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Preface

This volume is dedicated to a rapidly evolving and maturing field in MRI/MRS,
namely, the use of the stable isotope =C to probe the chemistry, mechanism, and
function in living systems. We are honored to have brought together contributions
from some ofthe world’s foremost experts in this field who have provided the broad
leadership to bring this technique to where it is today. Maren Laughlin and Joanne
Kelleher introduce tracer theory and the suitability of ®\C NMR to this end. Dean
Sherry and Craig Malloy address metabolism in their coverage of 3C isotopomer
analysis of glutamate in the citric acid cycle. This is followed by an introduction to
dynamic methods by John Chatham and Edwin Chance discussing the determina-
tion ofmetabolic fluxes by mathematical analysis of *C labeling kinetics. Dynamic
methods are continued by Doug Lewandowski, who has contributed a chapter on
metabolic flux and subcellular transport of metabolites. Bob Weiss presents an
incisive chapter on assessing cardiac metabolic rates during pathologic conditions
with dynamic 3C NMR. Graeme Mason describes applications of 5C labeling to
studies ofhuman brain metabolism. The volume is concluded with a chapter by one
of'the editors, Pierre-Marie Robitaille, on the dynamic analysis offlux and substrate
selection in the tricarboxylic acid cycle.

We are extremely proud ofthis excellent compilation. As always we are open
to suggestions, comments, and criticism from the reader for future volumes on this
subject.

LawrenceJ. Berliner
Pierre-Marie L. Robitaille
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Tracer Theory and “C NMR

Maren R. Laughlin and Joanne K. Kelleher

1. INTRODUCTION

1.1. Overview

Researchers who use the stable isotope 3C and 3C NMR or GC-MS for the
study ofmetabolism have drawn on the theory and models developed forradioactive
14C tracer studies. In many ways, the strengths of these two carbon isotopes
complementeach other beautifully. “C has been used extensively to measure whole
body uptake and production of metabolites such as glucose, fatty acids, or amino
acids from the specific activity of these compounds in sampled blood, while
liberated “CO, in expired air is a good measure for “C-labeled substrate oxidation.
13C is usually used for experiments in which the label is monitored in tissue, whether
in situ or in biopsy. *C NMR has provided two very important advances in isotope
studies. First, it is often trivial to determine the specific site of the labeled carbon
in a given molecule, since each carbon has a unique chemical shift. In addition,
labeled carbons that share a covalent bond have unique spectral patterns, and can

Maren R. Laughlin « NIDDK, Natcher, 451 5AN-24J 45 Center Drive, MSC 600, Bethesda,
Maryland 20892-6600. Joanne K. Kelleher ¢ Department of Physiology, Ross Hall 450, The
George Washington University Medical Center, 2300 Eye Street, N.W., Washington, D.C. 20037

Biological Magnetic Resonance, Volume 15: In Vivo Carbon-13 NMR, edited by L.J. Berliner and P.-M.
L. Robitaille. Kluwer Academic / Plenum Publishers, New York, 1998.



2 Maren R. Laughlin and Joanne K. Kelleher

thus be distinguished from a population of molecules with '>C in the same sites,
but different molecules. This makes it possible to detect multiple pathways with a
common product, as long as the carbon is scrambled to unique positions in the
molecule. Second, itis possible to follow the interconversion oflabeled metabolites
nondestructively in living tissue in real time. Direct measurements of *C com-
pounds can be made in a variety of biological systems, including animals and
people. These properties of biological *C NMR are beautifully illustrated in
Cohen’s studies of the perfused rat liver (Cohen, 1987a, b, c).

Physiological parameters are derived from tracer data through the use of
mathematical models. There are a wide variety of models which are tailored to
specific types of experiments, but in general they are all used to describe or predict
the behavior ofa biological system. Mathematical models have been applied to the
analysis ofbiological systems since early in the 20th century. In the 1920s, Briggs
and Haldane (1925) and Michaelis and Menten (1913) developed models of the
behavior ofisolated enzymes. For the generations since, science students have been
introduced to the process of modeling by the rederivation of the classic Michaelis—
Menten equation. With a simple spectrophotometer, pencil, and graph paper, one
can estimate the two unknown parameters ofthis model, Kyand V... By the 1940s,
however, it was clear that the complexity of biological systems would soon require
scientists to obtain much more sophisticated tools for performing calculations and,
in 1943, Britton Chance reported the first biochemical simulation ofthe Michaelis—
Menten equation using a “differential analyzer,” a forerunner of the stored program
computer.

In parallel with the tools of enzyme kinetics and computing machines, the
development of the use of isotopes as tracers opened new possibilities for under-
standing biochemistry, and presented new demands for quantitative tools. Stable
isotopes were the first biological tracers. This new technique was pioneered by
workers such as Shoenheimer and Rittenberg, who prepared deuterated
triglycerides and analyzed their distribution in mice using mass spectrometry
(1935a, b). In the 1940s radioisotopes became widely available, and detection of
isotopes with liquid scintillation counting (LSC) was then more practical than any
available method for detection of stable isotopes. The mathematical theory utilizing
radiotracer data to estimate the biological turnover of a compound was advanced
by the work of Zilversmit etal. (1943) and Sheppard (1948). By the 1960s, Berman
etal. (1962), Garfinkel (1963), and others had begun to use digital computers and
multicompartmental modeling to analyze radiotracer data in biologically complex
systems.

In the 1970s, stable isotopes began to re-emerge as widely used tracers, and
advances in computer, radiofrequency, and superconducting technology spurred the
development of lower-cost mass and NMR spectrometers. Today, the availability
of compounds labeled with stable isotopes rivals that of radioisotopes. Commer-
cially available, highly sophisticated mathematical programs are found on the
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desktop computers of most scientists. This confluence of technologies now allows
us to apply the time-dependent models developed for isolated enzyme systems to
the study ofliving organisms. A seminal paper by Edwin Chance et al. (1983) uses
“C NMR time-dependent measurement of glutamate fractional enrichment and
about 200 simultaneous differential equations to model the citric acid cycle in hearts
perfusedwith '3C-labeled substrates.

In the following chapter, we present the vocabulary and principles used in stable
isotope tracer studies of biological systems. The following books were drawn on
extensively throughout: Wolfe (1992), Radioactive and Stable Isotope Tracers in
Biomedicine, Jacquez (1985), Compartmental Analysis in Biology and Medicine;
Sheppard (1962), Basic Principles of the Tracer Method; and Carson, Cobelli, and
Finkelstein (1983), The Mathematical Modeling of Metabolic and Endocrine
Systems.

1.2. Definitions

A lexicon of terms has been developed for tracer theory, but has not been
uniformly adopted for routine use in "C experiments, and many terms are in fact
misleading when applied to "C NMR studies.

1.2.1. Modeling Terms

Tracer: Theisotope-labeled, detectable molecule is known as the tracer, and is
used to “trace” the fate of the unlabeled species. Tracer as used here does not refer
to a vanishingly small amount of isotope. Typically NMR experiments “trace” a
pathway using substantial amounts of isotope.

Tracee. The tracee is the unlabeled species, which denotes the entire pool of
interest in a radioactive tracer experiment. The term has little meaning in the *C
NMR experiment where a significant proportion of a metabolic pool is likely to be
labeled.

Natural Abundance. The natural abundance is the naturally occurring frac-
tional enrichment of the isotope of interest. Radioactive species usually have
negligible natural abundance, but it can be appreciable with stable isotopes (1.1%
for 13C).

Fractional Enrichment. In an NMR experiment, the fractional enrichment of
amolecular species A (F,) is the fraction of the total pool that is labeled (denoted
by *), both from specifically labeled substrates, and because ofits natural abundance
13C. The fractional enrichment can be different at different carbon sites in the same
molecule (denoted by ;) (Malloy ez al., 1988, 1990). Often, fractional enrichment
is multiplied by 100 and reported as a % oftotal species:
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Fy ;=4 /(Aj +A)=A; /totalAj €y

Readers should note that the above definition of enrichment, widely used in
NMR research, is not identical to the commonly held definition of enrichment as
used by the GC/MS community. In GC/MS literature, enrichment indicates the
presence of °C above the natural “C abundance. If 3C is present at the natural
abundance of 1.1%, the carbon is said to have an enrichment of O. Abundance is
used by the GC/MS community to indicate the absolute amount of *C atoms a a
fraction of the total as indicated by Eq. (1).

Atom Percent. Atom percent quantifies the isotopic composition of a specific
atom in a molecule, and is usually used by commercial suppliers of stable isotopes.
Atom percent is identical to fractional enrichment as defined above.

Specific Activity. The specific activity is similar to thefractional enrichment,
but is commonly applied to radiolabeled compounds where the molarity of the
tracer is negligible. It is expressed as a fraction (mol label/mol total) or directly in
the measured units of disintegrations per minute (dpm):

specific activity (dpm/mol) = "“C/"C

Models. Mathematical models are used to plan tracer experiments, and to
interpret or predict the resultant data. A model is a formal quantitative relationship
specifying the relationship among the variables and parameters of the system.

Parameters and Variables. In contrast to variables, parameters are unknown
entities in the equations describing a model that cannot be directly measured. By
way of review, the classic Michaelis—Mentenequation consists of an independent
variable [S], a dependent variable v (velocity), and the two unknown parameters,
V... and K . If parameters are functions of time or other independent variables,
this should be designated. In compartmental modeling, the accepted practice is to
use uppercase letters for parameters that are constant and lowercase letters for time-
varying parameters. For example, g() indicates a parameter, g, that varies with time.

Compartment. A compartment is an idealized store of a substance. It is a
theoretical construct used to describe molecules that exhibit the same behavior
(extent or rate of fractional enrichment, for instance) in a tracer experiment. Its size
Q is the amount of the compound of interest. A compartment can comprise several
different chemical species, or it can represent only part of a larger metabolite pool.

Pool. Like a compartment, a pool is completely defined by the model describing
the system. A pool can contain all the members of a particular chemical species,
for instance, even if they are in several different compartments. A pool can also
describe those molecules in a particular physical environment, such as pyruvate in
plasma, mitochondria, or cytosol. It can also be a purely theoretical physical space;
when a tracer is infused into the bloodstream of an intact animal, the volume of its
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initial distribution (in plasma, intracellular space, etc.) is thought to describe its
pool of entry.

Assumptions. Those often unmeasurable aspects of an experiment required to
fit the data into a mathematical model. Common assumptions include that of
metabolic steady state, or of a well-mixed metabolite pool.

Steady State. The term steady state is applied to both the isotopic concentration
and the metabolic state of the tissue. Metabolic steady state implies that the size of
metabolic compartments and the fluxes between them in the pathway of interest
are constant. Compartments representing end products will increase in size linearly
with time. Metabolic steady state requires a constant physiologic state (work,
hormone levels, substrate and oxygen availability, temperature, pH, level of anes-
thesia, etc.).

The system is at isotopic steady state when the fractional enrichment of all
metabolites are constant in time. End products may continue to increase in enrich-
ment. The time to reach isotopic steady state depends on the volumes of the
metabolic compartments and the fluxes between them. The final fractional enrich-
ment depends on the relative influx into the pathway of labeled and unlabeled
substrates. An apparent isotopic steady state of tracer fractional enrichment in the
plasma can be achieved much faster than a true steady state by suitable tailoring of
the infusion.

Equilibrium. The term equilibrium applies to reactions in which neither sub-
strate or product concentrations are changing, and where the ratio of products to
substrates is a function of the reaction equilibrium constant:

kl
A+B=C+D where k, =k_,
k

ky/k_ =K, = [CI[DV[A][B]

When the entry or exit of label from two or more compartments is slow relative
to the exchange between them, a state of near-equilibrium exists. There are few true
equilibria in living cells, but near-equilibrium reactions can sometimes be treated
as true equilibria in tracer experiments. Figure 1 shows that two molecular com-
partments participating in a near-equilibrium reaction are often modeled as a single
compartment.

Volume of Distribution. The volume of distribution (VOD) is the total apparent
volume (expressed in ml, cm?, or g) in which a metabolite pool is distributed. The
concentration of the metabolite is its size divided by its volume of distribution. The
calculated apparent VOD can be difficult to interpret, as it may not correspond to
any known physiologic compartment.
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B
k] k3
RSy Tty
ke Figure 1. (A) A multicompartmental
model, where the fluxesbetween A and B
C arefastrelative tofluxesinandoutofthese

pools. (B) Compartments A and B canbe
wellrepresented byasingle compartment.

Rate of Appearance and Rate of Disappearance. Ra (rate of appearance) and
Rd (rate of disappearance) are terms used in radioactive tracer experiments. As
shown in Fig. 2A, they describe the rate of entry of a metabolite into or exit from
the sampled pool, such as the plasma.

Flux. Flux (designated asJ) is the rate of movement of material from one
metabolic compartment to another, usually through a chemical reaction, expressed
in mass/unit time (Fig. 2B).

Fractional Transfer Coefficient or Rate Constant. The rate constant k is flux
divided by concentration, and usually has units of time™. It is useful when
describing flux rates that are dependent on the concentration of a substrate (Fig.
2B):

—dA/dt =k, A
A B
Ka
Ra,—s{ A |- Rd, Ar—B
Ja= kaA

Figure2. (A) Single-compartmentmodel. (B)Two-compartment model.
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Turnover. When a pathway is at metabolic steady state, concentrations of the
compounds in the pathway do not change in time, and the rates of production and
destruction of each compound are equal. This flux through a metabolite pool is
calledits turnover,

Clearance. Clearance is defined as the volume of plasma (or any pool) which
is cleared of a compound in a given time. Clearance is used to relate the concentra-
tion of a substrate to its rate of disappearance. It is not typically used in 3C NMR
experiments.

Clearance (ml/min) = Rd/[A]

Rate-Determining Step. The slowest step in a metabolic pathway, often at a
point of regulation. It can be transport across a membrane, diffusion through
solution, or a chemical reaction, either spontaneous or catalyzed by an enzyme.
Often, the control of a pathway is shared among several enzymes, and a true single
rate-determining step does not exist (Newsholme and Start, 1974).

Vi Kv Vi @maximal velocity) and Ky (the Michaelis constant) are pa-
rameters gleaned from the kinetic treatment of the initial rates of isolated enzymes
studied as a function of substrate, activator, and inhibitor concentrations. The
simplest equation, describing a single enzyme with a single substrate, is the
Michaelis—Menten equation, shown below and plotted in Fig. 3. The quantity Viax
is the maximal rate achievable at infinitely high substrate levels, and K,, is the
substrate concentration resulting in a flux that is half of maximal. The reaction
velocity will depend strongly on substrate concentration at or below Km and

Velocity

50 100 150 20¢
[Substrate]

o
z-a-.-----------

Figure 3. TheMichaelis—Menten curve.
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becomes independent of substrate concentration at values well above Ky. Although
these terms do not apply rigorously to kinetics measured in living systems, they can
sometimes be useful, since many biological phenomena are saturable and can be
described by a similar curve. Like clearance, Ky is useful to relate the velocity of
flux to the concentration of a substrate.

Michaelis—Menten Equation:
velocity = V.. [SIAKy + [SD (2)

1.2.2. NMR Specific Terms

Region of Interest. The region of interest (ROI) is the specific volume of tissue
or solution that is interrogated by the NMR coil. If the sample is macroscopically
inhomogeneous, like a perfused heart or the brain of an intact animal, spatial
selection is achieved either by choice of coil (surface, volume coil), by tailored
pulses (e.g., “depth” pulses), or by use of pulsed magnetic field gradients combined
with selective excitation pulses. In a time-dependent NMR tracer experiment, care
must be taken so that the ROI remains constant in space, and that changes in the
volume of tracer distribution (i.e., plasma volume, extracellular space due to edema,
etc.) are known.

Visibility. Visibility in the NMR experiment refers to the differential ability to
detect a nuclide in different chemical or physical environments. It is somewhat
analogous to quenching in a fluorimeter or scintillation counter. NMR signal
intensity can be altered by several mechanisms. Relaxation broadening happens
when a small molecule is bound to a large, immobile structure like a membrane or
protein, or is in close proximity to a paramagnetic compound (heavy metals,
deoxyhemoglobin). The line width is inversely proportional to the transverse
relaxation time (7). When the relaxation time is decreased, the signals become
broad and low, and can be difficult to observe. These molecules can comprise
so-called “invisible pools” which may be metabolically active, but are undetectable
by in vivo NMR.

Other mechanisms can influence signal intensity. Saturation occurs when the
longitudinal relaxation time (7)) is very long relative to the experimental time
allowed for relaxation between excitation pulses (RD). The Nuclear Overhauser
Effect (NOE) is an enhancement of the intensity ofthose carbons bound to protons
that occurs when the proton frequency is irradiated during signal acquisition. Since
13C indifferent sites may have different NOE and 71, the uncorrected relative signal
intensities may not accurately reflect relative pool sizes. Intensity can also change
with the introduction of covalent bonds between labeled carbons, which causes
multiplicity in the spectrum. If resolution is poor, the transition from singlet to
multiplet can look like a reduction in peak height and an increase in peak width.
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Multiplet Analysis. A “C NMR resonance can exhibit a multiplet structure if
the detected "C is covalently bound to other *C carbons. Analysis of the splitting
patterns can yield unique information about a metabolic pathway. Most often, this
analysis is made in extracts of tissue which has been freeze-clamped at isotopic and
metabolic steady state (Malloy et al., 1988, 1990). Occasionally, the resolution is
sufficient in studies ofintact tissues to observe fine structure (Gruetter efal., 1994).

Direct Detection, Inverse Detection. 3C in tissue or extracts can be directly
detected using "CNMR, with or without proton decoupling (which eliminates peak
splitting due to adjacent protons). There are also a variety of 'H editing techniques
that can be used to detect only those protons that are bound to "*C carbons. The
predominant reason for using inversedetection is that NMR is much more sensitive
for the proton than the C nucleus.

2. CHARACTERISTICS OF A PERFECT TRACER

The description of a perfect tracer is an attempt to minimize the assumptions
made in atracer experiment. In many texts about tracer methodology, the attributes
of a perfect tracer are those resembling a radioisotope. We will describe a perfect
(albeit nonexistent!) tracer that combines the useful characteristics of both radio-
active and stable tracers. The characteristics of different isotopes of carbon are
compared in Table 1.

Chemical Equivalence. A tracer should behave exactly the same as the unla-
beled molecule. It should participate in the same reactions, visit the same compart-
ments, and react at the same rates.

Uniform Mixing. As it enters a pool or compartment, the tracer should mix
uniformly and instantly throughout.

Control of Substrate Fractional Enrichment. The fractional enrichment of the
primary substrate in a system (such as plasma glucose, if [I-*C]glucose is being
infused) should be completely under the control of the investigator at all times.

No Metabolic Perturbation. A perfect tracer would not alter the system that it
is measuring. This is possible either when the isotope is present in vanishingly small
amounts (10°—1ppm), or when labeled substance replaces unlabeled substance
that is being provided exogenously.

Stability of Labeling. The tracer should be stable for longer than the period of
the experiment, in that it should not decay into another isotope. The tracer must
also stay with the molecule being traced; it should not exchange with solvent or be
lost in chemical reactions, unless this loss constitutes the desired information. If so,
the label should not show up in other molecules through nonspecific reactions or
exchanges.
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Table 1
Propertiesof CarbonIsotopesUsedinTracer Experiments

14C 13C GC/MS BCNMR NCPET
Real time in vivo studies no no Yes Yes
Regional distribution in tissue no no Yes Yes
Chemical specificity in vivo no no Yes no
Yields intramolecular label distribution no Yes Yes no
Requires separation of metabolites Yes Yes no NA

prior to analysis

Specific activity readily determined no Yes sometimes no
“Massless” Yes no no Yes
Low natural abundance Yes no no Yes
Radioactive Yes no no Yes
Short half-life no NA NA Yes

Low Background. The natural abundance of the tracer should be very low so
that small quantities can be detected with insignificant error.

Nondestructive Detection. A perfect tracer should be detectable in situ without
disturbing the biological system.

Site-Specfic Detection. The researcher would be able to detect or sample a
perfect tracer in any physical space (brain, muscle, liver, plasma, interstitial fluid,
intracellular) uniquely and at will.

Time-Independent Detection. A perfecttracer would be detected with very high
sensitivity in a time that is negligible relative to the reaction it is tracing.

Chemical Specficity. The detection system should be able to distinguish among
labeled molecules, and determine where in the molecule ofinterest the label resides.
It should be able to uniquely determine the labeling patterns in a given molecule.
Ideally, each atom in a tracer molecule could be followed throughout a metabolic
pathway.

Quantitation and Enrichment. A perfect tracer could be directly measured
either as tracer pool size (mol tracer), concentration (mol tracer/liter), or as
fractional enrichment (mol tracer/mol metabolite). The ability to measure each of
these independently would reduce the error associated with calculation, since all
yield unique information about the biological system.

Safety. A perfect tracer would be easy to handle and present no danger to the
researcher or test subject.
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3. COMPARTMENTAL MODELS

3.1. Introduction

A compartmental model is a quantitative description of the fluxes among
compartments. As indicated above, a compartment is defined as an idealized store
of a substance. Compartments may refer to different chemical species or to different
populations of the same species. Compartments need not necessarily correspond to
physically bounded spaces. The important point is that a compartment is defined
functionally. Any collection of molecules where each molecule has an identical
probability of leaving the compartment by any of the allowed exit paths comprises
a compartment. The mathematical basis of compartmental models and their uses in
tracer experiments is beyond the scope of this presentation and can be found
elsewhere (Jacquez, 1985; Carson et al., 1983). The objective of this simplified
presentation is to describe how models may be used in tracer metabolic studies and
to point out some of the advantages as well as some of the pitfalls of their use.

3.2. Objectives and Identifiability

Before examining specific models it is important to have a clear view of the
purposes of modeling. Models are simplifications of the real world and need not
and should not contain all possible compartments. The number and types of
compartments in a model are chosen based on the purpose of the model and the
type of data to be collected. In general, compartmental models are used to accom-
plish one or more of the following objectives: (1) to identify the structure of the
system, (2) to estimate internal parameters, and (3) to predict the response of the
model to external factors. Classically, a compartmental model is presented as a
diagram with arrows to indicate permitted fluxes. Frequently the arrows are labeled
with the fractional transfer coefficient, that is, the fraction of the compartment
transferred per unit time, indicated as k. Alternatively, in some cases here the arrow
will be designated with aJto indicate flux in mass per unit time.

Once a specific model has been chosen, an important issue is to determine
whether the experimental measurements to be performed are adequate to estimate
the unknown parameters of the model. The modeling term applicable here is
“Identifiability.” The concept of Model Identification is derived from systems
theory and the theory of statistical estimation and has been described in detail for
aphysiologically oriented reader by others (DiStefano etal., 1990; Jacquez, 1985).
In essence, “Identifiability” simply means whether or not it is possible to use the
collected data and the chosen model to estimate the desired parameters. Identifica-
tion thus relates to both the structure of the model and the experimental techniques
for estimating the internal parameters. Identifiability has two components. A priori
Identifiability is established with a model in hand but before the experiment is
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performed. To determine whether amodel is a priori Identifiable, it is assumed that
the data collected are ideal, i.e., without error. A model is said to be a priori
Identifiable ifit can be determined from a proposed model and an ideal data set that
itis possible to obtain unique estimates for all the unknown parameters ofthe model.
For complicated experiments it may be necessary to perform simulations to gener-
ate the ideal data before the issue of a priori Identifiability can be determined.
Alternatively, one may consider a priori Identifiability as part of the experimental
design. Here the relevant question is: Given a specific model structure, what
experiments can be used to determine uniquely each ofthe parameters? In summary,
a priori Identifiability provides a way of distinguishing those experiments that
cannot succeed (unidentifiable) fromthose that might succeed (Carson etal., 1983).

Once an appropriate model and experimental design have been selected and
data are collected, the issue ofpractical or a posteriori Identifiability is raised. 4
posteriori Identifiability concerns the model and the data actually collected. A
model is said to be a posteriori Identifiable if, from a model and the experimental
data, unique estimates are obtained for all the unknown parameters of the model.
The difference in the two types of identifiability results from measurement errors
and other disturbances that will inevitably appear in experimental measurements.
A posteriori 1dentifiability analysis may indicate that the model is not uniquely
identifiable for one or more parameters or that the confidence limits for the
estimation of a specific parameter are unacceptably large. Often a model will fail
to yield parameter values because it is too complex relative to the amount and the
kinds of data that can be collected. If so, the model can often be reduced in
complexity. One such process is that of lumping parameters or compartments.
Lumped parameter representations will be adequate if the combined parameters
behave approximately as if they are a single parameter. A common example of a
lumped compartment is the representation of the concentration of a metabolite in
plasma as a single number. In actuality, most metabolites in plasma are present in
gradients. A strength of compartmental modeling is that simplifications such as
lumping compartments together are clearly visible and can be evaluated. However,
aweakness is that compartmental models do not easily accommodate a distributive
process such as a gradient. In summary, identifiability is a protocol for determining
ifa model is capable of providing estimates for the parameters ofinterest. A model
must be sufficiently complex to accomplish its purpose but not so complex as to
render it unidentifiable. Perhaps this is best expressed as “Everything should be
made as simple as possible, but not simpler.” — Albert Einstein.

3.3. Parameter Estimation and Goodness of Fit

All modeling involves some data manipulation to extract the parameters from
the data and model. In some instances parameter estimation is a simple process,
such as when the number of equations are few and equal the number of parameters
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to be estimated. However, stable isotope tracer experiments are information-rich,
especially using NMR, and may provide a number of possibilities for estimating
each parameter. When multiple relationships can be used to estimate a parameter,
good modeling practice requires that it be used, and that the data are weighted
properly. The “best fit” solution should be obtained by a process such as weighted
linear or nonlinear least-squares fitting. Once parameters have been estimated a
model should be evaluated for goodness of fit. For a single model, standard
statistical procedures including the sum-of-squares error and the covariance matrix
will indicate the accuracy of the parameter estimates. If two competing models are
under consideration for the same data, an F test can be used to determine whether
a model with fewer parameters is better than a model with one or more additional
parameters. The procedure involves determining whether adding additional pa-
rameters to a model reduces the sum-of-squares error sufficiently tojustify the more
complex model with the additional parameters. Glantz and Slinker (1990) can be
consulted for a simple presentation of this process, and Carson et al. (1983) for a
more sophisticated analysis.

3.4. Linearity and Tracer Models

Perhaps the most significant distinction in modeling is that between linear and
nonlinear models. An example ofa linear system commonly used in NMR and other
tracer kinetic studies is the labeling of a single compartment at metabolic steady
state (Fig. 2A). An isotope is introduced into the compartment beginning at t = 0
and the labeling of the metabolite, 4, is observed until a steady state is reached,
where the fractional enrichment F', = Fr, the fractional enrichment of the tracer; J
is the constant rate of flux through the compartment, k is the fractional transfer
coefficient from the compartment, and Q is the size ofthe compartment in mol. The
time dependence oftracer (4 *, in mol) and the fractional enrichment of A satisfy

dA*/dt= FrJ- kA * (3a)

dF A /dt =(Fr J - Fa J)/O (3b)

Linearity is important because it determines both the kinds of behavior available to
a model and the mathematical approaches which can be used to investigate the
model. Linear systems are identified by their response to several stimuli imposed
simultaneously. A linear system responds to multiple simultaneous stimuli with a
response that is the sum of the responses to each stimulus when applied individually.
This is the “Principle of Superposition,” a well established concept in controls
engineering (DiStefano et al., 1990). Linear systems can often be represented by
linear differential equations. Although models in general may be either linear or
nonlinear, an important feature of compartmental modeling and tracer studies is
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that of linearity as described by Jacquez (1985): “For all compartmental systems,
linear and nonlinear, ifthe system is in a steady state and one adds a tracer to any
compartment of the system, the distribution of the tracer labeled material follows
the kinetics of a linear compartmental system with constant coefficients.” This is
an important reason for rigorously using compartmental models in tracer studies.

Compartmental models are not without their drawbacks, both biological and
conceptual. Although a compartment may be described and studied with tracer
kinetics, it can be difficult to identify the physical entity that corresponds to the
specific compartment. Strictly speaking, compartmental models are always de-
scribed by equations such as (3a) and (3b), where the flux from a compartment is
simply proportional to the size ofthe compartment (k4) or its equivalent. This does
not allow for well recognized effects such as saturability or the analysis ofeffectors
of flux such as hormones, that can alter the value of k. Another difficulty is that a
compartmental representation for some simple, common types of nonlinear sys-
tems, such as the formation of a product as the condensation of two molecules, can
be unexpectedly complicated.

A+B<>A-B

A true representation of this process by compartmental modeling actually requires
the addition of a fictitious input into one of the compartments (Jacquez, 1985). Such
a requirement may be difficult to convey to the physiologically oriented reader.
Investigators must therefore decide whether a compartmental model is appropriate
to meet a specific quantitative or qualitative objective. In the end it is the task of
the model maker to distinguish between the superficial and the essential.

4. THE BASIC TRACEREXPERIMENT

4.1. General Considerations

Isotopic carbon tracers are used to interrogate metabolic phenomena by intro-
ducing into the living system some compound that can be uniquely identified, and
monitoring the fate of that compound in the compartment of interest. An extensive
body of theory has been developed to allow the calculation of physiologically
important variables from observables in the tracer experiment (Jacquez, 1985;
Sheppard, 1962). Much ofthis theory was developed for the specific case ofin vivo
studies with radioactive tracers, in which the tracer is infused into the blood
compartment, and all the information about tissue metabolism is derived from
measurements made in blood sampled from the same compartment. This type of
experiment can be thought of as indirect sampling ofthe pool ofinterest. Another
large body of literature addresses the situation in which tissues are removed from
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animals or people after infusion of metabolic tracers, or cells and isolated organs
are extracted after incubation with labeled substrates, and information is derived
from the concentration and fractional enrichment of tracer in specific molecules in
the tissue. Many NMR =C experiments fall into this second category, which we
will call direct sampling of the pool of interest. A third category contains those
experiments made possible by the nondestructive nature of NMR, in which living
tissue is observed, whether in vivo or in intact organ or cell models, in real time
during active metabolism of the supplied *C-labeled substrate. This will be called
in situ sampling or detection.

The tracer experiment can utilize either time-dependent or time-independent
detection. Time-independent detection implies that the system is sampled only
once, either at a steady state, or at a defined point in the experiment. Many “C
experiments that employ direct sampling of tissues use time-independent tracer
detection. Such an experiment may involve sacrifice of an animal after injection of
“C-alanine so that liver tissue can be extracted for the measurement of “C-
glycogen specific activity, or the Folsh extraction of a dish of cultured cells 60 min
after adding [2-“C]acetate, in order to measure the “C content of newly manufac-
tured lipid. Both of these use direct sampling, time-independent detection, and are
in an isotopic and metabolic steady state with detection of an end product.

Time-dependent studies are those in which a series ofsamples are used to define
kinetic phenomena, such as serial blood samples taken from a person to describe
the curve of fractional enrichment in the plasma space during “C tracer infusion
(Farrace and Rossetti, 1992; Rossetti and Giaccari, 1990). With in vivo NMR and
PET, it has become possible to combine time-dependent detection and direct or in
situ sampling. As an example, in vivo *C NMR has been used to monitor the kinetic
curves describing the appearance of tracer from plasma [ 1-3C]glucose in human
brain tissue metabolites (glutamate, GABA, lactate) (Gruetter etal., 1994; van Zijl
etal., 1993).

Finally, all tracer experiments are either sampled at a steady state, or under
nonsteady-state conditions of some sort. As noted above, metabolic steady state
implies that all metabolite intermediate pools and fluxes are constant. At isotopic
steady state, the fractional enrichments of all metabolite pools are constant. When
at metabolic steady state, data can be acquired at either isotopic steady state or
nonsteady state or used to detect an end product. Ifthe system is at isotopic steady
state, measurements can be taken at metabolic nonsteady state. If both the isotopic
fractional enrichments and the metabolism are far from steady state, the experimen-
tal data become very difficult to interpret.

All mathematical treatment of tracer data is model-dependent, and a few basic
types of models will be discussed below. The following simple treatment of tracer
data is taken from the single pool model (Wolfe, 1992). The equations are taken
from radioactive tracer theory, and therefore are altered to reflect the fact that the
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13C experiment often uses large concentrations oflabeled molecules. The following
definitions will be used:

A¥* is the infused 3C-labeled compound

A, B, Carepool sizes (mol) in the compartments

B*, C*, etc. are the pool sizes (mol) of *C-labeled metabolites

Ay, Br Cy, etc. are the total pool sizes (mol) in the compartments

F, Fg Fc etc. are the fractional enrichments of each pool

Ja Js, Je etc. are the fluxes between pools, with subscripts identifying the
exiting compartment

4.2. Single Pool Model

Description:

A¥* is infused into the pool of interest (plasma) at a constant known rate. In time, the
systemwillreachmetabolic andisotopicsteady state. Theblood is sampledatthis time,
andFA is measured. Theexperiment yieldstheratesofappearance (Ra)and disappear-
ance (Rd) of A in the pool ofinterest.

In adynamic system, acompound A is constantly being produced from one set
of substrates, and then used as a substrate in other chemical reactions (Fig. 2A). In
metabolic steady state, the absolute amount, or pool size of A does not change, but
material is constantly entering and leaving at the same rate. Even when the pool
size of A is changing, a measurement of this change in time yields only the net
change, the difference between its absolute rates of production and disposal:

dA/dt = Appearance of A - Disappearance of A = Ra - Rd (4a)
IfdA/dt = 0 (metabolic steady state)

Ra=Rd (4b)

These two absolute rates can be measured independently with a tracer. The most
important basic tool used to achieve this is that of thefractional enrichment (F\)
of the molecule of interest in the metabolic compartment of interest; F, equals the
fraction of the total metabolite which is labeled (denoted A*). As noted above,
different detection methods lend themselves to slightly different definitions of this
quantity, but for NMR the most common definition is the following:

Fractional Enrichment of A=F ,=A*/(A +A*) = A*/4: (5a)

The fractional enrichment ofthe compound A shown in the simple, single-compart-
ment model of Fig. 4A is a function only ofthe relative rates ofentry of A (Ra) and
A¥* (tracer appearancerate, Ra*):

Fy=Ra*./(Ra,+Ra*\) (5b)
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Figure 4. (A) The single-compartment model with input flux, orrate ofappearance oftracer (Ra*,)

and ofendogenously produced substance A (Ra ). The fractional enrichmentof A (F,) is completely

determined by the inputs to the compartment. (B) The single-compartmentmodel withthe additionof
arateofdisappearance, Rd. (C) A catenary multicompartmentmodel, where fluxes between compart-

ments are represented by J.

Ifthere is flux of A out of the compartment of interest, as in Fig.4B, the molecules
leaving will always have the same fractional enrichment as those staying behind.
This means that F', yields information only about the rate of influx of A into a
compartment, never efflux.

Ifthe system is at steady state, the pool size of A will not change in time, and
entry and exit from the pool are equal (Fig. 4B):

if dA+/dt = 0 (metabolic steady state)
Rd,=Ra,+ Ra *»

and if dF'a/dt = 0 (isotopic steady state)
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Rdx = Ra*s/Fa (6)

Therefore, if the rate of label entry Ra* is known, one can measure F 4 and calculate
Ra and Rd. If the pool size is changing in time, then Rd can be calculated only if
dA/dt is known:

if dAvdt #0 and dFy/dt= 0
Rd,=Ra ,+ Ra*A - dAwa/dt=Ra*, /FA - d4../dt

At this point, we will abandon the terminology “Ra” and “Rd’ in favor of “flux,”
denoted by J.

4.3. Multicompartmental Catenary Model

Description:

The general model is shown in Fig. 4C, and consists of4 pools. Tracer A* is found in
the firstpoolataconstantknownconcentrationand F,. Label flows frompool A to pool
B topool Ctopool D. The label incach pool, A*, B¥, C* and D*, can be sampled over
time. The ideal curves for A* , B*, etc., for A, B, etc., and for F, Fp, etc., can be
constructed forthe general case, and a variety ofspecial cases. A fitofthe experimental
datato these curves yields the rates offlux between the pools.

The time-dependent, in situ *C NMR experiment is usually used to interrogate
a metabolic pool in the tissue of interest, and directly yields the content of the
13C-labeled metabolite, for instance, B* (Fig. 4C). If several sequential spectra are
taken, the slope ofthe intensity ofthe NMR signal plotted vs. time will be dB*/d.
The actual flux rate J, must be calculated, and the correct equations to use depend
on the choice of model. A common model to choose is a multicompartmental
catenary model, where several pools existin such a way that label flows sequentially
from one to another. We have chosen to discuss the simplified, special case in which
there is only one input into each pool, and no backward fluxes. The following
models describe the special cases of metabolic steady state and pre- or post-isotopic
steady state, or isotopic steady state with a metabolic perturbation. For the simple
model pictured in Fig. 4C, if we assume that all fluxes are a linear function of the
size of the substrate pool (J, = kad, where k A is arate constant), then the general
descriptions for F(f), B(¢), and B*(¢) are:

Fs=B*(B+B*)=B*B, %)

dBr/dt = Ju - Jy = kadr - ks Br (8)

and

dB*/dt = J*x - J*5 = kad * - kpB* ©
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Analogous equations exist for A, C, and D. The solution of these equations for any
specific case will yield the behavior of label in pool B. For the following discussion,
we will assume that pool A is the pool of tracer entry, and that its concentration and
fractional enrichment are constant and known (£, = 0.5). The first case that we will
describe is when ks= 0, i.e., there is no exit of material from pool B. B is then an
end product that will build up in time (Fig. SA). This example could be described
as a special case of isotopic and metabolic steady state. dB*/dt is measured in the
C NMR experiment, and used to calculate the rate of production of B (dB/df).

4.3.1. Case 1: kg =0, F5 = Fs. End Product of System in Isotopic and
Metabolic Steady State

With reference to Eqgs. (7)—(9),
dBr/dt = k a At
dB¥/dt =)y =kaA* =ka A, Fa= FadBr/dt
dBr/dt = d(B*F,)/dt

If we define B, as the concentration of B at time 0 and solve for B, we get a line
whose slope is the rate of flux into pool B (Fig. 5A):

BT:B*/FA+B0: kAATt+Bo
BYF, = it (10)

The next case to consider is a metabolic perturbation applied during isotopic
steady state. Here, kg > 0. The system has reached isotopic steady state (Fa= Fy),
followed by a metabolic perturbation (indicated by an arrow in Fig. 5B) which alters
Jxr, We will describe the approach of the system to a new metabolic steady state.

4.3.2. Case2: ky# 0, F,= F; = constant. Isotopic Steady State,
Metabolic Perturbation

dBr/dt =k s Ar -k Bt
dB*/dt = k y A* - k yB*
dB*/dt = kn Ar Fa - ksBr Fo = F, (ka A1 - ks B.) = Fa dB/dt
dBv/dt = d(B*/Fy)/dt

Again, we reached the conclusion that the change in B can be calculated simply by
dividing the behavior of B* by the fractional enrichment of the precursor ', which
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Figure 5. (A) A two-compartment model ofend product synthesis in isotopic and metabolic steady
state (Case 1). The pool size and fractional enrichment FA of Compartment A are constant. JAis the flux
from compartment A to B, and ka is the rate constant for this flux. Bois product existing before label
introduction at time 0. Labeled product (B’) and total product (Br) are both produced at a constantrate.
(B) A two-compartment model showing flow from B (JB) in isotopic steady state. At the arrow in the
graph, a metabolic perturbation is applied that increases the flux Ja. B and B* approach their new
steady-state values via the curves shown (Case 2). (C) Similar to the model in Fig. 5B, except thatJ; is
now a constant (Jg < kad4), and independent of the size of B (Case 2’). (D) A two-compartment model
at metabolic steady state, where Jo=Jg. Tracer is introduced from A starting at time 0. The initial rate
of tracer entry (kyA4*) and the steady-state value of B* (ka 4*/kg) can be read directly from the graph.
(E) A three-compartment model at metabolic steady state, where the pool size of B is greater than the
pool size of C. Tracer is introduced from compartment A at time 0, and flows into B and C. The
time-dependent behavior of B’ and C’ are shown. (F) Same as for (E), except the pool size of C is greater
thanB.

is constant and known. Ifwe solve for B [Eq. (11)], we find that both B and B* will
reach apoint where they will no longer change, i.e., they will reach a new metabolic
steady state. This is the correct model to use when a system at isotopic steady
state is subjected to a metabolic perturbation which increases pool size B, and
the data are collected during its movement toward a new metabolic steady state
(Fig. 5B). The subscript “new” denotes B or B* made following the perturbation
at the arrow:

Br = (B¥ww + B.¥/Fy = {(kiAr/ks) - B} {1- exp(—ksf)}+B,  (11)
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A special case of this exists where the flux from pool B is nonzero and constant
(i.e., Jg =Y, and does not depend on the pool size of B). For the diagram in Fig.
5C, Yis less than the J, into pool B. For this case, we will again assume that the
system is in isotopic steady state, and a metabolic perturbation is applied at the
arrow in Fig. 5C which changes Ja. In this case, the solution B is a line, where the
slope is the difference between the synthetic flux and the breakdown flux [Fig. 5C,
Eq. (12)].

Case 2": Jg = Y, FAo= Fp = constant. Isotopic Steady State, Metabolic Pertur-
bation

dBT/df = kA AT -Y
dB*/dl‘:kAA*—Y* :kAATF/;- YFB :FA (kAAT - Y) :FAdBT/dt

BT: (B*new+Bo*)/FA: (kAAT - Y)Z+ Bo (12)

For the third case, we will assume that Fs #Fi.e., it is the general case describing

time points before an isotopic steady state has been achieved. Although we can
describe the system without the imposition of metabolic steady state, we will
assume metabolic steady state in order to solve for B* and B. It is important when
designing a model to have either the isotopic or the metabolic state of the system
in steady state (Fig. 5D).

4.3.3. Case 3: Fy#F.. General Case of Metabolic Steady State,
Isotopic Nonsteady State

dB/dt =k (A, — kB
dB*/di =k 5 A*~ ks B*

Sometimes it is easy and reasonable to determine the initial rate of flux from the
slope of the B*curve at very early time points, before appreciable product B*has a
chance to appear. This is a way to get some kinetic information from a curve without
fitting it to a model. The initial rate, at time 0 and B* = 0, is given by

(dB*/dt) o = kn A*

Solving the general equation for B* (Fig. 5D), we see that B* approaches its
steady-state value exponentially. The reciprocal of the time constant of this expo-
nential is the rate constant for flux leaving pool B:

B* = (k, A*/kg) {1 -exp(—kgt)} (13)
We can use this equation to solve for F, as well:

Fp = B¥Br = (ka A*/B: kB) { 1- exp(-kst)} (14)
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In this form the equation is not very useful, since the '>*C NMR experiment doesn't
report B If we invoke the fact that the experiment is done at metabolic steady state,
where dB /dt = 0 and B, is simply a constant, we see that when B* reaches its
isotopic steady state, £ will equal Fa. The parameter k; from a fit of experimental
data to this equation can be used to calculate k 4 = Ja.
dB+/dt= 0, so
kA AT :kB BT
F, = B¥By =(A%A;) { 1- exp(-kat)} =Fa {1- exp(—kst)} (15)
Now suppose that we actually want to observe C*,the next pool in our model.
We know from the above analysis that the flux rate of label into pool C, k, B% is a
time-dependent term. If we solve the general equation assuming metabolic steady
state (shown in Fig. 5E, F):

4.3.4. Cased4:dC/dt=0,F, #Fy #Fc. Metabolic Steady State,
IsotopicNonsteadyState

dCv/dt = ky By - k.Cyp = 0
dC*/dt= ks, B*~kc C*
C*=(k B¥k) [1 - {(1/ks) exp(cket) - (1/k) exp(- ke )}/{ 1 /ks, - 1/k}] (16)

Figure SE shows a case in which B> C, and Fig. 5F shows a case in which C > B.
Note the sigmoidal shape of the C* curve, and the lag between the time to steady
state for B and C. By analogy to our work above, we can also solve for e = C*/Cr
at metabolic steady state where dCr/dt = 0:

F.=(B*By) [1 - {(1/k,) exp(-kyt) - (1/k.) exp(-ket)}/ {1/kg,- 1/ke}] (17)
which, at very long times, reduces to isotopic steady state:
Fe=A4%A4,
The general solution for D* in metabolic steady state is presented below. For

ease of presentation, we will define the time constant 7 as the inverse of the rate
constantk, i.e., Is= 1/k, Examples are shown in Fig. 9.

(T exp(~1/Tp)} . {T&exp(~1/T)} . {Thexp(-t/Tp)} ]
(T -To)Tp-Tg) (Tg—-Tc)Tc—Tp) (Tp—Te)(T¢~ TD)_J

(18)

Most of the samples shown above are for metabolic steady state, where the
compartment sizes do not change, or for very specific nonsteady-state cases. A
general solution for atwo-compartment model when not in steady state can be found
in Jacquez (1985), and is beyond the scope of this chapter. Except for a few,
multicompartment models do not have simple solutions, and it may be necessary

D' =(TpC /To) }-1 +
L
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to perform numeric rather than symbolic integration for more complex models. For
a beautiful example of a complete numerical solution of the equations describing
TCA cycle flux, see Chance efal. (1983).

5. SATURABLE KINETIC PROCESSES

Thus far,we have represented fluxes as the product ofa constant & and the pool
size of the substrate. This formalism is in general correct for a single measurement
of abiological system at metabolic steady state. Most processes that occur in tissues
are not linear functions of arate constant, however, but instead reach a constant rate
at very high substrate levels. These are saturable processes. Most reactions or
transport phenomena that are dependent on a catalyst, such as an enzyme or a
transporter protein, become saturated at substrate levels high enough to employ all
the available catalyst. The Michaelis—Menten equation is the simplest relationship
between a unidirectional, saturable flux and the concentration of the rate-control-
ling substrate [Fig. 3, Eq. (2)]. Itis often used in its linearized form:

l/VelOCity zl/Vmax + KM/( Vmax [S]) (23)

It was developed to describe a first-order reaction (one substrate) catalyzed by a
single, isolated enzyme, and describes the general behavior of the flux from one
compartment to the next as a function of substrate, not a single experiment
conducted under specific conditions. It contains two parameters, Vs, Which is the
maximal flux possible, and K, the Michaelis constant, which is the substrate
concentration at half-maximal velocity. At very low substrate concentrations, the
apparent first-order rate constant & is equal to V'max/K m, and at very. high substrate
levels, k= V max [Substrate]. Special forms of this equation exist for higher-order
reactions (more than one substrate) and those in which the catalyst responds to
either activators or inhibitors of flux (Segel, 1975).

The parameters Vi and Ky can be extremely useful to describe the general
nature of a saturable flux in vivo, even if the experimental data do not fit the
actual Michaelis—Menten equation very well. If the maximal velocity, the
substrate concentration at half-maximal velocity, and the physiologic range of
the substrate are known, we can determine the nature of the regulation of that
metabolic pathway under normal physiologic conditions. Sometimes it is tempt-
ing to make the assumption that the reaction of interest can be perfectly
described by the Michaelis—Menten equation, because V. and Ky can then be
calculated by only two experimental points. Unfortunately, this assumption may
not be valid under in vivo conditions.
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6. CONDENSATION REACTIONS

3C NMR provides a unique tool for the study of reactions which produce a
single product from two labeled substrates because of the property of multiplicity.
Multiplicity arises in a 3C NMR spectrum due to splitting of a resonance of one
nucleus by another covalently bound, NMR-visible nucleus. These are usually
protons, other 2C carbons, and occasionally a phosphate moiety. Splittings that
arise from neighboring *C-labeled carbons (/= 34-55 Hz in glutamate and lactate)
can result in a messy spectrum where the peaks appear either as multiplets
(well-resolved) or as broad, irregularly shaped peaks (often the case in vivo). It is
usually important to take as a measure of spectral intensity the area of the multiplet,
rather than peak height.

The multiplet structure due to C-3CJ-coupling yields unique information
about pathways in which bonds are made or broken between two labeled com-
pounds. Consider the reaction shown in Fig. 6. A 4-carbon molecule labeled with
BC atC 1, and a 2-carbon, C2-labeled compound react to form a 6-carbon molecule
with label in C2 and C3. Each moleculein the figure is accompanied by its fractional
enrichment. The enrichment of the molecule labeled at both C2 and C3 is 30%,

60%C-C-C-C* + 50% *C-C
40%C-C-C-C 50% C-C

\

30%C-C-C-C*-*C-C | | L1

30% C-C-C-C*-C-C

20% C-C-C-C-*C-C l

1!1 L]
C3 c2

Figure 6. A condensation reaction of two “C-labeled compounds, one which is 60% labeled and the
other 50% labeled. The products are shown with theirrelative sizes. On the right is the *C spectrum
for each, and a composite ofall spectra is shown at the bottom. Products with only one 3C will have
singlets at the appropriate frequency, while that with two 3C sharing a covalent bond will have two
doublets in the spectrumdue to.J coupling.



26 MarenR. LaughlinandJoanne K. Kelleher

equal to the product of the enrichments of their precursors. Likewise, the enrich-
ment of the unlabeled molecule is 0.4 x 0.5 = 0.2 or 20%. The 3C NMR spectrum
of each molecule is shown, as well as the composite spectrum. When either C2 or
C3 is labeled, a singlet with an intensity proportional to its fractional enrichment
is found in the spectrum. When C2 and C3 are labeled in the same molecule, there
is a doublet at both the C2 and C3 frequencies due to J-coupling. The ratio of the
areas of the doublet at C2 due to C2-C3 splitting and the singlet at C2 yields the
ratio of C -C—-C-C*C*~C to C-C-C-C-C*C(30%/30% =1). The doublet/total
ratio at C2 is the fractional enrichment of the substrate which labels the other peak
(C3) in the reaction. Likewise, the ratio of doublet to total signal in C3 yields the
fractional enrichment at C2, i.¢., the fractional enrichment of the 2-carbon molecule
[1/(1 +1)=50%]. This simple property of “C NMR has proven very useful to study
condensation reactions in biological tissues.*C—"C splitting could even be seen

in spectra of human brain during [ 1-3C]glucose infusion, allowing quantitation of
BC fractional enrichment at glutamate C3 and C4 (Gruetter et al., 1994).

The TCA cycle "starts" with a condensation between oxaloacetate and acetyl-
CoA, allowing this pathway to be studied very successfully with multiplet analysis
(Fig. 7). A detailed and beautifully presented treatment is found in Malloy et al.
(1988, 1990). If C2 of oxaloacetate and C2 of acetyl-CoA are both labeled with
13C, they will combine to form [3,4-3C]citrate, which will in turn become [3,4-
3CJo-ketoglutarate, then [3,4-1*C]glutamate, in which the C3 and C4 resonances
are split into doublets similar to the general example in Fig. 6.

The splitting in the C3 and C4 resonances that come from “C carbons
originally found in C2 of oxaloacetate and C2 of acetyl-CoA are propagated to the
other carbons of the glutamate molecule as the TCA cycle turns. The labeled pair,
glutamate C3—-C4, becomes C2—C3 in fumarate, and eventually, C2—C3 in ox-
aloacetate. Ifthis in turn condenses with [2-3CJacetyl-CoA, [2,3,4-3C]glutamate

acetyl-CoA

OOH
H,[ C]-C-S-CoA Ha
. HO- HCOOH
2
T OOH
HOOC-CH, COOH

oxaloacetate citrate

Figure 7. The condensation reaction catalyzed by citrate synthase in the TCA cycle between [2-
13CJacetyl-CoA and [2-13CJoxaloacetate results ina 3C-3Cbond.
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results. The resonances of C2 and C4 glutamate will be doublets, of course, but the
resonance of C3 will be split twice into a triplet. In the next turn of the TCA cycle,
a new phenomenon crops up; label in C2 of glutamate flows to C1 of fumarate.

Fumarate is a symmetric molecule, so C1 and C4 are identical; the generated
oxaloacetate will either have a labeled triplet at C2—C3-C4 or at CI-C2-C3.
Adding the next labeled acetyl-CoA yields [ 1,2,3,4-3C]glutamate and more [2,3,4-
13C]glutamate. These two molecules have the same splitting patterns in C4 and C3,

but in the first C2 will be a quartet, and in the second, a doublet. It is clear that even
though the only new bond that is ever made is that between C2 of oxaloacetate and
C2 of acetyl-CoA, the splitting patterns become increasingly more complex with
more turns of the cycle. The patterns can therefore be used to determine the relative
length of time (or number of turns) that each molecule remains in the TCA cycle.
If the labeled substrate can enter the cycle through an anaplerotic pathway, such as
pyruvate carboxylase, the isotopic pattern will be altered again in apredictable way.
Malloy et al. (1988, 1990) have worked out the equations that relate the isotopic

pattern found in glutamate at metabolic and isotopic steady state to the following
kinetic parameters: y, the ratio of anaplerotic flux to citrate synthase flux; F¢, the
fractional enrichment of acetyl-CoA; and F,, the fractional enrichment of the
anaplerotic substrate.

7. TISSUE HETEROGENEITY

Even if NMR spectra are successfully localized to a well-defined tissue volume,
it is likely that the interrogated region of interest will contain more than one cell
type. In heart, the predominant cell type is the cardiomyocyte and others —the
vasculature and neural cells, etc. —are a small fraction of total volume. On the other
hand, workload can vary dramatically across the heart wall, and between the two
ventricles and the atria. Robitaille ef al. (1993) demonstrated a large gradient in
creatine kinase flux across the wall of the left ventricle. It has also been shown that
the PCr/ATP ratio is elevated in vivo in the right ventricle muscle, but not the left
ventricle, during catecholamine infusion. This is likely due to similar increases in
fatty acid oxidation, but differences in workload between the ventricles (Schwartz
etal., 1994; Katz et al., 1989). Most other NMR accessible organs are even more
heterogeneous. Brain spectra report on a mixture of neurons, glia, and astrocytes,
and "C studies have shown metabolic heterogeneity (Brainard ef al, 1989).
Exercising skeletal muscle is comprised of fast twitch and slow twitch fibers, which
are very heterogeneous with regard to metabolism (Ball-Burnett ez al., 1991).

The model development process should therefore consider the question: How
will the validity of the model be affected by heterogeneity in this tissue? While it
is impossible to provide a general answer, a consideration of three specific types of
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model will illustrate some principles that apply when tissue heterogeneity is a
possibility.

7.1. Metabolic and Isotopic Steady State, Time-DependentExperiment

First consider a system in metabolic and isotopic steady state. The simple
example shown in Fig. 8 is the production of labeled lactate (*lactate) as an end
product from labeled glucose (*glucose) in anaerobic tissue. The system is in
metabolic steady state and reaches isotopic steady state by timet1, so that thereafter
*lactate willbeproducedataconstantrate[Eq. (10)]. The system may contain other
precursors of lactate, but the experiment has been designed to measure the rate of
production of *lactate from exogenous *glucose, J* iactate . The calculation of
J*actate Shows that it is simply the amount of labeled lactate produced in the time
interval t2 - t1 = At:

J*lactate = (*lactatemolesat t2 - *lactatemolesat t1)/At (19)

This experiment could be conducted with “C or B3C labeled glucose using
liquid scintillation counting, GC/MS, or NMR for data collection. If “C-glucose,
or BC-glucose and GC/MS are to be used, two identical biological systems are
required. The first experiment is terminated at time t1, while the other is sampled
at t2. Labeled lactate is then separated from labeled glucose and other components
by a method such as ion exchange chromatography. The eluted lactate is either
counted by liquid scintillation, or derivatized for GC/MS. In the latter case, the
choice of [U-3C]glucose as substrate would allow *lactate to be monitored as the
M + 3 peak. If 5.C NMR is used, data may be collected as the experiment proceeds,
and J*lactate is then estimated from the change in the *lactate signal over time. The
data collected by any ofthese methods can be used in the current model to illustrate
a general feature of tissue heterogeneity in metabolic and isotopic steady state.

Iftissue is homogeneous as shown in Fig. 8A, glycolysis may be considered
to occur in a single compartment of arbitrary size X, and *lactate will accumulate
at steady state with a constant rate of 6 per unit time. This is shown as line A on the
accompanying graph. In contrast, the model in Fig. 8B shows a heterogeneous tissue
comprised oftwo equal cell populations of size X/2, which have different glycolytic
rates. Here, one collection of cells (glyfs) produces lactate at a rate of 5 per unit
time (line B1), which is five times faster than the rate of the cell population glysiow,
1 per unit time (line B2). Under conditions of relative hypoxia, it would not be
surprising if a population of cells corresponding to gly.s extracts more glucose and
exports more lactate than the neighboring more highly oxygenated cells represented
by gly,,..- The *lactate produced by the heterogeneous system in Fig. 8B can be
summed to yield a line which is indistinguishable from line A for the homogeneous
model. Therefore, the calculated rate of *lactate production will be 6/time with
either model.
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A. Homogeneous Tissue

J=6 | glycolytic intermediates *lactate

*Glucose ————p! 4

size=Q=X =

B. Heterogenous Tissue
*lactate
lycolytic intermediates
J=/1' glycalytic i i J/'v

size = Q = X/2

‘Glucose

J=5 glycolytic intermediates *lactate

size=Q=X2 4

307
25]
20+
15+
101
5-.-

*lactate

Figure 8. Metabolic and isotopic steady-state simulation of labeled lactate (*lactate) production.
Model A depicts homogeneous tissue producing lactate at rate 6 per time. Model B depicts heterogeneous
tissue comprised of two compartments of equal size (in moles of glycolytic intermediates) but different
fluxes. In both cases it is assumed that all glycolytic intermediates can effectively be lumped into a
single compartment. The production of labeled lactate versus time is graphed in steady state. The graph
demonstrates that rate of labeled lactate production measure for the single compartment will equal that
measured for the sum of the two compartments provided all systems are in metabolic and isotopic steady
state.

Under these circumstances, heterogeneity of the biological sample will not be
apparent to the investigator. Moreover, this result is independent of the choice of
tracer and detection system. In general, tracer flux through systems in metabolic
and isotopic steady state do not reveal any information about possible tissue
heterogeneity. The positive aspect of this result is that no errors are produced due
to heterogeneity. The negative aspect is that no information is gained about the
organization of the metabolic system from the measurement of tracer fluxes.

29
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7.2. Tissue Heterogeneity Measured in Pre-Isotopic Steady State

The results obtained from comparing homogeneous and heterogeneous tissue
in metabolic and isotopic steady state contrast with those from a system sampled
prior to isotopic steady state. Consider a system in metabolic steady state which is
examined by NMR from the moment tracer is first added at = O until it reaches
isotopic steady state. Again, the glycolytic pathway will be used to illustrate the
general features of this model. In this case, however, *lactateis an intermediate
during *CO, production from *glucose. First, examine a homogeneous system
where the tissue lactate pool is well represented by a single compartment ofsize Q
= 30 (Fig. 9). The flux through the lactate compartment is J = 2, and *lactate
production and fractional enrichment F'iac, are both described by the classic expo-
nential equation [Eqgs. (20) and (21)]. The quantity J/Q is flux over pool size, and
is equal to the fractional rate constant £ used in previous examples. The time
constant of the exponential is the time required for the variable of interest to reach
63% (= 1 -1/e) ofits final, equilibrium value.

The example shown here represents ideal, error-free data, and any given data
point along the plotted curve will yield a correct estimate of J/Q as described by
Eq. (22). In real NMR experiments, appropriately weighted nonlinear regression
would be used to estimate the value of J/Q from the entire data set plotted as a F 1ac
or *lactate time-dependent profile. Once J/Q is determined experimentally by
fitting, the size of the pool (Q) is measured with other techniques and J or flux rate
is estimated.

Now consider the consequences of employing this experiment in a heteroge-
neous system as shown in Fig. 10. The total flux through this system is the same as
for the homogeneous case, J= 2, but it is divided equally between two compart-
ments of /=1 each. One path flows through a lactate compartment of size 25, Qvig,
while the other flows through Qy..i, of size 5. Note that the total flux (J = 2) and
the total lactate pool size (30) are equivalent to the example of Fig. 9. This type of
heterogeneity could easily result from enzyme regulation at a rate-limiting step;
consider the possibility that pyruvate dehydrogenase is partially inactivated in Quig
so that its rate constant is smaller than that of Qsmai. The pyruvate and lactate pool
(considered to be near-equilibrium) would have to increase in the Oy, fraction in
order to maintain flux.

The labeling of each lactate compartment will occur over time as shown in
panel A. However, the investigator is examining the tissue as a whole and will not
observe these two distinct profiles; he will see a single profile corresponding to the
weighted sum of the two traces. This curve (labeled QObig+ QOsman) looks superficially
like a very good approximation to an equation for a single compartment [Eq. (20)].
However, as illustrated by Eq. (23), this labeling pattern is not equivalentto a simple
exponential expression.
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Figure 10. Heterogeneous tissue comprised of two compartments of lactate at metabolic steady state but pre-isotopic steady state. The size of
each compartment is represented by Qu.and Qswal ; other symbols are described in Fig. 9. Equation (23) describes the enrichment of lactate,
Frac, with time in this heterogeneous tissue. Panel A graphs the amount of labeled lactate in each compartment with time as well as the sum of
the two compartments representing the tissue. Panel B compares the labeling profile for the tissue as described by Eq. (23), solid line, with that
for the single compartment from Fig. 9 (J/Q = 2/30) and with that for a single compartment withJ/Q of 1/22.
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J=2 Tissue lactate compartment ’_ii-zy *CO,
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Figure 9. A single compartment representing tissue lactate at metabolic steady state but pre-isotopic
steady state. Equations (20) and (21) described the labeling profile for the enrichment of lactate, /| , -

and the total amount of labeled lactate, ¥*LAC, in the tissue with time as shown in the graph. It is assumed
thattheenrichmentofglucose, Fg;, is 1. O represents compartment size in moles and J is flux. Equation
(22) demonstrates the determination of J/Q from the labeling profile.

Unless the data are very precise, it is not likely that this type of heterogeneity
will be detected. The plots in panel B illustrate how pre-steady-state tracer data
from a heterogeneous tissue might be misinterpreted. An investigator observing the
solid line might assume that this profile represents a single compartment and use
Eq. (20) (Fig.9) to find the best fit estimate of J/Q. Fitting the data, shown as the
solid line in panel B, to the single exponential curve would yield the dashed line,
which has J/Q = 1/22. To examine the consequences of heterogeneity in the
estimation of the glycolytic rate, assume that the investigator again measures the
total lactate pool and finds, as for the homogeneous case of Fig. 9, that it is 30. The
glycolytic flux is then estimated by the relationship

J=0/22=30/22=1.36

This estimate is only 68% ofthe true total flux value of 2 for this tissue bed. This
indicates that a significant error may be generated when heterogeneous tissues are
treated as if they were homogeneous in pre-steady-state tracer experiments. Be-
cause the error in the case shown in Fig. 10 results from the fact that the two pools
reach their isotopic steady state at different times, a better estimation of the true
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flux through this particular system is the initial rate, estimated from the slope of
data taken very early in the experiment. If very good data are available, the
heterogeneity shown here would be most obvious by performing a "runs'" test,
which would indicate that the observed values systematically fall above the model
solution at#< 30, and below the fitat > 30 (Glantz and Slinker, 1990). In summary,
this example illustrates a general property of pre-isotopic steady state experiments:
the kinetic parameters estimated from a fit of time data are not independent of tissue
heterogeneity, and may be significantly different from their true values.

7.3. Fractional Enrichment in the Metabolic and
Isotopic Steady-State Experiment

Occasionally, a special situation will occur in which pool fractional enrich-
ments will report on metabolic heterogeneity in a tissue. If a product B is derived
directly from a single precursor A in a cell population, its measured =C fractional
enrichment F'g will be equal to the measured F at all carbons (Fig. 11). Metabolic
compartmentation is a possibility if the measured F, and Fy are different from
predictions based on a single well-mixed intracellular pool model, or on the
presumption of a near-equilibrium between two compartments. In the second
example shown in Fig. 11, A exists in two cell populations, one in which it gives
rise to B (population 1), and one in which it is metabolically inactive (population
2). When Fj is measured, it is the average of Fa; and Fa, weighted by their
respective pool sizes. When F ' is measured, it is also an average weighted by the
fact that B, is at its natural abundance of 1.1%, and F3 < Fa. Ifthe model for the
metabolic process under consideration is known to be that of Fig. 5B, and Fg# Fj,
the hypothesis that a single metabolic compartment exists must be rejected.

Brainard et al. (1989) used this unique “C NMR ability to detect differential
labeling in C2 and C4 of glutamate and GABA (made from glutamate) to demon-
strate the presence of multiple metabolic compartments in rat brain after a
[1-1C]glucose bolus. Total brain glutamate showed 30% fractional enrichment
at C2 and 40% at C4. C2 is labeled through both pyruvate carboxylase and
pyruvate dehydrogenase (PDH), while C4 is labeled only via PDH activity. The
corresponding pools of GABA showed 60% and 0% labeling. The bulk of
glutamate must have been made in a compartment with high pyruvate dehydro-
genase activity, while the GABA was made in a compartment where ox-
aloacetate was highly labeled through pyruvate carboxylase, but where there was
little pyruvate dehydrogenase.

Another example of compartmentation is provided by the following radioactive
tracer study of glycogen and glucose utilization in perfused heart. Glycogen and
exogenous glucose both enter the glycolytic pathway to produce pyruvate, which
can either enter the TCA cycle and be oxidized to CO, or be converted directly to
lactate. Henning et al. labeled the glycogen pool using either [5-*H] or [U-“C]glu-
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Single Pool Two Pools
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Figure 11. Metabolic heterogeneity can appear as altered fractional enrichments measured in whole
tissues. If B is produced only from A in a single metabolic pool, F' , = F' as shown on the left. IfA reacts
to give B in only one pool, and other pools containing both A and B also exist in the tissue as shown on
the right, the resultant fractional enrichments of A and B are weighted averages of the two pools, and
will not be the same.

cose, washed away the original tracer, then presented the hearts with glucose labeled
with the other. They measured effluent 3H,0 (glycolysis) and “CO, (oxidation)
and found that more than half of the glycogen utilized by these hearts was oxidized,
while less than 20% of the exogenous glucose entering glycolysis was oxidized
(Henning et al., 1996). This indicates that there may be at least two different
pyruvate compartments in the beating heart. *C NMR has also provided evidence
that this is the case. The fractional enrichments of glutamate, lactate, and alanine
were measured in extracts from both perfused hearts (Lewandowski, 1992) and in
vivo dog hearts given [3-C]pyruvate (Laughlin ez al., 1993). The lactate fractional
enrichment was less than that of alanine and glutamate, even though all compounds
are direct products of pyruvate metabolism. Taken together, these studies imply that
one pool of pyruvate equilibrates with lactate, while another more rapidly equili-
brates with amino acids and enters the TCA cycle. Therefore, *C NMR can be
invaluable for the study of metabolic compartmentation because it lends itself well
to the determination of the fractional enrichment of a variety of compounds in a
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single pathway. Itis becoming clear that in a tracer study, it may be unwise to assume
that the cell behaves like a well-mixed solution of enzymes and substrates, or that
all sampled cells are identical.

8. THE “C NMR EXPERIMENT

The following section will discuss a few of the important assumptions, require-
ments, and technical aspects of 2C NMR tracer experiments. Some considerations
apply only to the in vivo experiment, while others also apply to isolated tissues.

8.1. Chemical Shift and Spectral Resolution

A radioactive tracer is quantitated as disintegrations per minute (dpm). It is not
possible to tell where the tracer is located: which compound, or the location of the
tracer atom in that molecule. Experimenters must be very clever and choose the
specific labeled substrate and sampling method very carefully, and in addition must
isolate potentially contaminating labeled chemical species before counting dpms
in the species of interest.

In 3C NMR, each carbon that experiences a unique chemical and physical
environment will have aunique chemical shift. This means that it is usually possible
to determine both the molecule and the position within the molecule where the 2C
label is located. Resolution is the ability to distinguish two peaks from one another.
Peaks can be resolved if the chemical shift difference is larger than the average
width of the two peaks, where peak width is an inverse function of magnetic field
homogeneity and transverse relaxation time (7%*:). The carbon spectrum is also
reasonably large —slightly more than 200 ppm —which means that compounds of
interest are widely dispersed and can usually be resolved quite well. In addition,
the 3C NMR carbon chemical shift and peak width tend to be much less sensitive
to ion concentration and pH than either 'H or *'P NMR.

Many biological molecules have very similar functional groups, which reso-
nate at similar frequencies. This makes it difficult to tell the internal carbons in long
fatty acid acyl chains apart, for instance. The problem is most severe in in vivo
studies where peaks tend to be very broad. Usually, the problem is solved by going
to higher field strength, or to more homogeneous systems (like isolated organs,
cells, or solutions of extracted metabolites). A very powerful technique is to use
{ BC-'H} 2-dimensional shift-correlated spectroscopy to enhance resolution (van
Zijl et al., 1993). This was successfully used in the brain of intact cats to separate
resonances from C-labeled glutamate, glutamine, lactate, and glucose.
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8.2. MetabolicPerturbation

In the in vivo experiment, it is important to choose methods that minimally
perturb the system under study. From one standpoint, this is achieved beautifully
by in vivo 3C NMR in that multiple "samples' can be taken over time in a
nondestructive way. From another point of view, however, the large concentration
of label that must be present for adequate signal-to-noise in active, biological
systems may constitute in itself an overwhelming metabolic perturbation. It is
possible to detect molecular pools containing > 0.5 mM 5C in a few minutes. To
study in vivo lactate metabolism in the heart, therefore, it may be necessary to raise
blood [3-3C]lactate to 5—10mM in order to detect enrichment in intracellular
compounds (Laughlin efal., 1993). However, plasma lactate is normally about 0.5
mM, and heart uptake of lactate is proportional to its plasma concentration. When
lactate uptake is high, the concentration of NADH and pyruvate, products oflactate
metabolism, are increased in both the cytosol and the mitochondrial compartments.
This creates a somewhat artificial metabolic state in the heart. For NMR studies of
brain metabolism, it has become common to raise blood glucose with [ 1-2C]glu-
cose to as high as 13 mM-16mM (van Zijl et al., 1993, 1994; Fitzpatrick et al.,
1990). However, glucose uptake and intracellular glucose is a function of plasma
concentration, with a plasma glucose concentration at half-maximal uptake of
between 4 and 6 mM (van Zijl et al., 1997; Mason et al., 1992; Gruetter et al.,
1996). An example of large metabolic perturbation due to plasma substrate concen-
tration is glycogen synthesis in response to plasma glucose in rat skeletal muscle.
Glucose uptake and glycogen synthesis are sensitive to plasma glucose and insulin
concentration (Farace and Rossetti, 1992; Rossetti and Giaccari, 1990). At both
basal (180 pM) and elevated insulin (2500—3000pM vs. normal fed insulin of 450
pM) rat muscle glycogen synthesis is increased by raising plasma glucose from 5
mM to 15 mM; in the hyperinsulinemic rats, this amounted to an increase from 77
to 210 umol/kg.min. Muscle glucose-6-phosphate (G6P), a regulator of glycogen
synthesis, is increased more than 50% by glucose elevation at the lower insulin
concentration, but not at the higher. Ifa perturbation is imposed during a 3C NMR
experiment with [1-3C]glucose that is expected to raise skeletal muscle G6P and
therefore the glycogen synthesisrate, the effectis likely to be most apparent at basal
glucose and insulin, and may be masked by the experimental conditions under
which muscle 3C-glycogen can be observed in rats. The researcher must be aware
of the metabolic perturbations, which are sometimes extreme, imposed by his
experimental design.

8.3. Detection Limits

The natural abundance of 3C in all carbon is 1.1%, and the enrichment of a
typical substrate in a 2*C NMR experiment is often between 50 and 99.9%. In
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contrast, the plasma tracer specific activity of radionuclides used in a typical
experiment is 0.01% (104 dpm/umol). It is easy to see that 3C meets neither the

criteria for low background signal or that for a "massless" tracer. However, it is not
always necessary to provide very large fractional enrichments for the sake of
detection. Ifthe tissue can be excised and extracted, the labeled molecules are stable
and 2C NMR spectra can be taken over many hours at much higher fields (yielding
higher resolution and S/N) than are generally available for in situ experiments. A
lower limit for the fractional enrichment of the substrate in this instance is set not
by the ability to detect label, but by the error in detecting 3C over the natural
abundance. With GC-MS, this limit is about 0.1% atom percent above natural
abundance (Bier, 1982). In the NMR experiment, the intensity of the carbon of
interest can sometimes be compared with the intensities of the unlabeled carbons
in the same molecule in a fully relaxed spectrum, and excess fractions of less than
1% can be measured with acceptable errors.

8.4. CorrectionforNatural AbundanceFractional Enrichment

In tracer theory established with radionucleides, it is customary to assume that
the tracer is essentially massless, i.e., that the mass of the infused tracer can be
neglected when calculating specific activity, which equals mol tracer/mol tracee.
In the 3C experiment, this is almost never appropriate, and if we define A* as the
labeled and A as the unlabeled molecule, the fractional enrichment is defined as
A*/(A4 +A%*)[Eq. (1)]. Inaddition, theendogenously producedmolecule has anatural
abundance 3C of 1.1 %, which will contribute to the total measured 4 *. This means
that measured 4* = infused 4* + 0.011A. Often, the natural abundance B5C is
subtracted out of the NMR data as a baseline, natural abundance spectrum, and
poses no problem for calculations. If substrate fractional enrichment is specifically
measured, the natural abundance “C is included in this measurement, and can pose
few problems, especially if the substrate fractional enrichment is very high. Occa-
sionally,a very high rate of labeled substrate infusion, or the presence of appreciable
natural abundance 5C in a metabolite pool, can make calculations more difficult.

Consider the imaginary experiment in which 3C glucose is infused into 2350 g
rat, and we would like to measure Ra by the single pool model (Fig. 4B). This
method requires only that we infuse tracer at a constant, known rate, and measure
plasma fractional enrichment of the molecule of interest at steady state. In our
experiment, the infusion rate of 55 gmol/min of 99.9% enriched [ 1-3C]glucose
results in a steady-state plasma glucose fractional enrichment 0of40%. Letus define
F*, as fractional enrichment of the infusate, F¥ as fractional enrichment of the
glucose produced naturally by the animal, and ', as the measured plasma fractional
enrichmentofglucose; J* . is the infusionrate oflabeled glucose (mol glucose/min),
Ran is the production rate of natural glucose (mol glucose/min), and Rd 4 is the total
rate of disappearance of glucose (mol glucose/min). If we were to calculate Raa
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ignoring both the mass of the infused [1-*C]glucose and the naturally occurring
[1-13C]glucose, we would choose Eq. (24), and make the assumption thatcalculated
Ra , and Rd , were equal:

RaA=F*AJ*A/FA=RdA (24)

The correction for mass of infused tracer requires a correction of F ,, and Rd 4 no
longer equals calculated Ra ,:

F,=infused A*/total4d =F*, J*,/(J*A +Ra,)

Ra =J*, (F*,-F,)/F\=Rd,-J*, (25)
Finally, the correction for naturally occurring 3C:

F ,=(infused A*+ naturally occurring A*)/total 4 = (F*, J*, + FVy Ra,)/(J*, +
Ra,)

Ra =J*, (F*, -F)/(Fs=F", Y=Rd ,-J*, (26)

For the above example, Ra , was calculated by Eqgs. (24)—(26)and the results are
showninTable 2. When F , is varied, the error associated with neglecting the natural
abundance fractional enrichmentis low as long as F', is high. However, as F' , drops,
the error becomes large.

A second example (Table 3) demonstrates that fractional enrichment ofa large
pool like glycogen must be corrected for the natural abundance of glycogen that
was there before the experiment (Laughlin ef al., 1988). Glycogen is synthesized
in heart during a 100 min perfusion with 3C glucose containing different fractional
enrichments, the hearts are freeze-clamped, and the glycogen “C content and
fractional enrichment is measured. The aim of the experiment is to measure the net
rate of glycogen synthesis. Heart glycogen is made from exogenous glucose, and

Table 2
Uncorrected Ra (I), or Ra with Correction for Mass of Infused A* (II)
andforNaturallyOccurring*C (11I)

I II I

NoCorrection Correct for Infused Correct for FN, Errorin
Mass Ra
F*,J*, Fi Ra Rd Ra Rd Ra Rd (I vs. 111)
55 40% 138 138 82 137 85 140 3.5%

35 5% 70 70 66 70 85 89 22%
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Table 3
Net Glycogen Synthesis Calculated With and Without Correction
for Natural Abundance *C

Glycogen synthesis rate

T (total
F, glycogen) Fy 13C glycogen  (uncorrected) (corrected) Error
100% 50mM 36% 18 mM 0.180 mM/min ~ 0.176 mM/min 2%
50% 50mM 18% 9mM 0.180 mM/min  0.173 mM/min 4%
5% 50 mM 1.8% 0.9mM 0.180 mM/min  0.090 mM/min ~ 100%

the precursor, UDPG, is expected to have the same enrichment as perfusate glucose.
Glycogen is very difficult to deplete in the heart, so the extracted glycogen will
consist of an old pool with its natural abundance fractional enrichment, and a new
pool with a fractional enrichment equal to that of perfusate glucose. The fractional
enrichment of the total pool is a weighted average of the two; F, = plasma glucose
fractional enrichment, F',,, = total glycogen fractional enrichment, F'~ is the natural
abundance fractional enrichment, 0 is the size of the old glycogen pool (mmol), N
is mmol of new glycogen, Tis the total glycogen pool, and 7 is time.

We can easily calculate glycogen synthesis from measured 7 and F ,, without
correction for the natural abundance enrichment:

glycogen synthesis = N/t = 13C glycogen/ (Fgt) = (T F,)/(F, 1) 27)

Equation (27) will overestimate the rate of glycogen synthesis if there is a large
fraction of naturally occurring glycogen. To correct for F'~, we can solve the two
following equations;

total glycogen = T= 0+ N
TF,=FN0+FN=FY(T-N) + F.N
Solving for N we obtain
N=T(F g4 - FN/(F,-FY)
glycogen synthesis = { T (F gy - FY)/(F - FY) /t (28)

Table 3 lists the rates of glycogen synthesis calculated without [Eq. (27)] and with
[Eq. (28)] correction for the natural abundance of pre-existing glycogen. Again, the
error in calculating the rate becomes negligible at very high substrate and product
fractional enrichments, but can be appreciable if the substrate fractional enrichment
approaches the natural abundance level of 1.1%.
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The high natural abundance of C can be exploited, since some very large
metabolite pools, such as fatty acid acyl chains and glycogen, are sometimes visible
in the in vivo NMR experiment without being labeled. If so, the changes in =C
NMR signals are directly related to changes in total pool sizes. Shulman et al. were
able to measure the changes in human leg and liver glycogen in time with exercise
and fasting using natural abundance *C NMR (Price etal., 1996).

8.5. Subtraction ofNatural Abundance SpectrainIn Vivo Experiments

Aninvivo "CNMR spectrum ofheart, skeletal muscle, orliver will show large,
broad, irregular peaks centered at 30, 130, and 180 ppm due to the natural
abundance “C carbon of lipids (Laughlin ef al, 1993). Any large reservoirs of
carbohydrate, such as glycogen, will be represented by a broad collection of peaks
between 60 and 100ppm. These background peaks (especially those of lipids) are
often larger than the peaks that will arise later on from metabolism of an infused
tracer. It is usually necessary, then, to subtract an appropriate natural abundance
control spectrum from each experimental spectrum in order to best detect peak
intensities. In most in vivo studies, the control spectrum must be acquired before
the exposure of the experimental subject to tracer, so the two spectra which must
be combined are separated in time, sometimes considerably. Care must be taken
that the control spectrum was taken under exactly the same physical conditions as
those from which it will be subtracted. If a change is made in the workload imposed
on skeletal muscle or heart, a new control spectrum (taken in the absence of tracer)
is required. Movement of or in the sample, especially with respect to the detection
coil, will often make subtraction impossible. Changes in volume, such as tissue
edema or cellular swelling, can cause large subtraction errors. Changes in line
widths, caused by altered magnetic susceptibility in the sample compartment during
the experiment, will also make subtraction difficult.

This problem is eliminated if the compound of interest resonates in a clean
region of the spectrum that has little natural abundance signal. Flux of [1-3C]glu-
cose (92.6 and 96.7 ppm) into [1-2C]glycogen (100.6 ppm) can be easily observed
without subtraction of a control spectrum.

8.6. Sites of Label Entry and Sampling, and Substrate Enrichment

The blood vessels for infusion and sampling site, or the sampling point in a
perfusion circuit, should be chosen so as to best control and measure the intracel-
lular concentrations of the infused molecule in the organ of interest. The circulation
can be considered unidirectional, starting from the right ventricle of the heart,
picking up oxygen in the lungs, leaving the left ventricle, and delivering labeled
substrate to the body tissues. Blood picks up metabolic products along its way back
through the venous circulation of skeletal muscle, brain, liver, etc., and finally back
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Rd Ra
Anery Vein
F1, C1 ™ F2' CZ
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(mixing)
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Figure 12. The unidirectional blood circuit from heart to tissues through the arterial vessels, returning
through the venous system. Inthe *C NMR experiment, label is most commonly introduced into the
vein (Ra*) so it can be mixed to produce ahomogeneous concentration (C,) and F, in heart. Material
disappears into tissues (Rd) and is produced endogenously (Ra), whichyields anew C,and F, inthe
vein.

to the heart (Fig. 12). The problem is that substrates are simultaneously drawn from
the arterial circulation into tissues ( Rd ), and produced from tissue into the venous
circulation (Ra). At steady state, both the substrate concentration and fractional
enrichment would be reduced due to Rd and Ra in venous blood relative to arterial
blood. For the case where uptake of the plasma substrate is the only entry path into
the cell, substrate is infused into the venous circulation to ensure good mixing in
the heart before entering the arteries and being delivered to the organ of interest.
The sampling site should be after the points of entry of labeled and unlabeled
substrate (Ra*), but before considerable substrate has been removed from the
circulation ( Rd ). The fractional enrichment of substrate being presented to the target
organ is usually best represented by, and should be sampled in, the arterial blood
(“V—=A mode”) (Wolfe, 1992).

A reasonably straightforward example is that of [2-3C]acetate metabolism in
heart. Because acetate is a minor endogenous substrate in nonruminant mammals,
but is avidly consumed, the major point of entry is the infusion. The intracellular
acetate C fractional enrichment is likely to be similar to that in the blood which
is presented to the heart, i.e., the arterial blood. For this experiment, the infusion
point should be in a vein, so that mixing can occur in the left ventricle before blood
again reaches the coronary arteries.
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Consider an in vivo “C NMR experiment in an anesthetized rat in which the
labeled molecule is lactate, and the organ of interest is again the heart. Since the
heart simultaneously extracts blood lactate and produces lactate from glucose, the
intracellular lactate fractional enrichment will be less than the fractional enrichment
of the lactate inblood. However, we would like to measure the fractional enrichment
of the lactate taken up by the heart. If [3-*C]lactate is infused into thejugular vein,
it will be taken directly to the heart to be mixed with other venous blood and
oxygenated in lung. Unlabeled lactate is produced predominantly in skeletal muscle
and blood cells, and lactate is cleared by the liver and heart. In addition, [3—3C]lac-
tate is exchanged with unlabeled pyruvate by muscle and erythrocyte lactate
dehydrogenase, and the resultant [3-3C]pyruvate is also avidly taken up by the
heart. The heart is perfused directly with blood from the left ventricle, and therefore
the measurement of exogenous lactate and pyruvate fractional enrichment should
be made in the arterial circulation as close to the heart as possible (i.e., the carotid
artery). If the fractional enrichment measurement is made in the femoral vein, the
[3-13C]lactate fractional enrichment will be lower than arterial blood due to lactate
production in skeletal muscle, and the [3-3C]pyruvate/[3-3C]lactate will be higher.

8.6.1. Bolus, Constantor Primed Infusion

When designing a tracer experiment, it is necessary to use a tracer input
function that is appropriate for the desired information. This is relatively trivial if
the study subject is an isolated organ or cell system, and the label is mixed
homogeneously in the perfusate. The following is therefore concerned with the in
vivo experiment. In general, ifthe experimentis to be done in isotopic and metabolic
steady state, and if it is convenientto wait for isotopic steady state, a constant tracer
infusion is warranted, where the time to steady-state fractional enrichment is
described by one or more exponentials. Figure 4B shows a pool A into which label
is being infused at a rate Ra*. In this case, if Rd = kA4, and Vis the volume of
distribution, the fractional enrichment in pool A is F ,:

FA = (Ra ¥V [Atotal] k) {l_exp( -kt )} (29)

This function may become complex if [A.w] and Rd are changing with time, and
is discussed in detail in Patlad and Pettigrew (1976).

If the experiment requires metabolic steady state, but yields information from
changes in substrate fractional enrichment, a bolus infusion may be best. After
injection of a perfect tracer bolus (introduction of entire dose in infinitely short
time) the plasma or perfusate fractional enrichment F , rises instantaneously to its
maximal value F', then falls exponentially over time, dependent only on £, the rate
constant for flux from the pool of interest:

F y=F,exp(—k) (30)
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The maximum fractional enrichment, found at time 0, is determined by
F,=dose (mol)/{ V[A] + dose (mol)) (31)

Major problems are the estimation of the pool size, the strong dependency of the
model on the assumption of instantaneous mixing in the infusion pool, and the
ability of the researcher to deliver the entire dose in a very short time relative to the
loss of tracer determined by Rd. This is especially difficult if a very large total
amount of tracer is used. Because of the difficulty of knowing the fractional
enrichment at any time, a bolus infusion is usually used only in a 3C NMR
experiment where the researcher is looking for differential fractional enrichments
(Brainard etal., 1989).

If it is desirable to measure the flux of label from infused substrate into a
metabolite pool at metabolic steady state and isotopic nonsteady state, the plasma
substrate fractional enrichment should be raised quickly to its steady-state value
and kept constant thereafter. If the total plasma pool volume and concentration
remain constant during the infusion, this can be accomplished with a primed
continuous infusion. Tracer is delivered first as a bolus to raise the fractional
enrichment of tracer to the desired level, followed by a continuous infusion to keep
it there. This results in an apparent steady-state fractional enrichment at times much
earlier than steady state is achievable by a continuous infusion. In an ideal,
well-mixed single-pool system, the label from the bolus will fall by the same
function that the label from the continuous infusion rises, and the fractional
enrichment at each time point is constant if the bolus dose and infusion rate are
chosen properly (Wolfe, 1992). Combining Egs. (29) and (30) we obtain

F (1) = Fvous(?) * Faninious( 1) = Fo,5 exp( —kt) + Fy. {1—exp (- kt)}
FA(I):Fs,C when F,;=Fc (32)

The primed continuous infusion can be used for studies with radioisotopes,
where the pool size is unlikely to change significantly during the tracer infusion.
This is rarely the case for studies using stable isotopes. When raising the total
glucose concentration in humans, the procedure of the hyperglycemic glucose
clamp is used (DeFronzo et al., 1979; Patlad and Pettigrew, 1976). [1-13C]glucose
is infused as a priming dose at a rate which is decreased every minute following an
exponential curve for the first 15min of the clamp. The priming dose to raise blood
glucose by 125 mg/dl in an adult human is 9,622 mg/m? (DeFronzo et al., 1979).
At the end of this period, blood glucose is sampled every 5 min, and the glucose
infusion rate is adjusted accordingly. A similar infusion protocol has been devised
for animals, whereby a bolus of glucose is given which is sufficient to increase total
plasma glucose to the desired concentration, followed by a continuous infusion that
is decreased every 30—60 sec following an exponential curve, until the infusion rate
and Rd are matched (Patlad and Pettigrew, 1976; Fitzpatrick et al., 1990).
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8.6.2. LocalInfusionofTracer

In some limited cases, it may be advantageous to infuse tracer locally, near the
site of detection. Because large concentrations of label are often desired for ease of
detection (sometimes as much as 10 mM), the impact on whole body metabolism
can be huge. For a large animal, the cost of such an experiment can also be
prohibitive. If the tissue to be interrogated is fed predominantly by a single arterial
vessel, a catheter placed directly into that vessel can deliver a large concentration
oftrace directly to the area under the coil, which is then diluted as it passes through
the rest of the body. This method has been used successfully in dog heart with a
variety of infused BC substrates (Laughlin ef al., 1992, 1993; Robitaille et al.,
1993). The delivery catheter was placed into the lumen of the LAD, and the
detection coil was over the anterior apex ofthe heart. LAD blood flow was measured
downstream of the catheter tip. Enrichment of delivered substrate in the LAD was
calculated as follows for the example of infused glucose, where [A*];, = tracer
concentration in infusate, F' ;= fractional enrichment of glucose in infusate, flow;,
= infusate flow (ml/min), J*,, = rate of appearance of tracer (mol/min), F/ =
fractional enrichment of glucose in arterial blood entering LAD, flow, = flow of
blood into LAD, J, =rate of appearance ofendogenous substrate, F'; ., = fractional
enrichment of glucose in LAD, flow, ., = total flow in LAD (ml/min) (Fig. 13):

F1
flowy

byasurfacecoillocatedoverthe ante-
rior apex. Traceris infused atrate J*,,
(mol/min) with flow;,:(ml/min) intoa
catheterpositionedinthe LAD.Blood
moving into the LAD has flow,, ap-
pearance ofendogenous substrate J;,
with a fractional enrichment of F',.
Below the point of the catheter, we
measure flowia, and Frap due to
both infused tracer and normal blood
delivery. A second vessel labeled 2
perfuses the region of interest under
the coil. The fractional enrichment of
detected substrate is F cor.

*
J \ Figure 13. Local infusion of tracer
fk)% intothe LADofdogheartfordetection
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ﬂOWinf = J*ing / [A*]inf

flow ap = flow,,s + flow,

J*ing +F.J, - ﬂowinf[A*]inf+ F (ﬂOWLAD - ﬂowinf)[A]B (33)
Fiw= =
e, fown[A¥ut(flowiap-flow,)[Als

The fractional enrichment of glucose that reaches the tissue at the apex underneath
the coil ( Feon ) Will be equal to or less than the fractional enrichment of glucose
calculated here for the LAD, and is a function of the amount of blood that reaches
the same tissue from other vessels (Fig. 13). In order to keep the F, ., constant, the
infusion rate must be increased by the same factor as flow of blood into the LAD.
Also, any label that stays in the circulation and reflows back to the heart in arterial
blood will appear as F,, and must be accounted for.

This model will work well as long as the blood flow from the vessel of label
entry to the heart apex is a constant fraction of all blood flow reaching the apex. It
will fail in the case where blood flow from other vessels is differentially altered. In
Table 4, F'apand Fon are compared for an imaginary case of changing heart work
loads where the ratio of flow from the LAD and other vessels is constant or altered.
The tracer infusion rate is always matched to the flow in vessel 1. Thus, any
metabolic rates obtained from tracer data in workload III cannot be directly
compared to rates measured during workload I, and these rates will be in error if
calculated assuming a constant precursor fractional enrichment of 50%.

8.7. Fractional Enrichment

The following several sections will be concerned with fractional enrichment.
In any tracer experiment, substrate fractional enrichment must be known in order
to calculate fluxes from the experimental data. In the 3C NMR experiment, the

Table 4
Calculated Substrate Fractional Enrichments During a Local Infusion
WorkloadI WorkloadIl WorkloadIII
flow, =5 flow, flow, = 5 flow, flow, = flow,
J* 10 20 20
Ji 10 20 20
J, 2 4 20
Frp 50% 50% 50%

Feon 45% 45% 33%
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directly measured peak intensities report on the total pool size of a labeled
metabolite 4*, and its behavior with time dA4 */dt. The total pool sized+=4 +A4*is
determined from Eq. (1) by dividing 4* by F,. Therefore, the 3C peak intensities
of two compounds yield only their relative labeled pool sizes, not the actual pool
sizes. This must be kept in mind whenever changes in 4* are measured, since they
could be due to either changing 4+ or F' .

8.7.1. Measuring Fractional Enrichment ofthe Substrate

The 3C fractional enrichment of the substrate in plasma or perfusate samples
can be measured with GC-MS (van Zijl et al., 1997), or by coinfusion of a
radioactive tracer (Shulman et al., 1985). If the 3C-labeled carbon of interest is
covalently bound to protons, a 'H NMR spectrum may be useful for directly
obtaining the 3C fractional enrichment of that compound (Lewandowski, 1992;
Laughlin et al., 1993; Mason et al., 1992). This technique works well for methyl
groups ([3-2C]lactate, [3-3C]Jalanine) and other moieties that have very simple
proton spectral features ([1-3C]glucose). Because both 'H and C have a spin
quantum number S= + 1/2, eachresonance will be split ifthey are covalently bound
to each other. The proton resonance will be split into a doublet with an interpeak
distance J of 20-200Hz, and the carbon into Nt 1 peaks, where N is the number
of identical bound protons. All molecules that contain 2C instead of 2C will have
a singlet proton signal. The ratio of the doublet to the total signal at the proton
resonance of interest is equal to the fractional enrichment of the bound carbon with
13C. This phenomenon can be used in vivo to monitor the fractional enrichment of
a metabolite in time. Rothman ez al. (1991) were able to monitor the fractional
enrichment of [3-13C]lactate at the site of the infarct in the brain of a stroke patient
during an infusion of [1-2C]glucose. They showed that the elevated tissue lactate
pool was labeled in time to a fractional enrichment that was 50% of that of the
plasma glucose, indicating that the lactate was metabolically active, and did not
represent ischemic tissue. Zhao et al. (1992) used proton NMR to monitor the
fractional enrichment of alanine and lactate in KC1-arrested perfused rat hearts that
had been supplied with [3-3C]pyruvate. They showed that the fractional enrich-
ment ofalanine was similar to that in extracts ofthe same hearts (about 60%), while
the lactate fractional enrichment was much higher in the intact hearts (85% vs. 67%
in the extracts).

8.7.2. TimeDependence ofPool Fractional Enrichment

A label usually flows through several pools, from the blood or perfusate to the
interstitial space, to the intracellular space (denoted by ic), and through chemical
reactions to other molecules (Fig. 14). Ifthere is no endogenous production of the
substrate in any of the pools shown, at steady state, the fractional enrichment of
each pool should be equal to that of the plasma. Even if uniform mixing of label
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Figure 14. (A) A sequential multi-pool system representing the uptake and metabolism of glucose in a tissue. (B) Labeled metabolite in
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with each entire pool is instantaneous, however, the enrichment with label in each
ofthese pools follows an exponential behavior in time, determined by pool size and
by the rate of flux between pools [Egs. (14), (17), and (18)]. Transport of glucose
into the brain is a very good example of this phenomenon, because transport is
relatively slow, only about 2.4 times therate of glucose utilization at normal glucose
concentrations, and the intracellular glucose pool can be quite large (brain glucose/
plasma glucose is from 0.2—0.45umol/g/pmo/ml). Therefore, [ 1-3C]glucose
appearance in brain from plasma [ 1-2C]glucose has been measured in time with in
vivo NMR, and used to calculate brain glucose transport in animals and people
(Mason etal., 1992; Gruetteretal., 1992, 1996; van Zijl etal., 1997). The apparent
first-order rate constant for glucose transport in cat brain was found to be about
0.054/min at a plasma glucose concentration of 25 mM (van Zijl et al., 1997).

Often, the researcher would like to measure a flux later in ametabolic pathway,
and would like to know the fractional enrichment in the immediate precursor pool
for the reaction of interest. It is tempting to assume that this is the same as the
substrate fractional enrichment in plasma, since this quantity can be easily meas-
ured. This is most likely to be the case when uptake of substrate from the plasma
pool is the single route of entry, and there is no local production of unlabeled
substrate to dilute the intracellular fraction enrichment relative to the blood. It is
also a good estimate if the size of pools between the plasma and the products of
interest are small and rapidly replenished relative to the total flux through the
pathway. If there is a large metabolic pool like brain glucose that turns over
relatively slowly between the point of tracer entry (plasma) and the observed
compartment of interest (lactate, for instance), the correct substrate fractional
enrichment will differ significantly from that of plasma at early time points.

The fractional enrichment of each pool follows an exponential time course,
which means that the input function into the next pool in the pathway is also a
time-dependent exponential. A multiple-pool catenary model describes the situ-
ation in Fig. 14A. If we assume that the fractional enrichment of plasma glucose
(pool A) is constant, i.e., it was raised to its steady-state value instantaneously at
time 0, then Eq. (18) is a general solution for the behavior oftracer flow into pool
D. Dividing Eq. (18) by D+ yields Fp.

Figure 14 shows the calculated D*(actual) from Eq. (18) in metabolic steady
state for three cases where the relative pool sizes of B, C, and D are varied, but the
flux between the pools is always the same at 2 mol/min. D*(actual) is compared to
D*(ideal), which is calculated with the same pool size and flux, but this time we
assume that the immediate precursor pool (C) has a constant steady-state fractional
enrichment, i.e., ' equals the plasma substrate /', 0f 0.50. In Fig. 14B, the pool
sizes B and C are much smaller than D, and the assumption that F'. = F , is not
unreasonable. In Fig. 14C, pools B and C are 20% and 30% of D, respectively, and
D* has aclearly sigmoidal shape with a substantial lag in labeling. In Fig. 14D, pool
C is 20% larger than D, and the resultant lag is also very large. Table 5 shows the
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Table 5
Error in Fluxes from Assumption that Plasma F , = Substrate F .
Flux Flux
(real) (from fit) BID C/D Error
A 2 1.81 0.04 0.06 10%
B 2 1.28 0.20 0.30 36%
C 2 0.85 0.04 1.20 57%

real fluxes forthese cases calculated with the true . ( ¢ ), or with the assumption that
F.=F,=0.50 (Flux from fit). In the latter case, the curves of D*(actual) in Fig.
14 are fit to Eq. (13), which is the exponential equation that the researcher would
choose if he assumed that F'. = F',. The error in this calculation quickly becomes
unacceptable as the intermediate pools approach the size of D. Therefore, it is
easiest to calculate fluxes from pre-isotopic steady-state data if all pools between
the site of entry and the measured product are small and the fluxes between them
are fast. For instance, Yu ez al..(1995) calculated that acetyl-CoA in perfused heart
(0.2 umol/g dry wt) is labeled from exogenous [2-3C]Jacetate to 78% of its steady-
state value in 10 sec. When intermediate pool sizes are not negligible, flux rates can
be estimated from time data of D* with an appropriate choice of model.

8.8. Sensitivityand Time

The most important instrumentation advance for application of NMR to
biological systems was FT-NMR, which allows many acquisitions to be collected
as FIDs (free induction decay) in the time domain, summed, and filtered before
Fourier transformation to the frequency domain. Coherent signal is added together,
while randomly distributed noise is not. This means that the sensitivity of detection,
or spectral signal-to-noise, is dependent on the number of acquisitions as well as
the field strength and sample size. The signal-to-noise is increased as a function of
the square root of the number of scans. Since each scan is acquired in a defined
length of time, the sensitivity is proportional to the square root of the time over
which the spectrum is accumulated.

For tracer experiments done at isotopic and metabolic steady state, the time
available for the acquisition of data with adequate signal-to-noise is limited only
by the stability of the biological preparation (or the patience of the person in the
magnet!). For dynamic phenomena, several time points with adequate signal-to-
noise must be acquired within the time before steady state is achieved in order to
define the system. If the data are to be fit to a simple model, such as a single
exponential or a straight line, fewer time points are required than for a multiexpo-
nential curve. Therefore, the acceptable period of time available for data acquisition
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must be a small fraction of the time to achieve steady state, and is dependent on the
expected shape of the dynamic curve. If the maximum signal-to-noise achievable
in the available time is still too low, substrate fractional enrichment, sample size,
field strength, or detection coil efficiency must be increased. Figure 15A shows an
example, where the actual biological system is described by the D*(actual) curve
of Fig. 14C. The sigmoidal shape is apparent when data are acquired with a time
resolution of 5 min (small open circles). The true shape cannot be ascertained from
data collected every 100 min, as the filled triangles indicate. A fit of the data
acquired with poor time resolution to Eq. (13), which might appear to be a
reasonable modeling choice, yields a very poor fit to the true data. In Fig. 15A, the
100 min data were plotted at the midpoint of the acquisition time, so that the
intensity of the spectrum that was completed at 100 min is plotted at 50 min, that
for the 200 min spectrum is shown at 150 min, etc. Figure 15B shows the situation
when the data are plotted at the end of the acquisition time. The resultant curve
bears little resemblance to the real data. It is important to keep in mind that while
many physiologic or metabolic parameters are measured at a specific point in time,
NMR data are usually acquired over a period of time.

Product D*
Product D*

0 T ~T T

L}
0 100 200 300 400

Figure 15. (A)Dataacquired with 5 min time resolution (small opencircles) describes a sigmoidal
shape atearly time points, which is notapparentwhen data are acquired with 100 min timeresolution,
and plotted at the midpoint time of spectral acquisition (tilled triangles). The solid line is a best fit of
the 100mindatato asingleexponential, whichis inadequate todescribethe system. (B) The same data
are shown, butplotted at the end ofthe acquisition period, rather than the midpoint. The resultant best
fitcurve bears little resemblance to thereal data.
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NMR is rather insensitive to 3C for two reasons: low natural abundance (which
is increased artificially in the tracer experiment) and a low nuclear magnetic
moment # (due to y, the magnetogyric ratio). The same number of protons would
give a signal that is 63 times stronger. Therefore, the sensitivity and time resolution
of detection would be increased if we could detect the protons coupled to 1C, rather
than detect *Cdirectly. There are many techniques that have been proven successful
in biological 3C-tracer experiments to dojust that, and are lumped under the name
of indirect detection. All exploit the fact that protons attached to =C carbons
experience a perturbation (J- coupling) that is sensitive to the magnetic state ofthe
attached carbon nucleus. The POCE, or proton-observe-carbon-edit experiment,
yields excellent signal-to-noise. For this technique, two scans are taken, one that
detects all protons, and one that detects all protons, but inverts those coupled to 3C
with a selected value of j. The difference of the two yields just those protons that
are attached to 3C (Fitzpatrick et al., 1990). Another approach is to use coherence
selection to directly detect in a single scan only those protons bound to “C.
Gradient-enhanced heteronuclear multiple quantum coherence, or HMQC, was
used successfully to detect 2C glucose, glutamate, and lactate in cat brain (van Zijl
etal., 1993).

8.9. Useof Reporter Molecules

We will define a reporter molecule as an NMR-visible compound which is
not directly involved in the pathway of interest, but which can be used to derive
information when the pool sizes of the compounds of interest are too small to
observe. Often, one molecule can be used to report on the fractional enrichment
of another if the two pools are at near-equilibrium with each other through a
highly active enzyme. For example, alanine and pyruvate are interconverted in
heart by a transaminase whose activity is thought to be much higher than
pyruvate turnover (Peuhkurinen et al.,, 1983, Peuhkurinen and Hassinen, 1982;
Zhao et al., 1992; Lewandowski, 1992). If true, the fractional enrichment of
alanine and pyruvate must be equal. Since the pyruvate pool is too small to be
visible, measurement of the alanine fractional enrichment would yield pyruvate
fractional enrichment. This idea can be explored experimentally in hearts
receiving [3-2C]pyruvate as substrate, which then constitutes the primary
source of acetyl CoA for the TCA cycle. The fractional enrichment of this
acetyl-CoA (F.) can be estimated by isotopic analysis of the glutamate pro-
duced in the TCA cycle (Malloy et al.,, 1988, 1990), which will then determine
how much this pool is diluted with other unlabeled substrates. If pyruvate and
alanine are equilibrated in the cytosol, the [3-13CJalanine fractional enrichment
(and therefore that of [3-*C]pyruvate) must be larger than or equal to F .. This idea
is supported by measurements made in heart extracts after in vivo [3-3C]pyruvate
or [3-83C]lactate infusion in dogs (Laughlin et al., 1993), or with [3-3C]pyruvate
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and unlabeled acetate or glucose as substrate in perfused hearts (Zhao et al., 1992)
which showed that alanine fractional enrichment was always equal to or greater
than Fc. In another study, hearts were perfused with [3-3C]pyruvate, and pyruvate
dehydrogenase was activated with dichloroacetate (Lewandowski, 1992). In the
control hearts of this study, [3-2C]Jalanine fractional enrichment was only 60%
relative to an Fc of 80%. When dichloroacetate was included, the [3-*CJalanine
fractional enrichment remained unaltered at 60%, but F ¢ rose to well over 90%.
Flux of exogenous pyruvate through pyruvate dehydrogenase therefore appeared
to be faster (and could be increased with dichloroacetate) than its equilibration with
alanine. These results indicate that compartmentation of alanine or pyruvate could
well exist within the heart cell, and that the relationship between the fractional
enrichments of alanine and pyruvate may be a function of the physiologic and
metabolic state of the heart.

This is almost sure to be the case for lactate and pyruvate a well, which are
sometimes thought to be in near-equilibrium through lactate dehydrogenase. When
13C-3-lactate is the substrate for heart in vivo, the C lactate and “C alanine
fractional enrichments are equal (Laughlin ezal., 1993). The common intermediate
between these two pools is cytosolic pyruvate. Although blood lactate and pyruvate
are also in constant exchange due to erythrocyte lactate dehydrogenase, tissue 3C
lactate and “C alanine fractional enrichment were also equal when unlabelled
plasma pyruvate was artificially elevated, suggesting that the alanine, pyruvate, and
lactate pools were all equilibrated. When [3-C]pyruvate was the substrate (in
perfused heart or in vivo), however, the lactate pool had a fractional enrichment
which was substantially below that of alanine in all cases (Zhao ef al., 1992;
Laughlin etal., 1993; Lewandowski, 1992). In this case, it is clear that lactate and
pyruvate are not equilibrated in heart and lactate fractional enrichment is not a good
measure of pyruvate fractional enrichment.

Glutamate is a large pool that is thought to be in fast exchange with o-ketoglu-
tarate through fast transport across the mitochondrial membrane, and either a
transaminase or a dehydrogenase. ®C-labeling in glutamate is commonly used to
report on flux rates and fractional enrichment of TCA intermediates in heart and
brain(Malloyetal., 1988,1990; Lewandowski, 1992; Laughlinet al., 1993; Chance
etal., 1983). When the system is at metabolic and isotopic steady state, the relative
fractional enrichments of the 5 carbons of glutamate will report faithfully those of
the corresponding carbons of o-ketoglutarate. If the system is not at steady state,
the ability to use glutamate to detect o-ketoglutarate fractional enrichment is a
function of the ratio of fluxes of a-ketoglutarateto glutamate vs. that of at-ketoglu-
tarate to succinyl-CoA. In arecent study conducted in perfused rabbit heart, Yu et
al. (1995) measured the time dependence of the “C signals in C2 and C4 of
glutamate with [2-*ClJacetate or [2-*C]lbutyrate as substrates. MVO, and glu-
tamine transaminase enzyme kinetics were also measured. The data were fit to a
model which allowed the estimation of TCA cycle flux rate (¥ rca) and the rate of
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oketoglutarate flux to glutamate ( F',); ', was shown to be similar to Vi, under
normal workloads, but was about twice V 1c, in the KC1-arrested heart. The value
of F', was 20-fold lower than transaminase activity, indicating that mitochondrial
transport may in fact limit this flux. More importantly, the fact that /', is similar to
V 1ca indicates that glutamate and o-ketoglutarate cannot be considered to be in a
near-equilibrium state in the perfused heart.

A reporter molecule does not have to report on fractional enrichment, and
therefore near-equilibrium with a molecular pool under study is not a requirement.
In other words, glutamate can be used to interrogate o-ketoglutarate at steady state
when the ratio of label in different carbons is the same for the two molecular pools.
Likewise, the ratio of [3-3C]-to [2-3C]lactate made from [2-33C]glucose in
isolated cells can be used to interrogate the fraction of flux through the glycolytic
pathway that proceeds via the pentose phosphate shunt. Figure 16 shows this

C2 giucose
C2 G6P
‘ \ <> 4| Ctl'ad
J2=0. . | ' adenosine
J1=1.0 C1 ribose nucleotides
Q=10
y y
C2 F6P aeor C1F6P
Ja
Y
C2-1,3-DPG C3-1,3-DPG J5
C2-2,3-DPG
6 ' C3-2,3-DPG
Q=10

C2 lactate C3 lactate

Figure 16. A compartmental model ofglycolysis and pentose phosphate shunt in the erythrocyte,
using [2-3C]glucose as substrate, and showing pool sizes (Q) and fluxes (J) between compartments.
Detected products are [l-:CJadenosine nucleotides, [2-1:C]-2,3-DPG, and [2-1:C]lactate produced via
the pentose phosphate shunt,and [3-3C]-2,3-DPGand [3-13C]lactate produced vianormal glycolysis.
The ratio of C3 to C2 labeled products yields the fraction of glycolysis that proceeds via the pentose
shunt.
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experiment in the erythrocyte. [2-3C]glucose yields one unlabeled and one [2-
BC]pyruvate (or [2-3C]lactate) in the glycolytic pathway. The first carbon of
glucose is liberated in the 6-phosphogluconate dehydrogenase step of the pentose
phosphate shunt, and the resultant pentose can eventually return to the glycolytic
pathway as [1-3C]fructose-6-P (F6P). This, in turn, produces one unlabeled and
one [3-C]pyruvate (or lactate). Care must be taken with this method, since the
label in [2-3C]pyruvate can be scrambled to [3-*C]pyruvate through the TCA
cycle and malic enzyme, as well as in the pentose phosphate shunt. In the absence
of malic enzyme, as in the erythrocyte example shown in Fig. 16, the ratio of signal
at the C3 and C2 positions of lactate can be used to calculate the flux through the
pentose phosphate shunt as a fraction of total glycolysis (Shrader et al., 1993;
Laughlin and Thompson, 1996).

Lactate is an end product used in this example to report on an earlier event in
the pathway. If the lactate pool has a constant concentration and the system is
at isotopic and metabolic steady state, the labeling pattern in lactate at any time
will faithfully report on the event (the pentose phosphate pathway) of interest.
If lactate is a major product which rises throughout the experiment, as in packed
erythrocytes, the label will arrive in lactate continuously, both before and during
steady state, and the lactate fractional enrichment will report an average over
time (the total label pattern reflects history as well as present). Ifthis is the case,
lactate will have the correct ratio of C2 and C3 only if no loss of label occurs
via any other pathway prior to remixing of the molecules that have been
relabeled in the two pathways (the fructose-6-phosphate pool). Loss of label
after this point (into the 2,3-diphosphoglycerate pool) will not alter the ratio of
[3-13C]- to [2-:C]pyruvate.

When the pentose phosphate shunt is stimulated with methylene blue, these
cells produce adenine nucleotides from adenine and *C-1-ribose (Page etal., 1998,
Fig. 17A). They also have a large cycle through 2,3-DPG mutase and 2,3-DPG
phosphatase which results in equilibration of label in the 2,3-DPG pool with newly
formed glycolytic intermediates. At early time points, the adenine nucleotide
pool becomes labeled with [ 1-2C]ribose (liberating unlabeled ribose back into
the pentose phosphate shunt) while [2-C]glucose-6-phosphate flows unimpeded
to [2-13C]lactate in the glycolytic pathway (Fig. 17B). During this time, both the
2,3-DPG and lactate labeling patterns will yield an underestimate of the true C3/C2
13C ratio (Fig. 17C). After isotopic steady state is reached, the 2,3-DPG pool
will yield the correct ratio (since this pool has no "history'). The lactate pool
C3/C2 will underestimate the true ratio due to label from the pentose phosphate
shunt which is found in the [ 1-3C]ribose of the adenine nucleotide pool instead
ofthe [3-13C]lactate pool (Fig. 17C). In this case, the ratio (R) of [3-2C]/[2-3C]
in 2,3-DPG, which is the number needed,to estimate the relative rates ofJ, and J,
in Fig. 16, equals { [3-3C]lactate + [1-13C]ribose) / [2-3C]lactate (Page et al.,
1998). The activity of the pentosephosphate shunt (PPS) can be estimated from
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Figure 17. (A)The production of[I'-*C]adenosine nucleotides, [2-*C]-2,3-DPG, and [3-3C]-2,3-
DPG from the system of Fig. 16 plotted as a function oftime. (B) End products [2-33C]lactate and
[3-3C]lactate. (C) Theratio of C3/C2 ofboth 2,3-DPG and lactate. Note thatonce isotopic steady state
is reached, the 2,3-DPG ratio is constant, and at the correct level (R =J,/J; =0.3). C2/C3 oflactate
approaches, butdoes notreach, the correct ratio.

the true ratio ( R ) and the total rate of glucose consumption (G) (Shrader et al.,
1993):

_ 2 PPSAAG
1+ (2PPS/3 G) (34)

9. CONCLUSIONS

The in vivo 3C NMR technique opens up a rich new landscape for metabolic
research, providing the ability to detect the flow of label in real time from one
metabolite pool to the next in living tissue. However, the abundance of data that is



56 MarenR. LaughlinandJoanneK. Kelleher

gleaned from these experiments yields up useful results only via the process of
mathematical modeling. The use oftracer kinetics in biological systems has arich
history dating back at least fifty years, and the body of theory expands as each new
tracer, detection methodology, or biological system requires a new collection of
models tailored to particular strengths and limitations. With 3C NMR, we have
been able to monitor multiple intracellular compounds in time, allowing the use of
far more detailed and complex models than ever before (Chance efal., 1983). The
challenge presented to the investigator now is to use the particular strengths of *C
NMR, those of in situ, time-dependent, and compound-specific detection, to
investigate those aspects ofbiological systems that have constituted the black boxes
of assumptions made for other tracer methodologies.
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°C Isotopomer Analysis of Glutamate

A NMR Method to Probe Metabolic Pathways
Intersecting in the Citric Acid Cycle

A. Dean Sherry and Craig R. Malloy

1. INTRODUCTION

Pathways intersecting in the citric acid cycle have been studied extensively
using carbon tracers since the early 1950s (Strisower et al., 1952; Weinman et al.,
1957). In those experiments, the distribution of radiolabeled carbons in cycle
intermediates was fit to mathematical models of varying complexity to measure
relative flux through critical pathways such as gluconeogenesis. “C tracers, how-
ever, have practical disadvantages related to radiation precautions and laborious
sample handling procedures which restrict their utility in animal and clinical
studies. The advantages of monitoring a stable isotope such as 3C stimulated
development of mass spectroscopy for metabolic studies and, most recently, 13C
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NMR. Although the sensitivity of 3C NMR is poor compared to any of these
techniques, its primary appeal lies in the information it provides about 3C-labeling
patterns that is encoded in cycle intermediates as a consequence of *C—3Cand
'H-2C  spin—spin coupling.

BC NMR was first used to examine intermediary metabolism in studies of
Saccharomyces cervesiae almost 25 years ago (Eakin ef al., 1972). The first 5C
NMR kinetic analysis, reported a decade later, used the fractional enrichment in
glutamate carbons (analogous to “C specific activity measurements) to calculate
citric acid cycle flux in the isolated heart (Chance et al., 1983). It was noted that
each glutamate carbon resonance was composed of rather complex multiplets due
to BC-5Cspin—spincoupling, and that these multiplets were a consequence of
turnover of the citric acid cycle. At approximately that time it was realized (Cohen
etal., 1981; Walkeretal., 1982; Cohen, 1983; Walsh and Koshland, 1984) that this
complexity reflected the activities of various pathways feeding the citric acid cycle,
and the development of tools that relied on detection of these multiplets was
initiated. The use of *C multiplet data to measure metabolic processes has become
known as isotopomer analysis (London, 1988). The term “isotopomer,”a contrac-
tion of the words isotope and isomer, indicates molecules that differ from one
another solely by isotope distribution. 3Cisotopomers are described by listing each
site of C enrichment while the unnamed sites are assumed to be unenriched
(natural abundance levels of 2C). Thus, for example, [1,4,5-3C]glutamate indi-
cates a high level of 5C enrichment (usually 99% or greater) in carbons 1,4, and
5 while carbons 2 and 3 are essentially all 2C. As we shall see, neither 3C NMR
nor any other carbon tracer technique directly measures the concentration of all
isotopomers in glutamate (2° or 32 isotopomers) or glucose (2° or 64 isotopomers).
However, the areas of the various multiplets that appear in a 2C spectrum as a result
of BC-5Cspin—spincoupling do reflect the relative concentrations of different
groups of isotopomers and these, in turn, are determined by relative fluxes through
various biochemical pathways. In this chapter, we will summarize those pathways
briefly, discuss some general features of NMR detection of *C-enriched molecules,
compare several basic metabolic models that relate NMR spectral information to
metabolism, and finally review the tools which 3C isotopomer analysis provides
for exploration of the citric acid cycle and related reactions.

1.1. TheRole ofthe Citric Acid Cycle in Substrate Oxidation

During his early investigations which lead to formulation of the citric acid
cycle, Krebs (1970) searched for “any piece of information which might have a
bearing on the intermediary stages of the combustion of foodstuffs.” Even before
its complete description, the role ofthe citric acid cycle as a common pathway for
the oxidation of diverse substrates was well appreciated. Indeed, many tissues are
equipped for the complete oxidation of ketones, fatty acids of various chain lengths
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and saturation, glucose, pyruvate, lactate, and other substrates (Fig. 1). The final
steps in the stoichiometric oxidation ofthese compounds to CO, and water requires
the citric acid cycle. Since the inflow of2 carbon units from acetyl-CoA is exactly
balanced by the production of CO,, the concentration of citric acid cycle interme-
diates does not change. This role of the cycle in provision of energy by substrate
oxidation is often emphasized in the analysis of metabolism in skeletal muscle and
heart, but it is equally important in all respiring tissues.

Thus, abasic question in metabolism is: which compounds are oxidized in the
citric acid cycle to produce energy used by the tissue? This question, often
formulated as the “substrate preference” ofatissue, would seemrelatively straight-
forward to address since the available substrates are well known and the pathways

NAD* NADH + K+ NADH + H* NAD*

Glucose
or Pyruvate Lactate
Glycogen NAD*
" NADH + H*
Anaplerosis

Acetyl- CoA ~@————— Fatty Acids

Oxaloacétate
NADH + H‘?/

|+
NAD Citrate

Disposal Mala(e
t Asparlale

Pyruvate

NADPH + H* NADP*

Isocitrate
Fumarate Glutamate NAD*
NADH + H*
FADH,
FAD " Succinate a ketoglutarate
Succinyl - CoA ‘%NAD’
NADH + H*
Anaplerosis
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Figure 1. A schematic illustration ofa few selected pathways associated with the Krebs citric acid
cycle. The figure shows multiple pathways for substrates entering the acetyl-coA pool (from fatty acids,
ketone bodies, glucose, and lactate), three possible anaplerotic pathways (transamination of aspartate
and glutamate, pyruvate carboxylation, propionate carboxylation), and one example ofa disposal
pathway (conversionofmalate topyruvate viathe malicenzyme).
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that oxidize the substrates available from the blood (ketones, glucose, fatty acids,
etc.) ortissues stores (triglyceridesor glycogen) to acetyl-coA are well-established.
The broad outlines of substrate selection (heart tissue prefers fatty acids, brain
oxidizes glucose) were derived from arteriovenous concentration differences, res-
piratory quotient measurements, and “CO, appearance from “C-enriched com-
pounds. However, these techniques are not easily applied when tissues are
metabolizing the mixtures of substrates commonly available in vivo.

This question could, in principle, be examined using standard analyses ofthe
rates of “CO, release from “C-labeled compounds, but practical difficulties arise.
By definition, each source of acetyl-CoA yields “CO,, so to obtain a profile of
sources of acetyl-CoA, complementary experiments must be performed in which
every source of acetyl-CoA is separately examined. This becomes atedious task if
fatty acids, ketones, lactate, pyruvate, and glucose are all considered. “CO,
methods also assume that the tissue is in isotopic and metabolic steady state and
this is difficult to confirm in some circumstances. For example, the activity of
various pathways in exercising skeletal muscle, the liver from a septic animal, or
the post-ischemic heart may,be changing during the course of a study, and it may
not be possible to establish or confirm steady-state conditions. *C NMR spectros-
copy offers a simple solution to this problem by allowing a quantitative measure of
the oxidation of multiple compounds under nonsteady-state conditions.

1.2. Anaplerotic Functions ofthe Citric Acid Cycle

In addition to energy production, the citric acid cycleplays an equally important
role in degradative and synthetic pathways. This group of functions, the original
target of carbon tracer studies, is often emphasized in studies of hepatic metabolism.
Nevertheless, all respiring cells use intermediates ofthe cycle for synthetic purposes
such as production of neurotransmitters, amino acids, or glucose. Clearly, carbon
atoms must leave the cycle in a form other than CO, to serve this function, and
mechanisms must be available for replenishing intermediates of the cycle. In
mammalian tissues, several pathways are available, including pyruvate carboxyla-
tion to oxaloacetate or malate, and propionate carboxylation to succinyl-CoA.
Carbon skeletons may flow into the cycle at high rates even when the concentration
of citric acid cycle intermediates remains constant (for example, during hepatic
gluconeogenesis from lactate). Thus, activation of a pathway that provides citric
acid cycle intermediates under steady-state metabolic conditions also requires
activation of a pathway(s) to remove citric acid cycle intermediates at an equal rate.
In 1966, Kornberg suggested that any pathway that results in synthesis of a citric
acid cycle intermediate be termed an “anaplerotic sequence” (Kornberg, 1966).
Although he emphasized metabolism in nonmammalian systems, anaplerosis must
be considered in the interpretation of 3C NMR spectra of virtually all tissues.
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The pathways that feed carbon skeletons into the cycle have historically been
given the symbol y, defined as the ratio of all combined anaplerotic flux relative to
citrate synthase flux (or citric acid cycle flux). In the original usage (Strisower et
al., 1952), only one anaplerotic reaction, carboxylation of pyruvate to form ox-
aloacetate, was considered. Since then, it has been appreciated that even skeletal
muscle or the heart, often considered relatively simple from the standpoint of
intermediary metabolism, may have multiple anaplerotic sources including the
coupled transamination reactions of aspartate and alanine aminotransferase, gluta-
mate dehydrogenase (Williamson et al., 1967), the purine nucleotide cycle (Torn-
heim and Lowenstein, 1972), carboxylation of pyruvate via the malic enzyme
(Sundqvistetal., 1989), carboxylation of pyruvate viapyruvate carboxylase (Davis
et al., 1980), and carboxylation of propionate (Sherry et al., 1988). Similarly,
several pathways are theoretically available for disposal of citric acid cycle inter-
mediates. The effects of anaplerosis on the appearance ofa 3C NMR spectrum can
be quite dramatic, even when the anaplerotic substrate is not enriched in C. This
means thatthe BSCNMR spectrum can be used to measure the activity ofanaplerotic
reactions in addition to measurement of'the sources of acetyl-CoA.

2. QUANTITATIONOFGLUTAMATEISOTOPOMERSBY *CNMR

Metabolism of a 3C-enriched compound in the citric acid cycle labels all of
the citric acid cycle intermediates as well as the molecules in exchange with cycle
intermediates (such as glutamate or aspartate) and anabolic products of the cycle
(such as glucose in gluconeogenic tissues). Although the BSCNMR spectrum of any
of these compounds could be analyzed by an isotopomer analysis, glutamate is
emphasized in this chapter for three reasons: (1) it is usually present in high
concentration and hence most easily detected by 3C NMR, (2) the multiplets in the
3C NMR spectrum of glutamate are usually well resolved from other metabolites,
and (3) glutamate and o-ketoglutarate are usually inrapid exchange relative to citric
acid cycle flux. The latter assumption implies that the relative concentrations of 3C
isotopomers are identical in glutamate and o-ketoglutarate. Since this supposition
may not be valid under all conditions, it is useful to define the exchanging pool of
glutamate. Unless otherwise specified, this indicates the pool of glutamate whose
relative concentrations of isotopomers are identical to the relative concentrations
of equivalent isotopomers in o-ketoglutarate. Conceivably, a fraction of tissue
glutamate may be completely sequestered and not in exchange with a-ketoglu-
tarate. This nonexchanging pool of glutamate would not contain any 3C above
natural abundance. These concepts are important in the interpretation of both 2C
and '"H NMR spectra of glutamate.
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2.1. Relation of Glutamate Isotopomers to Multiplets
in the 3C NMR Spectrum

The maximum number of *C isotopomers in a molecule with » carbons is 2.
Thus, glutamate with 5 carbons (referred to as C1, C2, C3, C4, and C5) can form
32 possible isotopomers. The relative concentrations of these isotopomers are
sensitive to both fluxes into the cycle and the labeling pattern of compounds
entering the cycle. The utility of 3C NMR is that groups ofthese isotopomers (but
not individual isotopomers) can be easily quantified in the *C NMR spectrum. For
example, when the C4 of glutamate is the only site labeled with *C, a single
resonance (a singlet) centered at 34.2 ppm is detected. For those glutamate mole-
cules that also have a *C present in the adjacent C3, the C4 resonance is split into
two signals of nearly equal intensity. Thus the C4 spectrum of [3,4-*C]glutamate
would appear as two resonances (a doublet) approximately centered around 34.2
ppm. The frequency difference between those two peaks is the coupling constant,
abbreviated by the symbolJ 5, which in this casejusthappens to be 34 Hz. Similarly,
the C4 resonance may be split into two by an adjacent C at C5 with a coupling
constant J ;s of different magnitude, about 52 Hz. Thus, the C4 spectrum of
[3,4,5-3C]glutamate would appear as four peaks nearly centered around 34.2
ppm (representing a doublet of doublets or a quartet) due to the nearest-neighbor
effects of 3C in both C3 and C5. The spectrum of C4 glutamate is not affected
by BC present at C 1 and/or C2 because the coupling constants, J ., and J »,, are
too small for direct detection. A similar analysis applies to the other carbons of
glutamate.

A convenient method to describe the relative areas of the multiplets in gluta-
mate or other molecules is by a letter and number code. The first two characters
identify the carbon atom (CI1-CS5). The third character identifies the type of
multiplet, singlet (S), doublet (D), triplet (T), or quartet (doublet of doublets, Q),
and the final 2 numbers (when necessary) identify the particular coupling (i.e., J |,
versus J 53 orJ ;, versusJ 45) that may be identified with an observed doublet (D). In
each of the isotopomer methods described below, we have chosen to define the
multiplet areas as a fraction ofthe total resonance area. Forexample, C4S represents
the area of the glutamate C4 singlet expressed as a fraction of total C4 resonance
area, C4D34 refers to the area of the doublet due to J;, relative to the total C4
resonance area, C4D45 refers to the area of the doublet due to J s relative to the
total C4 resonance area, and C4Q represents the area of the C4 quartet expressed
as afraction oftotal C4 resonance area. Thus, by definition, C4S + C4D34 + C4D45
+ C4Q = 1. Similarly, C5S + C5D=1,C3S + C3D+C3T= 1, C2S + C2D23 +
C2D12 + C2Q =1, and CIS + C1D = 1. We have chosen this method because it
describes the multiplets observed in the NMR spectrum without specifying a
particular isotopomer. For example, C4D45 could have contributions from [4,5-
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Clglutamate, [1,4,5-3C]glutamate, [2,4,5-3C]glutamate, and [ 1,2,4,5-3C]gluta-
mate, but not from [3,4,5-3C]glutamate.

2.2. Acquisition of the *C NMR Spectrum

Proton decoupling is essential for the studies described in this chapter and is
assumed in all cases. One consequence of the 'H-5C interaction, aside from
spin—spin coupling, is through-space dipolar interactions between nuclei which
provides a longitudinal relaxation (T,) pathway for 2C. A phenomenon related to
this relaxation pathway, the nuclear Overhauser effect (NOE), can provide an
increase in 2C signal intensity if irradiation at the 'H frequency is continuously
applied between pulses. The NOE is maximal (3-fold) for small molecules when
5C is covalently bonded to 1H. However, carboxyl or carbonyl =C nuclei which
are not covalently bonded to 'H may also experience asmall NOE due to interac-
tions with protons 2 or more bonds away. 2C-2Cdipolar coupling also provides
a relaxation pathway for adjacent 2C nuclei, but this interaction is quite weak and
its effect on T, is ordinarily overwhelmed by the much stronger 'H-3C dipolar
coupling, especially in carbons with directly bonded protons (Moreland and Car-
roll, 1974).

Quantitation of the 3C spectrum is influenced by both T, and NOE effects.
Since the 'H-2C dipolar interaction is approximately 100 times greater than the
BC-iCdipolar interaction, the T, s of protonated carbons are not appreciably
influenced by =C enrichments at adjacent carbons. Hence, relative multiplet
intensities (see below) from a particular protonated carbon atom should not be
influenced by pulsing rate. When comparing differentcarbon nuclei within the same
molecule, and particularly when comparing protonated vs. carbonyl carbons, the
relative resonance intensities will be sensitive to both pulsing rate and NOE.

2.3. Quantitation of 3C Fractional Enrichment by 'H NMR

Possibly the simplest quantitation of C enrichment is to detect and measure
the =C satellite resonances in each resolved proton resonance of glutamate by 'H
NMR. This approach takes advantage of 'H sensitivity and provides a direct
measure of the fraction of carbon in that site enriched in =C. It also provides a
mechanism to determine whether the entire glutamate pool was in exchange with
the citric acid cycle. For example, the fraction of glutamate carbons in the 4 position
which are *C is denoted C4F. Since a 3C NMR isotopomer analysis (described
later) provides a measure of fractional enrichment in BC at carbon 4, this can be
compared to a direct measurement of 2C fractional enrichment in carbon 4 by 'H
NMR. Thus, the fraction of cell glutamate that was in exchange with the citric acid
cycle under steady-state conditions (measured in tissue extracts where visibility is
not an issue) is simply: C4F(by 'H NMR)/C4F(by 3C NMR). This is illustrated in



66 A. Dean Sherry and Craig R. Malloy

Fig. 2 by the 'H spectrum of purified glutamate. The fraction of glutamate C4
enriched in 3C is easily determined by direct inspection, in this case about 79%.
In contrast, an isotopomer analysis of the 3C spectrum found that 92% of the
acetyl-CoA (and therefore 92% ofglutamate C4) was enriched in 2C. This indicates
that 79/92 or 86% ofthe total glutamate found in this heart extract was in exchange
with the citric acid cycle. Similar observations have been reported by Lewandowski
(Lewandowski and Hulbert, 1991; Lewandowski, 1992). These observations could
certainly reflect compartmentation of a pool of glutamate that was not exchanging
with o-ketoglutaratein the citric acid cycle. Alternatively, it may simply demon-
strate incomplete equilibration among glutamate pools that are in slow exchange.
Although this distinction is important, we emphasize that strict compartmentation
ofa fraction of glutamate has no influence on the resulting *C isotopomer analysis
of glutamate that was in exchange with o-ketoglutarate in the citric acid cycle but
becomes an important parameter to know when addressing kinetic issues where the
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Figure 2. 'Hand BCNMR spectraofglutamate isolated and purified from a heartperfusedto steady
state with [2-1:Clacetate. Anisotopomeranalysis ofthe 1:C spectrum (top) indicated that Fcowas 0.92;

hence, glutamate C4 ofthe exchanging glutamate pool should also be enriched with 2C to a level of
92%. However, the 'H spectrum (lower) shows thatthe actual level of 3Cenrichmentinthe C4position
ofglutamate was about 79%. This resultshows thatonly 86% (79/92) ofthe total tissue glutamate was

in exchange with a-ketoglutarate in the critic acid cycle of this heart.
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size of the glutamate pool detected by “C NMR (the glutamate exchanging with
o-ketoglutarate)is often equated with total tissue glutamate as measured in tissue
extracts.

2.4. Influence of Natural Abundance *C on an Isotopomer Analysis

Any singlet appearing in a 3C NMR spectrum of glutamate could, of course,
have acontribution from natural abundance levels (1.1%) ofthis isotope in addition
to the singlets resulting from metabolic turnover ofa *C-enriched molecule. These
cannot be distinguished by NMR, so one must always be aware ofapossible natural
abundance contribution to any spectrum. Under most metabolic circumstances,
corrections to singlet intensities from a natural abundance level of glutamate can
be safely ignored. However, when the C fractional enrichment of acetyl-CoA
entering the citric acid cycle is low or when only a portion of total cell glutamate
is in exchange with cycle pools, then corrections may become necessary. Prior
experience with BC NMR spectra of extracts of perfused hearts suggests that
acetyl-CoA must be enriched to alevel of at least 20% for areliable determination
of glutamate multiplet areas. If one assumes for the moment that all glutamate
within the cell is in exchange with a-ketoglutarate, then a 20%3C-enrichment in
the methyl carbon of acetyl-CoA would translate into a 20% enrichment in
glutamate C4, only part of which would appear as the singlet, C4S. Assuming that
C4S was 0.80, then the singlet from natural abundance glutamate in the metabo-
lically unenriched fraction (80% x 1.1% or 0.0088) would amount to about 5.5%
of'the singlet from the metabolically enriched fraction (20% x 100% x 0.8 =0.16).
That is significant enough to justify correcting the C4S for the natural abundance
contribution. If a nonexchanging pool of glutamate was large relative to the
exchanging pool, then the contribution of natural abundance C to C4S would
become even more significant.

3. MATHEMATICAL AND COMPUTER MODELS:
APPLICATIONS FOR ISOTOPOMER ANALYSIS

For over 40 years carbon isotope tracer studies have been interpreted using
mathematical models, and 3CNMR isotopomer analysis is no exception. Indeed,
mathematical and computer models are absolutely essential to fully exploit the
power of “Cisotopomer analysis. It is true that some valuable applications of >C
NMR isotopomer analysis, such as the nonsteady-state analysis or measurement of
anaplerosis, are mathematically simple and intuitively accessible. However, routine
use of mathematical models and simulations is almost essential in two respects.
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3.1. TheValueof Mathematical Models

For the purpose of designing experiments, it is quite useful to be able to predict
the *C NMR spectrum under virtually any metabolic condition with any labeling
pattern in the metabolized substrates. In this application, the model assists by (1)
requiring the experimentalist to setthe relative activity ofall pathways and labeling
patterns, (2) calculating the relative concentrations of all isotopomers in all mole-
cules of interest, and (3) displaying a *C NMR spectrum calculated from the
isotopomer populations. Since the relative concentrations of isotopomers are cal-
culated in every case, it is a simple step to also calculate predicted mass spectra or
14C specific activity measurements. The consequences of systematically varying
experimental parameters (site of label, relative activity of pathways, sizes of
intermediate pools, etc.) on the relative concentration of isotopomers and the 2*C
spectrum are easily explored. In doing so, the model may expose flaws in a planned
experiment, or reveal results which are not intuitively obvious. Alternatively,
“obvious” results may not be confirmed by the model.

Models are also required to solve the reverse problem, that is, to interpret the
BC NMR spectra in terms of relative activities of various pathways. Simple
questions, such as the sources of acetyl-CoA, are easily addressed with simple
algebra, as shown below. Again, however, under realistic metabolic conditions,
anaplerosis mustbe considered in every tissue. We have derived therelations among
anaplerosis and the *C-labeling patterns in anaplerotic substrates and acetyl-coA
under steady-state conditions. Although it is beyond the scope of this chapter to
derive these relations, we have shown that the relation between the 3C NMR
spectrum of glutamate and the relevant fluxes represents an overdetermined linear
algebraic system which can be solved using least-squares methods. The essential
programs are available in numerical analysis packages or in custom-designed
programs such as tcaCALC (Jeffrey etal., 1996).

3.2. Historical Backgroundof CurrentModeling Techniques

Somewhat arbitrarily, mathematical models of carbon distribution in the citric
acid cycle may be grouped into four categories, depending on the mathematical
foundation: geometric series, input—outputanalysis, computer simulations, and
differential equations. The evolution of models has been driven primarily by
technical advances which allow more comprehensive information about the fate of
atracer. Initially, “C specific activity was measured in CO, and the first applications
of mathematical modeling to complex metabolic pathways were reported by
Strisower et al. (1952) and Weinman et al. (1957). This work explicitly stated the
requirements for isotopic and metabolic steady state: the labeling pattern and level
of enrichment of the acetyl-coA and other intermediate pools are constant. Later,
Exton and Park (1967) extended this principle in their analysis of gluconeogenesis.
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These early studies are relevant to 3C NMR isotopomer analysis because the
equations which relate “C specific activities to metabolic fluxes can be directly
compared to those derived for NMR measurements. The geometric series method
used by Strisower and later by Exton and Park was not easily extended to more
complex metabolic problems, so the mathematical basis shifted away from a
geometric series to what was termed an “input—output” analysis (Katz, 1985).
Because of conservation of mass and the assumption of metabolic and isotopic
steady state, the sum of enrichments in all possible products must equal the total
input enrichment. The ratios of “C enrichment in each carbon of molecules such
as citrate, glutamate, and glucose have subsequently been analyzed or described by
Katzetal (1989), Landau (Magnusson etal., 1987), Goebel etal. (1982), Kelleher
(1986), and others.

The third type of modeling, computer simulation, was first applied in the 60s
(Haut and Basickes, 1967).Since the fate of label may be considered on each pass
through the citric acid cycle, computer simulations are not conceptually different
from the geometric series approach. Nevertheless, computer simulations are far
more tractable for complex pathways and these simulations are increasingly attrac-
tive because of the wealth of information provided by simple display ofisotopomers
and simulated 3C NMR spectra, mass spectra and “C fractional enrichment data.
In each metabolic step, the distribution of carbon isotope in the reactants (for
example, acetyl-CoA and oxaloacetate) is known. The distribution of isotope and
the relative concentrations of isotopomers is then easily calculated for the product,
citrate. The major advantages of computer simulations (aside from easy display of
BCor 1H spectra) is that each calculation can be set up rather easily and that portions
of the program can be debugged separate from the entire citric acid cycle and its
interacting pathways. We found that a computer simulation (Malloy et al., 1990a;
Jeffrey etal., 199 1) running on apersonal computer serves both purposes quite well
and has the additional benefit of confirming the results of the analytical methods
described below. A simulation has also been reported by Cohen and Bergman
(1995).

An example of a 3C NMR spectrum from a simulated experiment of hepatic
metabolism, generated using fcaSIM, * is shown in Fig. 3. The assumed metabolic
conditions in this particular example were complex: exogenous lactate was 100%
[3-3C]lactate, exogenous fatty acids were 80% [U-2C]fatty acids (with the remain-
der unlabeled), and 30% of the CO, was 3CO, Flux through pyruvate kinase and
pyruvate carboxylase was set equal to citric acid cycle flux while flux through
pyruvate dehydrogenase was 50% of cycle flux; 40% of the oxaloacetate formed
via pyruvate carboxylation was scrambled “backwards” through the symmetric
intermediate fumarate, and all succinyl-CoA yielded succinate that was free to

*tcaSIM runs on a personal computer and is available from Dr. E Mark Jeffrey at the Mary Nell and
Ralph B. Rogers Magnetic Resonance Center, 5801 Forest Park Road, Dallas, Texas, 75235-9085.



70 A.Dean Sherry and Craig R. Malloy

ASPARTATE GLUTAMATE ALANINE GLUCOSE B OH BUTYRATE

T
L

=5 5

—EEE
=E

C4

C5 AlL2 AL3
CARBONYL

A

| I I I | 1 1 1 1

180 160 140 120 100 80 60 40 20  ppm

Figure 3. Simulated spectra of aspartate, glutamate, alanine, -hydroxybutyrate, and glucose antici-
pated for a liver perfused with [3-i:C]lactate (Fcz= OS), [U-isClfatty acids (Fcs= 0.4), and
13C-enriched bicarbonate using rcaSIM. The activities ofpyruvate dehydrogenase, pyruvate carboxy-
lase, and pyruvate kinase were setto 0.5, 1, and 1, respectively, relative to acritic acid cycle flux of 1.

tumble, thus producing equal enrichment in C1 and C4 (and C2 and C3) of all
malate derived from succinyl-CoA. The system was assumed to be at metabolic and
isotopic steady state and the relative concentrations ofall metabolites were roughly
equal to those typically found in extracts ofrat livers. The complete simulated *C
NMR spectrum is shown as well as expanded views of most aspartate, glutamate,
alanine, glucose, and B-hydroxybutyrate multiplets.

Although a complete isotopomer analysis of this spectrum does return the
metabolic indices used as input variables in fcaSIM, this spectrum can be interpreted
to some extent by simple inspection. For example, the difference in total areas of
aspartate C2 and C3 indicates that these carbons were not symmetrically enriched
in the oxaloacetate pool, reflecting incomplete “backward scrambling” in fuma-
rate/succinate. Under steady-state conditions, the multiplet pattern in aspartate C3
must be equivalent to the pattern in glutamate C2, as it is in this simulation. Since
the only available exogenous substrates were [3-3C]lactate (which yields [2-
13CJacetyl-CoA) and [U-3Cl]fatty acids (which yields [1,2-3Clacetyl-CoA], the
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small singlet in glutamate C5, indicating that [ 1-2CJacetyl-CoA was generated
metabolically, documents flux from labeled OAA —pyruvate —acetyl-CoA. The
complex alanine spectrum confirms that some of the pyruvate pool exchanging with
alanine must have been derived from oxaloacetate (and not simply pyruvate derived
from [3-3C]lactate), while the glucose multiplets (calculated assuming thatJ 5, J »,
and J;, were equivalent and first-order conditions applied) provide yet another
window on oxaloacetate enrichment.

None of these methods formally includes the time dependence of 3C distribu-
tion through each pathway. An elegant model, presented in 1983 by Edwin Chance
and colleagues (Chance ef al., 1983), nicely illustrates the fourth type of model
applied for analysis of carbon tracers: a kinetic analysis of the cycle. In this method,
fluxes through each cycle step and through all reactions in exchange with interme-
diate pools were considered using conventional chemical kinetics. Each enzyme
was treated as a “black box” and no assumptions were made about enzyme
mechanisms. The system was assumed to be at metabolic steady state, yielding a
network of reactions that could be described by a series of differential equations.
The solution of this system coupled with fractional enrichment measurements over
time using numerical methods allowed calculation of absolute flux through several
pathways associated with the citric acid cycle. The advantage of this type of analysis
is that it yields an estimate of absolute flux; the disadvantage is the requirement of
repeated *C NMR measurements. A thorough discussion of kinetic models is given
elsewhere in this book.

4. THEEVOLUTION OF 2CISOTOPOMERS IN THE
CITRICACIDCYCLE

As shown above, entry of a #C-enriched metabolite into the citric acid cycle
of an actively respiring tissue can have multiple influences on the appearance of
the 3C NMR spectrum of that tissue. In an energy-demanding tissue like the heart,
this entry most often occurs as a two-carbon condensation of acetyl-CoA with
oxaloacetate to form citrate in the reaction catalyzed by citrate synthase. Because
citrate is prochiral, the labeled two-carbon acetyl unit appears only in carbons 4
and 5 of aconitate, isocitrate, and o-ketoglutarate during the first span of the cycle.
As these intermediates are typically present at concentrations well below that
detectable by 3C NMR, this information is normally recorded in the five-carbon
amino acid, glutamate, formed by transamination of o-ketoglutarate. Thus, the
appearance of the resonance multiplets in glutamate C4 and C5 should mirror the
labeling pattern in acetyl-CoA entering the citric acid cycle atcitrate synthase. This
is the fundamental principle behind the “direct analysis” method described below
for monitoring substrate selection in intact tissue. In those instances where “C
spectra are collected as a function of time after introducing a labeled compound to
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a tissue, the amount of time necessary to encode the labeling pattern of the acetyl
group of acetyl-CoA into glutamate C4 and C5 has never been fully tested. The
common assumption that glutamate C4 and C5 accurately mirrors acetyl-coA at
all times requires that flux from acetyl-coA to glutamate is limited only by citric
acid cycle flux and that the pool of six-carbon intermediates (citrate, aconitate, and
isocitrate) and o-ketoglutarate is small compared to the glutamate pool. The pool
size requirement is easily met in most tissues, while the flux from acetyl-coA to
glutamate may in some cases be limited by exchange between a-ketoglutarate and
glutamate (Robitaille etal., 1993; Weiss etal., 1995; Yuetal., 1995; Zhao etal.,
1995). We found equivalent 3C isotopomer populations in succinate and glutamate
in ischemic heart tissue (Jones ef al., 1993) and concluded that both metabolites
equilibrated with the same pool of o-ketoglutarate. Later, Lewandowski et al.
(1996), using similar techniques, found that the “C isotopomers in succinate,
a-ketoglutarate, and glutamate were equivalent in hearts perfused to steady state
with [2-:C]acetate, while succinate differed from o-ketoglutarate and glutamate
in hearts perfused with [3-3C]pyruvate.

An example of temporal evolution of multiplet structure in the *C NMR
spectrum of glutamate is shown in Fig. 4. These spectra were collected on an

C4D34
C4 C4S
* J C3T
[
JMJ“ " 3
:
g
L-d
C3D
»wwhﬁﬂ =
3 6 & 1215 18 21 24 27 30 33 Time

Tim
(min after raperfusion)

Figure 4. Time-dependent evolution ofthe *C NMR spectra of an intact rat heart perfused with
[2-13C]acetate (left panel). Spectra were acquired ona 11.75 Tesla magnet in 3 min blocks. Only
glutamate C4 and C3 are shown (adapted from Malloy et al.,1990b). Time-dependent evolution of
glutamate C4 (C4S and C4D34) and C3 (C3S, C3D, and C3T) multiplets as calculated using tcaSIM
(right panel). Estimates of citric acid cycle intermediate pool sizes similar to those expected for arat
heartperfusedwith [2-'3CJacetate wereusedinthissimulation.
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isolated rat heart perfused with 3 mM [2-3C]acetate in a narrow bore 11.75 Tesla
magnet as described in Malloy ef al. (1990b) using broadband proton decoupling
to remove all C—H spin—spin coupling. Thus, the multiplets observed in these
spectra reflect the different isotopomers in glutamate C3 and C4 as the 5C label
originating in the methyl carbon of acetate entered those two positions of the
glutamate molecule. Condensation of [2-33C]acetyl-CoA with unenriched ox-
aloacetate yields [4-i:C]citrate, [4-1:Clisocitrate, [4-1:Clo-ketoglutarate, and
hence [4-3C]glutamate in the first span of the citric acid cycle. This is detected as
a singlet in the glutamate C4 resonance in the first spectrum, signal averaged over
3 minutes after the addition of [2-3Clacetate. The intensity of this singlet is
substantially higher in the second and third spectra, reflecting production of
even more [4-3C]glutamate during these time periods. That portion of [4-
3CJo-ketoglutarate remaining in the cycle pools was converted to [3-1:C]suc-
cinyl-CoA and subsequently into equal amounts of [2-3C]- and [3-13C]succinate,
fumarate, malate and oxaloacetate, assuming randomization of label between C2
and C3 inthe symmetric intermediates, succinate and fumarate. Once the [2-2C]Jox-
aloacetate isotopomer is formed, this molecule can condense with another [2-
13CJacetyl-CoA to yield the first cycle intermediate with adjacent *C-enriched
carbons, [3,4-2C]citrate. This isotopomer is subsequently converted into [3,4-
13C]glutamate which, by the third acquisition, appears as a doublet (with a J.. =
34 Hz) nearly centered around the glutamate C4 singlet (there is a small but
measurable isotope chemical shift). This doublet gradually increased in intensity
in subsequent spectra, reflecting distribution of =C into the C2 position of ox-
aloacetate and all other 4-carbon intermediates as the cycle turnover continued.
Note that after about the fourth spectrum, the singlet in glutamate C4 also decreased
in intensity with time because, as oxaloacetate C2 became more highly enriched,
the probability of forming [4-2C]citrate and [4-*C]glutamate gradually decreased.
Thus, any change in intensity of the C4 singlet and doublet is a complex function
of metabolite pool sizes (including citric acid cycle intermediates and all metabo-
lites in exchange with these intermediates), fraction of acetyl-coA derived from
[2-:Clacetate (the F, parameter described below), citric acid cycle flux, and in
certain cases other exchanges as well (Robitaille etal., 1993; Weiss etal., 1995; Yu
et al., 1995; Zhao et al., 1995). Analysis of such time-dependent multiplet data
provides one basis for quantitating citric acid cycle kinetics and related interchanges
(Jeffrey, unpublished results).

Concomitant with these alterations in glutamate C4 multiplets, the C3 multi-
plets also evolve with time. The first multiplet to appear is a doublet reflecting the
[3,4-53C]glutamate isotopomer, described above. Next, a small singlet could arise
from [3-2C]glutamate, but the intensity of this is highly dependent on the contri-
bution of [2-53C]Jacetate to acetyl-coA. For the spectrum shown in Fig. 4, this
contribution is high so the probability of forming [3-53C]glutamate is low and
consequently the C3 singlet is low. As cycle turnover continues, isotopomers such
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Figure 5. Thesixteen *C isotopomers ofglutamate shown inthe leftcolumn will be generated under
steady-state conditions by entry of [2-13C]acetyl-CoA into the citric acid cycle. Each of those isotopom-
ers contributes either a singlet or a doublet to the C4 resonance and either a singlet, doublet, or triplet
to the C3 resonance. The two left columns indicate the relative concentrations ofeach isotopomer at
steady state whenthe fraction ofacetyl-CoA enrichedinthe methyl carbon (F ,) is 80%, withorwithout
activation of anaplerotic pathways (y = 0 or 20%). The spectra at the bottom demonstrate that glutamate
C4andC3 arebothsensitivetoanaplerosis.

as [2,3,4-13C]glutamate containing three nearest-neighbor 2C-enriched carbons are
generated yielding a triplet in glutamate C3 (Jccis approximately equal for C2—C3
and C3-C4spin-spincoupling). With time, this multiplet becomes the dominant
multiplet contributing to C3 in the experiment shown in Fig. 4. The time-dependent
evolution ofthe C3 and C4 multiplets as predicted by 7caSZM are shown in the right
panel of Fig. 4. As the rate of *C entry into the glutamate C3 (or C2) pool is also
heavily dependent upon citric acid cycle flux (and the other parameters described
above), the relative rates of enrichment of glutamate C4 vs. C3 have formed the
basis of virtually all *C NMR citric acid cycle kinetic measurements to date, as
described in Chapters 4—7 of this text.
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After 30 minutes the relative intensities of these multiplets were no longer
changing. At this point, the distribution of PC in citric acid cycle intermediates had
reached steady-state and the relative concentrations of isotopomers no longer
changed with time. The 16 glutamate isotopomers formed at steady state using
[2-13C]acetate as the sole enriched substrate are illustrated in Fig. 5 (halfofthe total
32 isotopomer of glutamate cannot occur because C5 was not enriched). The
relative concentration of each isotopomer is easily calculated by tcaSIM or by
following the fate of each labeled citrate formed by condensing oxaloacetate with
acetyl-CoA as it equilibrates with the various cycle intermediate pools. Those
concentrations depend upon (a) the =C fractional enrichment (equivalent to a “C
specific activity) ofthe acetyl-CoA entering the cycle on each turn (the F . variables,
see below), and (b) flux of other molecules (either labeled or unlabeled) through
the citric acid cycle via an anaplerotic reaction. As noted earlier, the ratio of
anaplerotic flux to citric acid cycle flux has been given the label y. The figure
illustrates that the population of glutamate isotopomers and the appearance of the
glutamate C4 and C3 multiplets at steady state is influenced by both F'. and y.

5. THE STEADY-STATE !3C ISOTOMER ANALYSIS

A 53C NMR spectrum of an extract of an in vivo pig heart infused to steady
state with a mixture of [1,2-3CJacetate and [3-3C]lactate is shown in Fig. 6. Note
that there are more multiplets in the glutamate C4 resonance of this spectrum than
in the spectrum shown in Fig. 4. The reason for this is quite simple: in this case,
both acetate and lactate contributed to acetyl-CoA entering the citric acid cycle and
the doubly labeled acetate forms additional 3C isotopomers in the cycle that were
not present in the previous example. For example, [1,2-3Clacetyl-CoA formed
from the acetate would condense in the cycle to yield [4,5-*C]glutamate on the
first turn and [3,4,5-3C]glutamate on subsequent turns. These appear in the
glutamate C4 resonance as a doublet (with J.c = 52 Hz) and a doublet-of-doublets
or quartet (resulting from spin—spin coupling between C4 and both C3 and C5),
respectively. So, one can easily see by inspecting the glutamate C4 multiplet
components that both acetate and lactate contributed to acetyl-coA in this in vivo
pig heart.

How does one obtain quantitative metabolic information from such a result?
Before proceeding, we need to be able to describe enrichment patterns in the
pathways feeding the citric acid cycle. For example, the two-carbon acetyl group
might contain 3C either singly labeled in the methyl carbon, singly labeled in the
carbonyl carbon, labeled in both carbons, or completely unenriched. Thus, up to
four different acetyl-coA patterns (and therefore oxidation of four different labeled
substrates) can be distinguished. The fraction each possible labeled oxidizable
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substrate contributes to acetyl-coA entering the cycle at citrate synthase (the F;
parameters) is defined as follows:

Feo= fraction of acetyl-CoA that is not enriched in #C above natural
abundance levels.

F. = fraction ofacetyl-CoA enriched in “C only in its carbonyl carbon.

F, = fraction of acetyl-CoA enriched only in its methyl carbon.

Fe; = fraction of acetyl-CoA enriched in both the carbonyl and the
methyl carbons.

By definition, Feo+ Foi+ Feo+ Fesmust always equal unity. Similarly, anaplerotic
substrates might contain 3C but here the number of possible isotope labeling
patterns is greatly increased. Using pyruvate carboxylase as the prototype
anaplerotic pathway, one could in principle have eight possible pyruvate isotopom-
ers condensing with either 2CO, or *CO, leading to 2¢ or 16 possible oxaloacetate
isotopomers, requiring sixteen different F, parameters for complete description.
Rather than define all Fai fractions (where i = 0—15) here, we simply point out that
once again XF,; must equal unity. In practice, the number of labeled substrates
available for anaplerotic entry into the cycle is usually quite limited. For example,
in a mammalian tissue exposed to a mixture of [1,2-13CJacetate and [3-3C]pyru-
vate, none ofthe BC originating in acetate can enter the cycle pools via anaplerosis
while [3-3C]pyruvate can only produce [3-3C]- or [2-3CJoxaloacetate (after
equilibration through fumarase), assuming that the bicarbonate pool will not
contain sufficient 2C to affect the results unless H*CO;- is also provided.

We have previously reported equations (Malloy et al., 1988, 1990a) which
relate the metabolic indices of interest (the F;, F” »;, and y values) to the fractional
multiplet areas of glutamate C2, C3, and C4 as measured in a single *C spectrum,
derived using the input—output matrix method. For the example shown in Fig. 6,
only Fq (from endogenous substrates), Fi, (from [3-3C]lactate), and F3 (from
[1,2-13C]acetate) are possible, so Fg+ Fcp + Foz = 1. Similarly, only [3-3C]lactate
could contribute as an anaplerotic substrate in this case so F.o + F 4, = 1, where
F,, equals the fraction ofanaplerotic substrate derived from unlabeled, endogenous
sources and F ., equals the fraction of derived [3-3C]lactate. The equations
appropriate to this metabolic circumstance are reproduced in Table 1 and the
multiplet areas from the glutamate spectrum of Fig. 6 are summarized in the far
right column. The solution of these equations for the metabolic indices of interest
using a nonlinear least-squares algorithm gave the following results: Fo = 0.47;
Foy=0.25; Fe3=0.27;y=0.13; and F; = 0. This indicated that doubly labeled
acetate and singly labeled lactate contributed 27 and 25%, respectively, to the
acetyl-CoA oxidized by the Krebs citric acid cycle in this heart, total anaplerotic
flux was 13% that of cycle flux, and none of the labeled lactate entered the cycle
as an anaplerotic substrate. The identity of the unlabeled substrate sources could
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Table 1
Relationships Between the Glutamate Fractional Multiplet Areas Measured from the ’c
NMR Spectrum of Fig. 2 and Metabolic Variables, F, F,, F, F,, and y2

Multiplet
component Metabolic variables Multiplet area
C28 [(Fo+yFa)Q2y+ DI[Fo+F o+y.Fu)2y+2)] + 0.26
[Fu(Foty) -Foly+ DY2(y+ 17]
C2D12 [( Fe)2y+ DVI(F e+ Fos+yFa)(2y+2)] +(FoFot 0.26
FoFo)[2(y+ 1) -Fal(2+2 )
C2D23 [Fa(y+ 1) +(Fa+F oXFa+y)/R2(y+ 1)] 0.24
€2Q [Fo(y+ 1)+ (Fat Foy)[2(y+ 1y] 0.24
38 Feo(Feoty)(,+1) 0.26
C3T (Fa+Foyl(y+1) 0.27
C3D [(y+ 1) -Fo(Foty) - (Fo+ Fa)M(y+1) 0.47
C4S Fcz[2y+ 1 '(Fc2+FC3 +y FAI)]/[(2y+ 1)(FCZ+FC3)] 0.27
C4D34 Fo(FatF o+yFu)[Qy+ 1) (Fat+Fo) 0.22
C4D45 Foal2y+1-(Fo+Fa+yF)[Qy+ )(Fa+Fy)] 0.26
C4Q Fo(Fot+Fo+tyF )Qy+ D)(Faot+Fo)l 0.23

aF,, is the fraction of any anaplerotic substrate that can yield C enrichment in oxaloacetate C3 (or C2). Full
scrambling in the succinate/fumarate pool was assumed. See text for an explanation of the multiplet areas in the right
column. The fraction of glutamate enriched in C4 (C4F) is simply (F ., + F o3).

notbe identified in this experiment, but the combination 0f0.23 mM free fatty acids
and 6 —7mM glucose found in the blood of these animals could certainly have
accounted for the 47% ofunlabeled acetyl-CoA seen entering the cycle pools. The
source of the unlabeled anaplerotic substrate was not identified.

Jeffrey et al. (1995) have applied steady-state *C isotopomer principles to
evaluate the effects of the antianginal drug, perhexiline, on substrate selection in a
perfused working rat heart preparation. They exposed hearts to a physiological
mixture of fatty acids, ketone bodies, glucose, and lactate and determined the
percent contribution of each substrate to acetyl-CoA entering the citric acid cycle
of control hearts and in hearts exposed to a clinical dose (2 u M) of perhexiline.
They found that fatty acids, lactate, acetoacetate, and glucose contributed 54%,
11%, 23%, and 0%, respectively, to acetyl-CoA in control hearts, with the remain-
ing 12% coming from endogenous substrates (likely triglycerides). This profile was
altered in hearts exposed to perhexiline. In this case, the fatty acid contribution to
acetyl-CoA decreased to 35%, the endogenous substrate contribution declined to
zero (consistent with the endogenous source being triglycerides), while the contri-
bution from lactate increased to 36%. The acetoacetate and glucose contributions
remained unchanged in hearts exposed to the drug. This study provided the first



3C Isotopomer Analysis of Glutamate 79

quantitative evidence that perhexiline reduces fatty acid oxidation by the myocar-
dium. The mechanism(s) of inhibition of fatty acid oxidation and stimulation of
lactate oxidation by the drug have not been fully addressed, but information of this
type raises some interesting metabolic questions. For example, how can oxidation
of lactate be stimulated without a concomitant increase in glucose oxidation and,
since one might expect NADH levels to rise upon stimulation of lactate oxidation,
why did the drug not stimulate oxidation of acetoacetate as well?

An exciting application of the steady-state analysis was reported by Viallard
and colleagues (Viallard et al., 1993), who examined the effects of left ventricular
hypertrophy on anaplerosis in the isolated rat heart. In control myocardium,
anaplerosis was identical to earlier reports in hearts supplied with acetate, about
6% of citric acid cycle flux. An important observation was the significant increase
iny to 16% in hearts from hypertensive animals. One might speculate that stimu-
lation of anaplerosis is a marker for the biochemical state associated with hyper-
trophy, and may even precede myocardial hypertrophy. When 3C NMR isotopomer
analysis becomes practical in humans, it will be interesting to monitor anaplerosis
during the evolution and regression of hypertrophy.

Steady-state isotopomer methods have been used by numerous other investi-
gators to interrogate citric acid cycle metabolism in animal hearts under a variety
of physiological conditions. In some reports, C spectra of intact hearts have been
collected during presteady-state labeling of glutamate by singly enriched substrates
and the rates of 13C entry into glutamate C4 vs. C2 (or C3) have been used as an
index of citric acid cycle flux (Lewandowski, 1992; Weiss et al., 1992, 1993;
Chathametal., 1995; Yuetal., 1995). These topics are discussed in detail elsewhere
under dynamic methods, Chapters 4—7.A few interesting observations are in order,
however. Lewandowski (1992) has shown in rabbit hearts perfused to steady state
with [2-2Clacetate that the fractional enrichment of acetyl-CoA derived from
acetate (as reported by F,) did not differ between control hearts, hearts arrested
with KC1 (low workload), or hearts stimulated by isoproterenol (high workload).
Anaplerosis, as reported by y from steady-state C spectra, was low and no different
in control and high workload hearts (y=0.09 £0.02) but significantly higher (0.32
+0.02) in hearts experiencing low workloads. Since y reports a ratio (anaplerotic
flux/citrate synthase or TCA cycle flux), this indicates that absolute anaplerotic flux
increased in parallel with increased 0, demand between control and high workload
hearts. However, 0, consumption was 3.7-fold lower in KCl1-arrested hearts than
control hearts while y increased 3.6-fold. This interesting result indicates that
absolute anaplerotic flux was similar in control and KC1-arrested groups and that
the measured change in y actually reflects lower TCA cycle flux in this group
(Lewandowski, 1992). This suggests that anaplerosis is always active in hearts and
that there is basal flux through the citric acid cycle pools (likely multiple pathways)
even when the myocyte membrane is depolarized and energy demand is minimal.
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Damico etal. (1990) have used 3C isotopomer analysis to examine age-related
differences in substrate selection in newborn pig hearts. Comparing metabolism in
hearts from piglets aged 5-7 days vs. 25—30 days, the *C spectra of heart extracts
showed quite clearly that a dramatic switch in substrate selection away from
pyruvate (aglucogenic substrate) toward acetate (as afatty acid substitute) occurred
during this 20—25day maturation period. This shift in substrate oxidation away
from glucogenic sources toward fatty acids may reflect age-related differences in
control of mitochondrial synthesis of ATP.

Steady-state *C isotopomer methods have also been used to compare skeletal
muscle metabolism in perfused hindlimbs from control vs. septic rats (Yang etal.,
1992). These authors reported that skeletal muscle in both control and septic
animals derived about 80% of'total acetyl-coA from [2-13C]acetate in the perfusate
and that relative anaplerotic flux Cy) was about 36% that oftotal citric acid cycle
flux. More recently, our group (Szczepaniak et al., 1996) monitored the time
dependence of 3C incorporation into skeletal muscle glutamate in vivo from
[2-53C]acetate infused into the blood of live rabbits. Once again, an isotopomer
analysis of tissue extracts collected after the glutamate pool had reached steady
state indicated that 87% (F,) of the skeletal muscle acetyl-CoA was derived from
[2-13C]Jacetate under these conditions (about the same as in hearts from the same
animals) and that anaplerosis was indeed quite high ( y = 26% compared to 3% in
the in vivo heart). However, if one considers that O, consumption is about 20-fold
lower in resting skeletal muscle compared to heart, then absolute anaplerotic flux
in skeletal muscle (although high when compared to citric acid cycle flux) was
about 4-fold lower in skeletal muscle than in heart.

A final example ofthe utility of a steady-state *C isotopomer analysis is given
by the work of Jessen et al. (1993), who examined the effects of myocardial
protection by aspartate and glutamate during reperfusion. Control hearts and hearts
subjected to 25 min of global ischemia were perfused with a mixture of [1,2-
13CJacetate and [3-*C]lactate £ 5 mM unlabeled aspartate and glutamate prior to
freeze-clamping and C NMR analyses. As found previously (Sherry etal., 1992),
hearts recovering from ischemia utilized more acetate and less lactate than controls
and anaplerosis was significantly higherin the reperfused myocardium. As addition
of aspartate and glutamate to cardioplegic solutions has been associated with
superior recovery of function during reperfusion (Lazar etal., 1980; Choong et al.,
1988), the finding that exogenous aspartate and glutamate had no effect on func-
tional recovery in reperfused working hearts and did not alter the profile of substrate
utilization was unanticipated. Further experiments with *C-enriched aspartate and
glutamate showed that neither molecule appeared to enter the myocardium and
neither contributed to the increased anaplerotic flux seen in the reperfused tissue.
Studies such as this may prove useful in evaluating the effects of various oxidizable
substrates on myocardial viability and in formulating strategies to improve cardiac
performance after ischemia.
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6. THE NONSTEADY-STATE ANALYSIS

There are many situations in active tissue where metabolic information such
as that illustrated above would be quite valuable even though the system may not
be at metabolic or isotopic steady state. Examples might be immediately after a
change in heart workload, in regions of heart tissue where flow is restricted and 0,
consumption may be limiting, or in vivo where steady state simply cannot be
confirmed under some conditions. In those circumstances, the equations presented
above may not be valid and an alternative procedure is required. We have demon-
strated elsewhere that the F'; variables can be obtained with confidence from the
glutamate C4 and C5 multiplet areas and the total C4/C3 ratio at any time during
isotopic presteady state and during changes in intermediate pool sizes (Malloy et
al., 1990b). The equations describing these relationships include:

C4Q * (C4/C3) = Fes
C4D34 * (C4/C3) = Fe,
(CSS/CSD) *Foy= Fa
l1-Fog-Fo-Fa=Fq

Thus, if one made available to tissue a mixture of substrates that could produce
[1-3Clacetyl-CoA, [2-53C]Jacetyl-CoA, [1,2-3C]acetyl-CoA, and unenriched ace-

tyl-coA, all four F¢ parameters could be derived from the glutamate C4 and C5

multiplet areas and the C4/C3 ratio (note that the resonance ratios may require
corrections forNOE and T, differences, depending upon how the experimental data
are collected; also, the C4/C2 ratio may be substituted for C4/C3 should C3 be
obscured by other metabolite resonances). These relationships are independent of
changing pool sizes, anaplerosis, and alterations in the isotopomeric composition
of citric acid cycle pools because of the direct correspondence between BC
enrichment in glutamate C4 and C5 and the C2 and C1 ofacetyl-coA. These two
glutamate resonances sample the isotopomer population of the acetyl carbons in
acetyl-coA on each pass through citrate synthase, so the analysis is independent of
cycle turnover or flux of other molecules through one or more of the intermediate
pools. The only requirement is that sufficient *C must have entered the glutamate
pool to allow detection by NMR. Note, however, the nonsteady-state analysis does
not allow a determination of anaplerosis, y.

Like the other tools for analysis of the BC spectrum, the nonsteady-state
analysis assumes that the distribution of isotope in any molecule reflects the
distribution ofisotope in its precursor. In this case, we assume that the enrichments
in carbons 4 and 5 of glutamate are identical to enrichments in carbons 4 and 5 of
o-ketoglutarate, which in turn are equivalent to carbons 2 and 1 of acetyl-CoA,
respectively. Although this assumption is appropriate under steady-state conditions,
it is conceivable that rapid changes in acetyl-CoA enrichment may not be instanta-
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neously transmitted to glutamate C4 and C5. If flux through citrate synthase is
slowed, forexample, then arapid change in substrate selection (reflected by changes
in the labeling pattern of acetyl-CoA) may be detected in the *C spectrum of
glutamate only after a short delay.

The utility ofthe nonsteady-state analysis was recently demonstrated in a study
of perfused rat hearts exposed to either 0.225 mM H,O, or 0.4 mM tert-butylhy-
droperoxide (Jones ef al., 1996) in the presence of 10 mM unenriched glucose, 1
mM [3-3C]lactate, and 0.25 mM [1,2-3C]acetate. As these concentrations of
oxidants caused substantial decreases in contractility, an assumption of isotopic
steady state could not be assured even though the hearts were presented with C
substrates 45 min prior to freeze-clamping (more than sufficient time to assure
isotopic steady state during normoxia). Three glutamate C4 resonances are shown
in Fig. 7: one from the C spectrum collected on an extract of a control heart and
two others from hearts perfused with either H,O, or tert-butylhydroperoxide. Direct
inspection of those resonances shows that acetate utilization was lower in both
hearts exposed to the oxidants than in the control heart. When the C4D34 and C4Q
multiplet areas were measured and the nonsteady-state analysis applied (multiply-
ing by the total C4/C3 ratio), the lactate, acetate, glucose, and endogenous substrate
contributions to acetyl-CoA in the control hearts were 38,22,5, and 35%, respec-
tively (the glucose vs. endogenous substrate contributions were separated by
performing separate experiments with [UL-3C]glucose and unlabeled lactate and
acetate). The substrate contributions to acetyl-CoA were substantially different in
hearts exposed to oxidants. H,O, nearly doubled the contribution from lactate
(72%), slightly decreased the acetate contribution (18%) increased the glucose
contribution (9%), and essentially inhibited oxidation ofall endogenous substrates.
tert-Butylhydroperoxide had less of an effect compared to controls on lactate
utilization (41 %) and acetate utilization (14%), but dramatically increased glucose
utilization (44%). Once again, the contribution from endogenous substrates to
acetyl-coA was negligible in hearts exposed to tert-butylhydroperoxide. These data
show that cardiac metabolism is altered in substantially different ways by these two
oxidants and serve to illustrate that significant metabolic information may be
obtained about various pathways feeding the acetyl-CoA pool even during meta-
bolic conditions that cannot insure that the tissue is at 3C isotopic steady state.

This same nonsteady-state isotopomer analysis has been used to evaluate the
fractional contribution of [3-*C]lactate or [3-*C]pyruvate to acetyl-CoA ( Fc,)
from *C spectra of tissue extracts sampled from in vivo dog hearts after infusion

[
>

Figure 7. C NMR spectra (C4 glutamate region only) ofextracts ofhearts perfused with 10 mM
unenrichedglucose, | mM [3-13C]lactate,and0.25mM[1,2-3C]acetate. Spectraarefromcontrolhearts
(A), hearts perfused with 0.225 mM H,O, (B), and hearts perfused with 0.4 mM ¢-butylperoxide. The
peak labels refer to multiplets arising from entry oflactate (L) or acetate (A) into the citric acid cycle,
Theresonance designated S2/S2'is from succinate.
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of either substrate into the blood of live animals (Laughlin ef al., 1993). The
fractional contribution of labeled substrate (57% for [3-3C]lactate and 38% for
[3-53C]pyruvate) to acetyl-CoA was equal to the BC fractional enrichment of the
methyl carbon of alanine (as determined by 'H NMR), indicating that alanine
mirrored the pool of pyruvate entering the citric acid cycle in the in vivo myocar-
dium and that high concentrations of exogenous lactate or pyruvate suppress
oxidation of other endogenous substrates. Although these authors did not attempt
to identify the source of the unlabeled substrate contributing to acetyl-CoA ( F'., ),
the observation that the 3C fractional enrichment of alanine and acetyl-CoA were
equal suggests that the source of the unlabeled substrate must have been glycolytic
(if one can safely assume that alaninereflects cytosolic pyruvate). Interestingly,the
C fractional enrichment of the methyl carbon of lactate (again determined by 'H
NMR) was equal to that of alanine in dogs infused with [3-*C]lactate but signifi-
cantly less than alanine in dogs infused with [3-2C]pyruvate. These observations
suggested that myocardial lactate dehydrogenase had reduced activity in the pres-
ence of elevated levels of pyruvate.

7. THE DIRECT C4 ANALYSIS: A READOUT OF RELATIVE
SUBSTRATE UTILIZATION

The nonsteady-state analysis described aboverequires that the citric acid cycle
intermediate pools have "turned over" enough times after exposure to a 3C-
enriched substrate to enrich glutamate C3 sufficiently so that its resonance integral
can be measured accurately and the multiplets, C4D34 and C4Q), are visible in the
spectrum. This metabolic requirement cannot always be met, especially in circum-
stances where citric acid cycle activity might be compromised. In those instances,
one may have no choice but to derive metabolic information from the glutamate C4
multiplets only. By inspecting the equations in Table 1, it is easy to see that there
are some simple relationships between the C4 multiplets that can be useful. For
example, both C4D34/C4Q and C4S/C4D45 directly report the ratio of Fe,/ Fes.
This means that in metabolic situations where the glutamate C3 pool is not
sufficiently enriched and C4D34 and C4Q may be small or not visible at all, the
ratio F, / Fie; may still be obtained fromthe C4S/C4D45 ratio. Letus consider again
a situation where three C-enriched substrates and one unenriched substrates are
presented to a tissue (Fig. 8). In this case, [1,3-3CJacetoacetate would generate
[1-13Clacetyl-CoA, [3-3C]lactate would generate [2-1Clacetyl-CoA, uniformly
enriched [UL-:C]fatty acids would generate [1,2-3Clacetyl-CoA, and natural
abundanceglucose plus any endogenous substrates would contribute to unenriched
acetyl-coA. Direct inspection of Fig. 8 shows that the C5S/C5D ratio would
directly report the ratio of acetoacetate/fattyacids used by the tissue, while any of
theratios C4S/C4D45, C4D34/C4DA45, or (C4S + C4D34)/(C4D45 + C4Q) would
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Figure8. The direct analysis method for determining substrate competition. Substrates labeled as
shown to the left can generate the four possible acetyl-CoA isotopomers. After entry of these four
isotopomers into the citric acid cycle pools, this information is encoded directly in the glutamate C4
and C5 multiplet patterns. In this example, C5S can only be derived from [1,3-2CJacetoacetate while
C5D can only arise from [UL-:C]fatty acids. Thus, the C5S/C5D ratio reports relative utilization of
acetoacetate and fatty acids in the citric acid cycle. Similarly, C4S and C4D34 can arise only from entry
of [3-3C]lactate while C4D45 and C4Q arise only from [UL-3Cl]fatty acids. The ratios C4S/C4D45,
C4D34/C4Q, or (C4S + C4D34)/(C4DA4S + C4Q) report relative utilization of lactate and fatty acids in
the cycle. The contribution of unenriched glucose cannot be determined by direct inspection. Repro-
duced from Solomon etal. (1996).

report the lactate/fatty acid ratio. This method has been used recently to monitor
substrate utilization in reperfused vs. control myocardium exposed to a physiologi-
cal mixture of glucose (5.5 mM ), lactate (1.2 mM ), free fatty acids (0.35 mM ), and
acetoacetate (0.17 mM) (Solomon et al., 1996). Rabbit hearts were first perfused
to metabolic steady state with this same substrate mixture containing natural
abundance levels of 2C (1.1 %). The left anterior descending coronary artery was
then occluded for 15 min. After removing the occluder, the hearts were reperfused
for 5 min with a substrate mixture containing the same amounts of enriched
substrates, arrested with cold KCl, and dissected to separate ischemic from nonis-
chemic tissue. Each portion was then freeze-clamped extracted and prepared for
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13C NMR. Figure 9 illustrates the glutamate C4 and C5 resonances from one such
heart. Qualitatively, one can see by inspection that the relative acetoacetate/fatty
acid utilization ratio (C5S/C5D) increased somewhat while the lactate/fatty acid
utilization ratio (C4S/C4D45) decreased in the ischemic-reperfused region com-
pared to the nonischemic region. Quantitatively, the acetoacetate/fatty acid utiliza-
tion ratio increased by 55% while the lactate/fatty acid utilization ratio decreased
by 56%. By including estimates of the total C3 resonance area (even though this
signal intensity was low), a nonsteady-state analysis showed that indeed absolute
fatty acid utilization did not differ in these two regions, but acetoacetate utilization
was higher while lactate utilization was lower in the ischemic-reperfused tissue.
This example illustrates that relative substrate utilization may be monitored by
direct analysis of the glutamate C4 multiplets, even in circumstances where
glutamate C3 may not be sufficiently enriched to measure its resonance area.

Glutamate C5 Glutamate C4

Reperfused-
Ischemic ) S . Y )
s
i i
D
Nonischemic [ A el M ; AR
182.3 182.1 182.0 181.8 1816 348 345 342 339 336
pPpPm ppm

Figure 9. Glutamate C5 and C4 resonances from reperfused-ischemic (top) and nonischemic (bottom)
regions ofa rabbit myocardium provided with the substrates shown in Fig. 8. The CS5 resonance shows
an increase in C5S/C5D while the C4 resonance reports a decrease in C4S/C4D4S5 in the reperfused-is-
chemic compared to the nonischemic tissue. Reproduced from Solomon et al. (1996).
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8. STEADY-STATEANALYSIS UNDER
NONSTEADY-STATE CONDITIONS

Two basic approaches to the design and analysis of 2C NMR spectra are
outlined in this book. Virtually all kinetic studies designed to measure flux in the
citric acid cyclerely upon measurement of multiple spectra. Repeated measurement
of 3C enrichment in glutamate is most typical. The 3C isotopomer approach
emphasized in this chapter requires only a single spectrum to calculate the relative
activities ofmetabolic pathways. Even ifconditions are not at steady state, adetailed
picture of the sources of acetyl-CoA can be obtained, repeatedly if necessary, as
shown in Fig. 8. Ifsteady state applies, then relative flux and labeling patterns in
the anaplerotic pathways can also be determined.

It is also possible to obtain both kinetic data and measurements of anaplerosis
if conditions are selected carefully. One feature of carbon flow in the citric acid
cycle is that the methyl carbon of acetyl-coA can ultimately enrich any of the
carbons in glutamate except carbon 5, while the carbonyl of acetyl-CoA can only
yield enrichment in carbons 1 or 5, but never carbons 2, 3, or 4. Therefore, *C
enrichment in carbons 2, 3, and 4 is dependent on the fraction of acetyl-coA that
is either [ 1,2-°C] or [2-°C]. Furthermore, the 1°C NMR spectrum of glutamate C3
is not sensitive to enrichment in the C1 of acetyl-coA. This feature of isotopomer
analysis may prove quite useful for selected studies. For example, if a tissue is
perfused to steady state with a substrate yielding [1,2-'3Clacetyl-CoA, the equa-
tions which describe the C3 multiplets in Table 1 plus the ratio C3/C4 can be used
to calculate y. The labeling pattern in the available substrate could then be switched
to one yielding [2-3CJacetyl-CoA. Even before the distribution of 2C achieves
steady state in carbons 1 and 5 of glutamate, the steady-state equations can be used
for analysis ofthe C3/C4 and the multiplets in C3.

These principles are illustrated in Fig. 10, which shows the calculated kinetics
of C enrichment in C4 and C3 (top panel) in a heart exposed to [1,2-1*C]acetate.
These curves are similar to those published nearly 15 years ago by Chance's group.
The bottom panel shows the evolution of multiplets in the C3 resonances which
reach steady state. The C4 multiplets (middle panel) show a strikingly different
pattern after the switch to [2-13CJacetate: the C4Q and D45 disappear rapidly, as
expected, and the C4S and C4D34 grow progressively. However, throughout this
period the equations describing the C3 multiplets do not change: C3S = F, (Feo +
y)(y+1),and C3T= (1 - F,)¥(y, + 1). Therefore, both y and F ., (and therefore
F ¢, + F ;) may be calculated throughout this period. With repeated sampling of
spectra, citric acid cycle kinetics could be calculated simultaneously. This method
of switching substrates has the advantage of a constant level of enrichment in
carbons 2, 3, and 4. This means that signal-to-noise would not change during
collection ofkinetic data, in contrast to experiments when substrate enrichment is
switched from 22C to 3C, or vice versa.
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Figure 10. C NMR spectra and time course of *C enrichment in glutamate. In this simulation, the
acetyl-CoAwasinitially 90% [1,2-3]acetyl-CoA and the remainder was notenriched. Anaplerosis was
setto 8%. As the labeled acetyl-coA was metabolized, *C enrichment increased in carbon 4 (C4) and,
at a slowerrate, carbon 3 (C3), as shown in the upper panel. The evolution of the multiplets in carbon
4 (C4Qand C4D45)and carbon 3 (C3T, C3D, and C3S) are shown in the lower panel. After steady-state
conditions were achieved, the enrichmentinacetyl-CoA was changedto 90% [2-*CJacetyl-CoA. Note
that the total enrichment in C3 and C4 did not change, and that the spectrum of C3 was not altered.
However, the C4 resonance evolved dramatically. This simulation illustrates that certain resonances or
features of the glutamate spectrum can be considered at steady state even when isotopic steady state
does not apply. The simulation was created with tcaSIM.

9. ABSOLUTEMETABOLIC FLUXES FROM
3C ISOTOPOMER DATA

We have recently shown that the metabolically related F'; and F , indices
derived by 3C isotopomer analysis can be combined with a single O, consumption
measurement to determine the percent contribution of each individual substrate to
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total citric acid cycle flux (Malloy et al., 1996). When the myocardium is oxidizing
a single substrate, the relationship between citric acid cycle flux and O, consump-
tion is substrate-dependent and readily derived. However, when a heart is exposed
to a physiological mixture of substrates, the amount of each substrate oxidized by
the myocardium will depend to some extent on neurohumoral conditions, relative
concentrations of substrates, and the current metabolic state of the tissue (normoxia
vs. ischemia, for example). Consequently, the precise relationship between O,
consumption and citric acid cycle flux is sensitive to physiological factors which
control the profile of substrates that are actually oxidized.

Given that complete oxidation of one mole of acetyl-CoA consumes 2 moles
of molecular oxygen (one cycle turn nets 4 reducing equivalents or 8 electrons),
one can easily derive the proportionality factor ( R;= Q/C;) relating O, consump-
tion ( Q;) tocitric acidcycle flux ( C,) forany given substrate. Forexample, complete
oxidation of one mole of acetate produces 4 reducing equivalents and consumes 2
moles of O,; hence, R, =2 for acetate. Complete oxidation of glucose produces 2
additional reducing equivalents, one in glycolysis and another at the level of
pyruvate dehydrogenase, for a total of 6; hence, R;= 3 for glucose. The R; values
for other common substrates are summarized in Table 2. Other definitions include
the following: Total O, consumption by the heart was defined as O . while O, O,
0, and O, refer to O, consumption resulting from oxidation of substrates 0, 1,2,
and 3, respectively. Thus, QO t= O, + Q, + Q.+ Q.. Similarly, citric acid cycle flux
was defined as C, and C,, C,, C,, and C, refer to cycle flux due to oxidation of
substrates 0, 1, 2, and 3. Consequently, C.=C,+ C, + C,+ C. Since the R, factor
for each substrate (Table 2) relates O, consumption to citric acid cycle flux, Q.=
C,R,+C,R,+C,R ,+ C;R;. Giventhatthe F'. variables are defined by the fraction
any given substrate makes to total acetyl-CoA entering the citric acid cycle, F'.,=

Table 2
Calculated Ri Factors for Various Oxidizable Substrates

Substrate Ri

Glucose 3.00
Lactate 3.00
Free fatty acids (of average chain length) 2.80
Pyruvate 2.50
Butyrate 2.50
B-Hydroxybutyrate 2.25
Acetoacetate 2.00

Acetate 2.00
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C/C,F,.=C/C,F,=Cy/C, and F; = Cs/C, These relationships can be
combined to give

Qt/C&zFC(\R\w+Fc]Rl+FCZR2+F03R3 (1)

Hence, citric acid cycle flux (Ct) can be determined from the F'; values measured
by C NMR, the R; factor for each substrate, and a single measure of total O,
consumption (Qt). This equation applies only when anaplerosis can be ignored.
Although flux through anaplerotic reactions is generally low in the perfused heart
supplied by a single substrate (about 5% of citrate synthase flux), this activity can
be stimulated significantly in some circumstances.

How can anaplerosis modify the relationship between O, consumption and
citric acid cycle flux? Although carboxylation ofpyruvate to form oxaloacetate does
not produce reducing equivalents, a parallel disposal reaction must occur for entry
of each pyruvate into the cycle pools at steady state. The most likely disposal
reaction in heart tissue involves removal of 3 carbon units as pyruvate via the
NADP-linked malic enzyme (Nuutinen ef al., 1981). During normoxia, oxidative
flux far exceeds demands from biosynthetic pathways requiring NADPH, so one
can assume that NADPH produced by the malic enzyme is converted to NADH by
the nicotinamide nucleotide transhydrogenase system.

An inspection of Fig. 1 will show that metabolism of 1 mole of propionate
through the citric acid cycle to pyruvate produces 2 moles ofreducing equivalents
(one mole at succinate dehydrogenase and one mole at the malic enzyme). Meta-
bolism of pyruvate through pyruvate carboxylase is more complex. Carboxylation
of exogenous pyruvate from the perfusate and subsequent decarboxylation via the
NADP-linked malic enzyme produces no net reducing equivalents. Pyruvate de-
rived from exogenous lactate or glucose, or endogenous glycogen, however, would
produce one mole of NADH. Thus, activation of an anaplerotic reaction involving
either propionate or pyruvate could increase 0, consumption without increasing
flux through citrate synthase. This contribution is given by y C,R s, where R , is a
substrate-dependent factor which relates the number of reducing equivalents pro-
duced by each anaplerotic pathway (R, is O for carboxylation of exogenous
pyruvate, 0.5 for carboxylation of pyruvate derived from glucose, lactate, or
glycogen, and 1 for carboxylation of propionate). Thus,

Q‘=C0R0+C1R1+C2Rz+ C3R3+yC‘RA (2)
and

Q&/C&:FC(\R0+FCIR]+FCZR2+F03R3+yRA (3)

This analysis is most valuable for hearts exposed to a mixture of substrates,
particularly when anaplerosis is active. Hearts perfused in the Langendorff mode
were exposed to [3-BC]L-lactate, [3-3C]pyruvate, [U-3Clfatty acids, [1,3-
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13C]acetoacetate, and unlabeled glucose, each at a concentration normally present
in the plasma of a fed, rested rat (Remesy and Demigne, 1983). Typical 2C NMR
spectra of hearts utilizing this mixture of substrates with and without 5 mM
unenriched propionate are shown in Fig. 1 1. Simple inspection of the C4 and C5
resonances demonstrates that lactate and pyruvate (labeled “L” in the C4 reso-
nance), fatty acids (labeled “F” in the C4 and C5 resonances), and acetoacetate
(labeled “A” in the C5 resonance) each contributed to acetyl-coA. Although the
glutamate C5 resonance in the upper spectrum is not shown because it overlapped
with other carbonyl carbons, the multiplets ofthis resonance could be deconvoluted
into a singlet and a doublet. A complete steady-state analysis, using methods
outlined above, provided the relative contribution of each substrate to acetyl-coA
plus the activity and labeling pattern of anaplerotic substrates.

The sources of substrate contributing to unenriched acetyl-CoA could possibly
include glucose in the perfusate, or, as noted above, glycogen or triglycerides. The
rate of glycogenolysis in the presence of fatty acids is relatively low, about 0.5
mmole/gdw/min in working hearts and much less than this in Langendorff-perfused
hearts (Crass et al., 1969). Separate experiments (data notshown)using [U-2C]glu-
cose and the same mixture of substrates without *C enrichment showed no
measurable glucose oxidation. Therefore, R, was assumed to be 2.8, the value
representing a mixture of triglycerides with different chain lengths. Substrates
contributing to F¢,, the fraction ofacetyl-CoA labeled in the carbonyl carbon, could
only be derived from acetoacetate in the perfusate; thus, R, was 2.00. Substrates
contributing to F' ¢, the fraction of acetyl-CoA labeled in the methyl carbon, could
only have been derived from pyruvate and lactate in the perfusate. Assuming that
pyruvate and lactate were oxidized in proportion to their relative concentrations, R ,
was calculated as 3(10/11) + 2.5(1/11) = 2.95. Substrates contributing to F ¢,
representing doubly labeled acetyl-CoA, could only have been derived from exoge-
nous fatty acids. The calculated R ; value for the particular mixture of exogenous
fatty acids presented to this heart was 2.79.

In the absence of propionate, the sources of acetyl-CoA as derived from the
13C spectrum were: endogenous lipids ( F .,.=0.10+0.04); acetoacetate ( F'., =0.23
+ 0.03); lactate plus pyruvate ( F', = 0.03 £ 0.01); and fatty acids (F = 0.65
0.02). Oxygen consumption was 53 £ 13 u mole/min/gdw. The *C isotopomer
analysis also indicated that anaplerosis was low (y = 0.07 £ 0.04) and that none of
the substrate entering the anaplerotic reactions was derived from *C-enriched
sources. Substitution of these metabolic indices into Eq. (3) gave the contribution
of each substrate to citric acid cycle flux. For this group of hearts, exogenous fatty
acids, acetoacetate, and lactate/pyruvate contributed 11.4, 3.4, and 1.3
4 mole/min/gdw, respectively, to a total citric acid cycle flux of 20.0 + 4.9
4 mole/min/gdw. The remaining citric acid cycle flux (3.9 x mole/min/gdw) could
be attributed to endogenous unlabeled substrates.
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Figure 11. Proton decoupled »C NMR spectra of extracts from hearts supplied with [U-3C]
long-chain fatty acids, [3-"C]L-lactate, [3-3C]pyruvate, [1,3-'3CJacetoacetate, and glucose. Reso-
nances from taurine (T) and glutamate carbons 2—5(G2, G3, G4, G5) are shown (G5 is the insert) in
4B. The addition of 5 mM propionate increased the concentration of aspartate (A2 and A3), malate (M3),
and citrate (C2,4); these assignments are shown in 4A. Multiplets which are a consequence of entry of
acetoacetate (A), lactate (L), and fatty acids (F) intotheacetyl-CoA pool areidentifiedin the expanded
resonances. Notethatinthe presence ofpropionate, the contributionoflactate (L) increasedrelative to
fatty acids (F), as indicated by a direct readout of the glutamate C4 resonance. The resonance from

glutamate CS5 in the upper spectrum is not shown because it overlapped with other carbonyl carbons.
ReproducedfromMalloyetal. (1996).
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The addition of 5 mM propionate to the perfusate substantially altered the
pattern of substrate flow into the citric acid cycle, as evidenced by the dramatic
changes seen in the 2*C NMR spectrum (Fig. 11). A complete isotopomer analysis
indicated that the sources of acetyl-CoA in this case included endogenous lipids
(F,,=0.08 £ 0.04), acetoacetate (£, = 0.20 £ (0.04) lactate plus pyruvate (F, =
0.30 £0.01), and fatty acids (Fo, = 0.43 £ 0.03), while relative anaplerotic flux had
now increased to 0.29 £ 0.05. Once again, F ,, was zero, so all ofthe anaplerotic
substrate was assumed to have been derived from propionate. O, consumption in
these hearts was identical to that of the control group, 55 + 5 mmol/min/gdw.
Interestingly, addition of propionate stimulated lactate/pyruvate oxidation by the
citric acid cycle, but reduced the contributions of exogenous fatty acids and
acetoacetate to citric acid cycle flux. Substituting the F; parameters for this group
of hearts into Eq. (3) showed that exogenous fatty acids, acetoacetate, and lac-
tate/pyruvate contributed 8.5, 3.1, and 4.7 pmole/min/gdw, respectively, to a total
citric acid cycle flux of 18.54 & 1.46 pmol/min/gdw. Again, the remaining portion
of citric acid cycle flux (2.24 x4 mole/min/gdw) resulted from endogenous sub-
strates.

This study illustrated that it is possible to obtain a complete profile of flux
through the citric acid cycle using a combination of *C NMR and O. consumption
data. This includes individual flux contributions from multiple substrates through
the oxidative portion of the citric acid cycle as well as flux through any anaplerotic
pathways. O, consumption was identical in these two groups of hearts, so one might
at first be tempted to conclude that citric acid flux was also identical. However, the
data show that citric acid cycle flux tended to be lower in the propionate group (20.0
vs. 18.5 u mole/min/gdw) due to the additional reducing equivalents produced via
entry and disposal of propionate into the cycle pools (see Fig. 1). Propionate also
increased relative flux of the glycogenic substrates, lactate and pyruvate, and
decreased relative flux of fatty acids by nearly an equivalent amount. This likely
reflects direct stimulation of pyruvate dehydrogenase by propionate (Latipaa et al.,
1985).

A number of reports have appeared recently in which relationships between
the rate of appearance of C in glutamate and O, consumption in either isolated
organs (Chance etal., 1983; Weiss etal., 1992) or in vivo (Fitzpatrick etal., 1990)
have been described. It is worth pointing out that any such relationship will be
substrate-dependent and that changes in an NMR measurable index (such as
half-time for enrichment ofthe C4 of glutamate, for example) does not necessarily
require a change in O, consumption. This may be an important consideration in
vivo whenever more than one 3C-enriched substrate with differing R, values are
available for oxidation.
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10. OTHER CONSIDERATIONS

Beyond the information provided by the multiplets in a 3C NMR spectrum,
there are also practical advantages of using C as a metabolic tracer. First, all
precautions related to radiation protection are eliminated. This allows experiments
in working environments where radiotracer studies are simply unacceptable or at
least cumbersome due to requirements for radiation containment. Perhaps less
obvious, the use of *C-enriched precursors is helpful in that the experimentalist
can easily determine ifa compound with a complex labeling pattern is enriched in
the correct positions, a task quite difficult for "C- or “C-enriched compounds.
Furthermore, a variety of *C-enriched compounds are now commercially available,
including compounds with complex labeling patterns such as alternately labeled
fatty acids, that are normally difficult to obtain if the isotope is ''C or “C. There
are also advantages that result from the NMR method itself. For example, purifica-
tion, chemical degradation, or derivitization of metabolic products is not required.
Most importantly, *C NMR and the methods described in this chapter are directly
applicable in humans (Gruetter et al., 1994).

For those investigators with access to suitable equipment, the most exciting
application of 3C NMR is direct observation ofintact tissues. However, a valuable
strategy is to begin by working with perchloric acid extracts of almost any tissue
(bacteria, yeast, isolated cells, perfused organs, etc.). The experiment should be
designed in such a way that at least 25% or more of the acetyl-coA pool will be
labeled in the C2 position ([2-3C]acetyl-CoA, [1,2-3C]lacetyl-CoA, or both). This
requires that at least one significant source of acetyl-coA is highly enriched. The
experiment should continue to near-steady state which typically requires 30 minutes
in Langendorff rat hearts, and somewhat longer in tissues with lower oxygen
consumption. Perchloric acid extracts of freeze-clamped tissue are prepared in the
usual fashion and neutralized with KOH, not K,CO; (Sherry et al., 1990). The
freeze-dried extracts are reconstituted in deuterated water in a 5 or 10 mm NMR
tube. A drop of unenriched dioxane provides sufficient 3C signal (natural abun-
dance) to provide an internal chemical shift standard at 67.4 ppm. The nonsteady-
state or steady-state equations (where applicable) are used to determine the F,
parameters. If one is uncertain whether the steady-state assumptions apply, an
agreement between the two evaluations suggests that the system is at steady state,
and that anaplerosis can also be determined.

Finally, one should be aware that experimental conditions may differ for a
metabolism study involving 53C vs. !C or “C. As the sensitivity of both NMR and
MS is low compared to measurement of “C radioactivity, it has been suggested that
the biological relevance may be compromised because the mass of the added
compounds is often notnegligible. This is certainly aconcern, since substrate loads
could definitely influence metabolic profiles. Wehave found, however, that admini-
stration of [3-*C]alanine or [3-3C]lactate intravenously at physiological blood
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levels yields spectra suitable for isotopomer analysis in extracts of hepatic tissue.
Similarly, mixtures of *C-enriched fatty acids, lactate, pyruvate, ketones, and
glucose in physiological concentrations yield beautiful 3C spectra from isolated
rat hearts. This indicates that if the experimentis designed carefully, physiologically
relevant metabolic data may be obtained with confidence using the techniques
outlined in this chapter.
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Determination of Metabolic Fluxes by
Mathematical Analysis of *C-Labeling
Kinetics

John C. Chatham and Edwin M. Chance

1. INTRODUCTION

A long-term goal in the study of biochemistry and metabolism has been the
measurement of reaction rates and fluxes in intact biological systems. From the
1940s onward the development of techniques for measuring “CO, production from
14C-labeled substrates and techniques for separation of “C-labeled intermediates
lead to tremendous progress in this direction. Recently, the application of NMR
spectroscopy to biological systems, in particular 3'P and “C NMR spectroscopy,
has furthered our understanding of how different metabolic processes are regulated
in vivo. Despite these advances, the goal of obtaining quantitative metabolic fluxes
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has remained elusive and much of our knowledge of metabolism and metabolic
regulation is still based on studies of tissue extracts and isolated enzymes.

In principal, *C NMR spectroscopy should provide significant insight into in
vivo metabolism; however, a major limitation in its widespread use has been the
lack of readily usable metabolic flux models for the analysis of labeling kinetics.
In 1983 Chance and co-workers published a mathematical model to analyze *C
NMR kinetic data from rat hearts perfused with [2-*C]Jacetate and [3-3C]pyruvate
(Chance et al.,, 1983). We have recently extended the original model to include
glycolysis, the TCA cycle (Chatham et al., 1995), and mitochondrial transport
processes. We present here a more detailed description of the methods used in the
analysis of glutamate labeling kinetics.

The foundation of our work rests on the early studies of Krebs and co-workers
who described the individual reactions comprising the TCA cycle (Krebs, 1940;
Krebs and Eggleston, 1940; Krebs and Johnson, 1937). Subsequent isotope studies
described specific mechanisms of each step; of particular importance were the
studies which described the stereospecific formation of the symmetric molecule
citrate and its asymmetric conversion to o-ketoglutarate (Ogston, 195 1; Martius
and Schorre, 1950; Potterand Heidelberger, 1949; Ogston, 1948; Wood etal., 1941)
as well as the asymmetric behavior of fumarase (Farrar ef al., 1957; Englard and
Colowick, 1956; Fisher etal., 1955). An excellent description ofthe work leading
to our understanding of the reactions in the TCA cycle can be found in the series
Metabolic Pathways edited by David M. Greenberg (Lowenstein, 1967; Krebs and
Lowenstein, 1960).

Inthe 1950sand 1960smathematical descriptions of intermediary metabolism
were developed in order to analyze data arising from the metabolism of “C-labeled
substrates (Wood et al., 1963; Weinmanetal., 1957; Strisower etal., 1952). Indeed
the work by Strisower and colleagues (Weinman etal., 1957; Strisoweretal., 1952)
probably represents the first attempt at using a model of the TCA cycle for the
analysis of isotope-incorporation data. The measurement of “CO, production may
provide a direct indication of the rate of substrate oxidation in an intact biological
system; however, analysis of the intermediate steps is limited since it represents the
end product of a large number of reactions about which there is no direct informa-
tion. Furthermore, there are a variety of sources of CO, which may not directly
reflect oxidative metabolism of the substrate of interest, or there may be several
different oxidative pathways that yield “CO,. For example, in the case of [U-
14C]glucose, in addition to “CO, formation from the TCA cycle, the pentose
phosphate pathway is another source of “CQO,. It is also not possible to distinguish
between oxidation via PDH or pyruvate carboxylase. There are also data to suggest
that “CO, production may not accurately reflect fatty acid oxidation, with “CO,
contributing 20—70% of total fatty acid oxidation (Veerkamp ef al., 1986). One
solution to this is to follow the “C isotope through the various intermediates by
separating the different intermediates. However, using this approach one obtains
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specific activities rather than actual mass of the isotope incorporation at a single
time point. Consequently, such data cannot be used to determine reaction rates or
fluxes unless multiple experiments are carried out for varying times. Such a process,
although possible, is clearly laborious and fraught with errors. In addition, it is also
problematic to determine the specific carbon atoms that are labeled, thus it is
difficult to ascertain the precise pathways involved in the labeling reactions.

One of the advantages of 3C NMR spectroscopy is that using C-labeled
substrates one can measure continuously and nondestructively the actual mass of
13C-label incorporation into specific carbon atoms of different metabolic interme-
diates. Thus, in principle, it is possible to obtain a comprehensive profile of the fate
of the 3C tracer over time. Unfortunately, due to the low sensitivity of NMR
spectroscopy, the intermediates of glycolysis and the TCA cycle are below the limit
of detection in many biological systems. However, glutamate is usually present in
sufficient concentration for detection by NMR, and is in exchange with the TCA
cycle intermediate o-ketoglutarate, via two transaminase reactions. There have
been many studies that have analyzed the steady-state 3C-labeling of glutamate to
determine the relative contribution of various substrates to the overall TCA cycle
flux (Lewandowski, 1992; Malloy et al., 1990a; Malloy et al., 1990b; Malloy et
al., 1988; Malloy etal., 1987). These approaches, however, are limited in that they
do not provide estimates of absolute metabolic fluxes, which can be obtained by
analysis of 2C-labeling kinetics (Chatham et al., 1995; Chance et al., 1983).

If glutamate is in rapid exchange with the TCA cycle, measurement of the time
course of C-label incorporation into glutamate by “C NMR spectroscopy may
provide ameans for noninvasively determining the oxygen consumption of an organ
in vivo. Consequently, there has been much interest in analyzing the kinetics of
isotopic incorporation into glutamate in order to estimate TCA cycle fluxes in vivo.
Such calculations of absolute fluxes cannot be made from the measurement of
steady-state enrichment data and external fluxes alone, due to the complexity of the
reaction networks involved. It was only in the late 1970s that the computational
techniques required to analyze large reaction networks became available (Chance
etal., 1977; Curtis, 1976; Curtis and Chance, 1972; Chance and Curtis, 1970) and
in the 1980s that development of NMR hardware and methodology enabled =C
NMR studies of intact biological systems to be possible (Dickinson et al., 1983;
Bailey et al.,, 1981; den Hollander ez al., 1981).

2. APPROACHTO ANALYZING LABELING KINETICS

When analyzing kinetic data there are fundamentally two different approaches:
(1) use the simplest possible mathematical function to adequately describe the
kinetics or (2) use the knowledge we have regarding the chemistry of the system,
describe this mathematically in as much detail as possible, and fit this to the
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experimental data. Although the first option is clearly the simplest from a compu-
tational point of view, itis difficult to interpret the data in terms ofthe biochemistry
involved. For example, the kinetics of labeling of C,-glutamate with 3C can be
relatively well described mathematically by asingle exponential function; however,
this process, at it simplest, is a result of the rate of TCA cycle flux, transaminase
reactions, and mitochondrial transport systems. Thus a rate constant obtained from
a simple exponential fit is comprised ofan unknown combination ofthese different
processes.

The alternative approach, of using as much information about the system that
is available to construct a mathematical description of the metabolic pathways
involved in the labeling process, is clearly complex. Until recently this was indeed
alimitation as the methods required the use ofa main frame, large-scale, sequential
processor. However, improvements in both computer software and hardware over
the past 15 years have enabled the solution of large networks to be carried out on
a 32-bit personal computer in only a few minutes. When constructing a network to
describe the labeling of glutamate, one has the option of considering either a subset
of exchange reactions only involving intermediates labeled in specific positions
arising from specific *C-labeled substrates or describing every possible carbon—
carbon exchange reaction that may take place. While the latter option is more
computationally intense, the resulting network is flexible and can be easily adapted
to any number of possible substrates with variable labeling configurations.

3. FORMULATION OFMODEL

InFig. 1 aschematic ofthe reaction network used to analyze glutamate labeling
kinetics is presented. The network includes the basic reactions of the TCA cycle as
well as the malic enzyme, cytoplasmic transaminase and malate-aspartate shuttle
reactions. Oxygen consumption (MVQO,) was calculated from the algebraic sum of
the fluxes of oxidizing and reducing equivalents (i.e. the sum ofthe fluxes through
the TCA cycle, malate-aspartate shuttle, glycerol phosphate shuttle, glycolysis,
B-oxidation, and proteolysis) divided by two.

The model requires that intermediate pool sizes be defined in order for fluxes
to be calculated. While it was evident that the glutamate pool size would effect the
flux calculations, it was not clear what effect differences in the pool sizes of TCA
cycle intermediates would have on these calculations. An extensive sensitivity
analysis showed that, provided the intermediate pool sizes were small relative to
glutamate, changes in pool size had no effect on the calculated fluxes. Pool sizes
for most ofthe TCA cycle intermediates were taken from the literature (Chance et
al., 1983) and, for succinate, fumarate, and oxaloacetate, an arbitrary value of0.1
1 mole/g wet weight was used.
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Another unknown is the distribution of metabolites between the mitochondrial
and cytosolic compartments. To determine whether this distribution was important
in calculating the fluxes, the ratio of these compartments was varied between 5 and
40%. This covers the range of values for the fraction of the total cell volume
occupied by the mitochondria in skeletal and cardiac muscle (Bers, 1991). Analysis
indicated that the relative sizes of these two compartments over this range did not
have a significant effect on the calculated fluxes.

The BC-labeled substrates enter the network as influxes and are assumed to be
the principal sources of energy and of *C-label in the system. In order to account
for our observation that endpoint enrichments of glutamate were significantly less
than the maximum possible enrichment, additional unlabeled endogenous influxes
had to be included in the network. Isotopic dilution at C,-glutamate originates from
influxes into the acetyl-CoA pool. Two principal pathways that could be responsible
for isotopic dilution of acetyl-CoA are glycolysis (Fgl), and B-oxidation of endo-
genous fatty acids (Fb). Depending on the perfusion conditions, Fgl could arise
from unlabeled glucose or from glycogen breakdown,; it is not possible to distin-
guish between these pathways in our network.

Entry of unlabeled substrates into the TCA cycle, other than via acetyl-CoA,
such as metabolism of amino acids, was represented by a single unlabeled influx
(Fs) at succinyl-CoA. It should be noted that since succinyl thiokinase is freely
reversible, both succinate and succinyl-CoA were treated as a single pool in our
model. Although Fs was restricted to influx at succinyl-CoA, the present network
cannot discriminate between unlabeled substrate influx here or via other anaplerotic
pathways; the net result is the same, i.e., dilution of C;-glutamate enrichment
relative to C.,.

In order to maintain constant pool sizes of the TCA cycle intermediates and to
allow the possibility of achieving a steady state, a branch point in the network at
malate via malic enzyme was included. This opens an alternative pathway from
malate to citrate with different fates for the individual carbon atoms. In the absence
of malic enzyme, additional flux from proteolysis would lead to the flux into
acetyl-CoA being less than cycle flux and the flux into oxaloacetate being greater
than TCA cycle flux. The result of this would be a decrease in acetyl-CoA and
malate pools and an increase in oxaloacetate and citrate; thus the system would not
be at steady state. Malic enzyme has been shown to be active in rat heart mitochon-
dria by a number of workers (Nagel et al., 1980; Newsholme and Williams, 1978;
Nolte ef al,, 1972; Brdiczka and Pette, 1971). We have also recently obtained
independent evidence of flux through this enzyme in the intact heart (Chatham and
Forder, in preparation).

All the reactions in the network are considered to be irreversible with the
exception of the transaminases, and fumarase. The reverse flux of the cytosolic
transaminase was varied as an unknown parameter. The best agreement between
the experimental and calculated results was obtained when the reverse reaction was
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slow compared to the forward reaction, indicating that the cytosolic transaminase
is out of equilibrium. High forward and backward rates for fumarase relative to the
TCA cycle were required to maintain apositive velocity and to achieve and maintain
the fumarate and malate pool sizes at their equilibrium values.

The labeling reactions and enzymes used in the model are listed in Table 1. The
network is constructed from differential equations describing each reactant in the
network; one differential equation is used for every possible 2C-labeled reactant.
A list of the reactants and the number of differential equations required is given in
Table 2. The reason for this large number of equations is that the number of possible
labeled species for any reactant is 2» where n is the number of carbon atoms. For
example, a total of 32 differential equations are required to describe the intercon-
version between o-ketoglutarate and glutamate.

Table 1
Summary ofMetabolite Pools and Labeling Reactions
Used in Model®
Labeling reactions® Enzyme
Mitochondrial
[Act] ™ [Cit] Citratesynthase
[Cit] ™ [Ket] Isocitratedehydrogenase
[Ket] ™ [Suc] a-ketoglutarate dehydrogenase
[Suc] ~[Fum] Succinatedehydrogenase
[Fum]<?[Mal] Fumarase
[Mal]— [Oxa] Malatedehydrogenase
[Oxal > [ASPI Transaminase
[Glu]*>[Ket] Transaminase
[Pyrl = [Act] Pyruvatedehydrogenase
[AsP]m= [Asp],, Mitochondrial transport
Cytoplasm
[Asp]€?[Oxa] Transaminase
[Oxa]™ [Mal] Malatedehydrogenase
[Ket] < [Glu] Transaminase
[Pyr]c<? [Pyr]m Mitochondrialtransport
[Mal]ce? Mitochondrial transport
[Glu]ce> [Glu]m Mitochondrialtransport

sDouble-headed arrows are those in which both forward and reverse fluxes are
included in the network; all other reactions are irreversible.

YOxa = oxaloacetate; Act = acetyl-CoA; Cit = citrate; Ket = o-ketoglutarate;
Suc = succinate: Fum = fumarate; Mal = malate; Glu = glutamate; Pyr =
pyruvate. Subscripts "c" and m refer to cytoplasm and mitochondria, respec-
tively.
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Table 2
List of reactants, their number of carbon atoms (n), and the
number of differential equations used in network®

Number of differential
Reactant n equations
Mitochondria
Act 2 4
Cit 6 64
Ket 5 32
SUC 4 16
Fum 4 16
Mal 4 16
Oxa 4 16
Glu 5 32
Pyr 3 8
Cytoplasm
Asp 4 16
Oxa 4 16
Ket 5 32
Mal 4 16
Glu 5 32
sSeeTable 1 forabbreviations.

The reason for the apparent complexity and size of the network is that no
assumptions regarding the chemistry ofthe system are needed in order to simplify
the mathematics. However, there is a great deal of symmetry in the system which
simplifies the mathematics; for example, although a total of 64 reactions are
required to describe all the possible carbon—carbonexchanges between citrate and
o-ketoglutarate, these are clearly not 64 independent reactions. Furthermore, since
we assume that the system is at metabolic steady state, then the flux into any one
node of the network must equal the flux out ofthat node. As a result, the reactions
describing the flux from oxaloacetate to citrate are dependent on the reactions
describing the flux from citrate to o-ketoglutarate as well as the flux from malate
to oxaloacetate. This interdependence occurs throughout the network and is adirect
result ofthe steady-state constraint. Consequently, the internal fluxes (i.e., enzyme
activities) depend on the external influxes and the only unknowns are the exogenous
and endogenous influxes and the reverse flux ofthe transaminases. Thus, despite
the complexity of the network, the number of unknown parameters is relatively
small.
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Figure 2. Simplified reaction network to demonstrate the simplification resulting from the assumption
of metabolic steady state. The abbreviations of steady-state fluxes are the same as those in Fig. 1, except
for: Ftf=forward transaminase; Ftr = reverse transaminase. Under conditions of metabolic steady state:
Ftf = Ftr = unknown; Fs = Fme = unknown; Fb = unknown; Fgl =unknown; Ftca = Fpdh + Fb; Fpdh =
Fgl+Fme; MV02= 1/2(Ftca+Fgl +Fb +Fs).

Fumarate

An example of how this complex network reduces to such a relatively small
number of unknowns is demonstrated in Fig. 2, where a simplified network is
shown; this network represents the situation that would exist in the absence of any
mitochondria transport processes. Despite the fact that the total number of differ-
ential equations used to describe such a network is 204, there are only a total of 8
separate fluxes. Furthermore, because of the steady-state constraint (i.e., interme-
diate pool sizes remain constant for the duration of the experiment), the flux into
any one intermediate must equal the flux out; consequently, these 8 fluxes are not
independent of each other. For example, if we consider the situation at oxaloacetate
where the flux entering oxaloacetate is (Ftca + Fs - Fme) and the flux leaving
oxaloacetate is Ftca, then if the concentration of oxaloacetate is to remain constant
Ftcamust equal (Ftca + Fs - Fme), which means that Fms = Fs. Using this approach
the total of 8 fluxes reduces to only 4 unknown parameters, namely, the substrate
influxes, which in this network are glycolysis (Fgl), B-oxidation (Fb), the rate of
o-ketoglutarate-glutamate exchange (i.e., transaminase flux, where Ftf = Ftr), and
proteolysis (Fs =Fme). So in this simple case there are only 4 unknowns parameters
and a minimum of 2 known parameters, i.e., the kinetics of labeling of C.- and C.-
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(or C,-) glutamate. It should be noted that in the absence of any evidence to the
contrary the labeling of G- and C;-glutamate is considered to be indistinguishable.
If oxygen consumption is also measured, then a third constraint can be imposed on
the network, since MVO, = 1/2(Ftca + Fgl + Fb + Fs) would have to be satisfied.

The complete network that we have used (Fig. 1),is clearly more complex than
that described in Fig. 2. The addition of mitochondrial transport processes results
in the addition of at least four more unknowns, namely, the malate shuttle flux
(Fms), the cytoplasmic transaminase flux, the a-ketoglutarate translocase flux, and
the glycerol shuttle flux. While such a model by its very nature will never be
overdetermined, additional parameters, other than glutamate labeling kinetics, can
be used to provide additional constraints on the system. The measurement ofMVO,
we believe is an essential parameter, since this flux is the principal determinant of
the TCA cycle flux. Furthermore, measurements of C spectra from tissue extracts
can be used to provide estimates of Fs, as well as the relative contributions of Fb
and Fpdh to acetyl-CoA formation (Malloy et al., 1990a; and Chapter 3). In
addition, measurement of rates of substrate consumption, metabolite efflux (i.e.,
lactate efflux) will also provide additional estimates of Fgl and Fb, etc.

4. NUMERICALMETHODS

The majority of the metabolic network described here was constructed using
FACSIMILE 3.0 or below (Chance et al., 1977; Curtis, 1976). This program was
originally developed by ARC Scientific (257 Woodstock Road, Oxford, England
0X2 7AE) for AEA Technology (Harwell, Didcot, England OX1 1 ORA), for the
general solution of large networks of simultaneous, ordinary differential equations
of which this study is one application. However, current versions of this code do
not run on higher releases of FACSIMILE; consequently, software specifically
designed for this purpose is being developed and will be availablein the near future
from Differential Kinetics Inc. (1052 Corning Hill Parkway, Annapolis MD 21401)
in conjunction with ARC Scientific.

The full dependence matrix required for the solution of a network of differential
equations consists ofn rows and n columns, where n is the total number ofreactants
in the system. The elements of the dependence matrix consist of 1s where there is
dependence between reactants and O s elsewhere. As aresult many ofthe elements
are zero, and most of the nonzero elements are along the diagonal. With a large
number of reactants, as is the case here, the matrix becomes unwieldy and solving
these systems with traditional techniques is time-consuming, since the amount of
computation required to calculate the number of Newton iterations increases by
about n 3. This problem is overcome by the use of sparse matrix techniques, which
substantially reduce the number of nonzero elements that have to be considered.
This approach reduces the amount of computation required to calculate the Newton
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iterations to about 3z (Chance and Curtis, 1970). In other words, for an n of 300
(approximately the number of elements in the network used here), using traditional
techniques, the number of Newton iterations is about 2.7 x 107; however, the use
of'sparse matrices decreases this to approximately 900. In other words, the amount
of computation is reduced by at least four orders of magnitude. The basic numerical
features have already been described in detail (Curtis, 1976; Curtis and Chance,
1972).

Another essential facility is the ability to handle vectors of variables, enabling
operations of entire arrays to be performed as a single instruction. This is especially
useful in coding the TCA cycle reactions where there is a great deal of symmetry
in the network (excluding the randomization at fumerase). Consequently, relatively
large sections of the code can be written with relatively few array instructions. For
example, there are 32 possible '*C-labeled species of a-ketoglutarate, thus there
are 32 differential equations required to describe the exchange between a-ketoglu-
tarate and glutamate, as shown in Table 3; however, to encode all these equations
involves only the following set of instructions:

ARRAY<32> WS;
$K, %K, : KG = GL;
ARRAY ;

where ARRAY<32> operates on vectors of declared length 32; Ken defines the
forward, and Ky, the reverse, scalar rate constants for the exchange (i.e., the
transaminase reaction) between all the 1:C-labeled species ( # ) of a-ketoglutarate
(k@) and glutamate (GL). From this simple instruction FACSIMILE constructs all
32 differential equations describing all possible exchanges between a-ketoglutarate

Table 3
All Possible Exchange Reactions Between o-Ketoglutarate (KG) and Glutamate (GL)*
KG, => cCL, KGy, —> GL,, KG,,, - GL,,, KG,,., b d GL,,,,
KG, = OL, KG, | - GL,, KG,,, > GL,,, KG,,,, _)Glezs
KG, — GL, KG,, — GL,, KG,,, — GL,,, KG,,,s = GL,,,.
KG, —> OL, KG,, = GL, KG,,, - GL,,, KG,,,. d GL,,,,
KG, — GL, KG,, —> GL,, KG,,, —> GL,, KG,,,. — GL,,,.
KG, =¥ GL, KG,, — GL,, KG,,, -~ GL,,, KG,,,,. - GL, 5.0
KG,, > GL, KG,,, > 'GL,,
KG,, ~> GL,, KG,,, > GL,,,
KG,, ™ GL,, KG,,, ~* GL,,
KG — GL KG - (gL

45 45 345 345

sSubscripts indicate position of 3C-label. These 32 exchange reactions can be encoded by only 3 lines ofinstructions,
as described in the text.
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and glutamate (Table 3). The rate equations for the forward and reverse reactions
are:

=
I

+n = FORWARD TRANSAMINASE FLUX/M,,

=
I

.n = REVERSE TRANSAMINASE FLUX/M

respectively, where My and Mg, are the masses of KG and GL, respectively.
Under these conditions the net flux through the transaminase reaction is K, M, -
K, M, . Itis apparent from this that under conditions of metabolic steady state (i.e.,
M,, and M, are constant) K. and K  are independent of the labeling pattern
and the net forward flux is the same for all 32 differential equations.

A major advantage oftaking this approach is that we are able to follow the fate
of any single carbon atom in the network. This flexibility allows the use of any
combination of labeled substrates and enables the addition of new pathways with
minimal changes in the code. As one equation is required for each reactant,
additions to the network will only increase the number of equations if new reactants
are added. Consequently, the addition of a new pathway with the current set of
reactants will only increase the number of terms in the relevant equations, not the
total number of equations. For example, the addition of pyruvate carboxylase to the
network will not increase the number of equations, since the reactants — pyruvate
and oxaloacetate — are already included in the network; however, as the reaction is
unidirectional it will add one extra term in the equation describing the flux from
pyruvate to oxaloacetate (if the reaction was reversible it would add two extra terms
to the equation). On the other hand, if we include lactate dehydrogenase to the
network this will add an additional 8 differential equations, since we are adding an
extra 3-carbon reactant.

Stringent criteria are applied to the fitting of the kinetic data to determine the
adequacy of the network we have established. These criteria are: (1) the standard
deviation for the minimum least-squares fitting is within the error of the primary
data, (2) the distribution of residuals is random, and (3) the calculated flux
parameters are statistically well determined (Clore and Chance, 1978).

5. RESULTSANDDISCUSSION

The reaction network shown in Fig. 1 was used in the analysis of glutamate
labeling kinetics from hearts perfused with [1-3C]glucose alone, with [4-3C] -
hydroxybutyrate plus glucose and [2-*C]Jacetate alone, and with glucose as sub-
strates. In all cases, using the C,- and C4-glutamate labeling data and the
experimentally determined MVO, as input parameters for the model, there was a
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Figure 3. Comparison of fractional enrichment of glutamate determined experimentally and o-keto-
glutarate calculated from the model. The enrichment of glutamate and o-ketoglutarate should be the
same at steady state. Error bars represent the range of two experiments.

good fit between the calculated and experimentally determined glutamate labeling
kinetics and oxygen consumption rates (Chatham etal., 1995). We also compared
the calculated enrichment at C4-o-ketoglutarate with the measured enrichment at
C4-glutamate (Fig. 3); at steady state these should be equal. In all the experiments
the measured values were within the 90% confidence limits ofthe calculated values.
For example, in the B-hydroxybutyrate and glucose experiments, where the maxi-
mum fractional enrichment is 50%, the calculated enrichment was 47 £+ 1%
compared with 48 + 2% determined from the heart extracts.

In order for the network to adequately describe the experimental results, both
the calculated kinetics of glutamate labeling and the calculated MVO, had to agree
with the experimentally measured values. Initially, the calculated MV O, rates were
systematically lower than the measured values for this parameter, with the discrep-
ancy being greatest with glucose as sole substrate and least for acetate. This
indicated that the glutamate labeling rates were too slow in order to account for the
measured oxygen consumption. As the current model utilizes the malate—aspartate
shuttle as the sole mechanism of labeling of the cytosolic glutamate pool, this
suggested that another mechanism of transporting reducing equivalents into the
mitochondria was required. In the absence of any other evidence, we have assumed
that this additional redox shuttle is the glycerol phosphate shuttle and the inclusion
of the glycerol phosphate shuttle results in excellent agreement between the
calculated and measured MVO, for all the experiments.
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In many of the experiments, there was a small but significant dilution at
C,-glutamate, which was accounted for primarily by unlabeled influx from gly-
colysis. The contribution of proteolysis to the overall TCA cycle was not statisti-
cally well determined by the network, although it was significantly greater than
zero andranged between 0.02-0.12pmole/min/g wet wt. This is in good agreement
with other studies of proteolysis in the isolated perfused rat heart which reported
rates in the range of 0.01-0.05pmole/min/g wet wt (Pisarenko et al., 1986;
Peuhkurinen etal., 1983; Takalaetal., 1980).

Despite the excellent agreement between the calculated and experimentally
determined parameters, the results of this study raise several important issues that
need to be addressed. For example, we have assumed that the malate—aspartate
shuttle is the principal mechanism of labeling cytosolic glutamate; thus, using
mitochondrial substrates, such as acetate or ketone bodies, it was necessary to
reverse the direction of the malate—aspartate shuttle. On thermodynamic grounds
there is no reason why the individual reactions of the malate-aspartate shuttle could
not be reversible, and early reports indicated that efflux of glutamate from the
mitochondria did take place (Azzi etal., 1967). Subsequently, it was found that this
happened only under de-energized conditions, when the mitochondrial membrane
is collapsed (Williamson ef al.,, 1980). Experimentally, it has been shown that in
isolated mitochondria the malate—aspartateshuttle is unidirectional with glutamate
influx and aspartate efflux (LaNoue ez al., 1974). In other words, it functions only
in the direction oftransporting NADH from the cytosol to the mitochondria. Ifthis
is the case, then using the current model, there would be no labeling ofthe glutamate
pool with acetate or B-hydroxybutyrate as substrates because this requires reversal
of'the shuttle. An alternative solution would be ifthe mitochondrial a-ketoglutarate
translocase were freely reversible and the principal glutamate labeling reaction was
the cytoplasmic rather than the mitochondrial transaminase.

We have also found it necessary to include a second mechanism for transporting
NADH from the cytosol to the mitochondria in order to obtain good agreements
between both MVO, and glutamate labeling kinetics. We have proposed that this
is the glycerol phosphate shuttle; however, the precise nature of the shuttle is
unimportant as long as the net effect is to transfer reducing equivalents from the
cytosol to the mitochondria. Isaacs etal. (1969) provided evidence that the glycerol
phosphate shuttle was operational in cardiac tissue; in contrast, Safer et al. (1971)
suggested that hydrogen flux through this shuttle was limited under normal condi-
tions by low concentration of glycerol-3-phosphate. However, low tissue concen-
tration of glycerol-3-phosphate need not in itself preclude shuttle activity. It should
be noted that the incorporation of *C-label from [ 1-2C]glucose into glycerol-3-
phosphate has been observed under similar conditions (Chacko and Weiss, 1993),
indicating that at least the cytoplasmic portion ofthis shuttle is operative. Itis clear
that further studies are necessary to determine the importance of the glycerol
phosphate shuttle; however, one of the difficulties in addressing this issue is that



Determination ofMetabolicFluxes 113

this shuttle is not directly involved in any of the labeling reactions. It is possible
that there may be an alternative mechanism of glutamate labeling that could result
in good agreement between the calculated and experimental MVO, without the
need for an additional redox shuttle.

6. CONCLUSIONS

Using the network described here, we have excellent agreement between the
calculated and experimentally determined oxygen consumption rates, the time
courses of enrichment of C, - and C;-glutamate, and the fractional enrichment of
the glutamate pools for three different substrates — glucose, acetate, and -hydroxy-
butyrate (Chatham et al., 1995). We believe that this was the first metabolic model
for the analysis of glutamate labeling kinetics to include glycolysis, the TCA cycle,
as well as mitochondrial and cytosolic compartmentation, and to confirm the results
from the model with experimental data. More recently, Yu and colleagues (Yu et
al., 1995) have also started to address the issue of mitochondrial transport processes
in the modeling of BC-kinetic data. It is important to note that in the case of large
network models when a good fit to the data is obtained, it is only possible to
conclude that the model is a good candidate for describing the data; it is not
necessarily a unique solution. Thus, the model described here is only one possible
description of reality and, as discussed above, changes may be necessary in order
for the model to be more consistent with the known biochemistry of the system.

In order to obtain greater confidence in any one model, improved experimental
data and the addition of other experimental constraints will be valuable. Probably
the most significant limitation in accurately fitting the glutamate labeling curves is
the quality of the NMR data. The early time points are especially important for
defining the shape of the labeling curve, and yet these data points inevitably have
the lowest signal-to-noise ratio. The advent of increased field strengths and the use
of appropriately labeled substrates designed to maximize the enrichment of the
glutamate pool should significantly improve the quality of the experimental data.

The work described here used the labeling kinetics of C, - and C ,-glutamate
and oxygen consumption as the only input parameters for the model; however, there
is no reason why endpoint measurements of enrichment from high-resolution 2C
NMR spectra of tissue extracts cannot be used to provide additional constraints on
the system. For example, although proteolysis was required by the model to fit the
data, the value of this flux was poorly determined as the difference in steady-state
enrichment of C- and C,-glutamate in the intact heart was small. However, an
estimate of this flux relative to total TCA cycle flux can be obtained using the
methods of Malloy and colleagues (Malloy ef al., 1987) from spectra of tissue
extracts where acquisition times are not limited by the viability of the preparation.
This estimate could then be used to provide a constraint on the flux determined by
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the model. The model can also predict the enrichment of TCA cycle intermediates
that are too low to be detected by NMR spectroscopy. It is possible with GC-MS
to obtain enrichment data for many of these low concentration intermediates
(Comte etal., 1997; Des Rosiers etal., 1995); thus GC-MS could provide awealth
of additional experimental data to support the model.

It is important to recognize that the apparently simple process of transferring
13C-label from o-ketoglutarate to glutamate is still poorly understood. The majority
of glutamate in the heart is cytosolic and the *C-label must be transferred from the
mitochondrial o-ketoglutarate pool to the cytosolic glutamate pool. Currently, we
do not know whether the primary labeling reaction is via the mitochondrial
transaminase with subsequent transport of glutamate out of the mitochondria, or
whether o-ketoglutarate is transported to the cytosol and labeling takes place via
the cytoplasmic transaminase. If glutamate is first labeled and is then transported
out of the mitochondrial compartment, we need to know how this is achieved. In
either case it is possible that transport of label out of the mitochondria may be the
rate-determining process in labeling the cytoplasmic glutamate pool (Yu ef al.,
1995). Consequently, alternative mechanisms for mitochondrial transport of gluta-
mate, such as glutamate—hydroxylexchange or glutamate—glutamineexchange,
need to be considered. Clearly, the precise mechanism for labeling the glutamate
pool may be tissue-specific, and thus a model that accurately describes the labeling
kinetics of one organ system may not be directly applicable to another.

Clearly, there are many possible approaches to the problem of modeling
intermediary metabolism and the analysis of 3C-labeling kinetics. The approach
outlined here, we believe, is one of the most comprehensive and is founded upon
experimental information. The combination ofexperimental and theoretical studies
is essential for the development of a robust and comprehensive network. Further-
more, the issue ofintracellular compartmentation, particularly metabolite exchange
between the mitochondria and cytosol, is an integral part of our model and, until
recently (Yuet al., 1995), thishadbeen ignored by mostinvestigators. Itisimportant
to note that we perceive the development of this network not simply as a tool for
the analysis of *C NMR spectra, but rather as a general approach to the investiga-
tion of metabolic processes in intact biological systems.
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Metabolic Flux and Subcellular
Transport of Metabolites

E.DouglasLewandowski

1. INTRODUCTION

13C NMR spectroscopy is becoming increasingly useful for monitoring meta-
bolic turnover within intact tissues and thereby enables studies of the metabolic
support of physiological function. 2C nuclei are only 1.1 % naturally abundant and
are 1.6% as sensitive as protons for NMR detection. However, the low natural
abundance enables the use of exogenous compounds that are enriched at specific
sites with *C to be used for monitoring intermediary metabolism. With selective
enrichment of carbon sites within metabolites of interest, the otherwise inherent
insensitivity of 2*C NMR detection is actually well-suited to precise targeting of
labeling metabolites in intact tissues. Such isotopic enrichment combined with
proton decoupling and nuclear Overhauser enhancement (NOE) can be used to
counter the low sensitivity of *C NMR observations to provide a powerful tool for
examining cell metabolism.

A distinct advantage of 3C detection is apparent for NMR studies on mixed
samples of *C-enriched compounds and metabolites, as found in biological sys-
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tems, due to the relatively large chemical shiftrange ofthe *C nucleus as compared
to that of 'H (-220ppm vs. - 15ppm). The more favorable spectral resolution results
from the larger number of electrons surrounding the carbon nucleus. This permits
13C resonances to be identified which would otherwise be difficult to resolve in the
proton spectrum, even with current applications of heteronuclear cross-polariza-
tion. The selective enrichment of metabolites and the ability to identify resonances
signals over a wide chemical shift range are attractive features of 3C NMR in
addressing the metabolic ambiguities of intact tissues under normal and disease
states.

The ability to obtain NMR data from intact tissues in a nondestructive manner
also enables serial observations of the progressive incorporation of *C into meta-
bolic intermediates. In this manner, the dynamics of tissue metabolism can be
followed in response to physiological function and pathophysiological condition
forregional or whole organ studies. As will be discussed below, mostrecent findings
indicate that the separate compartmentation of metabolites in the cell provides the
means to monitor subcellular metabolite transport across the mitochondrial mem-
brane in coordination with flux through oxidative metabolism. Therefore, *C NMR
not only provides unique and detailed information about the metabolic fate of a
13C-enriched precursor, but also can be used to observe dynamic processes that
relate to the physiochemical regulation of the cell such as metabolic flux, enzyme
activity, and the exchange of metabolic intermediates between intracellular com-
partments.

However, for such measurements to be accurate, careful consideration of
experimental factors must be considered. These considerations are: (1) fractional
enrichment and metabolite concentration effects on signal intensity, (2) compart-
mentation of BC-enriched metabolites, (3) the distinctions between static and
dynamic measures of metabolism, and (4) the correct match of kinetic analysis to
the desired observations of metabolic processes. This chapter addresses each of
these practical components ofthe carbon isotope kinetics in introducing the utility
and application of dynamic-mode 2C NMR spectroscopy.

2. THE GENERAL UTILITY OF DYNAMIC-MODE =C NMR:
LESSONSFROM THE HEART

An example ofthe type of experimental data addressed in this chapter is shown
in Fig. 1, which displays a series of sequential, proton decoupled 3C spectra with
digital subtraction of the natural abundance signals. Each spectrum was acquired
in one minute, from an isolated rabbit heart oxidizing [2-13C]acetate. The identifi-
able resonances demonstrate the progressive incorporation ofthe *C label from the
metabolic substrate, or fuel, into the carbon chain ofthe glutamate molecule. This
labeling of glutamate is fundamental to many C NMR studies of metabolic flux
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Figure 1. Sequential "C NMR spectraobtained from an isolated rabbit heart oxidizing [2-"°C] acetate.
The progressive enrichment of the 2-, 3-, and 4-carbon positions of glutamate can be used to assess flux
through oxidative metabolism. Identified resonance peaks are the initial site of labeling at the 4-carbon
(GLU C4) and the secondary labeling sites, the 2-carbon (GLU C2) and the 3-carbon (GLU C3).

due to the information provided by the relative rates of 3C enrichment at each of
the identified carbon sites within the glutamate molecule. From NMR detection of
the rates of carbon isotope turnover within the observed glutamate pool, dynamic
metabolic processes within the cells of intact tissues can be determined. Therefore,
the term “dynamic carbon-13 NMR spectroscopy” refers to the NMR detection of
dynamic processes occurring within the cell. This experimental approach can
provide a valuable index of metabolic flux and metabolite exchange between
subcellular compartments in response to the physiological state of a tissue or whole

organ.
Metabolic activity has long been known to be a correlate to physiological

function. Studies to examine this link have often relied on biochemical and
physiological evaluation of experimental heart preparations. Fundamental mecha-
nisms can then be studied in isolated perfused hearts, without the confounding
variables of organs contributing to whole body metabolism along with neural and
hormonal effects on metabolism, albeit under much less physiological conditions.
Isolated, perfused hearts have also been used to establish the biological basis for
conditions of 3C NMR detection in the intact organ (Damico et al., 1996; Lewan-
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dowski et al., 1996; Yu etal., 1996; Chatham et al., 1995; Lewandowski et al.,
1995a,b; Yuetal.,, 1995; Lewandowski, 1992a,b; Weiss etal., 1992; Lewandowski
etal., 1991b; Lewandowski and Hulbert, 1991; Lewandowski and Johnston, 1990;
Weiss et al., 1989; Malloy et al., 1988; Sherry et al., 1988; Sherry et al., 1985;
Chance etal., 1983; Bailey etal., 1981). From the understanding of basic mecha-
nisms gained by isolated heart studies, in vivo evaluations with 3C NMR can then
be better understood under more complex physiological conditions.

The heart has traditionally been very useful for studies of metabolic regulation
and flux by offering a fairly homogeneous cell population. In the heart, the vast
majority of cell types are myocytes, which weight the NMR-observed metabolic
activity. The heart also displays a relatively simple oxidative intermediary metabo-
lism in comparison to other organ systems. One easily obtained index of organ
function, the mechanical work performed by the heart, provides the correlate for
understanding metabolic demand. The mechanical work output of the heart is
known to be linearly related to the rate of oxidative metabolism which supports this
function, as evidenced by concurrent measurements of the contractile function of
the heart and oxygen consumption rates (Zimmer et al., 1990). Given this direct
relationship between metabolic flux and function in the heart, the heart serves as a
very handy, easily manipulated engine for studying work output vs. energy produc-
tion/utilization. Under such conditions, the heart can be used as a “flux phantom”
for characterizing the links between metabolic rate and physiological function.

Therefore, advantages for establishing 3C NMR protocols using the heart as
a basic model are: (1) NMR signals from intact cardiac tissue are predominated by
the large percentage of myocytes, or cardiac muscle cells, (2) contractile activity
can be easily manipulated for altering metabolic flux rates, and (3) the metabolism
isrelatively simple to facilitate studies on metabolic regulation. It is easy to see then
that many fundamental issues in the biochemistry of the cell can be learned from
the simple lessons provided by NMR studies of cardiac metabolism.

Comprehensive metabolic analyses of whole organs are unfortunately not well
suited to the concurrent measurement of physiological function due to the require-
ments of tissue sampling procedures. The destructive nature of such metabolic
evaluations have to date been limiting factors in applicability to the basic physiol-
ogy of intact myocardium and the clinical evaluation of diseased myocardium.
Early examinations of the role of metabolic processes in supporting cardiac
contractile activity were directed toward the measurement of static concentrations
of key metabolites in experimental heart preparations (Peuhkurinen et al., 1983;
Taegtmeyeretal., 1980; Neely etal., 1973). Although enlightening, such snapshots
of tissue content of extractable metabolites were limited in the perspective of
metabolic turnover and concurrent physiological function. While absolute concen-
tration measurements may provide an index of the metabolic or energetic state of
the myocardium (Kupriyanov et al., 1988; Taegtmeyer et al., 1985; Reimer et al.,
1983; Neely etal., 1973), such classical biochemistry has not demonstrated a strict
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correlation to cardiac performance. These more traditional methods of metabolite
assays are further limited because sampling disrupts the intact system, halting the
dynamic processes of metabolism and function.

Alternative methods of isotope uptake and release kinetics, such asradiolabeled
carbon dioxide production from “C-labeled metabolic precursors, have served to
demonstrate that metabolic flux through specific intermediary pathways is related
to both contractile performance and the pathophysiological state of myocardium
(Lopaschuk et al, 1990; Renstrom et al., 1989). However, such radiolabeling
methods are restricted to measurements of metabolite efflux and washout from the
tissues and vasculature. Unless biochemical assays of tissue samples are ultimately
performed, the nondestructive analysis by radioisotopes is not specific for intracel-
lular events alone. Therefore, cardiovascular studies are greatly enhanced by the
nondestructive method of 3C NMR spectroscopy that allows for repeated or
continual metabolic evaluation of the same section of myocardium. The ability to
obtain concurrent functional measurements and “on-line” monitoring of metabolic
activity in the intact cell is the most effective means for relating tissue biochemistry
to the “bottom line” of overall physiological function.

To best meet these requirements for observing metabolic processes within
functioning organs, two methodologies fulfill these criteria to provide nondestruc-
tive, kinetic information: positron emission tomography (PET) and nuclear mag-
netic resonance (NMR) spectroscopy. While PET provides information on the
uptake and spatial distribution of a positron emitting nucleus of an exogenous
metabolic agent which can then be related to pathophysiological state (Schneider
and Taegtmeyer, 1991; Buxton ef al., 1988), chemically discreet analysis of the
metabolic fate of the label or carrier is unavailable. For example, the positron
emitting isotope of carbon, 'C, has been used to monitor rates of substrate
oxidation based on isotope retention in the active tissue (Buxton et al., 1988), but
the method does not provide the chemical specificity that is afforded by the
chemical shift information of NMR spectroscopy. Furthermore, the radiolabeled
agent is not always a direct probe of the metabolic process of interest, such as the
case of #F fluorodeoxyglucose for studying glucose uptake and glycolysis. In
contrast, NMR spectroscopy is uniquely available to provide specific chemical
information on the metabolism of exogenous C-labeled substrates, although at
the expense of spatial information. However, as discussed below, the inherent
insensitivity of the NMR experiment, in comparison to radioisotope methods, is
that signal detection from 3C enrichment requires concentrations of labeled agent
in large excess of the tracer levels used for PET. Thus, the potential exists for altering
the metabolism of interest by supplying high concentrations of a specific 3C-en-
riched metabolic precursor.

By virtue of this chemical specificity, in combination with the inherent insen-
sitivity of the NMR technique, such NMR data require careful interpretation. The
potential for 3C NMR methods to provide kinetic information of tissue biochem-
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istry in intact myocardium can be applied to specific targeting of metabolic events
associated withpathophysiological changes (Lewandowskiand White, 1995; Weiss
et al., 1993; Johnston and Lewandowski, 1991; Lewandowski ef al., 1991a,b;
Lewandowski and Johnston, 1990). However, systematic analyses of the intracel-
lular events influencing dynamic changes in *C NMR spectra from hearts are only
now being performed. The most recent analytical studies suggest that dynamic *C
NMR methods may be more powerful than were even originally anticipated,
indicating that the isotope kinetics are sensitive to not only metabolic flux but
metabolite transport as well. For example, monitoring metabolite exchange be-
tween the mitochondria and cytosol of intact hearts has now been demonstrated
with BC NMR spectroscopy. This enables studying the regulation of oxidative
metabolism, which was previously restricted to the much more artificial model of
isolated mitochondria.

First applied to cell suspensions to follow the metabolism of exogenous
13C-enriched substrates in 1972 (Eakin ef al., 1972), 3C NMR spectroscopy has
been used to study a wide range of biological systems including isolated cells
(Cohen etal., 1979), perfused liver (Cohen, 1983) and heart (Damico et al., 1996;
Lewandowski et al., 1996; Yu etal., 1996; Chatham etal., 1995; Lewandowski et
al., 1995a,b; Yuetal., 1995; Lewandowski, 1992a,b; Weiss et al., 1992; Lewan-
dowskierl., 1991b; Lewandowski and Hulbert, 1991 ; Lewandowskiand Johnston,
1990; Malloy et al., 1988; Sherry et al., 1988; Sherry et al., 1985; Chance et al.,
1983; Bailey et al., 1981), and in vivo organs (Mason et al., 1995; Laughlin et al.,
1993; Robitaille et al., 1993a,b; Fitzpatrick et al., 1990; Weiss etal., 1989). Ever
since Bailey et al. (1981) and others (Sherry etal., 1985) demonstrated that NMR
spectra of isotopically enriched metabolites could be obtained from isolated,
perfused hearts that were supplied with *C-enriched fuels, the utility ofthese stable
isotope methods for cardiac studies has progressively increased. A formative study
by Chance and co-workers (Chance ef al., 1983) using time-resolved changes in
high-resolution C spectra from hearts frozen at varied intervals during perfusion
with 3C-enriched materials alerted researchers to the notion that NMR spectros-
copy could provide relative or absolute measures of flux through intermediary
metabolism.

The study of cardiac metabolism has been bolstered by a series of analyses by
Malloy and co-workers (Malloy ef al.,, 1988; Malloy et al., 1990) and Sherry and
co-workers (Sherry ef al., 1988) that take advantage of J ;;-2.-coupling resolved
13C NMR spectra of glutamate to allow calculations ofthe fractional contributions
of competing fuels and entry points for carbon influx into oxidative intermediary
metabolism. This high-resolution analysis of complete isotope isomer formation is
discussed in detail in another chapter. However, the generally low-resolution
conditions of in vivo NMR experiments often precludes the timely detection ofsuch
well-resolved multiplet structures. Thus, direct on-line observation of *C entry and
turnover within metabolic intermediates ofthe intact, functioning heart (Fig. 1), as
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shown by Lewandowski and co-workers (Lewandowski and Johnston, 1990; Le-
wandowski, 1992a;Yuetal., 1995;Yuetal,, 1996)and Weiss and co-workers (Weiss
etal., 1989; Weiss et al., 1992), provided the basis for examining metabolic flux
under lower spectral resolution conditions with rapid temporal resolution from
intact tissues. Subsequent work by Lewandowski and Hulbert (1991) and co-work-
ers (Yu et al.,, 1995) on the application of dynamic data from the low resolution
conditions of 3C NMR of intact hearts demonstrated the independence of these
methods from inconsistencies in isotope enrichment levels. The initial observation
enabled further analysis by Robitaille and co-workers (Robitaille e al., 1993a;
Robitaille et al., 1993b) of dynamic 3C NMR spectra under the more physiological
conditions of the in vivo canine heart.

However, the true potential of dynamic *C NMR spectroscopy of the heart has
yet to be fully realized. Recent work indicates that 3C NMR spectroscopy is
sensitive not only to the chemical exchange ofthe isotope, but also to the metabolic
communication between subcellular organelles, as the metabolic demands of the
myocyte are translated to the mitochondria via the two individual transporters of
the malate—aspartateshuttle (Yu e al 1996). This is a particularly exciting new
area for investigation in intact, functioning organs. Additionally, targeting of
specific enzyme complexes with selected *C-enriched substrates indicates that 3C
NMR spectroscopy is also sensitive to altered enzyme activity in the stunned
myocardium (Lewandowski and Johnston, 1990; Johnston and Lewandowski,
1991; Lewandowski and White, 1995; O'Donnell et al., 1996). Thus, as the
numerous physiological functions of intact organs are dynamic processes, static
measures of metabolites may aid description of pathophysiological state, but do not
characterize the levels of metabolic control and regulation that support the physi-
ology of the cell. Rather, dynamic measures must be performed to truly characterize
the intracellular processes that support the metabolic demands of physiological
function.

3. ®CNMRANDMETABOLIC ACTIVITY

Dynamic 2C NMR spectroscopy allows absolute metabolic flux along a
particular metabolic pathway to be determined. As *C-enriched substrate is meta-
bolized, BC label is transferred to various metabolic intermediates. The labeling
pattern is dependent on the chemistry of the enzyme reactions, and the rate of
labeling is determined by flux through the pathway and the pool sizes of the
intermediates. From the 3C NMR spectra, resonances attributable to specific
carbon atoms of particular intermediates are identified by their chemical shifts. The
area of the resonance peak, when corrected for NOE effects and partial saturation,
is proportional to the 2C content of the particular carbon site, and the fractional
5C enrichment can be calculated if the intermediate pool size is known. The type
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of information obtained on the formation and distribution of the resulting isotope
isomers is similarto that obtained by radiolabeling studies with “C (Kelleher, 1985;
Weinman et al., 1957; Strisower et al., 1952) or mass spectrometry with 3C (Des
Rosiers et al., 1994). However, the NMR observation holds an advantage in that
the metabolites of interest need not be isolated, purified, and chemically degraded
to determine 3C enrichment at each position within the carbon chain ofa metabolic
intermediate. Limitations in NMR sensitivity can be overcome by in vitro NMR
analysis of tissue extracts, in combination with chemical isolation of low level
intermediates (Lewandowski efal., 1996). More importantly, the 3C NMR tech-
nique permits data to be obtained continuously and nondestructively while meta-
bolism is in progress. Hence, integrated biochemical and physiological response of
the tissue to external interventions may be explored.

An early study with 3C NMR (Bailey et al.,, 1981) showed that it is possible
to detect enriched aspartate and glutamate signals and follow the time dependence
of C incorporation into these pools in hearts that are oxidizing the 3C-enriched
substrate. Chance and co-workers (1983) measured the time dependence of 3C
fractional enrichment at each carbon position in these same pools in freeze-clamped
extracts of perfused hearts and fit the data to a mathematical model of a key
oxidative metabolic pathway, the tricarboxylic acid cycle, to obtain carbon flux
information. (Such mathematical treatments are discussed below.) Neurohr and
co-workers (Neurohr ef al., 1983) demonstrated the feasibility of detecting 13C-
enriched glutamate signals from the heart of an open-chested guinea pig during
intravenous infusion of [2-13CJacetate.

An important application of 3C NMR is the evaluation of oxidative metabolic
activity within a tissue, as an index of the functional activity in tissue types which
do not offer functional parameters that are as readily obtained as the mechanical
function of the heart (i.e., brain). For the fundamental understanding of how :C
studies can be applied to such systems to monitor metabolic flux, the data from
studies in the heart have provided particular insight.

Specifically, the progressive oxidative of carbon-based fuels (i.e., carbohy-
drates, fats, and ketone bodies) within the mitochondria occurs via the tricarboxylic
acid (TCA) cycle. Administration of *C-enriched fuels for oxidative metabolism
then enables the activity of the TCA cycle to be monitored in the intact heart (Figs.
1 and 2). The netresult ofthis cycle, which conserves carbon mass, is the generation
of electrons, as reducing equivalents, to fuel the oxidative production of energy
(Lewandowskiand Ingwall, 1994). With molecular oxygen as the ultimate electron
acceptor, TCA cycle flux and oxygen consumption are both linked through the
respiratory rate that supports the energy demands of metabolically active tissues.

Oxygen consumption measurements are available in invasive studies of intact
organs, but are not directly measured within the intracellular environment. Rather,
the oxygen consumption of a region or whole organ is frequently determined by
the differences in oxygen content between the arterial and venous (A—V difference)
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Figure 2. Diagram ofcarbon-based fuel entry into the tricarboxylic acid cycle and NMR observable
amino acid pool of glutamate.

nutrient supplies (blood or perfusion medium). The measurement of oxygen use is
dependent on the delivery of oxygen from the vasculature to the cell and then to the
mitochondria where it is utilized. Thus, current invasive measurements of oxygen
are actually quite remote from the intramitochondrial environment where oxygen
serves as an electron acceptor.

Adding to this problem is the difficulty of measuring oxygen consumption
noninvasively, where clinical or in vivo studies may dictate that the access to the
organ for A—V difference measurements is extremely limited. In this instance, 2C
NMR observations of metabolic flux can provide a truly intracellular index of the
oxidative rate within an intact, functioning tissue. With continued development of
13C NMR detection schemes and improved understanding of factors that influence
the observations of such isotopic enrichment rates, 3C NMR will provide a
powerful means for noninvasively assessing the metabolic rates of in vivo systems.

Of course, one commonly understood disadvantage of NMR detection is the
inherently low sensitivity. Hence, resonance signals cannot be detected unless the
concentration of 2C is relatively high, in the millimolar range, and the concentra-
tions of many key intermediates of oxidative metabolism, such as the TCA cycle,
are well below the detectable range for NMR studies. Fortunately, the ability to
detect the relatively large intracellular pool of 3C-enriched glutamate makes :C
NMR particularly well suited for nondestructive evaluations of oxidative metabo-
lism. Although most 3C-enriched TCA cycle intermediates cannot be observed
directly by NMR, current 3C NMR methods rely on the observation glutamate,
which is in constant exchange with the TCA cycle intermediate, o-ketoglutarate.
However, as glutamate itself is not a TCA cycle intermediate, glutamate labeling
remains an indirect indicator of 3C labeling of the TCA cycle intermediates. This
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distinction requires careful consideration for accurate representations of metabolic
flux from observation of glutamate enrichment with *C NMR spectroscopy. These
considerations are discussed in the following sections.

4. BC-ENRICHMENTPATTERNSAND OXIDATIVEMETABOLISM

During the oxidation of a #C-enriched fuel or substrate, the incorporation of
label into the glutamate pool is readily detected by “C NMR of the intact heart.
The appearance of resonance peaks that correspond to *C enrichment at specific
carbon positions within the glutamate pool have been described in detail in the
literature (Cohen, 1987; Chance efal., 1983). The general labeling pattern of the
TCA cycle intermediates and amino acid pools is shown in Fig. 3.

Interpretation of 3C NMR signal from glutamate in the heart is based on the
relatively high concentration of intracellular glutamate that is in chemical exchange
with the TCA cycle intermediate, oi-ketoglutarate, This exchange occurs via the
equilibrium reaction catalyzed by glutamate—oxaloacetate transaminase. From
substrates which contribute to the formation of [2-3Clacetyl-CoA, the initial
incorporation of label into the TCA cycle intermediates occurs from the condensa-
tion of labeled oxaloacetate with [2-*C]lacetyl-CoA. This reaction catalyzed by
citrate synthase introduces the “C label at the 4-carbon site of citrate which is
eventually metabolized to [4-1:C]o-ketoglutarate. The chemical equilibrium be-
tween o-ketoglutarate and glutamate results in the appearance of label at the
4-carbon position of glutamate which can then be detected by NMR spectroscopy.

As the =C label is recycled within the TCA cycle, the symmetry of the four
carbon succinate molecule results in incorporation of C at the 2- and 3-carbon
positions of succinate with equal probability. The =C label then appears at the 2-
and 3-carbon positions of the subsequent metabolites of the TCA cycle, fumarate,
malate and then oxaloacetate. Although some investigatorshave reported asymmet-
ric labeling of malate in various mammalian tissues perfused with C-labeled
propionate (Sherry ef al., 1994), this phenomenon has not been observed in NMR
experiments involving functioning tissues oxidizing substrates that enter the TCA
cycle via acetyl-CoA (Yu ef al., 1995). The *C-enriched intermediates of the
second span ofthe TCA cycle are then progressively metabolized, as the =C at 2-
and 3-carbon sites of oxaloacetate is ultimately reintroduced into citrate at the 2-
and 3-carbon positions. With a continued supply of 3C-enriched substrate, newly
condensed acetyl groups carry the C label into the 4-carbon position of the TCA
cycle intermediates and thereby glutamate, while recycled “C label appears at the
2- and 3-carbon positions ofthe glutamate molecule.

This progressive labeling of the NMR detectable glutamate pool can be
monitored in intact tissues. Thus, the rate of citrate synthase activity and flux
between the first and second spans ofthe TCA cycle are reflected by the appearance
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Figure 3. General labeling pattern of TCA cycle intermediates and amino acid pools from 3C-en-
riched substrates that enter the cycle as [2-1%]acetyl-CoA. Label firstenters the first span ofthe TCA
cycle, labeling the five carbon intermediates atthe 4-carbon position. Soliddiamondshapes represent
theinitial labeling at the 4-carbon position. Due the symmetry of the succinate molecule, the four carbon
intermediate span ofthe TCA cycle is labeled withequal probability atthe 2- and 3-carbonpositions.
Opendiamondshapesrepresentthe secondarylabelingatthe 2-and 3-carbonpositions. Withrecycling
ofthe label back to the first span ofthe cycle, at citrate synthase, the five carbon intermediates then are
also labeled at the 2- and 3-carbon with equal probability. Chemical equilibrium between a-ketoglu-
tarateandthe large pool ofglutamate allows the NMR-observed labelingpatternofglutamate toreflect
the *Clabeling ofthe TCA cycle intermediates.

of 8C into glutamate. Eventually, the continued supply of 2C-enriched fuels will
result in a steady-state isotopic enrichment of the TCA cycle intermediates and
glutamate. In the isolated perfused heart this steady state is reached within the first
twenty to thirty minutes (Lewandowski, 1992a;Lewandowskiand Johnston, 1990;
Malloy et al., 1988). The pre-steady-state incorporation of »C into glutamate can
then be monitored to provide an index of the metabolic activity of the TCA cycle.
The time to steady-state C-enrichment has been directly related to the rate of
oxidative metabolism of the heart, as shown in Fig. 4 and described in detail by
Lewandowski(1992a) and Weiss and co-workers (Weisset al., 1992). The approach
to steady-state enrichment is now known to be dependent on the relative rates of



128

100
90

801

70
6
50
40
3
2

o

GLU Cc2/c4

o O

E.DouglasLewandowski

i-I/;\;/

;/ 2—!/

I/ /I'!

3

s

i

=¥
P

'y
-~
At

e Control
| S0
A KC1 Arrest

10

0
0

e
s

5

10 15 20 25 30 35
Perfusion Time (min)

40

Figure 4. Relativerates of *Cenrichmentatthe 2- and4-carbon positions ofglutamate inthe isolated,
beating rabbit heartoxidizing [2-*C]acetate. Shown are the signal intensity ratios ofthe NMR signals
from the 2-carbon site to the 4-carbon site. Note the increase in enrichment rate with increasing
metabolic rates due to mechanical work in the heart. Shown are the ratios from control heart, hearts
stimulated to high workloads with isoproterenol (ISO), and arrested, nonbeating hearts at basal
metabolic rate (KC1 Arrest). Reprinted with permission from E. D. Lewandowski, 1992, Nuclear
magnetic resonance evaluation of metabolic and respiratory support of work load in the intact rabbit
heart, Circ. Res. 70:576.Copyright 1992 AmericanHeartAssociation.

appearance of label between the 4-carbon and 2,3-carbon sites of glutamate, while
being independent of the actual level of isotopic enrichment, or fractional enrich-
ment, of the metabolites that are being labeled (Yu et al., 1995).

Relative assessment of TCA cycle can be monitored from the relative rates of
BC incorporation at the initial site of C enrichment into glutamate, the 4-carbon,
and at the secondary, 2- and 3-carbon, sites. Thus, a simplistic view allows us to
consider the 4-carbon site in glutamate as a marker of the entry of labeled substrate
into the first span of the TCA cycle, with *C enrichment at the 2- and 3-carbons
as a “lap marker,” indicating the entry of that label into the second span (the four
carbon chains) and recycling into the first span of the cycle. To take advantage of
the relative labeling rates as an index of TCA cycle flux, an early study examined
the time-based evolution of the ratio of “C NMR signal intensity emanating from
label at the 2-carbon of glutamate to that of the 4-carbon position. Although the
endpoint ratio was independent of TCA cycle flux rates and was determined by the
ratio of flux from unlabeled anaplerosis to that of citrate synthase, careful control
for matching anaplerosis between experimental conditions allowed comparison of
relative differences in TCA cycle flux. The differences in the relative rates of
approach to a steady-state ratio of 2- to 4-carbon NMR signal ratios provides an
easy relative marker of differences in oxidative metabolic activity (Lewandowski
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and Johnston, 1990; Lewandowski, 1992a). An example of the differences in the
evolution of this ratio at three different rates of metabolic activity is shown in Fig.
4. However, quantitative methods can also be easily applied to the same experimen-
tal conditions (Yu etal., 1995; Chatham etal., 1995; Weiss etal., 1992).

The data shown in Fig. 4 are from three different groups of hearts, each at a
different rate of oxygen consumption. Note that direct comparison of the develop-
ment of the signal intensity ratio over time is possible between the control hearts
and the hearts operating at higher metabolic rates, due to the similar endpoint ratio
of the 2- to 4-carbon signal intensities. This similarity in the steady-state ratio is
indicative of similar rates of anaplerosis in comparison to TCA cycle activity.
However, the group at very low metabolic rates showed a decreased steady-state
ratio due to a different comparative rate of anaplerosis to citrate synthase. Thus, the
ratio method does not allow for as direct a comparison for relative TCA cycle flux
between the control and KCI arrested groups.

From such work, described above, a great deal of emphasis has been placed on
detection of the glutamate signals with NMR spectroscopy. But as shown by these
studies, the biological basis for detection must also be closely examined, since
glutamate is an indirect indicator of the C enrichment of the TCA cycle interme-
diates. In particular, the enzymes for the TCA cycle are inside the mitochondria,
while at least 90% ofthe glutamate is located in the cytosol (Yu etal., 1995; LaNoue
et al, 1974; LaNoue et al., 1970). Therefore, the potential for differences in
enrichment between the TCA cycle intermediates and the observed glutamate pool
exists, depending on the metabolic conditions of a given experiment. For example,
the fractional enrichment of glutamate with C has been found to be lower than
the enrichment of acetyl-CoA which is contributing to formation of the labeled
TCA cycle intermediates, and the magnitude of the difference is substrate-depend-
ent (Lewandowski, 1992a; Lewandowski, 1992b; Lewandowski and Hulbert,
1991).

Recent work has tested the assumption that the steady-state isotopomer distri-
butions in the TCA cycle intermediates pools were accurately reflected by the
high-resolution 2C NMR signals from glutamate (Lewandowski et al, 1996).
Isolating both a-ketoglutarate and succinate on anion exchange columns from acid
extracts of healthy myocardium documented for the first time the labeling patterns
of these TCA cycle intermediates for comparison to glutamate. The resonance
signals from the 4-carbon of a-ketoglutarate and the 2,3-carbons of succinate are
shown in comparison to the glutamate 4-carbon resonance from the same hearts in
Fig. 5. Under the simple experimental condition of the labeled substrate entering
the TCA cycle exclusively via acetyl-CoA formation in healthy myocardium, the
J-coupling multiplet patterns of glutamate were found to closely match that of
o-ketoglutarate and the analysis of the multiplet structure of succinate at steady
state. Fractional enrichment of the acetyl-CoA entering the TCA cycle from
[2-3C]acetate could be calculated from either the glutamate or succinate signals
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Figure 5. In vitro *C NMR resonance signals from isolated metabolites of hearts oxidizing [2-
13C]acetate. Multiplet structures arise from J-coupling between adjacent 3C nuclei. Shown are the
signals from (a) the 4-carbon of glutamate, (b) the 4-carbon of o-ketoglutarate, (c) the 2,3-carbons of
succinate, where S denotes singlet, M multiplet, and D doublet. Reprinted with permission from E. D.
Lewandowski etal., 1996, Multiplet structure of *C NMR signals from glutamate and directdetection
oftricarboxylicacid (TCA) cycleintermediates, Magn. Reson. Med. 35:149. Copyright 1996 Williams
and Wilkins.

(Lewandowski et al., 1996; Jones et al., 1993) to provide the same value of 0.9.
However, under the same experimental conditions the fractional enrichment level
of succinate, as determined from a proton spectrum, did not appear to match the
fractional enrichment of glutamate, leading to additional questions regarding the
compartmentation of these metabolites.

The importance of comparing the enrichment of succinate to that of glutamate
is due to the metabolism of succinate vs. that of oi-ketoglutarate when either
metabolite traverses the mitochondrial membrane into the cytosol. While o-keto-
glutarate may be the intermediate which is in direct chemical exchange with
glutamate, this reversible transaminase reaction occurs both in the mitochondrial
compartment, where a small fraction of the glutamate resides, and in the cytosolic
compartment which is largely the glutamate detected by 3C NMR. On the other
hand, succinate produced in the mitochondria is not actively metabolized once in
the cytosol. Therefore, the isotope exchange between a-ketoglutarate and glutamate
can occur in isolation from the TCA cycle, making the labeling of a-ketoglutarate
much less specific for intramitochondrial *C enrichment of the TCA cycle than
that of succinate (Lewandowski et al., 1996). Therefore, recent work indicates that
under simple experimental conditions, where the entry of carbon isotope into the
TCA cycle occurs overwhelmingly at the citrate synthase step, the steady state
isotope isomer distribution within the glutamate pool closely matches that of the
intramitochondrial TCA cycle pool. The basic principles and implications of this
subcellular compartmentation for measurements of metabolic flux are discussed in
the next section.

5. FRACTIONAL ENRICHMENT AND =C NMR OF
METABOLICFLUX

Metabolic flux is a measurement of a quantity of mass per unit time, generally
weighted by the mass or volume of tissue within the region of detection. Such a
measurement provides a truly quantitative correlate to the measured physiological
function of an intact tissues or organ. While other nonquantitative measurements
can be used to evaluate relative changes in metabolic rates, these are not to be
confused with metabolic flux. Sometimes confused with metabolic flux rates are
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the relative measures of carbon entry points into the TCA cycle, as pioneered by
Malloy and Sherry (Malloy et al., 1988). These measures provide a handy means
for using the isotopomer distributions in the glutamate pool as an index of acetyl-
CoA enrichment and the relative proportions of differently labeled substrates that
are contributing to flux through citrate synthase. However, if the TCA cycle rate
slows, and citrate synthase flux slows to levels that reduce availability of carbon
skeletons for the second span of the TCA cycle, anaplerosis will provide a
proportionately higher percentage of carbon influx into the TCA cycle than will
citrate synthase. This effect has been observed when comparing the contribution of
anaplerosis in control hearts to nonbeating, KCl-arrested hearts. In the arrested
hearts, the relative contribution from anaplerosis is higher than for control hearts,
yet the absolute flux through both the TCA cycle and anaplerosis remains lower
than under control conditions (Lewandowski, 1992a). The result of such a shift in
carbon influx is that the measure of relative anaplerosis to citrate synthase will
increase, even if anaplerotic flux is actually slower than under control conditions.
In this case, we must be careful not to confuse a shift in the relative contributions
of carbon influx into the TCA cycle with the actual flux through anaplerosis.

Fundamental to NMR studies that obtain actual, quantitative metabolic flux in
one or more pathways (mass per unit time), as opposed to comparative measures
of activity between multiple pathways (which is faster or slower), is the requirement
of collecting two or more sequential spectra during the evolution period of the
experiment. This is true whetherthe NMR experimentinvolves isotopic enrichment
as with C or a spin label, as in magnetization transfer studies. In the case of 2C
studies, the spectra must be collected during the pre-steady-state incorporation of
the label into the NMR-observed metabolites. The progressive incorporation of the
13C can then be quantified based on the observed increase in signal intensity over
time, as the label becomes incorporated into a specific site on the targeted metabo-
lite.

As in the case of all isotope studies, the fractional enrichment ofthe metabolite
must also be considered. An important question for quantification is whether an
increase in intensity from a particular “C resonance signal is due to an increase in
the enrichment level of that carbon site within the metabolite pool or to an increase
in the metabolite pool size at the same fractional enrichment. Both scenarios can
occur due to subtle differences in substrate availability and enzyme activity. For
example, when hearts oxidize [3-*C]pyruvate during stimulation of the enzyme
pyruvate dehydrogenase (PDH) the fractional enrichment of glutamate in the cell
increases. This increase in the amount of label entering the glutamate pool is
observed as an increase in glutamate signals in the “C spectrum. However, when
hearts oxidize [3-*C]lactate during identical conditions of PDH stimulation, the
glutamate fractional enrichment does not increase while the actual amount of
glutamate in the cell increases significantly. Again, an increase in 3C NMR signals
from glutamate occurs with PDH stimulation in the presence of [3-13C]lactate, but
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for the opposite reason than the increase observed with PDH stimulation in the
presence of [3-3C]pyruvate.

Even with the administration of metabolic precursors that are nearly 100%
enriched with 2C at a specific site, some metabolic contributions from endogenous
sources of 2C will persist, unrecognized in the “C-observed spectrum (Lewan-
dowski, 1992a; Lewandowski, 1992b). Although such contributions can be mini-
mized, accuracy demands that the fractional enrichment of the metabolites must be
considered for quantification of flux. In the in vivo setting, where whole body
metabolism is able to contribute a vast source of endogenous metabolic precursors,
high fractional enrichments are more difficult to obtain, and absolute flux require-
ments demand some consideration of the contribution to metabolic flux from the
unlabeled metabolites.

Nevertheless, when the lower resolution 2C spectra from intact tissues are used
to define the time course of labeling at the 4- and 2,3-carbon sites of glutamate,
without the full analysis of isotopomer fractions from multiplet structures, the
kinetics of 2C turnover within the glutamate pool are seen to occur independent of
fractional enrichment (Yu etal., 1997; Yuetal., 1995; Lewandowski and Hulbert,
1991).Therefore, the fractional enrichment must be known for quantitation, but not
for the time course of the enrichment rates. This independence from fractional
enrichment of the substrate entering the TCA cycle at citrate synthase was first
shown by Lewandowski and Hulbert (1991) using the time course of the simple
ratio of 2-carbon glutamate enrichment to that of the 4-carbon of glutamate. In that
study, the enrichment curves of glutamate were not affected whether hearts were
oxidizing 99.9% [2-3C]acetate or 50% [2-3Clacetate.

A more recent study using C-enriched butyrate, a four-carbon, short-chain
fatty acid, with improved temporal resolution supports the original finding. In the
more recent study, butyrate was supplied to hearts in either the single labeled,
[2-3C] form corresponding to nearly 50% enrichment of acetyl groups produced,
or the double labeled, [2,4-2C] form, accounting for over 90% ofthe acetyl groups
produced for entry into the TCA cycle (Yu et al., 1995). The results of this simple
study indicated that the time constant for the resulting enrichment curves of both
the 4-carbon and 2-carbon of glutamate were essentially the same for either level
of enrichment. The fractional enrichment of the substrate entering the TCA cycle
does not affect the observed enrichment rates, only the actual enrichment levels.
Demonstrating this independence from fractional enrichment, Table 1 displays the
time constants for both enrichment conditions.

Simply put, it takes the same amount of time for 50% of the glutamate pool to
reach steady-state isotope enrichment from a 50% enriched substrate supply as it
does for 100% of the glutamate pool to reach steady-state enrichment from a 100%
enriched substrate supply, Thus, fractional enrichment is important for quantifying
metabolic, but does not confound isotope enrichment rates for the *C NMR
evaluation of metabolic flux. As stated in a previous section, these findings enable
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Time Constants for *C Enrichment of 13:11(6112-Carb0n Sites of Glutamate Molecule-
Time constant(min)
Substrate enrichment Fo (%) Glu 4-carbon Glu 2-carbon
[2-3C]Butyrate 93 10 19
[2,4-3C]Butyrate 48 11 20

*Values are shown fortwo different fractional enrichments of the oxidative substrate. F,denotes mean “C enrichment
at 2-carbon of acetyl-CoA, entering the TCA cycle at citrate synthase. Note the lack of effect enrichment of entering
substrate on the time to steady-stateenrichmentrates ofglutamate.

the use of BC NMR spectroscopy to measure TCA cycle flux rates under in vivo
conditions, where endogenous carbon sources dilute the *C enrichment of gluta-
mate.

6. MODELSANDPARAMETERS OF GLUTAMATE ENRICHMENT

Several studies have employed modeling schemes to explore TCA cycle flux
and its regulation from C NMR spectra ofintact organs (Yu etal., 1996; Chatham
etal.,, 1995; Mason etal., 1995; Yuetal., 1995; Weiss etal., 1992). Each method
has been devised to address a specific set of experimental aims, and in sum
demonstrate how such analysis can be stylized for a given application. For analysis
of BC NMR data, an important early work, by Chance and co-workers (Chance et
al., 1983), applied a kinetic model to the analysis of C labeling within glutamate
as detected in in vitro spectra of tissue extracts at differenttime points. The approach
consisted of the simultaneous solution of nearly 200 differential equations with a
single compartment for each individual “C isotopomer. The model was recently
expanded to 340 equations to provide amore comprehensive examination ofrelated
metabolic pathways (Chatham et al., 1995). From a more recent analysis of 3C
NMR data from intact hearts, the expanded model suggests that the relative
contributions of the glycerol phosphate shuttle and the malate—aspartate shuttles
are different from previous experimental findings of Safer and co-workers (Safer,
1975; Safer and Williamson, 1973). In addition to this comprehensive method,
several other simpler models have also been developed for specific applications.

For monitoring fast metabolic pathways it may be preferable to sacrifice
spectral resolution for temporal resolution, to utilize data obtained under low
resolution conditions, where the multiplet structure of the glutamate resonance
signals is not available. Lewandowski and Johnston (1990) initially used an
empirical time constant of glutamate 2-carbon/4-carbon (C2/C4) curve as an index
of the TCA cycle flux. This approach demonstrated that, under widely varying
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workloads, the myocardium displayed consistent end point fractional enrichments
and glutamate pool sizes, and yet very different time constants for C2/C4 curves
(Lewandowski, 1992a). Although attractive in simplicity, as mentioned above, the
approach provides only relative differences in metabolic rates and requires experi-
mental conditions where anaplerotic contributions into the TCA cycle are matched.
However, the ratio of signal intensities from the 2-carbon vs. 4-carbon positions in
glutamate do appear to be less sensitive to moderate changes in the size of the
glutamate pool than are recent quantitative measures of actual TCA cycle flux (Yu
etal., 1995).

Quantifying this time difference between the rates of 4- and 2-carbon enrich-
ment in glutamate, Weiss and co-workers (Weiss et al., 1992) used an empirical
flux parameter K ; as an index ofthe TCA cycle flux (131), defined as

2. 13C NMR-detected TCA metabolites (u moles/g)

K=
F¢ X glutamateAts, (min)

w here glutamate ¢, is the time difference for the glutamate 4- and 2-carbons to
reach half of their steady-state enrichment levels. BC-NMR-detected TCA meta-
bolites include glutamate, aspartate, and citrate. Such an approach is based on the
observations that the TCA cycle flux rate is inversely proportional to the time
difference between C appearance in the 4- and 2-carbon positions of glutamate
(glutamate ¢ 5,). Although K ; has the unit of flux parameter, it may not always be
equal to the TCA cycle flux if the time difference of 4- and 2-carbon labeling is
influenced by factors other than net TCA cycle flux, such as changes in o -ketoglu-
tarate dehydrogenase activity. Nevertheless, the approach demonstrates the close
relation between metabolic activity and the turnover rates of isotope within the
glutamate pool that has been discussed in the previous section.

Robitaille and co-workers have proposed post-steady-state analysis as a com-
plementary method to the pre-steady-state method (Robitaille ef al.,, 1993a; Robi-
taille et al., 1993b). The advantages of using post-steady-state analysis is that a
closed-form solution of the rate of label washout from the 4-carbon of glutamate
can be obtained and that the potential variability in the time curve of acetyl-CoA
enrichment under in vivo conditions is avoided.

Mason and co-workers (Mason et al., 1995; Mason et al., 1992) have also
developed a kinetic model for the analysis of glucose metabolism in cerebral energy
production (81, 82). 1H-observed/3C-edited NMR spectroscopy technique was
used in data acquisition to improve the sensitivity of NMR measurements in brain
in vivo (102, 103). Their findings suggest that exchange between oi—ketoglutarate
and glutamate becomes fast in comparison to the TCA cycle. This may be the case
for very glycolytic organs, such as the brain. Using this model to analyze :C
enrichment of glutamate in the brain, the authors have proposed a yet to be
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discovered, third shuttle system for reducing equivalenttransport into the mitochon-
dria (Mason etal., 1995).

Even more recently, a model has been developed by Yu and co-workers (Yu et
al., 1997; Yuetal., 1995) to include the branch point between o -ketoglutarate and
glutamate in utilizing a simple set ofnine differential equations thatdescribe isotope
flux through the metabolic compartments of the TCA cycle, aspartate, and gluta-
mate. This model was originally developed to explore the potential rate-limiting
step of exchange between o -ketoglutarate, produced in the mitochondria, and the
largely cytosolic glutamate pool. With nine linear differential equations in the
model, a least-squares fitting of the model to the experimental NMR data of
glutamate labeling then provides the two output variables of TCA cycle flux and
the interconversion rates between o -ketoglutarate and glutamate. An optional
feature of this model is the ability to include oxygen consumption measurements
in least-squares data-fitting routines to constrain the variable search to TCA cycle
flux rates within the range of experimentally observed oxygen consumption. The
elements of this model are described in more detail in the next section.

An advantage ofthis approach that has been recently shown (Yu et al., 1997)
is that the least-squares fitting of the model to the data can be modified to enable
each individual experiment to provide kinetic analysis rather than the grouped,
mean values, by using the noise level in the NMR spectrain the cost function, rather
than the standard error of the mean values for a group of hearts. Using the noise
level of the spectra as the source of error in the fit, allows the model to be applied
to each individual experiment, so that statistical mean and standard deviations can
be determined for grouped data for statistical comparisons.

An additional consideration of the use of kinetic models for two-parameter fits
to glutamate enrichment data is the covariance between the two fitted parameters,
generally that for TCA cycle flux and the interconversion rate between o -ketoglu-
tarate and glutamate. This issue has recently been dealt with in general terms by Yu
etal. (1997), recognizing this intrinsic limitation in the currently applied models.
Due to the fact that the central intermediate o -ketoglutarate is involved in both flux
through the TCA cycle and the exchange of label with the NMR-observed glutamate
pool, there exists a certain degree of uncertainty about the fitted parameters unless
other experimental data can be used to constrain one of the parameters. In relatively
simple experiments where substrate utilization is known, oxygen consumption can
be used for this purpose. To increase the level of accuracy, the introduction of
oxygen consumption, measured from the same experimental preparation, as a
penalty function, can effectivelyreduce the covariance between the fitted values for
TCA cycle flux and the interconversion between o-ketoglutarate and glutamate to
as low as 60%.



MetabolicFlux and Subcellular TransportofMetabolites 137

7. DIRECT KINETIC ANALYSIS OF DYNAMIC #C NMR SPECTRA

13C NMR spectra, whether obtained sequentially from the intact heart or from
tissue extracts, contain various sorts of information that require mathematical
treatment for a comprehensive evaluation. In the case of simply analyzing the 3C-
enrichment kinetics as an index of metabolic flux, all the mathematical model need
do is serve as an analytical tool that is sensitive to rate-limiting or rate-determining
steps in the flow of isotope between metabolite pools. For a mathematical model
of isotope flux through established metabolic compartments or pools to serve this
function, several basic principles must be considered. Using the analogy of dye
dripping sequentially into a series of containers of water, these concepts can be
visualized, as in Fig. 6. By this analogy, what we may wish to know is the
concentration of the dye in any given container of water, or the concentration of
isotope in any metabolite pool, at any particular point in time. To best characterize
this system and obtain our answer, a set of linear differential equations can then be
used to describe the concentration history of the dye in each compartment through-
out the dynamic process that is being observed. The amount of water in each
container and the flow rates will determine the concentrations over time.

Our ability to detect the rate-determining steps, as shown in Fig. 6, depends on
which containers we are able to observe. A compartment with alarge dilution factor,
that is, the amount of water in it, will exert greater influence on the observed
concentration over time than will a small container. This is analogous to a large
metabolite concentration. A slow flow rate will prove limiting, analogous to a
slowed biochemical reaction or one with significant reverse flux. A physical barrier,
such as a mesh screen, will delay transfer of dye between containers as a rate-
limiting step: This barrier is analogous to a membrane which restricts the exchange
of isotope between metabolites in different sections of a cell. To recognize these
rate-determining steps we must have some knowledge of the input rate and some
information on the rate of change in a downstream compartment. We can then
simplify our model by eliminating the elements are not rate-determining, such as a
small container with a low dilution factor, a container downstream of a very rapid
flow rate, or a container directly upstream from a very slow flow rate. If the flow
rates are all the same, such as may be the case with a steady-state TCA cycle flux
rate, then the concentration changes among the containers are influenced more by
the size of the containers. Thus, we have established a simple compartment model
which can be described by linear differential equations. It is always important to
remember that there is no substitute for experimental data to provide constraints to
an analytical model and that the model must be consistent with known experimental
data. With that, we shall proceed to the kinetic analysis of dynamic #C NMR data
using these principles.
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unlabeled with label entering from the previous compartment. Factors that effected the rate of change in the concentration of
dye overtime ineach container are as shown: the size ofthe container, rate-limiting flow between two containers, and impeded
flow between containers (as through a mesh screen).

$

é
mesh ‘
\

oo

8€l

nismopuema sefdnoq *q



Metabolic Flux and Subcellular TransportofMetabolites 139

A simple, direct kinetic model for the pre-steady-state isotope turnover within
the key metabolite pools is derived from the simplified metabolic compartment
model that includes the intermediates of the TCA cycle and the appropriate
metabolite compartments that branch for interconversion with glutamate and aspar-
tate. Analysis of 3C enrichment in each metabolic compartment is carried out at
both steady-state metabolic flux and constant intermediate pool (compartment)
sizes. Because of the symmetry in 2- and 3-carbon labeling, the model only
considers the labeling of 2-carbon while regarding the labeling of 3-carbon as the
same as that of 2-carbon. The compartments of citrate, o -ketoglutarate, and
glutamate are further divided into 2 subcompartments to represent C labeling at
the 2- and 4-carbon positions of each intermediate. The model below meets the
purposes of analyzing experimental data, without extending beyond the capabilities
of NMR detection of glutamate metabolism. This compartment model is repre-
sented in Fig. 7.

The simplification of eliminating the small succinate and fumarate pools and
the other secondary labeling site (3-carbon of glutamate) was justified by compar-
ing results from the reduced model and a more comprehensive model that included
succinate and fumarate pools along with equations to describe both 2- and 3-carbon
labeling (8 compartments, 19 differential equations) (Yu et al.,, 1995). These two
models showed no difference in characterizing *C-labeling kinetics of glutamate.

Effects of substrate utilization and anaplerosis are also accounted for by
incorporating data measured from high resolution *C NMR as parameters in the
model. Incorporation of unlabeled intermediate through anaplerosis was considered
to enter the TCA cycle at malate while efflux of carbon mass (cataplerosis) occurred
through malic enzyme (Russell and Taegtmeyer, 1991 ; Kornberg, 1966).

1C label entering the TCA cycle from acetyl-coA is treated as a step function.
Flux of 2C label entering the acetyl-coA compartment is only V ica. F ., since other
endogenous substrates are oxidized via the TCA cycle. Therefore, the labeling
kinetics for acetyl-CoA are represented by the following equation:

13, -
% [DC - AC] = Vica. Fo- Viea . %
where [2C - AC] is the concentration of [2-3CJacetyl-CoA and [AC] is the total
concentration of acetyl-coA. If AC* represents the ratio of 3C-enriched acetyl-
CoA to total acetyl-CoA, i.e.,

o L°C-AC]
[AC]
then

d *— V—TCA . _ *
i ACE agy (FeACY)
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SZ-”C{ c Citrate o—Ketoglutarate Glutamate
cetyl-CoA ‘
il L ToKkaG-C4 |

MAL-C2 ||ttt
Anaplerosis

Aspartate Oxaloacetate Malate Y ° Vrca

Figure 7. Metabolic compartment model used for kinetic analysis with elimination of non-rate-deter-
mining compartment. The concentration of each compartment and the influx and efflux of label through
the compartment can be represented by a series of linear differential equations. Large boxes represent
metabolite pools. Small boxes represent mathematical compartments of the model. Labeling of the
3-carbon sites is the same as that of the 2-carbon sites and is therefore eliminated. CIT, citrate; o -KG,
a-ketoglutarate; GLU, glutamate; MAL, malate; OAA oxaloacetate; ASP, aspartate; V' «x  TCA cycle
flux; F , interconversion flux rate between o-ketoglutarate and glutamate; F » interconversion flux rate
between aspartate and oxaloacetate; F ., fractional enrichment of the 2-carbon position of acetyl-coA
entering the TCA cycle at citrate synthase. Reprinted with permission from X. Yu ef al., 1995, Kinetic
analysis of dynamic “C NMR spectra: Metabolic flux, regulation, and compartmentation in hearts,
Biophys. J. 69 :2090. Copyright 1995 Biophysical Society.

To simplify the problem, assume the natural abundance level of 1.1% 5C is
negligible, so that the enrichment of acetyl-coA is not appreciably different from
zero, i.e., AC* (0) = 0. The labeling of acetyl-coA then follows a simple monoex-
ponential equation,

t
AC*(t)=F,. [1 - exp| —m }

Acetyl-CoA enrichment occurs as an exponential with the time constant being the
ratio of the total acetyl-CoA concentration to TCA cycle flux. The physiological
concentration for acetyl-CoA is approximately 0.2 4 moles/g dry weight only (96),
so that the time constant for the enrichment of acetyl-CoA is very small. At TCA
cycle flux rates ranging from 1.7 to 10.5 gmoles/min/g dry weight, the time constant
foracetyl-CoA enrichment ranges from 0.12 down to 0.02, respectively. From these
rates, the enrichment level ofacetyl-CoA is 75% ofthe end point within 10 seconds,
and is 98% within the first 30 seconds. Thus, the 2C enrichment of acetyl-CoA can
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be assumed to be immediately enriched to steady-state levels, accounted for by F .,
in consideration of the time resolution of the NMR experiment.

Having examined the input of label at acetyl-CoA, let us set up the model for
isotope flux through the TCA cycle. We will define TCA cycle flux as ¥ yca, and
the interconversion rate between o -ketoglutarate and glutamate, oxaloacetate and
aspartate, as F', and F,, respectively. With conservation of mass, the rate of change
in 53C enrichment in a compartment equals the difference between the amount of
5C label entering and leaving that compartment. Flux of C leaving the compart-
ment is the total flux leaving that compartment multiplied by the enrichment level
of that compartment. BC influx is the carbon flux entering that compartment
multiplied by the enrichment level from the upstream compartment. Therefore, the
concentration history of isotope in each compartment is then characterized by a set
of differential equations that describe both the TCA cycle flux and the interconver-
sion rates between metabolic compartments. The equations for each of the signifi-
cant compartments are:

Citrate
d it cale v gy ICIT-C4 (1)
g [CTT - C41 = Vi Foe Vi - == o
d _ OAA-C2 [CIT - C2] )
dt [CIT - C2] = V TCA [OAA] - V TCA,

o-Ketoglutarate

d B C[CIT - C4] [0KG - C4]
at @ RO~ =V 2 G - Ve F O kG

[GLU - C4] (3)
" [GLU]

[CIT - C2] . [2KG-C2]
[CIT] - (V TC4 E) [OCKG]

[GLU - C2] “4)
+F,- [GLU]

d
L L0KG-C2] = Ve,

Glutamate

digLy-cay =, - 10RG-C4] p [GLU-C4]

di [0KG] ' [GLU] )



142 E.Douglas Lewandowski

[oKG-C2] . [GLUCY] (6)
[0KG] ' [GLU]

d[GLU-Cz] =F,
dt

Malate

i[MAL_CZ]ZE A [[OCKG-C4] , [ocKG-Cz]]

[0KG]  [0KG]

[MAL - C2]
[MAL]

Multiplying by 1/2 accounts for the equal distribution of label at the 2- and
3-carbons of malate. Unlabeled carbon entering the TCA cycle through anaplerosis
is represented by y, while labeled TCA cycle intermediate leaves the cycle through
cataplerotic flux. The anaplerotic flux and cataplerotic flux are equal in order to
maintain constant TCA cycle intermediate pool sizes.

-(14y)* Viea - (7

Oxaloacetate
d MAL- C2 AA - C2
c;t [OAA - C2] = Vieu - W(VTCA-FFZ) . %
LF, [ASP - C2] 8)
[ASP]
Aspartate
d [ASP-C2] = F,- [OAA - C2] F. [ASP - C2] (9)
dt [OAA] [ASP]
Since the total citrate is constant, Eq. (1) can be expressed in the following form:
d [CIT-C4] [CIT- C4]

[CIT] di~- [CIT] ~ Viea™ F o= Virea [CIT]
CIT4 represents the fraction of citrate labeled at the 4-carbon, i.e.,

[CIT - C4]
[CIT]

CIT4=

So Eq. (1) becomes

4 crra= Vi L (pio crTa)
dt [CIT]

Similarly, the equations can all be expressed as the corresponding fractional
enrichment levels. Therefore, pre-steady-state *C enrichment ofeach compartment

is described by the following equations:
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d _ Viea
% CI =8 (Fo— CIT4)
d Vica Vieat Fy 2 I
4 4KG4=—TCA CcIT4——TCA— "1 oKG4+ . GL 4
& %S4 =Taka) [@KG] [aKG]
4 GLm= - (aKG4 - GLU)
dr [GLU]
d _Vrca
Cm ora (OAA2-CIT2)
d Vica Vieat F
4 KG2=—ICA  CI2-—TCAT 1 oKG2+ .GLW2
ar %92 = ek [0KG] [ KG]
d _
4 Ol = CLU] (@K@ - GL2)
d _ Yiea 1 1 s
& MAL‘Z“[MAL] |2-al((32+2 oKG4 — (1 +y) - MAL2]
d o LTEA TCAY 2y AA2+—2 . ASP
dr [OAA] [OAA] [OAA] 2
4 Asp = . (OAA2 — ASP2)
dt [ASPl
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(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

These nine linear differential equations describe pre-steady-state 3C enrichment
of both the 4- and 2-carbon positions of the TCA cycle intermediates. TCA cycle
kinetics are characterized by three flux parameters (i.e., Vica, Fi, and F, the
fractional enrichment of 2C acetyl-CoA (F,), relative anaplerotic flux (y), and the
metabolite concentrations. A single 9 X 1 vector q can be used to represent the

fractional enrichment of each compartment over time, i.e.,

[ciT4 | [ [CIT-cC4)/(CIT] ]
aKG4 | | [@KG - C4]/[aKG]
GLU4 | | [GLU - C4]/[GLU]
CIT2 [CIT - C2)/[CIT]
q=| aKG2|=| [aKG - C2]/[aKG]
GLU2| | [GLU - C2)/[GLU]
MAL2| |[MAL -C2}/[MAL]
OAA2| |[OAA - C2)/[OAA]
ASP2 [ASP- C2]/[ASP]

1l
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The model can then be described in matrix form as

d 19
d_t q=MTCA q + UAcetyl-CoA ( )

where Mic, is @ 9 x 9 matrix characteristic of the TCA cycle. The input vector,
Uacenicons 18 governed by the fraction of *C-enriched acetyl-CoA entering the
TCA cycle through citrate synthase ( F'. ). The only nonzero element in Upceyicon
is the labeling of the 4-carbon of citrate from acetyl-CoA. The evolution of q can
then be viewed as a linear system in response to a stepwise stimulation.

By combining this analysis with NMR data of *C incorporation into glutamate
pool, TCA cycle flux ( V1ca) and the interconversion rates between TCA cycle
intermediates and amino acid pools (', and £, ) can be determined by least-squares
fitting of the kinetic model to “C-enrichment data from NMR spectra. For the
purpose of these experiments using labeled acetate or butyrate, /', and F', are
represented by /', alone. Foroptimization ofdata fitting from least-squares analysis,
the Levenberg—Marquardt (Levenberg, 1944; Marquardt, 1963) method can then
be used. This method performs an iterative evaluation of the coupled differential
equations to achieve optimized values for the parameters V 1c, and F', until the best
fit is achieved. The optimization can be run on either UNIX-based workstations or
personal computer software (MATLAB, The MathWorks Inc., Natick, MA). The
results of simulating enrichment rates by least-squares fitting of the model to
experimental NMR data are shown in Fig. 8 and demonstrate very close agreement
of the model to the experimental enrichment curves. As described above, the fitting
can be performed using either the standard errors of the grouped mean values for
all experiments in a set, or, more preferably, each individual experiment can be
analyzed by utilizing the noise level of the NMR spectra from each experiment as
the cost function in the least-squares analysis (Yu etal., 1997).

While the optimal value for TCA cycle flux is obtained from least-squares
fitting ofthe model to dynamic *CNMR observation, an optional penalty term that
reflects the difference between the fitted TCA cycle flux and the TCA cycle flux
calculated from oxygen consumption can be added to the cost function of the
least-squares analysis, if desired (Yu ef al., 1997). As described in the previous
section, this option allows the range of estimated TCA cycle flux values to be from
measured oxygen consumption while taking into consideration the measurement
error and the oxidation of other fuels. Under the experimental conditions shown
above, for oxidation of “C acetate or butyrate, the oxygen-consumption constraint
only accounts for a 10% difference in the output TCA cycle flux (Yu et al., 1995).

The robustness of this model to errors in the measured concentrations of the
key metabolites has been tested by sensitivity analysis (Yu efal., 1997; Yuetal.,
1995). Simulations of ®C turnover in glutamate were compared under perturbations
of each pool size. The results show that the model is very robust against dramatic
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Figure8. Time course of glutamate 3C enrichment from both NMR measurements and kinetic
analysis for hearts oxidizing (A) [2-3C]acetate and (B) [2-13C]butyrate. Signal intensities from dynamic
13C NMR spectra are normalized to steady-state enrichment levels ofthe 4-carbon of glutamate. Open
circles represent4-carbon ofglutamate. Closed circles represent 2-carbon ofglutamate. Solidlines are
modeled enrichment rates from least-squares fitting.
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changes in all metabolite pools, with the exception of glutamate which introduced
significant changes in labeling curves with changes in pool size 0f20%.

This simple model is readily applicable to in vivo conditions, given some
knowledge of metabolite pool sizes. As indicated by the study with [2,4-
3C]butyrate, the fractional enrichment of acetyl-CoA has no influence on the
kinetics of glutamate labeling. Hence, *C NMR analysis of tissue extracts can be
avoided while relative anaplerosis can be calculated from the steady-state enrich-
ment levels of both the 4- and 2-carbons of glutamate. Furthermore, the labeling
kinetics of glutamate are minimally influenced by the pool sizes ofthe TCA cycle
intermediates and aspartate (Yu etal., 1995). Therefore, only glutamate concentra-
tion needs to be determined accurately. An additional consideration, however, is
that the current model assumes instant enrichment of acetyl-CoA pool, which is a
valid approximation for isolated heart. However, since in vivo heart derives a
significant amount of carbon source from endogenous fuels, this assumption may
not longer be valid. In this case, it may be necessary to obtain the *C-enrichment
curve of the plasma.

8. METABOLICFLUXANDREGULATIONFROM
DYNAMIC “C NMR SPECTROSCOPY

Energy production in the normal myocardium is an overwhelmingly oxidative
process with little contribution from the nonoxidative carbon flux through gly-
colysis in the normal heart (Lewandowski and Ingwall, 1993). The production of
ATP via oxidative phosphorylation is coupled to the electron transport chain,
consuming reducing equivalents, or electrons, produced by the progressive oxida-
tion of carbon-based fuels within the mitochondrial matrix. In the myocardium, the
principle energy yielding fuel are free fatty acids which are actively transported
across the mitochondrial membrane and cleaved into two-carbon acetyl groups via
B -oxidation, in the process generating reducing equivalents that are stored within
the electron acceptormolecules, NADH and FADH,. The two-carbon, acetyl groups
are then activated to form acetyl-CoA for entry into the primary pathway of
substrate oxidation, the tricarboxylic acid (TCA) cycle. The reducing equivalents
generated by the TCA cycle are then used by the electron transport chain to set up
an electrochemical proton gradient across the inner mitochondrial membrane. This
proton gradient drives the F1-ATPase enzyme that is responsible for the phospho-
rylation of ADP to produce ATP. The electrons generated by the oxidative reactions
ofthe TCA cycle are ultimately accepted by molecular oxygen to form water. Thus,
the “front-line’” of energy production in the heart occurs within the TCA cycle,
where net flux must match the energy demands ofphysiological function.

The concerted activities of the enzymes of oxidative intermediary metabolism
are well regulated via the redox state of the mitochondria (LaNoue ef al., 1970;
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Randle etal., 1970), intramitochondrial calciumion levels (Strzelecki efal., 1988;
Denton and McCormick, 1981), substrate availability (Neely and Morgan, 1974;
Bing, 1961; Shipp etal., 1961; Williamson and Krebs, 1961), and, due now to our
better understanding with 3C NMR, the exchange of intermediates between the
mitochondria and cytosol. This exchange can influence substrate-dependent flux
through the rate-determining dehydrogenase enzymes ofthe TCA cycle (Yu et al.,
1996; Yuetal., 1995; LaNoue etal., 1973; Safer and Williamson, 1973; Randle et
al., 1970). The ability to monitor the responses of metabolic flux to these control
factors have previously been limited to extracellularmeasurements of radioisotopes
or experiments on isolated mitochondria. Thus, performing the experiments on
isolated hearts described in this section determines a very important scientific
direction for current *C NMR studies to measure on-line metabolic flux inside the
cell.

From the rates of 3C enrichment at the 4-carbon and 2- or 3-carbon positions
of glutamate, the rate of TCA cycle flux can be quantified. Such flux measurements,
performed in the heart, can be easily validated by comparison to measured oxygen
consumption rates (Yu et al., 1995). Of additional interest is the rate of intercon-
version between 1:C-enriched o-ketoglutarate and glutamate which is also a
rate-determining process in glutamate labeling (Yu et al., 1996; Yu et al., 1995).
This interconversion rate has been examined with 3C NMR for comparison to more
traditional biochemical measurements and calculations of the enzymatic intercon-
version between o.-ketoglutarate and glutamate. Direct mathematical models of
isotope flux through the TCA cycle intermediate pools and glutamate can be used
to obtain these flux rates from dynamic 3C NMR spectra. Approaches to kinetic
models are discussed in the previous section. Having already examined experimen-
tal conditions that influence the observation of isotope enrichment rates in the
glutamate pool with NMR, the physiological basis for observed TCA cycle flux
and glutamate enrichment rates is now presented in this section.

A number of published studies demonstrate the abilities to monitor TCA cycle
flux in intact or in vivo organs using 3C NMR spectroscopy (Yu et al., 1996; Yu et
al., 1995; Robitaille et al., 1993a; Robitaille et al., 1993b; Lewandowski, 1992a;
Weiss et al., 1992). Most notably from these studies, the ability to monitor
mechanical function and oxygen consumption in the heart have validated these
measurements. As expected, proportional changes in the TCA cycle flux occur to
match the metabolic demands of different levels of mechanical work in the heart,
as shown for hearts under normal workloads, stimulated workloads, and basal
metabolic rates in the nonbeating, arrested heart. However, these experimental
observations have been made under extreme differences in metabolic demand,
while the observed =C kinetics have been shown to also be sensitive to more subtle
changes in TCA cycle flux due to metabolic regulation. Specifically, differences in
the rate of 2C enrichment of glutamate have been observed in hearts oxidizing
[2-53C]acetate and hearts oxidizing the labeled short-chain fatty acid, [2-
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13C]butyrate, due to differences in the pathways of substrate oxidation with either
fuel (Yuetal., 1995; Lewandowski etal., 1991b). The principle difference between
fuels is that butyrate is oxidized first through —oxidation prior to entry into the
TCA cycle, while acetate is directly activated to acetyl-CoA for oxidation in the
TCA cycle. Thus, more subtle physiological control of the TCA cycle beyond that
observed at extreme difference in workload can be studied.

The process of B -oxidation includes two dehydrogenase reactions that generate
reducing equivalents. For each acetyl-CoA molecule produced from the fatty acid
chain, an FADH, and NADH + H+ are also produced. These reducing equivalents
are in addition to the four pairs of reducing equivalents produced in the TCA cycle
forevery acetyl-CoA molecule that enters the cycle. Thus, B -oxidation contributes
20% ofthe total reducing equivalents generated for each acetyl group cleaved from
a fatty acid molecule. The additional reducing equivalents contribute to the total
redox state of the mitochondria, to regulate flux through the TCA cycle (Williamson
etal., 1976).

Evidence for this simple level of metabolic regulation via redox potential
(NADH/NAD+) in the mitochondria of intact hearts has been provided by SCNMR
spectroscopy. The dependence of the myocardium on B -oxidation for utilizing
butyrate as an oxidative fuel has been established by *C-enrichment studies of
glutamate in the presence of [2-3Clbutyrate and an inhibitor of B -oxidation,
4-bromocrotonic acid (Lewandowski etal., 1991b). Thereducing equivalents from
both B -oxidation and the TCA cycle, which provide the currency for oxidative
energy production, are ultimately accepted by molecular oxygen in the respiratory
chain. Therefore, at the same oxygen consumption to support the energy demands
of the normal heart, TCA cycle flux from butyrate oxidation is slightly slower
compared to acetate oxidation, yet the energy yield is the same.

This redox state-dependent control of the TCA cycle in mitochondria is readily
apparent from 3C NMR spectroscopy of the heart which shows a slight reduction
in the rate of glutamate enrichment from [2-*C]butyrate than from [2-2C]acetate
(Yuetal., 1995; Lewandowski et al., 1991b). Figure 8 shows these differences in
the glutamate enrichmentrates of hearts oxidizing either of the two substrates. Flux
measurements were determined from kinetic analysis using a simple compartment
model ofthe TCA cycle (Yu et al., 1995). The results of the kinetic analysis show
that, for hearts closely matched in workload and oxygen consumption rates, the
observed mean TCA cycle flux rates were 10.1 u moles/min/g dry weight with
acetate and 7.1 x moles/min/g dry weight with butyrate. Considering the fact that
hearts oxidizing butyrate produced 25% more reducing equivalents (2 pair vs. 4
pair), the approximate 30% reduction in mean TCA cycle flux observed with 3C
NMR during butyrate oxidation is very close to the expected response. These data
demonstrate the potential for 2C NMR spectroscopy to provide new insights into
metabolic control and regulation in intact, functioning tissues.
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9. METABOLITE COMPARTMENTATION
EFFECTS ON =C KINETICS

As discussed in the preceding sections, the observation of BC enrichment of
glutamate provides an indirect measure of the B3C enrichment of the TCA cycle
intermediates. The rate of labeling of the observed glutamate C resonance signals
is closely related to metabolic flux through the TCA cycle. These principles are
based on the assumption of isotopic equilibrium between the TCA cycle and
glutamate, which is due to the chemical exchange of label between o -ketoglutarate
and glutamate through a transaminase reaction. In fact, early considerations of 2C
NMR spectra have drawn conclusions along the assumption that the TCA cycle
intermediate, o -ketoglutarate, is in rapid exchange with glutamate to the extent that
this exchange exerts no significant rate-determining step. However, the assumption
that the interconversion rate between o -ketoglutarate and glutamate is not a rate-
determining step had not been directly tested until a study by Yu etal. in 1995. The
results of that study indicate that not only is the interconversion of labeled o -keto-
glutarate and glutamate much slower than previously assumed, but that the rate-
determining process is not the transaminase reaction but rather the physical sepa-
ration of the glutamate pool from the TCA cycle.

While very rapid isotope exchange is a reasonable assumption based purely on
the rate of the enzymatic reaction catalyzed by the glutamate—oxaloacetate trans-
aminase (GOT), this assumption does not consider the physical separation of the
TCA cycle within the mitochondria from the NMR observable glutamate pool in
the cytosolic compartment. Since at least 90% of the glutamate is located in the
cytosol, the labeling of glutamate also involves the transport of metabolites across
the mitochondrial membrane through the carrier-mediated transporters of the
malate—aspartate shuttle. Thus, while glutamate may be in isotopic equilibrium
with o -ketoglutarate, the transaminase reaction does not alone account for the rate
of isotope exchange between o -ketoglutarate and glutamate. Instead, physical
transport of labeled metabolites across the mitochondrial membrane contributes a
rate-determining step in the 2C enrichment of glutamate (see Fig. 9).

This problem was addressed by determining the enzyme kinetics of the cardiac
GOT in combination with dynamic C NMR observations of glutamate enrichment
at different metabolic rates in intact, isolated, perfused rabbit hearts. Since the GOT
enzyme is not allosterically regulated and is characterized by simple double-dis-
placement (“ping-pong”) reaction kinetics, flux through GOT can be easily calcu-
lated from measured V,,, the K, values for the substrates, and the concentrations
of the reactants. Therefore, GOT flux can be compared to the NMR-observed, 2C
enrichment of glutamate. While GOT flux in the heart was indeed found to be fast
in comparison to the TCA cycle flux rate, the reaction rate was found to be much
too fast to account for the observed rates of glutamate labeling. The results of these
experiments demonstrate that the rate of interconversion between o -ketoglutarate
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Figure 9. Compartmentation of a large glutamate pool in cytosol from the TCA cycle in the
mitochondria. Physicalseparationofthemetabolitepoolsindicatesthatmetabolitetransportcontributes
apotential rate-determining step in the exchange of *C between o.-ketoglutarate and glutamate.

and glutamate is similar to TCA cycle flux rates and is actually much slower than
the rate of GOT flux in the heart by at least twenty-fold. Thus, it is unlikely that
glutamate enrichment is solely determined by the TCA cycle flux. Therefore, care
must be taken in interpreting 3C NMR spectra of glutamate as a direct index of the
TCA cycle activity unless a comprehensive evaluation is given.

These values for TCA cycle flux, GOT flux, and the rate of interconversion
(F1) between a-ketoglutarate and glutamate in the isolated rabbit heart are dis-
played in Table 2. These values clearly demonstrate that the exchange of label
between o -ketoglutarate and glutamate is indeed a rate-determining component of
the isotopic enrichment of glutamate. If the exchange rate of =C between o-keto-
glutarate and glutamate were determined by the transaminase rate alone, then
labeling of the glutamate 4- and 2-carbon positions would be much faster than the
observed rates. In Fig. 10, the simulated enrichment rates of the 4- and 2-carbon
positions from a kinetic model using the values obtained for GOT flux are shown
in comparison to the actual experimentally observed enrichment curves in a heart
oxidizing [2-"C]butyrate. From these data, the interconversion of c-ketoglutarate
and glutamate demonstrates arate-limiting component that cannot be accounted for
by the enzymatic reaction alone. Rather, the physical transport of the metabolic
intermediates across the mitochondrial membrane is a likely contribution to the
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Table 2
Flux Rates, Kinetic Analysis, and GOT Measurements*
Substrate VTca F1 FGOT
Acetate 10.1 40.2 9.3+0.6 223
Butyrate 7.1+0.2 6.4+0.5 362
Acetate + KCl 3.1+0.1 5.8+0.6 181
Butyrate + KCI 1.8+0.1 4.4+1.0 158

“Viea. TCA cycle flux; F, flux of chemical exchange between glutamate and o -ketoglutarate; F gor, flux through
cytosolic glutamate—oxaloacetate transaminase (GOT). All flux values are presented as u moles/min/g dry tissue
weight.

observed BC-enrichment rates. Therefore, the evolution of pre-steady-state 2C
NMR spectra is unlikely to be determined solely by TCA cycle activity and may,
in fact, be dominated by metabolic communication between subcellular compart-
ments. Recent experiments have directly addressed the potential for these isotope
kinetics to be sensitive to the exchange of metabolites across the mitochondrial
membrane. The evidence for NMR measurements of transport kinetics and the
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Figure 10. Comparison of NMR observed 5C enrichment of 2- and 4-carbon of glutamate in hearts
oxidizing [2-3C]butyrate to the simulated 3C-enrichment rate for both carbons of glutamate if the
interconversion rate between o-ketoglutarate and glutamate is equal to flux through glutamate—ox-
aloacetate transaminase (GOT). The vertical axis represents fractional enrichment with 2C. Experimen-
tal data are shown as circles with a solid line to represent least-squares fitting of the model. The dotted
line represents the simulated time course of enrichment from GOT flux. Solid circles at left represent
4-carbon enrichment. Open circles at right represent 2-carbon enrichment.
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implications of monitoring subcellular metabolite exchange within intact tissues is
discussed in the following section.

10. 3CNMR OF SUBCELLULAR TRANSPORT RATES

In the previous sections, the relationship of metabolic activity to isotope
kinetics in the *C NMR observed glutamate pool have been described along with
methods of analysis and demonstrations of the sensitivity of *C NMR to oxidative
metabolic rates. These developments and applications of dynamic-mode NMR
observations of #C enrichment of glutamate have lead to the consideration of the
mechanisms of physical exchange between intermediates of oxidative metabolism
in the mitochondria and the large pool of glutamate in the cytosol. Having docu-
mented the discrepancy between enzymatic exchange of carbon isotope to gluta-
mate and the observed rate of exchange of isotopic enrichment of glutamate in the
previous section, we must now consider the sensitivity of dynamic *C NMR to the
exchange of metabolites across the mitochondrial membrane. This section de-
scribes the metabolite transport through the exchanger proteins of the malate—
aspartate shuttle as a rate-determining process in the 3C enrichment of glutamate.

The exchange of C-enriched TCA cycle intermediates with the NMR-ob-
served glutamate pool in the cytosol is achieved by the coordinated activity of two
transporters on the mitochondrial membrane. One transporter protein is responsible
for the reversible exchange of malate and o -ketoglutarate. The other transporter is
unidirectional by virtue of being electrogenic, exchanging cytosolic glutamate for
mitochondrial aspartate (Tischler ef al., 1976). Together with the transaminase
enzymes in both the cytosol and mitochondria, these transporters maintain abalance
in carbon mass between these cytosolic and mitochondrial intermediates and form
the functional system known as the malate—aspartate shuttle. This shuttle is dia-
grammed in Fig. 11.

The malate—aspartate shuttle serves the functional purpose of transporting
reducing equivalents in the form of NADH, from the cytosol to the mitochondrial
matrix for the respiratory chain. The mitochondrial membrane is impermeable to
NADH, but the reducing equivalentis carried by malate, which is then reconverted
to oxaloacetate in the mitochondria. In the process, malate transfers the reducing
equivalent to NAD . The net result is transfer of the NADH from the cytosol to
NADH in the mitochondrion. At high cytosolic redox state (NADH/NAD), the
malate — o - ketoglutarate exchanger is driven in the forward direction, with net
shuttle activity increasing to accommodate the increased transport of reducing
equivalents from the cytosol to the mitochondrial matrix.

The reversible o -ketoglutarate—malate transporter provides the mechanism by
which BC-labeled o -ketoglutarate enters the cytosol for interconversion with the
large cytosolic glutamate pool. Thus, the exchange of *C-enriched intermediates



Metabolic Flux and Subcellular TransportofMetabolites 153

NADH NAD NAD NADH

Oxaloacetate MMalate i L MalateM Oxaloacetate

o - Ketoglutarate - = ( - Ketoglutarate

Aspartate % Aspartate
Glutamate = Glutamate
Cytosol Mitochondrial Matrix

Figure 11. The malate—aspartateshuttle. Cytosolic malate is exchanged for mitochondrial o -ketoglu-
tarate at the exchanger I. Net influx of malate into the mitochondria results in the transport of reducing
equivalents which are transferred to NADY, to increase mitochondrial NADH. The unidirectional
glutamate—aspartateantiport system (II) balances the intermediate pools on either side of the mitochon-
drial membrane. These transporters provide a mechanism of exchange between *C-enriched TCA cycle
metabolites from the mitochondria with the glutamate pool in the cytosol.

between the TCA cycle in the mitochondrial matrix and the cytosolic space presents
another potential rate-determining step in the NMR-observed, “C enrichment of
glutamate. To test whether metabolite transport accounts for the discrepancy
between the very fast transaminase rate and the much slower interconversion rate
between a-ketoglutarate and glutamate, the effect of stimulated malate—aspartate
shuttle on dynamic changes in 3C NMR spectra was recently examined.

An important experimental consideration in elucidating rate-limiting steps of
isotope enrichment is that the use of inhibitors is inappropriate. Any inhibition will
cause the observed step in the kinetic process, even rapid processes, to become
rate-limiting. Any fast component of the isotopic enrichment of glutamate can be
partially inhibited, forcing it to become a new rate-limiting step. Instead, to identify
apotential rate-limiting step, it must be sped up, releasing the limitation. Therefore,
to test the potential for the malate—aspartate shuttle to be rate-limiting in the process
of glutamate labeling, metabolite transport needed to be stimulated rather than
inhibited.

To increase the rate of metabolite transport via net forward flux through the
malate—aspartate shuttle, an experiment was designed to increase cytosolic redox
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state in isolated hearts with lactate (Yu etal., 1996). Hearts were provided with the
short-chain fatty acid [2-*C]butyrate, which, from known effects of fatty acids on
lactate orpyruvate oxidation (Johnstonand Lewandowski, 1991 ; Weissetal., 1989;
Dennis et al., 1979), is oxidized in preference to the lactate. In fact, high-resolution
C spectra indicated that the lactate was not oxidized at all, but rather served to
increase the amount of NADH in the cytosol by virtue of reverse flux through lactate
dehydrogenase. The net result was that the *C-enriched butyrate was oxidized at
arelatively normal rate in the presence of increased metabolite exchange across the
mitochondrial membrane.

With the increase in the redox-driven malate—aspartateshuttle activity, the 3C
enrichment of glutamate was observed to occur at an increased rate. A series of
spectra from individual hearts is shown in Fig. 12 to demonstrate the visually
apparent increase in glutamate labeling that occurred at the increased transport
rates. Figure 13 shows the enrichment curves for hearts perfused with the labeled
butyrate at normal cytosolic redox state and for hearts perfused with labeled
butyrate at elevated redox state. At comparable rates of oxygen consumption and
TCA cycle flux, the interconversion rate between o.-ketoglutarate and glutamate
was slightly over 3 4 moles/min/g dry tissue weight in hearts at normal redox state
vs. a significantly higher 14z moles/min/g dry tissue weight in hearts subjected to
the high cytosolic redox state. The enrichment of glutamate was obviously stimu-
lated by the increased malate—aspartate shuttle activity. These results clearly
demonstrated that the transport process acts as a rate-determining step in the
NMR-observed 3C enrichment of glutamate. These results showed for the first time
that dynamic BC NMR is sensitive not just to chemical exchange, but also to
metabolite transport across the mitochondrial membrane. This recent finding
indicates that future work holds potential for exciting insights into the metabolic
communication of subcellular compartments in intact, functioning tissues.

However, the exchange of label between TCA cycle intermediates and the bulk
of the NMR-observed glutamate pool in the cytosol need not require net forward
flux through the malate—aspartate shuttle. Net forward flux through this shuttle
system involves both the unidirectional glutamate—aspartate exchanger and the
reversible o -ketoglutarate—malateexchanger (21,23). However, the efflux and
influx of isotope-labeled o-ketoglutarate across the mitochondrial membrane for
interconversion with the cytosolic glutamate pool can be accommodated by the
reversible o-ketoglutarate-malate exchanger alone. Therefore, the transport of
metabolites across the mitochondrial membrane may play a significant role in
coordinating the TCA cycle flux with cytosolic metabolism even in the absence of
significant activity through the malate—aspartate shuttle. This provides researchers
the opportunity to examine the role of the metabolite transport proteins on the
mitochondrial membrane and the recruitment of the malate—aspartateshuttle as
mechanisms for the regulation of oxidation metabolism in the mitochondria and
nonoxidative metabolism in the cytosol.
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Figure 12. Effects of increased malate—aspartate shuttle activity on '*C-enrichment rates of glutamate. (A) Series of
spectra from isolated rabbit heart ox1d121ng [2-13 C]butyrate atnormal cytosolic redox state. (B) Series of spectra from
isolated rabbit heart oxidizing [2 C]butyrate in the presence of lactate to increase cytosolic redox state. Effect of high
cytosolic redox state is to drive the malate—aspartate shuttle in the forward direction, increasing the rate of exchange
between mitochondrial a-ketoglutarate and cytosolic glutamate. At high redox state, the enrichment rate of glutamate is
increased due to increased malate-aspartate shuttle activity. Reprinted with permission from X. Yuetal., 1996, Subcellular
metabolite transport and carbon isotope kinetics in the intramyocardial glutamate pool, Biochemistry 35:6963. Copyright
1996 American Chemical Society.
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Figure13. “C enrichment of glutamate at different cytosolic redox states. *C NMR signal intensities
are normalized to steady-state enrichment levels. (A) *C enrichment from [2-2C]butyrate at normal
redox state. (B) =C enrichment from [2-13C]butyrate at high redox state. Note increase in 3C-enrich-
ment rate at high cytosolic redox state. Open circles represent *C enrichment of 4-carbon of glutamate.
Closed circles represent =C enrichment of 2-carbon of glutamate. Solid lines represent least-squares fit
of the kinetic model to the NMR data. Reprinted with permission from X. Yu etal., 1996, Subcellular
metabolite transport and carbon isotope kinetics in the intramyocardial glutamate pool, Biochemistry
35:6963. Copyright 1996 American Chemical Society

11. SUMMARY

Recent advances in *C NMR observations of metabolism in intact tissues have
taken the applications of this method from static measurements ofrelative metabo-
lic activity to quantification of metabolic flux rate and metabolite transport. An
exciting application from this new understanding comes from the translation of
metabolic conditions between the cytosol and mitochondria for physiological
studies of metabolic regulation.

The compartmentation of metabolic processes in living cells represents an
important regulatory mechanism in coordinating energy production to cell func-
tions. Metabolic communication between subcellular compartments is achieved



MetabolicFluxandSubcellular TransportofMetabolites 157

largely by selective permeability of membranes to different metabolites, or carrier-
mediated transport, which allows for efficient control of reaction pathways.
Through the adjustment of metabolite distribution between the mitochondria and
cytosol, the metabolic demands of overall physiological function by the cell can be
translated to the energetic machinery ofthe mitochondria.

In this manner, the malate—aspartateshuttle interacts directly with the TCA
cycle through carrier-mediated transport of o -ketoglutarate, malate, aspartate, and
glutamate across the mitochondrial membrane. However, the regulatory role ofthe
individual metabolite transporter on the mitochondrial membrane has only been
studied in isolated mitochondria with an artificial cytosolic environment and
certainly no physiological function. The dynamic-mode 2C NMR observations of
intact tissues that have been discussed in this chapter can now contribute similar
in-depth analysis of metabolic regulation in response to the physiological function
ofintact and in vivo organs.
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Assessing Cardiac Metabolic Rates
during Pathologic Conditions with
Dynamic *C NMR Spectra

Robert G. Weiss and Gary Gerstenblith

1. INTRODUCTION

Prior chapters have explored some basic elements of myocardial metabolism
and dynamic *C NMR methods for quantifying metabolic flux. This chapter aims
to review applications of specific dynamic 3C NMR methods for the understanding
of myocardial pathophysiology. It will focus on insights provided by dynamic 3C
NMR spectroscopy into two timely and clinically relevant questions of interest to
our laboratory, namely, paradigms of ischemic dysfunction and ischemic precon-
ditioning.
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2. DYNAMIC 3C NMR SPECTROSCOPY IN PARADIGMS OF
MYOCARDIAL DYSFUNCTION: “STUNNED” AND
“HIBERNATING” MYOCARDIUM

2.1. “Stunned”Myocardium

Myocardial contractile function is closely linked to the rates of ATP production.
The tricarboxylic acid cycle provides more than 90% of the ATP produced by the
aerobic heart (Neely and Kobayashi, 1979; Neely and Morgan, 1974) and thus
quantitative measures of total TCA cycle carbon oxidation are essential for assess-
ing ATP production and understanding the relationship between metabolism and
normal function. Myocardial contractile function is directly related to measures of
TCA cycle flux, such as myocardial oxygen consumption. Although contractile
dysfunction can result from nonmetabolic causes, such as changes in calcium
handling, primary alterations in TCA cycle oxidation can reduce cardiac contractile
function. During total severe ischemia, oxidative metabolism is inhibited and
contractile function rapidly ceases. The role of altered metabolism in contractile
dysfunction during modestreductions in coronary flow and during reperfusion after
severe ischemia are less well determined.

Several terms have been developed to describe myocardial dysfunction in the
clinical setting. The term “stunned myocardium” was coined several years ago to
describe the phenomenon of transient contractile dysfunction occurring after a brief
but severe episode of ischemia (Heyndrickx ef al., 1975; Braunwald and Kloner,
1982). Experimental studies demonstrate that stunned myocardium is not necrotic,
has normal coronary blood flow, and can respond to inotropic stimulation (Kloner
et al., 1974; Stahl et al., 1988). Normal contractile function will spontaneously
return after minutes to days, depending on the experimental model or the duration
or severity of the ischemic insult in the clinical setting. The precise pathophysiology
underlying the dysfunction of stunned myocardium has not been fully elucidated
although several factors such as altered calcium handling, cellular calcium over-
load, and free-radical generation are thought to contribute (Bolli, 1992). An
important possibility that has been evaluated by dynamic “C spectra is the issue of
whether oxidative metabolism is persistently altered after ischemia and contributes
to reduced contractile function.

Two studies used C NMR kinetics to evaluate TCA cycle activity in post-
ischemic “stunned” myocardium and both were conducted in isolated, perfused
hearts. Lewandowski efal. studied glutamate labeling kinetics immediately after a
10-minute period of total ischemia in perfused rabbit hearts (Lewandowski and
Johnston, 1990). Contractile function, abolished during ischemia, recovered to
about 50% of pre-ischemic values during reperfusion. [2-13C]acetate was adminis-
tered at the time of reperfusion and the kinetics of TCA cycle activity were indexed
by serial ®*C NMR assessments of relative glutamate C2 and C4 enrichment. The
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glutamate C2/C4 ratio prior to attainment of isotopic steady state of reperfused
stunned myocardium was significantly less than that in control hearts never exposed
to ischemia and functioning at a roughly twofold higher, or normal, rate—pressure
product. It was concluded that TCA cycle activity is reduced, at least at the onset
of reperfusion when the =C tracer was administered, in “stunned” myocardium.
In another study, TCA cycle activity was studied by 2C NMR spectroscopy
after both brief and prolonged periods of ischemia in isolated rat hearts (Weiss et
al., 1993). During reperfusion after the prolonged 45 minutes of normothermic
ischemia, there was ultrastructural evidence of irreversible injury by electron
microscopy, no contractile activity, absent high-energy phosphates by 3'P NMR,
and no detectable TCA cycle activity by 3C NMR (see Fig. 1). These data were
the first to demonstrate that irreversibly injured reperfused myocardium lack =C
NMR detectable TCA cycle activity. Reperfusion after more brief ischemia (17-20
min) resulted in myocardial “stunning” as contractile recovery was depressed by
about 25-30%from pre-ischemic values, creatine phosphate recovered fully, and
there was no ultrastructural evidence of irreversible injury. [2-13CJacetate was
administered at seven minutes of reperfusion when contractile recovery had reached
asteady but depressed level and when the major TCA cycle-linked metabolite pools,
glutamate and aspartate, were not changing. The steady-state levels of 2C gluta-
mate enrichment were lower than those of control hearts, but the rate of glutamate
enrichment was not slower but more rapid (Fig. 2). TCA cycle activity was
independently assessed by empirical and mathematical modeling analyses of the
3C NMR data in which both methods account for the lower pool sizes (Weiss et
al., 1992). Both analyses indicated that mean TCA cycle flux was higher by
60-100% in reperfused stunned hearts than in workload-matched hearts not ex-
posed to ischemia and reperfusion. The empirical method, based on the time
difference between BC labeling of different positions in the glutamate molecule
enriched in subsequent “turns” of the TCA cycle, will be discussed below. The
mathematical modeling approach, a simplified version of that initially reported by
Chance et al. (1983), also indicated a significant relative increase in TCA cycle flux
and, in addition, suggested a modest reduction in amino-transaminase activity in
reperfused stunned hearts. These findings of an increase in TCA cycle activity in
stunned hearts relative to that accompanying a similar workload in hearts not
exposed to prior ischemia are consistent with multiple studies in different species
showing a relative increase in myocardial oxygen consumption in stunned hearts
(Sako et al., 1988; Laster et al., 1989; Neubauer et al.,, 1988; Stahl et al., 1988).
The increase in TCA cycle activity in stunned hearts cannot be attributed to
mitochondrial uncoupling (Sako ef al., 1988) but is likely related, at least in part,
to nonsystolic energy demands, such as energy-consuming diastolic calcium cy-
cling (Weiss etal., 1990b), which are increased in stunned myocardium. Taking the
available evidence from these two studies of TCA cycle kinetics in reperfused
“stunned” myocardium (Lewandowski and Johnston, 1990; Weiss etal., 1993), one
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Figure 1. Representative3'P (leftpanel) and *C (rightpanel) NMR spectraobtained in control (top),
reperfused “stunned” (middle), andreperfused nonviable (bottom)rathearts. Peak assignments are Pi,
inorganic phosphate (intracellularand buffer); PCr, creatine phosphate; [3-P]JATP, beta-phosphate of
ATP; GLU-C2, glutamate C2; GLU-C4, glutamate C4; C3, glutamate C3; Ac, acetate C2; S1, phenyl-
phosphonic acid standard; S2, hexanoate C6 standard. Stunned hearts (middle) had nearly complete
recovery of PCrbutreduced ATPand, atisotopic steady state, lowerlevelsofglutamate. Afterprolonged
ischemia, irreversibly injured hearts had barely detectable PCrand ATP and no detectable TCA cycle
activityby *CNMR. Reproduced from Weiss etal. (1993).
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could conclude that TCA cycle activity is limited or slowed only during the early
minutes of reperfusion but quickly attains levels at or above those of similarly
functioning control hearts. Therefore, dynamic *C NMR kinetics demonstrate that
reduced TCA cycle activity does not exist beyond the initial reflow period and
cannot, therefore, account for the depressed function of reperfused stunned myo-
cardium.
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2.2. “Hibernating” Myocardium

Another paradigm of myocardial dysfunction was initially described as “hiber-
nating” myocardium by Rahimtoola (1985). The concept is that modest chronic
reductions in coronary blood flow (supply) could be matched by chronic reductions
in systolic function (demand) such that anew, down-regulated or “hibernating” state
would be obtained. The theoretical possibility that this stable state of depressed
contractility with reduced but matched supply and demand could be reversed with
restoration of normal flow was supported by clinical observations of rapidly
improved regional function immediately after coronary artery bypass (Topol et al.,
1984). Initial experimental studies demonstrated the attainment of normal high-
energy phosphate levels inmodels ofhibernating myocardium (Zhang etal., 1993),
indicating that classic ischemia with an imbalance of oxygen supply and demand
and high-energy phosphate depletion was not chronically present. Dynamic 3C
NMR spectra have also been obtained in an isolated rat heart model with modest
reductions in coronary flow (Weiss et al., 1989), similar to those which result in
acute myocardial hibernation. Although severe (~80%)reductions in coronary flow
in such crystalloid perfused hearts resulted in classic ischemia with depletion of
high-energy phosphates and incomplete post-ischemicrecovery, modest reductions
in coronary flow (-60%)resulted in unchanged high-energy phosphate levels and
a stable 50% depression in left ventricular developed pressure for one hour which
fully recovered with restoration ofbaseline flow. The latter characteristics are those
anticipated for hibernating myocardium. During perfusion with [1-3C]glucose,
modest reductions in coronary flow resulted in a twofold increase in [3-13C]lactate
levels and depressed and slowed glutamate enrichment by the TCA cycle as
compared with those of normal hearts. The delayed TCA cycle kinetics were not
due to reduced [1-*C]glucose delivery during reduced coronary flow as reduced
[1-53C]glucose delivery in the absence of reduced flow did not reduce TCA cycle
kinetics (Weiss et al., 1989). The reduced TCA cycle kinetics were mimicked by
reducing cardiac workload in nonischemic hearts, but that maneuver did not
increase lactate levels as in hearts with reduced coronary flow. A relative increase
in the contribution of anaplerotic to acetyl-CoA-derived carbon entering the TCA
cycle, a potential source of nonoxidative, substrate-level phosphorylation energy
production, was suggested in hearts with modest flow reductions from 2C NMR
spectra obtained well after attainment of 2C glutamate isotopic steady state. These
observations from dynamic 3C NMR spectra demonstrate that acute reductions in
coronary flow which mimic the paradigm of “hibernating myocardium” result in
augmentation ofanaerobic metabolism with down-regulated TCA cycle oxidation.

The findings ofthese dynamic BCNMR studies suggest two additional insights
which go beyond myocardial stunning and hibernation in these models. First,
dynamic 3C NMR spectra can provide unique and valuable information on meta-
bolic flux through specific pathways that cannot be reliably gained from measures
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of tissue uptake alone, like that fromradio-tracerstudies. For example, in the studies
of myocardium reperfused after a short period of ischemia, total tissue 2C uptake
was less than that of normal tissues (see Fig. 2). However, it is incorrect to assume
that reduced tissue uptake means reduced TCA cycle flux, since total glutamate
pools and amino-transaminase flux are reduced while TCA cycle flux is actually
increased in stunned hearts. Dynamic 3C NMR spectra alone provide sufficient
nondestructive information to correctly identify increased TCA cycle flux in the
setting of reduced pool sizes and altered related metabolic pathways. Second, all
of these studies suggest that dynamic 3C NMR spectra may provide a unique
method for metabolically characterizing and distinguishing “hibernating,”
“stunned,” and infarcted dysfunctional myocardium in more clinically relevant
settings.

2.3. Implications for Distinguishing Types of Dysfunctional Myocardium
in the Clinical Setting: In Vivo *C NMR

Myocardial dysfunction in ischemic heart disease is a major cause of morbidity
and mortality. Although many conventional noninvasive techniques (e.g., echo-
cardiography, gated blood pool nuclear techniques, and magnetic resonance imag-
ing) as well as invasive techniques (e.g., ventriculography at cardiac
catheterization) provide reliable measures of the extent and severity of myocardial
dysfunction, they cannot identify the underlying paradigm causing dysfunction or
whether the noncontracting tissue is viable. In addition, distinguishing the cause of
dysfunction is important clinically since revascularization strategies (e.g., coronary
artery bypass or balloon angioplasty) cannot improve the contractile function of
nonviable infarcted myocardium, do improve dysfunction in “hibernating” myo-
cardium, and are not required in “stunned” regions whose function would improve
spontaneously. Unfortunately, there is no routine method for prospectively distin-
guishing among these paradigms. Preserved metabolic uptake, detected by PET
methods (Tillisch et al., 1986), is generally accepted as one of the best research
methods for identifying viable myocardium and distinguishing it from nonviable
tissue. Unfortunately, PET technology is available in relatively few centers and is
not widely used. We propose, based on the above studies, that in vivo *C NMR has
the potential to uniquely distinguish viable from nonviable myocardium as well as
viable “stunned” from viable “hibernating” myocardium.

The theoretical framework and the rationale for the idea that dynamic 3C NMR
may one day be useful for distinguishing different kinds of dysfunctional myocar-
dium is outlined in Table 1. In this simplified framework, severely dysfunctional or
noncontracting myocardium can be classified as viable “stunned,” viable “hiber-
nating,” or nonviable infarcted myocardium. These cannot be distinguished based
on contractile function which can be equally depressed in all. Revascularization
would improve function in “hibernating” myocardium but not in nonviable, in-
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Tablel
Observations Relating Metabolic Profiles to Myocardial Pathophysiology
Myocardium Function 3P NMR: HEP’s 5C NMR: TCA Rx
“Stunned” depressed normal increased TCA flux wait
“Hibernating”  depressed normal slowed TCA flux revascularize
increased lactate
Infarcted depressed reduced levels absent TCA flux no revasc.

farcted tissues. Function would spontaneously improve in stunned myocardium
without intervention. Based on animal studies (Rehr ef al.,, 1989; Deboer et al.,
1983; Weiss et al., 1993) and a single study in patients (Yabe ef al, 1995),
myocardial high-energy phosphate levels would be reduced or absent in infarcted
myocardium. Myocardial high-energy phosphate ratios and levels would be ex-
pected to be normal in both “hibernating” and “stunned” cardiac tissues (Sako et
al., 1988; Zhang etal., 1993; Weiss etal., 1989; Weiss et al., 1993). Dynamic 3C
NMR spectra could be useful for prospectively distinguishing all three, in that
infarcted tissues would lack evidence of metabolic uptake and TCA cycle activity
(Weiss et al., 1993), “stunned” myocardium would exhibit normal or increased
TCA cycle activity (Weiss et al., 1993), while “hibernating” myocardium would
evidence decreased TCA cycle activity but increased lactate formation (Weiss et
al., 1989). Therefore, based on the available theoretical experimental evidence,
dynamic *C NMR spectroscopy has the potential to metabolically distinguish these
three states and could be useful in prospectively predicting the functional benefit
of revascularization procedures to dysfunctional regions based on the metabolic
characterization ofthe underlying pathophysiology.

It is important to first emphasize that this is a theoretical framework and has
not been clinically demonstrated. The metabolic 3C NMR profiles of stunned and
hibernating myocardium have not been tested in more physiologic settings than
isolated hearts and 3C NMR is not routinely implemented in the clinical setting.
Nevertheless, spatially localized cardiac *'P NMR spectroscopy has been used for
several years in clinical studies to identify stress-induced changes in cardiac
high-energy phosphate ratios in subjects with ischemia in viable regions (Weiss et
al., 1990a; Yabe et al., 1994), to identify reductions in metabolite ratios at rest in
subjects with ischemic and nonischemic cardiomyopathy (Hardy et al, 1991;
Neubauer etal., 1992), as well as to quantify reduced high-energy phosphate levels
or concentrations in infarcted, nonviable tissues (Yabe etal., 1995). In vivo human
cardiac *C NMR spectroscopy is far less developed than 3P NMR, in part due to
the need for proton decoupling as well as the administration of expensive 13C-
labeled substrates. Spatially localized, proton-decoupled cardiac *C NMR spectra
have been obtained of the naturally abundant carbons ofthe human heart (Bottom-
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ley et al, 1989) although cardiac acquisitions during infusion of C-enriched
substrates have not yet been published, as in the human brain. /n vivo 5C studies
are primarily limited by the relatively high cost of 2C isotopes. The cost of stable
13C-enriched substrates has fallen in recent years as production has increased and
will likely to continue to fall to the range of radioisotopes used in nuclear imaging
if produced in increasing quantities. Despite the limitations, this theoretical frame-
work is logical and based on available experimental evidence. It also provides a
useful rationale to further test the developing technology of in vivo cardiac C
spectroscopy. In addition, clinical enthusiasm is especially high because high-field
magnetic resonance systems suitable for 3C NMR are available at most hospitals,
because “C-labeled substrates are stable and do not require elaborate on-site
synthesis, and since identification of myocardial viability would significantly and
economically affect the care of many patients.

2.4. A Strategy for Measuring TCA Cycle Flux with *C NMR

If in vivo 3C NMR spectroscopy could be performed routinely on the human
heart in the future, how would the spectra be analyzed to estimate TCA cycle flux?
As earlier chapters indicate, there are both empirical and mathematical modeling
means for analyzing dynamic #C NMR spectra during infusion and washout of
13C-labeled isotopes which can be used for calculating TCA cycle flux. We think
all methods have strengths and weaknesses, and that the hypothesis tested and the
experimental model should primarily dictate which strategy is used to measure TCA
cycle flux from a given set of 3C NMR data.

We will review and critique one method for indexing TCA cycle flux that we
initially described since it has some unique strengths, especially for in vivo
applications. Prior (Chance ef al., 1983) and subsequent (Weiss et al., 1992;
Robitaille et al., 1993) mathematical modeling approaches for estimating TCA
cycle flux require, in addition to 3C NMR data, information about the sizes of
various metabolite pools (e.g., glutamate) that can typically be obtained only by
biochemical measures from tissue extracts, precluding human studies. Several years
ago we sought to develop an empirical method for quantifying TCA cycle flux based
solely on 3C NMR data. The underlying basis for the approach exploited a novel
strength of 2*C NMR, to quantify labeling of distinct carbons of the same molecule
enriched during different “turns” ofthe TCA cycle (Weiss et al., 1992). The central
idea (see Fig. 3) is that dynamic *C NMR acquisitions can index the time for carbon
to make one “turn” of the cycle from the time difference in enrichment of glutamate
carbons enriched in subsequent TCA turns. In other words, during administration
of a BC-enriched substrate which generates [2-3Clacetyl-CoA (e.g., [ 1-3C]glu-
cose, [3-2C]pyruvate, and so forth), the time for *C to appear and enrich glutamate
C4 includes the time for isotope administration, delivery to the heart, cellular
uptake, metabolism through pathways producing acetyl-CoA (glycolysis for glu-
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Figure 3. Schematic of TCA cycle reactions and the path of carbon acetate and other substrates to the
glutamate isotopomers. The solid line denotes the path for reactions influencing the time for the
metabolism of [2-2C]acetate to glutamate C4 (x) and the dotted line the reactions influencing the time
course for the metabolism of [2-3C]Jacetate to glutamate C2 or C3 (¢). The time difference between
glutamate C4 and C2 (or C3) enrichment is directly proportional to the time for carbon movement
through the citric acid cycle and inversely proportional to cycle flux. Reproduced from Weiss et al.
(1992).

cose or beta-oxidation for fatty acids), and flux through the first reactions of the
cycle (Fig. 3, solid line) and through the amino transaminase reaction to glutamate
C4. The time forenrichment ofglutamate C3 (or C2) includes all ofthe same delays,
but also includes flux through one turn of the TCA cycle including randomization
at succinate (Fig. 3, dashed line). Therefore, the time difference (At s,) between
glutamate C4 and C3 enrichment is directly related to the time for movement
through the cycle, indirectly related to TCA cycle flux, and essentially independent
of many other factors including time of delivery, uptake, glycolysis, and beta-oxi-
dation. Ifone takes into account the sizes of metabolite pools detected by *C NMR
and the fractional enrichment of acetyl-CoA entering the cycle, A 5, can be used to
calculate K, ameasure directly proportional to TCA cycle flux (Weiss etal., 1992).

There are at least six strengths to this approach for indexing TCA cycle flux.
First, the method was experimentally validated by comparison with measures of
myocardial oxygen consumption (MVO,), which is proportional to TCA cycle flux,
across a range of contractile activity (Weiss ef al., 1992). In fact, it is the only
method of TCA cycle flux quantification by 3C NMR to date which has been shown
to closely correlate with MVO, across a wide range in more than a single experi-
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mental setting. Second, the consequence of relatively large changes in 2C NMR
detectable and smaller pool sizes was extensively evaluated with mathematical
modeling and shown to generate only small variations within the noise of the
experiment (Weiss et al., 1992). Third, a careful potential flaw analysis, including
variations in isotope delivery, was also conducted and shown to induce relatively
little change in these measures of TCA cycle activity (Weiss et al., 1993). Fourth,
the measures can be obtained from in vivo or clinical data, since they arise entirely
from 3C NMR measures and do not require destructive measures or assumptions
regarding pool sizes for estimating TCA cycle flux. Fifth, the approach can be used
with both “wash in” and “wash out” C methods, although the latter may be
clinically problematic with physiologic substrates (i.e., it is easier to give a labeled
substrate than it is to rapidly remove it from the blood in vivo). Sixth, the method
does not require the assumption that amino-transaminase flux is much more rapid
than TCA cycle flux, as do several other approaches (Fitzpatrick et al 1990;
Robitaille ef al 1993).

This latter consideration was recently explored experimentally in isolated rat
hearts with the use of an amino-transaminase inhibitor. Administration of 0.1 mM
aminooxyacetic acid inhibited in vitro aspartate aminotransferase activity by 95%,
slowed 5C labeling of glutamate C4 and C3, reduced calculated aminotransferase
activity in the intact heart by 50%, but did not alter indices oftotal TCA flux (Weiss
et al 1995). In this setting K, was altered by only 1%, while some other measures
of TCA cycle flux were altered by as much as 30% (Weiss et al 1995). Therefore
in settings where amino-transaminase activity is reduced or unknown, this approach
to estimating TCA cycle flux based on the time difference in glutamate enrichment
may have some unique advantages.

The limitations of the approach are, first, that it does not provide an absolute
measure of TCA cycle activity, only a measure which is directly proportional to
TCA cycle flux. Second, since the approach is relatively independent of amino-
transaminase activity, it does not provide a measure of amino-transaminase activity,
as do several modeling methods. Third, the method does not provide an analytic
solution to the problem of calculating flux, although it has a form strikingly similar
to arecently reported analytic solution that also is directly related to TCA metabo-
lite mass divided by the difference in dominant rate constants of glutamate C4 and
C2 (Cohen and Bergman, 1995).

Once again, our bias is that the hypothesis to be tested and the experimental
model should dictate the dynamic 3C NMR data analysis method used to estimate
TCA cycle flux. If one wants to quantify the absolute rate of TCA cycle turnover
or wishes to measure amino-transaminase activity, then the K, approach, which is
dependent on the time difference between glutamate carbon labeling (At s,), will
not provide the necessary information and should not be used. If, on the other hand,
one needs a relative measure of TCA cycle flux, for example, for comparison with
the same measure under other conditions or in different regions of the heart, which
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only requires “C NMR data and is relatively independent of the time of isotope
delivery and amino-transaminase activity, then K, should be considered.

Whether ornotdynamic in vivo 3C NMR spectroscopy will have clinical utility
for metabolically characterizing and distinguishing viable dysfunctional myocar-
dium in the clinical setting is still far from being demonstrated. Nevertheless, the
experimental studies and methods reviewed here, as well as the work of many other
groups, provide an experimental foundation and logical approach for future inves-
tigations into this important question in more physiological, clinically-relevant
settings.

3. DYNAMIC *C NMR SPECTROSCOPY OF GLYCOLYSISIN
ISCHEMICPRECONDITIONING

3.1. Metabolic Changes in Ischemic Preconditioned Hearts

“Ischemic preconditioning” was the termused by Murry, Jennings, and Reimer
(Murry et al., 1986) in their initial description of the phenomenon whereby short
periods of ischemia significantly increase myocardial tolerance to a subsequent
prolonged ischemic insult. From a clinical perspective, ischemic preconditioning
is of tremendous investigative interest both because it affords significantly greater
reductions in myocardial infarct size than all prior “anti-ischemic” therapies and
because it occurs in all species studied, including humans (Deutsch ez al., 1990).
Many mechanisms have been identified which contribute to the protection of
ischemic preconditioning including adenosine receptor stimulation (Liu et al.,
1991), a-1-adrenergic stimulation (Bankwala ef al., 1994), ATP-dependent K+
channel activation (Gross and Auchampach, 1992), and activation and translocation
ofprotein kinase C (Mitchell etal., 1995; Speechly-Dick et al., 1994). Changes in
intermediary metabolism also contribute to the protection of ischemic precondi-
tioning and studies using NMR spectroscopy have detailed some ofthese effects.

In an early description of ischemic preconditioning, Murry et al. (1990)
recognized that preconditioning critically reduced myocardial energy demand
during the subsequent prolonged ischemic period, but they could not distinguish
whetherpreserved ATP levels orreduced cellularload ofcatabolites (H+ and lactate)
was primarily responsible for delaying ischemic cell death. Using 3P NMR
spectroscopy in intact pigs, Kidaeral. (1991) observed both preserved high-energy
phosphates and cellular pH in preconditioned hearts during ischemia and suggested
that the pH effect may be more important because it persisted longer during
ischemia. Although preserved high-energy phosphates during ischemia are only
occasionally observed in preconditioned hearts, attenuated acidosis during is-
chemia is observed in nearly all preconditioning models (Kida ef al, 1991;
Steenbergenetal., 1993;Chenetal., 1995; Schaeferetal., 1995; Wolfeetal., 1993).
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In studies where the attenuation of ischemic acidosis in preconditioned hearts is
blocked, the metabolic and contractile benefits of preconditioning are also blocked
(de Albuquerque eral., 1994). Itis likely that the attenuation of acidosis contributes
to lessened alterations in intracellular Na* and Ca** during ischemia and subsequent
reperfusion (Steenbergen ezal., 1993) and thereby confers protection. Since attenu-
ation of ischemic acidosis contributesto the protection afforded by preconditioning,
what is the mechanism accounting for the attenuation of acidosis in preconditioned
hearts?

3.2. Attenuated Ischemic Acidosisin Preconditioned Hearts

Reduced acidosis during ischemia in preconditioned hearts could be due to
decreased H* production or increased H* buffering during ischemia. In studies
using dynamic C NMR techniques, no increase in tissue buffering capacity is
observed in ischemia preconditioned rat hearts (see Fig. 4) (de Albuquerque et al.,
1995). However, there is considerable evidence suggesting decreased proton pro-
duction. The early studies of Murry et al. reported reduced lactate levels in
preconditioned dog hearts during ischemia (Murry et al., 1990) and this has been
reproduced in other experimental models (Finegan et al., 1995). The studies of
Wolfe et al. in intact rats suggest that glycogen depletion may account for the
attenuation of lactate and proton accumulation during ischemia in preconditioned
hearts and contributes to improved recovery (Wolfe ef al., 1993). In experiments
where glycogen repletion is allowed to occur after preconditioning episodes,
ischemic acidosis is no longer attenuated and the improvement in post-ischemic
recovery is not observed as in conventionally preconditioned hearts (Wolfe ez al.,
1993). Although attenuation of ischemic acidosis appears important for at least
some of the protection afforded by preconditioning in nearly all models, the
mechanisms resulting in reduced proton production and the role of glycogen
depletion are unclear. If glycogen depletion alone accounts for the attenuation of
ischemic acidosis in preconditioning, then glycolytic and proton production rates
should be similar in control and preconditioned hearts during early ischemia but
differ later after glycogen stores are exhausted. Conversely, if attenuated acidosis
results from slowed glycolysis prior to exhaustion of glycogen stores, then gly-
colytic and proton production rates would be less in preconditioned hearts through-
out ischemia. Distinguishing between these two mechanisms is important for
designing strategies to mimic some of the protective effects of preconditioning by
attenuating ischemic acidosis.

We recently used dynamic 2C NMR to address the mechanisms accounting
for reduced H* production during ischemia in preconditioned hearts since 3SC NMR
alone can provide simultaneous measures of intracellular pH (Chacko and Weiss,
1993), lactate appearance (Hoekengaetal., 1988; Weiss etal., 1989; Lewandowski
et al., 1991), and glycogen degradation (Hoekenga et al., 1988; Brainard et al.,
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Figure 4. Representative *C NMR spectrum (upper panel) acquired over 1.25 min at 11.75 T in an
isolated rat heart after 1-*C]glucose perfusion and 10 minutes of total ischemia is shown. The peaks
include [3-2C]glycerol phosphate (GP, used for pH determination), [2-*CJacetate standard contained
in the intraventricular balloon (S), [3-*C]lactate (L), and [3-*C]alanine (A). The relationship between
intracellular pH and [3-"C]lactate concentrations (x mol/g ww) during global, no-flow ischemia in
control and preconditioned hearts (n =9 each) is presented in the lower panel. There is no difference in
the buffering capacity between control and preconditioned hearts under these conditions, as indicated
by (1/slope) of this relationship. Adapted from de Albuquerque ez al. (1995).
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1989; Kalil-Filho et al., 1991), even during total ischemia. We proposed that the
changing rate of glycolysis could be determined during total ischemia by quantify-
ing the rate of appearance of glycolytic end-products (lactate and alanine) from
serial 3C NMR acquisitions in [ 1-3C]glucose perfused and [3C]glycogen-loaded
hearts (Weiss etal., 1996). Likewise, the rates of [*C]glycogenolysis and [3C]glu-
cose utilization during total ischemia were also calculated from serial 3C NMR
spectra by the reductions in each of these peak areas over time. Figure 5 presents
examples of serial *C NMR spectra showing changes in glycolytic products and
end-products over time and some calculated metabolic rates. Under the conditions
studied in isolated rat hearts, the approach was validated by observations that *C
NMR measures of absolute lactate concentrations agreed closely with biochemical

[l
L)L

20 ppm
0 125 375 625 875 1125 1375 1625 1875 21.25
Ischemic Time (min) —»

Figure5. Expanded portions of the glycogen (G), and glucose resonances (§ and o) (all upper panel)
and of the lactate (L) and alanine (A) regions (lower panel) of 3C NMR spectra acquired every 2.5
minutes in the same control heart. The numbers below each spectrumindicate the time in minutes during
total ischemia when the spectrum was acquired with time 0 indicating the pre-ischemic spectra. The
increase in peak areas between sequential spectra of the lower panel reflect the 3C glycolytic flux
occurring during those acquisitions. The progressively smaller differences in lactate and alanine peaks
from one acquisition to the next during later ischemia demonstrate the rate at which glycolytic flux
slows during total ischemia. The upper panel displays the time course of the sources of that glycolytic
flux and demonstrates that nearly all glucose utilization occurs during the first minutes of ischemia and
that glycogen utilization begins after one minute of ischemia. Reproduced from Weiss et al. (1996).



176 RobertG.Weissand Gary Gerstenblith

1.25

1.00¢

0754 l—?

l \
o0 Pe g
0.25+ ' 1\9 /i

T
3
0.00 + + + + + A—

13c-GLYcoLyYsis

1.0+

-05+

v

4
-1.0 + + + + + F4—
2251 §

1.75¢

.25+

0.754

0.25 1

13c-GLUCOSE uTILIZATION 13C—GLYCOGENOLYSIS

-0.25 + + + +
0 2.5 5 7.5 10 1
TIME (min)

Figure 6. Rates of C-glycolysis, C-glycogenolysis, and “C-glucose utilization during ischemia
in control (open circles, dotted line) and ischemia preconditioned hearts (filled triangles, solid line)
expressed as £ mol/min/g ww. In control hearts, glycolytic rates fall after several minutes of ischemia
as glucose utilization rates are declining rapidly and glycogenolytic rates are rising, but persistent
glycolysis is readily detectable for at least 20 minutes oftotal ischemia. Glycolyticrates are significantly
lower throughout ischemia in ischemia preconditioned hearts than in controls. Higher glucose utilization
is observed at 1.25 min in preconditioned hearts, which coincides with brief glycogen synthesis. The
rate of glycogenolysis is significantly lower in ischemic preconditioned than in control hearts throughout
ischemia. Reproduced from Weiss ez al. (1996).
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Figure7. Representative 3C NMR spectra (upper panel), C-lactate levels (middle panel, x mol/g
ww), and B3C-glucose utilization rates (bottom panel, pmol/min/g ww) acquired from control and
preconditioned hearts ( n = 4, each) with glycogen synthesized from [1-13C]glucose and extra- and
intracellular glucose pools subsequently replaced with [2-3C]glucose prior to total ischemia. The peaks
denote [1-°Clglycogen (GGl), the B— and ct.-anomers of [2-*C]glucose (G2, ), the intraventricular
balloon [2-13C]acetate standard (S), [2-3C]lactate (L2), [3-53C]lactate (L3), and [3-3C]alanine (A3).
During ischemia (middle panel), [2-13C]lactate (filled triangles, solid line), derived from [2-13C]glucose,
appears rapidly and achieves maximal levels within about 3 minutes. [3-13C]lactate (open circles, dotted
line), derived from [1-13C]glycogen, appears more gradually but accounts for nearly all of the lactate
formed after the first minute or so of ischemia in control hearts. In preconditioned hearts (middle panel,
right), depressed glycogen utilization (L3) and increased glucose utilization (L2) are observed during
early ischemia, in agreement with the earlier experiments (Fig. 6 above). 3C-glucose utilization rates
(bottom panel) derived directly from the appearance of [2-13C]lactate in these experiments trended
higher in preconditioned hearts and also agree well, although with more variability, than similar
measures derived from the disappearance of the [1-3C]glucose peaks (open circles, dotted line)
described before. These dynamic 3C NMR observations are also consistent with a primary reduction
in glycogenolysis accounting for attenuated glycolysis throughout ischemia in preconditioned hearts.
Reproduced from Weiss ef al. (1996).
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measures in the same tissues, that the carbons from glycolysis do notenter the TCA
cycle shortly after the onset of ischemia, and that the production of glycolytic
end-products stoichiometrically agreed with the loss of glycolytic products, with
the small excess in the latter likely appearing as glycolytic intermediates (Weiss et
al., 1996).

These studies demonstrated directly for the first time that glycolysis is inhibited
during the first few minutes oftotal ischemia and that measurable glycolysis and
glycolytic ATP production rates are observable for up to 20 minutes of ischemia.
In addition, glucose provides the primary glycolytic source during the first minute
ofischemia, but that glycogenolysis is quickly activated and, as expected, provides
the primary fuel during most ofischemia. In terms of ischemic preconditioning,
glycolytic rates were slowed in preconditioned hearts from the onset of ischemia
and long before exhaustion of glycogen stores. Glycogenolysis was attenuated from
the onset ofischemia in preconditioned hearts (Fig. 6) and this was out ofproportion
to the reduction in glycolysis and occurred during a modest increase in glucose
utilization. Separate dual isotope studies with [ 1-2C]glycogen and [2-3C]glucose
confirmed the primary reduction in glycogenolysis, increased glucose utilization
in preconditioned hearts, and the validity of the basic approach (Fig. 7) (Weiss et
al., 1996). Thus dynamic 3C NMR directly demonstrated for the first time that
glycogenolysis is attenuated throughout ischemia and is the cause of attenuated
proton production in preconditioned hearts, not simply depletion of glycogen
stores. This probably explains, atleastin part, why glycogen depleting interventions
alone do not reproduce entirely the beneficial effects of ischemic preconditioning
(Schaeferetal., 1995).

4. SUMMARY

Approaches for assessing both glycolytic and TCA cycle metabolic activity
from dynamic 3C NMR spectra have been reviewed. In each case, specific
examples are provided into ways in which 3C NMR measures provide unique
pathophysiologic insights into clinically important questions regarding myocardial
stunning and hibernation as well & ischemic preconditioning. 2C NMR studies in
isolated hearts suggest that the TCA cycle may be transiently slowed immediately
after ischemia but that the persistent dysfunction of “stunned” myocardium cannot
be attributed to reduced TCA cycle activity since it is relatively increased as
compared with that in normal myocardium with similar contractile activity. “Hi-
bernating” myocardium is associated with reduced TCA cycle activity and in-
creased anaerobic metabolism. 3C NMR may provide a unique means to
distinguish these causes of reversible myocardial dysfunction. The attenuated
ischemic acidosis, which contributes to protection in ischemic preconditioning, has
been shown by BCNMR to be attributable to a primary reduction in glycogenolysis
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throughout ischemia and not simply due to an exhaustion of glycogen stores by the
preconditioning episodes. It is anticipated that these and other observations will
help guide future work as *C NMR studies are implemented in more physiologic
and ultimately clinical settings.
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Applications of *C Labeling to Studies of
Human Brain Metabolism In Vivo

Graeme F. Mason

1. INTRODUCTION

The carbon isotope =C has proven useful for studies of metabolism in systems
that range from cellular preparations (Shulman ez al., 1979; Sillerud et al., 1981,
Sillerud and Shulman, 1983; den Hollander et al., 1986; Reibstein et al.,, 1986;
Sonnewald et al.,, 1993; Westergaard et al., 1994) to the human brain in vivo
(Beckmann etal., 1991; Gruetter et al., 1994; Mason etal., 1995). The usefulness
of NMR detection of BC in the brain stems from a variety of sources. NMR
spectroscopy permits the separate detection not only of specific chemicals, but of
isotopic labeling and patterns of labeling among specific carbon positions in those
chemicals. The detection is nondestructive and can penetrate the brain to any depth.
The detection of the 2C can be combined with the spectroscopic detection of total
(unlabeled and 3C-labeled) levels of metabolites like lactate, choline, the neuronal
marker N -acetylaspartate, and other compounds. If an NMR spectrometer is
equipped with gradients, anatomic imaging and in many cases functional imaging

Graeme F. Mason ¢ Magnetic Resonance Center, Yale University, School of Medicine, 333 Cedar
Street, P.O. Box 208043, New Haven, Connecticut 06520-8043.

Biological Magnetic Resonance, Volume 15: In Vivo Carbon-13 NMR, edited by L. J. Berliner and P.-M.
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can be performed in the same experimental session, permitting unambiguous
correlation of results with anatomy.

BC detection by NMR spectroscopy has many applications in the brain,
including measurements of metabolic rates, relative rates of substrate utilization,
and metabolic concentrations in health, in disease, and during pharmacological
intervention. Since the early studies ofcellular preparations (Shulman et al., 1979;
Sillerud et al., 1981; Sillerud and Shulman, 1983; den Hollander ef al., 1986;
Reibstein ef al., 1986) and perfused organs (Cohen ef al, 1980; Cohen and
Shulman, 1980; Chance etal., 1983; Bendall etal., 1985), the methods have been
applied to a variety of neurological applications. *C-labeling studies have been
performed in cellular and subcellular neuronal and glial preparations (Petroffezal.,
1991; Portais et al., 1991; Sonnewald et al., 1991), brain slices (Badar-Goffer et
al., 1990,1992), extracts ofbrain (Brainard etal., 1989; Cerdan etal., 1990; Shank
etal., 1993;Chapaet al.,, 1995),animal brainin vivo (Beharetal., 1986; Fitzpatrick
etal., 1990; Cerdanetal., 1990; Mason etal., 1992a), and the human brain in vivo
(Beckmann et al., 1991; Rothman etal., 1992; Gruetteretal., 1992, 1994; Chen et
al., 1994). The kinetics of blood-brain transport of glucose have been determined
in vivo in rats (Mason et al., 1992a) and humans in health (Gruetter et al., 1992)
and diabetes (Novotny et al., 1993). Therates ofthe Krebs cycle, exchange between
o.-ketoglutarate and glutamate, and the cycling of glutamate and glutamine have
been determined in rats (Fitzpatrick et al., 1990; Mason etal., 1992b; Martin etal.,
1995) and humans (Rothman ef al., 1992; Mason ef al., 1995). Studies of the
metabolism of GABA have been performed during pharmacological treatment with
anti-epileptic agents (Manor etal., 1996) and thyroid-replacement therapy (Chapa
et al., 1995). Based on the success, variety, and progressive improvement of
13C-labeling studies, one may project that the applications of *C-labeling and NMR
spectroscopy to studies of brain metabolism in vivo will increase in the numbers of
pathways, the metabolic perturbations studied, and the depth of detail that is
examined in each experiment.

The majority of studies of brain in vivo have addressed the activity ofthe TCA
cycle by measurements of labeling of glutamate, and a summary of the known
sensitivities to measured and known parameters would be useful to investigators
interested in pursuing such measurements in either humans or animals. The issues
increase in importance as studies are performed to understand the regulation of
brain metabolism in states relevant to human consciousness or disease, such as
sensory stimulation (Hyder ef al., 1996a) and hyperammonemia (Sibson et al.,
1996).For this reason, this chapter addressesprimarily the measurement of the TCA
cycle rate in the brain.

The following section of this chapter describes how the TCA cycle rate is
measured in vivo. There follows a detailed description of the use of mathematical
modeling of 3C-labeling time course data for the determination of metabolic flow
rates. An explanation of the derivation of secondary parameters like oxygen
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consumption then precedes a discussion of sensitivity analyses of various assump-
tions and parameters in the model. A discussion of the effects of metabolic
compartmentation on the interpretation of the labeling data follows. A description
of'the probable future of *C-1abeling studies of brain in vivo ends this chapter.

2. MEASUREMENT OF THE TCA CYCLE RATE IN THE BRAIN

This section consists primarily of a general description of 3C-labeling time
course studies in vivo and the application of mathematical modeling analysis to
interpret those studies. A brief discussion of 3C detection methods currently
applied in vivo for measurement of the TCA cycle rate follows.

2.1. A General Description

In studies in vivo, 3C-labeled substrates are infused into the bloodstream, and
the label appears in a variety of products at various positions in the carbon chains
(Fig. 1). The appearance of the substrate and its products in the brain is detected
using an NMR probe, two types of which are shown in Fig. 2. Surface coils are

L]
¢c-C-c-c-c-Cy glucose

[ ]

C4 -C-cCc pyruvate ® X x o
C5-C4-03-C2-C1
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Figure 1. Schematic of ©C labeling of glutamate from [1-13C]glucose. =C label flows from %-la-
beled glucose through glycolysis and into the TCA cycle, where it labels the C4 of o-ketoglutarate,
glutamate, and glutamine (filled circles). The BC label continues through the cycle, labeling the
symmetric molecule succinate at C2 and C3, and the C2 and C3 of o -ketoglutarate, glutamate, and
glutamine on subsequent turns ofthe cycle (indicated by X). After the second turn ofthe cycle, the label
also appears in the C1 of a-ketoglutarate, glutamate, and glutamine.
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Figure 2. Two oftypes ofradiofrequency coils (probes) used for NMR experiments; (A) surface coil,
usually placed on the surface ofthe head or another body part; (B) resonant cavity coil (Vaughan et al.,
1994), inside which the sample (e.g., a head) is placed. Reproduced from Mason ef al., (1996a).

circuits in the form of flat loops that are placed against the head. Surface coils are
sensitive, but limited to the detection of metabolites not much deeper than one
radius ofthe loop. Because surface coils for studies ofthe brain are commonly 7-10
cm in diameter, the depth of detection is approximately 3.5—5cm. In contrast,
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Figure 3. A demonstration of the behavior of 3C flow from a substrate S to a product P. S and P
represent the total (labeled + unlabeled) concentrations of the ¢ substrate and product compounds, and
S* and P* represent the labeled concentrations. The equations to describe the simple schematic shown
inthe figure are dP/dt= V- V=0and dP*/dt=(S*/S) V- (P*/P) V. Inthis example , theratio S*/Swas
a step function that rose instantaneously from an initial value of O to a final value of 67%, and the
concentration P was constant. An analytical expression for the fractional enrichment of the product P
then has the form of the exponential equation in the figure. The equation can be. fitted to the data by
adjusting the exponential time constant V'/ P. Ifthe concentration of P is known, then 7 can be determined.
In reality, models may certainly be more complex, but the same principles of analysis of isotopic flow
hold true.
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volume coils surround the head and are used to study volumes anywhere in the
brain. However, the sensitivity of volume coils is less than that of surface coils. In
summary, the appropriate choice of detection device — surfaceor volume coil —de-
pends on the required location and sensitivity of the measurement.

The NMR probe is used to detect the appearance of the 5C label, and kinetic
constants of transport and/or metabolism are derived. Mass and isotope balance
equations are used to express the 2C flow through the TCA cycle, using the
principles shown in Fig. 3. In most 3C-labeling studies of the brain, metabolites
are in ametabolic (as opposed to isotopic) steady state, and most ofthe mass balance
equations are therefore equal to zero. In the case of time-varying metabolite pools,
one must know the time course of concentration in order to fit the 3C-labeling data.
Given an accurate set of model equations, the level of detail that can be obtained in
vivo depends upon several factors:

Concentrations of Compounds. The NMR signal amplitude is directly pro-
portional to the quantities of observed compounds in the sample. Successive NMR
spectroscopic measurements are typically added to increase the signal-to-noise
ratio, thereby allowing =C labeling to be measured by signal averaging. In studies
of extracts, which yield stable solutions for studies, measurements over periods of
many hours are feasible. However, experiments conducted in vivo have more
stringent limitations imposed by pool sizes, rates of metabolism, or the length of
time that an experimental preparation can be maintained in a certain physiologic
state.

Spectral Resolution. Peaks in an NMR spectrum have widths that are a
function of several parameters, among which is inhomogeneity of the static mag-
netic field. Inhomogeneity broadens spectral resonances and, in many cases, the
widths of the peaks become comparable to the frequency separation between
the peaks and prevent the separate detection of resonances of some compounds.
Static field inhomogeneities are usually larger in vivo than in tissue extracts or
other ex vivo preparations. Some nuclei, like 3C, possess a large frequency
dispersion compared to 'H and yield greater detail despite lower signal-to-noise
ratios.

Timefor the System to Reach an Isotopic Steady State. ~ Determination of the
rates of metabolic pathways involves measurements that must be made kinetically,
measured before the system reaches an isotopic steady state. For example, if 3C is
administered and its uptake into glutamate leads to an isotopic steady state after
some time ¢, then each measurement in the time course must be acquired in a time
significantly less than #. An analogous case forradioisotopic labeling studies would
be one in which more time is required to obtain a tissue sample than is needed for
complete accumulation of the isotope. In such cases, the rate cannot be determined
beyond the determination of a lower limit.
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2.2. Theoretical Basis of the Kinetic Modeling: Mass and Isotope Balance

The kinetic modeling sometimes appears daunting to those not regularly
involved with mathematics. However, despite the presence of multiple simultane-
ous equations and descriptions of numerical solutions, the most important points
for an investigator to understand are the very simple basis for the model, and these
points are the concepts of mass and isotope balance (Fig. 3).

2.2.1. Mass Balance

Any active metabolic pool has carbon atoms flowing into and out of it,
depositing and removing mass, and the relationship between the inflow and outflow
can be described by a mass balance equation. A good example is the mass balance
of brain pyruvate. For example, the brain pyruvate pool has carbon influx from
glycolysis at a rate CMR,, via the enzyme phosphoenol pyruvate dehydrogenase
and from lactate at a rate V', via lactate dehydrogenase. Because the lactate
dehydrogenase reaction is readily reversible, it also provides a path for carbon
efflux, as do pyruvate dehydrogenase and pyruvate carboxylase at the rates V
and V., respectively. Therefore, the rate of change in pyruvate concentration is

‘ﬂﬁ%‘ml = Influx - Efflux

or
d [Pyruvate]

dt = (CMRgl + Vldh) - ( Vldh + Vpdh + Vpc)

Ifthe concentration of pyruvate does not change during a study, then

d[Pyruvate] ~0
dt )

However, there is no requirement that the concentration of any metabolite be
constant for a metabolic labeling study to be interpretable by metabolic modeling;
one need only characterize the way in which the compound changes during the
study so that the mass balance portion ofthe model can be interpreted correctly. In
fact, such is the case with the brain glucose pool in the first few minutes ofatypical
[1-8C]glucose infusion.

2.2.2. Isotopebalance

Because *C lacks significant isotope effects and is metabolized almost iden-
tically to 2C (Attwood etal., 1986; Melzer and Schmidt, 1987; Tipton and Cleland,
1988), during a 3C-labeling study of the brain the mass flow just discussed
continues a it would in the absence of 3C label. Therefore, the mass balance
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equations are unaffected in the presence of 3C. However, when label is supplied,
a time-dependent fraction of the carbon mass flow is =C, and equations must be
written to balance the fraction of the isotopically labeled flow. The rate of change
in the concentration of 3C-labeled pyruvate is

d[C-Pyruvate]

= [13 - |13
7 [°C Influx] = [°C Efflux]

The rate of 2C influx (first bracketed term) is composed of each individual rate of
mass inflow multiplied by the fraction of the source that is labeled with *C, and
the rate of 2C efflux (second bracketed term) is composed of the sum of the rates
of mass efflux multiplied by the fraction of the pyruvate that is labeled with =C:

d[3C-Pyruvate] [13C-Pyruvate] [**C-Lactate]
[3C-Pyruvate]
—[ {W] Vi« Vi« Vi) }

In cases of perfused organs or incubated cell cultures, investigators are able to
supply an instantaneous dose of 3C-labeled substrates. In many such cases, the
differential equations can be solved as analytic solutions. Some of these ideal
models are simple enough that time courses of labeling can be calculated using
pocket calculators. However, in the brain in vivo,the fractional “C enrichment of
substrates cannot be changed instantaneously, due to blood-brain substrate transport
and finite mixing times of substrate pools in the blood. A variety of solutions is
available for solving systems of differential equations, and investigators may either
program their own or use software packages with such as MATLAB (The Math-
Works, Inc., Natick, Massachusetts). What is most important is that an investigator
be able to describe the relevant biochemical pathways in a way that can be translated
into mass and isotopic balance equations.

2.3. Overview of Interpretation of the Data by Mathematical Modeling

Time courses of labeling data obtained in vivo are fitted with mathematical
models in order to derive metabolic rates. To date, the parameters measured in the
brain in vivo have been the TCA cycle rate (Vy,), the glutamate/glutamine carbon
flow rate (Vg,), and the rate of exchange between oi-ketoglutarate and glutamate
(V) (Fig. 4). Briefly, the value of Vy, is determined by comparison of the time
courses of glutamate and glutamine C4 labeling, the value of V, is determined by
comparison of the time courses of glutamate C4 and C3 labeling, and the value of
V icar 18 determined from the glutamate C4 labeling and the value of V..



188 GraemeF.Mason

Blood K'.'fl_vfax Brain

Glucose ™ Glucose
lCMRgl Vpp

Vin
., Pyruvate
Blood <— Lactate

Vout

Gin synthetase

Vpe KG,=—=Glu, Vg/n Gin,
VdiL7 4= 4

%
Vtca Glutaminase

Vx VR
KG, =—=Glu, Vain Gln,
Vtca ~__~

Figure 4. Schematic representation of the model. Glucose in the plasma (G,) and the brain (G;)
exchange via the Michaelis—Menterkinetic parameters K ,, (4.9 mM) and V... (3.6 x CMR,;). Carbon
flows at the rate 2CMR , (#mol min-' g-') through the glycolytic intermediates, assumed to have
negligible concentrations, and arrives at pyruvate; pyruvate and lactate are assumed to be in isotopic
equilibrium and are therefore added to from a single pool [ L=0.6umol g-1 (Hanstock etal., 1988)].

There is an efflux of lactate V,, [0.12 £ mol min-' g-' (calculated from Knudsen et al., 1991;
Juhlin-Dannfelt, 1977)]. Unlabeled carbonenters the acetyl-CoA pool to be utilized at the rate V. 13C
also enters the TCA cycle at this pointand labels o-ketoglutarate and glutamate [9.1 pmol g-1(Gruetter
etal., 1994)] atcarbon4, and the *C is exchanged between the mitochondrial and the cytosolic pools
ofeach; these exchanges are reduced to a single exchange rate (V) between a single combined pool of
cytosolic and mitochondrial glutamate (Glu4) and one grouped pool of cytosolic and mitochondrial
a-ketoglutarate [0i-KG4 = 0.0183 x Glu, (Hawkins and Mans, 1983)]. Glutamine [4.1 gmol g-'

(Gruetteretal., 1994)]is synthesized from glutamate atarate V', (1 molmin-' g-'). Aspartateislabeled
from oxaloacetate C2 and C3 atarate V.. The *C label continues through the cycle to KG; and Glu;
and, on subsequent turns ofthe TCA cycle, one-halfofthe label returns to KG; and Glus.

The quantity V4, is an important parameter, because the concentration of
glutamine is significant compared to that of glutamate, and carbon flow between
glutamate and glutamine can alter the kinetics of labeling of glutamate significantly.
Such an alteration requires that the kinetic effects be known in order to derive an
accurate value ofthe TCA cycle rate. In the conscious human, the rate of glutamine
C4 labeling has been shown to be nearly as rapid as that of glutamate labeling
(Masonetal., 1995), whilein the o -chloralose-anesthetized rattherate ofglutamate
C4 labeling is slower (Martin et al., 1995).

The quantity V is an important parameter, because the exchange between
cytosolic and mitochondrial o -ketoglutarate and glutamate carries label from the
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TCA cycle in the mitochondria to cytosolic glutamate, which forms the majority
of glutamate. Because the cytosolic glutamate is more abundant than o -ketoglu-
tarate or mitochondrial glutamate, the NMR experiments detect primarily the
labeling of cytosolic glutamate. In order to carry the 2C from mitochondrial
o.-ketoglutarate to cytosolic glutamate, one step is the movement across the mito-
chondrial membrane (Fig. 5). Another step is the movement of =C label from
o.-ketoglutarate to glutamate, because o.-ketoglutarate is too dilute to be detected
in the human brain in vivo. Investigators must rely on the multistep exchange of
5C label from the mitochondria, where a -ketoglutarate is produced in the TCA
cycle, to cytosolic glutamate, which forms the majority of the brain glutamate pool.
If V, is fast, the fractional labeling of glutamate will reflect the TCA cycle rate. If
V_is slow, glutamate labeling will not reflect V.., as much as V'

When four pools exchange in the patter of mitochondrial and cytosolic
o.-ketoglutarate and glutamate (Fig. 5), and the method of measuring isotopic
labeling does not distinguish between glutamate pools, the exchanges may be
expressed as occurring through a single exchange reaction (see the exchange
between KG, and Glu, in Fig. 4). The pools cannot be distinguished in the brain,
because the concentration of o -ketoglutarate is too low to detect by NMR, and
mitochondrial and cytosolic glutamate have the same chemical shift. Therefore, a
13C-labeling experiment cannot be used to distinguish between fast mitochon-
drial/cytosolic exchange and fast o -ketoglutarate/glutamate exchange, and the four
exchange reactions must be combined into one effective exchange whose rate is V',
(Mason et al., 1992b). In the rat and in conscious, resting humans, the value of V,
has been shown to be much faster than the TCA cycle rate.

Once the value of V', has been determined, it is possible to determine the value
of V., from the glutamate C4 labeling time course. In studies of the brain reported
thus far, the rate of //, has been measured to be 50-150 times greater than the TCA
cyclerate (Mason etal., 1992b, 1995), validating the assumption that the glutamate
C4 labeling time course can be used to determine V., under resting conditions.

The model shown in Fig. 4 is clearly simplified from the case of complex
metabolic flows that exist in the brain. Therefore, sensitivity analyses have been
performed to test the validity of experimental results and to direct future experi-
ments to answer questions to which studies demonstrate high sensitivities. For

mitochondrion | cytosol

Figure 5. The four-way exchanges among cytosolic and mito- Viea !
chondrial glutamate and o -ketoglutarate, By simplification of KG ‘——->| KG,
the exchanges to the single exchange step shown between o -ke- / :
toglutarate and glutamate in Fig. 4, one can determine the value ;

of an apparent rate-limiting step. The apparent limiting rate may Glu 4——->.E Glu4

be one ofthose shown in the four-way exchange, or it may result
from the combined effects of more than one step.
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example, one assumption that has been tested is the assertion that the rate of
exchange between pyruvate and lactate is much faster than the rate of glycolysis,
and another is that glycolytic intermediates are low enough in concentration so as
to be neglected. Because the data analyses were based on the assumption of rapid
exchange between lactate and pyruvate, and included also the assumption that
glycolytic intermediates were too low in concentration to influence the results,
sensitivity testing of those assumptions is a necessary part of the experimental
analysis.

The fitting of experimentally obtained time courses and the testing of assump-
tions will be discussed in detail for [1-3C]glucose measurements. Because
13C-labeled acetate is also of interest for labeling studies in the brain and heart,
measurements with acetate will be discussed briefly regarding the sensitivity of the
acetate studies to the rates of the TCA cycle rate and exchange between
a-ketoglutarateand glutamate.

2.4. Methods of Detection Currently in Use for
Metabolic Studies of Brain In Vivo

Each technique of =C detection has limitations and advantages that are best
considered in the planning stages of an experiment. Some issues to consider for the
evaluation of each technique are the following: (1) the time allowed for the
measurement of each time point, (2) the technical feasibility of a type of measure-
ment in the laboratory, given the limitations of equipment, and (3) the information
yielded by each particular technique. For example, the signal-to-noiseratio that can
be obtained in a given time determines the time required for signal averaging for
each time point, because each time point must have an adequate signal-to-noise
ratio. In turn, the signal-to-noise ratio and the maximumrate of data collection place
limits on the type of kinetic data that can be acquired with a given pulse sequence.
The NMR spectroscopic techniques are categorized as direct or indirect, depending
upon whether the observed signal is from 2C or from 'H that is chemically bonded
to BC

2.4.1. Indirect 3C Detection

Methods have been developed to detect 'H nuclei that are coupled to *C. 'H
detection of the “C nucleus is more sensitive than direct *C detection, allowing
more rapid acquisition of spectra or acquisition of data from smaller volumes. The
sensitivity increase arises from many factors. 'H NMR is 16 times more sensitive,
per atom, than “C NMR. The sensitivity also increases linearly with the number
of hydrogen atoms bonded to the observed C nucleus, and more than 'H atom is
often bonded to each C. These and other factors such as T, and T, relaxation rates
determine the precise improvementin sensitivity obtained by indirect detection of
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BC (Rothman et al., 1987; Novotny et al.,, 1990). An added advantage is that 'H
detection methods are easily combined with volume-localization techniques (Or-
didge etal., 1986).

Several methods of indirect detection are discussed briefly here. The first,
proton-observed, or 'H-observed/3C-edited (POCE) NMR spectroscopy (Roth-
man et al., 1985) requires pairs of acquisitions. One of each pair yields the total
metabolite signal, while the difference between the pair yields only that fraction of
metabolites that are labeled with 3C. The method has the advantage of permitting
the measurement of fractional enrichments and has been used to detect labeling of
glutamate in rats (Fitzpatrick ezal., 1990) and humans (Rothman etal., 1992; Chen
etal.,, 1994; Pan et al., 1996; Mason etal., 1996b). A second method is spectral
editing using a single acquisition with the BISEP pulse (Garwood and Merkle,
1991). The BISEP approach has been used to observe the formation of [3-3C]lac-
tate in gliomas implanted in rats and holds the potential to measure glutamate
labeling in the brain in vivo. Another method of indirect detection in a single
acquisition is gradient-enhanced heteronuclear multiple-quantum coherence
(HMQC), which has been used to detect uptake of 3C-labeled glucose in the cat
brain in vivo (van Zijl etal., 1993). Due to excellent water suppression, the HMQC
technique is ideal for the detection of the 'H resonance of *C-labeled glucose
whose resonance lies near that of water.

Despite the high sensitivity, |HNMR detection of “C has some disadvantages.
Although 'H NMR has greater sensitivity than BC detection, the sensitivity
observed in vivo is often less than ideal due to broad 'H line widths. In addition,
'H NMR of metabolites almost always requires water suppression and, for experi-
ments performed in vivo, lipid suppression is usually needed as well. The suppres-
sion of water and lipids carries stringent requirements of magnetic field
homogeneity, and the requirements are difficult to meet in moving samples or
systems with irregular geometry (e.g., beating heart). In contrast to the heart, the
more stationary and nearly spherical geometry of the brain makes it an ideal organ
for application of indirect detection techniques, for two reasons: (1) motion can be
minimized by holding the head still, and (2) NMR-visible lipids are primarily of
extracerebral origin and can be suppressed by a surface spoiler (Chen and Acker-
man, 1989) and other localization techniques. In summary, while indirect detection
of 8C sacrifices spectral resolution, it yields a greater amount of signal per atom
of 2C and thereby permits much higher spatial resolution and measurements of the
TCA cyclerate in small volumes such as the human visual cortex (Chen etal., 1994)
or the somato-sensory cortex of the rat (Hyder et al., 1996a).

2.4.2. Direct 3C Detection

Direct detection of =C takes advantage of the wide chemical shift dispersion
of 3C (=200 ppm) to obtain high spectral resolution. In conjunction with 'H
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decoupling to collapse the “C-'H spin—spin splitting, C NMR allows the
resolution of many compounds whose resonances are difficult to distinguish in the
'H spectrum. The high spectral resolution also permits the separate detection of *C
isotopomers that are identified by their 3C—3Chomonuclear J -coupling. Direct
13C methods require no water suppression and so are generally much simpler than
IH NMR experiments, especially those performed in vivo. However, *C NMR is
much less difficult than is |H NMR, and the large chemical shift dispersion makes
localization more difficult than is the case for IHNMR. Despite the success oftime
course measurements with direct C detection, significant improvements over 3C
in sensitivity and temporal resolution are achievable (Rothman, 1987) and have
been obtained with "H NMR methods ofindirect detection, as discussed previously.
One way to improve the sensitivity of direct BC detection is the transfer of
polarization from the 1H to C, prior to detecting the C (Davis et al., 1995); the
application of this technique to concentrated solutions of glucose shows promise
for use in the brain (Gruetter efal., 1996).

3. MATHEMATICALMODELING: ADETAILEDDISCUSSION

3.1. Description of Metabolic Flow

A detailed discussion of the model of Fig. 4 is now in order. [ 1-3C]glucose is
infused into the bloodstream using a shaped infusion protocol (DeFronzo ef al.,
1979). Current applications normally use a time-varying infusion that raises the
plasma glucose concentration and [ 1-13Clenrichment within 5 minutes to 200 mg/dl
and 60—67%, respectively, and maintains those levels for one or more hours,
depending on the length of the experiment. The plasma glucose ( G,) exchanges
with the brain glucose (G,), and within a few minutes the fractional [1-2C]
enrichments ofthetwopools are atequilibrium (i.e., G*o/ G,= G*;/ G ;). The glucose
is phosphorylated by hexokinase to form glucose-6-phosphate. At equilibrium, the
enrichment of G6P is the same as that of glucose. A small fraction (3-5%)of the
G6P is passed to the pentose phosphate shunt at the rate V,,, removing C1 and
therefore any labeled carbons in the shunt. The rest of the G6P is metabolized
further, yielding triose units. Because only the C1 of glucose was labeled, only half
of the triose products are labeled, and the fractional enrichment at this stage is
reduced by 50%. Due to rapid equilibrium of glycolytic intermediates, the several
small pools behave kinetically as one larger pool (Mason etal., 1992b), here called
glyceraldehyde phosphate (GAP).

The triose units are converted to pyruvate, which exchanges via lactate dehy-
drogenase with lactate. The exchange is so rapid that the two pools behave
kinetically as one which is equal to the sum ofthe two pools ( L ). Atisotopic steady
state, the fractional enrichment of pyruvate/lactate is equal to (G*/G;) (1-
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Vpp/CMRgl). About 10% ofthe pyruvate/lactate pool is channeled through pyruvate
carboxylase to generate oxaloacetate (Berl ef al.,, 1962). Due to rapid scrambling
of label in the TCA cycle, labeled oxaloacetate generated due to the pyruvate
carboxylase flux will be labeled at C2 and C3. However, most of the pyruvate/lac-
tate carbon enters the TCA cycle to form citrate, which is further oxidized to form
C4-labeled o -ketoglutarate in the first pass of the 3C through the TCA cycle at
carbon 4. Through exchange, the C4-labeled o -ketoglutarate is converted to
C4-labeled glutamate, which in turn is converted to C4-labeled glutamine. Mean-
while, the carbon from o -ketoglutarate C4 continues through the TCA cycle,
labeling oxaloacetate at carbons 2 and 3 on the second and subsequent passes.
Oxaloacetate is in exchange with aspartate (V,,), analogously to a-ketoglu-
tarate/glutamate exchange. Oxaloacetate combines with acetyl-CoA and forms
citrate which is labeled such that its products are o -ketoglutarate, glutamate, and
glutamine labeled at carbons 2 and 3. To summarize the labeling of glutamate
following metabolism of [ 1-3C]glucose, the C4 of glutamate is labeled on the first
pass of 3C through the TCA cycle, and the C3 of glutamate is labeled on subsequent
passes, with a small exception made for pyruvate carboxylase activity.

3.2. EquationsandProceduresUsedto DetermineModel Parameters

The mathematical interpretation is given by the mass and isotopic balance
equations in Table 1. Now, the procedures used to derive the metabolic rates from
13C-labeling data obtained in vivo are explained. The NMR-observed enrichment
of glutamate C4 is analyzed to determine the rate of C labeling of glutamate C4.

Table 1
Differential Equations for the Model in Fig. 4°

dG;/dt = VipgyGo/ (K + Go) = VinaxGi/ (K + G)) ~ CMRy,
dL/dt=dKG/dt =dGlu/dt=dG In/dt=0

dG;/dt = Vyu G/ (K + Go) = Vinex G /(K + G) ~ CMRy(G1 /Gy

dL*/dt = CMRy(G}/G) - (2CMRg + Vo, )(L* /L)

dKG}/dt = (2CMRy = Vou XL* /L) = (Vieg+ VK G3/KG) + Vy(Gl;/Glu)

dGlu}/dt = V(KG}/KG) - (Vy + V n)(Glu} /G + Vi (G 1n}/G In)

dG In}/dt = Vg (Glu}/Glu) - (V, 1o(G In}/G In)

dOAA* /dt = "8V, (KG}/KG) + YoV, (KG3/KG) = (Viga + Vi) (OAA' /OAA) + Vo(Asp® / Asp)
dAsp*/dt = V ,(OAA*/OAA) — (V,,(Asp®/ Asp)

dkG3/dt = Vo (OAA® JOAA) - (V., + V(KGYKG) + V,(Glu}/Glu)

dGlu3/dt = (V(KG3/KG) = (Vy + Vgin(Gluy/Glu) + V,, 1n(G 1n3/G In)

dG In3/dt = (Vg 1,(GIu} /Glu) - (V1 (G In/G In)

“4An asterisk (*) denotes!'>C labeling. L represents lactate and pyruvate. G; and G, represent brain and blood glucose.
Subscript numbers are the carbon position that is labeled with 1*C.



194 GraemeF.Mason

This rate is called the glutamate turnover rate, or V. The relationship between V',
and the metabolic rates V', and V', is determined by the divergence of flow at
o-ketoglutarate. The total flow of carbon out ofthe ot-ketoglutarate poolis V, , +
V', and the fraction that flows from o -ketoglutarate to glutamate is described by
V./(Va+t Vx). Hence, the rate ofisotopic flow into glutamate is V= Vi,V/ (Vi +

V), which can be expressed as

1+ V.V (1)
Vtca= Vg& V X /V tca

First, the value of V', is measured by comparison of the plasma glucosel and
glutamate C4 enrichment time courses. Then, the values of V', and V/ V., from
V4, by iteration of the ratio V,/ V', in order to fit the model to the glutamate C3
labeling data, using Eq. (1) to calculate a new value of V.. for each value of V',
thereby maintaining the measured rate of *C-label flow to glutamate C4.

3.3. MeasurementofGlutamate TurnoverRate (Vgt)

Data obtained in the human brain in vivo (Gruetter et al., 1994; Mason et al.,
1995) will be examined next. First, the rate V', is determined by modification of
the model of Fig. 4 to the form shown in Fig. 6. The portion of the model farther
down the pathway from glutamate C4 has no effect on the calculation of V. When
a least-squares fit of the metabolic model depicted in Fig. 6 is made to the glutamate
C4 labeling data, arate of0.73 x mol min-' g-! results for V' in the human brain.
The fit from one subject is shown in Fig. 7A.

3.4. Determinationof V./Vand V., from V', and
C4/C3 Labeling Time Courses

The value of V,/ V. is determined next, by fitting the model of Fig. 4 to the
glutamate C3 data. In order for the =C to flow from glucose C1 to glutamate C3,
the label must first pass through o-ketoglutarate C4 (with a small exception of
pyruvate carboxylase activity, which will be addressed later), where the label is
diverted to glutamate C4. The rest of the BC continues through the TCA cycle,
labeling o-ketoglutarate C2 and C3. As the label arrives at a-ketoglutarate C3, the
fraction oflabel (V/ V)/(1 + V/ V.. flows into glutamate C3. In order to illustrate
the effects of Vx on the labeling time courses, two extreme cases are discussed with
regard to their effects on the labeling relationship between glutamate C4 and C3.
The two extremes are V/V,<<land V,/V..>> 1.

When V,/V., >> 1, nearly all of the C passes to glutamate C4 and is trapped
there for some time before it continues through the TCA cycle and is incorporated
into o -ketoglutarate C3. The large pool of glutamate (~9 u mol g-! in the human
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brain; Perry et al., 1987; Gruetter et al., 1994) significantly delays the appearance
of 3C label in o -ketoglutarate C3 and glutamate C3. As a result, in the case of
V'V >>1, the fractional enrichment of the carbon flow into glutamate C3 will
lag the flow into glutamate C4 considerably. In contrast, when V/ V., << 1, very
little of the 3C will enter glutamate C4 at first, most of it continuing through the
TCA cycleto label o -ketoglutarate at C3. Therefore, in the case of V. /V ., << 1, the
time courses of o -ketoglutarate C4 and C3 positions will reach the same steady-
state fractional enrichment almost simultaneously, and the observed time courses
of glutamate C4 and C3 labeling will be similar.

Figure 7B shows a fitted time course from the same study shown in Fig. 7A.
Least-squares fitting for the human brain yielded a value of V/ V., = 77. In the
presentcaseof V./V.>> 1,Eq.(1)showsthatV,= V., UsingthevalueofV,/V..
and Eq. (1), it was possible to use V to determine the value of V.. Therefore, for
the human brain, V', was 0.73 # mol min-! g-'.

3.5. Determination of Glutamate/Glutamine CarbonFlow (V)

If, in addition to the time course of glutamate C4, the time course of labeling
of glutamine C4 is observed, it is possible to determine the rate of glutamate/glu-
tamine carbon flow ( V,). Because glutamine is synthesized from glutamate, when
a single-compartment model is assumed, the glutamate C4 labeling time course can
be used as an input function to model the glutamine C4 labeling time course,
deriving the value of V,. In the human brain, glutamine C4 was resolved from
glutamate C4, and the value of V ,, was 0.47 4 mol min-! g-! (Fig. 7C).

While the value of V', was determined assuming a single-compartment model,
a body of evidence exists to support a two-compartment model of brain glutamine
metabolism. The evidence and the important implications for modeling that are
raised by compartmentation are discussed later in this chapter.
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Figure 7. Fits of the model to *C-labeling time courses. The time courses of (A) glutamate C4 and
(B) glutamate C3 are smoother than (C), the fit to glutamine C4. The fit shows bumps and waves which
reflect the behavior of the glutamate C4 time course that was used as input. The fits to glutamate C4
and C3 are smoother than the fit to glutamine C4, because bumps and waves in the plasma glucose
enrichment used as the input function for glutamate C4 and C3 were smoothedby intervening metabolite
pools; the smoothing was a consequence of the damping nature of the first-order kinetic equations in

Table 1 (fromMason etal., 1995).



Applications of *C Labeling 197

0.40
c
0.30F . .
£ . P~
| =
o 0.20f .
6‘ L L ]
@ .
.
0.10F 7
G A —rl 1 1 ' ol J
0 50 100 150 200
Time (min)

Figure 7. Continued

4. DERIVATION OF SECONDARY PARAMETERS

The C-labeling studies described in this chapter yield as their primary
parameters therates ofthe TCA cycle ( V...), exchange between o -ketoglutarate and
glutamate (V,), and carbon flow between glutamate and glutamine (V). The
quantities V.., V', and V4, have just been discussed. In addition, the rates of brain
glucose consumption (CMR) and oxygen consumption (CMRO,) are also derived
as secondary parameters.

The rates V.., CMR,, and CMRO, are linked stoichiometrically. Through
glycolysis, each hexose unit of glucose creates two triose units that can be metabo-
lized through pyruvate dehydrogenase and enter the TCA cycle. If glucose and only
glucose were oxidized, and ifthe oxidation were complete, the relationships ofthe
rates would be CMR, = 1/2 V,,, and CMRO, =3 V... However, because there is a
dilution of labeled glutamate, it is apparent that there is a nonglucose contribution
to the TCA cycle rate, and to determine the appropriate relationships of mass
balance it is important to estimate the sources of the dilution.

In humans after a 12-h fast, a dilution of 14% was observed (Gruetter et al.,
1994). The diluting flux is probably due to a combination ofthe pentose phosphate
shunt activity, lactate influx from the blood, and utilization of ketone bodies. The
rate of protein degradation is extremely slow in rats [0.3% of V,, calculated from
Berl et al. (1961)] and is probably slower in humans. In order to calculate CMR,,
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it is necessary to quantify carbon sources for the TCA cycle, so as to determine the
appropriate linkage between CMR, and V',

4.1. Estimation of Carbon Sources for the TCA Cycle
4.1.1. Pentose Phosphate Activity

The pentose phosphate shunt cleavesthe labeled C1 from glucose-6-phosphate
and releases it as *CO.. The activity in the rat brain is 1-3% of CMR, (Gaitonde
etal., 1983; Hawkins et al., 1985) and forms a small, constant source of dilution
throughout infusions of [1-3C]glucose. Because the dilution is both low and
constant, it has insignificant impact on the CMR,- V', linkage and the determina-
tion of the TCA cycle rate.

4.1.2. TransportofUnlabeled Lactate and Pyruvate
Across the Blood-BrainBarrier

During infusions of [ 1-*C]glucose, the labeling of lactate at C2 or C3 in the
blood could lead to labeling of glutamate C4 in the brain. However, blood lactate
has been observed to remain insignificantly labeled throughout the infusion, and
lactate influx from the blood therefore acts as a diluting influence. In the human
brain, the rate of unidirectional influx of lactate has been reported to be 0.08 i mol
min"! g'! (Knudsen ef al., 1991). No information about pyruvate influx has been
reported, but it is assumed that the human is similar to the rat in that pyruvate influx
is much less than the rate of lactate influx (Pardridge and Oldendorf, 1977)and can
be neglected. However, the diluting contribution from lactate is substantial.

A net efflux of lactate of —10%of CMRgl occurs in both rats [calculated from
Pardridge and Oldendorf (1977) and Hawkins and Mans (1983)] and humans
(Gottstein ef al., 1963; Juhlin-Dannfelt, 1977). Because the efflux component of
lactate removes both labeled and unlabeled carbon from the brain, it does not dilute
the fractional enrichment of lactate. However, the presence of a net efflux does alter
slightly the mass balance equation for brain lactate, and its value should be included
if it is known.

4.1.3. Utilization of Ketone Bodies

The utilization of ketone bodies in humans, calculated from the arterial-differ-
ence methods of Juhlin-Dannfelt (1977), was 0.86 and 4.00% of CMR, respec-
tively. Because each unit of ketone body produces 2 units of acetyl-CoA, the total
rate of isotopic dilution for the dilution due to ketone bodies is 9.8% of CMR,, in
the human brain, contributing to a dilution that enters the system at the step of the
incorporation of acetyl-coA into citrate.
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4.2. Determination of CMR,

CMR,, was calculated using mass balance at lactate and acetyl-CoA, including
carbon efflux to the TCA cycle flux, influx from glycolysis, pentose phosphate
activity, and net influx of lactate from the blood. In the visual cortex of conscious
humans, CMR,, is 0.37 ¢ mol min! g, which is similar to results observed with
PET in human grey matter (Heiss et al., 1984).

4.3. Brain Oxygen Consumption

Because most of the TCA cycle carbon is supplied by glucose and lactate, a
quick estimate of brain oxygen consumption can be made by multiplying the TCA
cycle rate by 3. However, a more accurate determination should be made when
possible, including the contributions of ketone bodies to the carbon in the cycle.

The rate of carbon flow through the TCA cycleis Vo=V, + Vg + V.., where
V, is the rate of flow glucose-derived carbon, also interpreted as any carbon that
flows through pyruvate, \£ is the rate of utilization of B-hydroxybutyrate, and V.
is the rate of utilization of acetoacetate. Due to differences in the reducing equiva-
lents generated by each species, a more accurate estimate of oxygen utilization is
not 3 Vi, but CMRO,=3V,+2.25V;+ 2 V. In the conscious human, a value of
2.14 4 mol min! g (5.07 ml 100 g-'min-1) was found, and the value is similar to
the value of 5.41 ml 100g! min! observed with PET (Lebrun-Grandié et al., 1983).

5. QUANTITATIVE ANALYSES OF SENSITIVITIES

The sensitivities of the fitted parameters V', and V', to a variety of parameters
whose values were assumed or neglected in the model were investigated numeri-
cally. It was shown that the effects of the assumed values on the calculated values
of V., and V', were small and did not significantly affect the rates derived by the
model. The following parameters were evaluated: the time required for glucose
isotopic enrichment, the rate of exchange between pyruvate and lactate, the labeling
kinetics of metabolic intermediates in glycolysis and the TCA cycle, the rates of
influx and efflux of lactate between the brain and blood, the pyruvate carboxylase
rate, and “C recycling. The influence of the flow of carbon between glutamate and
glutamine will be discussed separately, due to its special importance in health and
disease and the ramifications of metabolic compartmentation of glutamate and
glutamine metabolism in the brain.

5.1. GlucoseTurnoverTime

A short period of time is required for the brain glucose pool to reach isotopic
equilibrium with the plasma glucose, and this equilibration time is characterized
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by the turnover half-time At¢,,, which is the difference in the times required by the
brain and blood to reach half of their isotopic steady states. The plasma glucose
half-time is controlled primarily by the infusion protocol for [ 1 -2C]glucose, while
the brain glucose half-time is controlled by a combination ofthe brain glucose pool
size, the blood—brainglucose transport parameters, and the rate of glucose utiliza-
tion. For humans fasted 12—18 hours, the plasma glucose was raised from 4.5 mM
to 12 mM in five minutes. The rapid enrichment and rise in concentration of the
plasma glucose caused the brain glucose pool to be enriched with a At,, of only
1.5 min. The sensitivity of the TCA cycle to At,, arises due to a small but finite
effect on the labeling kinetics of glutamate C4. Because the brain glucose pool has
a concentration of 1-2u mol g' wet weight, it is one of two pools that exerts the
largest influence over the time ofarrival of BC label at glutamate C4. Lactate is the
other major pool, and its kinetics will be discussed later. If brain glucose were
labeled instantaneously by infinitely fast exchange with the plasma glucose pool,
then glucose would not cause any delay in the arrival of 3C at glutamate C4. In
contrast, if brain glucose were transported slowly across the blood—brainbarrier,
the 1—2u mol g pool would be slow to label and would slow down the rate of
labeling of glutamate C4, causing the TCA cycle to appear slower than it actually
is. In reality, blood—brain glucose transport is rapid but finite, having been reported
to maintain a unidirectional rate of twofold or more of the rate of brain glucose
utilization in the rat and human brain (Cremer et al., 1981; Cremer ef al., 1983;
Hawkins et al., 1983; Otsukaetal., 1991; Mason et al., 1992a; Gruetter et al., 1992).

To test the sensitivity ofthe accuracy ofthe assumed glucose transportkinetics
on the labeling of glutamate C4, time courses of glutamate C4 labeling were

Table2
Errors Induced in the Value of ', by Uncertainty in

the Time Required to Enrich the Intracerebral Glucose

Pool®

t,, (min) Error (%)
0.5 8.8
1.0 5.0
1.4 0.0
15 -0.6
2.0 -4.5
2.3 -6.6

“Glutamate C4 '*C-enrichmenttime courses weresimulatedusingthe
expected values of ¥, for the human brain (0.73 pmol min" g)
with ranges of ¢, , values. The simulated time courses were used as
input for the model's fitting procedure to determine the errorin V.
The boldfaced value is the value of A7, , used in the model.
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simulated using values of A#; between 0 and 2 min. The simulated time courses
were then used as input for the model's fitting procedure, and values of V', were
calculated (Table 2). The effect of intracerebral glucose turnover on the calculated
value of V., was small, with underestimates ofless than 5% for deviations of 30 s

in the human brain.

5.2. Exchange of Lactate and Pyruvate

Because lactate is not in the direct path of glycolysis and because, like glucose,
its concentration (0.6 4 mol g') and potential impact on glutamate labeling is large
compared to the intermediates of glycolysis, the effects of uncertainties in its
labeling kinetics are discussed here. Lactate and pyruvate are represented as a single
pool in the metabolic model, due to the rapid rate of exchange through lactate
dehydrogenase (V i ). If Vi, is slow, then little of the label in pyruvate will flow to
lactate at any given instant, and most of the label will pass out of the very small
pyruvate pool (50.1 x mol g) and into the TCA cycle without significant delay. In
contrast, if V4, is much faster than the rate of glycolysis, then most of the label that
enters pyruvate will be forced to flow to the relatively large pool of lactate and be
delayed there before returning to pyruvate and flowing into the TCA cycle, slowing
the rate of labeling of glutamate C4.

In order to test the sensitivity ofthe calculation of V., to the value of V4, time
courses of glutamate C4 labeling were simulated for values of V4/ V., between O
and . As shown in Table 3, when V', /V, . > 2, the derived value of V/, , deviates
from the assumed value of e by less than 0.01%; Vu/ V. has been reported to be
~100 in the rat brain (Lowry and Passonneau, 1964; Balazs, 1970). If a similar
exchange rate can be assumed for the human brain, then the exchange between
pyruvate and lactate is fast enough that the two pools can be considered to form a
single kinetic pool, for the purposes of deriving the TCA cycle rate.

5.3. Effects of Metabolic Intermediates and Aspartate

There was uncertainty in the concentrations of the small pools of metabolic
intermediates, as well as in the effective pool size of aspartate. Because the
metabolic intermediates affect primarily the glutamate C4 labeling, while the
presence of aspartate affects the glutamate C3 labeling, these two questions were
addressed separately.

In addressing the issue of metabolicintermediates, a simplification of the model
was to neglect small metabolic pools like glyceraldehyde 3-phosphate and citrate.
To evaluate the effect of neglecting the low concentrations of such intermediates
on the calculation of V., glutamate C4 labeling time courses were simulated
assuming a range of concentrations for the total intermediate pool size. Because
most if not all metabolites have higher concentrations in the rat brain than in the
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Table3
Errors Induced in the Value of V', by Slowness in
Lactate Dehydrogenase Activity

V! Vier Error (%)
0.5 3.2
1.0 1.2
2.0 0.0
o0 0.0

*GlutamateC4 *C-enrichmenttime courses weresimulatedusingthe
expected values of V , for the human brain (0.73 4 mol min' g)
withranges ofvalues for Viu/ V... The simulated time courses were
usedas inputforthe model's fitting procedure to determine theerror
in V.. Theboldfaced value is the value used in the modeling.

human brain, the sum of the glycolytic intermediates in the rat brain (0.3  mol g*;
Hawkins and Mans, 1983) was chosen as the upper limit. The simulated labeling
time courses were then used as input for the model's fitting procedure. As shown
in Table 4, the value of V', that was derived from the simulated time courses without
intermediates was overestimated by less than 2.5%. This test indicates that the
neglect of the intermediates has a negligible effect on the determination ofthe TCA
cycle rate.

Having determined the sensitivity of the model to uncertainties in metabolic
intermediates, the effect ofthe aspartate pool size on the glutamate C3 labeling time
course was evaluated in order to test the sensitivity of V,, which was the rate of

Table4
Errors Induced in the Value of V., by Variations in the
Concentrations of Metabolic Intermediates:

[intermediates] Error (%)
0.0 0.0

0.1 -0.9

0.2 -1.8

0.3 =25

*Glutamate C4 *C-enrichmenttime courses weresimulatedusingthe
expected values of V., for the human brain (0.73 x mol min-' g)
with ranges ofvalues for the total concentration ofmetabolic inter-
mediates like citrate, glyceraldehyde 3-phosphate, etc. The simulated
time courses were used as input for the model's fitting procedure to
determine the errorin V... Theboldfaced value was the value used
forthemodelinganalysis.
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exchange between o-ketoglutarate and glutamate. The sensitivity of V, to aspartate
was tested by fitting the actual glutamate C3 labeling data, looking at the two
extremes of complete inclusion and total neglect of aspartate. When aspartate was
included, there was a difference of about 50% in V,. However, because V ./ V., >>
1, the 50% change in V', caused only a 1% change in V.

5.4. Rates of Influx and Efflux of Lactate and Pyruvate

Influx and efflux of pyruvate can affect V', either by altering the fractional
[ 1-3Clenrichment of the carbon flowing into the TCA cycle or by changing the
coupling between brain glycolysis and the TCA cycle. Assuming that the human
resembles the data in rats, lactate and pyruvate are labeled insignificantly during
infusions of [ 1-3C]glucose (Fitzpatrick et al., 1990). Therefore, lactate and pyru-
vate remain completely unlabeled throughout each study, and the fractional *C
enrichments of cerebral pyruvate and glutamate are diluted by the same constant
fraction, resulting in no effect of unidirectional influx and efflux of lactate and
pyruvate on the calculation of V.

While the unidirectional fluxes individually do not affect the calculation of V.,
there is a small net efflux of lactate and pyruvate from the brain due to a concen-
tration gradient between the blood and the brain, mediated by passive transport
(Gottstein et al., 1963; Pardridge and Oldendorf, 1977; Juhlin-Dannfelt, 1977).
However, the net efflux from the human brain is only about 10% of the TCA cycle
rate and exerts a negligible effect on the determination of V...

5.5. Exchange Between o.-Ketoglutarate and Glutamate

The rate of carbon flow through glutamate ( V') is a function of both the TCA
cycle rate and the rate of exchange ( V) between o -ketoglutarate and glutamate.
That is, V', results from both flow into o -ketoglutarate according to TCA cycle
activity and flow via exchange between o -ketoglutarate and glutamate. Therefore,
in order to determine V', from V', one must account for the sensitivity of V,,, to
uncertainties in V.. Examining Eq. (1), the uncertainty depends a great deal on the
value of V,/ V... For V./V., = 100, a 20% uncertainty in V,/V ., represents an
uncertainty in V., ofonly £0.2%, while for V,/ V.= 1,220% uncertainty in V,/V .
represents an uncertainty of —17%to 25%. Because V',/V ., was shown to be 77 in
the human brain, V., is relatively insensitive to large variations in V,/V .

5.6. Pyruvate Carboxylase

The flux through pyruvate carboxylase ( V) affects V., CMR, and V', in
different ways. First of all the impact of V. on V', will be discussed. The pyruvate
carboxylase reaction carries label from C3-labeled pyruvate to the C3 of oxaloac-
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tate. By reversible reactions through malate and fumarate, at least some of the label
is also placed in the C2 position, by scrambling. The *C from the C2 and C3 of
oxaloacetateis deliveredtothe C2 andC3 of o -ketoglutarate and glutamate, thereby
increasing the rate of C3 labeling of glutamate. Because the time course of C3
labeling of glutamate relative to that of C4 is used to determine the value of V',
uncertainty in V. may influence the calculated value of Vx.

Using an infusion of [ 1-*C]glucose in the brain increases the rate of glutamate
C3 labeling. Remembering the qualitative arguments that increased lag between
glutamate C4 and C3 signified faster values of V., one can examine qualitatively
the consequences were the model to include incorrect values of V.. When fitting
Vx, the assumed value of V. is used, and Vx is adjusted to make the calculated lag
conform to the observed data. If V. is overestimated, then for a given value of V',
the time course of glutamate C3 labeling will rise too quickly in the calculation,
and the model must increase V' in order to reduce the calculated time course of
glutamate C3. Therefore, with infusions of [ 1-3C]glucose, overestimates in V
lead to overestimates of Vx. In contrast, if V. is underestimated, then for a given
value of Vx, the calculated glutamate C3 labéling will increase too slowly, and the
model mustdecrease Vx in order to increase the calculated time course of glutamate
C3 labeling. Therefore, with infusions of [ 1-*C]glucose, underestimatesin V. lead
tounderestimates in Vx.

Simulations were performed for *C-labeling results from [ 1-3C]glucose
infusion studies ofthe human brain. In the analysis, V. was neglected, and the value
of V,/ V., was reported to be 77. By the reasoning just described, the neglect of V.
means that the already large value of V'x/V., was actually an underestimate. In
summary, when V. is included in the analysis of the labeling in the human brain
the already fast V', is shown to be even faster.

In contrast, experiments performed with [2-13Clacetate show dilution of glu-
tamate C3 and C2 by pyruvate carboxylase. In the case of dilution by pyruvate
carboxylase flux, one finds that underestimation of the pyruvate carboxylase flux
leads to an overestimation of V', which is the opposite effect as that seen with
[1-3C]glucose. It also follows that overestimation of V. yields an underestimation
of V', when [2-3CJacetate is used. Therefore, it is necessary to make an accurate
assessment of the contribution of pyruvate carboxylase to the TCA cycle in order
to determine V.. Ifsuch an assessment is made by isotopomer analysis (Malloy et
al., 1990), it is necessary to continue the study until an isotopic steady state is
achieved, so a not to underestimate the flux through pyruvate carboxylase.

An additional, smaller effect of uncertainty in V. is the alteration of the
coupling between glycolysis and the flux through pyruvate dehydrogenase, which
in the present model is equal to the TCA cycle flux V... Because triose units for
pyruvate carboxylase activity are supplied by metabolism of additional glucose
units, the inclusion of V. forces the rate of glycolysis to be increased in order to
maintain mass balance at pyruvate/lactate. Increasing the rate of glycolysis de-
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Table5
Errors Induced in the Value of V., by Variations in the Value of

Ve Viea®

Vi Vieas Error (%)

0.0 0.0

0.1 2.0

0.2 3.6

0.3 5.1

0.4 6.3

0.5 1.5

sGlutamate C4 3C-enrichment time courses were simulated using the expected
values of V,, for the human brain (0.73 x mol min! g'') with ranges of values for
the flux throughpyruvate carboxylase (V,.). The simulatedtime courses were used
asinputforthemodel's fittingprocedure todetermine theerrorin ¥, Theboldfaced
value was the value used forthe modeling analysis.

creases the isotopic equilibration time of brain glucose, lactate, and other metabolic
intermediates, which in turn speeds the arrival of C at glutamate C4. Table 5 shows
errors induced in Vi, by underestimation of V. during an infusion of [1-*C]glu-
cose. The value of V}, has a small but negligible influence on the rate of appearance
of label at glutamate C4, and therefore practically no influence on the calcu-
lated Vi.,.

5.7. Pentose Phosphate Shunt

In the basal condition, the pentose phosphate shunt has been reported to be
1-3%of the glycolytic flux in the adult rat brain (Gaitonde et al., 1983; Hawkins
etal., 1985). The shunt removes intracerebral glucose from the glycolytic pathway
and the [1-C] label is lost as 3CO,. Therefore, the pentose phosphate pathway
dilutes the glutamate C enrichment by a constant fraction and does not affect the
determination of Vica. Assuming that the pentose phosphate shunt has similarly low
activity in the human brain, the dilution is constant and small compared to the flux
through the TCA cycle. Thus, uncertainty in the rate of the shunt exerts a negligible
effect on the determination of the TCA cycle rate.

5.8. Glucose Label Scrambling

The recycling of isotopically labeled carbon atoms in glucose due to systemic
metabolism and resynthesis results in the redistribution of the =C in the glucose
molecule (Katz and Rognstad, 1976).Like the C1 of glucose, the C6 of glucose
passes through the C3 of pyruvate, so recycling of 3C from C1 to C6 of glucose



206 GraemeF.Mason

contributes to the labeling of glutamate C4 on the first pass ofthe label through the
TCA cycle. In contrast, recycling to the C2 and C5 of glucose adds to the labeling
of glutamate C3 in the first pass ofthe cycle.

The effects of recycling are addressed in two ways. The first approach is to
minimize the actual impact of recycling on the experimental results, by careful
experimental procedure, while the second approach is to quantify the recycling that
actuallyoccurred.

The infusion protocol was designed to raise the plasma glucose concentration
rapidly and maintain it elevated, which increased insulin levels and reduced
production of glucose by the liver. The subjects also fasted 12—18 hours in order to
lower the total available pool ofendogenous glucose, which further increased liver
uptake of glucose instead of production during the infusion.

While the protocol minimized recycling, prudence dictates that any residual
recycling be measured. The total label recycled to C2—C6 in the human was found
to be less than 0.5% in all subjects, even after 3 1/2 hours ofinfusion (Mason et al.,
1995). Even if all of that 0.5% were shunted to the C6 of glucose, there would be
no detectable effect on the calculation of V..

Recycling of label into the C2 and C5 of glucose has no effect on the time
course of labeling of glutamate C4 and therefore does not alter the determination
of V4. However, the C2 and C5 of glucose do appear at the C3 of o -ketoglutarate,
glutamate, and glutamine. Therefore, recycling of 3C to the C2 and C5 of glucose
would increase the rate of labeling of glutamate C3, reducing the lag between the
C4 and C3 of glutamate and thereby causing V', to appear slower than was
determined without consideration ofrecycling. For the case ofthe human study, in
which all ofthe label in C2—-Cé6was less than 0.5%, the extreme case in which all
of'the 0.5% could have appeared in the C2 of glucose would mean that the value
of V, was underestimated by <1%.

5.9. Glutamate/Glutamine Carbon Flow

The rate of carbon flow between glutamate and glutamine exerts an important
influence on the labeling kinetics of glutamate C4. The conversion of glutamate to
glutamine via glutamine synthetase does not affect the kinetics of glutamate C4
labeling. However, the rate of conversion of glutamine into glutamate through
glutaminase does influence the calculated value of V., because the unlabeled
carbon flowing into glutamate from glutamine reduces the rate offractional labeling
of glutamate C4. In the conscious human, the C4 labeling of glutamine C4 was
shown to be nearly identical to that of glutamate C4, indicating rapid communica-
tion of the pools of glutamate and glutamine. Table 6 shows the sensitivities ofthe
TCA cycle rate to the rate of carbon cycling between glutamate and glutamine in
the human brain over a span that covers the 95% confidence interval of the
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Table 6
Errors Induced in the Value of V.. by Uncertainty in the
Rate of Glutamate/Glutamine Carbon Cycling

V gn (¢ mol mint g-! Error (%)
0.05 21.6
0.08 18.0
0.12 14.0
0.16 10.9
0.21 8.3
0.31 39
0.41 1.2
0.47 0.0
2.05 -6.4
4.10 -1.3
6.58 -7.6

sGlutamate C4 13C-enrichment time courses were simulated using the
expected values of V., for the human brain (0.73 # mol min-! g) with
ranges ofvalues for V', The simulatedtime courses wereused as input
for the model's fitting procedure to determine the error in V., The
boldfaced value was used forthe modeling analysis.

uncertainty distribution of Vy,. Over most of the interval, the value of Vi, was
varied by <10%.

5.10. Summary of Sensitivity Analysis

The use of the time course of glutamate C4 in order to measure TCA cycle
activity in the brain provides a robust, noninvasive method. While the analysis
contains a variety of assumptions, it has been possible with quantitative modeling
to place limits on the effects of the assumptions. The effects of the assumed values
were found to be negligible within, and in many cases beyond, limits of uncertainty
that have been published for those assumed parameters.

6. METABOLIC COMPARTMENTATION

6.1. Neuronal Activity and Compartmentation

Evidence exists to support a model with two metabolic compartments in the
brain (Cooper and Plum, 1987). One compartment contains a large pool of gluta-
mate, and the other contains a small, rapidly metabolized pool. Intracysternal
injection of ['*C]glutamate and ['*C]glutamine into anesthetized monkeys showed
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that glutamine was more highly labeled than glutamate, which means that a small
pool of glutamate must supply label to glutamine in the anesthetized monkey.
Cooper et al. (1979, 1988) infused *NH*, into conscious rats and found that the
o.-amino nitrogen of glutamine was more rapidly labeled than that of glutamate.
Different isotopomer labeling patterns have been observed in the brains ofanesthe-
tized rates following infusions of [1,2-13Clacetate (Cerdan ef al., 1990). Also in
anesthetized rats, brain glutamate and glutamine were labeled, and their C4 frac-
tional enrichments differed from each other after infusions of either [U-13C ] 3-hy-
droxybutyrate or [ 1,2-3C]glucose (Kiinnecke et al, 1993). [1-3C]Glucose
perfusions of guinea pig brain slices caused labeling of glutamate and GABA
without labeling of glutamine (Badar-Goffer et al., 1990), while in the presence of
depolarizing levels of KCl, low fractions of glutamine were labeled (Badar-Goffer
etal., 1992). All of the studies with slow rates of glutamine labeling used brain
slices or anesthetized animals.

Two points become significant in the isotopic labeling data presented thus far.
One is that glutamate and glutamine can in some circumstances differ in at least
part of their substrate choice for the generation of glutamate. The other is that in
many preparations, glutamate and glutamine are labeled to different extents,
demonstrating a significant lack of mixing ofthe pools. Were mixing thorough, the
different enrichments would not be apparent. Glutamine C4 labeling was higher in
depolarized than nondepolarized brain slices. The C4 of glutamine was labeled still
more in intact, anesthetized animals, and the final labeling was the same as
glutamate C4 labeling in conscious humans, with only a slight lag of glutamine
behind glutamate. Therefore, one can infer that a certain degree of normal physi-
ological activity causes mixing of these pools whose precursor glutamate appears
to be labeled differently. Such mixing may be necessary for complete labeling of
the glutamate pool. Furthermore, areadily available mode of mixing that would be
consistent with proximity to normal physiological function would be cycling of
glutamate and glutamine between neurons and glia. Neuronal-glial cycling of
glutamate and glutamine would be in agreement with enzymatic studies that have
localized glutaminase and glutamine synthetase in neurons and glia, respectively
(Erecinskaand Silver, 1990).

The findings of compartmentation are being extended to GABA as well, with
studies of isotopomer analysis (Chapa et al., 1995) and a combination of measure-
ments in vivo and ex vivo in which GABA C2 was found to be enriched more
completely than glutamate C4 (Manor etal., 1996).

6.2. Effects of Glutamate/Glutamine Compartmentation on Measured V',

The 3C-labeling data measured in vivo do not distinguish metabolic compart-
ments, presumably due to the completeness ofthe mixing ofthe pools of glutamate
and glutamine. However, modeling can be used to determine the potential effects
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of compartmentation upon the interpretation of the data. The time course of
13C-labeled glutamate probably reflects the large pool overwhelmingly, because the
small pool has been estimated to be only 2-11% of the total glutamate concentration
(Berl etal., 1961; Cooper et al., 1988), with a turnover time of only ~1 min (Berl
et al., 1961). The time course of glutamine C4 lags that of glutamate C4 only
slightly, so the data are consistent with three two-compartment possibilities: (1)
glutamine formed rapidly from a large pool of precursor glutamate, (2) glutamine
synthesized from a small pool of glutamate that is rapidly metabolized, or (3)
glutamine formed from both compartments (Fig. 8). The data are consistent with
all three hypotheses, but an exchange analysis similar to that of Mason et al. (1992b)
shows that for the rapid labeling of glutamine, the value of V', derived from the
present data varies negligibly among the three cases. The observed time course of
glutamine C4 closely follows that of glutamate C4, so glutamine turns over almost
as ifit were part of the large pool of glutamate; the [ 1-3C]glucose labels both pools
approximately as ifthey composed a single pool. A two-compartment analysis of
the human NMR data yields a total value of Vtca that is the sum of the rates of
glutamate C4 labeling by [1-3C]glucose and glutamine C4 labeling by the small
glutamate pool. Since the small-pool V., must be at least as fast as the rate of
glutamine C4 labeling by the small pool, the combined pool value of V., would be
a minimum estimate. However, in cases in which glutamine labeling is slow or
reduced in the system studied, such as in brain slices or anesthetized animals,
compartmentation may play an important role in the analysis of glutamate C4 time
coursedata.

KM' max
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Figure8. Schematic of a two-compartment model for labeling of glutamate and glutamine. For the
case in which labeling of glutamine C4 and of glutamate C4 occurs at nearly the same rate, this scheme
is mathematically equivalent to the simpler scheme of Fig. 1.
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The primary effect of compartmental analysis is on the estimated value of V.
Using the assumption ofthorough mixing to form the one-compartment model, the
value of V ,, was found to be 0.47 x mol min' g in four subjects. Assuming no
mixing, such that glutamine C4 is labeled solely from a single, rapidly labeled pool
of glutamate, a minimum value of V', in the same subjects was 0.19 umol min-'
g'. Because some degree of mixing must occur due to neuronal-glial cycling
through normal physiologic activity (Erecinska and Silver, 1990; Sibson et al.,
1997, 1998), the true value of V' y, must lie between 0.19 and 0.47 1 mol min- g-.

7. FUTURE OF *C-LABELING STUDIES OF THE BRAININVIVO

The future of applications of *C-labeling studies in vivo is affected by several
developments that impact the sensitivity, flexibility, and cost of the studies. The
effects particularly influence studies of the human brain. Recent improvements
have been increases in static magnetic field strength, the introduction of volume
coils, and the rapidly decreasing cost of 3C-labeled glucose.

The sensitivity has been increased by the recent application of whole-body
NMR imaging systems of 4-T and higher for #C-labeling studies of the human
brain (Pan efal., 1996; Mason etal., 1996b). The high sensitivity of spectroscopic
studies at4 T has permitted the use of volume coils rather than surface coils, thereby
introducing the flexibility to measure volumes in locations not limited by the limited
spatial coverage of surface coils. The costs of *C-glucose has fallen severalfold in
the past decade, and as an increasing number of sites uses *C-labeled compounds,
the cost is expected to continue to fall.

The improvements are expected to continue, as both animal- and human-size
magnets increase in strength. As the costs of 3C-labeled compounds fall, investi-
gators should benefit from doubly labeled [ 1,6-*C]glucose, which will double the
sensitivity of studies that now use [ 1-*C]glucose. Doubly labeled glucose would
improve the feasibility ofthe use of *C-labeling studies at field strengths of 1.5 T.
Furthermore, glucose labeled at alternative positions, such as C2 and/or C4, will
allow the measurement of the activity of pyruvate carboxylase activity as well.

A recent development has been that of rapid spectroscopic imaging (Twieg,
1989; Duyn and Moonen, 1993). Spectroscopic imaging of *C-labeling would
bring NMR advantages normally associated with PET, while retaining the chemical
specificity that is a quality of NMR spectroscopy. Indeed, initial spectroscopic
images of ¥C-labeling have already been made (Inubushi et al., 1993; van Zijl et
al., 1993), although with a time resolution that still precludes time course studies.

An additional avenue of anticipated productivity takes advantage of the multi-
ple abilities of NMR, combining methods to form integrated approaches to ques-
tions. For example, functional MRI has been combined with both single (Hyder et
al., 1996a) and double-volume (Hyder etal., 1996b) measurements of *C-labeling
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of glutamate in order to measure the TCA cycle rate in the rat brain in vivo during
sensory stimulation. Quantitative imaging of tissue type has been combined with
measurements of the TCA cycle rate in the human brain in volumes of predomi-
nantly grey matter (Mason ef al., 1996b).

Many clinical applications are waiting for investigation. While a study of
lactate labeling in stroke has already been performed (Rothman et al., 1991), many
other disorders of the brain pose interesting metabolic questions. One example is
hepatic encephalopathy, shown by 3C and “N NMR spectroscopy and other
methods to have altered metabolism of glutamate and glutamine (Hawkins et al.,
1973; Fitzpatrick et al., 1989; Kreiset al., 1992; Kanamoriet al., 1993; forareview,
see Cooper and Plum, 1987). Recent NMR studies have focused on glutamate/glu-
tamine cycling of carbon, which may be tied to neuronal activity (Martin et al.,
1995; Sibson et al., 1996). Disorders in which normal neuronal function and
communication is disrupted, such as Alzheimer’s disease, multiple sclerosis, and
stroke, may provide insight into the role of carbon cycling between these two large
cerebral metabolite pools.

Driven by the availability of 3C-labeling data is the development of quantita-
tive modeling for experiment design and analysis, using approaches such as those
discussed in this chapter. 2C-labeling studies can be analyzed to obtain metabolic
rates using quantitative modeling, as V., V,, and V., were discussed in this chapter.
Models and experimental protocols can be tested for sensitivity to hypotheses or
uncertainties in assumed parameters or model characteristics, as was the case for
glucose transport, metabolic compartmentation, and many other characteristics
discussed in this chapter. The effects of uncertainties in some measured parameters
upon other parameters can be tested, as was the case here for the effects of variability
in V', and Vg, on the measured value of V..

In conclusion, technology is improving the sensitivity for the detection of 2C,
compounds labeled with 3C compounds are becoming cheap enough to be used by
an increasing number of laboratories for the investigation of brain metabolism in
humans and animals, and approaches to the interpretation of labeling data in vivo
are becoming increasingly quantitative. The future should bring sensitive measure-
ments that yield accurate metabolic rates and precise, quantitative evaluation of
hypotheses.
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In vivo *C NMR Spectroscopy

A Unique Approach in the Dynamic Analysis
of Tricarboxylic Acid Cycle Flux and Substrate
Selection

Pierre-Marie LucRobitaille

1. INTRODUCTION

More than 50 years have past since Hans Krebs (Krebs and Johnson, 1937;
Krebs ,1970) first identified the reactions which constitute the tricarboxylic acid
(TCA) cycle (see Fig. 1). During this period of time, scientists have added greatly
to our understanding of this intricate series ofreactions. In addition to providing us
with a detailed mechanistic and structural analysis of the enzymes directly associ-
ated with the TCA cycle, they have sought to determine how it interacts with
associated reactions and pathways. These associated reactions are linked to the flow
of substrates and oxidizable fuels into and out of this central pathway. Scientists
are also working to understand the mechanism by which substrates are selected for
oxidation by the cycle. In addition, they are investigating the means by which the
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Figure 1. Schematic representation of the tricarboxylic acid cycle.

rate of this pathway is regulated, not only at the enzymatic level in the test tube, but
also in the in vivo organ.

At the present time, it is not possible to provide a unified description of the
intermediary metabolism which surrounds the TCA cycle. As such, only the most
primitive knowledge exists as to how the TCA cycle interacts with other biochemi-
cal pathways. This is because scientists still do not have any real understanding of
the manner in which the key pathways of intermediary metabolism act in a
concerted effort to adapt to physiological and pathophysiological pressures and, in
so doing, sustain life. There are several reasons for this lack of progress in the study
of unified intermediary biochemistry.

The primary reason is undoubtedly our reliance on simplified models. Experi-
mentalists are often dictating a priori the outcome of their studies (perhaps unknow-
ingly) through the presentation of unusual experimental settings, far removed from
the natural state, involving unique biochemical and physiological challenges (buff-
er, substrate, workstates). Clearly, the use of cuvettes and isolated tissues removes
the reactions of interest from their natural environment. Consequently, we are
deprived from studying the full complement of physiological and neurohumaral
control mechanisms which can impact a given pathway. In addition, the transport
of substrates, especially lipid substrates, into organs involves particularly complex
interactions between carrier proteins and substrates (Ballard et al., 1960; Fournier,
1987; Gordon and Cherkes, 1957; Shipp et al., 1961; Stam et al., 1987). These
complex carrier trains may well become compromised in the perfused setting.
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The second reason is perhaps our lack of adequate scientific methods. It is not
always apparent to the biochemist that we remain, in a very real sense, technique
limited. While this may seem like a poorly considered statement, it is a reality that
scientists have very few tools enabling them to study many metabolites or reactions
simultaneously under in vivo conditions. Indeed, it seems at times that we have
made very little progress since the days of artrial-venous difference experiments
(Bing, 1955).

It is important, however, to note that only NMR spectroscopy can be used to
assay biochemical reactions and reaction rates within a given organ in its native
state. No other technique can assay biochemical reactions in the whole organ in
vivo setting! This is a truly remarkable aspect of magnetic resonance methods and
herein lies the power of these approaches. Through the use of the chemical shift
and of varying nuclei (‘H, 2H, 3H, 8C, *P, “N, N, and "O) the NMR spectro-
scopist has at his/her disposal a unique means of elucidating biochemical pathways
and of probing the interplay among these reactions. Now that many spectroscopic
techniques have been validated in simpler settings, spectroscopists are beginning
to apply these methods to the study of biochemical reactions under in vivo
conditions in both animals and humans. As research groups move away from the
simple application of techniques to the desire to understand real biochemical
problems, it is certain that NMR spectroscopy holds in store for us all a new world
of biochemical discovery.

The third reason is that biochemists cannot easily resample a given biochemical
system. In fact, many of the most powerful biochemical techniques are destructive
in nature. In this regard, only a single probe of the system is permitted. Magnetic
resonance, however, is noninvasive, permitting the repeated sampling of the same
tissue under a wide variety of possible external conditions and stimuli. This once
again speaks to the strength ofthese approaches.

It is also important that we consider the shear complexity of the problem. It is
always easy to identify biochemical building blocks. The subtlety of their interac-
tions, however, is quite another matter. The study of intermediary metabolism in a
sense is entering a new period in its development. Now that we understand the
structures and enzymatic steps, we are beginning to have a heightened awareness
of the importance of compartmentalization. We are also beginning to address issues
on a dynamic time scale. To understand the interplay between biochemical path-
ways, we will be forced to investigate changes dynamically.

In this work, a summary is presented of our crude attempts to increase the
understanding of intermediary metabolism under the in vivo setting. In doing so, a
commentary is first presented on the interaction between major pathways. Post-
steady-state methods are then reviewed. This work is revisited in the context of the
importance of these methods in linking the TCA cycle to the reactions of the
malate—aspartate shuttle. In addition, we also summarize in this chapter the elegant
mathematics of the post-steady-state approach. In the last section of the chapter, we
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briefly discuss the use of dynamic NMR methods in the analysis of substrate
selection under in vivo conditions. We summarize our findings with acetate,
pyruvate, and lactate and utilize these results to highlight our imperfect under-
standing of intermediary metabolism in the context of substrate selection, oxida-
tion, and the regulation of pool sizes.

2. THEINTERACTIONBETWEENMAJORBIOCHEMICAL
PATHWAYS AND REACTIONS

The interaction between major biochemical pathways and reaction sites is a
fascinating aspect of intermediary metabolism. In a concerted effort to maintain
life, all cellular reactions and pathways must be fine-tuned to one another, both to
avoid the unnecessary expenditure of energy and to avoid the buildup ofunneces-
sary amounts of substrates and products. For instance, when the cell is operating
under conditions of maximal oxygen consumption, it is likely that many intracel-
lular reactions are operating near their maximal rates or V... If the oxygen
consumption, however, is permitted to rapidly drop to basal levels (which may only
bea small fraction of V..., itis evident that not all reactions will be able to suddenly
move to the new steady-state levels. For instance, the TCA cycle may adjust more
rapidly, while glycolysis may require some time to clear itself ofthe large amounts
of substrates now flowing between its enzymes. The same principle would be true
in the case ofupwardjumps in workstates. Oxidizable substrates would be required
in this case which can immediately act to prime the TCA cycle, while glycolysis in
turn could be permitted a longer lag time to reach the new steady state. Accordingly,
in the case of upward jumps in workstates, it appears that the cell requires certain
key priming substrates, while during downward shifts in workstates, the cell
requires certain key dumps for flowing substrates. Further insight into this problem
can be gained by examining the principles of oxygen delivery and the presence of
myoglobin in the myocardial tissue.

2.1. TheMyoglobin System

It is well understood that in the myocardium, oxygen is first transferred from
the hemoglobin molecule to myoglobin prior to its final release to serve as an
oxidizing agent in the electron transport chain. The flow of oxygen through this
series ofreactions can be represented as follows: (Hb + O,, = HbO,); (HbO, + Mb
— MbO2 + Hb); (MbO: = Mb + O2). If one considers only the interaction with
myoglobin and neglects the hemoglobin—oxygen interaction, one can write: (Mb +
0,s=Mb0,). In this last reaction, MbO, is a dead end product and it can only react
in a reversible manner to give back the initial reactants.
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During steady-state operation, the simple delivery of oxygen from HbO, would
be sufficient to meet the demands of the working myocardium. However, when the
heartis required to make arapid and significantjump in workstates, MbO, is present
to immediately provide the required oxygen. For this purpose, the myoglobin
system is an excellent example of a biochemical capacitor. It acts to store a substrate
in such a way that it can provide for a sudden increase in oxygen demand.
Conversely, when the myocardiumjumps back down to basal workstates, the MbO,
system could easily be replenished to prepare for the next significant increase in
workloads. Note also that it is present at the juncture of two very important
biochemical processes, namely, oxygen delivery and utilization.

2.2. TheLactate and Alanine Systems

In the study of intermediary metabolism, one of the most interesting junctures
lies at the interface of glycolysis and the TCA cycle. Once pyruvate is produced as
the aerobic end product of glycolysis, it is left to four possible fates: (1) it can enter
the TCA cycle for oxidation, either directly through the synthesis of acetyl-CoA,
or indirectly through carboxylation; (2) it can be carboxylated and transamitated to
form cytoplasmic aspartate; (3)it can be transaminated to alanine through the action
ofalanine aminotransferase; and (4) it can bereduced to lactate. The lactate, alanine,
and aspartate systems are particularly important because they can also represent
true biochemical capacitors.

It has been taught in general biochemistry texts that the cell is making lactate,
since this process enables the recovery of NAD* and thereby the continued
operation of glycolysis under ischemic conditions. This hypothesis, however, may
not be well considered. This is because such a system cannot be justified based on
natural selection principles. Specifically, evolutionary pressures must exists such
that a distinct advantage can be conferred by a selected pathway or reaction. For
the lactate systemto be created and enable a better myocardial response to ischemia,
two requirements must hold true. The first is that the myocardium must be
confronted with ischemic episodes. The second, that the ability to overcome this
ischemic episode must allow the individual to survive, reproduce, and thereby
transfer to his/her offspring this evolutionary advantage. However, while it is true
that genetics is an important component of the predisposition to ischemic heart
disease, the incidence of extensive heart disease in modern society is more often
the result of poor diet, sedimentary lifestyles, and smoking. It is well recognized,
for instance, that scientists have tremendous difficulty finding good animal models
of ischemic heart disease. That is precisely because other mammals are well-
conditioned, do not smoke, and have diets with lower caloric intakes. As such, other
mammals are not faced with ischemic heart disease, yet they nonetheless have the
ability to produce lactate. This clearly points to an alternativerole for the lactic acid
system. Interestingly, the increasing incidence of both ischemic heart disease and
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congestive heart failure in the population is also areflection ofincreased longevity.

Brought on by modern medical techniques, this longevity, however, is unlikely to
be associated with a significant increase in reproductive advantages. Indeed, for
most of the human race children are conceived relatively early in life and usually
long before any bouts with ischemic heart disease. Moreover, it is also true that the
ability to maintain glycolysis in the absence of oxygen through the formation of
lactate presents no real advantage. This is because the myocardium requires such
extensive production of energy that the left ventricle will fibrillate soon after the
beginning of a significant ischemic event. In this respect, the production of lactate
in itself cannot sufficiently address the needs of the distressed ischemic myocar-
dium. Once again, this provides another argument against this role for lactic acid.

The evolutionary advantage of a lactate system in the myocardium which is based
on the ability to more effectively deal with ischemic episodes is simply not present.

Therefore, it is proposed that the real role of lactic acid is to act as a compen-
satory mechanism for differential rates between glycolysis and the TCA cycle in
association with normal changes in workload. If the flow of substrate through
glycolysis exceeds the maximal rate at which the electron transport chain and the
TCA cycle can operate, then lactate will be produced. This does not necessarily
imply that the myofibrils are ischemic. This may be the case, for instance, in an
immediate drop in workload by the myocardium. Alternatively, this may also occur
during a sudden change in substrate selection by the TCA cycle in such a manner
that pyruvate is no longer required. If the TCA cycle slows down faster than
glycolysis, it is clear that lactate would temporarily be produced until a new steady
state is achieved. Conversely, during an increase in workstates, the lactic acid pool
could be used to immediately prime the TCA cycle, until such time that glycolytic
rates are increased and anew steady state is achieved. In this process, the production
oflactic acid would play a very important role in the myocardium since, much like
the myoglobin system, it could permit the heart to undergo jumps in workstates. In
addition, the presence of the lactate system would also enable the TCA cycle to
make an immediate change in substrates away from glycolytic end products. These
may well be the reasons why this reaction is so ubiquitous in the animal kingdom.
The ability to provide a rapid jump in workstates and a switch in substrates does
present a strong evolutionary advantage, during flight for instance. This evolution-
ary advantage would exist prior to the reproductive age, and that is why this system,
much like the myoglobin system, would encounter strong positive selection.

In looking at the disposal of products from glycolysis in the mammalian heart,
we come to realize that there are four possible disposal mechanisms for pyruvate
as stated above. In the production ofacetyl-CoA, however, metabolism is disposing
only of pyruvate itself, while the NADH is shuttled through the malate—aspartate
shuttle to the electron transport chain. As aresult, these two pathways are being fed
from the production ofacetyl-CoA. During the production oflactate, both pyruvate
and NADH are dumped to form lactate. Note in this case that both glycolytic end
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products are utilized. When lactate is produced, however, this enables both the TCA
cycle and the electron transport chain to derive their substrates from sources other
than glycolysis.

Interestingly, alanine provides a reservoir for pyruvate, NADH, and NH*,. In
doing so, alanine serves as a link between four important pathways, namely,
glycolysis, the TCA cycle, the electron transport chain, and the urea cycle. In a
sense, this amino acid can be used when the relative rates between glycolysis and
the TCA cycle need to be adjusted. It should be noted, however, that in this instance
alanine is also making recourse to the urea cycle. It is important to consider that the
junction between glycolysis and the TCA cycle is being served in a sense by at least
two separate capacitors. It may be that lactate acid, for instance, has a greater role
in a downward change in TCA cycle flux and this may well explain why scientists
have erroneously attributed its production to an ischemic response. Conversely,
alanine appears to be a good priming substrate for the TCA cycle, and this may
explain why the myocardium has such variable amounts of this substrate. Both
alanine and pyruvate, nevertheless, have the ability to help adjust differences
between the rates of glycolysis and the TCA cycle during both increases and
decreases in workloads. It is worth noting that the TCA cycle is also linked to both
malate—aspartateshuttle and to the urea cycle through its o -ketoacids (namely,
o -ketoglutarate and oxaloacetate) and their transamination products (glutamate and
aspartate). As such, glutamate and aspartate not only provide links to the TCA cycle
through the malate—aspartateshuttle but, like fumarate, they also are important
direct and indirect participants in the urea cycle (see Fig. 2). In this context, this
glutamate and aspartate may be important in adjusting relative rates between these
two pathways.

2.3. The Creatine Kinase System

The creatine kinase system is ubiquitous in mammals and indeed various
phosphagens systems (phophocreatine, phosphoarginine, phosphoguanidotaurine,
etc.) are found in much of the animal kingdom. Nonetheless, the role of these
phosphagen systems is incompletely understood (Wallimann et al., 1992) In the
mammalian heart, scientists have hypothesized that the creatine kinase system is
acting as an energy shuttle between the mitochondria and the myocin-ATPase. On
the other hand, it has been proposed that the creatine kinase system helps to regulate
the levels of ADP and keep these levels down. In this manner, ADP is prevented
from inactivating cellular ATPases and is also permitted to participate in the control
of respiration. Creatine kinase, through its phosphorylation of ADP, also acts to
prevent the loss of adenine nucleotides outside the cell. It has also been proposed
that the creatine kinase system is present to provide an “energy store” in the
myocardium. This stored energy would be invoked during ischemia, for instance.
Wallimann ez al. (1992) have proposed that the creatine kinase system in the cell
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acts as an energy circuit which is critical to the distribution of energy throughout
the cell. Much of these concepts have been the subject of an excellent review
(Wallimann et al., 1992).

In the context of the previous discussion, however, the creatine kinase system
may simply be viewed as a biological capacitor which enables rapid upward or
downward changes in workload, by providing readily available substrate (in the
case of the high energy bond) upon demand, and a readily available dump as well.
This could easily explain why the creatine kinase system would be found at major
sites of energy production (the mitochondria) and utilization (the myosin ATPase).
It is perhaps for this reason that neonates have incompletely developed creatine
kinase systems (precisely since their myocardium is working at a relatively fixed
and elevated workload). In addition, this may help explain why creatine levels often
drop in failure. This may simply be a consequence of the fact that the failing heart
is no longer able to undergo a rapid increase in workload and therefore no longer
has any use for this system. This may also explain why creatine phosphate levels
are very low in organs which do not undergo pronounced rapid changes in work
(the liver and smooth muscle system, for instance).

3. THE HISTORY OF CELLULAR =»C NMR

As Hans Krebs has insightfully pointed out: “Those ignorant of the historical
development of science are not likely ever to understand fully the nature of science
and scientific research” (Krebs, 1970). As such, it is important to reflect on the
history of 3C NMR spectroscopy. While it is a tremendous task to recall the
numerous studies which have molded modern 3C NMR, it is perhaps educational
to examine some of the seminal works in this field. Thus, the power of *C NMR
for the study of intermediary metabolism was initially revealed to us by studies of
the microorganism S. cerevisiae (Dickerson et al., 1983; Den Hollander et al.,
1986), the isolated liver (Cohen et al., 1979; Cohenetal., 1981; Cohenet al., 1983),
and the isolated perfused heart (Bailey et al.,, 1981; Sherry et al., 1985; Lavanchy
etal., 1984; Hoekengaetal., 1988). The laboratories of Professors Robert Shulman
and George Radda were instrumental in many of these studies. These groups also
realized that 2*C NMR could be applied to study intermediary metabolism and
monitor metabolic flux with a new level of sophistication. Furthermore, Shulman
and Radda noted the importance of labeling patterns within glutamic acid and other
metabolites.

The next advance in the study of the TCA cycle with 3C NMR methods
occurred when Chance provided an elegant mathematical analysis of isotope
labeling within this series of reactions (Chance et al., 1983). In his work, Chance
clearly recognized the usefulness of isotopomer analysis and the dynamic nature
of the changes in resonance intensity. While these two findings had been recognized
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by others, this work provided an important transition in 1>°CNMR since it acted to
launch two distinct approaches, namely, isotopomer analysis and dynamic methods.
As aresult, the flow of metabolites through the major pathways of intermediary
metabolism can now be monitored through the use ofthe stable =C isotope (Bailey
etal., 1981;Sherryetal., 1985; Chanceetal., 1983;Neurohretal., 1983; London,
1988; Malloy et al., 1988; Malloy etal., 1990). Indeed, one ofthe key features of
metabolic studies with NMR is the presence of metabolic isotopomers (Sherry et
al., 1985; Malloy et al., 1988; Malloy etal., 1990). Isotopomers differ from one
another only in the nature of their 2C enrichment. Therefore, isotopomer analysis
has been applied to the study of substrate selection. Importantly, much of the
progress in BC NMR can be attributed to the efforts of Malloy and Sherry whose
contributions in this area have had a profound impact on the field (Sherry et al.,
1985; Malloy et al., 1988; Malloy et al., 1990). Isotopomers have also been
analyzed with mass spectroscopy (Katz et al., 1993). This provides an important
complementary approach to *C NMR methods since many more intermediates can
be detected with these methods, and since in this case isotopomer patterns can be
analyzed to yield true flux measurements using mass spectroscopy (Katz et al.,
1993).Consequently, while studies with mass spectroscopyrequire tissue digestion,
they are able to provide much more specific information about intermediary
metabolism (Katzetal., 1993).

Since BCNMR linewidths are broadened under in vivo conditions, isotopomer
methods, which depend on high spectral resolution, cannot be simply applied in
these situations. Thus, in vivo 3C NMR studies must rely on dynamic methods;
these include both pre- (Chance etal., 1983; Masonetal., 1992; Weiss etal., 1992;
Lewandowski and Hulbert, 1991; Lewandowski, 1992a; Lewandowski, 1992b;
Robitaille ez al., 1993a) and post-steady-state (Robitaille et al., 1993b) analysis.
These methods extend several aspects of Chance’s work (Chance et al., 1993) and
thereby enable the dynamic analysis of substrate selection and TCA cycle fluxes in
the isolated myocardium. For instance, by applying dynamic 2C NMR methods
(Weiss etal., 1992; Rath etal., 1994; Lewandowski and Hulbert, 1991; Lewan-
dowski, 1992a; Lewandowski, 1992b), it has been shown that the heart has
unchanging fractional enrichments and glutamate pool sizes under greatly varying
workloads. Dynamic methods also hold the advantage of yielding information on
the TCA cycle which was independent of intermediate pool size and fractional
enrichment (Rath etal., 1994; Robitaille etal., 1993b; Lewandowski and Hulbert,
1991; Lewandowski, 1992a; Lewandowski, 1992b).

4. POST-STEADY-STATE ANALYSIS

Several years ago, this laboratory advanced the post-steady-state analysis of
the TCA cycle (Robitaille et al., 1993b). The key feature of post-steady-state
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analysis lies in the inherent simplicity of the method, sinceit transforms the analysis
of the TCA cycle from a cyclic problem, which cannot be solved explicitly, to a
linear problem, for which a closed-form mathematical solution could be derived
(Fig. 3). This is a key distinction between pre-steady-state and post-steady-state
dynamic methods. Thus, in pre-steady-state methods, the experimentalist is exam-
ining the uptake oflabel into the glutamate pool. In this case, the label can be viewed
as first entering the glutamate pool at the C4 position and completing a turn of the
cycle to label either the C2 or C3 resonances of glutamate. Only following a
complete turn through the TCA cycle is sampling completed. This is because the
o -ketoglutarate dehydrogenase reaction, a key rate-limiting step ofthe TCA cycle,
cannot be sampled simply by examining the pre-steady-state labeling of the C4
resonance of glutamate. In fact, this reaction is only sampled by examining the C2
or C3 labeling of glutamate. That is why some pre-steady-state methods have
recourse to the ratio C2/C4 or C3/C4. By having recourse to this ratio, these
methods ensure that the o-ketoglutarate reaction is indeed sampled. However, when
one examines the washout of label from the C4 carbon of glutamic acid, it is clear
that one is immediately sampling both the malate—aspartate shuttle activity (Robi-
taille et al., 1993b) and the a -ketoglutarate dehydrogenase reaction. In performing
3C NMR measurements of the TCA cycle, it should always be remembered that:
. . . “the rate of label washout depends not only on the flux through o -ketoglutarate

kZAPP

[1SOc.]

k3APP

Figure 3. Isolationdiagram ofthe TCA cycle as itrelates to post-steady-state analysis. In this figure
all relevantmetabolite pools are indicated (cytosolic vs. mitochondrial o.-ketoglutarate and glutamate)
along with the relevant equilibrium constants, K., andrate constants.
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dehydrogenase, but most importantly on the activity ofthe malate—aspartateshuttle
as determined by the forward and reverse fluxes through the transaminases and by
the rate of transport of glutamate and o-ketoglutarate across the mitochondrial
membrane” (Robitaille ef al., 1993b). This statement also applies to the label
incorporation into the glutamate pool with pre-steady-state methods. In this chapter,
however, focus will not be placed on the malate—aspartateshuttle (Safer, 1975;
LaNoue and Schoolwerth, 1979; LaNoue etal., 1974; LaNoue and Tischler, 1974;
Schoolwerth etal., 1982; Safer and Williamson, 1973), particularly since this topic
has been so heavily addressed recently in the literature by this group and others and
since it is also eloquently addressed in other chapters in this volume. Rather, we
will focus on those aspects of 3C NMR methodology which are truly unique to in
vivomeasurements.

To the novice in *C NMR methods, it may be somewhat confusing that
pre-steady-state methods cannot be easily applied to monitor TCA cycle flux in the
myocardium under in vivo conditions. This is because the in vivo myocardium
maintains full latitude in substrate selection and therefore may not select the
substrate which is being presented for the measurement. Thus, the heart may select
a substrate for oxidation at low workloads which is specifically excluded at high
work. This would prevent the analysis over the full range of workloads. This
complication, however, is surmounted with post-steady-state analysis (Robitaille
etal., 1993b) since the labeling in this setting is always performed at low work. In
this regard, one of the key incentives for advancing post-steady-state methods was
that this technique had the advantage of being largely independent of substrate
selection.

4.1. The Theory of Post-Steady-State Analysis

Figure 3 provides a schematic representation ofthe TCA cycle, as it relates to
post-steady-state analysis. In this experiment (Robitaille et al., 1993b), k ,.»» and
k sare are apparent rate constants which act to link the mitochondrial oiketoglutarate
pool ([a-KG]wr) to the cytosolic glutamate pool ([GLU]cyr). These two pools
were referred to as B, and C, respectively in the initial presentation of the
post-steady-state experiment (Robitaille eral., 1993b). They are related as follows:

k 2aep = |GLU CYT
ke [ -KGlun M

In the post-steady-state experiment, the experimentalist is monitoring the
washout of the glutamate C4 label (see Fig. 3). During these studies the glutamate
pool is initially labeled to steady-state enrichment levels with a *C-enriched
substrate. For this task [2-3C] sodium acetate is usually selected, since this avoids
kinetic complications with substrate entry into the cell (such as would occur when



In Vivo "C NMR Spectroscopy 227

glucoseis utilized). Once a steady state in labeling is achieved, the post-steady-state
experiment can be initiated by switching to unenriched substrate. When the switch
to unenriched substrate is made, the level of glutamate enrichment at the C4 carbon
will begin to drop, reflecting the entry of unlabeled substrate into the TCA cycle
and the subsequent washout of labeled C4 carbons (see Fig. 4). The washout time
constant for the glutamate C4 carbon in post-steady-state washout data (t) can be
related to kinetic parameters as follows (Robitaille ezal., 1993b):
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Figure 4. Post-steady-state *C NMR washout spectra obtained from a single animal using 8 mM
acetate infusion at basal rate pressure products. Note the fall in the glutamate C4 resonance as the
post-steady-state experiment is initiated through the infusion of unlabeled acetate (see text).
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Note thatin Eq. (2), the &k, term corresponds to the rate constant for o -ketoglu-
tarate dehydrogenase. In addition, in Egs. (1), and (2), & e and £ ;e correspond
to the apparent rate constants for transamination and transport. These apparent rate
constants are key components of the malate—aspartate shuttle. In this fashion, the
post-steady-state treatment explicitly linked the effect of the malate—aspartate
shuttle to measurements of TCA cycle flux. Importantly, in advancing this new
method, it was also stated that it should be possible to monitor the effects of
changing malate—aspartateshuttle activity on labeling kinetics within the glutamate
pool (Robitaille etal., 1993b).

When Eq. (2) was derived, norate pressure productdependence was introduced
and no approximations were made other than (1) requiring that the post-steady-state
washout data could be fitted to a simple exponential, and (2) having the condition
that the [GLU]cyr pool is much larger than the [ -KG]wr pool (Robitaille ez al.,
1993b).

However, Eq. (2) can also be utilized to examine the rate pressure product
(workload or oxygen consumption) dependence ofthe TCA cycle. Thus Eq. (2) can
be re-expressed with rate pressure product dependence:

T=" A +B (3)
RPP

In this case, 4 = (kupp/ksapr + 1)/ and B = 1/k;aee and a direct relationship is
assumed between k, and rate pressure product (k,= RPP). It must be noted that
aplot of 7 vs. RPP permits us to determine both ofthe constants 4 and B. The latter
is the asymptotic limit as RPP is increased. At the simplest level, the apparent rate
constants k ,4»» and k ;,»» can be assumed to remain constant as a function of rate
pressure product. However, given adequate signal to noise and sufficient data
points, it should be possible to assume any dependence of these constants with rate
pressure products. In this case, the experimentalist would simply make the appro-
priate substitution in Eq. (2). In practice, however, we have not found a need for a
more complex dependence for the apparent rate constants.

Now that an exact expression for the rate of label washout from the C4 carbon
of glutamate has been obtained, post-steady-state kinetics can be utilized to provide
an exact expression for TCA cycle flux. Using a first-order kinetics model, the rate
of'the TCA cycle can be expressed as:

Trea =ks [0 - KGlwir 4)

By merging Egs. (1), (2), and (4), we immediately obtain that:

kK )
frea = ko konee - K oare [GLU]CYT
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As such, we now provide an exact closed-form expression for TCA cycle flux
which is derived mathematically and which can be solved without recourse to
numerical solutions. This exact expression can be further simplified ifk sape > > k4,
in which case:

ko ko (6)
Irea S——————————— [GLU]CYT
T ks koapr = K oare

In addition, this solution becomes remarkably simpleif k,>> 1:

_ [GLUJewr (7)

Trca ©

Equation (7) implies that TCA cycle flux can be approximated at a given
workload by estimating the size of the cytosolic glutamate pool and dividing this
value by the time constant for label washout from the C4 carbon of glutamic acid.
In this case, one is making the assumption that k ,.»» > > k,and k4> > 1. Note,
however, that no such assumptions were made when deriving Egs. (2), (3), and (5).

It can also be noted that the flux through the TCA cycle is directly related to
the oxygen consumption as follows:

I 1a = (F:0)(MVO) (8)

In this equation, F:O is the ratio of TCA cycle flux to oxygen consumption,
while MVO corresponds to the oxygen atom consumption. The behavior of MVO
as a function of rate pressure product for the canine myocardium is given approxi-
mately by MVO=MVO, (RPP)= [(2.30+0.08) x 103](RPP) (Brown etal., 1988).
In this case, the MVO, value, in units of pmol/gdw mmHg, was established by
finding the best linear fit for the MVO, vs. RPP data presented by Brown ef al.
(1988).

Equation (8) also makes recourse to the F:O ratio. However, an understanding
of F:O in the heart is a complex problem since it is linked to the nature of the
oxidized substrate (Bing, 1955; Opie, 1991; Kobayashi and Neely, 1979; Randle et
al., 1970). Thus, the F:O in an acetate perfused heart should be 0.25, while when
the perfusion is accomplished with butyrate the value should be about 0.2 (Bing,
1955; Opie, 1991; Kobayashi and Neely, 1979; Randleetal., 1970). Ithas alsobeen
determined that the minimum F:O value for a glucose perfused heart should be
0.167 (Malloy etal., 1996).

Post-steady-state methods can also be used to obtain absolute values for & ;.
ksavey O, [0—KG], ;i and [GLU] 1 from Eqgs. (1), (2), (4), and (8). As previously
stated, these four independent equations were obtained from an understanding of
(1) post-steady-state washout kinetics (Robitaille ez al., 1993b), (2) the value of
F:0 (Bing, 1955; Opie, 1991; Kobayashi and Neely, 1979; Randle et al., 1970;
Malloy et al., 1996), and (3) the myocardial oxygen consumptions in the canine
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heart (Brown et al., 1988). Knowledge of the behavior oft over a wide range of
workloads as given by Eq. (2), however, provides both the behavior of k, and the
ratio of k,ay,/ ks as a function of increasing oxygen consumption. In this case,
the following relationships also hold:

[ -KGlur = (A)F:0)(MVO)-[GLU]cyr )

[GLU]exr (K sarr) (10)
Ko = AN F-0)MVO), - [GLUJor

~ (F:0) (MVO), (11)
" (A)F:0)(MVO), - [GLU]evs

From these equations we can begin to probe the dependence of post-steady-
state kinetic parameters and pools sizes on factors such as substrate selection and
oxygen consumption. This represents a further advantage of post-steady-state
mathematics, since the simple form ofthe post-steady-state equations now enables
us to link kinetic parameters to intracellular and intramitochondrial pool sizes for
the first time.

5. INVIVO 2CNMRANALYSIS OF SUBSTRATE SELECTION

It is always essential to realize that there is an important difference between
substrate selection and TCA cycle flux measurements. In this regard, substrate
selection refers to the substrate that the TCA cycle is actually utilizing to obtain its
reduction equivalents. Conversely, when we speak of TCA cycle flux, we are
referring directly to the rate at which the cycle is operating. While substrate
selection and TCA cycle flux may be inherently related, they are thus clearly not
the same entity. When 3C NMR-based methods are utilized to study substrate
selection, the experimentalist is often probing the ability of one substrate (usually
labeled and exogenous) to compete for oxidation in the TCA cycle in the presence
ofall other substrates (usually unlabeled and endogenous).

Recall from above that pre-steady-state methods cannot be easily applied to
monitor TCA cycle flux in the in vivo myocardium. This is because these methods
have a strong dependence on the nature of the oxidized substrate as a function of
workload. Interestingly, it is precisely this aspect of pre-steady-state methods that
makes them so important in examining changes in substrate selection under in vivo
conditions. Therefore, in acquiring data on substrate selection based on the pre-
steady-state protocol (Robitaille et al., 1993a), a set of control spectra is typically
acquired for approximately 40 minutes with the infusion of unenriched substrate.
When these experiments are performed in the canine myocardium, the label is
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typically infused through an angiocatheter placed into the proximal left anterior
descending coronary artery of the heart. This is typically accomplished under basal
conditions with a cardiac rate pressure product of <10,000 mmHg/min. The use of
a 40-minute equilibration period helps ensure that the myocardium has reached
metabolic steady-state. Once equilibration is completed, the experimentalist then
changes the infused substrate to its 3C-enriched form. Acquisition is then resumed
for an additional 40 minutes. The presence of enrichment at low rate pressure
products is recorded once the label has reached steady-state levels of enrichment.
Once a high quality steady-state spectrum is obtained, the workload of the heart is
raised, typically using a dopamine drip and the substrate changed to its unlabeled
form. This permits the label to fully wash out of the myocardium. At this stage, no
labeling can be observed. Following an additional 40 minutes of equilibration, the
infused substrate will be changed to its enriched form. However, in this case, the
extent of infusion of enriched substrate is increased in a manner which corresponds
to the relative increase in workloads. Acquisition is once again resumed for 40
minutes and the extent of glutamate, aspartate, or other pool labeling is compared
with results obtained under basal workload conditions. In this manner, one can
analyze in a single heart the differences in metabolite labeling which occur simply
as a function of increasing cardiac workloads. These changes, in turn, can be linked
either to changing metabolic pool sizes or to actual changes in substrate selection.
It is important to note that once the in vivo experiments are completed that a section
of the myocardium is typically excised and subjected to fractional enrichment
measurements. These measurements are based on isotopomer analysis and are
performed in extracts. Such fractional enrichment measurements are a critical step
in confirming the in vivo results.

Using pre-steady-state analysis we have been able to examine the selection of
acetate by the in vivo myocardium as a function of increased work (Robitaille ez
al., 1993a). Surprisingly, we have found that the in vivo myocardium acts to exclude
acetate oxidation when workloads are increased (Fig. 5). Thus we observed that the
myocardium usually selected in favor of the oxidation of acetate at low workloads.
This was confirmed by extensive labeling of the glutamate pool under these
conditions. However, when workloads were increased to very high levels, acetate
oxidation was specifically excluded, and little if any labeling of the glutamate pool
occurred as evidenced by the absence of signal in the NMR spectra (Robitaille et
al., 1993a). This was a most remarkable finding (see Fig. 5). When examining
extract data we were able to conclude that while canine hearts can have up to 90%
fractional enrichment of glutamate at a rate pressure product of 10,0000r less, they
will have absolutely no enrichment above 25,000 (Robitaille ez al., 1993a). As a
result over less than a threefold change in rate pressure products, the fractional
enrichment drops to zero, not to 30%. Yet, this happened despite the fact that the
acetate infusion rate had been tripled. Theoretically, therefore, we should have
observed little or no change in fractional enrichments (Robitaille ezal., 1993a). We
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Figure5. Pre-steady-state "CNMR difference spectra acquired from the in vivo canine myocardium
atrate pressure products of 10,800 mmHg/min (A) and 24,400 mmHg/min (B) during infusion of4 mM
[2-13C]sodium acetate. Resonances correspond to the C2, C4, and C3 carbons ofglutamate (55.5, 34.2,
and 27.6 ppm respectively). Note the absence of glutamate pool labeling at the higher RPP (B).
Reproduced from Robitaille ezal. (1993a).

have now performed extensive extract analysis of glutamate pool sizes as a function
ofincreasing rate pressure products and have found that this pool remains relatively
constant as a function of workload. Therefore, these results cannot be explained by
a drop in glutamate pool size (Rath et al,, 1994). Thus, over a nearly eightfold
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change in RPP (5,000—40,000) there was about a25% change in the mean glutamate
pool. Studies in the perfused heart also revealed that glutamate pools do not change
with workload (Lewandowski, 1992a,b). It is also worth noting that in some
instances the infusion of acetate was insufficient to label the glutamate pool even
under basal conditions. This was indeed unexpected and brings into question many
conclusions reached on the sole basis of acetate exclusion. This, of course, has
implications with respect to viability results obtained with PET. It is also interesting
that, when studying acetate, the use of this substrate failed to result in any in vivo
labeling of the aspartate pool either at low workloads or at intermediate rate pressure
products. However, at low rate pressure products, in most cases, acetate was able
to label the glutamate pool fully at C2, C3, and C4. This implies, by extension, that
oxaloacetate, malate, and fumarate are also being labeled. Since aspartate is a
transamination product of oxaloacetate, it is truly surprising that aspartate labeling
in vivo was not observed when acetate was utilized as a substrate. This is noteworthy
also since aspartate is strongly labeled by pyruvate and lactate at intermediate rate
pressure products, as will be discussed below.

The fact that the left ventricle excludes sodium acetate from oxidation has also
been confirmed in the swine (Angelos et al., 1996). In one animal, for example
(Angelos et al., 1996), the glutamate pool was strongly enriched by the infusion of
8 mM acetate at arate pressure product ofabout 9,000. When we attempted to repeat
the experiment in the same animal at a rate pressure product of 14,000, however
(while infusing 20 mM acetate), there was almost complete absence of labeling. In
this experiment, however, we are examining only a 50% increase in RPP in the
presence of a 2.5-fold increase in acetate infusion. This was a truly remarkable
example of the strong selection against acetate.

We have also performed extensive studies of substrate selection as a function
of workload with both lactate and pyruvate. The behavior of these two substrates
was rather similar in that they were typically able to label the glutamate, aspartate,
and alanine pools at basal workloads (Rath et al., 1997). However, in these studies,
the extent of this labeling was highly variable under low workloads (Fig. 6). The
extent of this labeling nonetheless could usually be increased with the addition of
dichloroacetic acid, a well-known indirect activator of pyruvate dehydrogenase,
through its action on pyruvate dehydrogenase kinase. Once again, it is important
to note that in some animals it was not possible to label the glutamate pool with
pyruvic acid even at the lowest workloads. In some cases, this occurred in spite of
the presence of DCA (Rath etal., 1997). Nonetheless, as a general rule, the addition
of DCA to the infusate resulted in increased labeling of the glutamate pool. This is
a clear indication that PDH was at least partially inactive in these animals and that
DCA was successful, through the action of pyruvate dehydrogenase kinase, in
increasing the activity of this key enzyme. In this work, it was also found that
pyruvate could not label the glutamate pool at the most elevated workloads, in a
manner which is quite reminiscent of acetate. The same conclusion was also reached
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Figure 6. Pre-steady-state 3C NMR difference spectra acquired from the in vivo canine myocardium
at low (5,000-12,000mmHg/min) rate pressure products (A-F)during infusion of [3-3C]sodium
pyruvate in the absence ofpyruvate dehydrogenase (PDH) activation with dichloroacetate (DCA). With
the exception of spectrum (F), which was obtained with 4 mM pyruvate infusion, all other spectra were
obtained at 8 mM infusion. Nonetheless, it is clear that sufficient pyruvate was provided in (F) by
examining the alanine resonance. Resonances correspond to the C2, C4, and C3 carbons of glutamate
(GL2, GL4, and GL3/PY3, respectively), the C2 and C3 carbons of aspartate (AS2 and AS3), the C2
and C4 carbons of'citrate (CIT), the C3 carbons of pyruvate, lactate, and alanine (GL3/PY3, LA3, and
AL3). Note the highly variable enrichments of these metabolites. Reproduced from Rath ez al. (1997).
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for lactate. It should be mentioned that the selection against these substrates at very
high rate pressure products could not be removed even in the presence of DCA.

6. CONCLUSIONS

While it is surely fascinating that NMR, for the first time, is permitting us to
examine substrate selection in the same organ in real time and as a function of
various physiological interventions, we are actually only beginning to probe this
exciting new branch of 3C NMR. Much remains to be answered. For instance, one
will recall that acetate, without exception, was unable to label the aspartate pool in
the in vivo spectra. Yet, acetate is clearly oxidized and able to label glutamate at
basal workloads. So, if aspartate is truly in equilibrium with mitochondrial ox-
aloacetate, why was this labeling not observed? Yet, aspartate was usually labeled
when pyruvate or lactate was utilized as a substrate. Furthermore, when the heart
was taken to intermediate rate pressure products with pyruvate and aspartate, the
glutamate pool enrichment decreased while the aspartate resonance intensity in-
creased (see Fig. 7). This enrichment of the aspartate pool is unlikely to be coming
from label which has entered the TCA cycle. If this was the case, the glutamate
enrichment in fact should not have dropped.

Still, since the glutamate pool is not labeled with acetate at high workloads (see
Fig. 8), it could be argued that the exchange between the glutamate pool and the
ketoglutarate pool is reduced as rate pressure products are increased. We have
evidence from post-steady-state kinetics, however, that this is not the case. Namely,
we are able to observe rapid label washout from the glutamate pool in all cases. It
is of significant consequence that if the washout of the glutamate pool is still
observable at elevated rate pressure products, then the inflow of label into this pool
should not be kinetically limited. Otherwise, the intensity of the glutamate pool
would drop with increasing rate pressure products. This was not observed.

Perhaps the labeling of the aspartate pool is actually telling us something about
the interface of major pathways. It appears that when rate pressure products are
increased, the myocardium is making a switch away from pyruvate for oxidation
in the TCA cycle. At the instant that the switch is being made, the heart must find
a dump for this pyruvate. It is likely that one possible dump involves carboxylation
of pyruvate to ultimately result in the synthesis of cytosolic oxaloacetate which is
then transaminated to aspartate. Through this mechanism, the cytosolic aspartate
pool would be increased. However, it is difficult to reconcile this mechanism with
the isometric labeling of the aspartate C2 and C3 resonances which was observed
under in vivo conditions. There is still a great deal that *C NMR methods could
contribute to our understanding of substrate selection with 3C NMR methods.
Perhaps the key to much of this lies in the application of simultaneous 2C NMR
and “C radiotracer methods. Nonetheless, it is clear that the application of :C
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Figure 7. Pre-steady-state *C NMR difference spectra acquired from the in vivo canine myocardium
in four animals (A, B; C, D; E, F; G, H) atlow (A, C, E, G) and intermediate (B, D, F, H) rate pressure
products. Spectra were acquired with infusion of 8 mM [3-2C]sodium pyruvate and 5 mM DCA at low
rate pressure products. In contrast, 8§ mM (B) or 20 mM [3-3C]sodium pyruvate (D, F, H) and 5 mM
(B), 10 mM (D), or 15 mM DCA (F, H) was infused at intermediate workloads. Note the decrease in
glutamate resonance intensities in response to the increased work, and the accompanying increase in
aspartate resonance intensities. Importantly, the alanine resonance intensity was constant in three of
these four cases, and in one case (G, H) it increased with increasing rate pressure products. It is also
interesting to note the change in an unenriched endogenous metabolite at 30.8 ppm observed in (G) and
(H). This decreasing endogenous resonance probably corresponds to a triglyceride -CH,- resonance
(Bailey et al., 1981). Reproduced from Rath e al. (1997).
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Figure 8. Pre-steady-state *C NMR difference spectra acquired from the in vivo canine myocardium
at elevated rate pressure products (18,000-32000mmHg/min) during infusion of § mM [3-13C]sodium
pyruvate. All of the cases displayed pyruvate uptake and oxidation at low rate pressure products. Note
the absence of glutamate pool labeling, despite clear alanine enrichment. Very slight aspartate enrich-
ment is also noted (D). Reproduced from Rath et al. (1997).

NMR methods in the in vivo myocardium has brought with it not only powerful
new techniques (Robitaille ef al., 1993a,b; Rath et al., 1997), but perhaps, more
interestingly, fascinating new questions.
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in-situ. 14

inverse,9

limits, 36

liquid scintillation, 2

non-destructive, 1, 10

radioactive, 1

site-specific, 10

time-dependent, 2, 5.28

time-independent, 10, 14
Differential equations, 105. 106, 108, 110,

139-144, 193-194224-230

2,3-diphosphoglycerate, 54,55
Dynamic mode, 1 18-123.224—230

Equilibrium,5
near, 5,51
Erythrocyte glycolysis. pentose phosphate
pathway
measured by 3C NMR, 53-55

Facsimile, 108, 109

Fattyacids, 103

Fatty acid oxidation, 3-oxidation, 100, 102,

104,107,134,151

Flux, 6. 17,49, 224-230

F, parameters, 77, 78

Fcparameters, 77, 78

Fractional enrichment, 3, 10, 16, 45, 51, 131
acetyl-CoA,27
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Fractional enrichment (cont.)
calculation in local fusion, 45
control, 9
isotopic analysis, 25
measuring, 'H NMR. 46
metabolic isotopic steady state, 33
time dependence, 46, 134

Fractional transfercoefficient, 6, 1 1

Fumarase. 100, 104, 105, 109

Fumarate, pool size, 102, 105, 126

GABA, 15,33
Gas chromatography
GC-MS, 114
mass spectrometry
Glucose, 15,30,31,33,36,37,53, 172
clamp, hyperglycemic, 43
intracellular, 48
transport, 48
Glutamate, 15,26, 33, 34,51-52,101, 105,
107, 109, 114, 124, 126, 128—130,
134,207-209,226230
13C multiples, 65-46
glutamate exchange, 114, 195
hydroxylexchange, 114
isotopic dilution, 104
isotopomers, 63-64
pool size. 102
Glycerol-3-phosphate, 112
shuttle, 102, 108. 111, 112
Glycogen, 36, 37
breakdown, 103—104, 175—178
synthesis, 39
Glycolysis, 101-104, 107, 113, 175—-178

Heart, 52
glycogen, 38,42
LAD as infusion site, 44
Heterogeneity
glycolytic rate, 31
hypoxia, 28
isotopic steady state, 27, 28, 29
pre-isotopic steady state, 30—32
tissue,
Heteronuclear multiple quantum coherence,
51

Identifiable
a priori, 11
aposteriori, 12

Index

Infusion
bolus, 42,43
constant, 42
input function, 42,48
local, 44
primed, 42, 43
sites, 40-42
Isocitrate dehydrogenase, 105
Isotopic analysis, 25
glutamate, 51
Isotopomer, definition, 62, 122, 128

J-coupling, 25, 122, 192

ao-Ketoglutarate, 125—126
dehydrogenase, 105
glutamate exchange, 51, 52, 101, 102, 104—
107, 109, 152-6,219-21; seealso
Transaminase
mitochondrial translocase, 108, 112
Ketone bodies, 103, 112, 198
Krebs, Hans, 100

Lactate, 15, 29,30, 31, 34, 42,46, 54, 198,
219-221
dehydrogenase, 52, 110

Malate
aspartate shuttle, 102—103. 111 —112,
122, 129, 152—156.219-221.
224-230
dehydrogenase, 105
Malic enzyme, 102—104
Mathematical models of metabolism, 67—
71
Mitochondrial transport, 100, 102, 105
Models, mathematical. 1,4, 134-137, 149—
152, 169—172, 186—190,224-230
assumptions, 5
compartmental, 1, 14,21
linear, 13, 18
Michaelis—Menten,2, 8, 24
multiple compartment catenary, 18, 48
nonlinear, 13
post-steadystate,224—230
pre-steady state, 230—235
single pool, 15, 17
tracer input function, 42, 48
Vi, Ky 7, 24



Index

Methylene blue, 54
Multiplet analysis, 9, 25
Muscle, 36
Myocardial dysfunction
clinical setting, 167—169
hybernating, 166—167
ischemic, 164
stunned, 162—165
Myoglobin, 218-219

NADH, 152-156

Natural abundance 3C, 3,7.51
glycogen, 38
subtraction of, 40

Newton iterations, 108, 109

O, consumption
R; factors, 89
substrate contribution, 88-93
Observables, 14
Oxaloacetate, 26, 126
pool size, 102, 104,224-230
Oxygenconsumption, 101,102,108,110—113

Parameters, 4
goodness offit, 12
Pathways, 2 18—230
Pentose phosphate pathway, 53, 205
Perturbation, metabolic, 9, 18, 19, 20, 22, 36
Pool, 4
Productend, 19,20, 21, 54
Proteolysis, 102—104, 112, 113
Proton observe
carbonedit,51
Pyruvate, 34,42, 51,203, 233-235
carboxylase, 100, 1 10
dehydrogenase, 100. 103, 105

Rate
appearance of, 6, 16,37,41
constant, 6
determining step, 7
disappearance, 6, 16,37,41
Region of interest, 8
Reporter molecules,
fractional enrichment, 51
pentose phosphate pathway, 53
TCA cycle flux, 53
Resolution, spectral, 35
improvement with 2-D NMR, 35

time, 50
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Safety, 10
Saturation
metabolic processes, 24
NMR spectrum, 8
Sigmoidal, 48, 50
Signal to noise, 49
Site
Substrate infusion, sampling, 40,44
V-A mode, 91
Sparse matrices, 108, 109
Specific activity, 4
Steady state, 15
isotopic, 5, 17, 19,22,28, 33, 185
metabolic, 5, 13, 17, 19, 20-22, 28, 33
metabolic non-preisotopic, 49
non-isotopic. 22-23
pre-isotopic, 49
Substrate
labeling, 9, 40
preference, 61
selection, 232-235
site of entry sampling, 40
Succinate, 102
dehydrogenase, 105
Succinyl-CoA, 104
Succinyl thiokinase, 104
Superposition, principle of, 13

TCA cycle, 26, 52, 124-125, 127
anaplenotic flux, 27
citrate synthase, 26
modeling, 134—137,224—230
pyruvate carboxylase, 33
pyruvate dehydrogenase, 33, 52
tcaCALC, 68
tcaSIM, 69
Tracer, 3
perfect, 9
trace, 3
Transaminase.51.52. 101, 102, 104—107, 109,
152-156,219-221
rate equation for, 110
Transport, 224—-230
Turnover, 7
Triglyceride, 103

Variables, 4, 14
visibility, 8
Volume of distribution, 5

Work, 120, 153
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