochemical compounds, corroding cell membranes and killing cells outright.
Such molecular mayhem, scientists increasingly believe, plays a major role in the develop-
ment of ailments like cancer, heart or lung disease and cataracts. Many researchers are
convinced that the cumulative effects of free radicals also underlie the gradual deterioration
that is the hallmark of aging in all individuals, healthy as well as sick.

—TIME, April 6, 1992
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The evidence that oxidative damage causes aging

Transgenic Drosophila overexpressing both Cu/Zn SOD and catalase live
34% longer than controls.

The expression of human SOD1 exclusively in Drosophila adult motor
neurons leads to a 40% extension in life span. see next side

C

Figure 1. GAL4-activated expression of human ~ SODL1 in
motorneurons.

Whole mounts of adult brain and ventral ganglia hybridized in
situ with a full length dioxygenin-labelled human SOD1 (HS)
cDNA. Tissues were examined from transgenic flies bearing
one copy each of HS1 and D42-GAL4 (HS1/+;GAL4/+). a,
Transgenic HS expression was detected primarily in the
central brain (Br), lateral margins adjacent to the lobula/lubula
plate (arrowheads), and suboesophageal ganglia (S). No
expression was detected in the optic lobes (OL) or retina (R).
b, A schematic of the ventral ganglia depicting the location of
four ganglionic regions: prothoracic (Pro), mesothoracic
(Meso), and combined metathoracic and abdominal ganglia
(Meta—Ab). Peripheral nerves which act as landmarks are also
shown, (ADMN, PDMN; L1 and L2). Four of the five
identifiable flight motorneurons (red circles) are ventrally
located, the fifth is located dorsally. ¢ , The expression of the
D42-GAL4 line was determined by immunofluorescence after
crossing to flies containing a UAS-GFP transgene. lllustrated
is the result of a z-series of confocal images through the
ventral ganglia. The location of four of the large flight muscle
motorneurons is indicated by an arrowhead. d , Expression of
HS can be detected within flight muscle motorneurons 1-4 (*)
as well as other motorneurons distributed at various locations
within the ventral ganglia. Scale bar: a, 200 m; b, 100 m.
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Figure 3. Extension of nopr%lgﬁ %ﬁuﬁﬁ@span by
expression of SOD1 in motorneurons.

Adult Sod** males (0-24-h old) bearing a single
copy of HS1 (a) or HS2 (b) and either one or no
copies of D42-GAL4 were maintained at 25 °C in
shell vials (10 flies per vial) containing standard
cornmeal agar medium. The starting population
size for each genotype was 250. Flies were
transferred to fresh medium and scored for
survivorship every two days. The mean (50%
mortality) and maximum (90% mortality) lifespan
for each genotype is as follows: HS1/+;+/+ (mean
=451 3.4;max.=56.3 3.6);
HS1/+;D42GAL4/+ (mean = 63.7 4.3; max. =
73.2  3.4;HS2/+;+/+ (mean =52.2  1.8; max.
=58.8 1.5); HS2/+;D42GAL4/+ (mean =

60.6 2.2;max.=71.0 2.7).The lifespan of
the D42-GAL4/+;+/+ control is very similar to the
HS/+;+/+ strains. Expression of HS under the
transcriptional control of other GAL4 drivers,
including a heatshock-GAL4 construct which
drives expression broadly at all stages of
development and an elav-GAL4 construct which
drives expression at high levels in embryonic and
larval neurons, did not extend lifespan (data not
shown).
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Figure 4. Restoration of adult lifespanin ~ Sod null mutant by SOD1 expression in
motorneurons.

a, Adult males (0-48 h old) homozygous for Sodx39 and also bearing different combinations of
HS and D42-GAL4 transgenes were maintained at 25 “C in shell vials (10 flies per vial)
containing standard cornmeal agar medium. The starting population size for each genotype was
50 flies. Flies were scored daily for survivorship and transferred to fresh vials every two days. b ,
Gene-dosage effects on restoration of adult lifespan. Adult males (0-48 h old) homozygous for
Sodx39 and also bearing one or two copies each of HS1 and the D42-GAL4 activator were
constructed and lifespan studies were conducted as in (a). The starting population sizes were
180, 335 and 70 for the 0-dose, 1-dose and 2-dose genotypes, respectively. The 0-dose control
bears two copies of HS1 but no D42-GAL4 activator. The data presented are representative of at
least two separate experiments.
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Figure 6. Expression of SOD1 in motorneurons confers resistance to oxidative str essin Sod
null mutants.

a, Resistance to paraquat. Adult males (0-48 h old) homozygous for Sod*3 and also bearing
different combinations of UAS-HS and D42-GAL4 transgenes were maintained at 25 “C in shell vials
containing filter pads saturated with aqueous paraquat and scored for survival after 24 h. Each point
represents 50 flies (5 vials of 10 flies each). b , Resistance to ionizing radiation. Adult males (24-48 h
old) homozygous for Sod** and also bearing different combinations of UAS-HS and D42-GAL4
transgenes were exposed to 100 kRad  -radiation (190 min at 520 Rads/min in a cobalt®® source)
and then maintained at 25 °C in shell vials containing standard cornmeal agar medium and scored
daily for survivorship. The data are representative of at least two separate experiments. \

Nature Genetics 19, 171 - 174 (1998)



Extension of Life-Span with Superoxide Dismutase/Ca  talase Mimetics

10 & O«
o *— wt untreated
\ & 8ge-1(hx546)
= 08
g "'Q, wt EUK-134 [0.05mM)
=
o 06
§
g 04 . :
8 Gordon J. Lithgow Buck Institute for Age Research
W o2
To test the oxygen radical theory of aging by the development of synthetic catalytic compounds
00 . that ameliorate oxidative stress in several disease modelsand partially rescue mice that are mutant
0 10 70 for mitochondrial superoxide dismutase (SOD). tested the effect of two mimetics, EUK-8 and EUK-
B 134, on life-span in Caenorhabditis elegans. In vitro, these compounds exhibit both SOD- and
1.0 O—e NG catalase-like activities (they are SOD/catalase mimetics). EUK-134 is an analog of EUK-8, with
T - wiuntreated increased catalase activity and equivalent SOD activity
2 08 e o age-1(hx546)
g ' .\‘\ o wt EUK-134 [0.5mM)
SN, -
u?) 08 . the effects of EUK-134 on the life-span of a mutant worm strain that exhibits accelerated aging.
= N \\. Mutation of the mev-1 gene, encoding the cytochrome b subunit of succinate dehydrogenase
.§ 04 ‘\ (complex IlI) of the electron transport chain, results in an elevated accumulation of oxidative
@ \ N\ \' damage during aging, an increased sensitivity to oxygen, and a life-span shortened by 37%
u "~ (P < 0.0001; Fig. 1C) (19, 20). Treatment with 0.5 mM EUK-134 restored a normal life-span to the
02 A\
AL \ — mev-1(knl) mutants by increasing their life-span by 67% (P < 0.0001; Fig. 1C). These results are
0.0 T u \ consistent with amelioration of an endogenous and chronic oxidative stress.

1.0 0—my ‘P\ Figure 1. Kaplan-Meier survival curve (+SE) of wild-type (wt) and mev-1(knl) adult
- &— mev-1(kn1) untreated worms treated with SOD/catalase mimetics. Synchronously aging hermaphrodite
08 *“\ * &— wt untreated worms were cultured in S medium with Escherichia coli as a food source (17).
~ o mev-1(kn1) Worms were scored as dead when they failed to respond to repeated touching with
* EUK-134 (0.5mM) a platinum wire pick. (A) Mean life-span (*SEM) in days of strain N2 (wild-
type) = 24 * 1 (solid squares); of strain TJ1052 [age-1(hx546)] = 38 £ 2 (circles);
and of strain N2 (wild-type) treated with 0.05 mM EUK-134 = 31 + 3 (open squares).
(B) Mean life-span (XSEM) in days of strain N2 (wild-type) = 24 + 1 (squares); of
strain TJ1052 [age-1(hx546)] = 41 % 3 (circles); and of strain N2 (wild-type) treated
with 0.5 mM EUK-134 = 37 + 2 (open squares). (C) Mean life-span (*SEM) in days
of strain N2 (wild-type) = 24 t 2 (squares), n = 7 worms; of strain mev-
1(kn1) = 15 + 1 (solid triangles), n = 19 worms; and of strain mev-1(knl) treated
with 0.5 mM EUK-134 = 25 + 2, n = 16 worms. Very similar results were obtained in
0 S0 &0 0 independent experiments.
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Fraction Surviving
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Science, Vol 289, Issue 5484, 1567-1569 , 1 September 2000



From development to aging

Fertilized egg dividing cells fetus baby

toddler teenager adult elder casket



From development to aging

Fertilized egg dividing cells fetus

toddler teenager adult elder casket

Long-lived



From development to aging

Fertilized egg dividing cells fetus

toddler teenager adult elder casket

forever young? Long-lived
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Figure 1. Life Span Is Determined by the Balance of Two Opposing Processes
Metabolism leads to the accumulation of damage (red), thus causing aging.

Compensatory responses (green) limit or repair the damage, thus promoting
longevity.
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Silent information regulator 2

[DEFINITION] NAD-dependent histone deacetylase sir2
(Regulatory protein sir2) (Silent information regulator 2).

[FUNCTION] Involved in silencing within the
mating-type region, at the telomeres, and
according to Ref.4 also within centromeric
DNA regions. Required for the localization of
swi6 to the telomeres, silent mating type
region, and according to Ref.4 to the
centromeric DNA regions. According to Ref.1
not required for the localization of swi6 to
centromeric focl. Deacetylates histone H3 on
Lys-9 and Lys-16 of histone H4. This has a
direct role in heterochromatin assembly.
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Aging in the yeas! S. cerevisiae
is the number of buds a

mother cell produces

......

REPLICATIVE AGING
of 1 MOTHER CELL

25-30
divisions
Q-
bud scar

young mother +

daughter cell old mother cell
Size : small large
Cell surface: smooth wrinkled
Cell division: 1.5 h/asymmaetrical 2 - 3 hisymmetrical
Nucleolus: 20% of nucleus/intact 60% of nucleus/fragmentaed
Sir3: at telomeres & HM loci at nucleolus
Daughters: full life span reduced life span

Figure 2 The biomarkers of yeast azing. S cereviziaes undergoes asymmetnc drision producms
a mother cell and 2 smaller daughter each cell cyele. This process results i the formation on the
mother's cell surface of a permanent chitinous bud scar that can be used a3 a measwe of age.
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Aging in budding yeast is measured by the number of
mother cell divisions before senescence.
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Figure 2. Symmetric and asymmetric cell divisions.

All photographs were taken at 1,000x

magnification using Nomarski optics. Mother cells are labeled
with the letter "m" and daughters with the letter "d7 (B)

A mother cell and her 42nd daughter to the right.

The Journal of Cell Biology, 1994, Volume 127, p1985-1993
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Viability (%)

CR

—{— Wi type (2.0% Glucose)
—O— Wik type (0.5% Glucose)
B pncld (2.0% Glucoss)
—@— pnc14(0.5% Glucose)

—— sir24 (2.0% Glucose)

Wild type
—— sir24

—— B5xPNC1
5xPNC1 sir24
—&@— pncld sir24

the same pathway

through sir2

PNC1 and sir2 function in

and

PNCL1 increases lifespan

Viability (96)
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Heat stress

—O—  Wild type (37 °C)
—{+— Wild type (30 °C)
@ pncld (30 °C)
—i— pncld @37 °C)
—\— &ir24(30°C)
—O— sir24 (37 °C)

PNCL1 is necessary for lifespan
extension by CR and heat stress,
and additional PNC1 is
sufficient to mimic these stimuli
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?dt_'mans Yeast C. elegans Human
1CC
SIR-2.1 NAD :naDH *SIRTH
CR J, \ /
. \ DAF-2 _
Drosophila / . | Active SIRT1
X Flatworms, NAD.:”‘D“ Pt AGE-1 i
Mollusks, \ |
etc. \ {NAM PI3K
1 billion years — Yeast \ ' L. 1
> A SIR-2.1 AKT p53, PML ¥  MyoD
Active Sir2 \ J hTERT
e DAF-16 Differentiation
. ERC l v —_—
The role of SIR2 genes in Senescence

determining life span has been l Longevity L
conserved in yeast and C. elegans.

Longevity Longevity

This suggests thata SIR2-like gene
must have carried out this function

in the ancestral precursor

organism of yeast and C. elegans
(X) about one billion years ago.
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A toast to long life
Toren Finkel ‘[,

Activation of stress pathways

Reducing food intake increases lifespan in many species. A small
molecule that occurs naturally in plants seems to mimic the beneficial Alkaved metabbimiOy corsumptcn
effects of caloric restriction and extend longevity in yeast.

Altered nicotinamide concentration
and/or NAD:NADH ratio

Polyp,;e;;s\ Activation of Sir2
Y

Prolonged lifespan

Figure 2 The pathway to long life. When yeast
cells are deprived of food (caloric restriction),
stress pathways are activated and the cells
are forced to derive energy from alternative
substrates. This produces alterations in oxygen
consumption, which in turn affects the ratio
of oxidized to reduced forms of nicotinamide
adenine dinucleotide (NAD:NADH) or the
concentration of its derivative nicotinamide.
NAD stimulates the activity of Sir2, which
in turn chemically modifies several proteins
that are involved in cellular processes affecting
. - A - = i < longevity. Howitz et al.' have found that
e ¥ ~~.'ﬁ. Y f' ; ~W pra ”-f 2 plant polyphenols directly activate Sir2 and
seem (o mimic the beneficial effects of food
Figure 1 A quest for longevity. Five hundred years ago, the Spanish explorer Ponce de Le6n drank his restriction. Related pathways may exist in
way around the Florida coast during his expedition to find the legendary fountain of youth. higher organisms.

"

Using several chemical ‘libraries’, these investigators discovered two related compounds that each
stimulated Sir2 activity. Both compounds belong to a family of molecules called polyphenols — products of
metabolism in plants. One of the most widely studied of these compounds is resveratrol , a plant polyphenol
that is abundant in red wine and is reputed to underlie many of wine’s health related benefits.

NATURE|VOL 425 | 11 SEPTEMBER 2003



Small molecule activators of
sirtuins extend Saccharomyces
cerevisiae lifespan

Konrad T. Howitz!, Kevin J. Bitterman?, Haim Y. Cohen?,
Dudley W. Lamming?, Siva Lavu?, Jason G. Wood?, Robert

aaaaaaaaaaaaaaaaaaaaaaaaaaa

E.Zipkinl, Phuong Chung?, Anne Kisielewski!, Li-Li Zhang?,

Brandy Scherer! & David A. Sinclair?

NATURE |VOL 425 | 11 SEPTEMBER 2003



STACS: sirtuin-activating compounds

Table 1 Stimulation of SIRTI catalytic rate by plant polyphenols

Compound
(100 kM)

Ratio to control Structure
(mean = s.8)

Resweratrol
(3,5,4" trihydroxy-
trans-stilbene)

Butgin
(3,4,2' 4'-
tetrahydroxychalcone)

Piceatannol
(3,5,3' 4'-tetrandroxy-
trans-stilbene)

Isoliquiritigenin
(4,2 4'-
trihydroxychaicone)

Fisetin
(3,7,3' 4'-
tetrahydroxyflavone)

Quercetin
(3,5,734'-
pentafydroxyflavons)

134 +1.0

7.90+0.50

7.57 084

6.58 + 0.69

4,59 +0.47

Rate measurements with 25uM NAD"' and 25uM p53-382 acetylated peptide substrate were
performed as described in Methods. All ratio data were calculated from experiments in which the
total deacetylation in the control reaction was 0.25-1.25uM peptide or 1-5% of the initial
concentration of acetylated peptide. s.e., standard emor.



Fountain of youth — most in grape skin
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Sirtuin activators mimic
caloric restriction and
delay ageing in metazoans

Jason G. Wood, Blanka Rogina, Siva Lavu, Konrad
Howitz, Stephen L. Helfand, Marc Tatar, and
David Sinclair

Nature. 2004;430(7000):686-9



Lifespan extension induced by resveratrol requires
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Resveratrol and other STACs
extend Drosophila lifespan
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French paradox

Despite a high-fat diet, people in France suffer about
40% less cardiovascular disease than expected
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Good vintage: a compound found in red wine called resveratrol might explain why the French have fatty diets but long lives.



Resveratrol improves health and survival of
mice on a high -calorie diet

Body weight (g)

Proportion surviving

0

Latency to fall from rotarod (s)

—a— Standard diet
—a— High calorie
—e— High calorie + resveratrol
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Nature 444, 337-342 (16 November 2006)
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Survival

Survival

Caloric restriction delays disease onset and mortal ity
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Eat your hot-dog and have it

Reducing your calorie intake makes you live longer — if you're a rat or
a worm. Laura Spinney asks whether the same holds for humans —
and if it does, whether the benefits could be put in a pill.

NATURE,Vol 441,15 June, 2006
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hen Jeanne Calment died in a
nursing home in southern
France in 1997, she was 122
years old, the longest-living
human ever documented. But Calment’s
uncommon status will fade in subsequent
decades if the predictions of some biolo-
gists and demographers come true.
Life-span extension in species
from yeast to mice and extrapola-
tion from life expectancy trends in
humans have convinced a swath of
scientists that humans will routinely
coast beyond 100 or 110 years of age.
(Today, 1 in 10,000 people in industrial-
ized countries hold centenanian status.)
Others say human life span may be far
more limited. The elasticity found in
other species might not apply o us. Further-
more, testing life-extension treatments in
humans may be nearly impossible for practical
and ethical reasons.

Just 2 or 3 decades ago, research on aging
was a backwater. But when molecular biolo-
gists began hunting for ways to prolong life,
they found that life span was remarkably
pliable. Reducing the activity of an insulinlike
receptor more than doubles the life span of
worms to astartling—for them——6 weeks. Put
certain strains of mice on near-starvation but
nutrient-rich diets, and they live 50% longer
than normal.

Some of these effects may not oceur in other
species. A worm s ability to enter a “dauer™
state, which resembles hibernation, may be

critical, for example. And shorter-lived species
such as worms and fruit flies, whose aging has
been delayed the most, may be more susceptible
to life-span manipulation. But successful
approaches are converging on a few key areas:
calorie restriction; reducing levels of insulinlike
growth factor 1 (IGF-1), aprotein; and prevent-

ing oxidative damage to the body’s tissues.

WHAT DoN'T WE KnoOow?

That hasn’t stopped scientists, some of
whom have founded companies, from
searching for treatments to slow aging. One
intriguing question is whether calorie
restriction works in humans. It’s being
tested in primates, and the National Institute
onAging in Bethesda, Maryland, is funding
short-term studies in people. Volunteers in
those trials have been on a stringent diet
for up to 1 year while researchers monitor
their metabolism and other factors that
could hint at how they're aging.

Insights could also come from genetic
studies of centenarians, who may have
inherited long life from their parents. Many
scientists believe that average human life span
has an inherent upper limit, although they
don’t agree on whether it’s 85 or 100 or 150.

One abiding question in the antiaging
world is what the goal of all this work ought
be. Overwhelmingly, scientists favor treat-
ments that will slow aging and stave off age-

How Much Can Human
Life Span Be Extended

All three might be interconnected, but so far
that hasn’t been confirmed (although calorie-
restricted animals have low levels of IGF-1).

Can these strategies help humans live
longer? And how do we determine whether
they will? Unlike drugs for cancer or heart
disease, the benefits of antiaging treatments
are fuzzier, making studies difficult to set up
and to interpret. Safety is uncertain; calorie
restriction reduces fertility in animals, and lab
fliesbred to live long can’t compete with their
wild counterparts. Furthermore, garnering
results—particularly from younger volun-
teers, who may be likeliest to benefit because
they ve aged the least—will take so long that
by the tme results are in, those who began the
study will be dead.

related diseases rather than simply extending
life at its most decrepit. But even so, slowing
aging could have profound social efTects,
upsetting actuarial tables and retirement plans.

Then there’s the issue of fairness: If anti-
aging therapies become available, who will
receive them? How much will they cost?
Individuals may find they can stretch their
life spans. But that may be tougher to
achieve for whole populations, although
many demographers believe that the average
life span will continue to climb as it has con-
sistently for decades. If that happens, much
of the increase may come from less dramatic
strategies, such as heart disease and cancer
prevention, that could also make the end ofa
long life more bearable.  —Jennrer Couzin



Secrets of a long life

Centenarians now constitute the fastest-growing age group
owing to advances in health care.

Nature, Vol 467|16 September 2010
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Longer and better life, better activity!




A longevity gene reduces polyglutamine toxicity
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