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AGENTS�that�can�extend�the� life�span�of�mice�are�of�
interest�for�two�reasons:�they�can�provide�new�models�

of� delayed� aging� to� teach� us� more� about� what� controls��
aging�rate�and�how�aging�leads�to�disease;�and�in�addition,�
they� serve� as� a� first� step� toward� eventual� development�
of� pharmaceuticals� to� slow� aging� and� retard� diseases� in�
humans.� The� National� Institute� on� Aging� Intervention�
Testing�program�(ITP)�has�previously�reported�significant�
increases� in� life� span� caused� by� aspirin� and� nordihy-
droguaiaretic�acid� in�male�mice�(1)�and�by�rapamycin�in�
both�male�and�female�mice�(2).�The�design�of�the�ITP�(3)�
emphasizes� the�use�of�genetically�heterogeneous�mice� to�

mitigate�against� idiosyncrasies� that�can�complicate� inter-
pretation�of�data�from�a�single�inbred�or�F1�hybrid�stock�
and�includes�parallel�replication�of�protocols�at�three�sites,�
the� University� of� Texas� (UT),� University� of� Michigan�
(UM),�and�The�Jackson�Laboratory� (TJL),�with�standard�
operating�protocols�that�attempt�to�reproduce�key�elements�
of� the� environmental� conditions� at� each� site.� Sufficient�
numbers�of�mice�are�used� in�each�yearly�cohort� to�give�
more�than�80%�power�to�detect�an�increase�or�decrease�of�
10%�in�mean�life�span,�with�respect�to�controls�of�the�same�
sex,�even�if�only�two�of�the�three�sites�can�contribute�data�
to�the�pooled�analysis.
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Rapamycin�was�administered�in�food�to�genetically�heterogeneous�mice�from�the�age�of�9�months�and�produced�signifi-
cant�increases�in�life�span,�including�maximum�life�span,�at�each�of�three�test�sites.�Median�survival�was�extended�by�an�
average�of�10%�in�males�and�18%�in�females.�Rapamycin�attenuated�age-associated�decline�in�spontaneous�activity�in�
males�but�not�in�females.�Causes�of�death�were�similar�in�control�and�rapamycin-treated�mice.�Resveratrol�(at�300�and�
1200�ppm�food)�and�simvastatin�(12�and�120�ppm)�did�not�have�significant�effects�on�survival�in�male�or�female�mice.�
Further�evaluation�of�rapamycin’s�effects�on�mice�is�likely�to�help�delineate�the�role�of�the�mammalian�target�of�rapamy-
cin�complexes�in�the�regulation�of�aging�rate�and�age-dependent�diseases�and�may�help�to�guide�a�search�for�drugs�that�
retard�some�or�all�of�the�diseases�of�aging.
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Our�previous� report� (2)� showed�significant� increases� in�
longevity�in�male�and�female�mice�exposed�to�rapamycin,�
an�inhibitor�of�the�mammalian�target�of�rapamycin�(mTOR)�
protein�kinase,�from�20�months�of�age�(Cohort�2005).�The�
effects� were� seen� at� each� site� evaluated� independently.��
Rapamycin�led�to�an�increase�in�the�fraction�of�mice�alive�at�
the�90th�percentile�survival�age,�taken�as�an�index�of�maxi-
mal�life�span.�The�report�also�presented�preliminary�results�
from�a�separate�group�of�mice�(Cohort�2006)�that�had�re-
ceived� rapamycin� from� 9� months� of� age,� and� which� had�
reached�the�median�survival�age�at�the�time�the�data�were�
analyzed.�In�the�current�report,�we�now�present�an�analysis�
of� the� completed� data� set� from� the� mice� in� Cohort� 2006,�
showing�extension�of�median�and�maximal�life�span�in�mice�
given� rapamycin� from� 9� months� of� age,� and� comparing��
the� effect� of� rapamycin� with� two� other� drugs� of� interest,�
resveratrol,�a�polyphenol�with�pleiotropic�effects,�and�simv-
astatin,� a� representative� statin� that� in� humans� modulates�
lipid� profiles� by� lowering� low-density� lipoproteins� (LDL�
cholesterol).

Methods

Mice
The� test� populations� were� produced� by� a� cross� between�

two�different�F1�parents:�(BALB/cByJ�×�C57BL/6J)F1�moth-
ers�(JAX�stock�100009)�and�(C3H/HeJ�×�DBA/2J)F1�fathers�
(JAX�stock�100004).�These�were�referred�to�as�UM-HET3,�
reflecting�their�original�development�at�the�UM�as�a�geneti-
cally� heterogeneous� population� for� gene� mapping.� Each�
mouse�in�the�test�population�was�thus�genetically�unique,�but�
shared�half�of�its�(nuclear)�genome�with�every�other�mouse.�
Mice�were�bred�over�a�period�of�6–8�months�at�each�site,�and�
each�cage�of�weanlings�was�assigned�to�one�of�the�test�groups�
(control�or�drug�treatment)�by�use�of�a�random�number�table.�
A�written�protocol�was�used�by�each�site�that�included�details�
of�husbandry,�including�source�and�amount�of�bedding;�cage�
ventilation;�frequency�of�cage�changing;�insertion�of�electronic�
identification� devices� at� age� 42� days;� and� other� details� of�
husbandry.� Each� colony� was� tested� for� pathogen� status� as�

described�(3)�at�3-month�intervals;�all�such�tests�were�nega-
tive�for�Cohorts�2005�and�2006.�Mice�were�housed�at�initial�
densities�of��three�per�cage�(males)�or�four�per�cage�(females).�
Mouse�chow�(Purina�5LG6)�containing�test�agents,�as�well�as�
control�chow�without�drugs,�was�prepared�at�one�site�(Test-
Diet,� Richmond,� IN)� and� shipped� to� each� of� the� three� test�
sites� at� intervals� of� approximately� 4� months.� Mice� were�
inspected�daily.�If�a�cage�in�which�mice�had�incurred�serious�
bite�wounds�was�found,�all�mice�in�the�cage�were�humanely�
euthanized�and�considered�as�censored�at�that�age�for�survival�
statistics.�Mice�were�also�removed�from�the�population�if�they�
died�as�a�cause�of�an�experimental�accident�(e.g.�cage�flood-
ing),�if�their�ID�chip�was�lost�or�became�dysfunctional,�or�if�
they�were�exposed�to�an�experimental�procedure�(eg,�blood�
drawing�for�determination�of�drug�levels�in�serum)�to�which�
the�remainder�of�the�population�had�not�been�exposed.�Of�the�
2173�mice�initially�entered�into�Cohort�2006,�125�(6%)�were�
removed�from�the�longevity�group�for�one�of�these�reasons,�
including�53�at�TJL,�25�at�UM,�and�47�at�UT.�At�the�time�of�
analysis�(May�12,�2010),�four�mice�(0.2%)�were�still�alive,�all�
at�TJL:� three�mice� in� the� rapamycin�group,�and�one� in� the�
high�dose�simvastatin�group,�at�ages�1277–1308�days.

As�reported�previously�(2),�the�three�test�sites�differed�
in� the� source� of� mouse� chow� provided� to� the� mothers��
of� the� test� mice� and� also� in� the� source� of� mouse� chow�
provided�to�the�test�mice�before�the�introduction�of�drug-
containing�food.�Although�each�of�these�diets�conformed�
to�the�National�Institutes�of�Health–31�standard,�it�is�pos-
sible�that�these�variations�in�early�diet�history�may�have�
contributed�to�the�differences�among�sites�in�body�weight�
trajectories,� with� both� male� and� female� mice� at� UM�
lighter�in�weight�than�mice�at�the�other�two�sites�(3),�and�
perhaps� contributed� as� well� to� intersite� differences� in�
survival�rates.

Table�1� lists� the�agents�used�for�Cohort�2006,� together�
with�the�suppliers,�age�of�initial�exposure�to�the�drug,�and�
the� doses� used.�As� in� our� previous� report� (2),� rapamycin�
was� given� in� an� encapsulated� form� that� is� water-soluble�
only�in�nonacidic�conditions,�to�protect�it�from�release�and�
degradation�in�the�stomach�before�its�entry�into�the�small�
intestine.

Table�1.� Sources�and�Doses�of�Test�Agents

Test�agent Source Age�at�initiation�(mo)

Dose

mg/kg�food
mg/kg�mouse��
weight�per�day

mg�per�mouse��
per�day

Rapamycin LC�Labs;�Southwest��
� Research�Institute

9 14 2.24 0.067

Simvastatin�high Merck 10 120 20 0.60
Simvastatin�low Merck 10 12 2 0.06
Resveratrol Orchid/Lalilabs 12 300 50 1.5
Resveratrol Orchid/Lalilabs 12 1200 200 6

Note:�Calculation�of�dose�per�mouse�and�dose�per�kg�mouse�body�weight�per�day�assume�that�an�average�mouse�weighs�30�g�and�consumes�5�g�of�mouse�diet�
per�day.�The�rapamycin�was�given�in�encapsulated�form�as�described�in�(2).
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Activity Testing
Approximately�100�control�mice�(half�males)�at�each�site,�

plus� approximately� 50� mice� in� each� drug-exposed� group,�
were�evaluated�at�7�months�and�then�(for�survivors)�again��
at� 18� months� for� several� indices� of� spontaneous� in-cage��
activity,�using�a�computer-controlled�Micromax�apparatus�
(Accuscan,�Columbus,�OH).�Mice�were�removed�from�their�
home�cage�at�approximately�8:00�am�and�placed�individually�in�
fresh�cages�in�the�testing�room.�Laser�light�(at�a�low�inten�-
sity,�which�does�not�harm�the�mice)�was�detected�by�sensors�
outside� the�cage� to�count� the�number�of� times� in�which�a�
mouse�interrupts�the�laser�beam.�The�mice�were�left�in�the�
chamber�for�50�hours,�with�free�access� to�food�and�water�
and� the� same� light–dark� cycle� to�which� they� were� accus-
tomed�in� their�home�cages.�The�analysis�system� provided�
measures�of� total� number�of�beam�breaks�over� arbitrarily�
small�time�windows;�we�typically�tabulated�the�data�using��
1-hour�windows.�The�data�were�also�analyzed�to�reveal�the�
proportion� of� activity� that� took� place� with� lights� on� or�
off,� and� the� proportion� of� activity� attributable� to� stereo�-
typic�movement�(ie,�movement�in�place)�versus�ambulatory�
movement.�The�data�at�age�7�months�provided�a�baseline�for�
each�mouse�to�permit�calculation�of�“change�scores”�at�the�
later�age,�which�are�taken�as�the�best�estimate�of�age�effect�
for�each�individual�mouse.�The�tested�mice�were�included�in�
the�populations�evaluated�for�longevity�effects.

Necropsies and Histopathology
Each�mouse�in�the�study�was�examined�at�least�once�each�

day.�The�date�of�death�was�recorded�for�each�mouse�found�
dead.�In�other�cases,�mice�that�were�deemed�to�be�so�sick�
that�survival�for�more�than�another�48�hours�is�considered�
unlikely�were�euthanized;�the�date�of�euthanasia�is�taken�as�
the�best�estimate�of�the�date�of�natural�death.�This�decision�
is�made�based�on�a�symptom�checklist�that�is�used�at�each�
site.� Specifically,� a� mouse� was� considered� severely� mori-
bund�if�it�exhibited�more�than�one�of�the�following�clinical�
signs:�(a)�inability�to�eat�or�to�drink;�(b)�severe�lethargy,�as�
indicated�by�reluctance�to�move�when�gently�prodded�with�
a�forceps;�(c)�severe�balance�or�gait�disturbance;�(d)�rapid�
weight�loss�over�a�period�of�1�week�or�more;�or�(e)�an�ulcer-
ated�or�bleeding�tumor.�This�symptom�checklist� complied�
with�the�rules�of�each�of�the�three�institutions�related�to�hu-
mane� treatment� of�mice� and� was� also� consistent�with� the�
experimental�goals.�Each�mouse�found�dead,�or�euthanized,�
was� retained� for� possible� inclusion� in� a� necropsy� study.�
Incisions�were�made�in�the�cranium,�thorax,�and�abdomen,�
and�the�entire�body�was�immersed�in�10%�neutral�buffered�
formalin�and�kept� in�a� sealed�container� before� transfer� to�
the�pathology�unit�after�an�interval�of�up�to�4�years.

Among� the�mice� in�Cohort�2006,�110�were�evaluated�for�
end-of-life�pathology:�approximately�9�males�and�10�females,�
from�each�of�the�three�sites,�from�the�control�and�rapamycin-
treated�populations,�selected�from�each�site�by�use�of�a�random�

number�table.�Cause�of�death�was�inferred,�where�possible,�
based� on� gross� evaluation,� followed� by� histopathologic��
examination�of�a�standard�set�of�tissues�from�each�mouse�by�an�
experienced�veterinary�pathologist.�Tumors�were�deemed�the�
cause� of� death� based� on� tumor� type,� size,� number,� and��
distribution.�Cause�of�death� for�mice�with� inflammatory�or�
degenerative�lesions�was�based�on�the�location�and�severity�of�
the� lesions� and� the� likelihood� that� such� lesions�were� severe�
enough�to�cause�morbidity�and�mortality.�Many�animals�had�
small�localized�tumors�and�various�degenerative�lesions,�which�
were�deemed�unlikely�to�have�contributed�to�their�death.

Statistical Methods
For�each�question�of� interest,� the� initial�analysis�evalu-

ated�the�null�hypothesis�that�each�of�the�six�treatment�groups�
(rapamycin,�two�doses�of�simvastatin,�two�doses�of�resvera-
trol,�and�controls)�had� the�same� level�of� the� test�variable.�
These�initial�analyses�pooled�data�from�all�three�sites�to�pro-
vide� maximal� statistical� power.� Males� and� females� were�
evaluated�separately.�For�survival�data,�the�initial�compari-
son�used�the�log-rank�test;�for�weight�and�activity�data,�the�
initial�test�was�by�analysis�of�variance�(ANOVA).�When�the�
initial� test� refuted� the�null�hypothesis�at�p�=� .05,�we� then�
followed�up�with�tests�comparing�each�drug-treated�group,�
individually,�to�the�control�population,�again�pooling�across�
sites� and� for� each� gender� separately.� Log-rank� tests� for��
effects�on�survival�included�mice�removed�from�the�study�
(described�above),�as�lost�to�follow-up�at�the�age�of�removal;�
these� mice� were� not� included� in� estimates� of� median� life�
span�nor�in�calculations�of�90th�percentile�survival.

Results
We� have� previously� reported� (2)� that� male� and� female�

UM-HET3�mice�given�rapamycin�from�20�months�of�age�
had� longer� life� spans� than� controls,� and� that� rapamycin�
administered� from�9�months�of�age� led� to� lower�mortality�
when�evaluated�at�the�median�age�for�control�survival.�At�the�
current�analysis�point,�the�groups�of�mice�exposed�to�rapamycin�
from�9�months�(Cohort�2006)�had�reached�the�point�where�
99.8%�of�the�animals�died,�and�no�animal�remained�alive�at�
an� age�younger� than� the�99th�percentile� for� control�group�
survival.�Rapamycin�was�found�to�lead�to�improved�survival�
in� both� males� and� females� when� pooling� across� test� sites�
(Figure�1),�and�to�significant�effects�at�each�test�site�consid-
ered�separately�(Figure�2).�Table�2�presents�calculated�values�
for�median�age�and�90th�percentile�age�for�each�group.�For�
males,�rapamycin�led�to�an�increase�of�10%�in�median�age,�
averaged�across�the�three�sites,�and�an�increase�of�16%�in�the�
90th�percentile�age.�For�females,�the�corresponding�values�
were�18%�for�median,�and�13%�for�90th�percentile�ages.

Inferences� about� maximal� survival,� that� is,� survival� to�
exceptional� ages� were� evaluated� by� the� test� of�Wang� and�
colleagues� (4)� and� found� to� be� significant� both� for� the�
pooled�data� sets� and� for� each� combination�of� gender� and�
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site� considered� separately.� For� males,� 3%� of� the� controls�
and�24%�of� the� rapamycin-treated�mice�were� alive� at� the�
age�of�90%�mortality.�For�females,�3%�of�controls�and�25%�
of�rapamycin-treated�mice�were�alive�at�the�90th�percentile�
point� of� the� joint� survival� distribution.� By� Fisher’s� exact�
test,�these�proportions�differ�at�p�<�.001�for�the�pooled�dis-
tributions�and�for�males�and�females�at�each�site�considered�
individually,�except�that�p�<�.002�for�the�males�and�females�
at�TJL.�We�conclude�that�rapamycin�increases� life�span�in�
male�and�female�mice�of�a�genetically�heterogeneous�stock�
and�does�so�reproducibly�at�each�of�the�three�test�sites.

Figure�3�shows�calculated�mortality�risks�as�a�function�of�
age� for� control� and� rapamycin� groups,� combining� across�
sites� and� gender;� the� left� panel� shows� the� raw� mortality�
plots�for�deaths�pooled�into�2-week�intervals,�and�the�right�
panel�shows�the�smoothed�plots�with�fitted�Gompertz�lines�

superimposed.�Visual�inspection�suggests�a�right-shift�in�the�
mortality� trajectory� caused� by� rapamycin� treatment� such�
that�treated�animals�experience�a�roughly�20-week�delay�in�
the� onset� of� senescent� mortality.� Rapamycin� treated� mice�
also�have�significantly�lower�intercept�values�(2.3�×�10−5�vs�
2.6�×�10−5�for�controls).�These�observations�would�be�con-
sistent�with�the�idea�that�rapamycin�acts�rapidly�to�reduce�
age-specific� mortality,� but� the� small� number� of� observed�
deaths�immediately�following�treatment�make�it�impossible�
to�test�the�hypothesis�directly.�Although�there�is�evidence�that�
rapamycin�treatment�also�alters�the�rate�of�change�in�mortality�
with�age�(0.0050�vs�0.0058�in�rapamycin�and�control�cohorts,�
respectively),� this� result� should� be� interpreted� with� caution�
because�significant�differences�in�the�sizes�of�the�experimental�
and�control�cohorts�may�differentially�bias�early-life�mortality�
estimates�and�skew�measures�of�mortality�slopes�(5).

Figure�1.� Survival�curves�comparing�control�to�rapamycin-treated�mice,�pooled�across�sites.�The�p�values�reflect�outcome�of�stratified�log-rank�test.�The�arrows�at�
270�days�indicate�the�age�at�which�rapamycin�treatment�was�initiated.

Figure�2.� Survival�curves�for�control�and�rapamycin-treated�mice,�each�site�plotted�individually.�The�p values�reflect�outcome�of�log-rank�tests.�The�arrows�at�270�
days�indicate�the�age�at�which�rapamycin�treatment�was�initiated.
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Figure� 4� presents� a� graphical� comparison� between� the��
results�of�the�current�study,�and�the�results�of�the�study�com-
paring�mice�exposed�to�rapamycin�from�20�months�of�age.�
The� two� data� sets� were� not� produced� simultaneously,� but�
they�do�represent�work�done�using�the�same�conditions�of�
drug�preparation,�diet,�water� source,�housing,� and�genetic�
stocks�at�the�same�three�sites,�with�only�a�1�year�lag�between�
start�dates.�For�male�mice,�starting�rapamycin�at�9�months�
rather�than�at�20�months�did�not�lead�to�any�improvement�in�
survival;�the�two�cohorts�were�not�significantly�different�by�
log-rank�test,�at�p�=�.74.�For�female�mice,�there�is�a�sugges-
tion� that� earlier� exposure� to� rapamycin� may� have� led� to�
some�slight�decline�in�mortality�risk�before�~1000�days�of�
age,�but�the�log-rank�test�is�not�significant�(p�=�0.31).�The�
Wilcoxon–Breslow� test,� which� does� not� assume� that� the�
difference�in�risk�between�the�test�groups�is�constant�at�all�
ages� and� which� gives� more� weight� to� earlier� deaths,� was�
also�nonsignificant�for�females,�at�p�=�0.09�(two�tailed).�It�
will�be�of�interest�to�determine�if�gender�differences�in�rapa-
mycin� effect� are� seen�using�higher�or� lower�doses�of� this�
drug,�and�to�see�if�males�and�females�differ�in�the�biochem-
ical�or�physiological�responses�to�rapamycin�treatment.

Figure�5�shows�mean�body�weight�values�for�control�and�
drug-treated�mice�(Cohort�2006)�for�each�sex.�Mice�given�
rapamycin�from�9�months�of�age�are�lighter�in�weight�than�
controls;�the�effect�is�significant�for�males�at�12,�18,�and�24�
months�of�age,�but�in�females�only�at�18�months.�The�effect�

in�males�is�less�than�10%�of�the�control�weight�at�all�ages,�
and�less�than�6%�in�females.

Other�mice�in�Cohort�2006�were�exposed�either�to�simv-
astatin�(at�12�or�120�ppm)�or�to�resveratrol�(at�300�or�1200�
ppm)�from�the�age�of�10�or�12�months,�respectively.�Figure�6�
shows� the�survival�curves,� for�data�pooled�across�sites,�at�
each�combination�of�dose�and�sex.�Neither�of� these�drugs�
affected�survival�at�either�high�or� low�doses�in�either�sex.�
Nor�did�either�of� the�drugs� lead� to�a� significant� improve-
ment�in�survival�at�any�one�of�the�test�sites�considered�sepa-
rately� (not� shown).� The� doses� of� resveratrol� used� were�
twofold�and�eightfold�higher�than�those�used�for�the�study�
showing� a� beneficial� effect� of� resveratrol� on� median� sur-
vival�in�C57BL/6�mice�on�a�high-fat�diet�(6).�Supplementary�
Figure�1�shows�levels�of�resveratrol�found�in�the�blood�of�
UM-HET3�mice�consuming�300�or�1200�ppm�resveratrol,�
as�tested�between�9�am�and�11�am;�resveratrol�was�detected�
in�three�of�the�five�mice�on�the�low�dose,�and�in�all�five�of�the�
mice�consuming�the�higher�dose�of�resveratrol.�Supplementary�
Figure�2�shows�that�our�preparation�of�simvastatin,�at�120�ppm,�
was�effective�in�mitigating�the�severity�of�bacterial�infection�
in� 18� month� old� BALB/c� mice.� Neither� resveratrol� nor�
simvas�tatin�had�a�significant�effect�on�weight� in�males�or�
females�at�any�dose�tested,�pooling�across�test�sites,�when�
evaluated�at�18�or�24�months�(data�not�shown.).

Fifty-two�males�and�58�females�(8–10�controls�and�8–12�
rapamycin-treated�mice,�of�each�sex,�from�each�site)�were�

Table�2.� Statistical�Estimates�of�Survival�Differences�Between�Control�and�Rapamycin-Treated�Mice

TJL�male UM�male UT�male Mean�male TJL�female UM�female UT�female Mean�female

Control,�median 800 851 780 889 891 843
Rapamycin,�median 841 932 888 1077 1008 1006
%�Change 5 10 14 10 21 13 19 18
Control,�P90 1,002 1,061 985 1,064 1,061 1,101
Rapamycin,�P90 1,155 1,211 1,167 1,220 1,211 1,204
%�Change 15 14 18 16 15 14 9 13

Note:�Estimates�of�median�survival�age�or�(P90)�age�at�which�90%�of�the�mice�had�died�excluding�mice�removed�from�the�study�as�defined�in�the�Methods�section.�
Percent�change�calculated�as�(rapamycin�−�control)/(control).�Mean�values�are�averages�of�the�values�calculated�for�each�of�the�three�test�sites.�UT�=�University�of�
Texas;�UM�=�University�of�Michigan;�TJL�=�The�Jackson�Laboratory.

Figure�3.� Raw�(left)�and�smoothed�(right)�plots�of�the�logarithm�of�the�mortality�risk�for�control�and�rapamycin-treated�mice�as�a�function�of�age.�Data�have�been�
pooled�across�gender�and�test�site.�Dashed�diagonal�lines�on�the�right�panel�indicate�fits�to�the�Gompertz�model.�Arrows�at�39�weeks�indicate�start�of�rapamycin�
exposure.
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used�for�a�study�of�terminal�pathology.�The�mice�submitted�
for�pathology�were�selected�by�a�random�number�procedure,�
excluding�only�those�animals�that�died�at�an�age�of�less�than�
12�months.�Of�these�110�mice,�17�(9�controls,�8�rapamycin�
treated)�were�found�to�have�undergone�severe�autolysis�and�
were� not� processed� for� histopathology.� The� pathologist�
(Wilkinson)�was�able�to�infer�a�most�likely�cause�of�death�for�
90�cases�(46�controls�and�44�rapamycin)�and�was�unable�to�
assign�a�cause�of�death� in� the� 3� remaining�cases.�Table�3�
summarizes� the�cause�of�death�diagnoses.�The�most�com-
mon� causes� of� death� among� controls� were� lymphoma,��
hemangiosarcoma,� and� lung� carcinoma,� which� together��
accounted�for�70%�of�the�cases.�These�three�diagnoses�were�
also� the� most� common� in� the� rapamycin-treated� mice,��
accounting�for�66%�of�the�diagnoses.�Lung�carcinoma�was�
somewhat�more�common�among�the�rapamycin�mice�(34%�
vs�15%� for� controls,�p�=� .04),� and�hemangiosarcoma�and�
lymphoma�were�slightly�more�common�among�controls�(not�
significant:�p�=�0.33�and�p�=�.1,�respectively).�There�were�no�
significant� differences� between� controls� and� rapamycin-
treated�mice�in�the�incidence�of�adrenal�degeneration�(19%�
of� rapamycin� mice,� vs� 7%� of� controls,� p� =� .07),� adrenal�
hyperplasia,�myocardial�degeneration,�myocardial�fibrosis,�
skeletal�atrophy,�pulmonary�adenoma,�pulmonary�adenocar-

Figure�5.� Body�weight�values�for�control�mice�and�for�mice�exposed�to�ra-
pamycin�from�9�months�of�age.�The�p�values�reflect�t tests,�pooling�across�sites,�
for�the�hypothesis�that�rapamycin�has�no�effect�on�body�weight.

Figure�4.� Comparison�of�survival�for�rapamycin�administered�from�9�or�from�20�months�of�age�in�separate�yearly�cohorts,�pooled�across�sites.�See�text�for�discus-
sion�of�statistical�significance�tests.�Data�for�the�mice�exposed�to�rapamycin�from�20�months�of�age�are�from�Harrison�and�colleagues�(2).

cinoma� (fatal� combined�with� nonfatal� cases),� endometrial�
hyperplasia� (in� females),� or� testicular� atrophy� (in� males).�
Eleven�percent�of�the�rapamycin�mice,�and�7%�of�the�con-
trols� had� a� non-neoplastic� illness� as� the� likely� cause� of�
death.�Table�3�also�shows� the�mean�age�at�death� for�each��
of�the�diseases�found�in�at�least�two�mice�of�each�kind.�Al-
though�the�amount�of�data�is�limited,�there�is�no�evidence�to�
suggest�that�rapamycin�accelerates�any�specific�form�of�neo-
plasia.�In�summary,�rapamycin,�though�it�delayed�death,�did�
not�lead�to�a�dramatic�change�in�the�range�of�lethal�or�non-
lethal�illnesses�found�among�these�mice�once�they�did�die.

A�subset�of�mice�in�each�test�group�was�tested�at�7�months�
of� age� for� spontaneous� activity� in� a� standard�mouse� cage�
over�a�50-hour�period.�Most�of�these�individuals�were�then�
retested� at� 18� months� to� provide� a� change� score,� corre-
sponding� to� the� difference� in� activity� at� the� two� ages� for�
each�mouse.�This�age�effect�was�significant�in�both�males�
and� females,� but� the� effect� differed� greatly� in� magnitude�
from�site� to�site.�We�therefore�used�a� two-factor� ANOVA�
(site�and� treatment�as�predictors�of�activity�change�score),�
taking�the�significance�of�the�treatment�effect�as�our�indica-
tor�of�whether�intervention�had�an�effect�on�activity�levels.�
This� treatment�effect�was�significant� for�males� (p�=� .007)�
but�not�for�females�(p�=�.42).�Including�an�interaction�term�
(Site�×�Treatment)�in�the� ANOVA�did�not�alter�the�signifi-
cance� of� the� treatment� effect� in� either� sex.� We� therefore�
evaluated�effects�of�each�agent,�compared�with�controls,�in�
males�only.�Only�rapamycin�had�a�significant�effect�on�total�
activity�change�scores�(p�=�.003).�Because�the�change�scores�
were�not� normally�distributed,�we� also�used� the�nonpara-
metric�Wilcoxon�rank�sum�test,�and�again�found�a�signifi-
cant� effect� for� rapamycin� compared� with� controls� (p� =�
.003).�Figure�7�shows�age�effects�on�the�total�activity�change�
score�for�the�control�and�rapamycin�males�at�each�site.�Age�
led�to�a�decline�in�activity�levels�at�each�site,�but�these�ef-
fects�at�UM�and�UT�were�much�greater�than�at�TJL�(24,000�
vs.�23,000�vs.�3,000�beam�breaks,�respectively),�for�reasons�
we� do� not� understand.� Rapamycin� reduced� these� change�
scores�by�58%�at�UM�and�by�35%�at�UT,�and�completely�
reversed� the�weaker� trend�seen�at�TJL,� leading� to�a�small�
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increase� in� the� number� of� beam� breaks� at� the� later� age.�
When�males�at�each�site�were�evaluated�independently,�the�
effects�were�significant�at�UM�and�UT�(p�=�.004�and�p�=�.04,�
respectively),�but�not�at�TJL�(p�=�0.15).�Rapamycin�did�not�
lead�to�a�significant�decline�in�activity�change�scores�in�female�
mice,�either�in�the�pooled�data�set�or�at�any�site�considered�
separately,�nor�did�simvastatin�or� resveratrol�alter�activity�

change�scores�at�any�dose�in�either�sex�(not�shown).�These�
data�suggest�that�rapamycin�may�retard�age�effects�on�activity�
in�males�but�are�inconsistent�and�far�from�conclusive.

We�used�the�same�data�set�to�evaluate�the�ratio�of�daytime�
(ie,�“lights�on”)� to�nighttime�activity.�Young�control�mice�
are�more�active�at�night�than�during�the�day:�the�day:total�
ratio�was�0.47�in�males�and�0.45�in�females.�In�male�mice,�

Figure�6.� Survival�curves�for�mice�exposed�to�simvastatin�from�10�months�of�age�(top),�or�to�resveratrol�from�12�months�(bottom).�Data�are�pooled�across�sites.�
Males�are�shown�in�the�left�panels,�and�females�in�the�right�panels.�Each�curve�shows�results�for�both�high�and�low�doses.�The�p values�reflect�log-rank�tests,�stratified�
by�test�site.�None�of�the�agents�had�a�significant�effect�on�life�span,�compared�with�control�mice,�at�any�dose�tested.�The�arrows�indicate�the�age�at�which�the�drug�
treatment�was�initiated.

Table�3.� Apparent�Cause�of�Death�in�Control�and�Rapamycin-Treated�Mice

Diagnosis

Number�of�cases Percent�of�cases Mean�age�at�death

Control Rapamycin Control Rapamycin Control Rapamycin

Adrenal�carcinoma 2 4
Cardiac�fibrosis 1 2
Cardiomyopathy 1 2
Fibrosarcoma 3 1 7 2
Hemangiosarcoma 10 6 22 14 884 890
Hydronephrosis 1 2
Liposarcoma 1 2
Liver�carcinoma 2 4 4 9 841 1006
Lung�carcinoma 7 15 15 34 755 1004
Lymphoma 15 8 33 18 920 951
Mammary�carcinoma 4 2 9 5 826 1142
Melanoma 1 2
Mouse�urinary�syndrome 1 2
Nephritis 1 2
Septicemia 1 2
Skin�carcinoma 1 2
Thymoma 1 2
Thyroid�carcinoma 1 2
Total�diagnosable�cases 46 44

Note:�Mean�age�at�death�is�calculated�for�those�diagnostic�categories�with�at�least�two�cases�in�each�of�the�two�groups�of�mice.
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aging� from� 7� to� 18� months� diminishes� this� ratio� to� 0.42��
(p�=�.0005�by�paired�t test);�the�amount�of�daytime�activity�
diminishes� more� rapidly� than� nighttime� activity� over� this�
11-month�period.�The�age�effect,� for�males,� is� seen�at� all�
three�sites,�with� values�of�0.03,�0.06,�and�0.05�for�TJL,�UM,�
and�UT,�respectively.�Rapamycin�did�not�have�a�significant�
effect�on�this�day:total�ratio�in�pooled�males�or�at�any�one�
of�the�test�sites,�but�the�age�effect�was�significantly�dimin-
ished� by� resveratrol� at� both� the� high� dose� (p� =� .003� for�
pooled�males,�and�p�=�.02�and�.01�for�TJL�and�UM,�respec-
tively)�and�at�the�low�dose�for�this�agent�(p�=�.03�for�pooled�
males).�Neither�dose�of�simvastatin�had�a�significant�effect�
on� the� day:total� ratio.�Age� also� diminished� the� day:total�
ratio�in�females,�but�not�to�a�significant�extent�in�the�pooled�
data�set.�Of�the�drugs�tested,�only�high-dose�resveratrol�had�
a�significant�effect�on�the�day:total�ratio�in�females�(p�=�.04�
in�pooled�females).

Discussion
The�mTOR� enzyme,�a�protein�kinase,�helps�to�integrate�

cellular�activities�in�responses�to�nutrients,�stress,�and�extra-
cellular�signals,� including�hormones�and�locally�produced�
growth�factors�(7,8).�Involvement�of�mTOR�in�regulation�of�
aging�was�suggested�by�evidence�that�impairment�of�mTOR�
activity� in� flies� (9),� worms� (10,11),� and� yeast� (12)� could�
lead�to�life�span�extension,�and�by�observations�that�mTOR�
function�was�lower�in�several�mouse�models�of�slow�aging,�
including� data� on� dwarf� mice� (13)� and� in� mice� subjected��
to�caloric�restriction�(14).�Our�previous�report�(2)�was�con-
sistent� with� these� earlier� studies� showing� that� rapamycin�

treatment� initiated� at� 20� months� of� age� led� to� significant�
increase�in�life�span�in�both�male�and�female�mice�at�each�
of�three�test�sites.�Similarities�between�the�effects�of�rapa-
mycin�treatment�and�those�of�a�calorie-restriction�diet�have�
supported�speculation�(7,15)�that�the�ability�of�calorie-restriction�
to�extend�rodent�life�span�may�be�mediated�at�least�partly�by�
downregulation�of�mTOR�in�one�or�more�tissues.�Because�
ribosomal� S6� protein� kinase� (S6K)� is� among� the� major��
targets�of�mTOR�action,�a�report�that�deletion�of�the�gene�
for�S6K1�increases�life�span�in�female�mice�(16)�and�retards�
age�effects�on�bone,�immunity,�and�motor�function�provides�
strong�justification�for�additional�work�on�mTOR�pathways�
as�modulators�of�aging�and�late-life�illnesses.

Our�new�data�extend�our�previous�observations�in�several�
ways.�They�provide�a�fully�independent�replication�to�show�
that� rapamycin� can� extend� mouse� life� span� in� males� and�
females,�and�they�show�that�the�effect�does�not�depend�on�
the�age�at�which�drug�exposure�is�begun,�at�least�between��
9�and�20�months�of�age.�Our�surrogate�for�maximum� life�
span,�that�is,�the�proportion�of�mice�in�each�population�alive�
at�the�90th�percentile�age,�was�significantly�affected�by�ra-
pamycin�in�the�Cohort�2006�population�at�each�of�the�three�
sites.�The�data�on�spontaneous�activity� levels�suggest� that�
rapamycin�may�have�retarded�the�effects�of�aging�on�activity,�
although�the�effect�seems�restricted�to�males,�and�interpreta-
tion�is�complicated�by�site-to-site�variations�in�the�size�of�the�
age�effect.�When�rapamycin�is�initiated�at�9�months�of�age,�it�
leads�to�a�decline�in�the�rate�of�weight�gain,�which�is�apparent�
in�males�by�12�months�of�age�and�in�females�by�18�months.�
This�is�consistent�with�the�known�effects�of�rapamycin�on�pro-
tein�translation�and�cell�size.�The�size�of�this�effect�is�smaller�
than�that�typically�seen�in�mice�subjected�to�calorie-restriction�
diets�sufficient�to�extend�life�span,�and�further�studies�will�be�
needed� to� determine� whether� rapamycin� effects� body� mass�
via�changes�in�lean�mass,�level�of�adiposity,�or�both.�Similarly,�
it�will�be�informative�to�see�if�rapamycin�has�beneficial�effects�
on�mice�subjected�to�a�calorie-restriction�diet.

A�comparison�of�survival�results�between�mice�exposed�
to�rapamycin�from�9�months�of�age�(this�report),�and�those�
in�our�previous�study�using�rapamycin�from�20�months�on-
ward,�showed�no�significant�advantage�of�starting�the�agent�
at�the�earlier�age.�Interpretation�is�complicated,�however,�by�
the�trend�(two-tailed�p�=�.09�by�Wilcoxon–Breslow�test)�for�
improved� survival� in� female� mice� and� by� differences� in�
midlife� diet� formulations� at� UT� and� UM� in� the� original�
study�(2).�Inferences�based�on�comparison�of�nonsimultane-
ous�data�sets�have�well-known�disadvantages.�In�principle,�
however,�an�agent�that�slowed�the�overall�process�of�aging�
would�be�expected�to�have�a�stronger�effect�if�started�at�a�
relatively�early�age.�Thus,�if�later�work�confirms�that�rapa-
mycin�treatment�starting�in�later�life�is�fully�as�effective�as�
treatment� started� early� in� adult� life,� this� could� be� taken��
as�evidence�that�the�agent�is�not�modulating�aging�so�much�as�
limiting�the�pace�of,�or�vulnerability�to,�late�life�illnesses,�
such� as� the� neoplastic� diseases� that� lead� to� most� of� the�

Figure�7.� Age�effects�on�total�activity�in�male�mice,�comparing�control�to�
rapamycin-treated�mice.�The�y-axis�shows�change�score,�calculated�as�(activity�
at�18�months)�minus�(activity�at�7�months�in�the�same�mouse).�A�negative�score�
indicates�that�the�mouse�was�less�active�at�18�than�at�7�months.�(For�comparison,�
the�number�of�beam�breaks�at�7�months�of�age�for�males�was�approximately�
45,000� at� The� Jackson� Laboratory� [TJL],� 75,000� at� University� of� Michigan�
[UM],�and�71,000�at�University�of�Texas�[UT].)�The�bars�show�mean�and�SEM�
for�the�change�scores.�Number�of�mice�tested:�35,�43,�and�43�controls�and�19,�
19,�24�rapamycin-treated�mice�at�TJL,�UM,�UT,�respectively.�Asterisks�indicate�
a�significant�difference�between�control�and�rapamycin�males�at�p�=�.004�at�UM�
and�p�=�.04�at�UT.
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deaths�in�UM-HET3�mice.�Additional�data�on�age-sensitive�
traits� unrelated� to� major� lethal� diseases� will� help� to� shed�
light�on�this�important�issue.

A�recent�report�(17)�has�also�shown�increased�life�span�in�
aged� mice� exposed� to� rapamycin.� C57BL/6Nia� mice� were�
treated�with�rapamycin�at�4�mg/kg�body�weight�by�intraperito-
neal�injection�every�other�day�for�6�weeks�starting�at�age�22�
months�and�were�found�to�have�significantly�increased�survival�
(p�<�.01),�compared�with�vehicle-injected�controls�when�fol-
lowed�over�the�ensuing�30�weeks.�This�treatment�protocol�was�
also�shown�to�improve�the�function�of�hematopoietic�stem�cells�
in�the�aged�mice�and�to�improve�responses�to�influenza�vaccine�
and�thus�protect�the�aged�mice�from�a�potentially�lethal�viral�
challenge.�Although�rapamycin�and�other�mTOR�inhibitors�are�
used�clinically�as�immunosuppressive�agents,�more�work�will�
be�needed� to�determine�under�what� circumstances� this�drug�
leads�to�stronger�or�weaker�protective�immunity.

The�principal�cause�of�death�of�UM-HET3�is�cancer,�with�
the� largest� proportion� of� deaths� attributable� to� lymphoma�
(2).�Therefore,�it�is�possible�that�rapamycin�may�extend�life�
span�at�least�in�part�through�delay�or�prevention�of�cancer.�In�
fact,�inhibitors�of�mTOR�are�under�both�preclinical�and�clin-
ical�investigation�for�treatment�of�cancer�(18–23).�A�rapidly�
expanding� list� of� rapamycin� analogs� (rapalogs)� are� being�
used�for�treatment�of�cancer�(19,20).�Used�alone,�rapalogs�
have�had�mixed�results.�Overall,�the�responses�of�patients�to�
treatment�have�been�modest.�However,�in�some�cancers�such�
as�lymphoma,�for�example,�rapalogs�used�as�a�single�agent�
have�shown�encouraging�response�rates.�In�others,�however,�
the�response�rates�are�less�impressive,�with�the�clinical�out-
come� being� to� stabilize� the� disease� rather� than� producing�
tumor�regression�(19).�Planned�studies�in�the�ITP�will�deter-
mine�the�extent�to�which�the�life-extending�effects�of�rapa-
mycin�are�related�to�the�delay�or�prevention�of�cancer.

One�of�the�major�goals�of�the�ITP�is�to�evaluate�possible�
anti-aging� effects� of� drugs� that� have� shown� promising� ef-
fects�in�invertebrate�models,�in�cell�culture�assays�thought�to�
be�relevant� to� the�aging�process,�or� in�rodent�studies�(24).�
Resveratrol�was�chosen�for�study�because�of�promising�data�
(25)�from�animal�models�of�cancer,�heart�disease,�stroke,�and�
immunity�and�because�of�data�suggesting� it�could�activate�
sirtuins,�a�class�of�protein�deacetylases�implicated�in�control�
of�life�span�in�yeast�(26),�flies�(27),�and�worms�(28).�Resve-
ratrol�at�22�mg/kg�body�weight�per�day�had�also�been�shown�
to�improve�the�median�survival�of�male�C57BL/6Nia�mice�
subjected�from�1�year�of�age�to�a�high-fat�diet�(with�60%�of�
caloric�content�as�fat)�(6).�A�subsequent�report�(29),�based�
on�the�complete�survival�curve�with�terminal�necropsy�data,�
showed�that�improved�survival�of�mice�given�resveratrol�on�
the�high-fat�diet�could�be�attributed�to�reduction�of�deaths�
due�to�lipid�accumulation�in�the�liver�and�subsequent�pulmo-
nary� congestion� and� edema.� Mice� given� resveratrol� on� a�
standard�diet�(AIN-93G)�were�found�to�be�relatively�resis-
tant� to� age� effects� on� aortic� elasticity,� cataract� formation,�
bone�mineralization,�and�gene�expression�patterns,�but�did�

not�show�any�survival�advantage�over�controls�(29).�Our�res-
veratrol�data�thus�serve�to�confirm�the�absence�of�any�effect�
of�this�agent�on�mouse�life�span,�using�doses�two-�to�eight-
fold�higher�than�the�dose�studied�by�Pearson�and�colleagues�
and� using� genetically� heterogeneous� mice� of� both� sexes�
rather� than� male� C57BL/6Nia� mice� alone.� Several� groups�
have�reported�that�resveratrol�is�able�to�increase�life�span�in�
Drosophila�(30,31)�and�Caenorhabditis elegans�(30,32,33),�
and� a� short-lived� species� of� fish� (34),� though� others� have�
reported�that� this�agent�did�not�increase� life�span�in�either�
of� the� first� two� species� (35).� In� addition,� the� idea� that��
the�pharmacological�effects�of�resveratrol�are�mediated�by�
direct�activation�of�SIRT1�has�been�challenged�by�data�sug-
gesting� that� the� agent� does� not� activate� the� deacetylase�
activity�of�SIRT1�in�vitro�when�enzyme�function�is�evalu-
ated�using�natural�substrates�rather�than�the�fluorochrome-
conjugated�substrates�used� in�earlier�experiments� (36–38).�
Clearly�more�work�is�called�for�to�identify�the�pathway(s)�by�
which�resveratrol�modulates�age-sensitive�traits�in�mice�and�
imparts�beneficial�effects� in�several� rodent�models�of�age-
dependent�diseases.�It�is�possible�that�mice�given�resveratrol�
from�an�earlier�age�might�show�an�increase�in�life�span,�and�
ITP�Cohort�2007�includes�a�test�of�resveratrol,�at�50�mg/kg�
body�weight,�begun�at�4�months�of�age�in�UM-HET3�mice.

Simvastatin�was�tested,�in�part,�because�studies�have�indi-
cated�that�statins�can�directly�modify�the�aging�process.�For�
example,�Assmus�and�colleagues�(39)�reported�that�atorvas-
tatin� delays� replicative� senescence� in� human� endothelial�
cells.�A�subsequent�study�by�the�same�laboratory�concluded�
that� the� statin-induced� delay� in� senescence� was� mediated�
through�attenuated�reactive�oxygen�species�production�(40).�
Narumiya�and�colleagues�(41)�reported�that�statins�increase�
the�mRNA�expression�of�the�age-suppressor�gene,�klotho,�in�
mouse�epithelial�cells.�All�of�these�aging�effects�appear�to�be�
secondary�to�changes�in�geranylgeranyl�diphosphate,�which�lies�
downstream�of�3-hydroxy-3-methyl-glutaryl-CoA�reductase�
(41).�Statins�have�also�been�shown� to�be�cardioprotective.�
Increased�endothelial�nitric�oxide�synthase�(NOS)�appears�
to�play�a�significant�role�in�statin-induced�cardioprotection�
because�at�least�three�studies�have�reported�that�the�protective�
effect�is�prevented�by�NOS�inhibitors�(42–44).�As�reviewed�
by�Wolfrum�and�colleagues�(43),�statins�are�known�to�have�
both�acute�and�long-term�effects�on�NOS.�Other�studies�have�
shown� that� statins�may�prevent� infections� (45).�Moreover,�
epidemiological�studies�have�shown�that�statin�use�is�associ-
ated�with�reduction�in�certain�cancers�(46,47).�It�is�unclear�
why�statins�did�not�increase� life�span�in�the�present�study,�
given�the�spectrum�of�effects�it�has�on�diseases�of�aging.

Follow-up�studies�are�now�underway�to�address�several�of�
the� issues� and�opportunities� raised�by� these�findings.�One�
such�study�will�evaluate�doses�of�rapamycin�both�higher�and�
lower�than�the�dose�used�for�the�initial�longevity�studies:�It�
is�unlikely�that�the�initial�dose�selected�will�turn�out�to�have�
been� optimal� for� life� span� extension,� but� it� is� difficult� to�
guess�whether� the�optimal�dose�will�prove�to�be�higher�or�
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lower.�Cross-sectional�histopathology�will�help� to� identify�
earlier�stages�of�common�age-dependent�illnesses,�including�
those�that�do�not�typically�lead�to�death,�to�provide�a�more�
comprehensive�picture�of�which�forms�of�pathophysiology�
are�retarded�(or,�perhaps,�accelerated)�by�the�drug.�Studies�of�
multiple�age-dependent�physiological�outcomes�will�also�be�
included.� These� physiological� endpoints,� along� with� the�
cross-sectional� histopathology,� will� help� to� show� whether�
the�life�span�improvement�represents�merely�a�global�inhibi-
tion�of�neoplastic�disease,�or� rather�an�authentic�antiaging�
effect�that�includes�anticancer�protection�as�just�one�among�
many�consequences.�The�follow-up�studies�will�also�evalu-
ate� biochemical� changes� in� multiple� tissues,� to� see� which�
tissues�show�long-term�and�short-term�inhibition�of�mTOR�
and�modulation�of�mTOR-dependent�cellular�feedback�cir-
cuitry.�Although�it�is�plausible�to�assume�that�the�effects�of�
rapamycin�on�health�and�longevity�reflect�simply�downregu-
lation� of� mTOR� and� mTOR-dependent� downstream� path-
ways,� it� is� also� possible� that� some� of� the� physiological�
effects�are�caused�by�compensatory�upregulation�of�enzymes�
involved� in� mTOR-dependent� feedback� mechanisms.� It� is�
equally�plausible�that�the�health�benefits�of�rapamycin�prin-
cipally�reflect�a�change�in�one�or�a�few�cell�types,�perhaps�
located�in�hypothalamus,�vascular�endothelium,�a�hormone-
producing�cell�type,�or�a�stem�cell�compartment,�whose�ben-
eficial�effects�on�other�cell�types�are�independent�of�the�level�
of�mTOR�function�in�the�downstream�target�tissues.�Evalua-
tion�of�rapamycin�effects�on�rodent�models�of�specific�dis-
eases� is� likely� to� be� very� informative� in� this� regard.� For�
example,�two�recent�studies�have�evaluated�rapamycin�effects�
on�different�mouse�models�of�Alzheimer’s�disease�using�the�
same�rapamycin�preparation�used�in�the�ITP�studies.�Each�
study� found� that� rapamycin� rescued� memory� deficits� and�
slowed�pathological�manifestations�in�these�neurodegenera-
tive�models�(48,49).�Analysis�of�effects�on�other�rodent�(and�
perhaps� canine)� models� of� late-life� diseases� should� prove�
equally�informative.�It�will�also�be�helpful�to�learn�if�rapa-
mycin�can�further�improve�the�longevity�benefits�produced�
by�specific�mutations�(50)�or�diets�(51)�or�other�drugs�(1).�
Researchers�have�learned�much�about�the�biology�of�aging�
by�studies�of�caloric�restriction�and�of�antiaging�mutations,�
and�the�advent�of�effective�antiaging�drugs�should�provide�
additional�leverage�for�new�work�on�the�factors�that�time�the�
coordinated�appearance�of�age-related�decline.�In�addition,�
work� on� antiaging� interventions� holds� more� promise� for�
the� eventual� development� of� protective� medicines� than��
approaches� that� entail� modification� of� germline� genes� or�
lifelong�compliance�with�extreme�dietary�restrictions.
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