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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 comparnies lookiﬁg 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-bmchemmal poorly
reproducible, and difficult to perform.,
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~ the isotopically labeled precursor may be one or more of “H-labeled glucose, BC-labeled
glucose, a ?H-labeled amino acid, a *N-labeled amino acid, a *C-labeled amino acid, *H-labeled

acetate, °C-labeled acetate, a “I-labeled ribonucleoside, a *C-labeled ribonucleoside, a °N-
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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 2 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. Tn another variation, the kit may include further
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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
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Figure 3B shows the effects of different exercise regimens on incorporation of *H from
administered *H,0 into mitochondrial phospholipids.
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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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By “isotopes™ it is meant herein atoms with the same number of protons and hence the
same element but with different numbers of neutrons (e.g., "Hvs. ’H or 3H). As is commonly
known in the art, the symbol “D™ is used interchangeably with the symbol 2H 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, 1,0, *H,0, H-glucose, “H-labeled amino acids, 2H-

labeled organic molecules, C-labeled organic molesules, “C-labeled organic molecules, CO,,



el emental and chem cal conpositions but differ in

i sotopic content (e.g., CH3NH2 vs. CH3NHD in the

exanpl e above). |sotopol ogues are defined by their

i sotopi c conposition, therefore each i sotopol ogue has

a uni que exact mass but may not have a uni que :

structure. An isotopologue is wusually conprised of a

famly of isotopic isoners (isotoponers) which differ

by the location of the isotopes on the nolecule

(e.g., CH3NHD and CHZDNH2 are the sane isotopol ogue
uoutsare different isotoponers). "Exact nass” refers
Qe ﬁ%@d@émg@rl@m&?mﬂsﬁ andythg t he exact nasses of all

the isotopes in the fornula of a nolecule (e.g.,
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moleplNH2, 13CH3NH2, and CH315NH2 are all of the sane
~ nominal mass and hence are the same nass isotopomers,
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the same mass isotopomers. Bach mass isotopomer is therefore typically composed of more than

one isotopologue and has 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 caleulations 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



differences fromM (M, M, etc.). For a given nass

i sot oponer, the |location or position of isotopes

within the nolecule is not specified and nay vary

(i.e., "positional isotoponers” are not

di stingui shed). "Mass isotoponer envel ope" refers to

the set of nmss isotoponers conprising the famly

associated with each nol ecul e or ion fragment

nonitored. "Mass isotoponer pattern” refers to a

hi stogram of the abundances of the mass isotoponers

of a nolecule. Traditionally, the pattern is presented
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may be used
assgéﬁgﬁggn%ﬁ%ri)ﬁ/m\iﬁ%?ﬁb? lﬁﬁ ﬂ%%Hmt B%%g@% i sot oponer pattern.”
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hgﬁse el enents are also the | owest in nmss.
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propbrtioh BefraciBis:$ atiud &ned) Wﬁ@feihe?ﬁ:ﬁ:hbﬁj 2t dabh §ciedonkiB8les to the total
mass differences fron1 m) (m, n, etc.). "lsotopically

- abugdance ispsed. The e isplope priteay” ey bsusesyRInameRly with the term “mass
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i n defici epl ete a |ng" refers to
15"@8’6&?8??%‘?&“&%3‘%&38%8 M%ﬁf & PSS Rgnidug aRg ynagbigpous
. becaQH @O Sbunilant aoﬂapestow fiRselerGROABS e 1wRE iR XA The
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m°§%‘ﬁ°é?1’é? B O ReM angd &?ﬁ%ﬂéﬁ?@“ﬁ%ﬁ‘ﬁﬁwﬁ“ﬁ%ﬂ%ﬁmﬁﬁ“

by Bbir hascdifffesial £6AMUARRMS, etcY7BI | 9 quantities of
addi ti onal bi ochem cal conponents may be present in

th e“Iso%gpllérjl ypergnbe%h ?érs fo the state of an element or molecule that results ﬁ'om 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 mixiure of biochemical components. Small



conponent. As used herein, the terns "precursor

subunit," "precursor nolecule,” and "precursor" are

used interchangeably to refer to the netabolic

precursors used during polyneric synthesis of

speci fic nol ecul es. Exanpl es of precursor subunits

i ncl ude acetyl CoA, ribonucleic acids,

deoxyri bonucl ei ¢ acids, am no acids, glucose, and

gl ycine. "Labeled water" as used herein refers to

wat er that contains isotopes. Exanples of [ abeled
. water include 2H20, 3H20, and H2180. As used herein,
quarfigies f additipnabbioqhiewick] opnipatralsauay watesent in e isolatkd biochemical
compdghchangeably with "l abel ed water."” "Isotopic

content"” refers to the content of isotopes in a

nol ecul e_or, popul ation of nolecules relative to the

confihted bereinptbe pEne pusoarsey subwpt’ ‘precorsonolpavlescandSprecursor” are
usddhteicRdnigYably to réferto enfaboli®prREiFdn ' - -
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| abgl ithin a ecul e. or popul ati on of nol ecul es,
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syt hes| Fyoto W Bttt e wilerbiSor popdinion BmolgiGsimg ey e, pror
to adatinistratips surentactingof Fatops ibeléd\ink@rssk subufiks)x Theotbmy “isdtpe

er.s ;| . 's.dpnput.into or .renoval froma

cnce BB e ol By Rid Bhic BBy Foriphonymous. i ¢

the flowinto and out of said pool of nolecules.

" Oxilepkapicratipt s toghe infegfabrolativushipisef Sopit dabels withinal tholecule
or %}B%ﬁéﬁi Hoshahiag e.?-, U 1eli b ropotrﬁtﬁﬂ% ﬁgﬁﬁflérgﬁgcie%fwi{hudeléfesrent
. by a cell, tissu€,” organism- or other Tiving system
ISOPW&FOIEIPIE thﬁteéilﬂyé preppitions of wlolpcilny with sotepic labkls irodiffewhtahemical
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apparatus (el ectroh transport chain or ‘respiratory
congshy Yhigotenes indhy mplecwlhe cel |, tissue, or organism 10

"Drug agent," "pharmaceutical agent," and

" phaddIaaRk A6k Ak rFUS W the %@Qﬂzﬂfié AR GRARNGEA Qhﬁﬁofe&les

.refer_to any chem cal entitie5, known drug or therapy,
wi BB,C@Q,@@S\@,r A §ragpism. “Molecular flux rate” also refers to a molecule’s input into or

removal from a pool of molecules, and is therefore synonymeous 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 lving 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.
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t herapy, biol ogical agent (e.g., gene sequences, poly
or nonocl onal antibodies, cytoltines, and hornones).
Drug agents include, but are not limted to, any

chem cal conpound or conposition disclosed in, for
exanpl e, the 13th Edition of The Merck Index (a U S.
publ i cation, Witehouse Station, N J., USA),

i ncorporated herein by reference inits entirety.

"M tochondrial nolecule refers to a nolecule, such as
a macronol ecul e, of a mtochondrion. Exanples of

m t ochondri a] nol ecules include, but are not limted
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; 4 e 698¢ i ve net abol i smor aerobic
act|V|ty. Fbmever, a change in aerobic demand, e.g.,
dueMitechasdrialieché oxbmllegofivk et ﬁh@@ﬁo@lahbﬁ StBure §1H§dﬁt @ searlyall
skel.etal ar cardiag. nuscl e, has en identified
e“‘i?la'Pb 3‘ g A o) ﬂmumgﬁﬁswa\m hegERgitR ingluding
DNIg RMA, pﬂﬁ&ﬁﬁﬁdﬂ and @ﬁﬁ@ﬂﬂﬁﬁhdn@nﬂ@aicﬂﬁbhﬁs)&%ﬂﬁﬁh 6}l depends upon the
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ool B 18 Jrbesy D BloB drter g et ke S gy o pitoshondsial mass
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of PR BHHRI priEubh oty nCHRE S5at (e Bl el s
gerieflly oflecta the \bBpad Ry aDdell DMidshié for AAAVE tnct®BRh bygerobicSacivity.
I 1 fundanental characteristic of oxidative biology.

M tﬁ&p&;@rd A | }?angg %aef%ro%?cl Aelmta.Xd Q%S dﬁ) rt(o)fagroﬂlc training placed upon a tissue

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

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

thereby inodulating the capacity of a tissue for oxidative metabolism (its aerobic capacity), is a
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implications for human health in the setting of the
progressively nore sedentary lifestyles associated
with industrialization and urbanization, as is
occurring internationally. There are several unique
features about the biochem stry of adaptive changes in
tissue mtochondrial mass (Attardi et al., Biogenesis
of M tochondria, Ann Rev Cell Biol 4:289-333 (1988)).
First, mtochondrial DNA is separate and distinct from
the remai nder of eukar yotic cellular DNA which is
present in the nucleus. Additionally, the
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NdrM pdria Per Cell in
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Mtochondriia in a cell are connected o .

t hriggogidrisedr splad it tha mode hatdipasete itogkandriaexis sabiip there is a
covdtabRWehitbEifonfirif WinRber Rlifdrda3hsly believed to be an oversimplification and
incorrect (Robin et al., Mifochondrial DNA Molecules and Virtual Number of Mitochondria Per
Cell in Mammaliian Cells, J Cell Physiol 136:507-513 (198R)). Mitochondria in a cell are

. connected three-dimensionally through a reticulum that probably allows the flow of materials
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12 anong the conponents. Because mitochondrial DNA
exists as small circular genones that are present at
many copi es per apparent mtochondrial "unit," even
the DNA content of the mtochondrial reticulumis
probabl y exchangeabl e between and anobng conponents.
The currently avail abl e techni ques for neasuring
m tochondrial mass or activity are all limted in one
fundanmental respect; i.e., they are static in nature
rather than reflecting dynam c processes. Typically,
t hese techni ques neasure | evels of such factors as
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MetHogd Fdr@&sésﬁl?é MeebSHRLLs of the various
nmacr onol ec conpl'exes conprising the el ectron
transport chain and |nvolved in oxidative

PhofRhedsYl ?&v’eﬂ[bn(p?(gvrl Sssf& 53@@3&19? é]eta%—&ﬁ:siﬁ%ecsy{}#ﬂkés ring the

i ncl ude subunits cytoc ronme ase
rateed Sm%s‘@f deggadation of vefious mingimaddal molesieni Examples of mitochondrial

f
mofexﬁlesqhamsemﬁ afe%%vﬁmécﬂo S RS0 % d*"ﬁ capogh it & da%tgtfms.. RNA

reduct ase. one aspect, a met’

- inclydesaibopaepl R@ﬁab@tst’% RINA, m@mmmmm &ipidsrimaieileghospholipids.

Prolteiiﬂé' %de%mﬁﬁ%ﬁﬂe @agﬁgg R ?&&‘E}&I@%ﬁa@ la?]hélg}eg leﬁélkslu}l/% tPe electron

precur sor
ﬁa@m‘l’ﬁ Phﬂneﬁfl infvolved Wweoxfdatied phofphohdatios (}Iemblloompluymbna bEhese subunits

incRAEGIBERR of BROGCHE: 5:R4RE shPFaE Qfﬁo%ﬁ‘gsé MeBnifs of F; ATPase,

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

In one aspect, a method is disclosed for assessing metabolic fitness or acrobic 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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13 mtochondrial nolecul e; obtaining one or nore

m tochondri al nolecules fromthe |iving system

nmeasuring the isotopic content, isotopic pattern, rate

of change of isotopic content, or rate of change of

I sotopic pattern of the mtochondrial nolecule; and

calculating the rate of synthesis or degradation of

the mtochondrial nolecule to assess netabolic fitness

or aerobic demand of the -living system A

Adm nistering to a living system an | sotope-Label ed

_Precursor Ml ecule 1. Labeled precursor nol ecul es a.
mltpglﬁp‘éﬂﬁé mplepe;obainitg dngot mateauitdchor@righindechies o the lveig system;

mefsufRs 8 1sUBgﬁ l&f)ﬁt&ﬁ i #t%ﬁé/ gdtclj‘gmh{a% 0 rcﬁaﬁ:gg d Solopid con/te%{ or rate of

t ur nover I'st
c apg%?féwmcre@f FhﬁGﬂlqplsmﬂnﬂmhéﬁ{mlesarﬂmalaulhﬁnglﬂil{)‘afé)bSE}&ﬂﬂleSls or

de&iﬂ%hélﬁﬁttl%q{ﬁtd g@gl.lh HES %?e 3Ess meta}%gﬁ eﬁ@%%ﬁgﬁ(}b&% tm‘ag,g of the

1 sotope or ot ope. so ope
mﬂ%@’dtelnncl ude but are not limted to, 211 13C 15N 180

3114 14C43 , ot,h | paLo
el enent s ’g?‘?@%ﬁ’?‘%ﬁé’r é’gé% 4V o E’Lag‘ilﬁ“ gRe” B Mlecute
entfodfbelsd precisor madeawfps | abel is 2H. b. Precursor
Mol ecyll gsropbpppis ecur sor nol ecul e may be any nol ecul e
that is netabolized in the body to forma
mi tascesiaied Bl Figiae boibe st stepdn m@‘;\ha@hﬂosynﬂayis becakidveah, frel/or

R irdt¥s iV dlva R losed Lei

CEAINE it éﬁg{ aﬁ%oﬁ%g-la%ﬁle%fég mOIEClllﬁ ﬁ{nrlg gystem.

f.orm i_sot ope- recur sor
Theﬁfoé%rl@@lred RESPEeQIRolqprle niney hen@tabbosome dr fatoolope Isdtope labels
matmﬁseﬁgba%mea@ﬁia%é {14y ssThk QghaidR), abs, 13

.ol ecul es} Al'ter n%%t:ﬁ\imlﬁ&w ?pg“ﬁt%dndg?ﬁ’t hé %r eié’urg‘ Lor
oth Wo@éﬁﬁ@e%?tsﬁﬁs‘mmmm@@m nto one or nore

md@@ﬁg I ecursor nol ecul es may
i ncl udewigsl? tgf‘gbﬁg@iaﬁém F{ed to, C02, NH3, gl ucose,
| act dt eP’eF{Q‘@?’M%l%lﬂate fatty acids. i. V\&ter as a
Pr aGypR rs t.ein
b QL&SMOT&HIe%] g\% gﬁylil:lglreﬁﬂtﬁﬁwatrlg {ngto JI;ol Faftﬁ ich)?rma

pol ynucl eot i des,
mﬁct?hond@é%mqﬂmfa dmopteﬂnémeb @tﬁaybambddo medifyrll pleahmd frioRbules disclosed

herdiPlo864 BStop leter may serve as a
> |Eﬁ§t h%mrr%ctuhg%ﬁht%%ught her ei n.

precursor .
The entire precursor molecule may be incorporated into one or more mitochondrial

molecules (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,, N3, glucose, lactate, H,0,
acetate, fatiy 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 asa
precursor in the methods taught herein.

Labeled water may be readily obtained commercially. For example, 2H;0 may be
purchased from Cambridge Isotope Labs (Andover, MaA), 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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Label ed water maybe readily obtai ned conmercially. For
exanpl e, 2H20 may be purchased from Canbri dge | sotope
Labs (Andover, MA), and 3H20 may be purchased, e.g.,
from New Engl and Nuclear, Inc. In general, 21120 is
non-radi oactive and thus, presents fewer 14 toxicity
concerns than radioactive 3H20 2H20 nay be
adm ni stered, for exanple, as a percent of total body
water, e.g., 1 %of total body water consuned (e.g.,
for 3 liters water consuned per day, 30 mcroliters
2H20 is consuned). If 3H20 is utilized, then a
toxity-corexins thaneadidactivd et B0 nisydd labiyiirGkedred, forRROnd as a percent of
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| evﬁél&va]yéng’}ﬂmﬂy siatee ehrfchinentOEKHL O (e. DR 6% of the BILTBOS, water is

B8 SR TERL AR e e e

relativbly eatstan( and]sﬁiblepﬁ d’@bﬂ)&vﬁlaﬁar@mﬁlihfaafeﬁ faraveakotintonghs in humans and

i SRS A USSR B ol el S350

hemapdutiecth éntfdpebpielio dgnnu@tteprewew donbetdboatr ﬁst{bﬁ.\ﬁ?ﬂﬁﬁicﬁﬁs at high
tr
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enmhmmtarermewemﬁed Ke. gmb;t initinlcAdtriiresratibi0in semnmihaed dolm) Ihéplv body
£2 cial.ly. avail abl e.
Wafa‘ ?“gr Yt ena%ec%mo%(me ViR RHeRE lef % ?f%‘mf 9)3}0%3{83““
of mnmmldbn aveilapld BieD eﬂcpmﬂeg»t@m fainteRadce of edrichinsnts mvieal-5% range
S 2 abel. i a 112 o
su el 60 ThodnBl (% TR Rops AR a3 o 55 2B it 2% 0
- enrpphmenty g thys Gelt% etrivhmeftdn tht Alahine p&clhr&b@lob]l;lﬂlan O 12 hours labeling

0% free.| euc
or 3 e A Bl M A B
poqd éaritletiperioBR| at i vel y hi gh and rel ativel y const ant body

wat,er rhchme 0 m ni ratlon 112180, may..
o S5l sl Bpolboat s hidinen S5 dmingeation of
B, PO xiay alsahﬂacdonfgléghed gﬁb@&e Ko iﬁato;fgllgﬁﬂt&%?@@ ahd Meahdtprdsént K
. abel ed water may be used as a
Slggé%aﬂ%m vlél?ksgl (itt:ursor for )r/mst cl asses of

m tmmmammam wed besneai-inivdriabr@tudsor for most classes of
rmt Ogaon Eolis/ LiC| eoti de, Lipid, and Carbohydrate

PreRUr - anot her enbodi nment, precursor nol ecul es

are preduPsein (igofRobntdingide, By, &€ \CaiohfiBste Precursors

In another embodiment, precursor molecules are precursors of proteins, polynucleotides,

lipids, and carbohydrates,
(@) Precursors of Proteins
'The precursor molecule may be any protein precursor molecule known in the art. These
precursor molecules may be CO,, NH;, glucose, lactate, HgO., aceiate, 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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i pids, and carbohydrates. (a) Precursors of Proteins
The precursor nolecule nay be any protein precursor

nol ecul e known in the art. These precursor nol ecul es
may be CO2, NH3, glucose, lactate, H2O acetate, and
fatty acids. Precursor nol ecules of proteins may al so
i ncl ude one or nore am no acids. The precursor may be
any amino acid. The precursor nolecule may be a singly
or multiply 15 deuterated am no acid. The precursor
nol ecul e is one or nore of 13C-1ysine, 15N-histidine,
13C serine, 13C-glycine, 2H 1 eucine, 15N glycine,
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prepﬂ&:tﬂ?ﬁﬁbﬁa}ﬁfylﬂibﬁﬁy&fﬂds IpﬁdSbtpheﬁél q%o(?i 0% Iﬂéclflﬂsoﬁ(blfﬁﬁnylanon, such as
cetrate one_podl es ucose, oOr

Py 8&tate, ﬁ o gefavek*z?s%&ks%ee PoffcTasg PEeCRisoBE5
calﬁ@;ylamo such as@I OS5 e;zomrgﬁmmpprsc@sformabwlaﬁdn?ﬁ?h sdizbrate,

act at e

et at et-hanol ct ose
ol Blicas®, fipse dg%ateacfilaﬂgﬁ B 03 e P other postapnslafiongl
ImﬂﬁﬁmmmehmwﬁnaﬂmumM1ln the art. The degree of |abeling
en an1no acj ds maybe det
ex p qt?g"ﬁ? SH 5 ing Pres‘??ﬁk}‘ éH’@ 200 5y “’cﬁ‘é{g% gétg};pngqc}gxmwggaﬂy, or
magbe hsatradd bagedsort S minibed o 1A6HiAsIfRS irflan aﬁﬁﬁo ifmgmlmr exarﬂMB? Hhen
t he | ahel i ng

s PRSI D i ol s o B sid o, v
speifiedtiyl inaRNAYaming atiiNduraigie ﬁpbsaz%lt@ﬁigdjiﬁlbba[lp@vgﬁ&ﬁﬁ@lﬁeﬁdélﬁﬁed

2 b be 1dentified t ot al
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in glgciteDeran - e.g., 4 in alanine, 2 in glycine, etc The
mol ecul.e_f or protei ns naybe water.

hy TSSO LHEICRHE fr Proisii ey bagter hEhWGFQSﬁ%?‘FO‘QF Bhs-Fhppnds
-arcalfd HyGroger £t6mb BRAmMb @c1ﬂ§tﬁ£tléfe sefnl {58 AhEutiRgpltcit Shiesis from *H,0
smcey tﬂe 8% émsd IiT-r g(]m%s 0 peptldes and proteins are labile in aqueous solution. As such,
the exchange of “H-label from *H,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 2H;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. Amnalytically, the
- amino acid derivative used must contain all the C-F bonds but must remove all potentially
contaminating N-H and O-H bonds.
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since the 0-H and N-H bonds of peptides and proteins
are | abile in agueous solution. As such, the exchange
of 2H 1l abel from 21120 into O-H or N-H bonds occurs

wi t hout the synthesis of proteins fromfree am no

aci ds as descri bed above. C H bonds undergo

i ncorporation fromH2O into free am no acids during
speci fic enzynme-catal yzed intermedi ary netabolic
reactions. The presence of 2H1abel in CH bonds of
prot ei n-bound am no acids after 2H20 adm ni stration
therefore neans that the protein was assenbled from
am kplraen ebmts ain bogty @atenmbyie: ihsddporited ito fibdlainig dctdie. *H or °H
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the wita synthe3|s of the precursor a-ketoglutrate in the
cit aC|d G utanmate, in_turn, is _known to

" thé ES‘}:*H@PH ané 8% Bt inpesporatpd;inigqnaino agidy though %une—

cataﬂj?z@d Fdattidas. Byr mmp!bt o:@rgeﬁ ORhar¥ AAPILE carbdR/ ik AGE MoRkPdTBmino
body wat er i,ncorporated into

aci d%fty OPFUL g eZYAG ¥ﬂ§ﬂ YRS FeRptiss. alwmora%ﬁ of dabeled epyegy into amino
aczdshskr[m!hho'bnegif QK inh fhe ArtMBkiizeh 'ajfbhﬁtnha@%lso B SichipeFatdihto amino
.groupgin.h oxyproline or _hydroxylysine, and others.
acidh R A a5 SY TR ipRi RO io¥ Y Eormeipoyaronstysineor
othérfposi@raaflatfolshily mbdified HBnekdids).Oxygen atons (112180) may

alﬁg be incorporated into am no aci ds through enzyne-
ydrogen and oxygen labels from labeled water may also be incorporated into amino

acids throngh post-translational modifications. 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, efther before or

after post-translational modification step (e.g. methylation, hydroxylation, phosphoryllation,
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catal yzed reactions. For exanple, oxygen exchange into
the carboxylic acid noiety of amno acids may occur
during enzyne catal yzed reactions. |ncorporation of
| abel ed oxygen into amino acids is known to one of
skill in the art. Oxygen atons may al so be
i ncorporated into amno acids from 1802 through
enzyme catal yzed reactions (including hydroxyproline,
hydr oxyl ysi ne or other post-translationally nodified
am no acids). Hydrogen and oxygen | abels from | abel ed
wat er may al so be incorporated into am no acids
prebflaIAOIBRH cAbAPRLGE, hQMtioRRE bihbia@bi R PSst-trhib10Bal
§q$0d| nt, the post-translational nodification may
mogh “include |abel ed hydrogen or oxygen through

b|osynthetlca@pﬁﬁmgwgqumwm%gﬁhmmﬁaﬁtranslatlonm
nodjfication. |In_another enbodi rent,
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pr e IPRPSor melequies of prlynucleptifss ran br G Nibsesds &lza Brrogs lactate,

H,0} doethte Kb b@lidtand Fap abids, oRomb, subsbicfor 6RkE ARIS) aci)ind
phPrlfgursors of A igo/ Pol ynucl eoti des -The precursor

ful e may i ncl ude conponents of oligo or
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resléﬁ%sd’gbeg}r%ﬁ}fspﬁgglﬁﬂgeswyl also be qRe rneqre co&li;mn?ts of nucleos:éle res;dues
Glychh,caspam{wgﬁﬂaﬁire dma&&ﬁm@ofoﬂf@ fRTeREMISE Hay BB hSdldk Brecursor

_ a oly recur sor | ecul e known in
-m"fa‘éesa‘i%ﬂ’“ﬂ%gﬂgbr @%‘?ﬁ%@ rph 5% Pidesparigte, 9B FXRARRS, BBY Pejwed as
preGmyor h@lﬁﬂas of WvidinidiicAthgs O derfil el SR B ine! g’iﬁﬁﬁ& %uand‘l%@ cyndlne

N ARG -

AllRSospe 1beled Pobiesuid @&y B pudéadd bemaeiciue Sfo ﬁiesﬁom Cambridge
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to 19ROEP PAYicRBEdAFRBE Ak S 1,0, @H%H&ﬁmd&@d eRBatR AR, 0 into
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polig g e pescu ey rh%preﬁemsﬁﬁ@el /& FORE of polymiclestides
nucleosides, and nucleotide or nucleoside precursors, after 2,0 administration therefore means
that the polynucleotide was synthesized during this period. The ciegree 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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cytosine, thym ne, or thym di ne maybe given as
precursor nol ecul es for deoxyribonucl eosi des. Al

i sot ope | abel ed precursors may be purchased
commercially, for exanple, from Canbridge |sotope
Labs (Andover, MA). The precursor nol ecul e of

pol ynucl eoti des may be water. The hydrogen atons on
C-H bonds of pol ynucl eoti des, pol ynucl eosi des, and
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uch.,as, for ani ne an
prefS R e I B e e Vi gpcosp R Ol o) acids
Th@re@tmsmaﬁ als®@dacRiicabddl Wk OirBRfaBlyEH,0 '(ﬂe@terated water), whichisa
Ay 3I eot | dé}'{;ﬁ’gd eoti de or . nycl eosides in
profiact Rt S ol bt o (s esialyoemmlesholegigral s s grvatives; °C or
H-hbeled fa6 béiod) which@tdydeursors for triglycerides, phospholipids, cholesterol ester,

coamides and other lipids; Be- 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); >C- or *H-glycerol, which is a precursor for
acyl-glycerides; BC- or ?H-labeled acetate, ethanol, ketone bodies or faity acids, which are
precursors for endogenously synthesized fatty acids, cholesterol and acylglycerides; and *H or

13C-Iabeled cholesterol or its derivatives (including bile acids and steroid hormones). All isotope
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nodi fications that occur after synthesis of DNA

nol ecul es. The netabolic derivatives may be
net hyl at ed bases, including, but not Iimted to,
met hyl ated cytosi ne. The netabolic derivatives may

al so be oxidatively nodified bases, including, but not
limted to, 8-oxo-guanosine. Those of skill in the
art will readily appreciate that the |abel may be

i ncorporated during synthesis of the 'nodification.
(c) Precursors oflLipids Label ed precursors of I|ipids
may i nclude any precursor in lipid biosynthesis. The
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to gt!rcel_'oaisgmiﬂ; h@ile\il_mh-)sulﬁtel: podyreddg, Odiiciense §uid GbmdépRating ualts offt@paran-

.ed t et t osam ne ] . .

sulfge R i b0 b o R B s it s pporapifoids and

kerghwmt])lﬁamjjownmsd 3, Ghili ::fediﬂbhﬁorﬁ ﬁp_eeft'ﬁgm;ﬁ_tﬁﬁt ylkera]tcmi-sﬁdfgte dfsaccharide, a
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R RS il S e B ™

| i dialeled precursors of glycosaminoglycans and proteoglycans include, 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), *C- or *H-glucose (incorporated into
sugar moieties), *H- or C-fructose (incorporated into the sugar moieties), “H- or *C-galactose
~ (incorporated into said sugar moieties), "N-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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(d) Precursors of dycosam nogl ycans and Proteogl ycans
d ycosam nogl ycans and proteogl ycans are a conpl ex
cl ass of bionolecules that play inportant roles in the
extracel lul ar space (e.g. cartilage, ground substance,
and synovial joint fluid). Mlecules in these cl asses
i nclude, for exanple, the large polyners built from
gl ycosam nogl ycans di sacchari des, such as hyal uronan,
which is a pol yner conposed of up to 50,000 repeating
units of hyaluronic acid (HA) disaccharide, a dimer
that contains N-acetyl- glucosamne |linked to
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D

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 1,0 that can be
ingested (e.g., by drinking or intravenous infusion) by a living system. In another embodiment,

the labeled precursor is *C;-lysine that can be ingested (e.g., by drinking or intravenous
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(e) Precursors of Carbohydrates Label ed precursors of
car bohydrates may i nclude any precursor of
carbohydrate biosynthesis known in the art. These
precursor nolecules include but are not Iimted to
H2O, nonosaccharides (i ncluding glucose, gal actose,
mannose, fucose, glucuronic acid, glucosamne and its
derivatives, galactosanm ne and its derivatives,

i duionic acid, fructose, ribose, deoxyribose, sialic
acid, erythrose, sorbitol, adols, and polyols), fatty.
aci ds, acetate, ketone bodies, ethanol, |actate,
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(1 ol B i o giien lsBer wron e omirt ey Gsuticent o
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is a rso acc ar i
or B mhaden et nblbolits et SSeSRin i RE Shion Rt Toig mod
_uﬂﬂuhgmgdmmuahum&nmsnﬁhammkeﬁm&mmwdmhmmaﬁuaamksTmapaﬁﬁofmme

maﬁé%‘ ﬁrﬁg?cfda?@bof A Sﬁtm‘?{%‘p ?%rat\{qa}%df gqs.éé‘i:agv\a{nge%om minntes
or }pmrséelg efoa sy yms udranitcaledtislinyoleculel); @wesski g eyen @bmths (e.g., for

eritoneally. . The.living system nmay be an ani mal.
810% ‘IPVI g‘%é’g}%?ai#\ogf@?)s)hay be human. By way of

. exdite Ipssiﬁuﬂsdir lﬁn‘lebuheﬂ’hgd:idmﬁl‘inémi(lﬁllﬁoﬂ r@dbgﬂeﬁg afhRGatdr&d) rAdninistration

{ hat te . rinkln r ..
of e B oR S AR O b Y Ty, Thiyeutyr Bileorls Mg ppinistered
continiasly BERbeatedtyh) so thaticdneibidat ﬁﬁcbiﬁls o précﬁrs&ﬁ@id:hﬁﬁdteﬁlal sgblﬂﬂlat an
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isof i alafeat JES or i s SR SR oy By e
conbérratiiellabelep mem@m relaSivdlp Gﬂnsﬂht}tﬁbﬂ’tﬁné)h Hthe €kinitfs labeling
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wil R b P e e A T dns fgipnat
replasedeant Berof ke iditdehondrial 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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gl ucose that can be ingested (e.g., by drinking, or

i ntravenous infusion) by a living system The |ength

of time for which the | abeled precursor is

adm ni stered may be sufficient to allow the precursor

nol ecul e to becone incorporated into a biosynthetic

pat hway. The i sotope- | abel ed precursor nolecul e al so

may be introduced to a living systemfor a period of

time sufficient for the |abel of the isotope-|abeled

precursor nol ecule to becone incorporated into one or

nore m tochondrial nolecules and then released in the
of laloal ox dfoayoufdatel incaapaationl{aieidn andie-aay)ai th arbtabblicdlaldtie of the
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cultuged|calt erisane; flameaseingtisntopid ttoctﬁhtamdﬁor aittenmreua bEchange of isotopic

: con%?g'}dﬁ)tr athi¥n lwiacﬂﬂnit%ﬁ(ﬂiapin@% S Mkic%lcu ?]ge%gbat | M yfhesis or

Brecursor enri
atqaféggrma@om @ftb@/mﬂe@nednahmo}ycldé ogical conplexities of
cellular nmetabolite pools. The precursor nol ecul e may
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| .abel |n%1net od, an anbunt” o precurs
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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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bi ol ogi cal sanple. After adm nistration of
isotopically | abel ed water or other isotopically

| abel ed precursor subunit nolecules to a subject, the
i sotope is generally incorporated into a mtochondria
nol ecul e. Exanpl es of mtochondrial nol ecul es include,
but are not limted to, DNA, RNA, proteins, and
lipids (e.g., phospholipids). The nethods of this
invention are typically carried out in mammualian

subj ects, preferably humans. Manmal s include, but are
not limted to, primates, farmanimls, sport aninmls,
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sdf BisEEam) Yo mipcordtiahmaleie terg: JIMiyhis converiad to a form in which
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as a rlner deuterated water, for exanp
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scingllaon copaing @r aleranatds smmm the(fieldy. Opwllmﬂlqﬂévtomaygnt@t and/or
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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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23 The adm nistration of |abeled water or other

isotopically | abel ed precursor subunit to subjects

may be orally or by parenteral routes, e.g.,

i ntravascul ar infusion or subcutaneous,

i ntramuscul ar, or intraperitoneal injection. B

(bt ai ning one or nore mtochondrial nolecules After

| abel ed water or an isotopically |abel ed precursor

subunit has-been adm nistered, mtochondria are

isolated fromone or nore cell types or one or nore

tissue sanples of interest, by techniques well known
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fromwhich the mtochondrial nolecule was synthesized

cell i.ssue, or organism The rate of
syn’f'rrieﬂgenar {'ﬁ ogir4! srrpling Fanayary daperding on digfrentifasiorp eSuch
facton molrhdn:t lad arcast Iiiﬁiiétﬁb,bﬁéinéﬁke bletht floReb@bdofShterdbt; eabcl @@ R fety of
prg tﬁthhdbs h E%orporated by reference in
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precursor subunit, after correction for the isotopic

atter )| t h %f osynt heti c AT
conk oA ARl R R A R bl SHESEL,
: conweitzanal cpnﬂﬁnapon meﬂwdd’l&olﬁcﬁﬁ@lngi préggredidaid cBfonditogtpBy (HPLC), fast
perflh G0 RO bAb SO PR B AP MRS SR LS 2 Tt B3S Sromatopraphy,
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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on the time course of die-away of the isotopic content
and/ or pattern in the mtochondrial 24 nolecule after
renmoval or wash-out (i.e., "chase") of the |abel ed
precursor subunit. The calculated rate(s) of

synt hesi s and/ or degradation of mtochondria

nol ecul es may then be used to represent the netabolic
fitness of the cell(s) or tissue(s) analyzed. In
practicing the nmethods of the invention, in one
aspect, targeted nol ecules of interest are obtained
froma cell, tissue, or organism accordi ng to nethods
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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 specirometry
(GC-MS), isotope-ratio mass spectrometry, GC-isotope ratio-combustion-MS, GC-isotope ratio-
pyrrolysis-MS, liquid chromatography-MS, electrospray ionization—MS, mafrix assisted laser
desorption-time of flight-MS, Fourier-transform-ion-cyclotron-resonance-MS, and cycloidal-MS.
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degraded to formsmall er nol ecul es. Hydrol ysis nethods
i ncl ude any nethod known in the art, 25 including,

but not limted to, chem cal hydrolysis (such as acid
hydr ol ysi s) and bi ochem cal hydrolysis (such as

pepti dase degradation). Hydrolysis or degradation may
be conducted either before or after purification

and/ or isolation of the nolecules of interest. The

nol ecul es of interest also may be partially purified,
or optionally, isolated, by conventional purification
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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 Jarge, non-volatile macromolecules including
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pyrrol ysis-M5, liquid chromatography-Ms, el ectrospray
ionization-MS, nmatrix assisted |aser desorption-tine
of flight-Ms5,
Fourier-transformion-cycl otron-resonance- M5, and
cycl oi dal - M5. 26 Mass spectroneters convert nol ecul es
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Addifjgnally, such a baseline isotopomer frequency distribution may be estimated, using known

average natural abundances of isotopes. For example, in nature, the natural abundance of C

~ 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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opportunity to identify conponents of conplex m xtures
With near certainty. Different ionization nethods 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 proteins and
pol ynucl eoti des. Techni ques of this type have included
el ectrospray ionization (ESI) and matrix assisted
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a taglﬁ %ﬁlghgﬁ?efof; a?lh(il%éém ifterebtor FAphiRily, Whfs 8RR relationships. From
these comparisons, a value, such as the value p, is determined, which describes the probability of

mass isotopi¢ enrichment of a subunit in a precursor subunit pool. This enrichment is then used
to determnine 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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present in organic carbon is 1.11% Methods of

determ ning such isotoponer frequency distributions
are di scussed below. Typically, sanples of the

m tochondrial nolecule are taken prior to and
foll ow ng adm ni stration of an isotopically | abeled
precursor to the subject and analyzed for isotoponer
frequency as described bel ow. 28 1. Measuring Rel ative
and Absol ute Mass |sotoponer Abundances Measured mass
spectral peak heights, or alternatively, the areas
under the peaks, may be expressed as ratios toward the
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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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mass i sotopic enrichnment of a subunit in a precursor
subunit pool. This enrichnment is then used to
determ ne a val ue, such as the val ue Axe, which

descri bes the enrichnment of newly 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 isotoponmers were newly synthesized. 29
Fracti onal abundances are then cal cul ated. Fractiona
abundances of individual isotopes (for elenents) or
mass i sotoponers (for nolecules) are the fraction of
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pregpsqrprsdctdprenba:r ef ers to basel i ne or natural
- abundance. In order to determne the fraction of the
nol ecul es th§@=pﬁﬁgiﬂgtually new y synt hesized during
a period of precursor adm nistration, the nmeasured
s conpared to the

excess molar.ratio. (EMK _
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whi ch woul d be expected to be present, if al

i sotoponers were newly synthesi zed.

For the discontinuous labeling méthod, the rate of decline in isotope enrichment is
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 molecutar 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
proportion of mass isotopically |abel ed subunit
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 conmpared to the actual, 30 experinentally

det erm ned i sotoponer frequency of the nol ecul e of
interest. Fromthese values, the proportion of the

0| Feerettly Qhe #id3f BhESdint 0B erlod oo ¥ RESInARStdnloP PreBdEl? Has
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%r@%ﬂhcﬁ% Jceg )I?lﬁay%l %glglﬁgtecpﬁlaose 011 aabe§c| clmrc]igtlaq%% (I;}ﬁgr’kinetic
the rate o n |sotope enr T Chient 19
decgpguevst at ed and the ki netic paraneters of the nol ecul es
of interest are calculated from exponential decay
equat i ons. hg=qpﬁﬁyic|ng t he net hod, biopolyners are
enriched in nass i|sotopomers, preferably cont ai ni ng
| abel ed precursors. These

multiple s i sotopi cal
hi é’}%“ﬁﬂagﬁa‘ 06‘;96%%%%?0 detraming FeEnit 8201 6pmpaFition @ad rates of

syntheﬂs and 6da§ EdH s@BstAHARPInY LYo Bnfef wﬂmﬁﬁ&&rﬂeﬁ FHoBPinodr Ln\bre identical
beleﬂgggecursors are forned in negligible anmounts

subyes berfaess etopicalielibried. Qﬂteewﬂé—smww@ul#len {eplaniques and

expérdh@itdl VBEDA g'o@ﬂb—ﬁ%lﬁ%ﬁ?ﬁlg?cg&s %h?ﬁ)g h&dd (Q'ES&e'Wt?Fegghtﬁ akhdoactive

dgﬁggﬂgd precur sor.,
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Tﬁﬁ%? %ﬂ@ogﬁﬁF?%ed by mass spectrometry, to
determne the relative frequencies of a hlgh nmass
i sot oponer. Since the

Applications of the Inventive Methods

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
two tine points provides a direct nmeasure of the rate
of decay of the nolecule of interest. 31 Preferably,
the first time point is |ong enough after

adm ni stration of precursor has ceased, depending on
node of administration, to ensure that the proportion
of mass isotopically [|abeled subunit has decayed
substantially fromits highest |evel follow ng
precursor admnistration. In one enbodi nent, the
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decay kinetic can be determned by fitting the curve
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dr@@ﬁﬁﬁiab@dcal Eﬁbﬂt e Rt RifRSendS Blnd D oBEE BN e éﬁ&%hﬁ;h the
m@g@l npos ion and rates of synthesis and decay for
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%hﬂf gglg Iabeled Q her wel | -known_cal culati on
"&ﬁﬁ Yoot anpr ety wgeky typisalivigsulis ingederzents in mgtabolic
ﬁtn%ﬁsp ERSCVER us6 Nthidenve BBk théthdll wol@RelYBlidBtify2 drfe or candidate drug
|oact|vgdrand St.abl e Isotope Tracers i'n

ag%? VRt getrapyng Ao Heady dngithprapqutip widlit in nepple forged to wndergo
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d calculation flux rates of nolecul es and flux rates
el’E‘ﬂ‘idough nmet abol i ¢ pat hways of interest. Applications
of the Inventive Methods The net hods of the present

T effiéct offa dmgagem maad: tbd WRing akid 18EtNode ﬁea@ﬁﬁd&%ﬁs‘in A change in

hod used to assess th
theietabld Githesp pf 0l dspol £Rbirns Sysiem t fRich = frhs Ageridmobace
adxﬁlpistlz:ﬁ&ndtbi lmhil @s&ﬂﬂb %tchrmﬂj(ﬁjlgha@ %Sﬂaeélga(?ﬁﬁl%féu n&ﬁhfi&; the drug
rjsk o medi c ondi tions such a
oncpl R SpRyleio s ale BBl e cpneios ot s g sygfeny e drug
agefiDmidbd ddyriniftergbRahedame BIGR s9stOaldr Rl ivih S stems. Drug agents

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

‘not limited io, 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.

Inn 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 In another variation, the nethods may
be enpl oyed in a subject, cell culture, or tissue
culture to screen drug agents, such as candi date
pharmaceuti cal agents, in a high-throughput manner,
for their effect on netabolic fitness (i.e., ability
to alter nmetabolic fitness by increasing or
decreasing netabolic fitness, or ability to prevent
changes in netabolic fitness). If a cell ~culture
systemis used, the nethods of the invention can be
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usel g assqshipetabalip ditnesy mumsaues, biedrganisms] idelnding ;maamlr Thpse killed
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t hereby has therapeutic utl peopl e F'orce

they, prg@pijatendsd ¢p kimaif thedurention.i nj ury, il ness,

i mmobi |'i zation, or other change in netabolic fitness
or aerobic demand. The ekigpirpaf a drug agent may be
tested using the nethods described herein. A change in

the nmetabolic fitness or aerobic demand of a |iving
systemto which a drug agéﬁPﬂﬁﬁk been adm ni stered

and a | i Vi Feacivsd SRty iNdTivEIdcRondhsiDNES 1L Afpen
adm ni stered id ntlfugﬂg§he drug _agent as capabl e of

al tering net abof?@PF¢ %M%Pﬁﬁﬁﬂé%WEHE@Whnd of a

living system The drug agent naybe administered to
lj t di ff t | t :
PR R RIS AL KA T T
expemaﬂaldmmfm@wm nM(aié%p?efgﬁe DE%EQ rRORGHh thd’iﬁéxy R Gy, ca

any chem cal conpound o

ar e
weig 8H{5’8 q‘ 6Wa i @g% 6 E’EF“‘P‘?WO‘F&W@%’QH&) én d@lﬁ%ﬁrC.L@t aehieve 2% *H,0 in
bodiGattdr 0Nthefats] Imuf%’t&d(wdt&ctﬂ% *H20) a3 thedd Laﬁinhﬁﬁérg@%hdmlqng water to

u ation, USA), incorporate erein
the \E/a‘i\hfie’i‘té? Fé%'& f('j Freks (- g H?'ie PESE/EWO gFpugs pliptsTrained and witpiged. The
anifable welt\IRAlsh@FFicBT AWLEAS tildpSints 0), RAERE Thiffled MRS diac
andciuncﬁun% muscle. 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 App! Physiol. 2003
Jun;94(6):2203-11). The DNA was hydrolyzed to free deoxyribonucleosides and derivatized
using techmiques known in the art (Collins et al., supra). —
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invention. The kits may be fornmed to include such

conponents as | abel ed water, one or nore other

i sotopically | abel ed precursor subunits, or m xtures

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 as preneasured

vol unes. Furthernore, the kits preferably will be

packaged with instructions for wuse of the kit

conmponents and with instructions on howto cal cul ate

nmetabolic fitness. Other kit conponents, such as tools
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coll ected by centrifugation and m tochondrial DNA was
i solated using ultracentrifugati on and bi ochem ca
I solation techniques well known in the art (see
- Collins M, Eng S, Hoh R Esdeiplex stein MK JApp
Physi ol . 2003

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 m} of 70% 2H;0 by
dﬁnking 70 mls every three hours over 24 hours (a) at day zero and given 150 ml of 70% *H,Q
by drinking 50 mls 3 times a day for about 11 days. A volume of 70 ml/day of 70% 2H,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
known in the art (Collins et al., supra). 34 As shown
in Figure 2A, the incorporation of 2H into

m t ochondri a] DNA was neasured by gas

chr omat ogr aphy/ mass spectronetry. Aninmals placed on an
exercise training (treadm Il running) programfor 1
week of exercise exhibited markedly increased
incorporation of 2H into mtochondrial DNA
Conversely, sedentary, obese m ce exhibited reduced
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I ncreased subunit |V cont subunit IV content
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drinking 70 m s every three hours over 24 hours (a) at
day zero and given 150 m of 70% 2 H20 by drinking 50
ms 3 tines a day for about 11 days. A volune of 70
nil/day of 70% 2H20O was 35 then admi ni stered by
drinking 35 nks 2 tines a day for about the next 10
weeks. Bl ood was drawn at various tinmepoints (c) and
platelets isolated fromthe sanples. Figure 2B shows
that enrichnent of platelet mtochohdrial DNA from
deuterat & water adm nistration increases with the

i ncreasi ng duratlon of adm nistration of ZH20 (Collins

ole#ochondrHa 'hosp'ollpldé)lsola ed From
Human Muscle Biopsies After |sotopically Label ed
2509dt er0-dmi ni%¥rat i dP8ThaS profétol f8r incotporation of
2H into human mtochondrial DNA from rmuscl e biopsy -
251508 mplEry i s iddustrated @ the3gxpergsent al 3 desi gn of
Fig. 3d. Five human subjects enrolled as out- patients
e 70 of 21120 ee t y for 5
25%@§s§%ﬁgn tﬁ?%e a(éggf%% 5 %gés en |n%§sted 50
nil twce a day thereafter for the remai nder of the
251dihhtQL%Beek stlidy pdridod34 Evei§ twoddeeks, 1-8ubjects
gave a saliva sanple (for neasurenent of body 21120
enrichnent). At  WEeK 8, an opén mnuscle bi opsSy was
perforned under surgi cal conditions M tochondria were
at e

o Y ih R sR s R et BlA SR ie Seaiy emons besly

subjets and moy) @fle@ ﬂlffhfenmsﬁlﬁ) E;tbﬁﬁlﬁrplaﬁrns( dttnusEWlleratilél demands. Different

S I pi d wer.e racedur es | known in
vl BRIt i R o o Al Rl GRPPp et
humnmtoanondﬁacmm BetivBert daen%graﬁa il PL BRHGR Snay 214p provagad
s _et, at ra asur i ncor poration
R}ﬁon—a %'ﬂ(%%rgise %ﬁ‘ﬁ‘ﬁlgﬁw‘:@é‘w&\ﬁr‘%ﬁ & g i sot oponer of the
nDIecuIe) and fractional synthesis (f) of rot DNA and

rut PL are shown in Tabld%mmpMMtochondria
Phospholipid M tochondrial DNA Cardioli

oSNt | SRS o o,

100 0.5 After Isotopically Labeled Water Administration

The protocol for incorporation of 2H into rat mitochondrial phospholipids is illustrated in
the experimenta) design of Figure 4. Female Sprague Dawley Rats from Simonsen, Inc. Gilroy,
CA were placed into three groups, a trained group, a scdenta;-y conérol, and an acute exercise
group. The terms “run” and “exercise” are used synonymously in Fig. 4. The rats were primed -
and maintained on 4% “H,0 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), phoshphaﬁdylcholine (PC), and phosphatidylethanolamine (PE) performed as

described in Example 3, supra.
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251515 0.13 2.8 1.08 19 0.44 8 1.7 251598 0.10 3.3
2.12 58 2.38 65 1.1 251748 0.17 3.1 3.18 49 3.40 53
2.0 251771 0.03 1.1 1.14 34 1.46 44 1.0 Variability
in fractional synthesis of mt DNA and nt PL is
apparent anong healthy subjects and may refl ect
differences in exercise patterns or nuscle aerobic
demands. Different values for rat DNA and nt PL nay
reflect differential turnover of different conponents
of human m tochondria. Ratios between nt DNA and rut
PL synthesis may al so provide information about

exehs slwenpaFigerendA and 4B SHuscogoraioh MtdENET) and B aapihe ghatest

- nthe is of Mtochondrial Phospholipids in
lné{%\?’g&él rk%ulp%}‘%%{“g 1 cally Label ed Water Adm nistration

The protocol for |ncorporation of 2H into rat

' h h d d
 oxpibi anit bt SRAR T Bl b ey 5 Eolfing ok of
dergrated Wabmnsmmnwembﬁtmf d@tdﬂuﬁmncoqﬁ{’atioﬁ R0 RloRGads sdléted from
- mliogﬁd)%ﬁng é)nl“{@élace sm?lg %gf\jvél?% 3)889 ﬁ}ﬁg:lﬁe gc?s L S0 né'ﬂfaabohc fitness

acut
and @oses wiidatiVe ieds. used synonynously in Fig. 4. The rats

were prinmed and maintained on 4% ZH20 as described in

Exa 7 [ i fi
el P ol pEfon el B s ofl B e RS oo by
reﬁﬁ@@WEh@Fméﬁﬂﬂlac muscle. M tochondria were isolated
as previously described, and assays for fractiona
synthesis of <cardiolipin (CL), phoshphatidyl choline
(PO, and phosphati dyl et hanol am ne (PE) perfornmed as
described in Exanple 3, supra. 37 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 studies denonstrate that a | aboratory
test involving the drinking of deuterated water and
t he measurenent of deuteriumincorporation into
nol ecul es isolated from mtochondria, can repl ace
“physi ol ogi ¢/ whol e- body exercise tests as indices of
nmetabolic fitness and tissue oxidative needs.
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Al'l publications, patents, and patent applications
cited herein are hereby incorporated by reference in
their entirety. 38 Clainms 1. A drug agent identified
by a nethod conprising the step of: assessing the
metabolic fitness or aerobic demand of a living system
before and after said living system has been

adm ni stered said drug agent; wherein said assessing
conprises in vitro neasuringcat Least one of the

i sotopi c content, isotopic rn, rate of change of
i sotopic content, and rate of change of isotopic

patter B dfg adent Meh QY 4L leba DL giggg&eitsﬁpgﬁi d living
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wherein said assessing in steps (a) and (b) comprises in vitro measuring at least one of the

isotopic content, isotopic pattern, rate of change of isotopic content, and rate of change of isotopic
pattern of a mitochondrial molecule in said first and second living systems which have been
administered an isotopically labeled precursor molecule for a period of time sufficient for the
label of said isotopically labeled precursor molecule to be incorporated into a mitochondrial
molecule in said first and second living systems, and calculating the rate of synthesis or
degradation of said mitochondrial molecule to assess metabolic fitness or acrobic demand of said
first and second living systems, and

wherein a change in the metabolic fitness or aerobic demand of the first and second living
systems identifies the drug agent as being capable of altering the metabolic fitness or aerobic

demand of the living system.
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sufficient for an isotope label of said isotope-labeled precursor molecule to become

incorporated into a mitochondrial molecule.
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