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The use of stable isotopes and mass spectrometry in studying lipid metabolism

BY MICHEL BEYLOT
INSERM U. 197, Faculté de Médecine Alexis Carrel, rue G. Paradin,
69372 Lyon Cédex 08, France

Lipids have several important roles in the organism. First, they act as energetic
substrates. The triacylglycerols (TAG) stored in adipose tissue represent the main part of
body energy stores. Lipid oxidation contributes as much as 50% of energy needs in the
postabsorptive state and becomes predominant in prolonged fasting and exercise (Cabhill,
1976). Second, long-chain polyunsaturated fatty acids are precursors of important
bioactive molecules such as prostaglandins or leukotrienes. Last, phospholipids and
complex lipids incorporated in membranes play a fundamental role in the structural
organization of the cell. Stable isotopes and mass spectrometry (MS) are useful tools to
study these various aspects of lipid metabolism. The present review will focus on lipids as
energetic substrates. The reader interested in other aspects is referred to other excellent
reviews (Gordon, 1980; Murphy, 1993).

OVERVIEW OF LIPID TRANSPORT IN PLASMA

Lipids are an efficient way to store energy. However, their poor solubility in the aqueous
phase makes their transport in plasma throughout the body difficult. Organisms have had
to develop mechanisms allowing their transport from lipid-storing tissues to lipid-
utilizing tissues and from points of synthesis and/or assembly or of intestinal absorption
to storage depots. One system is the transport of non-esterified fatty acids (FFA) bound
to plasma albumin. It allows the delivery of fatty acids liberated through the breakdown
of TAG stored in adipose tissue to tissues for oxidative or non-oxidative purposes. The
transport of TAG, phospholipids and cholesterol, either synthesized by the organism or
coming from the diet, involves the more complicated lipoprotein system (chylomicrons;
very-low- (VLDL), intermediate- (IDL), low- (LDL) and high- (HDL)-density lipo-
proteins). Most of these aspects of lipid metabolism and of their hormonal and
nutritional regulation can be explored in vivo in humans using stable isotopes and MS
techniques.

NON-ESTERIFIED FATTY ACID METABOLISM
Lipolysis

The appearance rate of FFA in plasma can be determined from the dilution of a
continuously-infused labelled fatty acid. Since it would be difficult to trace each of the
individual plasma FFA, usually only labelled palmitate (Wolfe et al. 1980; Bougneres &
Bier, 1982) or oleate (Miles ez al. 1987) are infused. The basis of this choice is that each
of these fatty acids represents an appreciable percentage of total FFA and, on a
whole-body basis, their metabolism is representative of that of other fatty acids
(Hagenfeldt, 1975; Spitzer, 1975). Exceptions are short- and medium-chain fatty acids
which are soluble in aqueous phase and arachidonic acid whose metabolism is different;
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Fig. 1. Schematic representation of intracellular and extracellular recycling. Intracellular recycling is the direct
re-esterification of fatty acids within tissues; it can be estimated by the simultaneous measurement of glycerol
and plasma non-esterified fatty acid (FFA) turnover rate. Extracellular recycling is the re-esterification of
plasma FFA taken up by tissue; it can be estimated by comparing plasma FFA turnover and oxidation rates.
TAG, triacylglycerol.

quantitatively these fatty acids are usually minor. Labelled palmitate is the usual choice
since it is the cheapest tracer and its separation from the other fatty acids by GLC is easy.
The calculation of the turnover rate of total plasma FFA from that of palmitate or oleate
requires the measure of the relative contribution of palmitate or oleate to total FFA
concentration. This can be obtained easily by the addition of, for example, deuterated
standards before the processing of plasma samples (Bougneres & Bier, 1982). It is
necessary to bind the tracer to albumin before infusion. Thereafter, the high fractional
turnover rate of FFA usually results in the achievement of isotopic steady-state in 40-50
min, even without a priming dose. During metabolic steady-state the Steele equation for
steady-state gives accurate results (Miles ez al. 1987). In the absence of steady-state, the
non-steady-state equation of Steele can be employed, with plasma volume as the volume
of distribution either using raw experimental points or after curve-fitting (Wolfe ef al.
1987a). However, when deviations from steady-state are slight, use of steady-state
equations for each experimental point can give adequate results (Miles et al. 1987).
Experiments in humans or animals are usually performed with intravenous infusion of
the tracer and sampling of mixed arterialized blood (V-A mode). However, experi-
menters should keep in mind that somehow different results are obtained when the
infusion sampling mode is reversed (A-V mode) (Goodenough & Wolfe, 1983). Which
mode is the more appropriate is still debated (Goodenough & Wolfe, 1983; Miles et al.
1987; Sacca et al. 1992), but theoretical considerations support the A~V mode. Infusing a
tracer into a central artery is impracticable in humans; however, an appropriate
correction of the results obtained in the V-A mode can be calculated if cardiac output,
packed cell volume and substrate concentrations are determined (Layman & Wolfe,
1987). Last, provided the same infusion sampling mode is always used, qualitative
modifications observed in the same subjects in different situations remain valid.
Lipolysis can also be measured with 13C or deuterium-labelled glycerol (Bougneéres
et al. 1982; Beylot et al. 1987h). The simultaneous determination of glycerol and FFA
appearance rates brings out additional information. The only fate of glycerol released
during lipolysis of stored TAG is its appearance in plasma, whereas some fatty acids can
be re-esterified within the tissues without appearing in plasma (Fig. 1). This ‘intracellular
recycling’ of fatty acids can be estimated by subtracting FFA appearance rate from three
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times the glycerol appearance rate. This approach has been used to demonstrate
enhanced intracellular recycling in burn (Wolfe et al. 1987b) and hyperthyroid (Beylot
et al. 1991) patients as well as in highly trained subjects (Romijn et al. 1993). The validity
of this calculation of intracellular recycling requires that no glycerol is produced by
another pathway such as glycolysis. De Freitas & Depocas (1970) reported that glycerol
could be produced in significant amounts by glycolysis in rats. However, Wolfe & Peters
(1987) carefully investigated this point in humans and provided convincing evidence that
there was no significant production of glycerol from glycolysis in humans. It is also
assumed, in the absence of appropriate data, the differences in tnrnover rates between
V-A and A-V modes, are comparable for glycerol and FFA and that their relative
turnover rates (Ra glycerol:Ra FFA) is not sensitive to the infusion-sampling mode.

Metabolic fate of non-esterified fatty acids

The metabolic fate of FFA can also be determined, in part, with stable-isotope
methodology. Briefly, plasma FFA taken up by tissues can either be oxidized or used for
synthesis (TAG, cholesteryl ester or complex lipids). FFA oxidation can be estimated by
measuring the appearance rate of 1>CO; in expired gas during infusion of a 1*C-labelled
fatty acid (Wolfe er al. 1980). This oxidation represents, in the postabsorptive state,
usually 30-50% of FFA turnover rate (Bonadonna et al. 1990; Groop et al. 1991). The
remaining FFA is considered to be re-esterified, a process one can call ‘extracellular
recycling’ of plasma FFA (another definition of extracellular recycling was used by Wolfe
et al. (1987b) who subtracted the total rate of lipid oxidation from plasma FFA turnover
rate; since plasma FFA and total lipid oxidation are different, it seems more appropriate
to use the former for the calculation). The significance of isotopic measurement of fatty
acid oxidation has been questioned (Heiling er al. 1991) and some points need to be
discussed. First, the position of the label in the fatty acid molecule has to be considered;
for example, [1-3C]palmitate and [2-3C]palmitate catabolism will give respectively
[1-3Clacetate and [2-3C]acetate. The metabolic fates of the label in [1-'3C]- and
[2-3CJacetate in Krebs cycle are different, giving different *CO; production rates
(Wolfe & Jahoor, 1990) and this will result in different values of fatty acid oxidation
rates. This probably explains why Clandini et al. (1988) found lower oxidation rates
with {16-13C]palmitate than with [1-13C]palmitate. Second, isotopic estimates of plasma
FFA oxidation in the postabsorptive state are much lower (usually one-third to half) than
estimates of lipid oxidation determined by indirect calorimetry (Bonadonna et al. 1990;
Groop et al. 1991). Klein & Wolfe (1987) suggested that part of this discrepancy could be
related to the use in the calculation of arterial instead of venous palmitate enrichment.
However, the discrepancy strongly suggests that fatty acids coming from plasma are
diluted before oxidation by fatty acids originating from other sources, possibly intra-
cellular TAG stores or, as shown in rats (Wolfe & Durkot, 1985), circulating lipoprotein-
TAG. Moreover, in addition to dilution of the label, large intracellular fatty acid pools
could result in a long delay between isotopic equilibrium of the tracer in plasma FFA
pool and equilibration of 13CO; in expired gas (Heiling et al. 1991). Third, during
prolonged tracer infusions some labelled fatty acid can be incorporated into tissues or
circulating TAG. Subsequent release of labelled molecules from TAG in the intracellular
fatty acid pool could lead to overestimation of plasma FFA oxidation. More
methodological studies are needed to clarify these issues. We need convenient methods
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Fig. 2. Schematic representation of hepatic fatty acids and triacylglycerol metabolism. Kinetics for pathways
and metabolites printed in bold can be measured using stable-isotope methodology. FFA, non-esterified fatty
acids; TAG, triacylglycerol; VLDL, very-low-density lipoprotein; KB, ketone bodies.

of measuring the participation of tissues and circulating TAG in lipid oxidation. It would
be very useful to be able to measure the in vivo enrichment of intracellular acyl-CoA, the
true precursor pool for fatty acid oxidation, to improve determination of the relationship
between plasma FFA and 1*CO; enrichment.

Data on regional fatty acid metabolism can also be obtained. Arterio-venous
differences can be combined with tracers to study muscular or adipose tissue fatty acid
metabolism. Indirect information on hepatic lipid metabolism can also be collected. This
is all the more important as liver is able to oxidize, synthesize and secrete lipids, and it
plays a central role in lipoprotein metabolism. Plasma FFA taken up by liver can be
oxidized completely to CO; or incompletely to ketone bodies (KB), or re-incorporated
into TAG or phospholipids before secretion in VLDL (Fig. 2). Simultaneous measure-
ments of plasma FFA and KB kinetics facilitates the calculation of fatty acid conversion
into KB (Beylot er al. 19874): knowing the mean C-chain length of plasma FFA and
assuming that all KB are derived from plasma FFA, it is possible to calculate the
turnover rate of KB that would be achieved if the only fate of FFA was ketogenesis.
Comparison with the actual KB appearance rate gives the percentage of FFA used for
ketogenesis. The contribution of plasma FFA to TAG in VLDL can also be calculated by
comparing the isotopic enrichment of, for example, palmitate in plasma FFA and in
VLDL-TAG during infusion of labelled palmitate (Eaton et al. 1969). One possible
limitation in such studies with stable-isotope-labelled tracers and conventional GLC-MS
is a low enrichment level in VLDL-TAG due to dilution inside the liver by other sources
of fatty acids. This limitation can be overcome by the use of GLC—combustion—isotope-
ratio MS (GLC-C-IRMS) which allows the measurement of very low enrichment levels
(Goodman & Brenna, 1992). In all these studies, one should keep in mind that the
metabolic fate of fatty acids in liver depends, in part, on their C-chain length and degree
of unsaturation (Hagenfeldt, 1975). Therefore, one should always be careful before
extrapolating data obtained with one tracer to all fatty acids.
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LIPOPROTEIN METABOLISM

The last point brings us to the study of VLDL metabolism. Measuring the turnover rate
of VLDL has long been a problem, using either stable or radioactive tracers; the
incorporation of a labelled amino acid, usually leucine, in the main apoprotein of VLDL,
apoprotein B (Halliday et al. 1993) provides a solution. Knowing the initial rate of
incorporation of the label into apoprotein B and the intrahepatic isotopic enrichment of
leucine (the latter calculated from plasma a-ketoisocaproate or leucine apoprotein B
enrichment at plateau) one can calculate the fractional secretion rate of apoprotein B
and, using its concentration and distribution volume, the absolute secretion rate (in
steady-state situations). If we know the respective concentrations of VLDL-TAG and
apoprotein B, it is then possible to estimate the secretion rate of VLDL-TAG. This
method can also be used to measure the secretion rates of apoprotein A and the transfer
of apoprotein B from VLDL to LDL.

The source of fatty acids used in the synthesis of VLDL-TAG (plasma FFA, hepatic
lipogenesis, recycling of the fatty acids of lipoproteins taken up and degraded by liver;
Fig. 2) can be determined in part. As well as re-esterification of plasma FFA, we can
estimate the contribution of hepatic lipogenesis. Two methods using stable isotopes have
been devised. The first uses the infusion of 13C-labelled acetate and the measurement of
excess 13C appearing in palmitate or stearate VLDL-TAG (Hellerstein ef al. 1991a). The
calculation requires a knowledge of liver cytosolic acetyl-CoA isotopic enrichment. This
can be achieved by ‘chemical biopsy’ using sulphamethoxazole to sample the acetyl-CoA
pool (Hellerstein et al. 1991a). Initially the 13C excess in acetylated sulphamethoxazole
was measured with HPLC-MS, but recently a GLC-MS method has been proposed
(Zhang et al. 1993). Another very elegant way of measuring cytosolic acetyl-CoA
enrichment is the mass isotopomer distribution analysis (MIDA) developed by
Hellerstein et al. (1991b) and Kharroubi et al. (1992); the relative proportion of palmitate
molecules labelled with zero, one, two, . . . eight excess 13C is a direct function of the
enrichment of acetyl-CoA. Thus, measuring the distribution of the various isotopomers
of palmitate facilitates the determination of acetyl-CoA enrichment and, thus, the
contribution of lipogenesis to fatty acids in VLDL-TAG. However, this method requires
high precision in the measurement of isotopomer distribution. The second method takes
advantage of the incorporation of deuterium during lipogenesis, after enrichment of total
body water with 2H,0, and dates back to the classic work of Rittenberg & Schoenheimer
(1937). However, it is necessary to attain relatively high enrichment in water in order to
obtain deuterium enrichments of fatty acids measurable with GLC-MS. The develop-
ment of isotope-ratio MS measuring low deuterium enrichment permits the use of this
method in ethical conditions in humans, at the expense of rather tedious sample
processing (Leitch & Jones, 1993). Studies using these two methods conclude that
lipogenesis is a minor contributor (less than 10-15%) to VLDL-TAG-fatty acids, but
there are significant differences between results obtained with [!3CJacetate (1-4%) and
’H,0 (5-15%). More experimental validations and perhaps more appropriate modelling
should be performed before these methods are used for studies of nutritional or
hormonal regulation of hepatic lipogenesis in humans. These two methods can also be
used to measure the synthesis of cholesterol (Jones & Schoeller, 1990; Neese et al. 1993).

It would be useful also to be able to measure the contribution to VLDL-TAG of fatty
acids cycling back from lipoprotein taken up and degraded by liver. This would
necessitate the infusion of specific lipoproteins previously labelled on the fatty acid part
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of their TAG. This procedure has been used with radioactive isotopes (Wolfe er al. 1973)
to measure the turnover rate of lipoproteins and to study some aspects of the metabolic
fate of their various lipid fractions (Wolfe et al. 1985). It would be useful also for the
determination of the contribution of VLDL-fatty acids to total lipid oxidation, as
previously discussed. However, use of this procedure in humans raises serious ethical
concerns and it should be restricted to animal studies.

METABOLISM OF EXOGENOUS FAT

An important topic in metabolic studies is the disposal of exogenous nutrients. In
addition to diagnosis of fat malabsorption and maldigestion (Watkins et al. 1982;
Vantrapen et al. 1989) 2H- or *C-labelled TAG can be used to investigate the metabolic
fate of orally ingested or intravenously infused lipids. For example, deuterium-labelled
TAG have been used to determine the contribution of dietary fatty acids to milk lipids in
normal lactating women (Hachey et al. 1987; Emken et al. 1989). Measurement of 13CO,
excretion rate in expired gas after ingestion of a >C-labelled-TAG load facilitates the
calculation of the oxidation of exogenous fat and, thus, the respective roles of oxidative
and non-oxidative pathways in its disposal (Metges & Wolfram, 1991). Also, the
contribution of endogenous and exogenous lipids to total lipid oxidation can be
calculated by the simultaneous use of indirect calorimetry. These procedures have
confirmed that medium-chain TAG are more readily oxidized in humans than long-chain
TAG (Watkins er al. 1982; Metges & Wolfram, 1991). Moreover, 3C-labelled triolein is
more rapidly oxidized than [13C]tripalmitin (Watkins et al. 1982). Therefore, in addition
to C-chain length, it appears that degree of unsaturation influences the metabolic fate of
orally ingested fatty acids. For better understanding of the direction of the metabolism of
exogenous fat, toward or away from oxidation, it would be important to trace the
pathways followed by labelled fatty acids between intestinal absorption and utilization by
tissues. Combining the separation of the different lipoproteins and the different lipid
fractions with the sensitivity of detection of excess 1*C by GLC-IRMS, provides a
promising tool for achieving this aim.

This methodology will also be useful for studying the metabolism of essential fatty
acids and long-chain polyunsaturated fatty acids (arachidonic acid, eicosapentaenoic and
docosahexaenoic acid) and their use for synthesis of important bioactive molecules such
as prostaglandins. Appropriate tracers are available through lipid synthesis by algae
grown in 13COz-enriched atmosphere (Goodman & Brenna, 1992). Therefore, it should
be possible to follow their incorporation into the various lipoproteins and, at least, into
the lipid fraction of circulating cells. Such investigations would be important given
previous studies showing the profound impact of very-long-chain rn-3 fatty acids on lipid
and carbohydrate metabolism (Fasching er al. 1991; Storlien et al. 1991; Rustan et al.
1993).

CONCLUSION

Significant advances in the area of the exploration of fat metabolism with stable isotopes
and MS techniques have been achieved in recent years. GLC-IRMS should allow further
progress. However, several aspects, especially the role of tissues and circulating TAG in
total lipid oxidation remain difficult to explore in humans.
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