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These findings have potentially profound clinical and public health implications. A
physician’s focus on the body fat of a patient may be misplaced if the key variable to monitor is
metabolic fitness. Similarly, pharmaceutical companies looking for drugs that improve health
might be better advised to work on agents that increase tissue oxidative (aerobic) capacity than
on agents that reduce body fat content. However, currently available methods for assessing the
metabolic fitness of whole organisms, e.g., exercise testing, are crude, non-biochemical, poorly

reproducible, and difficult to perform.
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In another aspect, the living system is a tissue. Variations of tissues include muscle

tissue such as skeletal muscle and cardiac muscle, and adipose tissue.

The living system may also be an animal. The animal may be a mammal. The mammal

may be a rodent. the mammal may be a human.

The living system is a cell. In a further aspect, the cell is a platelet, In another variation,

the cell may be a cultured cell in a high-throughput screening assay system.
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In a further aspect, the present invention is directed to kit for assessing the metabolic
fitness of a living system. The kit may include one or more isotopically labeled precursor

molecules and instructions for use of the kit. In another variation, the kit may include further
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gas chromatography/mass spectrometry.

Figure 2B demonstrates the incorporation of ?H into mitochondrial DNA isolated from

human muscle biopsies as measured by gas chromatography/mass spectrometry.

Figure 3A shows the experimental protocol for the measurement of the rate of synthesis
of mitochondrial DNA and mitochondrial phospholipids in human subjects, as measured from

mitochondria isolated from muscle biopsies taken after the human subjects ingested ’H,0.

Figure 3B shows the effects of different exercise regimens on incorporation of ’H from

administered H,0 into mitochondrial phospholipids.
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Short Protocols in Nblec%lar Bi ol ogy (Wl ey and Sons,
label i3 gupgyporajed mtq wFPGaded ieleisspyut i on Anal ysis: A

Techni que for 6
General Techniques

Practice of the present invention will generally utilize, unless otherwise indicated,
conventional techniques of molecular biology, microbiology, cell biology, biochemistry, and
immunology, which are within the skill of the art. Such techniques are fully explained in the
literature, for example, in Cell Biology: A Laboratory Notebook (J.E. Cellis, ed., 1998); Current
Protocols in Molecular Biology (F.M. Ausubel et al., eds, 1987); Short Protocols in Molecular
Biology (Wiley and Sons, 1999); Mass Isotopomer Distribution Analysis: A Technique for
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an organi sm Exanples of organisns include any
Definifidls™®! . preferably a vertebrate, nore preferably a
|, nost preferably a human. Exanples of manmmal s
i ncl ude nonhuman primates, farm aninmals, pet aninals,

fBre temedmptabolafitnessid pdhag'se}l fiduredls’y, exsb%nactioraspimatiry fitrfesy” herein
are useﬁegqen?h %ea’tg:lg ’ gér Iel‘n tgoa% € caI%lé{c riséia P}ggaﬁggggg%oth%r’%%é ggrobic activity

ofahvcﬂmm&m or disorder. "Aerobic demand" refers to the
oxi dative needs i rrposed on a cell, tissue, or organism
i.n ..Vi.vo. 'sot es’ it rein 0 W th
LR LT RN R AT
organ, Bhd oMbABmdiThE ﬁffﬁ@tsyiﬂéimréfefﬁbl}nﬁiﬁrgﬁﬁﬁn ( Exzﬁnplesl&f Of8anisms

2H or 3H). As is commonly known in the art, the
mclud%@twmalmef%ahmaerremaé@ AR g@éqsalgly mammﬂemgwmfprablm a
humant %xﬁl%ﬁ)ﬁ:ﬁ o%ﬂlal%%iselﬁ{:mﬁ@ hﬁlgﬁ anﬁ Qﬁﬁgﬁ et animals, for

precur sor ecul |so ed precursor
examplhendatscant elbga and reawdl amhels,cﬁ)aﬂgaamﬂﬁ mlcandtsr afddrunians.affilye human

can be REGRE s gt iR b iode Ropedtre 1

living system Exanples of isotope |abeled precursor

il eechit @smandt refeks to thetoxilagvemdeds inffos@bort Dcelll Hde, 3Hd2ghnism in
2H gl ucose, 2H- | abel ed am no acids, 2H | abel ed

organi c nol ecul es, 13C-| abel ed organi c nol ecul es,

14C-| abel ed organi ¢ nol ecul es, 13C02, 7

By “isotopes” it is meant herein atoms with the same number of protons and hence the

vivo.

same element but with different numbers of neutrons (e.g., 'H vs. ?H or °H). Asis commonly
known in the art, the symbol “D” is used interchangeably with the symbol *H to refer to

deuterium.

“Isotopically labeled precursor molecule” and “isotope labeled precursor molecule” are
used interchangeably and refer to any isotope labeled precursor molecule from which the isotope
label into a mitochondrial molecule in a living system. Examples of isotope labeled precursor
molecules include, but are not limited to, ZHQO, 3HzO, 2H—glucose, 2H-1abeled amino acids, H-

labeled organic molecules, *C-labeled organic molecules, “C-labeled organic molecules, °CO,,
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organi ¢ nol ecul es and 15NH3. "I sotopol ogues" refer to
w0 s@iopidel honol ogues or nol ecul ar speci es t hat PEIEUS2003/029526

identical elenental and chem cal conpositions but
differ in isotopic content (e.g., CH3NH2 vs. CH3NHD
in the exanpl e above). |sotopol ogues are defined by
their isotopic conposition, therefore each
i sot opol ogue has a unique exact mass but may not have
a uni que structure. An |sotopologue is wusually

1CO,, dO¥abelsd draahicandlemidsynd f NEgot opi ¢ i sonmer s
(i sotopomers) which differ by the Iocation of the

RN R o0 PR bl cp s B G e

elementdbaad thdimics 'boxmpémi@stbm O inCiadtopit adreeht y.g s CRRINHG vE. [GH;NHD
in the %&% ngxsle( e?qg?opo u@pt4aggf ﬁlefgr%tdob@p e|tbeps ]HQ?I 4 o;tng e,qﬂwpf o%sg’;ilcl)rhélgega of @fgre each
isotopd1651RRs b thqﬁ‘@eﬂa@{ Iﬁgs%rbuf'ﬁﬁ? nOaL REfiqhY st['&‘kiﬁg' A4 i$diologue is

exact mass of nol ecul e. " Mass |sotoponer refers to
usuallyf mﬂrvecbﬁf 4 @mﬂwff isotopimisergers kiaetopamegs)ovipelidisier byhe location of
the iso?%ﬁép%rg | moTe%m&Q% I—{I%En%ﬁ%l;l Igﬁﬁz !m% ?l]ie S%n% 1sot?polczﬁue but are
differenf isotopdrhes)ent |sotop|c conp03|t|ons unlike an

. i sot opol ogue (e.g., CH3NHD, 13CH3NH2, CH315NH2 are

p?&ct&e}st N egegs to ass 8%8‘%13'&61& gﬁ 51ﬂmrtng}%#§e g)%l%t %g%sése o anlt 1T the isotopes

in the fosatiaPgaBioldcilede £ BR 0N847 for COLNHEDI)OgUes that are not
resol ved by a mass spectroneter For quadrupol e mass

PR TS Sfeet Py 1 B o b B srect asf @

moleci@e.nom nal mass. Thus, the isotopol ogues CH3NH2 and
CHBNHD differ in nominal mass and are distinguished
as being different nmmass isotoponers, but the

i Vass pofapgmet relerripnilyphispippic ispierReids sowpedpths Rpgs of
nomin&l'rfras€ chéi‘fthatnri&t%ﬁggorﬂ&mt%l ARES iNGhdARRe ﬁfay%ﬁﬁlprlgéﬁﬁolecules of

sane nass | sotoponers Each nass 1 sot ODOI’TEf
differentigotepio icempqsmlqmi Ilrghk@ enfrotpdloghe (peg: CHANHD, | ﬁHsNHz, CH;"°NH,
pol o S exact
are palal s{hlg s eI:%lng 13(?9 nerlbgg%rg S%f?%%n& ésgteo d)gu%n% opera-lc-logal terms, a
mass 1$cﬁqioam et famiily off %fdpbldgﬁesﬁhﬂ&td 1 rd3eBed B¢ a@hdss spectrometer. For

i vidual isotop ues_.are not resolved usin
quadn@a PR P THEES s %&tgwaﬁ%f Bpans b mgs spigporpers Fsamiisy of
isotopSl¥&les WS B rIBRSmRRESRLOMRELE e 1s6t9§Blo dHe® SUCRTY LANEH,NHD differ
mass resol ution, so that cal cul ations from nass

in non‘grgjaé sresHshare éls’mguashgel, ag baieg differenbnpgsdsabepomtees, but the isotopologues
CH3N§S ot oﬁoﬁﬁé e %Hﬁmﬁgz af.rlrcg gis-lglplﬁﬁe 1’3. Sgﬁ%:&% sgltrv\%zﬂmmal magss and hence are
the samemamemo}ﬁdnas B4Ash nfiass isotmpbmer ig airw«fomymmlye&mmmdsof ingore than
one 1s§tgpolo ue ang ﬁas more than one exact mass. The distinction between isotopologues and
mass isotopomers is useful in practice because all individual isotopologues are not resolved
using quadrupole mass spectrometers and may not be resolved even using mass spectrometers
that produce higher mass resolution, so that calculations from mass spectrometric data must be

performed on the abundances of mass isotopomers rather than isotopologues. The mass

isotopomer lowest in mass is represented as My; for most organic molecules, this is the species
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12C, 'H, 160, '"4N, etc. Other nmss isotoponers are
waele@tiongui shed by their mass differences fronmP@®usins3/029526
M2, etc.). For a given mass isotoponer, the |ocation
or position of isotopes within the nolecule is not
specified and nmay vary (i.e., "positional isotoponers”
are not distinguished). "Mss isotoponer envel ope"
refers to the set of nmass isotoponers conprising the
famly associated with each nol ecul e or ion fragnment
contaifi®Nalt BCeH, Y0VBES, ekes QHBROARS i§d8dpoaiery'are éfs’&ﬂ@nsﬂrmd ay thelr mass
hi st ogr am of 't he abundances of the nass ot pponer
differepges iromaMe VI M2sgtendli ForanEyqnymass iotopepes the ﬁgatmnég @ﬂ%lB%P of
I, ", "
sotop B o SR v OIS Bt lsfBpomerst arenot
distingmgBal)i sot oponer; the nost abundant isotoponer is said
to be 100% The preferred formfor applications

YR o S0P BB BB oS o o il
assocmécbwﬁhéadhnncﬂécuﬂermbm fmahedmongtarede, where t he fractl on
t hat each species contri but es to the total abundance

is.used, The t rm,, I sot.op A o
< AR riseer iR chE S iaed e P Re e mess
1sotopoﬂ¥|&6 of iﬁﬁfoﬁ:@tﬂ@ I’I’&@l&lonﬁﬂfl ehispdtiertd 1b preaxed aslm&:nt)felanhe abundances
oo B EgBectes (Rt combel T ol I, d7C AN 00, .

most aBundant {SbtopEBher i8BE o bel 108%. I BRIREF G LRI dﬁpﬁéht@ﬁs {v6lving
I sot opol ogue with the | owest nass i s uni que an

probahilityrabilysiessch dsanass @@tqpn@eﬁ@gmbam%mmu(%Pééelsowefa 1s
propog&rg)g 2)? frgcitl‘:(‘)ngl%aﬁnc%lge %Jh%%gh@ ﬁaétﬁ)\ﬂgﬁ&t ehﬁ}éﬁgﬁ dS 8s cohfibutes to the total

the masses
abund®fcedd ned. Thser SBbOpOpEtesn aney balesed syroagmohsty whbithe term “mass
mass differences fromnO (m, n2, etc.). "lsotopically
isotoPREPERAE" refers to the state of an el ement or
nmol ecul e that results fromthe explicit incorporation
O*Maﬁblﬁt@ﬁ@ﬂlbssﬂ frefEm|t6 eidl eractintdls of tiie adotdchlat byaoies that contains all

i es,that diff f the d t
'H, PGt R EO%W%)%%W%%%?&W@OSM?@&R@ B &r@acﬁyéf and I, the
isotop c%%ﬁw@%ﬂ?ﬁ'm ! %Qﬁgue with B{&é\%‘stt mals RAGRWS ah@BantiQbhs

“I'solating” refers to
becausshamasti abgn@nelsetopmféhﬂse tlemenis aee adso the lawegbigingasynahe

monOﬁsgtgglgtlfa%% R gb%ﬁeglaheg]as Enlbra%d%e 2R &foglﬁe? ma: Q fsoﬁﬁ@ﬂ@lls Gre identified

enm cal conponen

by ther@ Rk aiffeghcenteorh ntictaelyinaktcgonponent s from a mxture
of bi ochem cal conponents. Smal l

“Isotopically perturbed” refers to the state of an element or molecule that results from the
explicit incorporation of an element or molecule with a distribution of isotopes that differs from
the distribution that is most commonly found in nature, whether a naturally less abundant isotope

is present in excess (enriched) or in deficit (depleted).

“Isolating” refers to separating one component from one or more additional components
in a mixture of components. For example, isolating a biochemical component refers to

separating one biochemical components from a mixture of biochemical components. Small
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the ternms "precursor subunit,” "precursor nolecule,"”

and "precursor” are used interchangeably to refer to

the nmetabolic precursors used during polyneric

synthesis of specific nolecul es. Exanpl es of

precursor subunits include acetyl CoA, ribonucleic

acids, deoxyribonucleic acids, am no acids, gl ucose,
quantiReRdf gldditome biochakiedl @dmpatents' masbeisestnhiartbé Bolatsddihtmical

wat er that contains isotopes. Exanples of | abeled
compoghter j ncl ude 2H20, 3H20, and H2180. As used. herein,

the term"isotopically | abeled water" is used

| A4 el RERAE Bl im bRecursalabet, Mefretursor M Qulp! ﬁld “precursor” are
content” refers to the content of i sot gpes in

used intgsrlangrabliio rpispial the mstabelic prspprenss psd dpB g PolyEeHs sypesis of
specifi %{bﬁ&ﬂfe I Mﬁemdﬁsaﬁks%r QﬁbuﬁgPiﬂcﬁHb Qe eAfCIRLBEHIRSC acids,
nat ur a Isy %I.e., rior to

m ni stratlon or
deoxyglamueleicianigls,ciming atidy ghicaseebrebiglpeiesc ur sor subunits). The
term"isotope enrichnent” is used i nt er changeabl y

eIfaBeleg LR J ag:s u%&{'ﬁe?@h r&%{setb Weater S}]‘:é?gé:h%l : So{)%r rfExample:s of

elatlon
labeled &bt mclude szm) B, 0pdne ! 8@ Asruspctmmém; the tBrmf“lsrmip&mebf ddeled

t he, rel t|ve r.ti ons, of nol ecul ar species
water'\js Higd dptprchings oly el WIRRI B ont . the rel ative

proportions of nolecules with |sotopic | abel s in
dtbdtepie béntedrerdf@ato the ositeniof Isotoptdia arhbleailt arpopulation of

structure, or oth t f th tt )
moleohlgy FHAIVE e SHETI gt e TPt ROPIED SiTRalcr e Hatiealy (., prior

to adnfRS @/ Dr codRlRE BF Rbto E!ﬂ: %efeé%?ecu{s&f Kbdnils). TheteFB Rofbe

synthesi s and/or breakdown of nolecules "within a
enrichmehty” is wsed snferchamgeabl ywith ssetopicvsingssihereinf | ux rat e" al so
refers to a nolecule's input into or renoval froma

&t?ﬁﬁg n? Clléke?ssto (}ﬁ%‘ﬂl(t)%réal gg?ﬁﬁ%@gf O%¥&§€ﬂ¥ Ty th}ﬁlli] a molecule

o and ecu
or pop‘hlamrmi af makcufﬁ, algg Itlnesneiativepwpertibns ofhmeolsarartspt@és \Mﬁh dilfflerent

soon PSR e BB RSNl SN 255 YRS €l Snemic
loci Wltﬂlﬂtthélﬂnbleﬂiﬁﬁﬁtﬂlctﬁlfm Ut 6tBer dspéstd SR MR hatdrn Fah& chinabsolute
gen |nteract|nq with the oxidative phosphoryl ation
Cmﬂmﬁﬁgﬁpﬁﬁﬁ%me%mé@? Hon transport chain or respiratory
enzyne system in the cell, tissue, or organism 10

“Molecular flux rate” refers to the rate of synthesis and/or breakdown of molecules
within a cell, tissue, or organism. “Molecular flux rate” also refers to a molecule’s input into or
removal from a pool of molecules, and is therefore synonymous with the flow into and out of

said pool of molecules.

“Oxidative metabolism” refers to the sum total of all energy-yielding biochemical
transformations of fuels by a cell, tissue, organism, or other living system that ultimately require
the involvement of molecular oxygen interacting with the oxidative phosphorylation apparatus

(electron transport chain or respiratory enzyme system) in the cell, tissue, or organism.

10
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"phar maceutical agent," and "pharnacol ogi cal agent”
wa@e@403edl | nt er changeably to refer to any chenmPCHIS2003/029526

entities, known drug or therapy, approved drug or

t herapy, biol ogical agent (e.g., gene sequences, poly

or nonocl onal antibodi es, cytokines, and hornones).

Drug agents include, but are not linmted to, any

chem cal conmpound or conposition disclosed in, for

exanpl e, the 13th Edition of The Merck Index (a U S.

[FERhg £ehi, OfphaiidceafiUsgent, Shral ‘rphamndNOLbGLGaILi@Aﬂlt” are used

) i ncor por at ed herei n b reference jn entiret
interchngerby Norvih e P E1eBLGH Erateparrg A o hesrih gpRrovéd depe or

therap%%lo%cg}]@acf ég keegmée%e s%leﬁ‘ces,rﬂotl}ogm&ﬁfcldi’lﬁl arfEbBdiBs, @§toRines, and

ecul'es incl ude, but are not Iimted ‘
hormotes). DA, ageIRS\hﬁqclqdﬁ,chlg an:sa,ot hmgieayg),, aryheheprgad gmgcpqﬂd@g composition

t ochond ecu [
actosgi 5, B SRR Tho R L g e AORNES A on, Wit
Statiort BOY, A0KA)), @ieb oﬁh@edﬁ&elﬂbyeﬁh@n&rmﬂm entixety. i nport ed i nt-o,
or exported rom a nltochondrlon If a nltochondrlm

ecule j orfed into a ondr i e

TRGehenini moloie o elvs B Ayt Tee R BT paCRmolafR, o7
mitocHBh@S&ES IBAPRE f mitdotRdndrial rﬁbl&@ﬁmmiﬁdié;l Ibumaﬁet, hnhntedl tb KBNA,
manner, once a m tochondri al m)leqcﬂéi S ex ortedigrom

RNA, groteins; fpidamad cerohydiates: hegpitRshen 9 hpgyntgpsized or
degrad%&¥vAer g Bﬁo%ﬂh@ H@s?z%§ 8F dedM de@hRR théhitdiRRER, Of

toc hondria are the organelles of
1mport<e& nrd@,tdr vepqrted Spho ryhitichoniriand 1 witprhondunl niqieqyleis pryported into a

karyoti.c.cell .
oot MGt SRR g A EATRP SRR s B R plkgfyd onee
withinRNAtodAbAdrRil Bsace.| Inflilsmarmee) onddethitodhoaddiad meri¢cale is exported from a
nDIecuIes) within a cell depends u n:éﬁ ype
mitocldri fo PEOSIXR RSBl P of HBY Babe IR SHTIN o
di fferences in mtochondrial nmass have been

MitocHSHIRAER HhtioB ko Abfob@IBédhar@e! | types, under resting
condi t1ons, the n1tochondr|al nass of each partlcular

cell type is characteri |$ ge g |c flieess t 1v all
niiitoebroNin et th%%%ﬂf‘éléﬁe &t %FVP gheeheriavife apd 5 présgmt g nearly @
eukarﬁ)tﬁ %la]!ls the SR HUEndrA mad (‘ijélt {h¥ QuitRir ahRhsiaviar coﬁﬁfoﬁ&it@ including

activit wever, a ch ange i n aerobi ¢ denand

DNA, dU@A; proiams,diplds andaoﬂwmgltfpﬂha@@tﬁl medasules) Wisipe cell é%mné%upon the

cell typg? %g&lll‘fﬁ ¥ c@ %(‘?Tté}sss Al{ilg‘&glplgfgé déi?&%r%e% %rﬁﬂlt ondnal mass
have 56 Soddﬁibhfbaﬁ“&sdlfﬂareﬁeﬁﬂiam drﬂielalesmltg aonéﬂaen&; ltlﬁenltochondnal mass

traini ng for i N
of each paREHER VP hEaTTI EH%OP%E{&%% ifgeippciol mass
generélﬂﬁ&%ﬂééfé ¥ cBMetly 88a cdIEsHRSIe forlNigative ﬂi&ézﬂ@hbmfoy adbbic activity.
tochondria) nass to the aerobic demand pl aced upon a

tlssue thereby modul ating th capathy of. a tl(f
f Blowsxerdachapae eacsaios davand; ¢8- SuriBRPOLKEFIRng Pirced upoy a tissue

such as skeletal or cardiac muscle, has been identified as varying mitochondrial mass. In

general, mitochondrial mass increases in response to aerobic exercise training programs, for
example, and decreases in response to the deconditioning that occurs with inactivity such as
bedrest. This adaptability of mitochondrial mass to the aerobic demand placed upon a tissue,

thereby modulating the capacity of a tissue for oxidative metabolism (its aerobic capacity), is a

11
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characteristic of oxidative biology. Mtochondri al
w@eoapvadiul ity has profound inplications for heemENS2003/029526

health in the setting of the progressively nore

sedentary |lifestyles associated with

i ndustrialization and urbani zation, as is occurring

internationally. There are several unique features

about the biochem stry of adaptive changes in tissue

m tochondrial mass (Attardi et al., Biogenesis of

fundand¥dnta® 6R@TsAe o MIdARBN bicddy. Biltbchdn BB aWabﬂ@t& 9858})r))found
First, mtochondrial DNA I's separate, and di stinc

implicatiges fos huap Bealibfin hasaitpg f e PETTPSIIVAR TBRIA e Faaﬁ}l egtyfed
assoma%ﬁﬁg Qnﬁlfk%u&&’&ﬂcﬁﬂﬁam%@htds@@@dch%ngtlﬂt%matmnally

rla genone Is circular rather than arranged
linearly within chronbsones in the nucleus, is snall
(H@reme keyeiah unigné fratusgs abowibe igchesnisieefagdaptiyeghangss in tissue

mltochgngm i ‘ina%so @#ﬁ?&l el X l%&%ﬂ% fn}% 1%59%1‘1?1 B dEsib7£989-333

erent’ rase ol ymerase -y)
(1988)). hm’st | rﬁltcmheﬁc&ml DINA tsh;eparate landi distiurd fiosn tha nemdinded of eukaryotic

cellulaggﬁ%% A ggegvg ?rg gl 1téqnggx‘Aﬁe gntﬁ{:}thoo érlae‘\;l %%nome is
circulak keﬁﬂf& @hatn‘hrﬁhgéélq{iﬂ vathinfhifdnsysbinbe i the nﬂ'd’lalsf pinel (1EMB in

replication) depends upon primng hy DNA-based
animalg\ngmmnazgdde pp@pqrgﬂ\%ds gimqfﬁcqypletﬁé/ P?I@é‘% llndﬁtl"%{ﬁdls synthesmed using

TR N5k 5, Mo e B i s

materrraﬂp and atlemndentlytaf anslear rputosmprmqﬁla Mprgorasonitphandrial DNA

synthe\%ﬁ észl?[{kﬁgn Igft ct}%glghg gﬁ\g Qetcsﬂso r’i%r Ifgjn% %A%%&H£ﬁ§ﬁ)§iepends

upon pHnkIAE B MA@hSGRM&WﬁJ&ﬁﬁhm (CHaymi Dy, Rephiidtion lnod di ranad:rzptzon of

oG b Bk i R ST N e o

replicdfidh-on P4Rlcr gg(ﬁ‘i Rbudih QG&@Hﬂfe' 1ﬁ&ucﬁbﬁ’Bﬁn&%a@ﬂ@mtochondnal DNA
synthesrzed from cytosolic messenger RNA tenpl at es

synthems ivdign dreecell fs sigmahing dlre need farmenre miterkendrighiN é@dmh@ms Fmally,
i RESHETNGGEpe o P05 PRI A 2 8 ot s

unlikeAhitahendral DAA. , Osermow of Iﬁitdcyoﬁir&hpioltelmmb gyntlodsized from cytosolic
(essenti aI enz s_af mto dri al

messciig G {4V LGRS byHPOET R A BRAT FSGeS puites

Proteif$ §y‘ﬁ9ﬁﬁ9&f indhe %‘?\Q&o‘ s3SI inpbited QY hitéchohfiisee Lee et al. and

m t'ochondri al are used for the proteln synthetjc
Attardagipals ms) (Quly a smpB pumbered depsentiahengymgsof pitoehpydrial oxidative

metaboﬁérlf? g{ coded ] dJ Iﬁftoﬂ%ﬁ&gﬂ G96A RWst dithS Rebibnalinanbs tﬂﬁﬁsﬁcﬁg’cs

I screte mtochondria exi st and
derivedaim miteclonisalDNAoumisab fe thaprotihaymthetia kppatbeleg.ifer ribosomal

i ncr beI eved to Rﬁ%\n oversinplification and
Ortral?sﬁ cﬁ@cf%t O%Wesgf’nger chondrial DNA Ml ecul es
and Virtual Nunber of Mtochondria Per
It should also be noted that the model that discrete mitochondria exist and that there is a

countable “mitochondrial number” is increasingly believed to be an oversimplification and
incorrect (Robin et al., Mitochondrial DNA Molecules and Virtual Number of Mitochondria Per
Cell in Mammalian Cells, J Cell Physiol 136:507-513 (1988)). Mitochondria in a cell are

~ connected three-dimensionally through a reticulum that probably allows the flow of materials
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allows the flow of materials 12 WD 2004/ 024941
PCT/ US2003/ 029526 anong the conponents. Because
m tochondrial DNA exists as small circular genones
that are present at many copies per apparent
m tochondrial "unit," even the DNA content of the
m tochondrial reticulumis probably exchangeabl e
among BRI MBSO BePRARE iRcTRoREI DNATGests by sreall disculay gérloals ¢hat are
techniques for neasuring mtochondri al or
 presentzg¢ pjapy eqpiesrper apparent mifoekendrial GRE. f%%%ﬁ?élcoms%’é&&
mltochlc){n&ai reiB YA Brobhille %cﬂaﬁ%éiﬁfelﬂeﬁ‘wécﬁtaHE hmbh@BorhinkRS! | Ng
m c processes: Typl t hese techni ques
neasure | evels of such factors as mtochondria
dShledaltrq:mb' avemmsln(i@mg for ragapyringemiQehondiaad magy or activity are all
limited 1 i3 886 dr%rll %al 168 ectO{ % El@taﬁb iPitYre %ﬂl{&éﬂuﬁq 1Ieﬁ€ct1ng dynamlc

Pof p nonment .
proces@F AWy EEAIBN ﬂaeséneahm«pmb medmralevdasﬁsuch faqt@s ps)mgecltogdnal ox1dat1ve

- aerobic dema i nval ve anges
enzym s egio e SR FapRon ol of PSR p By r AR
conceMH&Mé&t A'th& dhGHRGH S Howbas daptaiials it efifoch@idtis)mass in

There had been wuntil recently, however, no may h
respongesio@grobicrisneadeivelye kylﬁtlml@ns%& e-prhemgergipobzcular flux rates,
: 8sahefcthad b
i EIRP s ERATEAR I PRES! iontt et dad v
until reventlyt, hewtvea) r@(,WQrt}D aéstelsasthd ratesotfispathestis ertvaenidywe pf mitochondrial
m tochondrial nass chaon
compepeep bt Ratiay Bieefiat P ARREN RS lofonrial mass or
the traj¥ioB (IR EfdcAbn HBEGEnEd) dNGEBcliondHiAINes SEmﬁtOChdnth&al dynamics in
synt'hesi s and/ aor d%gradatlon of . mto

respOTRRociEGHRTIIE AT RS S90S HIFOCHABITARISE dpngfid gesponse to
the Sy&ﬁ%ls%ﬁl%? H%%Tb&h\(i%ﬁ bf Ao BiAUiSlGRo18RALOdS for assessing

nmet abo tness by neasuring the rate of synthesis

or degradatlon of_varlous m tochondrial nol ecul es.

x Hos R IEGHELS nol ecul es include, but are

not I|n1ted to DNA RNA, |ipids, carbohydrates, and
proteins. RNA includes ribosonmal RNA, transfer RNA,.
aTkb presacingeartioRifoviddspnaisods fio assbesipg tmplhollq faingss. by measuring the

s o e A AR P N RS Pyt miochondi
molechfe@fh%ﬁl@é tbu‘€ BRindt Bided RVIDNXERNIAN 1ipiik dﬁfbo‘h?drates and protelns RNA
p osphor ation aeroblc respiration). . These aubun

includbmbase@aLRR e RN 56 FestRESE RN d&uds Dalyfnphosphylipids.
Prote1§8n@l£ﬁ@§tﬁ)unﬁéngé b iRb nfabroMbr@sfr corﬁfale’é%'cB%Egﬁm%the electron

rone ¢ reductase, and subunits of
transpoetdhaih askinvbived meom@@e phosphorylation (dexobilt xenieptien). fldyese subunits

inclu Sl?es Sls gpcyqe ctl'n?cprgcle & 8x1fd£sten§3u%§m9sr ofF§ W"Iqjage deNRad o Pf | RTPase,

subunits of cytochrome ¢ reductase, and subunits of NADH-CoQ reductase.

In one aspect, a method is disclosed for assessing metabolic fitness or aerobic demand of a living
system by administering an isotopically labeled precursor molecule to the living system time

sufficient for the label of the isotopically labeled precursor molecule to be incorporated into a
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system by adm ni stering an isotopically |abel ed
precursor nolecule to the living systemtine
waedotiozioent for the | abel of the isotopically Pebebmd3 029526
precursor nolecule to be incorporated into a 13 WO
2004/ 024941 PCT/ US2003/ 029526 m tochondrial nol ecul e;
obt ai ning one or nore mtochondrial nolecules fromthe
living system neasuring the isotopic content,
isotopic pattern, rate of change of isotopic content,
or rate of change of isotopic pattern of the
mitochmdrint moiﬁdu]ieabbtminingcomb o1 marednitedhoudrizl imvdectiles fioat the tifing system;

hesj dat n of the.mtoc dr.i al
measufl e GplobiccFontebE SoRhit el tod PsBes SHSlGht forversenmanig of
changeQf idotpic pdtiéter thy MiitdfRondrial AbTedRils bad bzﬂ@ﬂitﬁlg&hé ta‘t’d &¥Gynthesis or
system an_ | sot ope- Label ed Precursor_ Ml ecule

degradﬁt&weqf e mitechopdig malecals ip assess metabalisfngsy B’é@eéomg demand of the
living dkfepStrated in Figure 1, the first step in neasuring
iving glggsynt hesi s, breakdown, and/or turnover rates

i4vol Wdifmdwng toet kiving amteinsmfotpfepet é@lml@ﬂPipcmdeecule

ryo Eacb% 1o aSI [ volen esystem The isotope | abel ed

o eCiPLP S S II%ETHE be a stabl e i sotope or

r adin.oiZswdpefigbeld sot ope | abel s that can be used

i hcl.ude are not limted to, . 15N, 180, 3

K lhwéfa’@es izl thasfrst sigp in m%ﬁsun%ﬁ wnf 8 Jpeakdgyn, and/or

turnov&! rRREM SIvE bR RfMierid} AliSAGYLlabISE ﬁ@&nsdrrﬂncﬂ%le to a living system.

enbodi nent, the isotope label is 2H . Precursor
The lsqmeé@hﬂlwrwoa odestiteanashis @%@hl@wﬁr@ye béraémsomﬂee dngtape labels
| 2body. ts fs A4c 35g 32p 1257 131
i cah B RSP R 0LE RO, 18, LRI U, 7 o

other isobapied yfcﬂémemspxemworgmemteaﬁs di scl osed herein to

form,i ot | abel e rsor nol ecules. The entire
In?ffeee&h”é %@%@Bel%ﬁgl incorporated into one or

nOr g FrbsdRMbibales nol ecul es (e.g., mtochondri al
nol ecul es). Alternatively, 1portl on of the precursor
ot PEIEOr malecwe maydeapy elesyleithatds meabelizedis the body to form a

mltOCh:EHI}]% ?gﬁmg S? ll%o@eﬁgl%é’lﬁqa% lgs%&' 503191%:6 ?’i\lﬁﬁék@@?r%gcules disclosed

herein tcaﬁptraua@mpleﬂ@eledauMOe moﬂmltey acids. i. Water as a ,

AR Bt g e e becfeBuRoET a8 chanfe Pl ong
molecudes (e.g., mitochondrial molecules). Alternatively, a portion of the precursor molecule
may be incorporated into one or more mitochondrial molecules.

Precursor molecules may include, but are not limited to, CO,, NHj, glucose, lactate, H,O,
acetate, fatty acids.

i. Water as a Precursor Molecule

Water is a precursor of proteins, polynucleotides, lipids, carbohydrates, modifications or
combinations thereof, and other mitochondrial molecules. As such, labeled water may serve as a
precursor in the methods taught herein.

Labeled water may be readily obtained commercially. For example, 2H,O may be
purchased from Cambridge Isotope Labs (Andover, MA), and *H,0 may be purchased, e.g.,

from New England Nuclear, Inc. In general, *H,0 is non-radioactive and thus, presents fewer
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conbi nations thereof, and other mtochondria
nol ecul es. As such, |abeled water may serve as a
w@e@aieeaer in the nethods taught herein. Label BCI/v61083/029526

may be readily obtained commercially. For exanple,

2H20 may be purchased from Canbri dge |sotope Labs

(Andover, MA), and 3H20 nmay be purchased, e.g., from

New Engl and Nuclear, Inc. In general, 2H20 is

non-radi oactive and thus, presents fewer 14 WO

2004/ 024941 PCT/ US2003/ 029526 toxicity concerns than
tox1c1ty a@hoem tHavieadBbinfive 2HZN FRE ey rdwdinninistesxdefby efample, as a percent of

t of total bod
R L NIRRT e

day, 3@&%&1&@@ 20360 is SRYumeh). W50 /id §1818d,3hR0a héh-©RARSMIBRE, which is
3H20 is utilized, "then a non- t oxi C anount , which is

readllwmmi@d@@ﬂmswﬁédll by the letisie agnigeed. in the art, is

a@ﬁ%@%ﬁ éﬁéody%git%%%\qgﬁfﬁé 9@0 gld(x. wgty Rl tsgtgle I‘EA?H%%H? water is
labeled) a1 lﬁ(h):hlﬁw}d iningathbicekndquas oif thy ibventive.cinis gaes eofichieat is

invention. ter. enrichne
rlativEIg GRS Sitht e AP Sy Pt S AR Lro8 Gt npgpns and
in exp¥ERKSal QhintI W iiBout AnYeWTBGRe BNxicith. TKREMAMRHA a|larg¢’1m[fﬂﬂ>e$ of

W t hout any evidence of toxicity. This_finding

humar sybigets o ABE Peaplc) inRamEATYS0 BevEaUs cwem@@b@édﬁﬁt&“qu doxicities at high
doses ?P@fzba% fi0arlpd 180h gfé%ﬁe?é?lctﬁit'% lcﬁg%gtr?&)g@f? 4B i@body water

Citires at Igh doses of 't cants have
enrichaliesteoy preechted i@t &y lhmnlgadasnlsmﬂoaj in hlan]@,e;bvldﬁ?d dnsely). igh body

water GoHchi hgttse Bgtl—?zéj;caf) rP%\éﬁ@gﬁt“s%e‘é Iw\lltlg 518 éo%%lglgés o?%xarq?leb théa low expense

of comMMrEibllE BvaileHIEEIICG altdwsAbRE tepid indistenaice baemeﬁmmttq fn me 1-5% range
toxicities. For exanple, the | ow expens of . 2

at relaBHEPRERSF (&a SHIaBIREOTS P15l H{OPSHES (g MR labeling at 2% Hu0

ennchﬁﬁi'n{‘ E}ﬁﬂﬁﬂ&?@% B RhmERTR mesalérf‘né ﬁ@ct&so@ tﬁbélaﬂﬁﬁ‘ foraltZ hours labeling

ati vel y | ow expense ( . 9., cal cul ati ons reveal a
of *H-levvige atcié%h frboleuginpromidhscni bed thig 740 engchpgat in leucine precursor

16 qétchne t, and thus 7-8% enrichment in the al ani ne
pool 11 B PFEAY" pool , than for 12 hours |abeling of

2Reelbgvily highahd dtivblyaenstenbode weter Emirirerehts farmintihissation of

o7 8% h | euci for that
"0 A0S REMH IV SRF O ThRBE 2 1 S abhACRRP Byt o

Slgmf\e@l{t%almgkggqqgguﬁ for adm nistration of H2180 may
al so be acconplished, since the 180 isotope is not
t batieted veater mneke yred ap? BepsmnivasaknTeRITIor derfRoshelassenof i sk

mltocﬁo%dﬁalrrﬁglgules Label ed water may be used as a
ear-universal precursor for nost classes of

m t ochiartwied, QtigbRolkmaeleotide, Lipid, and Carbohydrate Precursors
In another embodiment, precursor molecule.s are precursors of proteins, polynucleotides,
lipids, and carbohydrates.
(a) Precursors of Proteins
The precursor molecule may be any protein precursor molecule known in the art. These
precursor molecules may be CO,, NHj, glucose, lactate, H>O, acetate, and fatty acids.
Precursor molecules of proteins may also include one or more amino acids. The

precursor may be any amino acid. The precursor molecule may be a singly or multiply
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ii. Protein, digo/Polynucleotide, Lipid, and
Car bohydrate Precursors I n another enbodi nent,

w@e@aeear nol ecul es are precursors of protei NBCT/US2003/029526
pol ynucl eotides, |ipids, and carbohydrates. (a)
Precursors of Proteins The precursor nolecule may be
any protein precursor nolecule known in the art. These
precursor nol ecul es nay be C02, NH3, glucose, lactate,

H2O, acetate, and fatty acids. Precursor nol ecul es of
proteins may al so include one or nore am no acids. The
deutereﬂécféﬁﬂihls aéidnﬁ)ﬁke) Becanryr Iﬁfmeaﬂe #aind or Toee @i '8Cdysies *N-histidine, °C-
. ecul e e a.singl romulti . 15 WO .
serine,J (bralyomad Hirlcpeine. LSS EhRIS2 S5 Bz %{l‘-%g@é‘e‘gae’ AR Ay dpgtegpted amino

. ny [ 0 o n . i
- ook e e queated
amino &iNs. gAY dsotpe 1di8Ted prenuisors maHE: Prirehasef] ¢ammerpigllnfgr example, from
deut er at amn acj Label ed ami no acids may be
Camb%‘gﬁ%ﬁﬁ‘%t%l%eggaé’a@?‘goﬁ%% 5le, undiluted with Y
M- plediisdi atodstuleamyndisceintldde anyl predusair dprepokiateisiadonal or pre-

ﬁansla%;%%%rm? zgé]@g Eg ggﬁ&%gg%ggrgmﬁl gumffng%égé%lp?écursors
of metRYISGIH SR aﬂgl{y_@iﬁe,l i 1B PrdciBbrIE hadsx PaesH 68dras RO or Oy;

post-translafional or pre- - translationally nodified
precursqrs pbphosphbsylativre sechys ebopbaestliier Yu@resyisorad Prgylation, such as
fatty aLi'dmatc&Qtetﬁigg%ﬂf)lsﬁétﬁne lggdiégeélﬁé’d BldrFRhcRNE Br@orBlaidt ne,

serine ot i précursors of yo?roxy ation, such as
carboxhiBBony subl? as COB,E0H50s & ghicoph psyehseslofin¢atylatian. stehas acetate,

hosphat.e, H2 r 02; .precursqrs of | at |
ethand] SBEE et ductie i A B Pl B S Bl gl
modifhtisiRkBewRin theWgt ose; precursors of carboxyl ation,
such as CO2, 02, H2O .or gl ucose; precursors of )
a & Jaszrci dabolng Prest Hrlatenyno ot A8 be g ELexperimentally, or
may b% Eéétﬁﬁtgé Base %fltﬂ?é ‘tﬁhggfla??lélg H2Q in@2mify add: F (ﬁf"éﬁar?ﬁle,e\{fhen

ost-transl ati ona tions known in the art.

using iyrzogtagsatepes s h &ibel, thedalystiog present in €rkébordsiof Geaaming agigyor, more

.be det \ ned_experi.nent al | r2 .
et SRS SRR L s 1 OO oy RERLTRE Ot
The t?N ARIbEs of W EIbondS Inn@clhyiel @geitial aninopeis igkncavi el 4 irt diaine, 2
) | abel ing present in CGH bonds of free amno acid or,
in glygipg.&tc- speci fi cal | y, in tRNA-am no acids, during

eXROSb G sdrIAERR: fon pRAGNs WA B whRY, IR hydedpleh hioffd-on G-Bbonds

total nunber of G H bonds i'n each non essential amno ,
are thalkyddogen akamaswn amiso geids that are apefpl fapmesgsuring prgfgie pyighesis from “H,O

since ﬁlte%-H and N-H bonds of peptides and proteins are labile in aqueous solution. As such,

the exchange of “H-label from 11,0 into O-H or N-H bonds occurs without the synthesis of
proteins from free amino acids as described above. C-H bonds undergo incorporation from H,O
into free amino acids during specific enzyme-catalyzed intermediary metabolic reactions. The
presence of “H-label in C-H bonds of protein-bound amino acids after H,0 administration
therefore means that the protein was assembled from amino acids that were in the free form
during the period of H,0 exposure - i.e., that the protein is newly synthesized. Analytically, the
amino acid derivative used must contain all the C-H bonds but must remove all potentially

contaminating N-H and O-H bonds.
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The precursor nolecule for proteins may be water. The
hydr ogen atons on C-H bonds are the hydrogen atons on
w@pdiono24a¢i ds that are useful for neasuring proPEI/NS2003/029526
synthesis from2H2O since the O H and N-H bonds of
pepti des and proteins are labile in aqueous sol ution.

As such, the exchange of 2H I abel from 2H20 into OH

or N-H bonds occurs w thout the synthesis of proteins

fromfree am no acids as descri bed above. C H bonds

undergo incorporation fromHO into free am no aC|ds

ik dPen SRAE fhdrk bedZARr B8y bt nzegoiarddantoettieamyino acids. ’Hor°H

nmet abol i ¢ reactions. The presence o 2H | abel in G H
from labehed 37atst ciyt eniei PO AEAACHRS 1A ARSI RO gh hegpotions o

mtermélﬂfﬂ:g %e%atbr ﬁ%ﬂl Oyt 21136 P CARRt é'fﬁél‘]ﬁtotalﬁﬁﬁo A& tﬁﬁtchtr@pr@séﬁ@ﬁl peptide
: ass ed

romam no aci ds that wer e in the free form
bonds chthairage bdlmdp@tramsderd?fN@HE@e @sgenidal mmino 4cids may inearpemkte a single

hydro%a g@xerﬂig?rp?m?}/ W@%ﬂ géca bo% Mrﬁt h&?’{%wacg{qg ?eve%qglg 0

- transarRinhtidAASictiofNOFRe ﬁbﬁ-eﬁeﬁt&m hmﬁiol aylds (comtbmm It gy b and

O-H bonds. 16 WD 2004/ 024941 P 3/ 0295 e g
metabqlipallpechangeahls oMM aécwe?n%}a%ée? R 861??‘}12?9:}? geribit higher
isotopit @ﬁﬁc}ﬁﬁe‘?@vﬁﬂés%r Afolddile fdh L0 neliPdntirbigtEstowaiser

can enter 1nto free amno acids in the cell through
tqanee ofskidt inghsarbvill reeegnigedha ﬂﬁ})?e}ﬁéthé(éiﬂglf’% tomg éqomzwdd rWat) may
r S
v i YRR 0} D IR B bR RO o
k_nownaﬁ $1&:|’H11 thht laidiropen abindsroma ywafenowey o mpmoraae@mtmletamate Vla
drogen atom from body. ter.into t carbon C-H

synihepyRHe PHOBEGHCT #@Eﬁnhitvterlaxvfz@r%‘i%a@d ey PR g s knowm o
be the 5&)@1’1‘5&119513716:&:155%? f(ﬂ'%‘ﬂlt@rﬁ e 'Hrbl@ﬁe, & Aindfel By \A&Q'&)‘f&ihdih@ example,

| arger mber of “netabolically exchangeable C-H

hydrogmrmns fofm body weter waH bamsoMREFipfoposkipemsiagignally modified amino

i SN BB PR 50 P g

hydrogflyside, hd éthers.n©ttger brmitol dcids e;uﬁgdfsnszlﬁtlﬁ*m ateddneivado those of skill in
hydrogen atonms from body water nay be incorporated
thearti nt o ot her anino acids via other biochenical pat hways.
FOLy RN AL, D) hfhy aksB Déndofpokrdled Aid arhidtaciay thr@@@enzyme-
atons fromwater may be incorporated intog glutanmate
catalyxddaeacsipny. Fes pammpie, pmgepreé@wg@mt%ﬂlﬁ rbaTicragidgnpiftytoh gmino
Vo RePRit
sids i b A L S PR B, oo SUBRA beBo amine
acids ﬁlkgd)\nm teeoneByf skidlyin dife aain dddygen emmsphae' alsolbpdnqg)g@ﬁatad miggamino

it BB e SRS B Rl Ry oy o
other pRREtARIANOhalGF MBPifed adidRIcAdy). - hi St i ne the hydr oxyI
group i n hydroxypraline or_ hydroxylysi and oth

CHsdrosemiraepsbaly fpmdahdedsiatrniisdlsh be lepgfRpFateg o ainino
acids {hp&%ﬁ pggt-trc‘alﬁlslla{loﬂaﬁ‘modlﬁcatlons. In one embodiment, the post-translational

modification may already include labeled hydrogen or oxygen through biosynthetic pathways

prior to post-translational modification. In another embodiment, the post-translational
modification may incorporate labeled hydrogen, oxygen, carbon, or nitrogen from metabolic
derivatives involved in the free exchange labeled hydrogens from body water, either before or

after post-translational modification step (e.g. methylation, hydroxylation, phosphoryllation,
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the art. Oxygen atons (H2180 nmmy al so be incorporated
into am no acids through enzyne- catal yzed reacti ons.
wo-e40xmpl e, oxygen exchange into the carboxyPCTUSZNNE029526

noi ety of amino acids may occur during enzyne

catal yzed reactions. Incorporation of |abeled oxygen

into amno acids is known to one of skill in the art.

Oxygen atons may al so be incorporated into am no

acids from 1802 t hrough enzyne catal yzed reactions

(i ncl udi ng hydroxyproline, hydroxylysine or other
prenylddies | sulfhiddts tabbanaldnyadentition &d ot hiwvacpudsiranstdfidnalgen

and oxygen | abels from | abel ed water may al so be

modifi¢gatieaPpor at ed i nto ami no aci ds through

post - translat one enbodi nent,

t he post - tl@P; at%ogn:{dw‘lérfgptlsl%/%oflg% may al ready’

|"Eimlpusi¢arsbaineleeuie myagringede compongiieef dligeon golynucleotides

(oligo lggtﬁ] f:aéxﬁlp(gﬁme% (I;](Vd\%XJtS% el?L{eéC an%ﬁ%ngfqﬁtthl% ﬁcﬁ'ﬁ&t)at P&Qﬁdcleotldes

1nc1ud63@§ﬁmtaﬁ@'ﬁ§ﬂnﬁtdmﬂtaﬂses dﬂﬂdlrfbb&aphdsphamb'ackbm&r (the ategursor molecule -
| abel ed hydr ogen, oxyg? ar bon, nitrogen from
may bmya)@bmuelema@mrww CHlgdnowy i ﬂ‘etaﬁte free exchange
gir&@réay%%a% of pARRANINGH S be €D, NET;, fred @2ggmeose lactate,
aft post -transl ational nodification step (e
H,0, ansstthylfetanedodich guit Bity peids, @hcinshsisphaier Pﬁﬁ Fhino f?ldwand
h 904/ 024941 PCT/ US2003/ 029526 prenyl ation, sulfation,
P ospha
car boxyl ation, acetylation or other known
rRrSctursIolr anddcatds oﬁpélynudndmﬂemmy dssincludp pnepvrentm) swelgoside

res1duqsn %gg%%clﬂe s nilﬁy alﬁoebggmg ;(:)P h %?{/Wnngoggl% $ %Yeomde residues.
GlycineQdsb&1#) ‘"glhﬁéﬁlin@ CondNélnQirralak efot b}dlﬁlpllﬁ @thy be used as precursor

i nter chan ea in this context). nucl e?tl de§3
molecmlmflw@nwngsaeé Py phosphafe dad B%@E%‘e gexgmple, may be used as

precur%&r %%&u 4 ng[i’x{l'ne o%%‘ggg OR@enidd) %dEHo%ﬁlH r Qigﬁlngoéu‘ﬁﬁ&ln% c

pol y precursor nol ecul e known in t
cytosim; thymTﬂrce opﬂﬁvuudlwmayrbb gveh @spre@frsqr@qlmhsé@t deeémlmycleomdes

ur ea uc Iac
All 1505%%}%& H{gc‘tuas‘%s 1}516)68 urgl}? € mergléill LSi % ali%?% from Cambridge
Isotop8 U (Adieve Mahher am no aci ds and phosphat e.

recursor nol ecul es of pol ucle tides
s s o RS B ke T S soms n 1
bonds BF ﬁ&lgﬁ%‘f’éotlﬁpé BEYh&IedIRiLs, 2h@ BudlEotRI8 @ Riic1ETRIR pERURGREMM Bbe used
eosi dé residues. . Aycine, aspartate,
to meaglnstpatinnelcotidebyntbesiy figw HsQ 618 bordsrundsrgmskhanggbjorpdlO into

polynuc?eoglde preglrlr%grlé.r TRE presence of H-label in C-H bonds of polynucleotides,

nucleosides, and nucleotide or nucleoside precursors, after 2H,0 administration therefore means
that the polynucleotide was synthesized during this period. The degree of labeling present may
be determined experimentally, or assumed based on the number of labeling sites in a
polynucleotide or nucleoside.

Hydrogen atoms from body water may be incorporated into free nucleosides or
polynucleotides. H or °H from labeled water can enter these molecules through the reactions of
intermediary metabolism.

One of skill in the art will recognize that labeled hydrogen atoms from body water may
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nol ecul es of purine rings. Carbanyl phosphate and
aspartate, for exanple, may be used as precursor
woredoeoedoes of pyrim dine rings. Adeni ne, adenoBCTES2003/029526

guani ne, guanosi ne, cytidine, cytosine, thym ne, or

thym di ne may be given as precursor nol ecul es for

deoxyri bonucl eosi des. Al isotope |abeled precursors

may be purchased commercially, for exanple, from
Canbridge |sotope Labs (Andover, MA). The precursor

nol ecul e of pol ynucl eotides may be water. The hydrogen

be inco&p&ﬁﬁd fxito Gther pdIoMascotfiespmhoisvtidbs of hutdsides via various biochemical
nucle03|des and nucl eotide o

| i.d .
Pathwaaﬁeéarr SoFBlenalycive HREHIC, BTRASHE [HBRYRERIgE TRigh are known
precur&% %J@fﬂé o%faﬁl‘fﬂezrh%g ChrbEnlPRbep Wﬁfd%_r%ﬁié@ %f&@alﬁf)l@nére known

I'ynucl™eoti de preecursors e presence of
precurs_liﬂm®mles |0|ﬁ p@ihidirertihgs oRibest Wﬁmb@@phwﬁhate and their synthesis

nucl e es, and n pH Gleosi de precursors,
pathw"g'fs 1 aée P‘-’ea‘%ﬁs%s gfé:Ol?B%inegﬁﬁ refore neans that the
ptokyg&nl atoast(Hg'€oyany sigobh mo@enhtezlim’tormnlyﬂmmo@cmm agtleofifies, or

W W TN T T

Oxygeh%ﬁﬁ‘lllé 18 330,88yl dlscPbe iRQIrYdEICH BAb hdcﬂe&fde@blﬁbﬂﬂﬁi\@&‘eactlons
Hydrogen atons from body water nay be incorporated

includingmenfenaanatigaxidstpe eesctyins (pelnging oridatiyianagojugh asfqrmation of
8-0xo0- Eeﬁﬁ[ﬁé Ahglied 0%#2%[1 b&R0 LRI Eotgse nol ecul es through
the Teactl ons o |nterrrecf|ary tabolism One of
skotope-labelel preantsomsinidy alodegniozporetadintd a@en@ébomyl@m owdeptides, or

f /
ot SRS B Bl A A0SR o

modifie@tions ek 86dur dREr syhthedieot DN AImoledulésu dlhe (ﬁfdtal)ehc dérdvatives may be
vari ous biochenical _ pathways., For exanpl I ipe o
methylaigdiases meluging: Bingblimitedio; @ethylardraosmat g"he Wistabplisgivatives
may aﬁﬁ S Id%%?y&%@lrﬁeg@és%g Yh@SdiRd, bREdt mﬁnfeﬂ@&%—o@g]ﬁﬁﬁﬁe Those of
at e and aspartate, for exanple, are known
skill 1Ipthe @11 veiBreadily eppreeiste difat feritel tiapde ioatporated dbing samflesis of the
diflohd | bose phosphate, and their synthesis pathways, are

wodifegliofh precursors of pol ynucl eoti de synt hesis. Oxygen

at ons ( H218Q) PreayrsaksSop Lipedsi ncor por ated into

pol ynucl eot i des nucleot|d S, nUCleOSIg hrouq%
e R R URTOy & S TR 38 AR TR & LT Bl gt Lhe

precu&&qﬁﬁeédlét [pﬁﬁQrYé%z be Oy 8@, Qﬁm 1hdt428) }?ﬂ%cé’tﬁh‘ Al FAty acids.

be incorporated into nucl eot1des é oxi dati ve
The preeurserimasalso inplefebelgd Wéwr,@ﬁqulﬁhbf 2@ X daparatedh water), which is a

precurfsglf'f%n}a t"a:&grsﬁic%l%,r@c%%l %1&'2 bf’:?ctyi %fgc ﬁacgrﬁ)'les r&n@ﬁ% derlvatlve?s 3Cor

O0X0-guani ne oxI di zed bases
2H-labeiedl fetty acddss yhich are precursors for tnglycerldes phospholipids, cholesterol ester,

coamides and other lipids; BC- or 2H-acetate, which is a precﬁrsor for fatty acids and cholesterol;

180),, which is a precursor for fatty acids, cholesterol, acyl-glycerides, and certain oxidatively
modified fatty acids (such as peroxides) by either enzymatically catalyzed reactions or by non-
enzymatic oxidative damage (e.g. to fatty acids); BC- or *H-glycerol, which is a precursor for
acyl-glycerides; BC- or ?H-labeled acetate, ethanol, ketone bodies or fatty acids, which are
precufsors for endogenously synthesized fatty acids, cholesterol and acylglycerides; and ’H or

13C-labeled cholesterol or its derivatives (including bile acids and steroid hormones). All isotope

19



| sot ope- | abel ed precursors may al so be incorporated
i nto pol ynucl eoti des, nucl eotides, or nucleosides in
w@omboeepl i cati on nodi fications. Post-replicatPCNUS2003/029526

nodi fications include nodifications that occur after

synthesi s of DNA nol ecul es. The netabolic derivatives

may be nethyl ated bases, including, but not limted

to, nethylated cytosine. The netabolic derivatives

may al so be oxidatively nodified bases, including, but

not limted to, 8-o0xo-guanosine. Those of skill in
labeledigiouiots hy be piaaktistd canppereiallgtfor &Xaaipld, fienl Ghebridgeysdiepe Labs

i ncorporated during synthesis of the nodification.
CAH&ﬂ@bﬂﬂﬁyecursors of Lipids Label ed precursors of |ipids

boe %le&d froe

(& g&%ll(l)ﬁi as%'i}%gg?ﬁ%énpdl &ééb'rn%&g bﬂaﬁ%léﬁ

precurgks, owhrling &h()awbl,ch m@regmgqrafmethe amggtrmqty ogeﬁrﬂgomdeﬂﬁ@cludmg,

but notgp@ge%rts,gﬂ-tagﬁg]lgg act \A%atmm‘% glﬁ!x%gm%t-s%[fate pélﬁ&ﬁ{nﬁp laé‘id and
glucurdmié £c§fd—§:§1fafﬂ@, the |fafcq&rc§rl-mmt}e(bfy:erﬁorc3ﬁ§eb algi the eph)hggsme m01ety of

chol est er s derivatives;
cetebrqsiety Tt e P b QR o PP ey B S ArYtoiety of
cerebr&%??@éo’h@icﬂ%ndﬁﬂﬁ@ﬂ&%v@tﬁ&ls ester, coanides and ot her

1 pi or 2H acetate, mhlch is a precursor for
f?éhetpyeeacﬁoumomulem heqar anclide compopenty,¢filpiis s a

precu é?})ﬁ, o émfs%ywnyé@?dngﬁtglﬁl}% & Piro%orgiycans

acyl - gl*yceri n oxidativ nodi fi ed

feﬁl célsart%%lmd f;icgés%%ﬁ é)?& %{}c‘%é egrg ﬁ)com()le%' Lﬁ?f)f biomolecules that play

reactions or by non- enzymatic
import@ﬁ&lrdlaﬁ invthe dﬁmgmllérespgce (e@. fatilaye, godund substBCe, and synovial joint

... 2Hgl ycero recursor, for
fluid). Myierpy ind ésp 6lssen T, Bb Rl el g ap e Byl GoEY
glycosKﬁi&@@c%Qhé%@clﬁhdé@Eﬁc}ﬁ 28 &l Groni) iveHichaik @ polJiRE UsBedssd of up to
for endogenousl ynt hesi zed fatty aci ds, chol estero

50,00Cmepeating Mty efdnplyesiic apidi(thh ‘Bﬁacch%@ﬁi pijErce hat erotant agatyl

glucos%rlrnr{etlﬁlkg(f{o é(rﬁé cglﬂ %§13£V‘%g 2sg10f%f 9(%7;}_}11‘951'9 witief S Built from

repeatig ThitiS2008 ﬂiaé’@ﬁ%de h elhmr dicht pq)rémus A’eacstyhg@ladwapm%m@dmked

to glu%}%{%r g %lel j\n- W@%Fﬁs l?gnrgﬁlﬂpégmg peao?%t grlﬁ o%ﬁ%%ran-

sulfatel S URREQF RSty CRHN- ahﬁ)c}ghﬁ:o&.aahﬁé auifdkd 0iRed B0 glocurs it acid; and
including 2H2O,_ which_is a precursor for the

Kerata giHe POIYBRy, BhichaFals GPHaePEHNE P Of drerthypulffis disaccharide,
dimer Itﬂaﬂ;&r“cﬂnsF Reac %%‘_Egcﬁ%ﬂngﬂé @ﬁf’a@eslﬁfgdqg galbbt8&. Proteo dglycans contain

ucosam ate g ucuroni ¢ aci d,
add1t1<giahmotem$| thatacd bbugd td ac@)tral Iyradurprantiy palyyier nrm @h@r of

eb osi des N
elveo g RR Garse s B SARTAPEH B8 oRleFhaoope e
aL gheidgaedussEsoff gl’j?cofszi”iﬁmﬁgwaﬁs and/proteogBtansdficlude, but are not limited

to, “H,0 (incorporated into the sugar moieties, including N-acetylglucosamine, N-

acetylgalactosamine, glucuronic acid, the various sulfates of N-acetylglucosamine and N-

acetylgalactosamine, galactose, iduronic acid, and others), BC- or ?H-glucose (incorporated into
sugar moieties), 2H- or *C-fructose (incorporated into the sugar moieties), ?H- or PC-galactose
(incorporated into said sugar moieties), 15N-glycine, other *N-labeled amino acids, or N-urea

(incorporated into the nitrogen-moiety of the amino sugars, such as N-acetylglycosamine, N-
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cerebrosides, glycolipids and other derivatives. The
precursor nolecule may be or include conponents of
WO 2@iais1941 (d) Precursors of d ycosanm nogl ycansp@mntis2003/029526
Prot eogl ycans d ycosam nogl ycans and proteogl ycans
are a conplex class of bionolecules that play
inportant roles in the extracellul ar space (e.g
cartilage, ground substance, and synovial joint
fluid). Mdlecules in these classes include, for
exanple, the large polyners built from
acetyl- g&ly&@@aﬁmm e@l)y Eansr i-magabids,i 't sor ZHumtbmimﬂnyallﬂl‘-g}mame Be.
which is a Eolyner conposed of %g 2 Ogg eating h
ﬁ‘UCtOS&m Py & myHiagetaisi(mcemPtedapy thy wWsb. H‘QF‘?%% Ew ars,’such as

N—acet%lr%]ﬁco%%h@'o? N-dgeft %‘élx&osaﬂhﬁ’é) ogAttmer PEnkrkdt sﬁlfate (1ncorporated

curoni c aci ondroitin-sul fate (CS) pol
into the\kulfaltﬁ mpetybefi clht)nctrpmmsu}f@tp,e}@parn@-sgﬂfﬁtg, Kepgtanegglfate, and other sulfate

a, di ner
moietf) Aot fyakTRiort 88) b PARlsRcopmprsialy, for xamrle, from
CambridgeGsotbiiIaiba(AsdovegMA ol ymers, which are bUI It from
repeati ng un| ts of he? ra}n@g%ul fate, a dinmer of
N-acetyl (d¢ IFlf-eglﬂF‘P”é)o gf"’é’ fi®he-sul fate Iinked to
ol dbeish %Péc‘ﬁrs@fé' dFcar®BBydrked mbhphchidb by ﬁre&ﬁbdﬂwl’c&bowallraﬁh

are built fromrepeating units of keratan-sulfa
blosyn(qheglg &oown inibe ag. THese@reoursat melsRplss mglude but are not 11m1ted to HyO,

monos&cc S %cﬁ%ﬁ%%ﬁ&@e %Hfar:tggee n{ahh@s@ ﬁ@osgaélﬁ&}r&ﬁg acid, glucosamine

eog I cans ilonal protefns that are
and 1tsh1mmtnte9, glacmsammle ahd/ i deromtivesi idupoioasist, frapgsw ribese,

BTV U TR T TS A A P

bodiesd k%3 ABd 150 H1M{id) SerdRfIclnfa@tig0didyties $lucogdnitaninb utidg igéycerol,
not linted to, 2I—|20 |ncorporated|ntodtq£ s;gla 1

02, COyp besei warchasydirassharisieningduding pusrasedagpicnand qipers), glucose polymers

and otﬁ&%#)yagrgégé gjfeti‘lg %%ﬁ@?ha‘r}ih%cﬂml Jﬂ’e x pMatdbat @445

K acet y[ gl ucosam ne an
acChd pdegab(aamis:alin mey mghlldatﬂb@bé walet prefiarablys &12Q, Whish is a precursor

o o RGPS A B RRE ALVEBERTIAF LR, SOFcoueni
amlnosdégﬁrlaéf@ﬂeeéthzﬁﬁ)l,,ac&h‘le lmton]aibﬁd@ahmtfaﬂy ecid§)i N€oodi-beled the

t t N- gl th
monogSHaFte | 3 SRS e SHF e olIREDPBPE of

carboliyted 1 1&1 YRS B ol £id/'°0f, WHigh 1@818%éuﬁﬂﬂ@rr§ono§ébﬁﬁhrﬁﬁs and
acetyl gl ycosam ne, "N 20 WO 2004/ 024941

complPCPHlySRONBIEL9526 acet yl - gal act osami ne, etc.); 13C
or 2H-fatty acids, 13C- or 2H ketone bodi es,
13C-gl ucose, 13C fructose, 1802, 13C or 2H acetate
(ncor prratieds Ad}ﬁzmstehmg datetey prmu'meﬂr ynoddcules

N- acetyl - su ars has N- ac Iuc sam.ne .
LR 3R A i 4 BB S0 SRRt vivo methods
mclucﬁﬁ’é bat ot likdiea Ecp %E‘zﬁﬁyeﬁareﬂtéiﬁﬂy tsh‘@cu%#l'eiﬁ@lﬁ intRvedonsigf and

chondroi tin-sul faté, heparan-sul fate, keratan-sulfate,
intrapgmitgnellyer sul fate

The living system may be an animal. The living system also may be human.
By way of example, in one embodiment, the labeled precursor is ?H,0 that can be
ingested (e.g., by drinking or intravenous infusion) by a living system. In another embodiment,

the labeled precursor is BC,-lysine that can be ingested (e.g., by drinking or intravenous
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noieties). Al isotope |abeled precursors may be
purchased commercially, for exanple, from Canbridge
wo sotope4labs ( Andover, MA). (e) Precursors of PCT/US2003/029526
Car bohydr at es Label ed precursors of carbohydrates may
i ncl ude any precursor of carbohydrate biosynthesis
known in the art. These precursor nol ecul es include
but are not Iimted to H2O, nonosacchari des
(i ncluding glucose, gal actose, mannose, fucose,
gl ucuronic acid, glucosamne and its derivatives,

infusioffbyP€ 1 BB A §Y . aﬁﬁbﬂoﬂﬁr clabodimabnty s labeltd Ipmuﬂoam fCl-glycme that
fructose, ribose, deoxyribgse,. siali¢ .acid

can be gtapei (s, DI GRS TERROBITY LD Sl yInguplhe
embodﬁﬁ&ltt Eﬂl@lﬂb%@& g REursHad Eﬁﬁlzeu&fl@ﬁiﬁpéan HedfdcBlcd (e8] BPdiitking or

rine m ne and ot her gl ucogenic am no acids
1ntravegbgscaﬁxsion) bP2ividg Zyste:mda anetherresfhodimenit.she laheled pregursor is “Ha- -

s B0 RS 0R o WARORE R BB e B8ORS sy
(THeAQéngh 6OtBO ftﬁlvﬂﬁciﬂhé maled b&bmdelSl); adihiméstgredmay bosufficient to

o ppeEse: RO Sdpme Foae R B RE Bhdtdy. B soope

labele%gcdrﬁﬁ%cﬁgcugé HMEPHEPHEINROEEIH 305 Bvink Bdtatal G @h&s@ of Bine

l ucogenic amno acids, |actate, ethanol
sufﬁm@tdé@lah@labkletféhﬂelsmm labelapreperserymelefuie o, begeppg ingprporated into one

or mor% 1{0%E§Ad%% &gﬁculg@%%stﬁ‘ééf@fé5§GGQ§ the kot oPénedth nluﬁ@ £lbedd and
aril des

es or | SaccC ot her conponents of
unlabemrmm;odmlbasaﬂvamf thelomd ¢rhn<2rb|nutocl1®(dnahmqleq®esz Thetriegipd of time

recur hari d
BTy TR e ——
or houly @G f&:0fast M6 ¢t nfifochaltieiaPiloRbEl6d)) tb@fe&k@afbvbﬁ months (e.g., for

adnministered to a living system by various in vivo
slow-tympyrgdaitochprdrighmelpculstt not linmited to, orally,

pﬁﬁeeﬁgﬁfr?cjr Wolec:%}‘éqﬁéﬁfrlﬁ@o%ﬂﬂﬁﬁéﬁsly' d?trélﬁﬁt%@@% ¥nist&RE. Administration

raperitoneal Iving system may be an ani ral .
of the 'p%euﬂsoman@e saylse‘mhm Vartoussnayd eTltrﬂmwrscBynqAWIQjﬂay be administered

contlngwgp cerﬁrgjeea eéi?y B%ﬁln??‘lag gll:& a tO%l%t of's}lubecu r %raﬁmliﬂlg‘tglred S&Ch that an

1s0topiJﬂlz§t@éiﬁVaQLbsoﬂnﬁtfxuﬁalQﬁi)sohjplcﬁedﬁchmatg 1§gmmhed (m eamhbllee‘r the
enbodi nent, the | abel ed Precursor

concerigatiop o jahgled PrgUISRE 1§ relatyFhyHomARILAY o P &%@\9 8%&%‘0‘2&%@%
perio o 2R AR for E’%g’%@@ B3FARRZ6f a nitbston@AAl tMedtle, the asymptote

Iving system In another enbodi ment, the |abel ed
reachqdraed tesshrpd of thaiGatogt gwrichmentestconieaircube apREpashiag thigasymptote

will revgglgfé m"l'nﬁl %ecursohqggtgﬁllg Ql?r&'csfnﬂeﬂlf. &sdog{é)lt Dwéh 451l Retional

anot
replacement rate of the mitochondrial molecule product. By labeling to plateau while

maintaining a stable precursor pool enrichment, it is thereby possible to overcome the biological
complexities of cellular metabolite pools.

The precursor molecule may be administered discontinuously. For the discontinuous
labeling method, an amount of labeled precursor molecule is measured and then administered,
one or more times, and then the exposure to labeled precursor molecule is discontinued and
wash-out of labeled precursor molecule from body precursor pool is allowed to occur. The time

course of mitochondrial molecule breakdown may then be monitored by measurement of the loss
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enbodi nent, the | abel ed precursor is 2H3-1eucine that
can be ingested (e.g., by drinking or intravenous
WO pdous24om) by a |iving system 1n another enmboRPCTESL003/029526
the | abel ed precursor is 2H2- glucose that can be
i ngested (e.g., by drinking or intravenous infusion)
by a living system The length of tinme for which the
| abel ed precursor is adm nistered may be sufficient to
all ow the precursor nolecule to becone incorporated
into a biosynthetic pathway. The isotope- | abeled
of labeporaizussaif 1atved ieotpoeatidh §dilutiay ob diciawtaypitthe thetabolic deriwatige of the
ste for a period of time sufficient for the I abe
}”dogﬁhsﬁﬁgersotope | abel ed precursor nolecule to becone

| AR hBRIAtRHoh BE Ro@PRallPIabsBd Ratd} b0sth@nshtditally Jﬂﬁwd &ursor ‘
and then released in the formof one or nore [ abele

subunipmgleculpy itetubigctrBieasniorieds geanerallaincpeprged ifea ghieckandrial
molec rﬁxﬂﬁﬁl@s {'Hchgllll ingﬁé 1@?1%[1011-1&? bﬁ?%ﬁﬁ At Rhuitdd {IEDNABRNA,
etern1ne engt is required
4xomnﬂumﬂﬂmum(a§ phosphotipid)ange from m nutes or hours
(e. g , for fast turnover m t ochondrial nol ecules), to

n W £ UL NQY: .
OB s S PhebSy Pt Hiaorf 2 bURBRE, pbicey prefrably
humanb. thﬁﬂﬁdlmhh@maé buiire mepl&ﬁitaﬂﬂoypﬁdﬁtbn ifsresridlals, sport animals, mice,
Adm nistration of, the ec r can be ach
and xS 50 GG LR Rt Ay ol sote ihcluding

labele@\gﬁ‘ﬂeﬂ'nﬁﬁe‘iﬂed £0RL i DHRUSSEMOE. gl RPEAIREA Yultu$doft S28E oftissue. In
firciéent anmount of precursor is adm nistered such

this Vat'lh‘@an the methest fop pasessingtraciebolis fitresn el the xplhaed eils prBssypineiudes:
1) conégt?] gétﬂ??&t of g%s%?@ﬁﬁggpg% wé{rere §1{J ?tg%i‘r‘igcftgﬁlgal af?tl)e\lleéil precursor subunit;
2) allowiigsséfitierd viare foi the Jabel tb bt hm:oqmmatedmmjasnévdbeymthgslzed

. d b ned f r as | -5 half-l
ot A S PSP S Bin i ah B Ao B o e
culturcd@11 o BssuiBap endaburldasdisAt 6dfer? 'élﬁcﬂ/@hﬁ@ﬂéfn &rrat‘é Qﬂ Elﬁi‘ﬁge of isotopic
curve approachln this asynptote wl]|

content grpd/r mﬁ@@mf ey mitpchgndsinl sioispice méé)tcalépla%&tbé ﬁ%f-e g8 synthesis or
rate of*réril% ad a-ﬂ {l{ﬁg hoﬁ | mdi&Rlcacement rate of the

e pro Uct . By | abeling to plateau
mhlle nalnta|n|ng a stabl e precursor pool enrichnent,

i The Lebetl(trbwetblyorprbbes iitotapically dabeled prasutshesubbpiisoge gererally
admmlsPer XI tred%tc'erx%meﬁ %olluhﬁe%!gd i a)%.? %%c%egtrr@gﬁl %sot(;g%%oncentratlon

typlcaﬂiy Se&im Tdbpmmdilgloyn thé:prrp(bdaﬁe gi Blctmmtl'g theaidsminibtadtioh ipagocol of the
X met hod, an anount of .abgl ed. psecur nol ecule is
isoopligl BPuT BRAWBRGHD JH-r SUERER. TegHa G SHBr BpRRES! the
adminRRS SR Btob N feNIOstHpiBallydab A BhrSchr i 8EBINS AL o. "RoRGAtte 1S

dlscoatlnued and wash-out of | abel ed Frecursor
adminigiptaen]|te tersshiepiddVher sivan 8bi PHBel, dpwerated ok, fopesemls, may be

admm;l;wf‘ecft'h%hlg&é)&'&ﬁﬁmgﬁt cgh({)e%%qfah%é m%ehfgfuéte 3 P&ﬁ&%@l or

e nonitore y neasur nt o 0SS
maintenance purposes, water, including deuterated water, may be administered as a daily dose

(e.g., 70 mL per day) or as a proportion of drinking water (e.g., 4% ’H,0 in drinking water). The
labeled water or other isotopically labeled precursor subunit is optionally administered for a
duration of time sufficient to achieve relatively stable or constant levels over the time period of

incorporation (i.e., steady-state levels) in the cells, tissue, or organism of interest.
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WD 2004/ 024941 PCT/ US2003/ 029526 of |abel or decay of

| abel incorporation (dilution or die-away) in the
woredoabadosr derivative of the biological sanplBCT/B§1083/029526

adm ni stration of isotopically |abeled water or other

i sotopically |abeled precursor subunit nolecules to a

subject, the isotope is generally incorporated into a

m t ochondrial nol ecule. Exanples of mtochondria

nol ecul es include, but are not limted to, DNA RNA,

proteins, and |ipids (e.g., phospholipids). The

et R Bhtibhb SlabddERiteOst calies lstomhcmm_y Ile;beted :prdcemoombunim to

manmal i an subj ect s, ?referabl nq ﬁh
subjects ey heerallyor by perepiBE] Faufes: o8 tngavaﬁF @J§lonf°5r°’ cutaneous,

1ntramlﬁ&51£§aL)Ismnﬁﬁé?{tsne@ﬂhg@{mc‘n. mce, and rats. If desired,

e 1sotopically |abel ed precursor subunit
mol ecul e (including [|abeled water) may be used in an
in viBio sPbtainingong or meye aytacherdrialappleces of cel |l s
or tissue. In this varlatlon t he nmet hod for

assesgifng 121'[5&‘3&‘ %{e‘r Iu{ fs@t%gc al@i 1aBé1€d Sidbirratbe Hasbedn

ti ssueinc contacti'’ng the cell or tissue
adminiwetet, hitbdiopdkiavet molad;ﬂd m ene msrum@ [SEQ SDiey o Qg Erpre tissue

sor su f t f
Sampleg ﬂgml%I Bsg’I RACY éqlﬂe%‘(‘:%ﬁ% | Nt Slég érfgvfsrm %S/% Seslﬁ(ghe%
Hellerd®ih S0.QNaW7] @38 2003 J€m,93()6) 2308- a1, ihagpirt heommta@dﬂxyndﬁereace)

bt o s o S Bt S L TR e S s e
granul&?&ets Ghd 1;9ﬁp}{o’e1§t@s of ti&hanas ekkdaate I@hﬁlacﬁmblen tWigsndAddsted from
tern “of m t ochondri al nol ecul e;

blood o;ﬁlb,dhé: mllswﬁhq:@btaameé hyﬂn@mﬁsh}g@ ag X@plpupcétlr@ oa?needle aspiration, but
is not %;%%ﬁ‘e%a g?cﬁ]%n ttllg @%th%’ b Bbta High S? %@cﬁmqﬂ}ﬁinélé&lﬁé @flt not

Iabe ecur sor subunits
limitedfoend@dReispirdtion, Iaxéﬂhe rbn@tsy.‘, reedosabpla bmp&}d eper bippwyeandodthersurgical
and i sot ppe concentration. |sotope concentration
biopsyinyeseduier YRR Pt dependi ng on the purpose, e.g.,
initiating the adm nistration protocol of the

| §AbRLeR I thy/mitadiohethl moe@uraa(e ., DINDAIs t:or(verted {o a form in which
“primng” the subject) enance of

t
isotopiagRiPIEAr PEEST B BRCBFaSBId B 1setPoRErt %}‘%(056’8‘1“%’8 of the
mltoc}{%)kle 4 J%&Ecuff %ntdemﬁed by SRARIS Hcludd bt it idlitt@, nlags

| ect When gi-ven as a priner, deut er at ed
8pectrwa¢te>r, nuélear maganty wsonanse ectrasenrynnesr redred fsaimreiascepy, liquid

SClntll%ﬁaﬁI P?le‘ﬁlgé P§8 Crerﬁétﬁé‘&s'ﬁ wh e ﬂeﬂl tﬁg@ﬁn:ﬂﬁ; fle- 1sotoplc content and/or

nmal nt enance purp
patterh fiCGhel ﬂiliﬁ@hdilﬁtihleﬁabﬁﬂie mbmparedmrya twéeradmvalus tr@TMn’@g the isotopic

conterg 2}1% 1 gﬁ%sé%gm&gﬁl %Psyelglesc pregg);rs% R Iﬁ%ra%ﬁlﬁﬁt e gm oc?m‘énc?rﬂal molecule
was syitiesizt@REhE SeVak e, SHornfed. T}&:Qbféﬁif gdthasis ofttied rttochondrial
precursor subunit 1s optional | adn1n|stere% for a

moleculg:rraay tben b calduiaseds g feserieatkbotdellsetiiaglenls AP §p@r4, which is herein
1ncorpora bl & By Rfer&RRY t ﬁ@éntfray &) aSeLHBSothbiE chbitBR R/t PAte and duration of

exposure to the isotopically labeled precursor subunit, after correction for the isotopic content
and/or pattern in the biosynthetic precursor pool, according to the precursor-product
relationship; or, the rate of degradation of the mitochondrial component may be calculated, based

on the time course of die-away of the isotopic content and/or pattern in the mitochondrial
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i ncorporation (i.e., steady-state levels) in the
cells, tissue, or organismof interest. 23 WO
wQoND@4041 PCT/ US2003/ 029526 The admi ni st r ap¢DOSH3/029526
| abel ed water or other isotopically |abel ed precursor
subunit to subjects may be orally or by parentera
routes, e.g., intravascular infusion or subcutaneous,
i ntramuscul ar, or intraperitoneal injection. - B.
ot ai ning one or nore mtochondrial nolecules After
| abel ed water or an isotopically |abel ed precursor
mOIGCIﬁ@ﬁFH?iI'&Hé&?@ oPR&Mh-oud (i, Nckdse’ f)leﬁf thertaticdahmacirioa sabvumit. The
i sol ate rom one_or nore ce es Qr one or nore
calculafqdgatses) o nmpliesis apd/of dregrdation orlaplt? R mode e mag despe used
to représ@ntttﬁgm%fabol(éﬁﬁe&@f lt}ierb%llfg\b]-or t@%ﬁe(? el Hellerstein
J Appl Physiol. 2003 Jun; 94(6):2203-11, herein

|ncorporated by reference). _Preferabl nttochon ri
dn praceing thegnethesds of ﬁtgdqupélpp,gn oge ggpecty ageg apaleqyles of mnterest

are obt%\ﬂ%& Erotﬁl oc%‘ﬂ ﬁ%hé Sr %gg%glsﬁlsac HT%et a?k}?(ﬂ’ﬂl in the art. The

Oyt 8s’ "or tisstie such or cardiac
methoduma:y = Sleﬁn to the lpattiedlaf mtimhobﬁmi anadedules, Mbleeulesedflintereayymay be

. 1tg obtg g thods such as veni puncture or needle
1solate gﬁﬁt%f@ 1ca ?s not so linited. In addition,

tissue sanple s may be obtained by techni ques
| Apludalitngf mbldabulﬁ&)bf infetesi meylbé agquitedfibe thell; tidtsiue,ro,r organism.

The iR giore B BRI ST Ieg) Bty 1 EORlR B Ia0d o purie

collecti2CBRPSH/, ¥r omaeméth&&;q&ewﬁ rilll ﬂte a6 Bh€ of Mo biolBBibY] shrﬁple may
convert ed toaformin i sot Of)l c content and/or

be oneygs mase hlotogwabﬂuld@a%maochm@nql slesyleanabsabs obigpgdirom
spec1ﬁg g%%lﬁg Br 4 u%h&ch 51819&9 AL, hreﬁﬁltﬁ%l ohétettﬁﬁié endometrlal

rm ne Y et |ncIu limteéd t
tissue, fobsdl, skipeod boasttisyye. Miabades qfugcrettlrmayrtwsrbit@mdefrom a Spemﬁc

grou RS 8 S Pl AP THG - SO SSE et o Ree RRS R
obtainéd) ahd 8ptidrailgd Ral@@ﬂj' pwified or idotatdds %@ﬁh@bﬁ%@i@ﬂianﬁﬂﬁﬁ@ﬁg standard

pattern in the mtochondrial nolecule is conpared to a
biochemigal pretfods AW 8pFEsent i ng the isotopic content

and/ or pattern in the biosynthetic precursor poo

ftmef&%&d& SiEoloditAGhapEls @h viB! Resding WRETEMAE fesis? Shoh

in the cel ti ssue, or organism The rate of

factor@ynluﬁg é)p’g,argmot liypited tpo‘d;tp satgrs of|the mpleades f mtggpstt, pasp ap@safety of
samphglg,pfyg h%\é/\g IQ%%&}%%@W&BS\% ifed B tﬁ@&ﬁ&&tgﬂdﬁh lecu el%?c%e half-

erern 1 ncorporated erenceé |
life ofiatcheraivhl engityyor drag egbnon |sotop|c content and/ or pattern
and duration of exposure to the isotopically |abeled

p Xelt after. corr ol for
R RRE R P s LIRS bR BB kbl G SRS, by
convefisilal puifiafich Mmethbas inbladipg diphreeasue ﬂlqdid(dhromato graphy (HPLC), fast
performance liquid chromatography (FPLC), chemical extraction, thin layer chromatography,
gas chromatography, gel electrophoresis, and/or other separation methods known to those skilled

in the art.

In another embodiment, the molecules of interest may be hydrolyzed or otherwise

degraded to form smaller molecules. Hydrolysis methods include any method known in the art,
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rel ati onship; or, the rate of degradation of the
m t ochondri al conponent nay be cal cul ated, based on
W0 b@402491 cour se of die-away of the isotopic cPCI/ES81003/029526

and/or pattern in the mtochondrial 24 WO 2004/ 024941
PCT/ US2003/ 029526 nol ecul e after renoval or wash-out
(i.e., "chase") of the |abel ed precursor subunit. The

cal cul ated rate(s) of synthesis and/or degradation of

m tochondri al nol ecul es may then be used to represent
the netabolic fitness of the cell(s) or tissue(s)

includifgl ¥y & dimited 16 cAeihicai mErdlhds (mtmmldﬁydwlpsm;)rmé biochemical

in one aspect, targeted nol ecul e i.nt erest r
hycrolysis GRahet FPPRSRCRENROnE OGBSV CRGEHPLTH RLby Eirfetebeitber

before [ﬁs&l}&g gﬁnﬁ&%gﬂ ah&ot @glaﬁ‘(grf of tﬁ@ﬁole@@l@@@ﬁﬁtef@y e mee&iléd of

part |cu ar mtochondrial nol ecul e. "Ml ecul es of
interest alscemeyg be payalbepunfsdj moedomal]amsgla@dobwn@mtloglg@lpgcatpn

methoc?srlgﬂ}\%m% X@g‘ Perio Ilirr?agxgcla gqulg Fhfglr}lagolg? 3) hy '@%@f fﬁ?ﬂ&?JrEane liquid

e one" or
chrom:%?@’a%@ld(@a[,@ égi'@blaﬁmmgfalpﬁy,@&t dbdé)tﬂtibhoﬁesm eaﬁﬁampdmoth@ynethods of
ood draw, _urin ection,, bi
separaiyis FSES A MSUPF HipEETRE A aPOrES D tisp éklﬂ?cg%tb? ki

sanple may be one or nore biological fluids. The

nt ochfpélienatalMla8W € may al so be obtained from
speci fic organs or tissues, such as nuscle, liver,

adrenal tissue, prostate tissue,

e R Sl SO R R i 35 gonsof
agents Tehs 8 oﬁf?/tc%hﬁﬁgtlf)ﬁ @fﬁlé?%ut% ohtdntra@éRWE ndflectRk irba cl@h

as tunor “cell's or ast cells. Ml ecul es of

subcellutarorgaellaless, myocﬁléndrmb anchéiso ateae ppint Brimg. ylhe methods of the
presenplaflr Ll YoMt 68 dg{%nh@%(ﬁ'{]&qhe ﬁﬁ%&%lﬁﬁﬁu)pfa@s ‘thﬁt%hondnal

e Us i’ ng standar em ca ds known in

molectilbe(ead. tDNKhRNfAr popteing Yipif) dnddhetigd:haagessunpﬂlmﬁgl cwaispefidisease
dependi ng on .di fferepnt factors actors i ncl.u

states 5 nArEoRSLS FRL G n el g P e nsa e, bed

rest, llfé3§t§lE: @Ringe€ 3% Bth@FBEhadibRl Yacts o158 FRpdsOE: to i Afdie 61 Sondritation of
br eakdown/ renoval rates of the mitochondrial nolecule,

agentsa Aidhis Alowis forra mpjefagousate asserraienb el 2 EHES SXptegt’s Hrges siye e
metabz)rpc {'115119% Fgﬁﬁ/&saepd‘bld h&{ ﬁﬁﬁqdéﬁwrlggcg%ep@urﬁ W bifys®fiogical and

or opt | iSO conventi onal
phannpctrloglcad abnd:morrseﬂs hiwobsfnﬂmm Qudielggadhhugmﬁ@rleﬁmhlpednal tnolggule can be

acconwﬂﬂ&ﬁgpggﬁggﬂ&? sgeHPLee} of lgﬁ% r%og | excigrngen secah kh%?%fgre be made In

contraSt) b piRtseic aayurema S atifooimideigl Iﬁﬂhg/lﬂesgﬁbwdes little useful lnformatlon
el ectr ophor esis, and/or_ other separ ?{ i on net ri IS own
in assessing tashenérie] kiggenesis apkcogsgquently PE ot practical value i assessing a

living system’s fitness state (i.e., metabolic fitness) and/or aerobic capacity.
1. Mass Spectrometry

Isotopic enrichment in mitochondrial molecules can be determined by various methods
such as mass spectrometry, including but not limited to gas chromatography-mass spectrometry
(GC-MBS), isotope-ratio mass spectrometry, GC-isotope ratio-combustion-MS, GC-isotope ratio-
pyrrolysis-MS, liquid chromatography-MS, electrospray ionization-MS, matrix assisted laser

desorption-time of flight-MS, Fourier-transform-ion-cyclotron-resonance-MS, and cycloidal-MS.
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In anot her enbodi nent, the nol ecul es of interest may
be hydrol yzed or otherwi se degraded to formsmaller
woredoeoedoes. Hydr ol ysi s net hods include any netPOHUR008029526
in the art, 25 WD 2004/024941 PCT/ US2003/ 029526
i ncluding, but not limted to, chem cal hydrolysis
(such as acid hydrol ysis) and bi ochem cal hydrolysis
(such as peptidase degradation). Hydrolysis or
degradati on may be conducted either before or after
purification and/or isolation of the nol ecul es of
IMIAsS spetromEfees dval @€ hbRsuled suchat prossis, Hbxs, dﬁﬂ)phmrates nucleic
partially purified, or, opti.onally, |soI t ed,
acids, &GhayEAG BAEPOlisen ko AR GHOVIRG EHERHS IPRAPA AR ffﬁﬁl on the basis
of thmﬂ‘ﬁﬁ{socf) @ﬂﬁ‘g@ rdtioSUrse &i%ﬁﬂ@&ﬁ%ﬁs@fbﬁei & b@ oliﬁg’h‘é& of ions, or ion
pertorman [Tquid chronmatogra ,
fragments; mapthog bephad to geasuat éxsumm@e men@n @/péuralawf stitpehondrial
thods of separating chem cal and/or biochen ca
%pounds known to those skilled in the art. C
Bi ochem cal Anal ysis Presently avail-abl e technol ogi es
(Gératally, mdsrspdm)ommﬁmbbdc geivhizhijolbinedsging almasg eradyrsr. A

f...
numbed gL POV e et BEr el TP Hest Hsferthy g o

limitedPloJMAGIkiE sécfordnalyZerliel @& OPRAY ioRiRdti ) duzdim}ﬁﬂ)ssa]bn ouaps, time of
point in tine, Tﬁe net hods of the present invention,
flight meswapdyzers andRowiar Sppifomt BV t he nol ecul ar f1 ux

rates of mtochondrial nolecules (e.g., DNA RNA,

- Piads& ?E@rorﬂe‘te% £%8) aRY thchlilamuGibenGREferéR iohizatnifletBods. These
vari e di sease states and in resgonse to formal

includebu prb@eRkmitekier gasphasedprigationsouress HEhas Flegiondmgact, chemical
1onlzat) a%}u!l ﬁ%l@fo Dedn, ars%vc'etll’ asldbd BRI RofircEd) ARGER ﬁeﬁf dég&tfaﬁ[m fast atom
1 oral "Tactors or 1o exposure t6 an agent

bombeﬁdxﬁmtmhmarassmed h@ desorptiniisniadtioonend surface epm)m@;ced laser
n}}.lrate assessnment of a living systems fitness state

d“mq%@ &omzaliglt ahol i ¢ fitness) and/or aerobic capacity

under a broad spectrum of physiol ogi cal and

PhaddaRoa) @i 6 @hore AIAcK driaDRsrs a&ytbbeosplad (SIS )dfirst to separate

degradation of a nitochondri I | ecul e ca

be .
PrecuTSIcBRfp HIes fRepPaTr adanases 8 S fors; ¢ BERREIFAgets
generaﬁ’é Bgﬁlﬂf%ﬂ; b&ie€ @Flohf&%a%ﬁﬁzﬁt% o8 Eﬁiéiﬁ arﬂdﬁherpgbﬂéfa%%%eorﬂa@%a%ments

static measurenent of m tochondrial nolecules provi des
of the Imltlﬂll@lsus'l"érﬁ wésulting overapP g sequenesssdlowh AemplrtesedisReirg af the

protelgr qyﬂjei‘enc%‘?é 3 ee%ﬂer o%grﬁ]%?rggu%nécey of tﬁe g{lzzllrs”t Jrsgd B4 991&1 GFhass

sessin I'tness tate
spectrbinetic anslpsiatvithinc ﬁewtnmas&}. (;ﬂmchomputﬁe aodygs Gapacity. 1.
Mass Spectronetry Isotopic enrichnment in mtochondria

th
e T SRR e B e B s A e S o
deterrGiRAIRITB gOEraBDYy PRsn ﬁ]ﬁf#ﬁpé@fm’(duy provide unique information regarding the

amino acid sequence of proteins and find use in the present invention. An unknown protein can

molec

be sequenced and identified in minutes, by a single mass spectrometric analytic run. The library
of peptide sequences and protein fragmentation patterns that is now available provides the
opportunity to identify components of complex mixtures with near certainty.

Different ionization methods are also known in the art. One key advance has been the

development of techniques for ionization of large, non-volatile macromolecules including
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(GC-M5), isotope-ratio mass spectronetry, GC-isotope
rati o-conbustion-MS, GC-isotope ratio- pyrrolysis-M,
wo p@uioghoghr omat ogr aphy- MS, el ectrospray i oni zap€DOSNB3/029526

matri x assisted |aser desorption-tinme of flight-NM5,
Fourier-transformion-cycl otron-resonance- M5, and
cycl oi dal - M5. 26 WD 2004/ 024941 PCT/ US2003/ 029526
Mass spectrometers convert nol ecul es such as proteins,
| i pids, carbohydrates, nucleic acids, and organic
nmetabolites into rapidly noving gaseous ions and

protelrfs %ﬁapaltyﬁudlditﬁlﬂb@ NTdchi qoassif shis tpe hhl\&.l inclndesisel¢atrospray gmlzatlon

(e oL Bt 15 P BB 3N S

combifRRA With go%rfuﬁ%g@é &p@ﬁﬁb&ﬁ%ﬂﬁctﬂoﬁ t&h@lhﬂésa kichas Bfuid
mtochondrial nmolecules. Generally, mass

chromgfpgrepihoinst capilaiyrasng glectEagphpessiszat i on means and a nass
r
%@X§§§§n§§é&%ﬁgﬁﬁwﬁﬂng%e ar?ﬁh¥%&%géF§%|uge uﬁ%?s re

chromalography (GC@)ehd thigh pepfoneirice llqmdtchronmmrmr(HPLC) In gas-

el ectrospray i.onizat| uadr.upol es, ion tra ti,me
chromgipEraphy Bt RELEPmGE| (G IMS). camercsqmus o pgrtgrgmatdraph are
coupledeMEPloShe MiSSpeRRaict@diohaly RIhedd j80sepatatodda sach an

nunmber of different ionization nethods. These

applicatise theeas gupmaliosrapy (GE)folwpn separatys SIS SBMPERFNESAFqrp fhe sample
gas mlz%é ?rlﬁi:?é NArafsl Bhfpohéffark E@fi’ferd’ang behicAly adaRREZALthOMass

I‘oni zati1 on, as well as desorpti'on sources,
spectrgmethr.as fi el d desorption, fast atom bonbardnent,
matri x assi sted | aser desorption/ionization, and

Z’gfzﬁ ? %ﬁi/ﬁy@o&ﬁg rh;?s% @ﬁectrgﬁlé&irc Hﬂtx&ﬁﬁ{iésorﬂétzaﬁ%lgg roné Ffe proteins,

or nore mass anal yzers nay coup
nuclei¢ MadsyEpids; andtorganicaegtab dites, ragree tan small iremganid gwcs) tisused to

separate and ure S phase.fr t ions.. These
measug Gt HURLEIer GBS CLVERH F1oAe G DRSS R ASleid-otope
incorpbfABABRLSisObpelaBEIed Saftr istblifieed 16 PI6IdAl DAL bfl teshumber of
fragnents of the initial .ions. The resulting

hydrogrpeatorapiscergomtad ieia éhfsoraﬁm@wgleemoa @O@Ea%ﬁléﬁ gL fin vivo.

the protein, by piecing together overlaying "pieces
W a%éﬂ@rap bitd 5lld@r to d@éﬁﬁﬁile QAbadelipk RALEisOBPSmerSREG EAH Tt biftion for

ysis wthin a few mnutes (plus conputer analysis
the mntoqhel)dnarh:@ldv@emcbe parhple if tekeprhsifara infoviopel andpetepigaity labeled
e exa cul ar
precu y‘P F?r X irrheaér:}lar%rggng “:f‘se%l € meaﬁ?ﬁ? esba%%%}:ﬁ%%]nﬁﬁ% gégg TisHEF Bﬁtaﬁ‘igm, the
naturallftoocurehg ﬁl?qlfeﬁ@amﬁihisg 1§ot®onﬁn§i af dleanitcbhsadmaé ndecofe. When a cell,

proteins and fj nd use in.t %resent vent.i on @$ stor
tissue Qﬁ R’f%%sﬁnﬁf' PALS tlB% ofsubips éaé&mg ﬁlam gmqqnfne@a hls ories, a
popul£ﬁdﬁ%cﬁ§pon@f fiRqRdn0g Hﬁtﬂﬁﬁ& HRP 6L LA dueh aBatGduhd mikAsurement.

br ar

Addltlonally, such a gasehne isotopomer frequency distribution may be estimated, using known
average natural abundances of isotopes. For example, in nature, the natural abundance of Bc
present in organic carbon is 1.11%. Methods of determining such isotopomer frequency
distributions are discussed below. Typically, samples of the mitochondrial molecule are taken
prior to and following administration of an isotopically labeled precursor to the subject and

analyzed for isotopomer frequency as described below.
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of peptide sequences and protein fragnmentation

patterns that is now avail abl e provi des the
wopmaneamity to identify conmponents of conpl exPei/KB2008629526

with near certainty. Different ionization nmethods are

al so known in the art. One key advance has been the

devel opnent of techniques for ionization of |arge,

non-vol atil e macronol ecul es i ncluding 27 WO

2004/ 024941 PCT/ US2003/ 029526 proteins and

pol ynucl eoti des. Techni ques of this type have incl uded

el ect rjospr ayedsmimgzRélidr anf BSsgluridassddoraponas dbaidatces

| aser desorption (MALDI). These have allowed M5 to be

pI|e mnth 0 r ul, sanpl e _
SR TEAYS PO OTRL PO ot AR ERTEED B PR R aR g o ppaks, may be
expres@?lra‘é MRIRWARE meaiﬁgen@ gdekd MmadsMsot61ed isetop6ineR P i%&@@te‘ahateﬂﬂhat any
dition, mass ectroneters nmay be coupl ed

calcul@e@p areans Whlch@‘ém’ egglefvendghsoluteryalign fos &?ﬁ‘a@&ﬁpdane@fsf igghepomers
ina sa%ﬂeqnnéﬁg e C?C%Cljlﬂlgé bifth %Q{aoﬁﬂl{e%u é’s f{fﬂ—ﬁ%sent thvB&ion.

ogra mass-spectroietry capillary

col ums fron1a gas chronatograph are led directly
td t heCataideringdladeledrbét eheleddfiopevial pijgmé of Ingerest
separator. In such an application, the gas

Obﬁegg%&%@ Fbélé@nd%!la%@%d m&gﬁeg %ﬁm%agg@kseth&pmm SThe

e Sa as mxture and t eseparate
prachtﬁmﬂpﬁnm‘edﬂtmtes measurzcbekcassdndhlenatlcsaﬂ'ot isolateall iyotembniay spdgées of a

ectro
moleoffg. 3 BRGEHTE" TIS0SH TR Eompu Aty e g fess ratios to the
heoreﬂédl’bgﬂtelﬁ}ﬁs Sudh ﬂie@?e@wﬂq:iﬁd&ns banlpjledﬁlcuhtﬁdl wingahé binomial or
met abol ites, rather. thap spall inorgan a
mltingg) b ER SO THEL S ST L BaNTA VEbes S BHy 3 8:405,
and 6,01, &/ULARD a@’l@i&ﬁﬁﬁcdrﬁ&@ﬂe@ dy 'rt?[@lteQ&Qn tl'lé“‘xcéi‘ﬁlpaﬁ aTh@&hlculatlons
rom 7 sot ope-| abéled water is anplified 3 to 7-fold,

may 1rd;d;pb|Masn @pompomeDmn dnalysip Mdgan Hewatipns of Mass Isotopomer
Dlstnl!?ugfg{q ' yls%sl Z]gﬁ[bg Ql%a’rgnglaaﬁ]%o%tﬂxcﬁ laFeC&féc%sJe? P numbecf Orf d%ﬂ(;erent

I N or
sourced @hewkAtdencakhed &t thearthdhs maﬂmﬂd:pﬁ:mﬁm dls(mqsedlh@f)Hellerstein and

distribution for the mtoc I cul e, a
Neesed L)-esiwellag B Do SROROP e 1@6%5%@?% and U.S.
Patent /%?ﬁlc?cg)n W8.901417/58b9, aHUERVIACHRERHMEBNRBSpb A rBRAMSe B their

establishing in the cell, tissue or organi sm the

entirefyat ural |y occurring frequency of mass isotoponers of

t Pn adﬁ}t 091(\“.9 %%da%b?é-cg gg%{é@lr}g Sa St P%Sft%rarel gﬁagé\ﬁ/}tilg%the method

gantsmis 1on O ect
is pubﬁbll;ﬂakfatabkrfwm Brofexdalatei Hdllersiads, Uraverqiltymﬂ Galifarnia, Berkeley

! %E%E rtagllrﬁ?]tgg 5 e A Irﬁttc{slt&gm tﬁeoa%ag%/i g)a%elgnlsﬁ g:%n %e carrleé: out using
a tabl@géleialtda@ot 55916123@@%&" iftéreA s ReaphitaBy, shidideRPnTiY rdd@tionships. From
these Soin;laarrrlg(t)r?sda valljhsnla r:]:gchkar;(’ﬁllvenvalue p, is determined, which describes the probability of
mass isotopic enrichment of a subunit in a precursor subunit pool. This enrichment is then used
to determine a value, such as the value Ax, which describes the enrichment of newly

synthesized molecules for each mass isotopomer, to reveal the isotopomer excess ratio which

would be expected to be present, if all isotopomers were newly synthesized.
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aver age natural abundances of isotopes. For exanple,

in nature, the natural abundance of 13C present in
woee@ane4carbon is 1.11 % Methods of determ nP@LUS20081029526

i sot oponer frequency distributions are discussed

bel ow. Typically, sanples of the mtochondria

nol ecul e are taken prior to and foll ow ng

adm ni stration of an isotopically |abel ed precursor to

the subject and analyzed for isotoponer frequency as

descri bed bel ow. 28 WD 2004/ 024941 PCT/ US2003/ 029526

TFradvasiubufidinBel aaé iheg caolatés BiavtienaMitsmdied opiadizidual isotopes

Abundances Measur ed ss. spectral peak h hts
(for elemengy) RRFPYFEFYOPAURES HPRRS legiigers e %ﬁ%té%o tﬁ%&?t%ébundance

represészfeﬁf B8 DaRRulRidoBpe '69 i’iﬁgﬁs&tﬁﬁorﬂér Als i§ dBHkLUERSS from relative
sot Oope) ‘i sot oponer. i's appreciated that any
abundamb,@dhemm tre mn@nﬁlﬁm@hemm gifen fhelvatue\l00 andialh piet spegies are
normaflzed r%l‘%twe toc}‘i)B %ncg gﬁ' 2?3%%{: fs}e?cf enLr%%‘ﬁQQ %d?ncte'h gofgﬁ ?%gg;igcgopomer
My, of the present invention. 2. Calcul ating Label ed: :
Unl abel ed Proportion of Ml ecules of Interest The

proportion of |abeled and ughage%gggnnlecules of
| IRESEH abitnduh@bfas) el at 22 vhbde@e i ik tHeShnge of

det ermi nes neasured exces qﬂh %ukg#%os for isolated
i sot oponer species of a e practitioner
t hen conpares neasured |nternal pattern of excess
nominhAha9ss relativdie thé heestahass @/ppahisdsatsponsiu dinwhivh @betdaneds occur.
patterns can be cal cul ated using the binom al or
mul tinom al distribution relationships as described in
(A Eraqegnel poundages (eriggensgs deme@ld =403, and
6, 010, 846, which are hereby incorporated by reference
in their entirety. The c Icplatlons may) i ncl ude Mass
Isotoponer stribution yS|s (M %?) Vari ati ons of
N@?@ g/tgf QOQ mebundonse M.but i PnAllwdFZW (M DA)
en

Inalgorlthn1 re; di,scussed infa nunber of
different sourdssdquselh toL dbandoneei | n the art .
The nethod % urther di seus&é€d by Hel | €rstein and

Neese (1999), as well as Chinkes, et aI (1996), and

%h?rg gl%% Oﬂdel\n%/fé?sl tg / 3135}1 gégg %)rfﬁeﬁqg b 01J;> r%'gﬁ' teapg%%ance.

|ncorporated by reference in their entlrety In
abidirtierdn determine thelimeterc of thel mokicaice ot werecatuelly aewlysynthesized

nt.i.ng .t he,neth um
curing ISR ot<F R S Ll WEPIeARr LRl (e o gompared
to the 0flcidated E@idhinient Beidk A& ywhidihéeserdtge alid @oiohméntef ﬁe@}y synthes1zed
mol ar ratjios to the theoretical, patterns can

biopolygiers foreash magg 1spigPomes fjexed) e loRone Groess WBP Shihavoyid be
expec’ceﬁ%@ﬁ@ﬁx’esen@ hif 1 @&Bb&ﬁéﬂs Yoerdhsewg sffh1788.ned

rel ationsh I'ps. From

3. Calculating Molecular Flux Rates

The method of determining rate of synthesis includes calculating the proportion of mass
isotopically labeled subunit present in the molecular precursor pool, and using this proportion to
calculate an expected frequency of a molecule of interest containing at least one mass

isotopically labeled subunit. This expected frequency is then compared to the actual,
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t hese conpari sons, a value, such as the value p, is
determ ned, which describes the probability of nass
w0 s@iopisel enri chnent of a subunit in a precur SPCT/US2003/029526

subunit pool. This enrichment is then used to

determ ne a val ue, such as the val ue Ax*, which

descri bes the enrichnent of newy synthesized

nol ecul es for each mass isotoponer, to reveal the

I sot oponer excess ratio which would be expected to be

present, if all isotoponers were newy synthesized. 29
expeﬁMtﬁ’lﬂ)}OdHtﬁﬁﬂlM]isd?@b&mﬁmQ&Iﬁi 956 devca]:etdfdmtaiest From these values,
the proggg%(ﬂ%? €3 ojfr:c%llé gﬁg{s‘ Wﬁlpﬁﬁsesgptélgéﬁ%ds{%&g?é oplcaﬁﬁzslabeled

precuréce© &R Rciell dcoffokRbu pREdd adntbel dreerinfrRE! Tailks, ﬂ{e hi8®F synthesis
’ total ~abundance represented by that partlcular i sot ope

during gpchgpiige perdop alse deterrpingd.j s di st i ngui shed from
rel ati ve abundance, wherein the nbst abundant species

| 8 pEHYRBr- }SIB@HCY ?élé&f‘ongﬁg hé e HpH&T. R @RtiRERs labeling
normalized relative to 0 and expressed as percent

methog, gheisptopic ghiciueant &. comreé tmsymnt@mt(op oma¥imapRossible) enrichment

and kn\%%lg ?)élla f&(lgs %“,;é&iﬁﬁg&sr %%esg&o ]pééulﬂ‘tg gﬂgrgﬁé&ﬁﬁcmlﬁg ct equations.
The fravtiohal aynthesses (kg Inﬂllyibeeleteﬁnhlhdabj/ epplging teson{idddus habskng,

i sot opo i.n whi ch abundances occur. AFractiona
precur%f’ﬁi?ﬁ%‘g‘ﬁ%n?@ﬁrl chment or depletion) _ 1 ( 1 ( |

Abundance Mx | | Abundance Mc | \ 4x)e-(Ax)b =I n J

-1 n | Abungdance(iMh]ZAbundanceM =0 a i=0 b where
subscript e refers to enriched and b refers to

el i ne. or. t r abun rder to det er

R e R ﬁ%s%gré, A8t RSt e e B hgnent
th d durl erio recur sor

%31 nfi%'tfrgff ploabel @ @1 or e C%%Bg%l f systeptpdied Enk)

is conpared to the calculated enrichnent val ue, Ax*,
whi ch descri bes the enrichnent of newy synthesized
biopolyners for each mass i sotoponer, to reveal the

oponer _exce atio mhlch wou] d be xpected to be
léh‘ﬁs"op‘i‘m%uﬁ Tnbelinemahen-diaisiert fents s jRioResmadment i

calculated and the kinetic parameters of the molecules of interest are calculated from exponential
decay equations. In practicing the method, biopolymers are enriched in mass isotopomers,
preferably containing multiple mass isotopically labeled precursors. These higher mass
isotopomers of the molecules of interest, e.g., molecules containing 3 or 4 mass isotopically
labeled precursors, are formed in negligible amounts in the absence of exogenous precursor, due
to the relatively low abundance of natural mass isotopically labeled precursor, but are formed in
significant amounts during the period of molecular precursor incorporation. The molecules of
interest taken from the cell, tissue, or organism at the sequential time points are analyzed by
mass spectrometry, to determine the relative frequencies of a high mass isotopomer. Since the
high mass isotopomer is synthesized almost exclusively before the first time point, its decay
between the two time points provides a direct measure of the rate of decay of the molecule of

interest.
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3. Calculating Ml ecular Flux Rates The net hod of
determ ning rate of synthesis includes calculating the
w@e@poeison of mass isotopically |abel ed subuPgT/US2003/029526
present in the nol ecul ar precursor pool, and using
this proportion to calculate an expected frequency of
a nol ecule of interest containing at | east one nass
i sotopically | abel ed subunit. This expected frequency
is then conpared to the actual, 30 WO 2004/ 024941
PCT/ US2003/ 029526 experinental |y determ ned
iPgEFLRPINMRE firdteineeivint iOfong broughlaéetddeminfiratitnerf @s&cursSr o
t hese val ues, the proportion of the nolecule
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et R BB PE ! FerBhd AR ﬁgﬁquﬁggﬁﬁb&p@%ﬂ pool.
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pﬁﬁ&aﬂe lo€éYlecan of themeoltculeaofdnterentes dctemanair&omrthe desaycuyrve for the

nt hesis. r al cul ated f.r recurs
e S o B O TP L R
severaﬂtﬁh@f)&h@elﬂe B¥cagRileyit 0gh bddetamiiddbyditting theelivego an exponentlal
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dﬁmyﬁm?%é@@ﬁ@ﬁ@hws$ﬁWH%@P%adaﬁﬁ&&ﬁ%¥1enr|chnent/asynptotlc
precursor/enrichment and t = tinme of | abel
a0 TRk IcORstAfs GQNthaFbd Alculldled Bied b ireRpdheiliabek other kinetic
For the discontinuous |abeling nethod, the rate of
decay des®¢:i ne i n i sotope enrichnent is cal cul ated and the
ki netic paranmeters of the nolecules of interest are
cal cul at ed gqghq?.onential decay equations. In
practicing the nmethod, biopolynmers are enriched in

mass i sotoponers, preferably containing nultiple nmass

i 49 d@pnkmll, hy mhesost asgl bp mecdip SBteETInT peswItHOghMRPEisisn and rates of

|sot r : dentical
s R IRT bl TRl L8 5k il ovp gp o e
subuniy ﬁhlldh 841 155 mas @softeyr caigh lzibelade@thegwbllkna\m uadtlslamcm te¢hmiques and

.absepce of exogen S to t
cxperingiie L R ot S oo HTAT e oe g gt Tielfufdy Radtoactve
and StA618 éiHRITraddk in BiSméRERR Prinbiples a8l Pdctiénd! Ki®iiA Salysis. John
during the period of nolecul ar precursor

Wileyi& S@ma@ waCh éﬂ92))rfpé casplation B @fes of W@é@? apdflwrapss Sppugh
metab[,ﬁce%a?ﬂ,%},s of k&t or organism at the sequential tine
;

e anaPyzed by mass spectronetry, to
detern1ne the rel ative frequencies of a high mass
I sot oponer. Since the

Applications of the Inventive Methods

i

The methods of the present invention may be used for a variety of purposes. Primarily,
the methods are used to assess the metabolic fitness of a subject. In turn, the metabolic fitness of
the subject may be used to determine the risk of that subject for medical conditions such as
cardiovascular disease and diabetes mellitus, or for mortality in general. Once a particular risk

has been assessed, appropriate treatment can be recommended.
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hi gh mass isotoponer is synthesized al nost excl usively
before the first tine point, its decay between the
WO 402491 poi nts provides a direct nmeasure of PECEUSADE029526
of decay of the nolecule of interest. 31 WO
2004/ 024941 PCT/ US2003/ 029526 Preferably, the first
time point is long enough after adm nistration of
precursor has ceased, dependi ng on node of
adm nistration, to ensure that the proportion of nass
isotopically |abeled subunit has decayed
SH l@ﬁétﬁéﬁdaﬂhﬂl%h fieamethéds ndydieasiployedéh a budljéadyvdel gulture, or tissue
precursor administratign. In one enhodi nent e
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or decreasies wEtabdafiness, artabilitpioguayest effangestiv metabolig fitness). 1f a cell
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i SRS et Ca e e et et By L) TR A AR,

metab&h%t Rho% BER MdIRCAYIRAREHE of tRE wg@ﬁmaeaﬂﬁalc@eﬁﬁ@ Rissdidate
(k may be cal cul ated based on an exponentia

drug/pb@m@peqtjcpi@gp@t The eesylting differencg m—n{etabﬁhq fitngss igythe effect which the
S e

cand1dg% éil‘{‘&étga%gt hals IE)S 815?3%% %gtf g@lg gpg?éﬂé ggwE%%% | E&g éfgfﬁgleez g%/%%éettrammg

generadly hmpmms the h;em»nyc ﬁmqmifyxrsebj eWh iSubseiqgent inanidtyf (demaining or

scconf BTG EBkras Rl e NS B e oo
fitnesst GLdWHVEL BSe cﬁﬂﬂls 1B¢REVd lﬁaﬁbdi{)vohlabﬁlpl 0 @dedtifyctediugbe tandglate drug
approaches can be used g% see Wl fe,

agent RaITEYRES dﬁarammnét%ﬂesﬂa hog SIHPEULG ‘&8&)’ o weﬁple@orced to undergo

. [ fm |
bed re%ncg]]@?(g%n .rQ,?gﬁﬁsg, 1ﬁﬁ+dy11?z%t1%g g)é th@fﬁ/%ﬂragge f% gégbﬂlﬁk g?riness or aerobic
demarclal cul ation flux rates of nnlecules and qux rates
through netabolic pathways of interest. Applications
entlve . ent :
The re]:\f;ttgér}tof 3 diug )ge%t m%ﬁ%eh%ﬁgd J%ﬁ%fgigltx&%%s ?gsgtlp%io%g?ﬁ @x change in
the meﬁ’ﬁboltia lﬁltﬂeys or defubininiead ©f aﬂi&inlgsysiem(bo whmhswdruggent has been

met apol.i c fltness of a S . the net | i,C
sdminf U0 iving HaEGL B UREh haene: bt BratEs Hete o de
agent hd e%balﬂé of Neking WdiBelic fittesyGrdefodlc deaadd bf HUIGIng YodlerAS The drug

car di ovascul ar di sease and di abetes nellitus, or for

agent oy bapdmipisieredyiorfhe same leyiesyateph ot fifsreat livipg Rystems. Drug agents

may be any chemical compound or composition known in the art. Drug agents include, but are

not limited to, any chemical compound or composition disclosed in, for example, the 13th
Edition of The Merck Index (a U.S. publication, Whitehouse Station, N.J., USA), incorporated

herein by reference in its entirety.

In a further variation, the invention provides kits for performing the methods of the
invention. The kits may be formed to include such components as labeled water, one or more
other isotopically labeled precursor subunits, or mixtures thereof. The labeled water or other

isotopically labeled precursor subunit(s) may be supplied in varying isotope concentrations and
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has been assessed, appropriate treatnent can be
recomended. 32 WD 2004/ 024941 PCT/ US2003/ 029526 In
w@p@thao4vari ati on, the nmethods may be enpl oyeRPCT/NSH03/029526
subject, cell culture, or tissue culture to screen
drug agents, such as candi date pharnmaceutical agents,
in a high-throughput manner, for their effect on
netabolic fitness (i.e., ability to alter netabolic
fitness by increasing or decreasing netabolic
fitness, or ability to prevent changes in netabolic
as prerhéabies $dlumes. BurfiRkthoreCthk kits prefeyslipwill be pevkealgedtwiéh instructions for
nmet hods of the jinvention can g§ e Ho ed to. screen
use of PiedpBPaRTELAnd BUL PSRN e R PR Pahelq R
agents in a high throughput system - Wether used in
VHEr 18F conkgdn¥ith s8eh 418018 Tdr@@inifstrtih dbRibked watdd @6 8n isstopically
determ ned by neasuring and then conparin net abolic
labeled prepseas M6 ga MEABFTBICIBAFHPS SYRRECHPIRICE Y tubing), may
. i cala: . i .. .
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cell, ontisaboiliuce (eigt,sedpelj Hrdehg neédles; syriniges laind Macutadeans)ingkatadso be
. qhﬁ& %ggyt has on the subject, cell, or tissue of
OPHONRY BPESPS For exanpl e, exercise training generally
i nproves the netabolic fitness of a subject.
Shisfetiovein cknagles aretpyovidtetto ahaw thgt the metteds ofliheiiorentign) may be

for at |east _approxijmately 2 weeks typi.cally results .
used 9 fsess eARORE SUIoF ShSELARTES o Prgrsws, elidipehuings, Tpse skiled
in the b bs8l] tQV &I e WRINPECIAO BBodikits hivd teR illusitated aididestribed,

candi date drug agent that prevents detraining and

they arernet Bitspdpdito lirpié fhegayantienyt il ity in people forced to

undergo bed-rest due to injury, illness,

i mobi | i zation, or othempsglwpggsi n netabolic fitness

or aerobic denmand. The effect of a drug agent may be

tested using the nethods described herein. A change in

the metabolic fitness or Ea@ppilc demand of a I|iving

systemt o\ . AR Nkt er ed

and a I|i vf%ytlgg%lﬁs rg?n[h? sgs (\?ﬁiﬁg%hg}q%}‘gg ‘%\Zs not 4 %ﬁen

adm ni st er ed | HempictiiheBalicled Watergddreigésirations capabl e of

altering netabolic fitness or aerobic demand of a

living system The drug agent may be adm nistered to

t MBe S3MR0] fo indErpSH4EbA BF *I0 it éliat hgfoindtihMING isiBke4ted in the

Drug agents __may be any chem cal conpound  or )
experigspgbdesianct FignsamAi MalhSpagte Daylgy raigiamsSipapsendac. Gy, CA

i . ; _ 2 _

woro e YO 10000 25 v e RitoR R Eion E IR b 20t pchieve 2% "0 fn
body Eatet ofdhe ots. Thatduged katen (% “120) a8 them adiiivisteredrss drinking water to

e o EPREEPBVR B, e ol BB ARG b e
animalsWeerk MéeaREdrTRe@ bONrdestikbpdnth (), pdrtfsarensamgles lobtaimetl fiogscardiac
and hi(t)ldlirtn{)] ?nuscle. Thereafter, mitochondria were collected by centrifugation and
mitochondrial DNA was isolated using ultracentrifugation and biochemical isolation techniques
well known in the art (see Collins ML, Eng S, Hoh R, Hellerstein MK. J Appl Physiol. 2003
Jun;94(6):2203-11). The DNA was hydrolyzed to free deoxyribonucleosides and derivatized

using techniques known in the art (Collins et al., supra).
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invention. The kits may be formed to include such
conponents as | abel ed water, one or nore other

wo sotopiseal |y | abel ed precursor subunits, or nPEL/USHEE3/029526
t hereof. The | abel ed water or other isotopically
| abel ed precursor subunit(s) may be supplied in
varyi ng i sotope concentrations and 33 WO 2004/ 024941
PCT/ US2003/ 029526 as premeasured vol unes.
Furthernore, the kits preferably will be packaged with
instructions for use of the kit conponents and with
| AxSShbw tith PigaredA, hmﬁnbﬁpﬁﬁtlmubﬁﬁﬁnmhﬁh@ionmeﬂ DN s@s measured
Q her kit conponents sue& as_t for adminjstratjo
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AR Sk IR TR A A T—
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mucleagapd WEPBOR T e VRO <L L9PR R 4SBT e oxidative

enzyme@lnﬁﬁ{lﬂﬁ@A (BhteFed@Ms FBAtRelyLoRGHGY ﬁlePrr{ﬁc?eHngdﬂarbf aQ@Hi YWllhams

ter of the rats. Deuterated water (4% 2H20) was then
et al. b&&tﬁ) nhstubneit [\& sordent ghi bgjussd nep nagker p @ssn@d@mlsonfiml mass, {0
allow ﬁ%ct%gtn%llo %ﬁ%eb ntf) hlgc:)]rgvg%({r ea%@@ﬁ%[?ﬁ#%ﬁes% ratetshARpllcatlon of
this te&ﬁﬁ?c[demagp@lelﬁtal ¥dnhhgss dvenmpasurdnsent 6f ¢ytedhebrhé ¢ enéase levels alone,
anpl es obtained fromcardiac and.hindlinb nmusc
since W%Wec&ﬁgéﬁ yPRsafly FRGRCH 41 AiEareSEngiiLYst E%P gypnges m Clafi measures
centrifugation and mtochondrial DNA was isol ated
using ultracentrifugation and bi ochem cal isolation
techniques well known in the art (see Collins M, Eng
S, Hoh R Hellerstein MKE=amplsi2 physiol . 2003

synthesis

Fractional Synthesis of Mitochondrial DNA Isolated From Human Blood Platelets
After Isotopically Labeled Water Administration

The protocol for incorporation of ’H into human mitochondrial DNA from blood platelets
is illustrated in the experimental design of Figure 1B. Human subjects from the General Clinical
Research Center of San Francisco General Hospital were primed with 560 ml of 70% ’H,0 by
drinking 70 mls every three hours over 24 hours (a) at day zero and given 150 ml of 70% ’H,0
by drinking 50 mls 3 times a day for about 11 days. A volume of 70 ml/day of 70% ’H,0 was
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Jun; 94(6):2203-1 1). The DNA was hydrol yzed to free
deoxyri bonucl eosi des and derivatized wusing techni ques
whpow24om t he art (Collins et al., supra). 34 REX/US2003/029526

2004/ 024941 PCT/ US2003/ 029526 As shown in Figure 2A,

the incorporation of 2H into mtochondrial DNA was
nmeasured by gas chromat ography/ mass spectronetry.
Ani mal s placed on an exercise training (treadml|
runni ng) programfor 1 week of exercise exhibited
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mt PLHEmgowalib|Tebled. from t he General i ni cal Research
Center of San Francisco General Hospital were prined
with 560 ml of 70% 2H20 by

supra).

Mitochondrial Phospholipid
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drinking 70 m s every three hours over 24 hours (a) at

day zero and given 150 m of 70% 2H20 by drinking 50
work@482491es a day for about 11 days. A vol uneP@rf/uS®03/029526

m /day of 70% 2H20 was 35 WD 2004/ 024941

PCT/ US2003/ 029526 then adm ni stered by drinking 35

ms 2 times a day for about the next 10 weeks. Bl ood

was drawn at various tinepoints (c) and platelets

i solated fromthe sanples. Figure 2B shows that
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The protocol for incorporation of 2H into rat mitochondrial phospholipids is illustrated in
the experimental design of Figure 4. Female Sprague Dawley Rats from Simonsen, Inc. Gilroy,
CA were placed into three groups, a trained group, a sedentafy control, and an acute exercise
group. The terms “run” and “exercise” are used synonymously in Fig. 4. The rats were primed
and maintained on 4% 2H,O as described in Example 1. After 57 days, the animals were
sacrificed and tissue samples obtained from either the hindlimb muscle or cardiac muscle.
Mitochondria were isolated as previously described, and assays for fractional synthesis of
cardiolipin (CL), phoshphatidylcholine (PC), and phosphatidylethanolamine (PE) performed as

described in Example 3, supra.
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251498 0.29 21.1 1.68 97 1.83 100 0.5 251515 0.13 2.8
1.08 19 0.44 8 1.7 251598 0.10 3.3 2.12 58 2.38 65
wa24/0204i748 0.17 3.1 3.18 49 3.40 53 2.0 251F@1W/US2008029526
1.1 1.14 34 1.46 44 1.0 Variability in fractiona
synthesis of nt DNA and nt PL is apparent anong
healthy subjects and may reflect differences in
exerci se patterns or nuscle aerobic denands. Different
values for nmt DNA and rat PL may reflect differentia
turnover of different conponents of hunman
M d Peta M Figares Bat indstB) &1 weerpordtioblifio &g P} afd PE was the greatest
synthesis nmay. al so provide information about exercise
in the gxgroise @HUPEH 2hingdyie aer obi ¢ demands. Exanpl e 4
Fractional Synthesis of Mtochondrial Phospholipids in
Rats After Isotopically Labeled Water Adm nistration -
THe rpaults oﬁﬂnlesefamdwsrdemomiram fhafre lgboratary tesignyelying the drinking of
ochon hos S.
deuterzg%(ci) ?te%n [ ? mg sureélﬁen? ugeﬁlrlﬁéﬂ 1&1&:&9&6’8{1 cgrrnggealélié%av\]latgs from
mitochBadifa, taroRpRLEPINS RN gid/ WholeBolly egle;rms@éstwes mdjvenickxdetatnilio fitness
three roups, a trained group, a sedentary control,
and tisgiepxadeTing BedSexer ci se group. The terns "run" and
"exercise" are used synonynously in Fig. 4. The rats
VN Bublichi®id, padds, A8 pitatagplicatont6idtiBbreasare Raeby Mmeskpornated by
le 1. ?ter 57 days, the aninmals were sacrificed
1fﬁﬂﬂﬁﬁ n&ﬁ%§@@3§hnples obt ai ned fromeither the hindlinb
muscl e or cardiac nuscle. Mtochondria were isolated
as previously described, and assays for fractiona
synthesis of cardiolipin (CL), phoshphatidyl choline
(PO, and phosphati dyl et hanol am ne (PE) perforned as
described in Exanple 3, supra. 37 WD 2004/ 024941
PCT/ US2003/ 029526 As shown in Figures 4A and 4B, 2H
incorporation into CL, PC, and PE was the greatest in
the exercise group of animals. The results of these
studi es denonstrate that a |aboratory test involving
the drinking of deuterated water and the neasurenent
of deuteriumincorporation into nolecules isolated
from mtochondria, can replace physiol ogic/whol e- body
exercise tests as indices of netabolic fitness

38



and tissue oxidative needs. Al publications, patents,
and patent applications cited herein are hereby
w0 pmenporat ed by reference in their entirety. PGBUYY003/029526

2004/ 024941 PCT/ US2003/ 029526 CLAIMS | claim 1. A

nmet hod for assessing netabolic fitness or aerobic

demand of a living system conprising: a)

adm ni stering an isotopically |abel ed precursor

nol ecule to the living system for a period of tine

sufficient for the | abel of i d.isotopically | abel ed

precursor nolecule to be i Eﬁh& rated into a

m tochondrial nolecule in said |iving system b)

mexksmt | Ng the isotopic content, isotopic pattern, rate

of change of isotopic content, or rate of change of

i sotopjc pattern of, sai .t ochondri al. npl ecul g:,.and ‘

o c ol Telen 5 Frrespa ttptie fRERGE redbie Bughdats FERE syom.
comprisfigtl M tochondrial nolecule to assess metabolic

fitness or aerobic demand of said living system 2.

The nmethod of claim1, Mh§§eéq 4he i soto ic?lly e

| abel &) 3FERNFERE sPieRiGPILy feReled BISBYIERY My PR Glodpaliyias systeom
for a pbiS FRfne ARG HELY RSt s&iﬁ@éd?@plaall%ﬁfe%dg)rédﬁ@sor molecule to be

I sotopically | abel ed precursor is selected from the
incorpgrated pnte emsitashpmdyiabmolrenleab edid Hvigs xda®, 13C- | abel ed

gl ucose, a 2H | abeled am no acid, a 15N | abel ed am no

aci d, = 1 ] is I - ; :

130 | AP 4RRRL RO G E sSora’ pRRE HRE oD BALE St fsotopic

1&Gteng loetateloff dhibngruafl isdepicipattemn dfsid mitedheddrial molecule; and

ri bonucl eosi de, a 2H 1 abel ed deoxyri bonucl eosi de, a

13C- | ake ’ I [ I :

deoxy D EERAHEE BErRRUURYERR f Bon ot ST bohondrig molecule

18 Gsdeahmbtabbolicafithyss @€ hetobid derhitvel ofeshtddiyingf sysfeai. m 1,

wherein the isotopically |abeled precursor nolecule is

D RN MO TR R p—

Olap@edwith @ stablasdtggdhod of claim 1, wherein the |abel
of said isotopically |abeled precursor is

3. The method of claim 1, wherein the isotopically labeled precursor is selected from
the group consisting of ?H-labeled glucose, *C-labeled glucose, a ?H-labeled amino acid, a °N-
labeled amino acid, a }*C-labeled amino acid, 2H-labeled acetate, B(C.labeled acetate, a ’H-
labeled ribonucleoside, a '*C-labeled ribonucleoside, a *N-labeled ribonucleoside, a *H-labeled
deoxyribonucleoside, a 13(C.labeled deoxyribonucleoside, a °N-labeled deoxyribonucleoside, a

?H-labeled fatty acid, and a ">C-labeled fatty acid.

4. The method of claim 1, wherein the isotopically labeled precursor molecule is
’H0.

5. The method of claim 1 wherein the isotopically labeled precursor molecule is Be.-
glycine.

6. The method of claim 1, wherein the label of said isotopically labeled precursor is

a radioactive isotope.
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a radi oactive isotope. 39 WO 2004/ 024941
PCT/ US2003/ 029526 7. The nmethod of claim1l, wherein

wao b@4iososopi cal |y | abel ed precursor nol ecul e i BCT/US2003/029526
selected fromthe group consisting of. 3H 1| abel ed
gl ucose, 14C-1abel ed gl ucose, a 3H 1 abeled am no
acids, a 14C-| abel ed am no acid, 3H I abel ed acetat e,
14C- | abel ed acetate, a 3H I abeled ribonucleoside, a
14C- | abel ed ri bonucl eosi de, a 3H—Iabe|ed

OXYT. e a,14C- .
ooy TEgTR G E, > Aaem GERPRRply layoist pyoungppggfecute
selected 4foni @B @tRg condistihgas PHJa‘&ledTgMboﬁ@tlf@lthbelfed gluabgw, 4 °H-labeled
mherelp the mtochondgial nolecule,is

amino ggidsegr | Griswogle emino agad, dH(lmkeﬂ acgater G Hedl Hgedie, & [ ivheled
nbonu%igﬁ)s\(fiﬁ% % H@Sabagd Hb&ﬁ&ﬂ:gﬁgé Iy lg%lg&&goﬁgl%rﬁclrebé?@@ 4 Rjabeled

met Rod of claim wherein 't he
deoxyritdhusleosids, e tldabeladdiity mid,gnda ' Glabeled fithygcisk
ri bosomal RNA, transfer RNA, and nessenger RNA 11.

The 101
i "0 A R o B eSO monucc
acid (DWApchondrial nolecule is a protein. 13. The met hod of

claim12, wherein the protein is selected fromthe
oup

onS| sub
i das t@%{}%l"flmolf’ w']_nge g éné ocl'éo S u i 1;% ? %Fa ribonucleic acid

(RBMQKTPase "a subunit of cytochrone c reductase, and a
subuni t of NADH-CoQ reductase. 14. The net hod of clalm

-]ﬂpem }%ﬁe’c cf t1$ﬁc %rﬂgr l atihg ﬁ\}Ate %gse ec?gﬁ grop)stlhg group cons1st1ng of
ribosoRAPRRAOrhiifs RNA; andheessmphaaNaf cl ai m 15, wherein the
phospholipid is selected fromthe group consisting of

cardialipin osphati dyl cho
prspHgFVHV*%fﬁﬁﬁﬁFhH%ﬁ’mﬁﬁﬁgeggﬁﬁﬁﬁﬂﬁeﬂgﬁ%ggéﬁ. 17.
The method of claim1, wherein the living systemis a

t { BSuerhelethdd6f IR viRfeirtthd nftotHondAEMEicbult kea rbeﬁu e
is muscle. 19. The nethod of claim 18, wherein t

muscl e i s skeletal nuscle or_ cardi.ac sC

2bb4/ oBwomathestad ool FssELBe Prdein s gleqied ﬁr&al e gtqua Cppsisting
of a sublnit YP&ShbrhdE ofii SR UL subini®8f POEEPAsk SSH#Bunit of F) ATPase, a subunit

of cytochrome ¢ reductase, and a subunit of NADH-CoQ reductase.
14.  The method of claim 1, wherein the mitochondrial molecule is a lipid.
15.  The method of claim 14, wherein the lipid is a phospholipid.

16.  The method of claim 15, wherein the phospholipid is selected from the group

consisting of cardiolipin, phosphatidylcholine, phosphatidylethanolamine, and a mixture thereof.
17.  The method of claim 1, wherein the living system is a tissue.
18. The method of claim 17, wherein the tissue is muscle.

19.  The method of claim 18, wherein the muscle is skeletal muscle or cardiac muscle.
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21. The nethod of claim1, wherein the step of
nmeasuring isotopic content, pattern or rate of change

wW@RoosmRoepi c content, or pattern is perforned PYT/DBNE3/029526

spectroscopy, NVR spectroscopy, or liquid
scintillation counting. 22. The nethod of claim1
wherein the isotopically |abeled precursor nolecule is
adm nistered orally. 23. The nethod of claim1l,
wherein the living systen1is an animal. 24. The

t ho e _ani nannal
: ﬁ@ Chﬁ’gd’%émé ki eﬁedn ﬂﬁﬁls?ue 3 g?‘ﬁgsesr;[g%lnal is a
rodent. 26. The net hod of claim?24, wherein the

PANTAIThE SnethodWiBRim 12wherdineham¢haiinefudhgisoofic contentepaitern or
the living systemis a cell 28.,.The et hod of W

rate of Ql’iang@\ﬁ%]ls@‘ioﬁlctcﬁéteﬁtef”{ Pqt@malsﬂﬁe]é\ff”é?ﬁby BES SRHEOREPR
Spemo%‘%lr‘{m‘ﬁ?qé‘udﬂ%ﬁ{tmaﬁ"ﬁ bfnGRs.! is a cultured cell in a

put screening assay system 30. A nethod
of identifying a drug agent capahl e of Ite

Rt abdhe methadf slaing 1 whegsip Hiedsqienicaily 1aie eél Hqu}lqu%é molecule is

adfn1n1§t¥i$éttl%?al nprising: a) assessing the netabolic fitness
or

aerobi c demand of the living systemaccording to

claim 1; b) admnistering the drug agent to sald
123vi n@heysitiend ofstrind) whersimghe Hging KEstomissomieals | t ness
or aerobic demand of ‘the living systemaccording to
Clqal Myl WIS & ?blﬁ?.@h R&Einithe iR BhaRRAMha, fi tness or
aerobl C &%man the’living system before and after
adm ni stration of the drug agent identifies the drug
@fent Bre mehebifclam 241 whereinghe memmepbisagefied. i t ness or
aer obi ¢ demand of the living system 41 WO 2004/ 024941
PCT/ U . 30, wherein
%ger I ﬁél%ﬁgétﬂg@%%@alm% Wig&%nﬁlgﬁ é Hl%gl.n%ﬁrhsg %ien{;grr]lod of claim
31, wherein the manmal is a human. 33. The net hod of
27i m B, methet ef deimhle whareirathe liging sygeent a celB4, The

thod of claim 30, wherein the living systemis a

call. é{H {Eﬁféletl&dz%hgﬂ tﬂ]'htﬁé 34 lsvagﬂtaw the cell is

a cultur hig roug

29.  The method of claim 27, wherein the cell is a cultured cell in a high-throughput

screening assay system.

30. A method of identifying a drug agent capable of altering metabolic fitness or

aerobic demand of a living system comprising:

1;

a) assessing the metabolic fitness or aerobic demand of the living system according to claim

b) administering the drug agent to said living system; and

c) assessing the metabolic fitness or aerobic demand of the living system according to claim

1, wherein a change in the metabolic fitness or acrobic demand of the living system before and

after administration of the drug agent identifies the drug agent as capable of altering the

metabolic fitness or aerobic demand of the living system.
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screeni ng assay system 36. The nethod of claim35.,

wherein the isotopically |abeled precursor nolecule is
weotazeed with cell culture media. 37. The nepdiDUSWN3/029526

claim 30, wherein the drug agent is tested for the

ability to prevent deconditioning of a living system

38. The nethod of claim30, wherein the drug agent is

tested for the ability to increase netabolic fitness

or aerobic demand in response to an exercise or other

Aont BepE el RS RAt bRy R Raathfat 19

aer obi ¢ demand of a living systen1conpr|5|ng. a)
39S €S Jihp endiel oTRlaaR 3l | whértihnigsmammabiradiinandenand of a
first said living systemaccording to claiml,

erein the d a t _been.adm nistered to
\ggl d finedget }P?‘{R%%bmg&gt ‘gﬂ?re‘ﬂ;ﬁ%gg@g?} K4 rf’ﬁ’?ﬁ et abol i ¢
fitness or aerobic demand of a second said |iving
syst emmaeRanidl 6TlaitnB0¢ Whérbinkhe Wbiag eystent iver @tlug agent
has been administered to said second |iving system. c)
conparing t abqglic fit SS oL ,aef obi, c
G TS BB 1 horhghe S0k a et R T e Woughput

CRARGRg afal BestdRt abol i ¢ fitness or aerobic demand of
t he flrst and second living systenB identifies the

dr ug ent as_capable of alt rlng ? €0|I lecul
16 meEheghetiet s amdon e DT 1TBOPIeR oS pisrsafgmolecule s
T&%t QFBQQ& Q1 Glifle M. Wherein the living systemis a

WO 2004/ 024941 PCT/ US2003/ 029526 41. The
nethod of claim40, wherein the

The raEimoretbad of itin 3o whal B Be ArEEomdFieRies Fa 1o Ablcy 6 prevent
r@e%ﬁ&uomﬁ?of ng%; Igﬁg;l;j of claim 39, wherein the
ce

44. The net hod of cl aim 43,
mhereln the ceII is acultured cell in
h3gh- tTheougthde of claioy ¥e mhnlglretbg dylgwsmtémeSWQ forthgeability to

pplgrggsre Stgétal%g g?xe?%g' br AAe'IPo (r:g:’] %e\?}?{)%@ écg ?r:x é%r%@eﬁleoﬂg—:r training

MRgingen. 46. The nethod of cIa|n139, wherein the drug
agent is tested for the ability to prevent

39. A method of identifying a drug agent capable of altering metabolic fitness or
aerobic demand of a living system comprising:
a) assessing the metabolic fitness or aerobic demand of a first said living system according

to claim 1, wherein the drug agent has not been administered to said first living system;

b) assessing the metabolic fitness or aerobic demand of a second said living system according

to claim 1, wherein the drug agent has been administered to said second living system;

¢) comparing the metabolic fitness or acrobic demand in said first and second living
systems, wherein a change in the metabolic fitness or aerobic demand of the first and
- second living systems identifies the drug agent as capable of altering the metabolic

fitness or aerobic demand of the living system.

40.  The method of claim 39, wherein the living system is a mammal.
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deconditioning of a living system 47. The nethod of

claim39, wherein the drug agent is tested for the
w@bioioz4p4t 0 i ncrease netabolic fitness or aerp@I/TS2003/029526

demand in response to an exercise or other training

reginmen. 48. A kit for assessing the netabolic fitness

of a living system conprising: a) one or nore

i sotopically | abel ed precursor nol ecul es; and b)

instructions for use of the kit, wherein the kit is

d t | fit 9. .The kit of
%ﬁ:|nh%8g§%§%%ﬁ§E%82ﬁg %Fﬂémﬂ%%%HPﬁ a}mn%nlhls?erlng

the isotopically |abeled precursor nolecule. 50. The

kit  OfThe h@itiB s cldimMOhehercianiy mamngl B rodst.r unent for
obtaining a sanple fron1 the subject. 51. The kit of

cl ai m 48, sot al |y | abel ed..precursor
ot ec Uihg med qu%gc?i]aé?}l c?aW Velﬁlgﬁ%ﬁc‘eag %%ﬁeé‘?l esllnn
2004/ 024941 PCT/ US2003/ 029526 52. A drug agent

i gent ifreagktoa dfidimenhetderef thé adlns 3@ultdad cél dralgglathentghput
identified by the nmethod of claim39. 54. An isol ated

| SSEEBIPE @83V §YSH@Rt ur bed ni tochondrial DNA.  55. An

i sol ated isotopically perturbed cardiolipin. 56. One

045 NOI el i &hét §ik1dimeia9Rh&in the R6tobitalle hbbled prbMBEH thelacule is
57. An isotope-| abel ed precursor nolecule. 58. An

i eotagted dvithsestlepbuteatisized ni t ochondri al nol ecul e made
by administering an isotope-|abeled precursor

R, eCUhR th& P&?bf’clzﬁﬁﬁ@ %%ﬁi tﬁérﬂfu%r é‘ntﬂ@febt@&i fé¥fthd dbity to prevent
sufficient tor an 1sotope |abel g sai d

i dobuditertingef ®livipg exstensor nol ecul e t o becone
incorporated into a mtochondrial nolecule. 44

47.  The method of claim 39, wherein the drug agent is tested for the ability to
increase metabolic fitness or aerobic demand in response to an exercise or other training

regimen.

48. A kit for assessing the metabolic fitness of a living system, comprising:
a) one or more isotopically labeled precursor molecules; and
b) instructions for use of the kit,

wherein the kit is used to measure metabolic fitness.

49.  The kit of claim 48, further comprising a tool for administering the isotopically

labeled precursor molecule.

50.  The kit of claim 48, further comprising an instrument for obtaining a sample from

the subject.

51.  The kit of claim 48, wherein said isotopically labeled precursor molecule is

isotépically labeled water.
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52.
53.
54.
35.
56.
57.

58.

A drug agent identified by the method of claim 30.

A drug agent identified by the method of claim 39.

An isolated isotopically perturbed mitochondrial DNA.

An isolated isotopically perturbed cardiolipin.

One or more isolated isotopically perturbed mitochondrion.
An isotope-labeled precursor molecule.

An isolated isotope-labeled mitochondrial molecule made by administering an

isotope-labeled precursor molecule to said host organism for a period of time sufficient for an

isotope label of said isotope-labeled precursor molecule to become incorporated into a

mitochondrial molecule.
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