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Use of stable isotopes to study carbohydrate and fat metabolism at the
whole-body level

Andrew R. Coggan
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The present review discusses the advantages and limitations of using stable-isotope tracers to
assess carbohydrate and fat metabolism at the whole-body level. One advantage of stable-
(v. radioactive-) isotope tracers is the relative ease with which the location of a label within a
molecule can be determined using selected-ion-monitoring GC—mass spectrometry (SIM-GC—
MS). This techniqgue minimizes potential problems due to label recycling, allows the use of
multiple-labelled compounds simultaneously (e.g. to quantify glucose cycling), and perhaps most
importantly, has led to the development of unique stable-isotope methods for, for example,
quantifying gluconeogenesis. However, the limited sensitivity of SIM-GC-MS sometimes
requires that relatively large amounts of a stable-isotope tracer be used, thus increasing cost and
potentially altering metabolism. At least theoretically, stable- (or radioactive-) isotope tracers can
also be used in conjunction with indirect calorimetry to estimate utilization of muscle glycogen or
triacylglycerol stores, thus potentially circumventing the need to obtain muscle biopsies. These
calculations, however, require certain critical assumptions, which if incorrect could lead to major
errors in the values obtained. Despite such limitations, stable-isotope tracers provide a powerful
and sometimes unique tool for investigating carbohydrate and fat metabolism at the whole-body
level. With continuing advances in availability, instrumentation and methods, it is likely that
stable-isotope tracers will become increasingly important in the immediate future.

Stable-isotope tracers: Exercise: Lipolysis

The use of stable-isotope tracers to assissvivo Glucose kinetics

metabolism has risen markedly during the last 20 years. ThisStabIe-isotope tracers were first used to quantify glucose

growth has been fuelled by a number of factors, including: kinetics (i.e. rate of appearance;(Rate of disappearance
(1) increased concern about the potential health and envwon—Rd), etc.) in human subjects in the late 1970s (Bteal

racers; (2) creased commerdial avaikbiy of ighly- L3740 Kahanet al 1977). Since that me, they bave
enriched stable-isotope-labelled compounds; (3) reduced - : : .
: o . ; ariety of physiological circumstances, e.g. pregnancy
costand ncieased seneiiy of e nsumentalon neededlcainanct ol 1979), burm mury (Burket a 1979), and
' exercise (Stanleyet al. 1988; Cogganet al 1990).

e Syl 6Hlglicose s generaly been he racer of chace i
y 9 P such studies, since there is almost no chance that?Hoth

monitoring (SIM) GC-mass spectrometry (MS). The . . o~ .
S . . ill recycle back into the C-6 position of glucose following
purpose of the present review is to briefly discuss the use Ofwlycolysis and subsequent gluconeogenesis (about 80 % of

stable—ls_otope tracer methods to study carbohydrate_ ar_ld feﬁm label is lost during the formation of oxaloacetate from
metabolism at the whole-body level. Since space limitations . .
yruvate, with further loss of label occurring as a result of

%ﬁﬁguﬁ]estiacgﬁpéﬁhfnj (I:\i/f(iacrg\/Iel;I(\:/ a?ifoiljscphgt?lrlﬁgg ;&plsc(,)rtnhe he equilibration of oxaloacetate with malate and fumarate;
P PP Wajngotet al 1989; Fig. 1). [6,6H]glucose is therefore

of the advantages and limitations of these methods. considered to be a non-recycling tracer and to give the best

Abbreviations: MIDA, mass isotopomer distribution analysis; MS, mass spectromegryate of appearanceyRate of disappearance; SIM, selected-ion-
monitoring.
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Fig. 1. Sites of loss of 2H from labelled glucose during glycolysis. Glucose-6-P, glucose-6-phosphate; F-1,6-bisP, fructose-1,6-bisphosphate;
G-3-P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; PEP, phosphoenolpyruvate; 22H, 32H, 62H, reactions where 2H are
lost from the C-2, -3, and -6 of the glucose tracer molecule.

estimate of ‘true’ endogenous glucose production (Bier (Hovorka et al 1997). If, however, the enrichment is
etal 197h). However, [U3C]glucose or [1:C]glucose measured by combusting the glucose te@@d then quan-
can also be used, provided that recycling of it label tifying the 13CO, enrichment using isotope-ratio MS,
during gluconeogenesis is taken into account. With GC-MS [U-13C]glucose and [%3C]glucose will function as
analysis, this can be readily done by selectively monitoring recycling tracers and will tend to underestimate the total
or measuring specific ionized glucose molecules or glucose R just like [U44C]glucose and [£4C]glucose.
molecular fragments to differentiate the infused tracer from The earlier discussion illustrates one of the main
labelled glucose derived from it as a result infvivo advantages of wusing stable-isotope tracers and
metabolism. When quantifying [efC]glucose enrichment, SIM-GC-MS, and that is the relative ease with which the
for example, one can monitor only ions with a mass : chargeposition of a label within a molecule can be determined. In
6 atomic mass units greater than that of natural glucose (i.econtrast, when using a radioactive tracer and liquid-
only ions at m+6), thus excluding from the measurement scintillation counting (or when using combustion—isotope-
partially-labelled glucose molecules (i.e. at m+1 — m+5) ratio MS) it is usually difficult, if not impossible, to obtain
formed as a result of glycolysis and subsequent gluco-such positional information. In addition, with stable-isotope
neogenesis (the probability of m+6 glucose being reformedtracers the variable of interest, i.e. tracer :tracee, is measured
in vivois quite small; Tsering & Kalhan, 1983; Coggsral directly during the analysis, whereas with radioactive tracers
1990). With [113C]glucose, the data can be corrected for the tracer :tracee (i.e. the specific activity) is calculated from
effect of label recycling by measuring the increase in the separate measurements of radioactivity and tracee concen-
m+1 abundance of an ion fragment that does not containtration. This procedure may introduce additional variability
C-1. The [11%C]glucose enrichment can then be calculated into subsequent calculations. For these reasons, use of the
by subtracting this non-specific increase, taking into accountappropriate stable-isotope tracer, in theory, may provide a
the probability of the label recycling into the various more accurate and/or precise estimate of the true glugose R
positions of glucose. Thus, when plasma glucosethan use of the analogous radioactive tracer. In reality,
enrichment is measured using SIM-GC-MS, 1fd] however, values for glucose, Bbtained using comparable
glucose and [23C]glucose can also be considered to be stable and radioactive tracers (e.g. [@Bglucose v.
non-recycling tracers, and will yield values for glucose R [6-3H]glucose) are equivalent (Haigdt al 1982; Argoud
essentially identical to those obtained using Pjfglucose et al. 1987), and thus in this regard the two methods can be
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considered to be interchangeable. On the other hand, théo: (1) dilution of the!3C label in the intrahepatic pyruvate
high selectivity provided by SIM-GC-MS often makes pool (the true precursor for the gluconeogenic pathway) by

possible the simultaneous use of multigld- or 13C- unlabelled pyruvate or lactate or alanine produced via gut or
substituted tracers (for example, see Shuletaal. 1985), hepatic metabolism; (2) further dilution of the label in the
something that usually cannot be done when u3ihgor oxaloacetate pool of liver mitochondria due to ‘crossover’

14C-labelled compounds. Alternatively and/or in addition, between the gluconeogenic and tricarboxylic pathways;
another tracer can be added as an internal standard durinB) loss of the label a¥*CO, as a result of the phospho-
sample processing, such that the tracee concentratiorenopyruvate carboxykinaseEC 4.1.1.49) reaction; (4)
(needed, for example, to calculatg iR non-steady-state) failure to allow sufficient time to achieve steady-state
can be conveniently and precisely measured usinglabelling of the product (glucose) pool. In addition, neither
SIM-GC-MS at the same time as the enrichment (for approach accounts for the contribution of glycerol to
example, see Goromaet al 1994). glucose synthesis. While the latter is normally relatively
minor, it can be important when the rate of lipolysis is
greatly stimulated, for example, during prolonged fasting
(Babaet al 1995).

The estimation of gluconeogenesis has been another As a result of these limitations, we (Coggatral 1995)
common application of stable-isotope tracers. Until and other workers (Tappst al 1992; Haesleet al. 1994)
recently, the approaches used have simply paralleled thoséave used the rate of incorporation €05~ into glucose
previously developed for use with radioactive tracers. For as an estimate the rate of gluconeogenesis. F#@&ot a
example, Bieret al (1974) infused [2,3'%C]alanine into gluconeogenic precursor in the net sense, but gluconeo-
two subjects and measured the resultant increase in glucosgenically-derived glucose becomes labelled as a result of
enrichment to determine the fractional contribution of CO, fixation by pyruvate carboxylas&C 6.4.1.1) and the
gluconeogenesis from alanine to the total glucos@ & the redistribution of the label within oxaloacetate via its
precursor—product approach). Similarly, Wateal (1979) equilibration with malate and fumarate (Fig. 2). The major
measured glucose,Rsing both a non-recycling tracer (i.e. advantage of this approach is that labelled HC@pidly
[6,6-2H]glucose) and a recycling tracer (i.e. {éC]glucose, diffuses across membranes, and thus equilibrates better
with enrichment measured using combustion—isotope-ratioacross the arterial, portal venous and intrahepatic precursor
MS), and used the difference between the two measurepools than, for example, labelled lactate. This process
ments as an index of gluconeogenesis (i.e. the C-recyclingninimizes the underestimation that results from the inability
method). Other workers have used similar approaches tao measure the true precursor enrichment. In addition, it is
study glucose metabolism in type 2 diabetes (Zadwarzkimuch easier to maintain a constant precursor {3@0,)

etal 1988), exercise (Stanlest al 1988) etc. As when enrichment under different conditions, since changes in CO
using radioactive tracers, however, it has long beenproduction can generally be anticipated and the rate of
recognized that such methods markedly underestimate theHCO;~ infusion varied proportionately. Nonetheless, the
actual rate of gluconeogenesis. This underestimation is dueHCO; -incorporation technique still does not account for

Gluconeogenesis
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Fig. 2. The principle underlying the use of 13C-labelled bicarbonate to trace the gluconeogenic pathway. PEPCK, phosphoenolpyruvate
carboxykinase (EC 4.1.1.49); PEP, phosphoenolpyruvate; pyruvate carboxylase, EC 6.4.1.1.
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dilution of the labelled oxaloacetate produced during pathway, as opposed to the approximately 100 % that would
gluconeogenesis by unlabelled oxaloacetate produced vidbe expected. This underestimation apparently resulted
the tricarboxylic acid cycle, and is not sensitive to gluco- because the precursor (i.e. triose phosphate) pool of the liver
neogenesis from glycerol. The method will also is not homogeneous in space and/or time (a required
underestimate gluconeogenesis if equilibration of @ assumption of MIDA; Brunengrabet al 1997). Based on
label between C-1 and C-4 of oxaloactetate is incomplete. studies of perfused rat livers and live rats and monkeys, this
The limitations of previous tracer methods for inhomogeneity seems to result from: (1) the rapid uptake of
quantifying gluconeogenesis has led to the recentglycerol by periportal cells and thus a large concentration
development of several unique stable-isotope approaches tgradient for glycerol across the liver; (2) the release of
the problem. Perhaps the simplest of these approaches, ainlabelled glycerol by the liver, presumably the result of the
least conceptually, is that first introduced by Tayek & Katz activity of yet-to-be identified lipases (Prewdt al 1995).
(1996) and subsequently modified and used by Tayek & Thus, in contrast to earlier reports (Needeal 1995),
Katz (1997) and Katz & Tayek (1998). These investigators 13C-labelled glycerol does not appear to be a suitable tracer
infused [U43C]glucose and measured the recycling of the for quantifying gluconeogenesis using MIDA. However,
label into glucose isotopomers containing less than six (inwhen Previset al (1995) used!3C-labelled lactate,
actuality, one to threé¥C (in this regard, the method can be apparently valid estimates for the proportion of glucose
viewed as an extension of the classical C-recycling derived from gluconeogenesis were obtaimedvo (but not
technique). Dilution of labelled pyruvate by non-glucose-C in situ), presumably because of rapid equilibration of lactate
(e.g. from glycogen or amino acids) was estimated by meas-and pyruvate enrichment via erythrocyte metabolism before
uring the13C enrichment of plasma lactate, assuming that and during passage through the liver. Thus, when using the
this was the same as pyrvuate or lactate enrichment withinappropriate tracer MIDA may yet still prove to be an
the liver. Dilution or loss of label in the conversion of accurate way of quantifying gluconeogenesis in human
pyruvate to phosplemobyruvate was estimated by subjects.
comparing the ‘output’ of3C-labelled glucose with the Finally, gluconeogenesis can also be quantified by
‘input’ of 13C in the form of labelled pyruvate or lactate. measuring the incorporation &f from ingested or infused
Gluconeogenesis was then calculated by multiplying 2H,0 into glucose (Landaet al 199%). This method is
glucose R by the percentage of glucose-C recycled and by described in detail in the accompanying paper by Landau
the latter two correction factors. If accurate, this relatively (1999). Briefly, however, the principle is as follows: inter-
simple method would be quite useful for investigators inter- conversion of malate and fumarate in liver mitochondria
ested in glucose metabolism. However, as discussed byesults in2H being bound to the C-3 of malate, which
Landauet al (1998) and Landau (1999), the equations subsequently becomes the C-2 of phogplofpyruvate and
proposed by Tayek & Katz (1996, 1997) fail to distinguish eventually the C-5 of glucose (Fig. 3). Gluconeogenesis
adequately between simple isotope exchange and actudrom glycerol also results in labelling of the C-5 of glucose,
dilution of the label by unlabelled C fluxing to glucose. via incorporation of the label into the C-2 of glyceral-
Furthermore, even if correct equations are used, the methodlehyde-3-phosphate  during its  equilibration  with
does not account for gluconeogenesis from glycerol or dihydroxyacetone phosphate (Fig. 4). The C-2 position of
amino acids that bypass pyruvate (e.g. glutamine), and theglucose produced via gluconeogenesis or glycogenolysis
assumption that arterial lactate enrichment is similar to becomes labelled as a result of cycling between glucose,
intrahepatic pyruvate enrichment may not hold under all glucose-6-phosphate, fructose-6-phosphate, and fructose-
circumstances. Consequently, this method, like thosel,6-bisphosphate. Thus, the value for the enrichment in
previously discussed, underestimates the actual rate ofC-5:enrichment in C-2 of glucose followirfi,O admin-
gluconeogenesis. istration is equal to the proportion of glucose derived from
A more promising method for quantifying gluco- gluconeogenesis at the time that molecule of glucose was
neogenesis is to infuse &C-labelled gluconeogenic formed. This method has been used previously in animal
precursor and to use the observed mass isotopomer distristudies (usingH»,0), but until recently the amount &f,O
bution in glucose to derive the true precursor enrichmentor even2H,O required would have been more than can be
based on probabilities, an approach that has been termedafely used in human subjects. However, by chemically
mass isotopomer distribution analysis (MIDA). Initially isolating the C-2 or C-5 of glucose and their associated H in
applied to the study of the synthesis of larger polymeric the form of formaldehyde and then converting six molecules
molecules such as fatty acids (Hellerstetnal 1991) or formaldehyde to one molecule hexamethylenetetraamine,
cholesterol (Neeset al 1993), MIDA can in theory also be Landauet al. (199%) were able to amplify the enrichment
used to quantify gluconeogenesis, since glucose can bé-fold before measurement, and thus were able to quantify
viewed as a dimer formed from two triose subunits (Neesegluconeogenesis using a dose 2,0 that raised body
et al. 1995). The potential advantage of this approach is thatwater enrichment to only approximately 0-5 %. This simple
it would circumvent the problems previously discussed that but elegant method has considerable appeal, as it requires
result in the underestimation of gluconeogenesis by otherminimal assumptions, and measures gluconeogenesis from
tracer techniques. However, when Landsual (199%) glycerol as well as from pyruvate-level precursors. The
infused [U43C]glycerol into normal subjects who had fasted procedures for preparing the hexamethylenetetraamine
for 60 h and calculated the proportion of glucose derived derivative are technically quite involved, however, and only
from gluconeogenesis using MIDA, they found that only time will tell whether the method will see widespread
about half the glucose was seemingly derived via this application.
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Fig. 3. Incorporation of 2H from 2H,0 into glucose during gluconeogenesis from pyruvate. PEP, phosphoenolpyruvate; G-3-P, glyceraldehyde-
3-phosphate; DHAP, dihydroxyacetone phosphate; F-1,6-bisP, fructose-1,6-bisphosphate.

Glycogen utilization to do so, since it is difficult to equate glycogen use measured

Part of the rise in the use of stable-isotope tracers, at least ir';_l?V é)rgﬁ Ovrvhrggﬁ) orgssclgfe usc;?g gsl)lljgggéen(:hﬁlt(illrzeasti valth atshe

exercise studies, stems from the desire for a less-invasive . : S .
alternative to the muscle-biopsy technique for determining calculatehd using the combined tracer—indirect calorimetry
glycogen utilization. That is, by quantifying glucosgvith approach.
a tracer and total carbohydrate oxidation via indirect
calorimetry, it is possible to estimate whole-body glycogen

use from the difference between the two measurements

(for example, see Romijiat al 1993; Phillipset al. 1996; Stable-isotope tracers have also been used to study fatty acid
Coyleet al 1997). This calculation must underestimate the or glycerol kinetics for almost 20 years (for example, see
true rate of muscle glycogen utilization, since: (1) it assumesGalsteret al 1981; Bougnerest al 1982), but only in the

that all glucose Ris oxidized; (2) C originating in muscle last decade has this method become more commonplace.
glycogen that pass through the plasma glucose pool onUsing, for example, [£3C]palmitate to trace free fatty acid
their way to CQ are counted as coming from plasma Ra and R has the obvious benefit of not exposing the
glucose, not muscle glycogen; (3) it neglects lactate subject to radiation, but otherwise the method is really not
accumulation. However, during low-to-moderate intensity much different from using a radioactive fatty acid tracer,
exercise (1) the percentage of glucogeoRdized is quite and the two approaches have been shown to yield compa-
high (Cogganet al. 1990, 1992; Jeukendrwugt al 1999), rable results (Wolfet al 1980; Guoet al 1997). There is

(2) the rate of gluconeogenesis is low relative to the overallperhaps more of an advantage to using a stable-isotope
rate of carbohydrate oxidation (Coggaet al 1995; tracer when measuring glycerol kinetics, since it can be
Jeukendrupet al 1999), (3) lactate accumulation is difficult to completely separatid- or 1“C-labelled glycerol
minimal. Thus, it seems likely that under such conditions from radioactive glucose (producdd vivo via gluco-

this indirect method provides a reasonable approximationneogenesis) before liquid-scintillation counting. Provided
of the rate of glycogen use. It should be noted, however,that this problem is overcome, however, equivalent values
that this approach has not been validated against othefor glycerol R, are obtained regardless of whether a radio-
techniques, e.g. muscle biopsy or magnetic resonanceactive or a stable-isotope tracer is used (&idd 1998), as
spectroscopy. Indeed, it is not necessarily even possiblewould be expected.

Fatty acid and glycerol kinetics
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Fig. 4. Incorporation of 2H from 2H,0 into glucose during gluconeogenesis from glycerol. P, phosphate.

Using a stable- (or radioactive-) isotope tracer to quantify from the difference between this value and the total glycerol
free fatty acid or glycerol kinetics has the advantage of R, These equations have been used by Wolfe and
being somewhat less invasive than, for example, arterio—co-workers to study the regulation of lipid metabolism
venous sampling or microdialysis, and of providing an inte- during glucose infusion (Wolfe & Peters, 1987), fasting
grated measure of whole-body lipid metabolism. However, (Klein et al 1989), exercise (Romijat al 1993) etc., and
when both fatty acid and glycerol tracers are used togetherhave since been adopted by other investigators (Phillips
along with indirect calorimetry, potentially even more etal 1996; Vallerandgkt al 1999).
information can be obtained. That is, assuming that ffed R The earlier calculations obviously require a number of
glycerol is a direct measure of the rate of lipolysis, the assumptions, and it is therefore important to consider the
overall rate of fatty acid—triacylglycerol cycling can in domain of their validity. The use of a tracer to quantify free
theory be calculated from the difference between the rate offatty acid R and R is well established, and there is
fatty acid oxidation and three times the glycergl(&ince essentially no question about the soundness of this approach
three fatty acids are released for every glycerol). for determining the flux of free fatty acids through the
Furthermore, provided that all lipolysis is occurring in plasma (see Miles & Jensen, 1991). The assumption that 100
adipose tissue, the difference between free fatty acah& % of the free fatty acid s oxidized is more tenuous, since
three times the glycerol ;Rvould be equal to the rate of a number of studies have shown that even during exercise
intracellular recycling, with the difference between this this percentage is only 50-85 (Marghal 1993; Kanaley
value and the total rate of cycling equalling the rate of etal 1995; Coyleet al 1997; Sidossis & Coggan, 1998). As
‘extracellular’ recycling (extracellular in the sense that the a result, studies using the combined tracer—indirect
free fatty acids have traversed the extracellular space beforealorimetry approach (for example, see Romijral 1993)
their re-esterification). Alternatively, when total fat have tended to overestimate the contribution of plasma-
oxidation is greater than free fatty acid, fRy), as is borne free fatty acids and underestimate the contribution of
common during moderate-intensity exercise, the rate ofother fatty acid sources (i.e. intramuscular and circulating
intramuscular lipolysis can theoretically be calculated from triacylglycerols) to the overall rate of fatty acid oxidation. In
the difference between total fat oxidation and free fatty acid theory, this problem can be overcome by directly measuring
Ry divided by three, assuming that 100 % of the free fatty plasma free fatty acid oxidation usingl#C- (or 14C-)
acid Ry is oxidized and that circulating triacylglycerols are labelled tracer (for example, see Coy¢ al 1997),
not a significant source of energy. The rate of peripheralalthough this does require making additional measurements
(presumably adipose tissue) lipolysis can then be calculatedand entails other uncertainties (see Sidossigl 1995;
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van Hall, 1999). However, in light of other considerations, a direct measure of the overall rate of triacylglycerol
determining the exact percentage of the free fatty agid R lipolysis.
that is oxidized may not be all that important.

A greater limitation to the combined tracer—indirect
calorimetry approach pertains to the use of glyceg@adia
direct quantitative measure of the rate of lipolysis, either As discussed in the present review, stable-isotope tracers
specifically in adipose tissue (i.e. at rest; for example, seeprovide a powerful and sometimes unique tool for

Summary

Wolfe & Peters, 1987; Kleiet al 1989; Valleranckt al investigating carbohydrate and fat metabolism at the
1999), or in muscle and adipose tissue combined (i.e. duringwvhole-body level.  With continuing advances in
exercise; for example, see Rom@hal. 1993; Phillipset al availability, instrumentation and methods, it is likely that

1996). Interpretation of the data in this manner is based onthey will become increasingly important in the immediate
the following assumptions: (1) all lipolysis is complete (i.e. future.
each triacylglycerol molecule is completely hydrolysed to

three fatty acids and one glycerol); (2) lipolytic tissues lack

the capacity to reutilize glycerol; (3) glycerol is not
produced via any reactions other than triacylglycerol The author’'s research is supported in part by grant number
hydrolysis; (4) there is minimal lipolysis in hepatic or AG-14769 from the National Institutes of Health.
mesenteric tissues (the glycerol from which would be
largely metabolized by the liver without entering the
peripheral circulation). The last two requirements are
probably met, or at least sufficiently so that no major error is Argoud GM, Schade DS & Eaton RP (1987) Underestimation of
introduced by assuming they are true (Landfal 199%; hepatic glucose production by radioactive and stable tracers.
Previset al 1995; see also Brunengraletral 1997). The American Journal of Physiolog62, E606-E615. ,

first two assumptions, however, are somewhat more AMer P & Ostman J (1974) Mono- and diacylglycerols in human
problematic. They have been justified on the basis that, 2diP0se tissudiochimica et Biophysica Ac69 209-221.

... _Baba H, Zhang XJ & Wolfe RR (1995) Glycerol gluconeogenesis
(1) only a very small percentage (0-1-0-5) of the esterified in fasting humanshutrition 11, 149—153.

fatty acids in adipose tissue are present as mono- or diacylgjer pm, Arnold KJ, Sherman WR, Holland WH, Holmes WF &
glycerols (Arner & Ostman, 1974), (2) the activity of  Kipnis DM (197%) In-vivo measurement of glucose and
glycerol kinase EC 2.7.1.30; necessary for glycerol alanine metabolism with stable isotopic tracdPsabetes 26,
utilization) is minimal or even absent in adipose tissue and 1005-1015.

muscle (see Lin, 1977). As discussed by Kurmadal Bier DM, Leake RD, Haymond MW, Arnold KJ, Gruenke LD,
(1994), however, what matters is not the amount of mono- Sperling MD & Kipnis DM (197B) Measurement of ‘true’
or diacylglycerol relative to the amount of triacylglycerol, ~ glucose production rates in infancy and childhood with
but the rate of mono- or diacylglycerol formation relative to _ 6.6-dideuteroglucos®iabetes26, 1016-1023.

the overall rate of fatty acid release. Theoretical calculations20U9ne"es .PFH Kﬁrl IE, Hullrgan LS I&_Buer D(I;/I |(1982)| Lipid
indicate that this factor can be quite significant when transport in the human newborn. Palmitate and glycerol turnover
and the contribution of glycerol to neonatal hepatic glucose

Acknowledgement

References

lipolysis is stimulated (Kurpadt al 1994). Similarly, both _ output.Journal of Clinical Investigatiof0, 262—-270.
older (Hagenfeldt & Wahren, 1968) and more recent (Elia grunengraber H, Kelleher JK & Des Rosiers C (1997) Applications
et al. 1993; Coppackt al 1999)in vivostudies indicate that of mass isotopomer analysis to nutrition reseakanual Review

muscle at least has the capacity to reutilize glycerol, at least of Nutrition 17, 559-596.

under certain circumstances. In light of such observations,Burke JF, Wolfe RR, Mullany CJ, Matthews DE & Bier DM (1979)

to equate glycerol Ras being synonymous with whole-body Glucose requirements following burn injudmnals of Surgery

lipolysis and to use it as a ‘gold standard’ on which to base 190 274-285. _ _

further calculations may be questionable. At the same time,C099an AR, Kohrt WM, Spina RJ, Bier DM & Holloszy JO (1990)

however, based on the changes in glycerpblBserved in Endurance training decreases plasma glucose turnover and
. . oxidation during moderate intensity exercise in nd@urnal of

response to a wide variety of factors (for example, see Applied Physiolog8, 990—996.

Wolfe & Peters, 1987; Kleiret f'i|. 1989; Romljn_et al Coggan AR, Spina RJ, Kohrt WM, Kirwan JP, Bier DM &

1993), it appears to at least provide a reasonable index of the Holioszy JO (1992) Plasma glucose kinetics during exercise in

overall lipolytic rate. subjects with high and low lactate thresholtsirnal of Applied

Even if glycerol R were a direct measure of lipolysis, Physiology73, 1873-1880.

calculations of intracellulav. extracellular re-esterification ~ Coggan AR, Swanson SC, Mendenhall LA, Habash DL & Kien CL

or intramuscular lipolysis from such data may not be (1995) Effect of endurance training on hepatic glycogenolysis

correct, because they assume that hydrolysis of circulating 2rr]r?eri?:glrf?]gi?r?;n;sghyg%rlgés grégngegssegxefc'se in men.

triacylglycerols is minimal. While the arterio—venous o~ :

balance of triacylglycerols across, for example, adipose Coppdack SW, P.f*?fff?” M., J.‘édd RLb&IM'|e$ Jt':/l (1999) Glylcerold

tissue is quite small relative to the arterial concentration, the and nonesterified fatty acid metapolism In human muscie an

. : . L adipose tissue in viveAmerican Journal of Physiolog276
release of glycerol via the action of lipoprotein lipase E233 E240.

(EC3.1.1.34) appears to contribute significantly to whole- coyle EF, Jeukendrup AE, Wagenmakers AJM & Saris WHM
body glycerol R, especially when glucose and insulin are  (1997) Fatty acid oxidation is directly regulated by carbohydrate
elevated (Coppacét al 1999). By itself, however, this fact metabolism during exercisémerican Journal of Physiology
does not invalidate the use of glycergleR an index or even 273 E268-E275.

https://doi.org/10.1017/50029665199001263 Published online by Cambridge University Press


https://doi.org/10.1017/S0029665199001263

960 A. R. Coggan

Elia M, Kahn K, Calder G & Kurpad A (1993) Glycerol exchange subcutaneous adipose tissue in humans in @iinical Science
across the human forearm assessed by a combination of tracer 86, 177-184.
and arteriovenous exchange techniquéknical Science84, Landau BR (1999) Quantifying contributions of gluconeogenesis to
99-104. glucose production in fasted humans using stable isotopes.
Galster AD, Clutter WE, Cryer PE, Collins JA & Bier DM (1981) Proceedings of the Nutrition Soci€ig, 963—972.
Epinephrine plasma thresholds for lipolytic effects in man: Landau BR, Fernandez CA, Previs SF, Ekberg K, Chandramouli V,

measurements of fatty acid transport with'JC]palmitic acid. Wahren J, Kalhan SC & Brunengraber H (1895 limitation

Journal of Clinical Investigatio®7, 1729-1738. in the use of mass isotopomer distributions to measure
Goromaru T, Matsuki K & Matsuki Y (1994) Gas gluconeogenesis in fasting human&merican Journal of

chromatographic-mass spectrometric determination 13af- Physiology269 E18-E26.

glucose level for evaluating the effect of alpha-glucosidase Landau BR, Wahren J, Chandramouli V, Schumann WC, Ekberg K

inhibitor acarbose on the digestion of [8G] starch in rat. & Kalhan SC (1996) Use of 2H,O for estimating rates of

Biological and Pharmacological Bulletih7, 156-159. gluconeogenesis. Application to the fasted stdtarnal of
Guo Z, Nielsen S, Burguera B & Jensen MD (1997) Free fatty acid Clinical Investigatiom95, 172—-178.

turnover measured using ultralow doses of!fO}palmitate. Landau BR, Wahren J, Ekberg K, Previs SF, Yang D &

Journal of Lipid ResearcB8, 1888-1895. Brunengraber H (1998) Limitations in estimating

Haesler E, Schneiter P, Temler E, Jequier E & Tappy L (1994) gluconeogenesis and Cori cycling from mass isotopomer
Effects of infused amino acids and lipids on glucose metabolism distributions using [U<Cg]glucose. American Journal of
in healthy lean humansgnternational Journal of Obesity and Physiology274, E854—-E961.

Related Metabolic Disorderks, 307-312. Lin ECC (1977) Glycerol utilization and its regulation in mammals.

Hagenfeldt L & Wahren J (1968) Human forearm metabolism  Annual Reviews of Biochemis#g, 765—795.
during exercise. lll. Uptake, release, and oxidation of individual Martin WH IIl, Dalsky GP, Hurley BF, Matthews DE, Bier DM,
fatty acids and glyceroScandinavian Journal of Clinical and Hagberg JM & Holloszy JO (1993) Effect of endurance training
Laboratory Investigatior21, 263-276. on plasma FFA turnover and oxidation during exercise.

Haigh JW, Johnston DG, McCulloch AJ, Laker MF, Welby J & American Journal of Physiolod365 E708-E714.

Evans S (1982) Assessment of glucose turnover in normal manMiles JM & Jensen MD (1991) Determination of plasma-free fatty
with the use of a non-radioactive isotopically labelled acid kinetics with tracers: methodologic consideratidosrnal
preparation, [6,8H]glucose, as tracerClinical Science63 of Parenteral and Enteral Nutritioh5, 90S—93S.

437-440. Neese RA, Faix D, Kletke C, Wu K, Wang AC, Shackleton CH &

Hellerstein MK, Kletke C, Kaempfer S, Wu K & Shackleton CH Hellerstein MK (1993) Measurement of endogenous synthesis of
(1991) Use of mass isotopomer distributions in secreted lipids to  plasma cholesterol in rats and humans using MIB#&erican
sample lipogenic acetyl-CoA pool in vivo in humaAmerican Journal of Physiologp64 E136-E147.

Journal of Physiolog@61, E479—-E486. Neese RA, Schwarz JM, Faix D, Turner S, Letscher A, Vu D &

Hovorka R, Eckland DJ, Halliday D, Lettis S, Robinson CE, Hellerstein MK (1995) Gluconeogenesis and intrahepatic triose
Bannister P, Young MA & Bye A (1997) Constant infusion and phosphate flux in response to fasting or substrate loads.
bolus injection of stable-label tracer give reproducible and Application of the mass isotopomer distribution analysis
comparable fasting HG@merican Journal of Physiolodd73 technique with testing of assumptions and potential problems.
E192-E201. Journal of Biological Chemistrg70, 14452—-14466.

Jeukendrup AE, Raben A, Gijsen A, Stegen JH, Brouns F, Phillips SM, Green HJ, Tarnopolsky MA, Heigenhauser GF, Hill
Saris WH & Wagenmakers AJ (1999) Glucose kinetics RE & Grant SM (1996) Effects of training duration on substrate
during prolonged exercise in highly trained human turnover and oxidation during exerciséournal of Applied
subjects: effect of glucose ingestidournal of Physiolog$15 Physiology81, 2182—2191.

579-589. Previs SF, Fernandez CA, Yang D, Soloviev MV, David F &

Judd RL, Nelson R, Klein S, Jensen MD & Miles JM (1998) Brunengraber H (1995) Limitations of the mass isotopomer
Measurement of plasma glycerol specific activity by high  distribution analysis of glucose to study gluconeogenesis.
performance liquid chromatography to determine glycerol flux. ~ Substrate cycling between glycerol and triose phosphates in
Journal of Lipid ResearcB9, 1106-1110. liver. Journal of Biological Chemistrg70, 19806-19815.

Kalhan SC, D’Angelo LJ, Savin SM & Adam PAJ (1979) Glucose Romijn JA, Coyle EF, Sidossis LS, Gastaldelli A, Horowitz JF,
production in pregnant women at term gestation. Sources of Endert E & Wolfe RR (1993) Regulation of endogenous fat and

glucose for human fetudournal of Clinical Investigatior63, carbohydrate metabolism in relation to exercise intensity and
388-394. duration.American Journal of Physiolod®65 E380—E391.

Kalhan SC, Savin SM & Adam PAJ (1977) Estimation of glucose Shulman GlI, Ladenson PW, Wolfe MH, Ridgeway EC & Wolfe RR
turnover with stable tracer glucoséG. Journal of Laboratory (1985) Substrate cycling between gluconeogenesis and
and Clinical Medicine89, 285-294. glycolysis in euthyroid, hypothyroid, and hyperthyroid man.

Kanaley JA, Mottram CD, Scanlon PD & Jensen MD (1995) Fatty ~ Journal of Clinical Investigatiof76, 757—764.
acid kinetic responses to running above or below lactate Sidossis LS & Coggan AR (1998) Regulation of fatty acid
threshold.Journal of Applied Physiologyo, 439—-447. oxidation in untrained versus trained men during exercise.
Katz J & Tayek JA (1998) Gluconeogenesis and the Cori cycle in  American Journal of Physiolod74 E510-E515.
12-, 20-, and 40-h-fasted humanémerican Journal of Sidossis LS, Coggan AR, Gastaldelli A & Wolfe R (1995) A new
Physiology275 E537-E542. correction factor for use in tracer estimations of plasma fatty acid
Klein S, Peters EJ, Holland OB & Wolfe RR (1989) Effect of short-  oxidation.American Journal of Physiolo369 E649-E656.
and long-term beta-adrenergic blockade on lipolysis during Stanley WC, Wisneski JA, Gertz EW, Neese RA & Brooks GA
fasting in humans.American Journal of Physiology57, (1988) Glucose and lactate interrelations during moderate-
E65-E73. intensity exercise in humandgetabolism37, 850-858.
Kurpad A, Kahn K, Calder AG, Coppack S, Frayn K, Tappy L, Acheson K, Normand S, Schneeberger D, Thelin A,
Macdonald | & Elia M (1994) Effect of noradrenaline on Pachiaudi C, Riou JP & Jequier E (1992) Effects of
glycerol turnover and lipolysis in the whole body and infused amino acids on glucose production and utilization in

https://doi.org/10.1017/50029665199001263 Published online by Cambridge University Press


https://doi.org/10.1017/S0029665199001263

Tracers in metabolic and nutrition research 961

healthy human subject&\merican Journal of Physiolog362 Wajngot A, Chandramouli V, Schumann WC, Kumaran K, Efendi

E826—E833. S & Landau BR (1989) Testing of the assumptions made in
Tayek JA & Katz J (1996) Glucose production, recycling, and  estimating the extent of futile cyclingdmerican Journal of

gluconeogenesis in normals and diabetics: a mass isotopomer Physiology256 E668—E675.

[U-13C]glucose studyAmerican Journal of Physiolog27Q Wolfe RR, Allsop JR & Burke JF (1979) Glucose metabolism in

E709-E717. man: responses to intravenous glucose infuditatabolism28,
Tayek JA & Katz J (1997) Glucose production, recycling, Cori ~ 1210-1220.

cycle, and gluconeogenesis in humans: relationship to serumWolfe RR, Evans JE, Mullany CJ & Burke JF (1980)

cortisol. American Journal of Physiolod72 E476—E484. Measurement of plasma free fatty acid turnover and oxidation
Tsering K-Y & Kalhan SC (1983) Estimation of glucose carbon  using [133C]palmitic acid. Biomedical Mass Spectrometi/

recycling and glucose turnover with f3€]glucose. American 168-171.

Journal of Physiologp45 E476-E482. Wolfe RR & Peters EJ (1987) Lipolytic response to glucose

Vallerand AL, Zamecnik J, Jones PJ & Jacobs | (1999) Cold stress infusion in human subject®American Journal of Physiology
increases lipolysis, FFA Ra and TG/FFA cycling in humans. 252 E218-E223.

Aviation, Space, and Environmental Medicit@ 42-50. Zadwarzki JK, Wolfe RR, Mott DM, Lillioja S, However BV &

van Hall G (1999) Correction factors fé#C-labelled substrate Bogardus C (1988) Increased rate of Cori-cycle in obese
oxidation at whole-body and muscle levetoceedings of the subjects with NIDDM and effect of weight reductiddiabetes
Nutrition Society58, 979-986. 37, 154-159.

© Nutrition Society 1999

https://doi.org/10.1017/50029665199001263 Published online by Cambridge University Press


https://doi.org/10.1017/S0029665199001263

