
MONITORING TWO DIMENSIONS OF DIABETES PATHOGENESIS
SEPARATELY OR CONCURRENTLY (INSULIN SENSITIVITY AND
BETA-CELL SUFFICIENCY): USES IN DIAGNOSIS, PROGNOSIS,
ASSESSMENT OF DISEASE RISK, AND DRUG DEVELOPMENT
CROSS-REFERENCE TO RELATED APPLICATION [001] This
application claims the benefit of U.S. Provisional
Application No. 60/689,612, filed June 10, 2005, which
is hereby incorporated by reference in its entirety.
BACKGROUND OF THE INVENTION [002] The present
application relates to the field of diabetes mellitus
(DM). In particular, methods for determining
separately or concurrently with a simple, minimally
invasive test the presence of tissue insulin
resistance and/or the adequacy of pancreatic beta-cell
response or compensation in an individual and
therefore the individual's susceptibility to
developing DM type 2 (DM2) or progressing to more
advanced DM2, are described. [003] The current
pathogenic model of type 2 diabetes mellitus (DM2)
invokes a twostep process: (1) Insulin resistance
(i.e., reduced sensitivity of tissues to the actions
of insulin); and (2) Pancreatic beta-cell failure
(i.e., insufficient secretion of insulin to compensate
for insulin resistance). This model explains numerous
empirical observations in the field of DM including:
a) The high predictive power of gestational diabetes
(GDM) for subsequent permanent DM2. Pregnancy causes
insulin resistance in all women (due to the high
levels of progesterone). The inability to increase
pancreatic insulin secretion for three months to
compensate for insulin resistance, manifested by
subsequent development of GDM, therefore predicts
failure of the pancreas to compensate and the ultimate
development of DM2 when long-standing insulin
resistance occurs associated with obesity, aging and
sedentary life-style. b) The observation that only
25-30% of obese (insulin resistant) people will
develop DM2. The remaining individuals maintain
compensated (hyperinsulinemic) insulin resistance and
do not develop DM2. Thus, two lesions are required for
the 



development of DM2 (insulin resistance and pancreatic
insufficiency).c) The natural history of blood insulin
concentrations in the progression of obesity to DM2.
Insulin concentrations initially rise above normal
levels, then fall to normal or low levels, as DM2
emerges. d) The observation that insulin-sensitizing
interventions can prevent progression of pre-diabetes
to diabetes. Reducing insulin resistance by exercise
or metformin therapy has been shown to improve
pancreatic insulin secretion and to prevent
progression to DM2. e) The observation that
progression of long-standing DM2, in the United
Kingdom Prospective Diabetes Study (UKPDS), for
example, involves mainly worsening of beta-cell
function, not worsening of insulin resistance. This
study showed that patients with long-standing DM2
require more and more drugs to maintain good diabetic
control over time, primarily because of worsening
insulin secretion, not changes in insulin resistance.
Implications for diagnostic monitoring and drug
testing [004] Accordingly, full characterization of
susceptibility to DM2 or progression along the pathway
to DM2 requires information about those two elements
or dimensions (insulin resistance and pancreatic
beta-cell compensation) involved in the pathogenesis
of DM2. [005] Bergman and others have proposed tests
to assess both dimensions. The Frequently Sampled IV
Glucose Tolerance Test (FS IVGTT) measures the insulin
sensitivity index (ISI) and the acute insulin response
to glucose (AIRG), and calculates the adequacy of
beta-cell response from these two measured parameters.
This method has been extensively used in humans at
risk for developing diabetes and has supported the
model (Kahn et al, Wyeth et al, see references infra)
shown in Fig. 1. The central concept is that a
hyperbolic relationship exists between tissue insulin
resistance and pancreatic insulin secretion. As
insulin sensitivity (ISI) falls, AIRG should rise, so
that the product of ISI x AIRG (termed the disposition
index or DI) should remain constant (Fig. 1, black
line). DI therefore represents a calculated measure of
the adequacy of pancreatic compensation to insulin
resistance, or an indirect measure of beta-cell
sufficiency in the face of insulin resistance.
Accordingly, 



individuals who fail to maintain constancy of DI as
ISI falls (gray line in Fig. 1) - i.e., do not fall on
the expected hyperbolic curve of ISI vs. AIRG (black
line in Fig. 1) - are considered to be showing
evidence of pancreatic beta-cell insufficiency.[006]
Investigators have shown that such individuals, whose
DI is not maintained in the face of reduced ISI,
indeed appear to be at higher risk of developing DM2.
Moreover, failure to maintain constant DI is a
heritable trait within families at different risks for
DM2. DI has therefore been proposed as a means of
identifying those insulin resistant individuals who
are highly susceptible to developing DM2. [007] The FS
IVGTT is problematic as a test, however, and is much
too invasive and complicated to be used in clinical
diagnostics, for the following reasons: (1) The
placement of an intravenous line is required; (2)
multiple blood draws according to an exactly timed
protocol are required (e.g., every 1-2 minutes for 20
minutes, then follow-ups through 2 hours); (3) sterile
iv glucose must be injected; (4) a drug (tolbutamide)
must be injected iv at exactly 20 minutes after iv
glucose (carrying some risk and the need for medical
supervision) (5) multiple laboratory tests for glucose
and insulin concentrations must be sent; and (6) a
computerized calculation must be carried out on the
data generated. The FS IVGTT is therefore
labor-intensive, invasive, costly, difficult to
interpret, and to some extent a risky procedure. [008]
Other methods are available for estimating or
measuring insulin resistance. These include
hyperinsulinemic glucose clamps (considered the "gold
standard" for insulin resistance), and the similar
steady-state plasma glucose (SSPG) method, the
homeostatic model assessment (HOMA), and simple
measurement of plasma insulin concentrations. None of
these methods can give information about pancreatic
beta-cell function or the adequacy of beta-cell
compensation for insulin resistance, however. Indeed,
the glucose clamp and SSPG methods explicitly control
blood insulin to remove the potential confounding
influence of pancreatic insulin secretion. There
currently are no practically usable tests for
measuring or estimating the adequacy of pancreatic
beta-cell response to insulin resistance. [009] It
should be apparent that the absence of a simple,
practically usable test for 



identifying individuals who are both insulin resistant
and who are exhibiting insufficient pancreatic
beta-cell response - and are therefore highly
susceptible to developing diabetes or to worsening of
existing diabetes - is a major limitation in the field
of diabetes. The present emergence in diabetic
therapeutic research of agents that may increase
pancreatic beta-cell proliferation and function makes
the absence of an outcome metric for beta-cell
adaptive function particularly critical.BRIEF SUMMARY
OF THE INVENTION [010] Certain embodiments described
herein utilize one or more of the following
observations: a) the production of deuterated water
from deuterated glucose (hereinafter referred to as
"deuterated water production") was remarkably reduced
in some models of insulin resistance (e.g., acute
high-fat feeding in rats, Zucker diabetic fatty rats,
humans with lipodystrophy and some obese
hyperinsulinemic human subjects) and that deuterated
water production increased in response to
administration of insulin-sensitizing therapies (e.g.,
thiazolidinediones, metformin), but that deuterated
water production was not reduced in all models of
insulin resistance. Indeed, some chronic models of
insulin resistance (Zucker fatty non-diabetic rats,
ob/ob mice, some obese hyperinsulinemic human
subjects) exhibited normal or near normal deuterated
water production (Figure 10). b) the correction of
deuterated water production for ambient serum insulin
concentrations after administration of deuterated
glucose, however, resulted in a measure of tissue
insulin sensitivity or resistance that was apparent in
all models of insulin resistance tested (Figure 11),
and increased in response to insulinsensitizing
therapies. Deuterated water production divided by
insulin area under the curve (2H OZINS AUC) thereby
reflects the response of tissues to blood insulin and
reveals the presence of reduced insulin sensitivity.
c) the insulin-corrected deuterated water production
(2H2O/INS AUC) correlated extraordinarily well with
the "gold standard" for measuring insulin resistance
(the hyperinsulinemic glucose clamp) in normal and
obese humans (Figure 12). Thus, 



the 2H2O/INS AUC measurement was validated as a very
accurate measure of tissue insulin sensitivity or
resistance. d) animal models of insulin resistance
that demonstrated low corrected deuterated water
production (2H2O/INS AUC) but normal or near-normal
absolute deuterated water production, were strains
that have low susceptibility to DM2 (Zucker fat
non-diabetic rat and certain high-fat fed mouse
strains). In contrast, animal models exhibiting both
low 2H2O/INS AUC and low absolute deuterated water
production were strains on the pathway to, or already
in, the state of DM2 (Zucker diabetic fatty rats, and
other high-fat fed mouse strains). Accordingly, the
maintenance of normal absolute heavy water production
in the face of insulin resistance was highly
informative - "normal" heavy water production in this
setting represented sufficiency (adequacy) of the
pancreatic beta-cell response to the insulin
resistance present. Below normal heavy water
production in the face of reduced 2H2O/INS AUC
(insulin resistance), in contrast, revealed
insufficiency (inadequacy) of the pancreatic beta-cell
compensation. e) These discoveries therefore signified
that both dimensions of the DM2 pathogenic model -
insulin sensitivity/resistance and adequacy/inadequacy
of pancreatic betacell response -can be measured
through a single test, as described herein, with
inclusion of insulin concentrations. Full
characterization of DM2 susceptibility and progression
is thereby enabled through a simple, easily performed
and widely usable test. [Oil] In one aspect described
herein is a method for determining pancreatic b-cell
sufficiency having the steps of: a) administering to a
subject isotope-labeled sugars (e.g., 2H - labeled
sugars) which are metabolized into labeled and
unlabeled water; b) obtaining one or more biological
samples (e.g., blood) at one or more times from the
subject, with at least one sample being obtained after
the administration of the isotope-labeled sugars; c)
measuring the isotopic content of water in the
biological sample(s) to determine the fractional
amount of isotope-labeled water in the sample(s); d)
determining the total amount of water in the subject;
and e) multiplying the fractional amount of
isotope-labeled water in the sample(s) by 



the total amount of water in the subject to determine
the total amount of isotope-labeled water in the
subject and to determine the b-cell sufficiency in the
subject. [012] In another aspect, herein is described
a method for determining pancreatic b-cell sufficiency
and insulin sensitivity having the steps of: a)
determining the total amount of isotope-labeled water
in the subject as described; b) measuring the amount
of insulin in the biological sample(s) obtained to
determine the total exposure of tissues of the subject
to insulin or to determine the insulin production
level for the subject; and c) dividing the total
amount of isotope-labeled water in the subject by the
total exposure of tissues of the subject to insulin or
by the insulin production level for the subject to
determine insulin resistance in the subject.[013] In
another aspect, the total exposure of tissues of the
subject to insulin or the insulin production level for
the subject is calculated as an insulin area under the
curve (INS AUC). [014] In another aspect, the
isotope-labeled sugars for use with the methods
disclosed herein are isotope-labeled glucose,
fructose, and/or galactose. [015] The sugar may be
[6,6-2H2]glucose, [1-2H]glucose, and/or
[1,2,3,4,5,6,7- 2H7]glucose. [016] In yet another
aspect, isotope-labeled sugars for use with the
methods described herein may be administered orally,
by gavage, intraperitoneally, intravenously, and/or
subcutaneously. [017] In another aspect, the
additional step of plotting a subject within a graph
representing the two dimensions of DM pathogenesis
(i.e., insulin sensitivity and adequacy of pancreatic
beta-cell response) is performed. The quadrant within
which the subject falls reveals his/her clinical
condition (specifically: normal range, upper right
quadrant; compensated insulin resistance, upper left
quadrant; primary pancreatic dysfunction (e.g., DMl),
lower right quadrant; and beta-cell failure/high
susceptibility to DM2, lower left quadrant - see
Figure. 2). [0 18] In yet another aspect, a subject is
monitored over time through performance of one or more
repeat measurements by the methods disclosed herein.
Movement within or between 



quadrants as part of disease development (Figure 3),
can be monitored. Other aspects of change in the two
dimensions of DM pathogenesis can also be monitored
(Figure 4). Progression to DM2, progression with
existing DM2, response to therapies and other
timedependent changes are monitored in this manner.
[019] In still yet another aspect, animal models of
diabetes, obesity, or related conditions are
characterized by use of the methods for determining
pancreatic b-cell sufficiency and insulin sensitivity,
as described herein. [020] In another aspect, the
additional step of plotting one or more or animals
within a graph representing the two dimensions of DM
pathogenesis (i.e., insulin sensitivity and
sufficiency of pancreatic beta-cell response) is
performed. The quadrant within which theanimal falls
reveals its condition (specifically: normal range,
upper right quadrant; compensated insulin resistance,
upper left quadrant; primary pancreatic dysfunction
(e.g., DM), lower right quadrant; and beta-cell
failure/high susceptibility to DM, lower left quadrant
-see Figure 2). [021] In yet another aspect, one or
more animals are monitored over time through
performance of one or more repeat measurements by the
methods disclosed herein. Movement within or between
quadrants (represented by arrows in Figure 5), is
monitored, or other aspects of change in the two
dimensions of DM pathogenesis are monitored.
Progression to DM2, progression with existing DM2,
response to therapies and other timedependent changes
are monitored in this manner. [022] In yet another
aspect, human or animal subjects are monitored before
and after treatment with a candidate agent in order to
evaluate the ability of the candidate agent to slow,
halt, or reverse the onset or progression of DM2, the
onset or progression of insulin resistance, or to
otherwise influence either dimension of diabetes
pathogenesis. BRIEF DESCRIPTION OF THE DRAWINGS [023]
Figure 1 illustrates one aspect of current theories
about diabetes pathogenesis. Two factors, insulin
sensitivity (ISI) and insulin secretion, contribute to
the disposal of glucose. The product of these two
factors is a constant, reflecting the utilization of
glucose in a healthy subject (represented by the black
line). This product is referred to as the disposition 



index (DI). When diabetes is developing or present,
subjects will deviate from this line as they become
less able to compensate for insulin resistance by
increasing insulin secretion by the pancreatic
beta-cells and therefore are less able to metabolize
glucose (gray line). [024] Figure 2 illustrates the
two dimensions of diabetes pathogenesis. The
horizontal axis represents insulin sensitivity, and
the vertical axis represents pancreatic beta cell
sufficiency. Different quadrants of the chart
represent different physiologic states, all of which
are identifiable by use of the modified glucose
disposal test. [025] Figure 3 illustrates the natural
history of DM2 on the two dimensional pathogenesis
chart. Progress from healthy to DM2, as is common in
the adult population, is shown.[026] Figure 4
illustrates different types of disease transition that
can occur in humans. Some treatments (such as insulin
sensitizers) can reverse disease transitions and
improve the subject's condition. [027] Figure 5
illustrates disease transitions that can occur in
animal models of diabetes, and after treatment of such
animals. [028] Figure 6 illustrates the disposal of
2H-labeled fatty acids (top) or 2H-labeled glucose
(bottom). The fate of labeled glucose is of interest
in the methods described herein. [029] Figure 7
illustrates some potential data from the longitudinal
monitoring of a hypothetical insulin resistant human
subject over the course of one year. Depending on the
progress or treatment of disease, the subject may
develop further insulin resistance (arrow # 1), may
develop pancreatic failure (arrow # 2), or may develop
improved pancreatic function (arrow # 3). Any number
of additional outcomes are possible, although only
three are illustrated here. [030] Figure 8 illustrates
the results of a hypothetical clinical trial of a
pancreatic regenerative factor alone or in combination
with an insulin sensitizing agent as compared to an
insulin sensitizing agent alone depicted as an
evaluation of candidate therapies. [03 1] Figure 9
illustrates the results of an experiment with insulin
resistant high-fat diet fed rats that received either
no treatment or treatment with an insulin sensitizer
(rosiglitazone) illustrated as a drug evaluation in
Zuker diabetic fatty rats. 



[032] Figure 10 illustrates the total 2H O production
in different strains of mice when fed either a control
diet or a high fat (acute insulin-resistance inducing)
diet. Some models of chronic or long-term insulin
resistance (ob/ob mice) do not show reduced glucose
utilization (absolute 2H2O production), even though
they are known to be insulin resistant. B6 and AK =
two different strains of mice. HF = high fat diet. C =
control diet. Ob/- = lean littermates of ob/ob mice.
Even in B6 and AK mice, the reduction in 2H2O
production is slight, indicating a nearly adequate
pancreatic compensation to induced insulin resistance.
[033] Figure 11 illustrates the total 2H2O production
for the same experimental groups shown in Figure 10,
but divided by the insulin AUC. Severe insulin
resistance is now apparent for all animal models.[034]
Figure 12 illustrates the correlation between the
hyperinsulinemic glucose clamp and the 2H2O/INS AUC
method in humans. The correlation has an R value of
0.93, indicating that the H2O/INS AUC measurement is
comparable in sensitivity to the "gold standard" clamp
measurement. Measurements were made on 17 non-diabetic
subjects of which 8 are lean control subjects and 9
are subjects with metabolic syndrome. [035] Figure 13
illustrates the total 2H2O recovery (i.e. absolute
2H2O production) in rats fed a HF (high fat) or LF
(low fat) diet for 4 weeks followed by 4 weeks of
treatment with or without rosiglitazone (insulin
sensitizer). HF diet reduced total 2H2O production
which was not increased by rosiglitazone treatment.
[036] Figure 14 illustrates the 2H2O/INS AUC (insulin
sensitivity) of rats fed a HF (high fat) or LF (low
fat) diet for 4 weeks followed by 4 weeks of treatment
with or without rosiglitazone. 2H2O/INS AUC (insulin
sensitivity) increased in the HF population receiving
rosiglitazone treatment. Combined with data in Figure
13, this result suggests that HF diet resets the
pancreas to secrete insufficient insulin. Improved
insulin sensitivity then maintains the same glucose
utilization, but at lower insulin concentrations.
[037] Figure 15 illustrates the Insulin AUC (0-90 min)
of rats fed a HF (high fat) or LF (low fat) diet for 4
weeks followed by 4 weeks of treatment with or without
rosiglitazone. Insulin concentrations in rats
receiving rosiglitazone treatment decreased. [038]
Figure 16 illustrates 2H2O production in mice fed a HF
(high fat) or LF (low fat) 



followed by a 4 week treatment with or without insulin
sensitizing agents. DETAILED DESCRIPTION Introduction
[039] Methods for determining concurrently the state
of two dimensions of DM pathogenesis in a subject
-insulin sensitivity/resistance and/or
adequacy/inadequacy of pancreatic beta-cell response
are described herein. [040] In one aspect, the methods
disclosed herein represent a reliable measure of
tissue insulin resistance in a subject
(isotope-labeled metabolite production/INS AUC)
concurrently with a reliable measure of the adequacy
of pancreatic beta-cell response (absolute
isotopelabeled metabolite production).[041] In another
aspect, the methods disclosed herein represent a
reliable measure of tissue insulin resistance in an
experimental animal concurrently with a reliable
measure of the adequacy of pancreatic beta-cell
response in an experimental animal. General techniques
[042] The practice of the present methods will employ,
unless otherwise indicated, conventional techniques of
phlebotomy, medicine, clinical chemistry, organic
chemistry, analytical chemistry, molecular biology
(including recombinant techniques), microbiology, cell
biology, biochemistry and immunology, which are within
the skill of the art. Such techniques are explained
fully in the literature, such as, Molecular Cloning: A
Laboratory Manual, second edition (Sambrook et al.,
1989) Cold Spring Harbor Press; Oligonucleotide
Synthesis (MJ. Gait, ed., 1984); Methods in Molecular
Biology, Humana Press; Cell Biology: A Laboratory
Notebook (J.E. Cellis, ed., 1998) Academic Press;
Animal Cell Culture (R.I. Freshney, ed., 1987);
Introduction to Cell and Tissue Culture ( J.P. Mather
and P.E. Roberts, 1998) Plenum Press; Cell and Tissue
Culture: Laboratory Procedures (A. Doyle, J.B.
Griffiths, and D.G. Newell, eds., 1993-8); J . Wiley
and Sons; Methods in Enzymology (Academic Press,
Inc.); Handbook of Experimental Immunology (D.M. Weir
and CC. Blackwell, eds.); Gene Transfer Vectors for
Mammalian Cells (J.M. Miller and M.P. Calos, eds.,
1987); Current Protocols in Molecular Biology (F.M.
Ausubel et al., eds., 1987); PCR: The Polymerase Chain
Reaction, (Mullis et al., eds., 1994); Current
Protocols 



in Immunology (J.E. Coligan et al., eds., 1991); Short
Protocols in Molecular Biology (Wiley and Sons, 1999);
and Mass isotopomer distribution analysis at eight
years: theoretical, analytic and experimental
considerations by Hellerstein and Neese (Am J Physiol
276 (Endocrinol Metab. 39) El 146-E1 162, 1999).
Additionally, the methods disclosed in US Patent
Application Publication 2004/01 15131 Al, naming Marc
Hellerstein as the inventor, may also find use in the
methods described herein. Furthermore, procedures
employing commercially available assay kits and
reagents will typically be used according to
manufacturer-defined protocols unless otherwise noted.
These references are hereby incorporated by reference,
in their entirety. Definitions [043] Unless otherwise
defined, all terms of art, notations and other
scientific terminology used herein are intended to
have the meanings commonly understood by those ofskill
in the art to which the methods described herein
pertain. In some cases, terms with commonly understood
meanings are defined herein for clarity and/or for
ready reference, and the inclusion of such definitions
herein should not necessarily be construed to
represent a substantial difference over what is
generally understood in the art. The techniques and
procedures described or referenced herein are
generally well understood and commonly employed using
conventional methodology by those skilled in the art,
such as, for example, Mass isotopomer distribution
analysis at eight years: theoretical, analytic and
experimental considerations by Hellerstein and Neese
(Am J Physiol 276 (Endocrinol Metab. 39) El 146- El
162, 1999). As appropriate, procedures involving the
use of commercially available kits and reagents are
generally carried out in accordance with manufacturer
defined protocols and/or parameters unless otherwise
noted. [044] "Molecular flux rates" refers to the
dynamic flow or rate of synthesis and/or breakdown of
molecules within a cell, tissue, or organism.
"Molecular flux rates" 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. [045] "Metabolic pathway"
refers to any linked series of two or more biochemical
steps in a living system (i.e., a biochemical
process), the net result of which is a chemical,
spatial 



or physical transformation of a molecule or molecules.
Metabolic pathways are defined by the direction and
flow of molecules through the biochemical steps that
comprise the pathway. Molecules within metabolic
pathways can be of any biochemical class, e.g.,
including but not limited to lipids, proteins, amino
acids, carbohydrates, nucleic acids, polynucleotides,
porphyrins, glycosaminoglycans, glycolipids,
intermediary metabolites, inorganic minerals, ions,
etc. [046] "Flux rate through a metabolic pathway"
refers to the rate of molecular transformations
through a defined metabolic pathway. The unit of flux
rates through pathways is chemical mass per time
(e.g., moles per minute, grams per hour). Flux rate
through a pathway optimally refers to the
transformation rate from a clearly defined biochemical
starting point to a clearly defined biochemical
end-point, including all the stages in between in the
defined metabolic pathway of interest. [047]
"Isotopes" refer to atoms with the same number of
protons and hence of the same element but with
different numbers of neutrons (e.g., 1H vs. 2H or
D).[048] "Isotopologues" refer to isotopic homologues
or molecular species that have identical elemental and
chemical compositions but differ in isotopic content
(e.g., CH3NH2 vs. CH3NHD in the example above).
Isotopologues are defined by their isotopic
composition, therefore each isotopologue has a unique
exact mass but may not have a unique structure. An
isotopologue is usually comprised of a family of
isotopic isomers (isotopomers) which differ by the
location of the isotopes on the molecule (e.g., CH3NHD
and CH2DNH2 are the same isotopologue but are
different isotopomers). "Isotope-labeled water"
includes water labeled with one or more specific heavy
isotopes of either hydrogen or oxygen. Specific
examples of isotope-labeled water include 2H20 , 3H2O,
and H2 18O. [049] "Food additive" includes, but is not
limited to, organoleptic agents (i.e., those agents
conferring flavor, texture, aroma, and color),
preservatives such as nitrosamines, nitrosamides,
N-nitroso substances and the like, congealants,
emulsifiers, dispersants, fumigants, humectants,
oxidizing and reducing agents, propellants,
sequestrants, solvents, surface-acting agents,
surface-finishing agents, synergists, pesticides,
chlorinated organic 



compounds, any chemical ingested by a food animal or
taken up by a food plant, and any chemical leaching
into (or otherwise finding its way into) food or drink
from packaging material. The term is meant to
encompass those chemicals which are added into food or
drink products at some step in the manufacturing and
packaging process, or find their way into food by
ingestion by food animals or uptake by food plants, or
through microbial byproducts such as endotoxins and
exotoxins (pre-formed toxins such as botulinin toxin
or afiatoxin), or through the cooking process (such as
heterocyclic amines, e.g., 2-amino-3-
methyllimidazo[4,5-f|quinolone), or by leaching or
some other process from packaging material during
manufacturing, packaging, storage, and handling
activities. [050] "Industrial chemical" includes, but
is not limited to, volatile organic compounds,
semi-volatile organic compounds, cleaners, solvents,
thinners, mixers, metallic compounds, metals,
organometals, metalloids, substituted and
non-substituted aliphatic and acyclic hydrocarbons
such as hexane, substituted and non-substituted
aromatic hydrocarbons such as benzene and styrene,
halogenated hydrocarbons such as vinyl chloride,
aminoderivatives and nitroderivatives such as
nitrobenzene, glycols and derivatives such as
propylene glycol, ketones such as cyclohexanone,
aldehydes such as furfural, amides and anhydrides such
as acrylamide, phenols, cyanides and nitriles,
isocyanates, and pesticides, herbicides, rodenticides,
and fungicides.[05 1] "Environmental pollutant"
includes any chemical not found in nature or chemicals
that are found in nature but artificially concentrated
to levels exceeding those found in nature (at least
found in accessible media in nature). So, for example,
environmental pollutants can include any of the
non-natural chemicals identified as an occupational or
industrial chemical yet found in a non-occupational or
industrial setting such as a park, school, or
playground. Alternatively, environmental pollutants
may comprise naturally occurring chemicals such as
lead but at levels exceeding background (for example,
lead found in the soil along highways deposited by the
exhaust from the burning of leaded gasoline in
automobiles). Environmental pollutants may be from a
point source such as a factory smokestack or
industrial liquid discharge into surface or
groundwater, or from a non-point source such as the
exhaust from cars traveling along a highway, the
diesel exhaust (and all that it contains) from buses 



traveling along city streets, or pesticides deposited
in soil from airborne dust originating in farmlands.
As used herein, "environmental contaminant" is
synonymous with "environmental pollutant." [052]
"Exact mass" refers to mass calculated by summing the
exact masses of all the isotopes in the formula of a
molecule (e.g., 32.04847 for CH3NHD). [053] "Nominal
mass" refers to the integer mass obtained by rounding
the exact mass of a molecule. [054] "Mass isotopomer"
refers to family of isotopic isomers that is grouped
on the basis of nominal mass rather than isotopic
composition. A mass isotopomer may comprise molecules
of different isotopic compositions, unlike an
isotopologue (e.g., CH3NHD, 13CH3NH2, CH 15NH2 are
part of the same mass isotopomer but are different
isotopologues). In operational terms, a mass
isotopomer is a family of isotopologues that are not
resolved by a mass spectrometer. For quadrupole mass
spectrometers, this typically means that mass
isotopomers are families of isotopologues that share a
nominal mass. Thus, the isotopologues CH3NH2 and
CH3NHD differ in nominal mass and are distinguished as
being different mass isotopomers, but the
isotopologues CH3NHD, CH2DNH2, 13CH3NH2, and CH3 15NH2
are all of the same nominal mass and hence are the
same mass isotopomers. Each 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 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 MO; for most organic molecules, this
is the species containing all 12C, 1H5 16O, 14N, etc.
Other mass isotopomers are distinguished by their mass
differences from MO(Ml, M2, etc.). For a given mass
isotopomer, the location or position of isotopes
within the molecule is not specified and may vary
(i.e., "positional isotopomers" are not
distinguished). 



[055] "Mass isotopomer envelope" refers to the set of
mass isotopomers comprising the family associated with
each molecule or ion fragment monitored. [056] "Mass
isotopomer pattern" refers to a histogram of the
abundances of the mass isotopomers of a molecule.
Traditionally, the pattern is presented as percent
relative abundances where all of the abundances are
normalized to that of the most abundant mass
isotopomer; the most abundant isotopomer is said to be
100%. The preferred form for applications involving
probability analysis, such as mass isotopomer
distribution analysis (MIDA), however, is proportion
or fractional abundance, where the fraction that each
species contributes to the total abundance is used.
The term "isotope pattern" may be used synonymously
with the term "mass isotopomer pattern." [057]
"Monoisotopic mass" refers to the exact mass of the
molecular species that contains all 1H, 12C, 14N, 160
, 32S, etc. For isotopologues composed of C, H,N, O,
P, S, F, Cl, Br, and I, the isotopic composition of
the isotopologue with the lowest mass is unique and
unambiguous because the most abundant isotopes of
these elements are also the lowest in mass. The
monoisotopic mass is abbreviated as mOand the masses
of other mass isotopomers are identified by their mass
differences from mO(ml, m2, etc.). [058] By
"derivatize", "derivatizing", "derivatization",
"hydrolysis and derivatization", in the context of the
current methods, is meant the process of preparing
samples for GC/MS analysis. This preparation can be
performed on isolated biomolecules, cells, complex
samples, or other samples or molecules and the
specific process varies depending on the pathway being
analyzed. Such preparation involves multiple
procedures, each with many steps, and usually ends
with a "derivatization" procedure. As such, the
extended process of sample preparation may
occasionally be referred to by these terms, as it is
the final procedure. In context, the term may also
refer only to this final procedure.[059] "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). [060] By "molecule of
interest" is meant any molecule (polymer and/or
monomer), 



including but not limited to, amino acids,
carbohydrates, fatty acids, peptides, sugars, lipids,
nucleic acids, polynucleotides, glycosaminoglycans,
polypeptides, or proteins that are present within a
metabolic pathway within a living system. In the
context of the present methods, a "molecule of
interest" may be a "biomarker" of disease and its flux
rate, relative to the flux rate of an unexposed or
otherwise healthy subject (i.e., control subject), may
represent clinically non-observant or subtle
pathophysiological occurrences in a subject of
interest that may be predictive of future disease or
injury in the subject of interest. In this manner,
comparing the flux rates of one or more biomarkers of
interest in a subject of interest with the flux rates
of one or more biomarkers of interest in a control
subject, will find use in diagnosing the subject of
interest with, or evaluating or quantifying the
subject of interest's risk in acquiring, a disease of
interest. Moreover, such information will find use in
establishing a prognosis for a subject of interest
having a disease of interest, monitoring the
progression of a disease of interest in a subject of
interest, or evaluating the therapeutic efficacy of a
treatment regimen in a subject of interest having a
disease of interest. [061] "Monomer" refers to a
chemical unit that combines during the synthesis of a
polymer and which is present two or more times in the
polymer. [062] "Polymer" refers to a molecule
synthesized from and containing two or more repeats of
a monomer. A "biopolymer" is a polymer synthesized by
or in a living system or otherwise associated with a
living system. [063] By "carbohydrate" is meant an
aldehyde or ketone derivative of a straight-chain
polyhydroxyl alcohol containing at least three carbon
atoms. The polyhydroxyl alcohol is primarily (but not
exclusively) of the pentahydric and hexahydric alcohol
varieties. Carbohydrates are so named because the
hydrogen and oxygen are usually in the proportion to
form water with the general formula Cn(H2O)n. The most
important carbohydrates are the starches, sugars,
celluloses and gums. They are classified into mono,
di, tri, poly andheterosaccharides. The smallest are
monosaccharides like glucose whereas polysaccharides
such as starch, cellulose or glycogen can be large and
indeterminate in length. [064] By "sugar" is meant the
common name for any crystalline, simple carbohydrate
that is an aldehyde or ketone derivative of a
polyhydric alcohol. A sugar may be, but need 



not be, sweet. Sugars are mainly disaccharides like
sucrose and monosaccharides like fructose or glucose.
The term encompasses monosaccharides, disaccharides,
trisaccharides, heterosaccharides, or polysaccharides
(which are comprised of monosaccharide residues).
Monosaccharides include glucose (both D-glucose and
L-glucose), niannose, fructose galactose and sugar
derivatives including, but not limited to
N-acetylmuramic acid, Nacetylneuraminic acid and other
sialic acids, N-acetylmannosamine, glucuronic acid,
glucosamine, etc. Polysaccharides include
disaccharides such as sucrose, maltose and lactose and
longer chain sugar molecules such as starch, glycogen,
cellulose, chitin, etc. [065] By the term
"oligosaccharide" is meant a molecule comprised of a
few covalently linked monosaccharide monomers. [066]
"Isotope labeled substrate" includes any
isotope-labeled precursor molecule that is able to be
incorporated into a molecule of interest in a living
system. Examples of isotope labeled substrates
include, but are not limited to, 2H20 , 3H 0 ,
2H-glucose, 2H-labeled organic molecules, 13C-labeled
organic molecules, and C-labeled organic molecules.
[067] "Labeled sugar" refers to a sugar incorporating
a stable isotope label such as one or more H isotopes.
[068] "Deuterated water" refers to water incorporating
a stable isotope label such as one or more 2H
isotopes. [069] "Labeled glucose" refers to glucose
labeled with one or more H isotopes. Specific examples
of labeled glucose or 2H-labeled glucose include
[6,6-2H2]glucose, [l- 2Hi]glucose, and
[1,2,3,4,5,6-2H7] glucose. [070] "Exposing" a living
system to a compound such as a chemical entity or
entities can be from, but is not limited to, topical
application, oral ingestion, inhalation, subcutaneous
injection, intraperitoneal injection, intravenous
injection, and intraarterial injection, in animals or
other higher organisms.[071] By "therapeutic action"
is meant an effect on a biochemical or molecular
process (i.e., the flow of molecules through metabolic
pathways or networks) that is believed to be
responsible for, or contributing in, a causal manner
to the initiation, progression, severity, pathology,
aggressiveness, grade, activity, disability,
mortality, morbidity, disease subclassification 



or other underlying pathogenic or pathologic feature
of one or more diseases wherein said effect is
beneficial to health or otherwise contributes to a
desirable outcome (e.g., a desirable clinical
outcome). [072] By "action" is meant a specific and
direct consequence of an intervention such as the
administering of a drug. [073] By "effect" is meant
any consequence, including secondary or tangential,
not only of an intervention with a compound but a
consequence of a natural occurrence such as the effect
a gene exerts when naturally expressed or inhibited.
[074] By "toxic effect" is meant an adverse response
by a living system exposed to a compound or
combinations or mixtures thereof. A toxic effect can
include, for example, endorgan toxicity. [075] An
"individual" is a vertebrate, preferably a mammal,
more preferably a human. [076] By "mammal" is meant
any member of the class Mammalia including, without
limitation, humans and nonhuman primates such as
chimpanzees and other apes and monkey species; farm
animals such as cattle, sheep, pigs, goats and horses;
domestic mammals such as dogs and cats; laboratory
animals including rodents such as mice, rats and
guinea pigs, and the like. The term does not denote a
particular age or sex. Thus, adult and newborn
subjects, as well as fetuses, whether male or female,
are intended to be covered. [077] "At least partially
identified" in the context of drug discovery and
development means at least one clinically relevant
pharmacological characteristic of a drug agent (i.e.,
a "compound") has been identified using one or more of
the methods described herein. This characteristic may
be a desirable one, for example, increasing or
decreasing molecular flux rates through a metabolic
pathway that contributes to a disease process,
altering signal transduction pathways or cell surface
receptors that alter the activity of metabolic
pathways relevant to a disease, inhibiting activation
of an enzyme and the like. Alternatively, a
pharmacological characteristic of a drug agent may be
an undesirable one for example, theproduction of one
or more toxic effects. There are a plethora of
desirable and undesirable characteristics of drug
agents well known to those skilled in the art and each
will be viewed in the context of the particular drug
agent being developed and the targeted disease. A drug



agent can be more than at least partially identified
when, for example, several characteristics have been
identified (desirable or undesirable or both) that are
sufficient to support a particular milestone decision
point along the drug development pathway. Such
milestones include, but are not limited to,
pre-clinical decisions for in vitro to in vivo
transition, pre- IND filing go/no go decision, phase I
to phase II transition, phase II to phase III
transition, NDA filing, and FDA approval for
marketing. Therefore, "at least partially" identified
includes the identification of one or more
pharmacological characteristics useful in evaluating a
drug agent in the drug discovery/drag development
process. A pharmacologist or physician or other
researcher may evaluate all or a portion of the
identified desirable and undesirable characteristics
of a drug agent to establish its therapeutic index.
This may be accomplished using procedures well known
in the art. [078] "Manufacturing a drug agent" in the
context of the methods described herein includes any
means, well known to those skilled in the art,
employed for the making of a drug agent product.
Manufacturing processes include, but are not limited
to, medicinal chemical synthesis (i.e., synthetic
organic chemistry), combinatorial chemistry,
biotechnology methods such as hybridoma monoclonal
antibody production, recombinant DNA technology, and
other techniques well known to the skilled artisan.
Such a product may be a final drug agent that is
marketed for therapeutic use, a component of a
combination product that is marketed for therapeutic
use, or any intermediate product used in the
development of the final drug agent product, whether
as part of a combination product or a single product.
"Manufacturing drug agent" is synonymous with
"manufacturing a compound." [079] By "authentic
biomarker" is meant a physical, biochemical, or
physiologic measurement from or on the organism that
represents a true or intended mechanistic target of a
compound or a mechanistic event believed to be
responsible for, or contributing in, a causal manner
to the initiation, progression, severity, pathology,
aggressiveness, grade, activity, disability,
mortality, morbidity, disease sub-classification or
other underlying pathogenic or pathologic feature of
one or more diseases. A biomarker may be the target
for monitoring the outcome of a therapeutic
intervention (i.e., the functional or structural
target of a drug agent). 



As defined herein "authentic biomarker" and
"biomarkers" are used interchangeably hereinand refer
to biochemical processes that are involved in, or are
believed to be involved in, the etiology or
progression of a disease or disorder. The biochemical
process (i.e., the flow of molecules through a
targeted metabolic pathway or network) is the focus of
analysis (as disclosed herein) since it is the
underlying changes of the biochemical process (i.e.,
molecular flux rates) that may be the significant or
authentic target for treatment or diagnostic
monitoring of the disease or disorder. [080] By
"surrogate biomarker" is meant a physical,
biochemical, or physiologic measurement from or on the
organism that is often accepted by governmental
agencies (e.g., FDA) or medical opinion to be a
sufficient therapeutic target in its own right,
independent of "hard" clinical outcomes such as
mortality, lost work days, morbidity, etc. There are
relatively few accepted surrogate biomarkers in the
U.S. and these include blood pressure and blood
glucose levels. Such surrogate biomarkers are not the
subject of the methods described herein. [081] By
"evaluate" or "evaluation" or "evaluating," in the
context of the present methods described herein, is
meant a process whereby the activity, toxicity,
relative potency, potential therapeutic value and/or
efficacy, significance, or worth of a chemical entity,
biological factor, combination of chemical entities,
or combination of biological factors is determined
through appraisal and study, usually by means of
comparing experimental outcomes to established
standards and/or conditions. The term embraces the
concept of providing sufficient information for a
decision-maker to make a "go/no go" decision on a
chemical entity or biological factor (or combinations
of chemical entities or combinations of biological
factors) to proceed further in the drug development
process. A "go/no go" decision may be made at any
point or milestone in the drug development process
including, but not limited to, any stage within
pre-clinical development, the pre-clinical to
Investigational New Drag (IND) stage, the Phase I to
Phase II stage, the Phase II to more advanced phases
within Phase II (such as Phase lib), the Phase II to
Phase III stage, the Phase III to the New Drug
Application (NDA) or Biologies License Application
(BLA) stage, or stages beyond (such as Phase IV or
other post-NDA or post-BLA stages). The term also 



embraces the concept of providing sufficient
information to select "best-in-breed" (or "bestof-
breed") in a class of compounds (chemical entities,
biologies). [082] By "characterize," "characterizing,"
or "characterization," in the context of the present
methods described herein is meant an effort to
describe the character or quality of achemical entity
or combination of chemical entities. As used herein,
the term is nearly equivalent to "evaluate," yet lacks
the more refined aspects of "evaluate," in which to
"evaluate" a drug includes the ability to make a
"go/no go" decision (based on an assessment of
therapeutic value) on proceeding with that drug or
chemical entity through the drug development process.
[083] By "condition" or "medical condition" is meant
the physical status of the body as a whole or of one
of its parts. The term is usually used to indicate a
change from a previous physical or mental status, or
an abnormality not recognized by medical authorities
as a disease or disorder. Examples of "conditions" or
"medical conditions" include obesity and pregnancy.
[084] By "candidate therapy" is meant any process by
which a disease may be treated that can be screened
for effectiveness as outlined herein. Candidate
therapies may include behavioral, exercise, or dietary
regimens. Candidate therapies may also include
treatments with a medical device, or the implantation
of a medical device. Candidate therapies may also
include therapy with any "candidate agent" or
"candidate drug" (see infra). [085] Candidate
therapies may include combinations of candidate
therapies. Such a combination may be two different
candidate agents. A combination may also be a
candidate agent and a dietary regimen. A combination
may also be an exercise regimen and a dietary regimen.
A combination may also be an exercise regimen and a
dietary regimen and a candidate agent. A combination
may also be a combination of candidate agents or a
combination of candidate agents coupled with another
candidate therapy such as exercise or a dietary
regimen or both. A combination is therefore more than
one candidate therapy administered to the same
subject. [086] Candidate therapies may already be
approved for use in humans by an appropriate
regulatory agency (e.g., the US Food and Drug
Administration or a foreign equivalent). 



Candidate therapies may already be approved for use in
humans for the treatment or prevention of
atherogenesis, arteriosclerosis, atherosclerosis, or
other cholesterol-related diseases. [087] By
"candidate agent" or "candidate drug" is meant any
compound, molecule, polymer, macromolecule or
molecular complex (e.g., proteins including
biotherapeutics such as antibodies and enzymes, small
organic molecules including known drugs and
drugcandidates, other types of small molecules,
polysaccharides, fatty acids, vaccines, nucleic acids,
etc) that can be screened for activity as outlined
herein. Candidate agents are evaluated in the present
methods described herein for discovering potential
therapeutic agents that affect cholesterol metabolism
and transport. [088] Candidate agents encompass
numerous chemical classes. In one embodiment, the
candidate agent is an organic molecule, preferably
small organic compounds having a molecular weight of
more than 100 and less than about 2,500 daltons.
Particularly preferred are small organic compounds
having a molecular weight of more than 100 and less
than about 2,000 daltons, more preferably less than
about 1500 daltons, more preferably less than about
1000 daltons, and still more preferably less than 500
daltons. Candidate agents comprise functional groups
necessary for structural interaction with proteins or
other host molecules, particularly hydrogen bonding,
and typically include at least one of an amine,
carbonyl, hydroxyl or carboxyl group, preferably at
least two of the functional chemical groups. The
candidate agents often comprise cyclical carbon or
heterocyclic structures and/or aromatic or
polyaromatic structures substituted with one or more
of the above functional groups. Candidate agents are
also found among biomolecules including peptides,
saccharides, fatty acids, steroids, purines,
pyrimidines, derivatives, structural analogs or
combinations thereof [089] Candidate agents include
"known drugs" or "known drug agents" or
"alreadyapproved drugs", terms which refer to agents
that have been approved for therapeutic use as drugs
in human beings or animals in the United States or
other jurisdictions. Known drugs also include, but are
not limited to, any chemical compound or composition
disclosed in, for example, the 13th Edition of The
MerckIndex (a U.S. publication, Whitehouse Station,
N.J., 



USA), incorporated herein by reference in its
entirety. [090] Candidate agents are obtained from a
wide variety of sources including libraries of
synthetic or natural compounds. For example, numerous
means are available that are well known in the art for
random and directed synthesis of a wide variety of
organic compounds and biomolecules, including
expression and/or synthesis of randomized
oligonucleotides and peptides. Alternatively,
libraries of natural compounds in the form of
bacterial, fungal, plant and animal extracts are
available or readily produced. Additionally, natural
or synthetically produced libraries and compounds are
readily modified through conventional chemical,
physical and biochemical means. Known pharmacological
agents may be subjected todirected or random chemical
modifications, such as acylation, alkylation,
esterification, amidification to produce structural
analogs and thereby rendering them distinct candidate
agents. [091] The candidate agents may be proteins. By
"protein" herein is meant at least two covalently
attached amino acids, which includes proteins,
polypeptides, oligopeptides and peptides. The protein
may be made up of naturally occurring amino acids and
peptide bonds, or synthetic peptidomimetic structures.
Thus "amino acid", or "peptide residue", as used
herein means both naturally occurring and synthetic
amino acids. For example, homophenylalanine,
citrulline and norleucine are considered amino acids
for the purposes of the methods described herein.
"Amino acid" also includes imino acid residues such as
proline and hydroxyproline. The side chains may be in
either the (R) or the (S) configuration. If
non-naturally occurring side chains are used,
non-amino acid substituents may be used, for example
to prevent or retard in vivo degradations. Peptide
inhibitors of enzymes find particular use. [092] The
candidate agents may be naturally occurring proteins
or fragments of naturally occurring proteins. Thus,
for example, cellular extracts containing proteins, or
random or directed digests of proteinaceous cellular
extracts, may be used. In this way libraries of
prokaryotic and eukaryotic proteins may be made for
screening in the systems described herein.
Particularly preferred in this embodiment are
libraries of bacterial, fungal, viral, and mammalian
proteins, with the latter being preferred, and human
proteins being especially 



preferred. [093] The candidate agents may be
antibodies, a class of proteins. The term "antibody"
includes full-length as well antibody fragments, as
are known in the art, including Fab, Fab2, single
chain antibodies (Fv for example), chimeric
antibodies, humanized and human antibodies, etc.,
either produced by the modification of whole
antibodies or those synthesized de novo using
recombinant DNA technologies, and derivatives thereof.
[094] The candidate agents may be nucleic acids. By
"nucleic acid" or "oligonucleotide" or grammatical
equivalents herein means at least two nucleotides
covalently linked together. A nucleic acid of the
present methods described herein will generally
contain phosphodiester bonds, although in some cases,
as outlined below, nucleic acid analogs are included
that may have alternate backbones, comprising, for
example, phosphoramide (Beaucage, et al.,Tetrahedron,
49(10):1925 (1993) and references therein; Letsinger,
J . Org. Chem., 35:3800 (1970); Sprinzl, et al., Eur.
J . Biochem., 81:579 (1977); Letsinger, et al., Nucl.
Acids Res., 14:3487 (1986); Sawai, et al., Chem.
Lett., 805 (1984), Letsinger, et al., J. Am. Chem.
Soc, 110:4470 (1988); and Pauwels, et al., Chemica
Scripta, 26:141 (1986)), phosphorothioate (Mag, et
al., Nucleic Acids Res., 19:1437 (1991); and U.S.
Patent No. 5,644,048), phosphorodithioate (Briu, et
al., J . Am. Chem. Soc, 111:2321 (1989)),
Omethylphophoroamidite linkages (see Eckstein,
Oligonucleotides and Analogues: A Practical Approach,
Oxford University Press), and peptide nucleic acid
backbones and linkages (see Egholm, J . Am. Chem. Soc,
114:1895 (1992); Meier, et al., Chem. Int. Ed. Engl.,
31:1008 (1992); Nielsen, Nature, 365:566 (1993);
Carlsson, et al., Nature, 380:207 (1996), all of which
are incorporated by reference)). Other analog nucleic
acids include those with positive backbones (Denpcy,
et al., Proc Natl. Acad. Sci. USA, 92:6097 (1995));
non-ionic backbones (U.S. Patent Nos. 5,386,023;
5,637,684; 5,602,240; 5,216,141; and 4,469,863;
Kiedrowshi, et al., Angew. Chem. Intl. Ed. English,
30:423 (1991); Letsinger, et al., J. Am. Chem. Soc,
110:4470 (1988); Letsinger, et al., Nucleoside &
Nucleotide, 13:1597 (1994); Chapters 2 and 3, ASC
Symposium Series 580, "Carbohydrate Modifications in
Antisense Research", Ed. Y.S. Sanghui and P. Dan Cook;
Mesmaeker, et al., Bioorganic & Medicinal Chem. Lett.,
4:395 (1994); Jeffs, et al., J . Biomolecular NMR,
34:17 (1994); Tetrahedron 



Lett., 37:743 (1996)) and non-ribose backbones,
including those described in U.S. Patent Nos.
5,235,033 and 5,034,506, and Chapters 6 and 7, ASC
Symposium Series 580, "Carbohydrate Modifications in
Antisense Research", Ed. Y.S. Sanghui and P. Dan Cook,
and peptide nucleic acids. Nucleic acids containing
one or more carbocyclic sugars are also included
within the definition of nucleic acids (see Jenkins,
et al., Chem. Soc Rev., (1995) pp. 169-176). Several
nucleic acid analogs are described in Rawls, C & E
News, June 2, 1997, page 35. All of these references
are hereby expressly incorporated by reference. These
modifications of the ribose-phosphate backbone may be
done to facilitate the addition of additional moieties
such as labels, or to increase the stability and
half-life of such molecules in physiological
environments. In addition, mixtures of naturally
occurring nucleic acids and analogs can be made.
Alternatively, mixtures of different nucleic acid
analogs, and mixtures of naturally occurring nucleic
acids and analogs may be made. The nucleic acids may
be single stranded or double stranded, as specified,
or contain portions of both double stranded or single
stranded sequence. The nucleic acid may be DNA, both
genomic and cDNA, RNA or a hybrid, where the nucleic
acid contains any combination of deoxyribo- and
ribonucleotides, and any combination of bases,
including uracil, adenine, thymine, cytosine,guanine,
inosine, xathanine, hypoxathanine, isocytosine,
isoguanine, 4-acetylcytosine, 8-
hydroxy-N6-methyladenosine, aziridinylcytosine,
pseudoisocytosine, 5- (carboxyhydroxylmethyl)uracil,
5-fluorouracil, 5-bromouracil, 5-
carboxyniethylaminomethyl-2-thiouracil,
5-carboxymethyl-aminomethyluracil, dihydrouracil,
inosine, N6-isopentenyladenine, 1-methyladenine,
1-methylpseudouracil, 1- methylguanine,
1-methylinosine, 2,2-dimethyl guanine,
2-methyladenine, 2-methylguanine, 3- methylcytosine,
5-methylcytosine, N6-methyladenine, 7-methylguanine,
5- methylaminomethyluracil,
5-methoxyaminomethyl-2-thiouracil,
beta-D-mannosylqueosine,
5-methoxycarbonylmethyluracil, 5-methoxyuracil,
2-methylthio-N6-isopentenyladenine, uracil-5-oxyacetic
acid methylester, uracil-5-oxyacetic acid,
oxybutoxosine, pseudouracil, queosine, 2-thiocytosine,
5-methyl-2-thiouracil, 2-thiouracil, 4-thiouracil,
5-methyluracil, Nuracil- 5-oxyacetic acid methylester,
uracil-5-oxyacetic acid, pseudouracil, queosine, 2-
thiocytosine, and 2,6-diaminopurine, etc. 



[095] As described above generally for proteins,
nucleic acid candidate agents may be naturally
occurring nucleic acids, random and/or synthetic
nucleic acids. For example, digests of prokaryotic or
eukaryotic genomes may be used as is outlined above
for proteins. In addition, RNA interference sequences
(RNAi' s) are included herein. [096] Additionally,
candidate agents may include chemical entities, drug
leads, known drugs, biological factors, or compounds,
all of which are defined, infra. [097] "Chemical
entity" includes any chemical, whether new or known,
that is administered to a living system for the
purpose of screening it for biological or biochemical
activity toward the goal of discovering potential
therapeutic agents (drugs or drug candidates or drug
leads) or uncovering toxic effects (industrial
chemicals, pesticides, herbicides, food additives,
cosmetics, and the like). [098] "Drug leads" or "drug
candidates" are herein defined as chemical entities or
biological molecules that are being evaluated as
potential therapeutic agents (drugs). "Drug agents" or
"agents" are used interchangeably herein and describe
any composition of matter (e.g., chemical entity or
biological factor) that is administered, approved or
under testing as potential therapeutic agent or is a
known therapeutic agent. [099] "Known drugs" or "known
drug agents" or "already-approved drugs" refers to
compounds (i.e., chemical entities or biological
factors) that have been approved fortherapeutic use as
drags in human beings or animals in the United States
or other jurisdictions. In the context of the present
methods described herein, the term "alreadyapproved
drag" means a drag having approval for an indication
distinct from an indication being tested for by use of
the methods disclosed herein. Using psoriasis and
fluoxetine as an example, the methods described herein
allow one to test fluoxetine, a drag approved by the
FDA (and other jurisdictions) for the treatment of
depression, for effects on biomarkers of psoriasis
(e.g., keratinocyte proliferation or keratin
synthesis); treating psoriasis with fluoxetine is an
indication not approved by FDA or other jurisdictions.
In this manner, one can find new uses (in this
example, anti-psoriatic effects) for an
already-approved drag (in this example, fluoxetine).
[0100] "Biological factor" refers to a compound or
compounds made by living organisms 



having biological or physiological activities (e.g.,
preventive, therapeutic and/or toxic effects).
Examples of biological factors include, but are not
limited to, vaccines, polyclonal or monoclonal
antibodies, recombinant proteins, isolated proteins,
soluble receptors, gene therapy products,
environmental toxins, and the like. As used herein,
the term "biologies" is synonymous with "biological
factor." [0101] "Compound" means, in the context of
the present disclosure, any new chemical entity,
chemical entity, drag lead, drag candidate, drag, drag
agent, agent, known drag, known drag agent,
already-approved drag, biologic, or biological factor,
food additives, industrial chemicals, environmental
pollutants and the like. The term is meant to
encompass all chemical and biological molecules.
[0102] By "subject" is meant the living subject of the
experiment or procedure or process being described.
All subjects are living systems. In one embodiment, a
subject may be a human. In another embodiment, a
subject may be a rabbit or a rodent or a non-human
primate. Additionally, the term "subject" encompasses
any other living system. [0103] By "living system" is
meant herein any living entity including a cell, cell
line, tissue, organ or organism. Examples of organisms
include any animal, preferably a vertebrate, more
preferably a mammal, most preferably a human. Examples
of mammals include nonhuman primates, farm animals,
pet animals(e.g., cats and dogs), and research animals
(e.g., mice, rats, and humans).[0104] A "biological
sample" encompasses any sample obtained from a living
system or subject. The definition encompasses blood,
tissue, and other samples of biological origin that
can be collected from a living system or subject.
Preferably, biological samples are obtained through
sampling by minimally invasive or non-invasive
approaches (e.g., urine collection, stool collection,
blood drawing, needle aspiration, and other procedures
involving minimal risk, discomfort or effort).
Biological samples can be gaseous (e.g., exhaled
breath). Biological samples are often liquid
(sometimes referred to as a "biological fluid").
Liquid biological samples include, but are not limited
to, urine, blood, interstitial fluid, edema fluid,
saliva, lacrimal fluid, inflammatory exudates,
synovial fluid, abscess, empyema or other infected
fluid, cerebrospinal fluid, sweat, pulmonary
secretions (sputum), seminal fluid, 



feces, bile, intestinal secretions, and others.
Biological samples include samples that have been
manipulated in any way after their procurement, such
as by treatment with reagents, solubilization, or
enrichment for certain components, such as proteins or
polynucleotides. The term "biological sample" also
encompasses a clinical sample such as serum, plasma,
other biological fluid, or tissue samples, and also
includes cells in culture, cell supernatants and cell
lysates. Methods [0105] The methods described herein
are useful for determining pancreatic b-cell
sufficiency. Pancreatic b-cell sufficiency is
indicative of the capacity of a subject to compensate
for insulin resistance. Further, the methods are also
useful for determining the level of insulin
resistance. Insulin resistance indicates reduced
sensitivity of tissues to the actions of insulin.
Taken in conjunction, pancreatic b-cell sufficiency
and insulin resistance are highly predictive of
susceptibility to developing type 2 diabetes mellitus
or likelihood of progressing to a more advanced DM2.
Determination of pancreatic b-cell sufficiency and/or
insulin resistance may also have numerous other uses,
as described herein. A. Administering Isotope-Labeled
Precursors) 1. Compositions including sugars (sugar
compositions') [0106] Compositions including sugars
may include monosaccharides, polysaccharides, or other
compounds attached to monosaccharides or
polysaccharides. Isotope-labeled sugar compositions
may be administered to a subject as monosaccharides or
as polymers including monosaccharide residues. Isotope
labeled sugar compositions may be labeled with H, H,0
, 14C, 13C, or other isotopes. Isotope-labeled sugar
compositions may be administered to a subject as
monosaccharides or as polymers composed of
monosaccharide residues. Isotopelabeled
monosaccharides may be readily obtained commercially
(for example, Cambridge Isotopes, Massachusetts).
Relatively low quantities of isotope-labeled sugar
composition need to be administered. Quantities may be
on the order of milligrams, 10 1 mg, 102 mg, 103 mg,
104 mg, 10s mg, or 106 mg. Isotope-labeled sugar
enrichment may be maintained for weeks or months in
humans and in animals without any evidence of
toxicity. The lower expense of commercially available
isotope-labeled monosaccharides, and low quantity that



need to be administered, allow maintenance of
enrichments at low expense. [01 07] In one particular
variation, the isotope-labeled sugar composition is
2H-glucose. Figure 6 shows the fate of 2H-labeled
glucose. Glucose is metabolized by glycolysis and the
citric acid cycle. Glycolysis releases most of the
H-atoms from C-H bonds of glucose; oxidation via the
citric acid cycle ensures that all H-atoms are
released to H2O. The loss of H- or H-label by glucose
has been used to assess glycolysis, an intracellular
metabolic pathway for glucose (Katz, J., and R.
Rognstad. Futile cycles in the metabolism of glucose.
In: Current Topics in Cellular Regulation. VoI 10,
edited by B. Horecker and E. Stadman. New York:
Academic Press, 1976, p. 238-239.). Some investigators
have used release of 3H from intravenously
administered 3H-glucose into 3H2O as a measure of
glycolysis (Rossetti L, Lee YT, Ruiz J, Aldridge SC,
Shamoon H, Boden G. Quantitation of glycolysis and
skeletal muscle glycogen synthesis in humans. Am J
Physiol 265:E761-9, 1993.). Prior to the present
disclosure, release of 2H-glucose into 2H O had not
been used previously, because of the expectation that
the body water pool is too large relative to 2H
administration in labeled glucose to achieve
measurable 2H2O levels. In a further variation, the
labeled glucose may be [6,6-2H2]glucose,
[1-2H1JgIuCOSe, and [1,2,3,4,5,6-2H7]glucose. [0108]
In another variation, the isotope-labeled sugar
composition may include fructose or galactose.
Fructose enters glycolysis via the fructose
1-phosphate pathway, and secondarily through
phosphorylation to fructose 6-phosphate by hexokinase.
Galactose enters glycolysis via the galactose to
glucose interconversion pathway. [0109] Other
monosaccharides which find use, include, but are not
limited to, trioses, pentoses, hexoses, and higher
order monosaccharides. Monosaccharides further
include, but are not limited to, aldoses and
ketoses.[01 10] In another variation, the
isotope-labeled sugar composition may include
polymers. The polymers may include polysaccharides.
For example, labeled glycogen, a polysaccharide,
includes glucose residues. In another variation,
labeled polysaccharides may be introduced. As further
variation, labeled sugar monomers may be administered
as a component of sucrose (glucose a-(l, 2)-fructose),
lactose (galactose b-(l, 4)-glucose), maltose (glucose
a-(l, 4)-glucose), starch (glucose polymer), or other
polymers. 



[01 11] In one variation, the sugar composition is a
mixture of isotope-labeled and unlabeled sugar
compositions. [0112] In one variation, the
isotope-labeled sugar composition is 15 grams of
6,6,-2H2- glucose mixed with 35 grams of unlabeled
glucose, dissolved in an aqueous solution, and
administered orally to a human subject. In another
variation, the sugar composition is 15 grams of
6,6,-2H2-glucose mixed with 60 grams of unlabeled
glucose, dissolved in an aqueous solution, and
administered orally to a human subject. In another
variation, the aqueous solution is flavored or colored
or both. [01 13] In one variation, the isotope-labeled
sugar composition is 6,6,-2H2-glucose which is
administered to animal subjects by oral gavage and the
amount administered is determined based on the weight
of the subject. [01 14] In one variation, the labeled
sugar may be administered orally, by gavage,
intraperitoneally, intravenously, subcutaneously, or
other bodily routes. In another variation, the sugars
may be administered to a subject orally, optionally as
part of a food or drink. In other variations, the
sugars are administered by other routes. [01 15] In
one variation, the subject may be a mammal. In another
variation, the subject may be a rodent, primate,
hamster, guinea pig, dog, or pig. The subject may be
an experimental animal. In another variation, the
subject may be a human. B. Obtaining one or more
biological samples from a subject [01 16] A biological
sample, (e.g., as defined, supra), is obtained from a
subject. Specific methods of obtaining biological
samples are well known in the art. In one variation,
water may be partially purified from the sample. In
another variation, the water may be isolated from the
sample.[01 17] In one variation, the one or more
biological samples may be obtained after a period of
time. In another variation, the one or more biological
samples may be obtained multiple times. One or more
biological samples may be obtained prior to the
administration of the labeled sugar composition. C.
Measuring the isotopic contents of sugar metabolites
[01 18] In certain embodiments, the detection of
isotope-label into sugar metabolites may 



be performed in vivo. In other embodiments, the
detection is performed in vitro. [01 19] Any sugar
metabolite may find use in the methods described
herein. In one embodiment, the sugar metabolite is
water. In other embodiments, the sugar metabolite may
be lactate, pyruvate or NADH. 1. Mass Spectrometry
[0120] The isotope label, or alternatively, the
labeled chemical compositions, may be determined by
various methods such as mass spectrometry,
particularly gas chromatographymass spectrometry
(GC-MS). Incorporation of labeled isotopes into
chemical compositions may be measured directly.
Alternatively, incorporation of labeled isotopes may
be determined by measuring the incorporation of
labeled isotopes into one or more hydrolysis or
degradation products of the chemical composition. The
hydrolysis or degradation products may optionally be
measured following either partial purification or
isolation by any known separation method, as described
previously. [0121] Mass spectrometers convert
components of a sample into rapidly moving gaseous
ions and separate them on the basis of their
mass-to-charge ratios. The distributions of isotopes
or isotopologues of ions, or ion fragments, may thus
be used to measure the isotopic enrichment in one or
more chemical compositions, or chemical or biochemical
degradation products. [0122] Generally, mass
spectrometers comprise an ionization means and a mass
analyzer. A number of different types of mass
analyzers are known in the art. These include, but are
not limited to, magnetic sector analyzers,
electrostatic analyzers, quadrupoles, ion traps, time
of flight mass analyzers, and fourier transform
analyzers. In addition, two or more massanalyzers may
be coupled (MS/MS) first to separate precursor ions,
then to separate and measure gas phase fragment ions.
[0123] Mass spectrometers may also include a number of
different ionization methods. These include, but are
not limited to, gas phase ionization sources such as
electron impact, chemical ionization, and field
ionization, as well as desorption sources, such as
field desorption, fast atom bombardment, matrix
assisted laser desorption/ionization, and surface
enhanced laser desorption/ionization. 



[0124] In addition, mass spectrometers may be coupled
to separation means such as gas chromatography (GC)
and high performance liquid chromatography (HPLC). In
gaschromatography mass-spectrometry (GC/MS), capillary
columns from a gas chromatograph are coupled directly
to the mass spectrometer, optionally using a jet
separator. In such an application, the gas
chromatography (GC) column separates sample components
from the sample gas mixture and the separated
components are ionized and chemically analyzed in the
mass spectrometer. [0125] Many types of mass
spectrometer can be used to make the measurements
required by the present methods described herein. It
may be an isotope ratio mass spectrometer, which may
be coupled with a pyrolysis unit, combustion unit, GC
unit, or combinations thereof. It may be cycloidal
mass spectrometer. It may be any of the types of mass
spectrometer discussed above or known in the art. The
measurements may be made directly on the biological
samples, or it may be further processed before
analysis. Processing may include covalent modification
of the water, or abstraction of hydrogens or
deuteriums from the water, or other types of chemical
modification. The processing may occur on whole
biological samples, fractions of biological samples,
or purified components of biological samples. [0126]
In general, the measurements contemplated herein can
be carried out with a broad range of instrument types
operating in a broad range of modes, on a broad range
of sample types processed different amounts. The above
list is non-limiting. [0127] In addition, where the
isotope is radioactive, isotopic content or isotopic
pattern or abundances may be measured using techniques
known in the art for the measurement of radioisotopes,
including, but not limited to, liquid scintillation
counting, geiger counting, CCD based detection, film
based detection, and others.[0128] The actual isotopic
content or isotopic pattern may be calculated from
data obtained as described, supra. These calculations
can take many forms, depending on the amount of
historical or baseline data available, the preference
of the practitioner, the desired accuracy or precision
of the measurements, the type of instrument used for
the analysis, and other factors. Example calculations
follow: 



2. Measuring Relative and Absolute Mass Isotopomer
Abundances [0129] Mass spectrometers measure the
relative quantity of different mass molecules or atoms
in a sample. These quantities are sometimes referred
to as abundances. Measured mass spectral peak heights,
or alternatively, the areas under the peaks, may be
expressed as ratios toward the parent (zero mass
isotope) isotopomer. It is appreciated that any
calculation means which provide relative and absolute
values for the abundances of isotopomers in a sample
may be used in describing such data, for the purposes
of the methods described herein. In one embodiment,
the relative abundances of different mass isotopomers
are measured by GC/MS and the molar percent excess of
given isotopomer is calculated. In another embodiment,
the relative abundances of different isotopes are
measured at the atomic level by GC-combustion isotope
ratio-mass spectrometry (GCC-IRMS), or
GC-pyrrolysisisotope ratio-mass spectrometry
(GCP-IRMS), and the atom percent excess of a given
isotopomer is calculated. a. Calculating Isotopic
content or isotopic pattern I . Molar percent excess
(MPE) [0130] Isotopic content or isotopic pattern may
be calculated from abundance data collected as
described, supra. In one embodiment, isotopic content
or isotopic pattern is expressed as molar percent
excess (MPE). To determine MPE, the practitioner first
determines the fractional abundance of an isotopomer
of the molecule of interest (usually, the molecule of
interest is the stable-isotope labeled metabolite of
the stable-isotope labeled sugar). This can be
calculated from abundance data, such as that from
GC/MS, using thefollowing equation, which is a general
form for the determination of fractional abundance of
a mass isotopomer Mx: T - . - 7 7 - Fractional
abundance of Mx = -Abundance Mx*-, ^Abundance M1 where
0 to n is the range of nominal masses relative to the
lowest mass (Mo) mass isotopomer in which abundances
occur. [0131] Once the fractional abundance is
determined, it is compared to the baseline, 



historical baseline, theoretical baseline, or other
such reference values (obtained as described, supra)
in order to determine the MPE. This is calculated
using the following equation: MPE =EMx = Dfractional
abundance = enrichment = where subscript e refers to
enriched and b refers to baseline or natural
abundance. [01 32] Once the MPE is determined, the
fraction of molecules derived from the stable
isotope-labeled sugar or the extent of dilution by
endogenous molecules can be determined. In both cases,
the MPE is compared to a value representing the
maximum possible molar percent excess. In the case
where a molecule of interest is produced by the
metabolism of the isotope-labeled sugar (e.g., the
production Of 2H2O from 2H2-glucose), the MPE of the
precursor may be measured and used directly or as a
basis for calculation of a maximum potential MPE. The
maximum potential MPE may also be determined from
historical data, from calculations based on the amount
of isotope-labeled sugar administered, from similar
calculations that take into account properties of the
subject (e.g., weight, body composition), from purely
theoretical calculations, and from other combinations
of estimation, measurement, and retrospective data
analysis. The maximum possible MPE may also be
determined by measuring the MPE in a separate
biological sample that is known to contain fully
labeled molecule of interest. In the case of dilution
of label, the maximum possible MPE is based on the MPE
of the administered isotope-labeled sugar
composition.[0133] The Applicant has considerable
experience in the field of isotope label incorporation
and isotopomer distribution, and has developed a
number of technologies and modes of calculation
relevant to the calculation and analysis of isotopic
content or isotopic pattern. These include the Mass
Isotopomer Distribution Analysis (MIDA), and are
described extensively, particularly in U.S. Patent
Nos. 5,338,686, 5,910,403, and 6,010,846, which are
hereby incorporated by reference in their entirety.
Variations of MIDA and other relevant techniques are
further described in a number of different sources
known to one skilled in the art, including Hellerstein
and Neese (1999), as well as Chinkes, et al. (1996),
and Kelleher and Masterson (1992), U.S. Patent
Application No. 10/279,399, and U.S. Patent
Application No. 10/701,990, all of which are hereby
incorporated by reference in their entirety. 



[0134] In addition to the above-cited references,
calculation software implementing the method is
publicly available from Professor Marc Hellerstein,
University of California, Berkeley. //. Atom percent
excess (APE) [0135] Isotopic content or isotopic
pattern may be calculated from abundance data
collected as described, supra. In one embodiment,
isotopic content or isotopic pattern is expressed as
atom percent excess (APE). To determine APE, the
practitioner first determines the fractional abundance
of the isotope of interest in the molecule of interest
(usually, the molecule of interest is the
stable-isotope labeled metabolite of the
stable-isotope labeled sugar). This can be calculated
from abundance data, such as that from GCC-IRMS or
GCPIRMS using the following equation, which is a
general form for the determination of fractional
abundance of a isotope Ic: Fr racti.onal ab7undance oj
-IT x =AA X = Abundancel cL Abundancel, where 0 to n
is the range of possible isotopes of the chosen atom
in which abundances are measured. [0136] Once the
fractional abundance is determined, it is compared to
the baseline, historical baseline, theoretical
baseline, or other such reference values (obtained as
described,supra) in order to determine the atom
percent excess (APE). This is calculated using the
following equation: APE = Afractional abundance =
enrichment = where subscript e refers to enriched and
b refers to baseline or natural abundance. [0137] Once
the APE is determined, the fraction of molecules
derived from the stable isotope-labeled sugar or the
extent of dilution by endogenous molecules can be
determined. This is carried out as described, supra,
but may require additional calculations in the case of
the theoretical maximum APE. Such calculations are
known to those with skill in the art. III. Atom
percent excess (APE) 



[0138] In the present methods described, isotopic
content or isotopic pattern is often expressed as MPE
or as an APE. Molar percent excess is sometimes
written as EMx, and refers to the molar percent excess
of a given mass (with respect to all possible masses
of the molecule being analyzed as compared to the
baseline sample, historical baseline data, or
predicted baseline values). Many combinations of
administered isotope-labeled sugars or sugar
compositions and isotope-labeled metabolites are
contemplated. 3. Metabolism [0139] Very low quantities
of isotope-labeled metabolite may be detected. The
isotopelabeled metabolite may be water. In one
embodiment, 1 part in 103 isotope-labeled metabolite
may be identified. In another embodiment, 1 part in
104 isotope-labeled metabolite may be identified. In
another embodiment, 1 part in 105 isotope-labeled
metabolite may be identified. In another embodiment, 1
part in 10 isotope-labeled metabolite may be
identified. In another embodiment, 1 part in 107
isotope-labeled metabolite may be identified. 4.
Detecting isotope-labeled metabolite following sugar
metabolism [0140] The methods of measuring the
consequences of sugar ingestion may be accomplished by
measuring sugar metabolism products. The rate of
isotope-labeledmetabolite production from the
oxidation of fuels, including sugars, is sufficient to
achieve relatively high levels of isotope-labeled
metabolite when modest doses of compounds containing
isotope-labeled sugars are administered. [0141]
Alternatively, isotope-labeled sugars may be
polymerized to form labeled glycogen, which may then
be measured. [0142] Isotope-labeled water or
isotope-labeled metabolite production may be corrected
for a baseline value. D. Measuring insulin
concentrations in biological samples [0143] A number
of techniques for measuring the concentration of
insulin in a biological sample are available. For
instance, an enzyme linked immunosorbent assay (ELISA)
or radioimmunoassay (RIA) kit can be purchased (many
manufacturers of such kits exist, e.g., Crystal Chem,
Inc, Downer's Grove, IL) and used, according to the
manufacturers instructions, to measure the
concentration of insulin in a biological sample.
Alternatively, 



samples may be sent for analysis by a commercial
laboratory that performs such analyses on a fee for
service basis (e.g., Linco Research, St Charles, MO).
E. Calculating insulin AUC (INS AUC) and calculating
dimensions of pathogenesis [0144] After the
incorporation of isotope label from the administered
sugar composition into sugar metabolites has been
determined and the insulin levels have been
determined, the data can be analyzed in order to
calculate the two parameters relevant to DM2, namely
the sufficiency of the pancreatic response (moles
labeled metabolite produced, or moles glucose
utilized, e.g., moles 2H2O produced) and the level of
insulin resistance in tissues (moles labeled
metabolite produced or moles sugar utilized divided by
the INS AUC, e.g., moles 2H2O /INS AUC). 1.
Calculating the amount of isotope-labeled metabolite
produced [0145] The amount of isotope-labeled
metabolite produced is determined by determining the
total body water of the subject, and then multiplying
the observed concentration of isotope-labeled
metabolite times the volume of the subject's total
pool within which that metabolite is diluted. In
embodiments utilizing a isotope labeled metabolite
other thanisotope-labeled water (e.g. lactate,
pyruvate, NADH, etc.), the total body pool of the
utilized metabolite is determined. [0146] If the
isotope-labeled metabolite is water, the total body
water is determined. This is done using techniques
known in the art, and may include determining the lean
body mass of the subject (e.g., by bioelectrical
impedance testing) and then applying normal equations
to determine the total amount of water in the subject.
Alternatively, a known amount OfH 18O can be
administered to the subject concurrently with or at
some time before or after the administration of the
isotope-labeled sugar composition, and, after a period
of time, a biological sample is taken (the sample may
be a sample collected for an insulin or isotopelabeled
metabolite measurement, or it may be a different
sample). The 18O APE in the sample is then determined
as described, supra, and the size of the total body
water pool is then determined by the dilution method,
described in more detail infra. [0147] In one
embodiment, a blood sample taken from a human subject
three hours after administration of a 2H-labeled sugar
composition has a fractional blood 2H O level of 



.000026 (i.e., 0.0026 % of the water in the body is
2H2O the APE of 2H is .0026 %). This subject is found
by biological impedance to have a total body water
pool of 45 liters. The percent 2H2O is multiplied
times the total volume to give mis Of 2H2O:  [0148]
The density of water is taken as 1, so 1.17 mis of 2H
O means that 1.17 grams of 2H2O were produced. The
mass Of 2H2O is divided by the molecular weight Of
2H2O (20 grams/mole) in order to get the moles 2H2O
produced: 1.17 grams / (20 grams/mole) = .0585 moles =
58.5 millimoles [0149] The amount of isotope-labeled
metabolite produced (e.g. moles H2O) provides the
pancreatic b-cell sufficiency which is indicative of
the sufficiency of insulin secretion. However, the
amount of isotope-labeled metabolite produced alone
cannot fully resolve whether the subject is in the
healthy, normal range or if the subject is exibiting
compensated insulin resistance. Figure 3. For a more
detailed determination of the subject's
susceptibilityto developing DM2 or for progressing to
a more advanced form of DM2, a determination of the
the subject's insulin resistance value is especially
useful. [0150] The amount of isotope-labeled
metabolite produced may also be used in conjunction
with a measure of insulin production to determine the
insulin resistance value, as described supra. 2.
Calculating insulin AUC [0151] The insulin area under
curve (INS AUC or AUC) reflects the total exposure of
tissues to insulin over the period of study. It is
calculated using techniques known in the art, (e.g.,
by the "trapezoid" method), using insulin levels
determined in biological samples taken at various
times after the administration of the sugar
composition. A baseline value may also be determined
from a sample taken before the administration of the
sugar composition. Only one time point after the
administration of the sugar composition may be used,
or many may be used. At least two values determined
taken at different time points should be used to
determine insulin AUC. The insulin AUC is expressed
with units of: {concentration) {time) for instance: 



(hours) [0152] Discussion of this and other AUC
techniques can be found in, for instance, Applied
Biopharmaceutics and Pharmacokinetics , L. Shargel and
A. Yu, authors, 4th edition, McGraw Hill, Medical
Publishing Division, which is hereby incorporated by
reference in its entirety for the purpose of
describing AUC techniques. [0153] Alternatively, other
measures of insulin production may be used to evaluate
the insulin levels in the subject. For example, the
maximum concentration of insulin may be measured, or
the concentration of insulin at a given time in a
given type of biological sample may be measured. In
one embodiment, insulin production is measured through
c-peptide dieaway curves. In general, the AUC will be
calculated for a given subject, but single time point
concentrations or other insulin measures may be used
in place of the AUC.3. Evaluating dimensions of
diabetes pathogenesis [0154] Two dimensions of
diabetes pathogenesis, as discussed, supra, are
evaluated for each subject. In one embodiment, the
first dimension, which is insulin sensitivity or
resistance, is represented by the moles of
isotope-labeled sugar metabolite produced or absolute
moles of sugar metabolite produced divided by the INS
AUC (e.g., moles 2H2O produced divided by INS AUC).
The units of the isotope-labeled metabolite/AUC
insulin parameter may be omitted for clarity (e.g.,
this parameter may be considered "unitless"), or
included. In alternate embodiments, insulin
sensitivity or resistance is represented by the moles
of isotope-labeled sugar metabolite produced or
absolute moles of sugar metabolite produced divided by
a non-INS AUC measure of insulin production. The
second dimension, which is pancreatic beta-cell
response, is represented by the absolute moles of
labeled metabolite produced (e.g. absolute moles of
H2O produced) or absolute moles of sugar utilized. For
each subject, these parameters are determined, and the
subject is then compared to other subjects, reference
values, historical data from similar subjects, or data
from a previous measurement on the same subject. If
the measurements are made in the context of drug
development, the observed dimensions of pathogenesis
may be compared to treated or untreated groups, or to
measurements from the same subject that were made
prior to the initiation of treatment. 



[0155] The two parameters may be displayed graphically
on a chart as shown in Figure 2. 4. EGP correction [01
56] If desired, corrections for endogenous glucose
production (EGP) can be made by the dilution method.
In some patients, EGP (e.g., hepatic production of
glucose from glycogen stores) may contribute to the
total glucose load, and can dilute the isotope-labeled
sugar composition in vivo, thereby skewing results of
the above measurements. In such a scenario, a
biological sample (e.g., blood) can be analyzed by
mass spectrometry for the amount of stable-isotope
labeled sugar present. For example, if a human subject
is given a 75 gram dose of glucose, of which 15 grams
is 6,6-2H2-glucose, then the mole percent excess of
2H2-glucose (the EM2) in blood would be 20 % if no EGP
had occurred. If, for instance, the mole percent
excess of 2H2-glucose was seen to be only 15 %, then
this means that 25 grams of glucose were produced
endogenously. For a detailed discussion of these
calculations see Robert R. Wolfe, Radioactive and
Stable Isotope Tracers in Biomedicine (Wiley-Liss
1992).F. Techniques and Compositions [0157] One or
more chemical compositions may be obtained, and
optionally partially purified or isolated, from the
biological sample using standard biochemical methods
known in the art. Chemical compositions include, but
are not limited to, glucose, glycogen, or any other
mono or polysaccharide as described above. Optionally,
fragments of the compositions may also be obtained.
The frequency of biological sampling can vary
depending on different factors. Such factors include,
but are not limited to, the nature of the chemical
composition tested, ease of sampling, and half-life of
a drug used in a treatment if one is monitoring
responses to the treatment. [0158] In one variation,
the one or more chemical compositions may be glucose.
In a further variation, the dilution of orally
administered labeled sugars (e.g., 2H-glucose) in
plasma glucose load reveals endogenous glucose
production (EGP, Fig. 6) Considerable information can
be gained about glucose utilization and synthesis
pathways in the body by use of this approach. Figure 6
depicts the glucose metabolism pathway, including
deuteriumlabeled glucose. Glucose ingested by a
subject is delivered to tissues, optionally stored as
glycogen, or converted to water and carbon dioxide via
glycolysis and the citric acid cycle. 



Labeled water, particularly 2H O, may then be returned
to the blood stream, and incorporated into bodily
fluids, then into biosynthetic products. In a still
further variation, the proportion of glucose may be
used to identify the proportion of administered
2H-labeled glucose undergoing glycolysis. [01 59] In
another variation, the one or more chemical
compositions may be glycogen. Uses of the Present
Methods [0160] The methods disclosed herein allow for
diagnostic classification of patients for decisions
regarding therapeutic interventions (e.g.,
insulin-sensitizing and pancreatic betacell-
stimulating agents); clinical differentiation between
type I DM and type 2 DM (DM2); clinical monitoring of
treatments intended to reduce risk of developing DM2
in non-diabetic subjects (e.g., insulin-sensitizing
and pancreatic beta-cell-stimulating agents); clinical
monitoring of agents intended to improve existing DM2
and prevent progression of DM2 (e.g.,
insulin-sensitizing and pancreatic
beta-cell-stimulating agents); clinical development
and testing of new compounds and candidate agents to
prevent progression to DM2 or disease progression in
existing DM2 (e.g., insulin-sensitizing and pancreatic
beta-cell-stimulatingagents); clinical use as an
end-point biomarker in FDA Phase H-IV clinical trials
of drugs intended to prevent progression to DM or
disease progression in existing DM2 (e.g.,
insulinsensitizing and pancreatic
beta-cell-stimulating agents); identifying genes
associated with insulin resistance, pancreatic
response, and susceptibility to DM2. [0161] The
methods disclosed herein also allow for a reliable
measure of tissue insulin resistance in an
experimental animal concurrently with a reliable
measure of the adequacy of pancreatic beta-cell
response in an experimental animal. [0162] The methods
disclosed herein also allow for characterization of
animal models for utility in diabetes research;
testing of new compounds or candidate agents in
pre-clinical models of DM (e.g., insulin-sensitizing
and pancreatic beta-cell-stimulating agents);
comparison of potency, route of administration,
congeners in a class, etc. for selection of candidate
agents for therapy of DM (e.g., insulin-sensitizing
and pancreatic beta-cellstimulating agents); and
identification of genes associated with insulin
resistance, pancreatic response and susceptibility to
DM2. 



Kits [0163] Also provided are kits for determining
tissue insulin resistance and the sufficiency of
pancreatic beta-cell response. The kits may include
isotope-labeled precursor molecules, and may
additionally include chemical compounds known in the
art for separating, purifying, or isolating proteins,
and/or chemicals necessary to obtain a tissue sample,
automated calculation software for combinatorial
analysis, and instructions for use of the kit. [0164]
Other kit components, such as tools for administration
of water (e.g., measuring cup, needles, syringes,
pipettes, IV tubing), may optionally be provided in
the kit. Similarly, instruments for obtaining samples
from the cell, tissue, or organism (e.g., specimen
cups, needles, syringes, and tissue sampling devices)
may also be optionally provided. Information Storage
Devices [0165] Also provided are information storage
devices such as paper reports or data storage devices
including data collected from the methods described
herein. An information storage device includes, but is
not limited to, written reports on paper or similar
tangible medium, written reports on plastic
transparency sheets or microfiche, and data stored on
optical ormagnetic media (e.g., compact discs, digital
video discs, optical discs, magnetic discs, and the
like), or computers storing the information whether
temporarily or permanently. The data may be at least
partially contained within a computer and may be in
the form of an electronic mail message or attached to
an electronic mail message as a separate electronic
file. The data within the information storage devices
may be "raw" (i.e., collected but unanalyzed),
partially analyzed, or completely analyzed. Data
analysis may be by way of computer or some other
automated device or may be done manually. The
information storage device may be used to download the
data onto a separate data storage system (e.g.,
computer, hand-held computer, and the like) for
further analysis or for display or both.
Alternatively, the data within the information storage
device may be printed onto paper, plastic transparency
sheets, or other similar tangible medium for further
analysis or for display or both. Examples [0166] The
following non-limiting examples further illustrate the
methods disclosed herein: 



EXAMPLE 1: Monitoring of a human subject: [0167] A
human subject may be tested by the methods disclosed
herein. A subject, who had fasted overnight, enters
the clinic and has blood drawn (0 hour timepoint), and
then receives a solution containing 75 grams of
glucose. 15 of the 75 grams of glucose would be
6,62H2-gmcose. The subject drinks the glucose
solution. The subject then has additional blood drawn
at 1, 2, 3, and 4 hours after drinking the solution
(1, 2, 3, and 4 hour timepoints). [0168] Portions of
the blood from all five timepoints are sent out for
insulin measurement, as described, supra. The insulin
AUC is determined as described, supra. [0169] A
portion of the blood from the four hour timepoint is
processed for 2H2O analysis. Specifically, 100 ul of
the blood is transferred to the inverted cap of a 2 ml
polypropylene screw cap vial, the vial is screwed onto
the cap, and the inverted vial is placed in a 70
degree Celsius glass bead filled heating block
overnight. The condensed vapor at the top of the
inverted vial is then collected by centrifugation, and
analyzed on an isotope-ratio mass spectrometer
equipped with a pyrolysis unit (P/IRMS). The 2H2O APE
in the sample is determined by comparing the observed
data to a standard curve constructed with samples
ofknown 2H2O APE. Absolute moles Of 2H2O produced in
the four hours post-administration of the sugar
composition are calculated as described, supra. [0170]
The disease state of the subject is further assessed
by plotting the moles 2H2O produced and the moles Of
2H2O produced divided by the AUC insulin and placing
the individual in one of the quadrants on a chart
similar to that shown in figure 2. EXAMPLE 2 :
Longitudinal Monitoring of Obese, non-DM Individuals:
[0171] An obese non-DM subject was tested by the
methods disclosed herein. Absolute heavy water
production was 45 mMoles (out of 83 mMoles
administered in deuterated glucose). Normal values are
>40-50 mMoles (Fig. 7). The Insulin AUC (INS AUC) was
1.8 nM-hours/liter. The 2H2OZTNS AUC was 45/1.8 = 25 .
Normal values are 50 and above (Fig. 7). The subject
plotted on the two-dimensional graph falls into the
compensated insulin resistance (upper left) quadrant
(Fig. 7). The subject will be tested again one year
later. The following scenarios may be observed: a)
2H2O/TNS AUC decreases to 12, while absolute heavy
water production remains 



stable at 45 nMoles (arrow # 1, Fig. 7). The
interpretation would be that this person has worse
insulin resistance but that the pancreas is keeping up
and that beta-cell compensation is adequate. b)
2H2O/INS AUC decreases to 22 while absolute heavy
water production falls to 30 mMoles (arrow #2, Fig.
7). The conclusion here is that insulin resistance has
progressed slightly but that beta-cell insufficiency
(inadequate beta-cell response) is present. This
subject has a high risk for developing DM2 and has a
serious medical problem. This subject is then placed
on a therapeutic agent and repeat testing occurs in
six months. c) 2H2O/INS AUC remains stable after
therapy at 25 while absolute heavy water production
increases to 55 mMoles (arrow #3, Fig. 7). The
conclusion is that the subject's pancreatic function
has improved while insulin resistance has not. The
action of the drug given to this subject is thereby
characterized.EXAMPLE 3: Differentiation Between types
1 and 2 DM [0172] A normal weight 29-year-old subject
is diagnosed with diabetes. The question of DMl vs.
DM2 is uncertain. The test disclosed herein is
performed. The results show that 2H2O/INS AUC is in
the normal range (75), while absolute heavy water
production is low (25 mMoles) putting the subject in
the lower right quadrant of figure 7. The conclusion
is that this subject does not have insulin resistance
but has primary pancreatic insufficiency, consistent
with DMl . EXAMPLE 4: Evaluation of candidate
therapies: [0173] Methods: A group of borderline type
2 diabetic subjects were characterized using the
methods disclosed herein, and plotted as shown in
figure 8. The subjects were then divided into three
groups -one group receiving standard insulin
sensitizer therapy (group A), another group receiving
a candidate therapy consisting of a pancreatic
regenerative factor (group B), and the third group
receiving both therapies (group C). After 6 months of
treatment, the patients were re-evaluated using the
methods disclosed herein. [0174] Results (figure 8):
As expected, group A showed an improvement in insulin
sensitivity and a slight improvement in pancreatic
response. The experimental therapy 



proved successful at improving pancreatic function in
group B, but only by a moderate amount. The
combination therapy in group C, however, exerted
synergistic effects, resulting in a dramatic
improvement in disease state. EXAMPLE 5 - Drug
Development in preclinical Animal Models: [0175]
Zucker fatty diabetic rats were tested by the methods
disclosed herein and as described in U.S. Patent
Application No. 11/064,197, herein incorporated by
reference in its entirety. At weeks six of age,
D2O/INS AUC was reduced, but absolute heavy water
production was near normal. Some animals were given
rosiglitazone in their diet for four weeks, others
were not. Repeat testing by the methods disclosed
herein was performed. [0176] Rosiglitazone treated
animals showed the improved insulin sensitivity
indicated, while untreated animals showed a reduction
in pancreatic compensation as a result of insulin
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methods.I claim: Claim 1. A method for determining
pancreatic b-cell sufficiency in a subject comprising:
a) administering one or more isotope-labeled sugars to
a subject; wherein said one or more isotope-labeled
sugars are metabolized to labeled and/or unlabeled
H2O; b) obtaining one or more biological samples from
said subject before, during or after the 



administration of said one or more isotope-labeled
sugars, wherein at least one biological sample was
obtained after the administration of said one or more
isotopelabeled sugars; c) measuring the isotopic
content of H2O in said one or more biological samples
to determine the fractional amount of isotope-labeled
H2O in said one or more biological samples; d)
determining the total amount OfH2O in said subject
before, during or after the administration of said one
or more isotope-labeled sugars; e) multiplying said
fractional amount of isotope-labeled H2O in said one
or more biological samples by said total amount of H2O
in said subject to determine the total amount of
isotope-labeled H2O in said subject to thereby
determine pancreatic b-cell sufficiency in said
subject. Claim 2. A method for determining insulin
resistance in a subject, the method comprising: (i)
determining b-cell sufficiency by the method of claim
1; (ii) measuring the amount of insulin in said one or
more biological samples; and (iii) dividing the total
amount of isotope-labeled H O in said subject from
step e) of claim 1 by said amount of insulin measured
in step (ii) to determine the insulin resistance in
said subject.Claim 3. The method of claim 2 wherein
said amount of insulin measured in step (ii) is a
determination of the total exposure of tissues of said
subject to insulin or a measure of an insulin
production level in said subject. Claim 4. The method
of claim 2 wherein said one or more biological samples
are two or more biological samples that were obtained
at different time points and said amount of insulin
measured in step (ii) is provided as an area under the
curve of insulin for said subject. Claim 5. The method
of claim 1 wherein said one or more isotope-labeled
sugars is selected from the group consisting of
isotope-labeled glucose, isotope-labeled fructose, and
isotope-labeled galactose. Claim 6. The method of
claim 5 wherein said one or more isotope-labeled
sugars is 



isotope-labeled glucose. Claim 7. The method of claim
6 wherein said isotope-labeled glucose selected from
the group consisting of [6,6-2H2]glucose,
[1-2H]glucose, and [1,2,3,4,5,6,7- H7]glucose. Claim
8. The method of claim 1 wherein said one or more
isotope-labeled sugars is administered by a method
selected from the group consisting of orally, by
gavage, intraperitoneally, intravenously, and
subcutaneously. Claim 9. The method of claim 1 wherein
said subject is a human. Claim 10. The method of claim
1 wherein said subject is an experimental animal.
Claim 11. The method of claim 10 wherein said
experimental animal is an animal model of insulin
resistance or diabetes. Claim 12. A kit for
determining insulin resistance and pancreatic
sufficiency in a subject comprising: a) one or more
labeled sugars, b) instructions for using the kit,
wherein the kit is used to determine insulin
resistance and pancreatic sufficiency in said
subject.Claim 13. A method for determining type 2
diabetes mellitus susceptibility or progression in a
subject comprising determining insulin resistance and
pancreatic sufficiency in said subject by the method
of claim 2. Claim 14. A method for identifying
response to an insulin-sensitizing treatment
comprising determining insulin resistance and
pancreatic sufficiency in said subject by the method
of claim 2. Claim 15. A method for identifying
response to a pancreatic beta-cell-stimulating
treatment comprising determining insulin resistance
and pancreatic sufficiency in said subject by the
method of claim 2. Claim 16. A method for
differentiating between type I and type II diabetes
mellitus in a subject comprising determining insulin
resistance and pancreatic sufficiency in said subject
by the method of claim 2. 


