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Abstract

In the pastfew years,it hasbecomepossibleto enumeratea comprehensivganelof technically
feasibleinterventionswhich, jointly, would probablyreducethe risk of deathfrom currentage-
relatedcausedo alevel similar to our presentisk of deathfrom bacterialinfections.Thetimeframe
for developingtheseinterventionan laboratorymice may be aslittle asa decaddrom now, subject
to adequatdunding. We don'tknow how long it would takethereafterto translatethemto humans,
but it might be only a coupleof decadesin the first half of this essayl will describethe main
component®f this panelof interventionsandthe reasonsvhy moreandmorebiogerontologistseel
that they will be so much more effective than anythingwe havetoday. In the remainder, shall
explorethe consequencesf developingsuchtherapiesconsequencethatare muchmoredramatic
thanthey may at first appearThesetherapiewill bedecidedlyimperfect,sotheycanrealisticallybe
expectedo conferonly perhaps30 additionalyearsof healthylife Ba modestextensionlf thatwere
all we could expect,theremight be a seriousargumentthat the necessaryexpenditureshouldbe
directedinsteadto extendingthe lives of thosein the developingworld who die in suchhuge
numberdrom diseaseshatwe alreadyknow how to treat.But onefeatureof thesetherapiesshanges
all that:theywill be genuinerejuvenation therapiespenefitingmiddle-agedpeoplethe most.In all
areasthat enjoy substantiapublic interestb and we can be quite surethat this will be onesuchb
technologyadvance&normouslyin 30 yearsfollowing theinitial breakthroughThus, it is virtually
certainthatthe middle-agedeneficiarief the first-generatiorrejuvenatiortherapieswho arestill
biologically no morethan middle-agedhirty yearslater, will be ableto take advantageof greatly
improvedtherapieghatwill Ore-rejuvenate®emsothattheywill be biologically lessthanmiddle-
agedfor anotherfew decadesThis cycle seemssureto be repeatablendefinitely: we will stayone
stepaheadof the new problemsof aging,with the imperfectionsn our rejuvenatiortherapieseing
eliminatedfasterthanthey are catchingup with us. | havecalledthis phenomenorilife extension
escapevelocity”. It implies that anyonewho lives long enough,in good enoughhealth,to benefit
fully from thefirst-generatiorrejuvenatiortherapiegthosethatwill give suchpeopleabout30 extra
yearsof healthylife) shouldin fact neverneedto die of old ageat any age.The averagdifespanof
suchpeopleis likely to exceed1000years.This enormouschangein people'spotentiallongevity
greatly strengthens the moral case for prioritising this research and hastening its success.

Introduction: options for postponing aging

SinceGilgameshandvery probablya long time before,humanityhasbeenseekingwaysto preserve
the body and mind in a youthful state.Successn this effort hasbeen,to say the least,modest.
However,the generalprinciple thatthe body cantheoreticallybe maintainedn a youthful statebfor
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longer than it naturally retainsthat state,and perhapsfor much longer P is readily seento be
unarguablethe body s afterall a machine albeita very complicatedone,andall machinesanbe
preservedn afully functionalstateby adequatenaintenancerl he problem, thereforejs thatwe have
not yet worked out how to perform adequate maintenance on this particular machine.

Somecommentatorshowever,haveinterpretedour long-standingfailure to combatagingasan
indicationthatwe will foreverfail. The demographeday Olshansky for example hascommented
thatthe onething all thosewho havestrivento combataginghavein commonis thattheyOrall dead
(Olshansky2005).This is short-sightedbecausehe history of any highly challengingtechnological
endeavouconsistf anunbrokensequencef failuresfollowed by afirst successTheonly relevant
guestiontherefore js how closewe areto thatfirst successlt is impossibleto estimatethatdistance
accuratelyby referenceo pasthistory, becausehereis a vastrangeamongexistingtechnologiesn
termsof how far in advanceof their achievementhoseworking towardsthemreacheda givendegree
of confidenceof imminentsuccessHowever,whenthat successvould be asmomentousasin this
case andespecialltygiventhe extraordinarilydeep-seatethtalismon this matterthatis so prevalent
in society,the accuracyof suchestimateshouldnot beregardedasa prerequisiteit is beholdenon
thosewith the greatesexpertisein the field to offer suchestimateqalbeit ensuringthat they also
clearly communicateheir degreeof uncertainty) howeverspeculativethoseestimatesnay be (de
Grey, 2004a).

What, then, are the leadingcontemporaryideasfor postponingaging?They fall into threebroad
categories:

1) combatingonebiochemicalcomponenbf aging,on the basisthatit is the main causeof the
others;

2) eliciting the bodyOs existing metabolic ability to retard aging, such as it may be;
3) directly repairing the many types of accumulating molecular and cellular damage of aging.

Examplesof option 1 are the use of antioxidantsto reducethe abundancef free radicals,or of
telomerasestimulationto maintainthe replicativecompetencef cells. Antioxidants,in particular,
havebeenpursuedfor half a centuryaspotentialanti-agingtherapiesasa resultof the widespread
acceptancef therole of freeradicalsin causingmanyaspect®f age-relateanoleculardamagesuch
asmutationsandindigestibleaggregategHarman,1956). Therehaverecentlybeena few tantalising
reportsof life extensionn mice by geneticenhancemenaf antioxidantproteins(Mitsui etal., 2002;
Schrineretal., 2005),lendingnew popularityto theideathatthis may be a productiveway forward;
butit mustbebornein mind thatno suchstudyhasyet broughtthe lifespanof treatedanimalsbeyond
whatsomestrainsof laboratorymice naturallyexhibit, sothe concerrremainsthatthe treatmenonly
solvedaratherspecificlife-threateningoroblemin the treatedmice, ratherthanhavingthe knock-on
effectson all otheraspectof agingmentionedabove.ln my view, this approachs unlikely to see
muchmoresuccessn comingdecadegshanit hashitherto,simply becausehereis no evidencefor
theideathatonesinglemechanisms dominantenoughin agingthatits retardatiorwould havethis
generaliseknock-oneffect,andplenty of evidenceglaswell asevolutionarytheory)for the contrary
hypothesis that aging is irreducibly multifaceted.

In recognitionof the limited prospectdor the aboveapproach the majority of researchersvith
interestsin not merely understandinggingbut in combatingit havegravitatedto option 2 above.
The potentialfor eliciting a latentanti-agingresponsas widely consideredstrong,becausesucha
responsas remarkablyeasyto elicit in all the best-studiedaboratoryspecies yeast,nematodes,
fruit flies androdents.Specifically,a reductionin nutrientintakereliably increaseshe lifespanof all
thesespeciegand many others)b andit doesso by postponingage-relatediecline,ratherthanby
increasingthe organismOability to survive in a decrepitstate. This protocol (generallytermed
OcalorigestrictionQr OdietaryestrictionOyasdiscoveredirst in rodentsin the 1930s(McCay et
al., 1935)and has,especiallysincethe 1970s,beena cornerstonef biogerontologyresearchThe
degreeof nutrientdeprivationandthe scheduleof its introductionmustbe tunedto the organismin
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orderto derivethe maximumeffect, but the generalityof the phenomenomasinevitablyled to the
expectatiorthatit will extendto humans.t is recognisedhat actualcalorie restrictionmay have
considerablelownsidedor mostpeoplein termsof quality of life (thoughthis authoris personally
acquaintedwith severalcalorie restriction practitionerswho are certainly exceptionsto sucha
presumption)butit is alsoanticipatedhatdrugscanbe developedvhichtrick the bodyinto thinking
that nutrientintakeis low evenwhenit is not (Sinclair, 2005). Unfortunately,however,it turnsout
that thereis a very striking inversecorrelationbetweenthe naturallifespanof a speciesand the
degreeto which thatlifespanis extendedy the mosteffective nutrientdeprivationprotocolfor that
speciesindeed life extensions quite closeto beingthe sameabsolute amount(six monthsto ayear)
acrossall specieget studied ratherthanthe sameproportionof the species@aturallifespan.Various
argumentdaverecentlybeenpublishedto explainthis, including oneoriginatingwith me (de Grey
2005a;Demetrius,2004; PhelanandRose,2005). Thus,both calorierestrictionitself anddrugsthat
can mimic caloric restriction may fail to provide the anticipated life-extending effect in humans.

Theforegoingconsiderationfiaveled me to favour option 3 of thoselisted at the beginningof this
section,which like to call the engineeringapproacho life extension.Thelogic of this approachs
that, eventhoughagingis a side-effectof intrinsic metabolicprocessesdis functionalconsequences
do not becomeappreciablgat leastnotin thoseof uswho pay attentionto our health,norin typical
mammals)until roughly midway throughthe naturallifespan. This tells us that the sequenceof
eventsleading from metabolismto age-relateddysfunction must possessa threshold effect:
intermediatedirect consequencesf metabolismmustbe accumulatingongoingly throughoutlife,
but they do not causeage-relatedunctional declineand diseaseuntil they reacha certainlevel of
abundancebelow which metabolismsimply works aroundthem. (Hereafterl shall refer to these
intermediatessOdamageGCpnsequentlyif we candevisetechniquego repairthis damagewe can
postponeits functional consequence$o a later age.| have beenexploring this approachto
postponemendf aging since2000andhaveconcludedb with steadilyincreasingconfidenceb not
only thatit is very likely to succeedf thoroughlyenoughimplementedput alsothatit canprobably
be implementedthoroughlyenoughin a matterof a few decadegde Grey et al., 2002; de Grey,
2003a,2005b).1 havetermedthis approachOStrategieor Engineered\Negligible Senescence®r,
SENS, for reasons which will become clear below.

An overview of SENS

SENSbeginsby enumeratinghe typesof progressiveehangein the mammalianbody thatqualify as
damageby the abovedefinition, and then specifyingapproachegso repairing (or in somecases
obviating) that damage.

Type of age-related damage
Cell loss, cell atrophy
Senescent/toxic cells
Oncogenic nuclear mutations/epimutations
Mitochondrial mutations
Intracellular aggregates
Extracellular aggregates
Extracellular crosslinks

Table 1. The seven classes of damage that SENS seeks to combat.

It is worth reiteratingthatthesearenot claimedto be the only changeghatoccurin the mammalian
body during the lifespan.Rather,they are claimedto be the only onesthat probably,accordingto
currentevidence(a) areintrinsic side-effectsof metabolismand(b) eventually,whenthey become
abundantenough,impair the functioning of our tissuesand of the body asa whole. A numberof
changeddo not satisfy criterion (b) andthereforedo not needto be addressedn orderto prolong
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youth. Oneexampleis the racemisatior(OflippingOdf asparticacid residuesn long-lived proteins.
A more controversialoneis the accumulationof mutationsand epimutationsn our chromosomes
that are not relevantto cancer.In this caseit is very likely thatthereis a level of abundancehat
would be pathogenicputin my view the evidencetells us clearly thatthe rate of accumulatioris so
slow, in anytissue thatthis would not posean actualproblemuntil we wereseveraltimesasold as
we can currently become (de Grey, 2006a).

The classificationgivenin Table1 may initially appearsomewhatrbitrary. For example why are
nuclearand mitochondrialmutationslisted separatelywhile nuclearmutationsand epimutationsare
lumpedtogether?The reasonl haveadoptedthis particularclassificationis embodiedin Table 2,
which describeshetechniques favourfor combatingeachone:eachis susceptible¢o a singleline of
attack.

Type of damage Proposed repair (or obviation)
Cell loss, cell atrophy Stem cells, growth factors, exercise
Senescent/toxic cells Ablation of unwanted cells
Oncogenic nuclear OWILTO (Whole-body Interdiction of Lengthening of

mutations/epimutations Telomeres)

Mitochondrial mutations | Allotopic expression of 13 proteins
Intracellular aggregates Microbial hydrolases

Extracellular aggregates | Immune-mediated phagocytosis
Extracellular crosslinks AGE-breaking molecules

Table 2. The seven SENS solutions.

| havepublishedextensivelyon all thesetechnologiesxceptthosefor replacemenof lost cells,
whichis a sufficiently well-studiedtopic thatthe publicationsof othersamply suffice (de Grey, 2000,
2003b,2006b;de Grey et al., 2004,2005).1 havealso periodically publisheddetailedoverviewsof
the SENSstrategy(de Grey et al., 2002; de Grey, 2003a,2005b). Thus, ratherthan repeatingthat
work here, | refer the reader to these publications, as well as to my website
(http://www.gen.cam.ac.uk/sensAll | will mentionhereis my estimatesof the timeframefor
developmenof thesetherapiesn theirinitial form: | believethat,solong asthe necessaryreclinical
work becomeswell fundedsoon,we havea 50/50 chanceof creatingthe first-generationSENS
therapies within about 25 years.

Longevity escape velocity

A key featureof SENS,which arisesfrom the fact that the proposedreatmentsactually repairor
obviatetheir respectivecategoryof damageratherthanmerelyslowing its further accumulationjs
that the benefitswhich peoplecan expectto obtainfrom thesetreatmentsare not limited to what
those treatments can do. HereOs why.

Whenwe havetherapieghat canroughly halvethe amountof damageof eachcategory(andin each
tissuein which it impairsfunction), we will be ableto give 30 or so extrayearsof healthylife to
peoplewho arein middle agewhenthosetherapiesare initiated. [Note: | havea slightly unusual
definition of OmiddleageQor this purposewhat! meanis havingroughly 25 yearsleft to live if no
suchtherapiesareadministeredA definition in termsof how muchlife is left, ratherthanhow much
hasalreadyelapsedis appropriatebecaus¢hosewho live to extremeagestendalsoto haveremained
youthful until anunusuallyadvancedge.Perlshaspithily paraphrasethis correlationasOTheolder
you are, the healthieryouOvdeen(Hitt et al., 1999).] This meansthat suchpeoplewill spendthe
next30 yearsin a statethatcanfairly be describedasObiologicallymiddle-agedr youngerOshortly
afterthetherapieshavebeeninitiatedtheywill berejuvenatedy roughly 15-20years,andthereafter
theywill ageatroughly half the ratethey previouslydid, sothattheywill reachtheir pre-treatment
biologicalage30 yearsafterthetreatmentdegan Otherthingsbeingequal,theywill continueto age
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thereafteandwill, on averagedie atanageperhapsi0 yearsgreaterthantheywould havereached
in the absence of these therapies.

But otherthingswill not be equal.Thirty yearsis avery longtime in scienceandtechnology:n that
time, therapiesarelikely to appeathatimproveon the Ofirst-generationéhes Moreover,sincethese
improvedtherapieswill tendto ariseas stepwise jincrementalrefinementsof their precursorsthe
timeframefor their arrival is muchlessuncertainthanfor theinitial, fundamentabreakthroughas
onecanseeby perusingthe history of othermajortechnologiegsuchaspoweredflight, computers,
or the combatingof infectiousdisease)pncethereis both public confidenceand enthusiasnfor
progressandthatprogresanbe madein smallstepsit is remarkablyinexorable Thus,the middle-
agedbeneficiariesof the first-generationSENStherapieswill mostly still be aroundand healthy
enough,30 yearsthereafterto benefitfrom the greatlyimprovedtherapieghat will exist by then.
Thesetherapieswill againrejuvenatehosepeople probablymorepowerfully thanthefirst therapies
could Bbthe damageremainingto be repairedmay be harderto repair(which will havebeenwhy it
resistedthe first therapies),but that differencewill be outweighedby the degreeto which the
therapies have been improved.

Thereis no reasonwhy this cycle cannotbe continuedindefinitely, progressivelyeliminating a
greaterandgreaterproportionof the molecularandcellulardamageof aging(thoughprobablynever

all of it), anddoing so fasterthanthe residual,still-irreparabledamages accumulatingThus, the
beneficiariesof the first-generationSENS therapiesshould be able to avoid age-relatedrailty,
disease and death at any age. This is the basis for the term Oengineered negligible senescenceO:

- senescence is the gerontologistOs technical term for aging;

- negligible senescence meansabsenceof aging at a rate that can be detected(clearly an
infinitesimally slow rate of aging is not detectable);

- engineered negligible senescence meanghetechnologicatransformatiorof anorganismthat
hitherto exhibited aging into one that does not.

The argumentgiven above revealsthat there is a critical rate (OvelocityOat which medical
technologymustprogressn combatingagingin orderto let peoplestayonestepaheadf (OescapeO)
the problem.| thereforefind it usefulto referto this rate as OlongevityescapevelocityO(de Grey,
2004b).At therisk of taking the analogya little too far, Figure 1 depictsthe likely trajectoryof
biological age of people who are various ages at the time the first-generation SENS therapies arriv
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Figure 1. Plausible trajectories of Obiological ageO for typical individuals of the specified ages at t
time RHR arrives, presuming access to the best therapies at any time.



Sociological and ethical considerations

Eventhoughl am principally a biologist, | regarddiscussiorof the socialcontextof life extension
research as an equally important part of my job. This is not, | have to confess, out of choice.

Rather it is becaus®f whatl frankly regardasthe unbelievablanability of mostpeoplebincluding
mostbiologists,thoughthankfully not mostbiogerontologist®to appreciatehe moralimperativeof
this work. Theirrationality thatis revealedvhenthe typical memberof the publicis prevailedupon
to think aboutextremelife extensionis so breathtakingo me that| havetermedit Othepro-aging
tranceOn recognitionof the similarities| seewith the responsesypical of the subjectsof stage
hypnotists when they are given a false belief and led into a situation that is logically impossible.

Am | being overly harsh here? Well, | hope you will read the rest of this section before deciding.

Probablythe mostlong-standingexampleof what | am talking aboutis the belief known as the
OTithonugrrorOTithonuswasa warrior in Greekmythologywho wasgrantedimmortality by Zeus
after the (alreadyimmortal) goddessosfell in love with him, but who continuedto becomeever
moredecrepitbecausd=osforgot to askZeusto keephim youthful. The Tithonuserror,then,is the
assumptiorthatlife extensiontherapieswill keepus alive but frail for longerratherthanyouthful
longer.A rationalindividual, whenit occurredto themin the courseof conversatiorwith a specialist
(me, for example)that suchtherapiesmight only extendthe frail part of life (which, for present
purposestleast,l freely agreewould be of little value),might urgentlyenquireon this point by way
of seekingreassuranceSsomepeopledo just that. Many, however,simply assumenddeclarethat
they wouldnOwantto be Oold@meaningfrail) for any longerthanis natural,asif it goeswithout
sayingthatyouthwill not be extendedBut thereOmore;itOsvorsethanthat.| notedabovethatthe
Tithonuserroris long-standingit in fact greatlypredatesny involvementin gerontology andeven
my birth. Biogerontologistdhiavebeenunanimouslyandloudly makingclearfor atleast60 yearsthat
their work is focusedon extendingyouth: the coverof thefirst issueof the Journalof Gerontology,
organ of the worldOdargestgerontologysociety (the Gerontology Society of America), was
emblazonedvith the sloganOToaddlife to yearsnotjustyearsto lifeO.Yet, the refusalof societyto
hearthis messagds profound:for example,the then headof the National Institute on AgingOs
Biology of Aging Program,Huber Warner,noteda few yearsago that when the NIAOsDirector
presentsannuallyto Congresshe Qloesnot look forward to having congressmeiask him during
testimonysessionsaboutwhetherour goal is to extendthe humanlife spanOThe resilienceof the
Tithonuserror is but one exampleof the averagdaymanOmsistenceon highlighting all that could
(or, in this case,evencould not) possiblybe bad aboutlife extensionandignoring the benefitsto
quality of life. Indeed,the creationand survival of the tale of Tithonusis itself an exampleof
mankindOdeterminatiorto convinceitself that aging shouldnot be modulated howevertempting
such a therapy might appear at first sight.

| haveenumerate@dndlampoonectlsewherea wide variety of otherabsurdreasondor ambivalence
or downrightoppositionto life extensiorresearci{de Grey,2003a),sol will not repeatmy specific
argumentdiere.Instead| will restrictmyselfto thetwo generalargumentdor the moralimperative
of life extensiorresearclargumentshatanswerall the specificsocietal,moralor political concerns
people may have.

Thefirst is the duty to provide our fellow humanbeingswith a choice. Oncewe developtherapies
capableof eliminatingdecrepitudesocietywill be ableBDwhetherata global,nationalor local level B
to evaluatethe prosandconsof this new opportunityby observinghow it worksin practice rather
thantrying to guesswhatit will belike (which is all we cando today).It is eminentlypossiblethat
somesocietieswill adoptuniversaluseof thesetherapieshile othersdo not, justastodaythe Amish
rejecta wide rangeof moderntechnologyandthereOsothingwrongin that. The point, however is
thatthe soonernwe startto work hardto developthesetherapiesthe soonertheywill arrive andthe
soonerthis choicewill be availableto people.If we hesitatetoday,we will delaythe arrival of the
first-generatiorSENStherapiesandthusdenysomecohortof peoplethe option of indefinite youth.
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Puttingit anothemway, we will condemrthosepeopleto anunnecessarilgarly deathby ourinaction.
Somemight saythatinactionwhich bringsabouta badthing is lessreprehensibl¢hanactionwhich
bringsit about,but mostethicistsdisagreewith this view, and essentiallyeveryoneagreeghatthe
formeris still bad,evenif not equallybad.Likewise, somemight saythatactionor inactionwhich
bringsabouta badthing far in the future is lessbadthanwhenthe consequence immediateb but
again, the law in all developed countries takes the contrary view.

The secondgeneralargumenthatwe aremorally obligedto postponeagingasmuchaspossible as
soonaspossiblejs onebasedon a simplesenseof proportion.Thereis no differencebetweensaving
lives andextendingdives: for, whatis savingalife otherthangiving the beneficiarythe chanceo live
longerthantheywould otherwisehavehadthe chanceo live? Hence whenevaluatingany argument
againstthe expeditiousdevelopmenbf the SENStherapiespne mustjudge not only its meritsin
isolationbut alsowhetherit outweighsthe benefitsof suchtherapiesn termsof lives saved Roughly
150,000peopledie worldwide eachday, and about2/3 of thosepeopleb 100,000per day P die of
causeghat young peopleessentiallyneverdie of, which is to saythat they die of aging. (In the
developedvorld the proportionis closerto 90%.) So, if you havea concernaboutwhatlife will be
like in a post-agingworld, fine Bbut unlessyou feel ableto arguethatthat potentialproblemis so
bad that it justifies refusing to save 100,000 lives every day, forever, donOt waste my time.

Conclusion

Until only a few yearsagoit wasreasonabldor specialisto be pessimisticaboutlife extension
researchandto refuseto speculateon how soonseriousprogresswould occur. It wasreasonable
becausdaherewas no detailed,clearly formulatedplan for seriouslife extensionthat had much
chanceof successBut now, | contend biogerontologisthavea duty to speculatebto evaluatethe
SENSstrategyin detailandopinepublicly on howlongit is likely to taketo implement(if it canbe
implementedatall). During 20051 succeedeth eliciting suchanopinionin print, which wassigned
by a largenumberof my colleaguesn biogerontologythatevaluationwashighly negativeandthe
basisfor it wasoverflowingwith errorsof logic andfact, but itOsa start. Publicinterestin SENSis
continuingto escalateso more soberevaluationof it in the nearfuture is inevitableand will, 1
sincerely hope, lead to its being adequately funded soon. The sooner, the better.
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