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Summary

Understanding lipid metabolism and its regulation requires information on the rates at which lipids
are produced within the body, absorbed (dietary lipids) into the body, transported within the body,
and utilized by various tissues. This article focuses on the use of stable isotope-labeled tracers for
the quantitative evaluation of major pathways of fatty acid and triglyceride metabolism in humans
in vivo. Adipose tissue lipolysis and free fatty acid appearance in plasma, fatty acid tissue uptake
and oxidation, and hepatic very low-density lipoprotein triglyceride secretion are among the
metabolic pathways that can be studied by using stable isotope labeled tracers, and will be discussed
in detail. The methodology has been in use for many years and is constantly being refined. A variety
of tracers and analytical approaches are available and can be used; knowing the advantages,
assumptions, and limitations of each is essential for the planning of studies and the interpretation of
data, which can provide unique insights into human lipid metabolism.
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Introduction

The most important function of lipids in the human body, traditionally, is to store energy in
the form of triglyceride and provide energy through oxidation of triglyceride-derived fatty
acids. In recent years, however, there has been an expansion of interest in fatty acid and
triglyceride metabolism due to the recognition of lipids as important signaling molecules [1,
2] and mediators of insulin resistance [3], and the adverse metabolic outcomes associated with
ectopic fat accumulation [4,5]. Understanding lipid metabolism and its regulation requires
quantitative information on the rates at which these compounds are produced within the body,
taken up from the intestinal tract, transported within the body and utilized (e.g., fatty acid
release from adipose tissue and uptake by muscle for energy production/oxidation). This article
will provide an overview of stable isotope-labeled tracer methods for the quantitative
evaluation of major pathways of fatty acid and triglyceride metabolism in humans in vivo.
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General tracer theory and practice

A tracer is a compound that is administered (typically intravenously, sometimes orally) into
the body to “trace” the metabolism of a specific compound of interest (the tracee); a tracer,
therefore, must be metabolically indistinguishable from the tracee but distinct in some way
that allows its detection. Typically one or more naturally occurring atoms in the molecule of
the tracee are substituted with one or more isotopes (stable or radioactive) of that atom (Figure
1). Stable isotopes of the same element (e.g., 1H and 2H, 12C and 13C) have the same number
of protons and different number of neutrons in their nucleus; hence they have different atomic
mass (which is the property that allows their detection) but the same chemical properties. The
major assumption underlying the use of stable isotope tracers in metabolic research is that the
tracer and the tracee are indistinguishable with respect to their metabolic fate. However this
may not always be true [6] and “isotope effects”, i.e., when the metabolic behavior of the tracer
does not exactly mimic the metabolic behavior of the tracee, are most pronounced with heavy
isotope loads leading to considerable changes in mass and when tracers are added in positions
that are directly involved in a biochemical reaction.

Detection and quantification of stable isotope tracers relies on mass spectrometry (MS), which
separates and measures compounds according to their mass; what is actually of interest is the
amount of tracer relative to the trace, referred to as the enrichment [7]. Measures of enrichment
are typically made as tracer-to-tracee ratio (TTR), which refers to the molar ratio of the labeled
and unlabeled molecules in the biological sample (e.g., a TTR of 0.05 indicates that the amount
of tracer is 5% of the amount of tracee), or mole percent excess (MPE) or atom percent excess
(APE), which refer to the molar ratio of the labeled molecule/atom and the sum of the labeled
and unlabeled molecules/atoms in the biological sample (e.g., a MPE or APE of 0.05 indicates
that the amount of tracer is 5% of the total amount of tracee plus tracer molecules/atoms). The
enrichment can also be assessed relative to a standard of known isotopic enrichment, in which
case the enrichment of the biological sample is compared to the isotopic enrichment of a
reference material and the data expressed as delta (i.e., the difference between the sample and
standard); this is typically done for measuring the enrichment of pure gases (e.g., COy). The
TTR in biological samples is usually determined by using gas-chromatography (GC) MS in
selected ion monitoring mode, where the abundances of a particular fragment of the molecule
containing the heavier isotope (tracer) or not (tracee) are compared. Isotope ratio (IR) MS can
be used to analyze very low TTR values in gases (e.g., CO,) and, recently, GC combustion
IRMS has become available, combining the resolution capabilities of GC with the accuracy
and precision of IRMS [7]. Tracers labeled with stable isotopes have several advantages over
radioactive tracers, i.e., no exposure to potentially hazardous ionizing radiation, direct
measurement of the TTR in biological samples, ability to readily determine the position of a
label within a molecule with accuracy and precision, thereby expanding the number and type
of possible measurements that can be made (e.g., simultaneous analysis of several labels within
the same substrate), etc. [8]. On the other hand, because stable isotopes are naturally occurring,
a correction needs to be made to account for the natural abundance of tracers in the system
[9]. Also, since stable isotope-labeled tracers are used to provide quantitative information about
the metabolic fate of the tracee, it is important that tracers are given in truly trace amounts so
as not to perturb the system under study [8]. Large tracer doses are likely to perturb the
endogenous Kkinetics or the pool size of the tracee [10] - simply imagine the metabolic effect
of providing a significant amount of glucose.

Tracers are usually administered as a single bolus or via constant infusion (often combined

with a bolus, in which case it is referred to as a primed constant infusion) (Figure 2) [9]. During
bolus injection of the tracer, the total amount of tracer is administered as a single bolus, typically
into the blood stream. In this case, the TTR of the substance of interest quickly builds up to a
peak value and then declines over time in a manner that depends on the turnover of the tracee.
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Rapid appearance of tracee into the same pool leads to a rapid decline in enrichment whereas
slow appearance of tracee extends the “wash-out”. Monitoring the rate at which the enrichment
declines over time provides information regarding the rate of appearance of the tracee. In
addition, valuable information can be gained regarding the system by evaluating the shape of
the wash-out curve (i.e., the enrichment declines in a single exponential fashion in the case of
a single pool, where the tracee appears from a single source). A drawback of this method,
however, is that large amounts of tracer administered at once may perturb endogenous kinetics,
and rapidly turning-over substrates (e.g., plasma free fatty acids, FFA) are difficult to monitor
with this approach because they require impractically frequent sampling (i.e., several samples
within a few minutes). During constant infusion, the tracer is infused at a constant rate, typically
for several hours. In the simplest situation, the tracer is delivered directly into a homogenous,
rapidly-mixing pool of the tracee at metabolic steady-state (i.e., the concentration of the tracee
remains constant). This means that the tracee enters and leaves the pool at equal rates. When
the tracer is first introduced into the system, its concentration starts to build up with time and
the enrichment increases until it reaches a plateau (i.e., isotopic equilibrium or isotopic steady
state). At this point, the enrichment of the substrate of interest (the proportional contribution
of tracer and tracee) leaving the pool is identical to that within the pool (which can be
measured), and also identical to that entering the pool. It is important to note that, in this case,
determination of the kinetics of the tracee depends only on the value of TTR at isotopic plateau,
and not on the time-course required to achieve it. Because it may take many hours to achieve
isotopic steady state (for substrates with very slow turnover), the constant infusion of a tracer
is usually combined with an initial bolus injection of the tracer. This involves administering a
relatively large dose of the tracer as a single bolus (i.e., priming the pool) right before starting
infusing the tracer at constant rate to accelerate the time required to reach isotopic equilibrium.

Intracer studies, sampling of the system needs to be made from an area that is directly accessible
(for practical or ethical reasons); this typically refers to venous blood or breath, although arterial
blood or tissue (e.g., muscle) can also be obtained. When the biochemical events of interest
occur at areas inaccessible for direct or practical sampling (e.g., within various intra-cellular
compartments or in sub-cellular organelles, or in tissues difficult to reach), several assumptions
need to be made regarding the transport of material among the various pools of the system (i.e.,
until reaching the accessible pool). For example, several aspects of liver triglyceride
metabolism are evaluated by administering a tracer fatty acid, glycerol, or amino acid into the
systemic circulation, the tracer enters the liver, becomes incorporated into very low density
lipoproteins (VLDL) in the liver, which are then secreted into the circulation. Sampling of
blood and monitoring the changes in enrichment over time in VLDL provides information
regarding the secretion rate of VLDL and its components (e.g., triglyceride, apolipoprotein
B-100) [11,12].

There are three general ways in which isotopic tracers can be used to evaluate substrate
metabolism: tracer dilution, tracer incorporation, and tracer conversion. Tracer dilution is
widely used for measuring the rate of appearance (Ra) of the tracee in the circulation and
requires the administration of a known amount of tracer (e.g., labeled glycerol) into a vein and
monitoring its dilution by the appearance of tracee in the bloodstream (e.g., glycerol released
during adipose tissue lipolysis) in blood samples collected from an artery or arterialized venous
blood [13]. The Ra is usually a whole-body measurement that reflects the rate of release of the
tracee into the bloodstream by all tissues of the body. When only a single tissue produces the
tracee, the technique actually assesses regional metabolism; in more advanced applications,
which require arterio-venous cannulation and blood sampling, the dilution technique can be
applied to obtain information on specific body regions/tissues (e.g., whole leg, subcutaneous
adipose tissue, splanchnic region) [14-19]. Tracer incorporation refers to the situation where
the tracer serves as a precursor (e.g., labeled fatty acid) for the synthesis of a more complex
compound (the product; e.g., triglyceride), and the rate at which this occurs is being measured
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by monitoring the amount of tracer in the product over time. Tracer conversion refers to
measuring the rate at which a metabolic byproduct (e.g., labeled CO5) is being produced
through metabolism (e.g., oxidation) of a more complex compound which contains a stable
isotope (e.g., carbon-labeled fatty acid), or the rate at which a tracer is inter-converted; for
example, the desaturation and elongation of fatty acids leading to the synthesis of very long-
chain polyunsaturated fatty acids [20,21].

In the following sections, these approaches will be exemplified by presenting the use of stable
isotope-labeled tracers for measuring adipose tissue lipolysis, release of FFA into and removal
from the circulation, fatty acid oxidation, and hepatic VLDL-triglyceride secretion.

Adipose tissue lipolysis

Triglycerides stored within adipose tissue constitute the body’s major energy reserve. The
balance between triglyceride storage and mobilization is regulated by complex hormonal and
neuronal mechanisms. To measure the rate of adipose tissue lipolysis, one typically measures
the Ra of glycerol in the bloodstream because the breakdown of triglyceride is usually
complete, meaning that 1 mole of triglyceride gives rise to 1 mole of glycerol and 3 moles of
fatty acids [22]. This has been demonstrated by measuring the ratio of FFA to glycerol release
directly across adipose tissue [23]. Although measuring glycerol Ra onsite (i.e., by using
arterio-venous differences across subcutaneous adipose tissue) provides the most direct
measure of adipose tissue lipolysis, the application of this approach is limited by the technical
challenges involved, which includes sampling from the venous outflow of adipose tissue and
measuring adipose tissue blood flow. Fortunately, very similar results are obtained when using
tracers to determine the ratio of systemic FFA to glycerol Ra at the whole-body level [23,24]
which indicates that quantitatively, whole-body lipolysis reflects adipose tissue lipolysis
[23]. However, the release of FFA and glycerol in plasma does not always occur in the
theoretical ratio of 3:1 [10] because some fatty acids are re-esterified to triglyceride within
adipocytes and do not enter the circulation; instead, glycerol is almost quantitatively released
because adipose tissue contains little glycerol kinase activity [25]. Hence to measure lipolytic
activity in adipose tissue, one typically measures the Ra of glycerol in the bloodstream;
nonetheless, FFA Ra also provides a reasonable index of lipolysis under most circumstances
[9,26].

The use of systemic glycerol Ra in plasma as an index of adipose tissue lipolysis depends on
several reasonable assumptions, such as that glycerol is not produced from any metabolic
pathway other than adipose tissue lipolysis (e.g., from glycolysis or the breakdown of lipids
in other tissues) [24], that intracellular glycerol cannot be re-utilized to a significant extent
within adipocytes [25], and that partial triglyceride hydrolysis is minimal [22]. Some
assumptions are challenged, e.g., whether [27] or not [23] plasma glycerol is taken up by
adipose tissue (which is relevant to the extent that adipose tissue may be able to utilize free
glycerol and thus, not all glycerol liberated during lipolysis may be released into the
circulation). And some are apparently not valid; for instance, plasma glycerol is taken up by
and released from skeletal muscle [23,28,29]. This will confound the use of whole-body
glycerol Ra as an index of adipose tissue lipolysis (since some unknown amount of muscle
triglyceride lipolysis would be contributing to the measured Ra), especially in light of the rapid
turnover of intramuscular triglyceride pool [30]. Nevertheless, part of glycerol (and FFA)
released across human skeletal muscle tissue [23,28] may in fact be derived from adipocytes
interspersed within muscle cells rather than from within the muscle itself [29]. Further
uncertainty is introduced by the amount of glycerol derived from lipolysis of plasma
triglycerides and the degree of splanchnic glycerol release [28]. Recently, Coppack et al.
[31] developed a multicompartmental model of in vivo glycerol kinetics and demonstrated that,
in the postabsorptive state, glycerol released during lipolysis of plasma triglycerides could
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account for 15-20% of total glycerol added to the bloodstream, leading to an overestimation
of lipolysis rates when using systemic glycerol Ra [31]. At the same time, however, the inability
to detect much of visceral fat lipolysis, as glycerol released into the portal vein is cleared by
the liver [28,32], should lead to an underestimation of adipose tissue lipolysis by some 10-20%
[31]. Fortuitously, these errors would more or less cancel out; therefore, measuring systemic
plasma glycerol Ra probably provides a reasonable estimate of whole-body adipose tissue
lipolysis rates under postabsorptive conditions. However, these phenomena might confound
the results from studies in which for example between-group differences in plasma triglyceride
turnover exist.

Glycerol flux has been measured by using either a bolus injection or a constant infusion of a
glycerol tracer [33,34]. The rapid disappearance of the tracer after a bolus injection (half-life
of ~4 minutes) [33,34] requires frequent sampling over a very short time span and a very large
tracer dose in order for plasma glycerol enrichment to remain at sufficiently high levels for
accurate measurement. Thus, the primed, constant infusion technique (typically lasting 60-120
min) is preferred for measuring whole-body glycerol kinetics. The choice of tracer is not
essential since 1,1,2,3,3-2Hs-glycerol, 2-13C4-glycerol, and 1,2,3-13C3-glycerol all yield
comparable results for endogenous glycerol Ra [9]. An infusion rate of 0.05-0.10 pmol per kg
per min in the postabsorptive state can be used, whereas a priming dose equal to 15 times the
infusion rate (i.e., 0.75-1.5 pmol per kg) is commonly given [10,23,35-37] in light of the large
volume of distribution of glycerol [26]. However, priming the glycerol pool is not really
necessary considering the rapid turnover of glycerol relative to its pool size in man, which is
comparable to that of plasma FFA [38]. In fact, a 60-minute constant infusion of
1,1,2,3,3-2Hs-glycerol, at a rate of 0.05 umol per kg per min without a priming dose, has been
used successfully to quantify glycerol kinetics in resting humans in the postabsorptive state
[39].

Systemic plasma FFA availability

Many investigators interested in adipose tissue lipolysis prefer to measure plasma FFA (instead
of glycerol) Ra [40] because it too provides a reasonable estimate of adipose tissue lipolytic
activity under most circumstances [9,26,41], and often the amount and/or type of fatty acids
released into the circulation is of greater interest than the actual rate of lipolysis. Similar to
what was mentioned above for glycerol Ra, lipolysis of plasma triglyceride provides some fatty
acids that escape tissue uptake and enter the systemic circulation, especially in the postprandial
state [42,43]; however this is likely not an important source of total plasma FFA flux under
postabsorptive conditions [44-46].

The approach most commonly used to measure the appearance of FFA in the circulation
involves the constant infusion of a single fatty acid tracer bound to human albumin [9,47-49].
Although the bolus injection technique has been used in early human studies [50,51], the rapid
turnover of plasma FFA (half-life of 1-4 minutes) [52,53] presents much of the same problems
outlined above for glycerol when using stable isotopes. Binding to albumin is not only
necessary because fatty acids are insoluble in aqueous solutions but also limits the initial
volume of distribution of the tracer to the intravascular space (although a second, extravascular,
slowly-mixing albumin pool does exist) [26] so that, although optimally-described by a two-
pool model [51], plasma FFA kinetics during constant infusion of fatty acid tracers can be
adequately described by a single-pool model and the endogenous Ra can be calculated by using
simple steady-state equations [54]. Due to initial restriction of the tracer in the plasma
compartment and the rapid turnover of FFA, no priming dose is necessary [9]. At an infusion
rate of 0.03-0.04 umol per kg per min, isotopic equilibrium is usually achieved within 30-60
minutes [9]. Tracers labeled with 2H are usually preferred over 13C-labeled tracers primarily
due to lower cost. An alternative method makes use of uniformly (U)-labeled 13Cg-palmitate
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(or any other U-labeled fatty acid for that matter) and analysis by GC combustion IRMS [55].
Due to the much greater instrument sensitivity, this method allows tracer (and thus albumin)
infusion rates to be reduced by more than one order of magnitude.

There are many different fatty acids circulating in plasma, which vary in chain length and
structure. When using a single fatty acid tracer (e.g., palmitate) to measure FFA flux, the
assumption is made that it is representative of all plasma FFA with regard to turnover [49].
Total plasma FFA flux can then be calculated by dividing the endogenous Ra of that fatty acid
by its relative contribution to total plasma FFA concentration. This requires measuring the
concentration of all individual fatty acids in plasma by quantitative GC [56]. Early studies in
humans, however, suggest that there may be significant differences in the metabolic behavior
and kinetics of individual fatty acids in plasma [50,57], which means that not all fatty acids
are suitable for use as a tracer of plasma FFA. In a recent study, we measured the Ra of five
fatty acids (myristate, palmitate, stearate, oleate, and linoleate) into plasma, which together
represent ~97% of all FFA in the circulation, during the basal postabsorptive state as well as
during conditions that stimulated (epinephrine infusion) and inhibited (insulin infusion)
adipose tissue lipolysis and thus the release of FFA into the circulation [41]. We was
demonstrated that palmitate, oleate and linoleate each provided good estimates (within
10-15%) of total FFA flux across a physiological range of adipose tissue lipolytic rates, whereas
myristate and stearate consistently overestimated and underestimated respectively, total FFA
flux [41]. Alternatively, mixtures of labeled fatty acids resembling in composition that of
plasma FFA are commercially available and can be used as more direct measures of total FFA
Ra [16] - however, this is costly and the analysis is cumbersome.

Total FFA Ra (in umol per min) reflects the total amount of fatty acids released into the
circulation. In an attempt to help explain different physiological issues, and to account for
differences in body size, systemic FFA flux is often expressed in several different ways [40].
Typically, FFA Ra is normalized for fat-free mass to provide an index of fatty acids released
into plasma in relationship to tissues of the body that consume fatty acids for use as a fuel (e.g.,
skeletal muscle) or for other purposes (e.g., synthesis of triglyceride in the liver); FFA Ra
normalized for fat-mass is used to provide an index of fatty acids released into plasma with
respect to endogenous adipose tissue triglyceride stores. However, the use of ratios can be
misleading because the relationship between FFA Ra and fat-free mass, fat mass, or total body
mass is characterized by regression lines that have y and x intercepts that are significantly
different from zero [40] (and Mittendorfer et al., unpublished data). Therefore, lipolytic rates
normalized for body composition will be different between groups who differ in body
composition because of mathematical bias rather than true differences in fatty acid metabolism.
Hence careful attention should be paid in cross-sectional comparisons or longitudinal studies
with exercise or weight loss, etc., as putative differences in body composition need to be taken
into account when interpreting FFA Ra data. Furthermore, differences in tissue perfusion and
possibly also in FFA extraction and/or uptake, e.g., between individual skeletal muscles [58,
59], likely lead to disproportionate distribution of total FFA flux amongst fat-free tissues or
different adipose tissue regions, and therefore further confound the interpretation of ratios. It
is also important to note that, probably due to the pulsatile/oscillatory nature of adipose tissue
lipolysis [60,61], the intra-individual day-to-day variability of plasma FFA turnover rates is
considerable, ~15-30% [62-64]. Therefore, careful attention to details and standardization of
the experimental conditions (prior diet and physical activity, fasting duration, sample timing,
etc.) is required if accurate and reproducible estimates of plasma FFA Ra are to be obtained.

When combined with arterio-venous balance measurements across body regions or tissues,
fatty acid tracers can be used to provide information on the tissue-specific uptake and release
of FFA. In this case, the fractional extraction of fatty acids across the tissue of interest is
calculated from the concentration and TTR of fatty acids in arterial and venous blood, and local
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tissue uptake is then calculated as fractional extraction times arterial concentration times blood
flow through the tissue. Local tissue release is readily estimated since net arterio-venous
balance equals uptake minus release. This technique has been successfully used to measure
local uptake and release rates of FFA across skeletal muscle, adipose tissue and the splanchnic
region [16,23,27-29]. Measuring the uptake of FFA by a particular tissue is essential for further
assessing fatty acid utilization (e.g., oxidation) within that tissue [16,27,29].

Fatty acid oxidation

Fat is a major energy fuel for the human body. Popular methods such as indirect calorimetry
provide an estimate of total fat oxidation rate, including fatty acids taken up from plasma and
fatty acids released from intracellular triglyceride that are oxidized directly without entering
the circulation. Stable isotope tracers can be used to determine plasma FFA oxidation rate, and
in combination with indirect calorimetry, this measure can provide an estimate of intracellular
triglyceride oxidation. In addition to whole-body plasma FFA oxidation, using arterio-venous
balances across tissues allows for determination of regional fatty acid oxidation, e.g., in skeletal
muscle and the splanchnic region [16,27,29]. Traditionally, a constant infusion of a 13C-labeled
fatty acid has been used to estimate plasma FFA oxidation, the general idea being that as the
fatty acid tracer is oxidized the labeled carbon appears in breath (or in the venous effluent of
a tissue when regional metabolism is assessed) as 13C-labeled CO, [26]. Dividing the TTR of
breath CO, by the infusion rate of the fatty acid tracer at steady-state gives the fractional rate
of fatty acid oxidation (i.e., percent uptake of fatty acid that was oxidized to CO5). The absolute
rate of oxidation (in pmol per min) can then be calculated by multiplying the rate of
disappearance (Rd) of the fatty acid (which equals Ra when in steady-state) by the fractional
oxidation rate. Although this provides a reasonable estimate of plasma FFA oxidation, a single
fatty acid tracer is not likely truly representative of total plasma FFA oxidation, because there
are substantial differences between the oxidation rates of individual fatty acids [65-67],
especially between major plasma FFA such as palmitate and oleate (~20% difference) [66].

When infusing a carbon-labeled fatty acid, some 8 hours of infusion or more are required for
an isotopic equilibrium in expired CO5 to be achieved, in part due to slow isotopic exchange
between the labeled CO, (from the oxidation of the fatty acid tracer) and the unlabeled
bicarbonate pool [68]. This would introduce substantial error in the calculation of plasma FFA
oxidation rates during studies lasting only a few hours (< 4 h) [69]. This problem, common to
all substrates being oxidized, was partly resolved by priming the bicarbonate pool, which
allowed for considerably shortening the infusion protocol [70,71]. Nonetheless, it was further
discovered that the rate of labeled carbon entry via acetyl-CoA in the tricarboxylic acid cycle
does not correspond to the rate of labeled carbon appearing in breath, not only due to
bicarbonate retention, but also and predominantly due to label fixation occurring during the
exchange reactions of the tricarboxylic acid cycle [72]. Subsequently, an acetate correction
factor was introduced for use in tracer estimations of plasma FFA oxidation [73]. Acetate enters
the tricarboxylic acid cycle directly as acetyl-CoA, so the difference between the amount of
labeled carbon infused and that recovered in breath gives the absolute amount of label fixed
both via tricarboxylic acid cycle exchange reactions and the bicarbonate pool. Hence the
fraction of the label recovered in breath CO, after labeled acetate infusion represents the
appropriate correction factor for use in oxidation calculations [73]. The correction is applied
by dividing the calculated rate of plasma FFA oxidation by the acetate correction factor.
Although the acetate recovery factor is highly reproducible, there is large inter-individual
variability [74], which implies that, ideally, the acetate correction factor needs to be determined
in every subject, under similar conditions as those used for the tracer-derived determination of
substrate oxidation rates [75]. Simply put, either a separate labeled acetate infusion study,
mimicking all conditions of the actual labeled fatty acid infusion study, is required to determine
the acetate recovery factor, or stable and radioactive isotope tracers need to be used
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simultaneously (e.g., 1-14C;-acetate and 1-13C;-palmitate) [73-76]. Because the recovery of
labeled COs, is different for acetate labeled in positions 1 and 2 [77], it is important to use the
corresponding acetate and fatty acid tracers (e.g., 1-13Cq-acetate and 1-13C4-palmitate or
1,2-13C,-acetate and U-13Cyg-palmitate).

The limitations and the considerable burden associated with the use of carbon-labeled fatty
acid tracers for the determination of plasma FFA oxidation has led to the development of
another approach for measuring fat oxidation in vivo, utilizing U-2Hs;-palmitate [78]. The
general idea is that as the fatty acid is being oxidized, deuterium appears as water and mixes
with the body water pool; hence, the enrichment of label in body fluids (preferably by sampling
blood but also urine or even saliva) can be used effectively to calculate the cumulative recovery
of 2H and hence the amount of fat oxidized over a period of time. It was shown that the recovery
of 2H in urine 10 hours after dose administration was essentially the same as that for acetate-
corrected 13C (the mean difference in percentage recovery of the two labels was ~0.5%),
leading to similar estimates of fat oxidation rates [78]. The method was subsequently validated
for estimating fat oxidation rates during exercise [79]. The use of 2H-labeled fatty acid tracers
does not require the determination of the acetate correction factor due to minimal sequestration
of the label in the tricarboxylic acid cycle [78,79]. Furthermore, there is no need for frequent
sampling, not even for tracer infusion; instead, the tracer can be administered orally, which
makes the method ideal for use in free-living conditions and for estimation of dietary fatty acid
oxidation rates [80]. In fact, this method had been developed and validated for measuring
dietary fatty acid oxidation, not endogenous plasma FFA oxidation. However, note should be
made of the fact that the U-2Hg;-palmitate tracer contains 31 atoms of deuterium and the
relative increase in mass compared with the native tracee is considerable (>10%); it is not
known whether this results in significant isotope effects in vivo.

Hepatic VLDL-triglyceride secretion

During postabsorptive conditions, most plasma triglyceride circulates in the core of VLDLSs,
which are produced and secreted by the liver, thereby providing energy dense substrates to
peripheral tissues, while at the same time buffering excess amounts of fatty acids, which could
otherwise be cytotoxic [81]. VLDL is assembled within hepatocytes in a two-step process,
which involves the partial lipidation of a newly synthesized apolipoprotein B-100 molecule
and the fusion of this precursor with a large triglyceride droplet to form mature VLDL [82].
Each VLDL particle contains a single molecule of apolipoprotein B-100 [83], whereas the
availability of core triglyceride varies considerably and in part determines the metabolic fate
of the particle itself [84,85]. Fatty acids used for hepatic triglyceride synthesis originate
primarily from the systemic plasma FFA pool, as well as from several other, non-systemic fatty
acid sources, e.g., hepatic de novo lipogenesis, lipolysis of intrahepatic and intra-abdominal
triglyceride [86]. By using tracer techniques, one can study a variety of different aspects of
VLDL metabolism and gain unique insights into the system. For example, one can evaluate
VLDL-triglyceride kinetics (discussed below) to find out the secretion rate of triglycerides
within the VLDL particle core, or one can evaluate VVLDL-apolipoprotein B-100 kinetics to
find out the metabolic behavior of VLDL particles themselves. The latter techniques are based
on protein labeling (e.g., by radio-iodination or by using amino acid tracers) and are only
touched upon herein; more detailed reviews are available [11,87]. It is important to point out
that studying the kinetics of one VLDL component cannot be used to draw conclusions
regarding the kinetics of other components or the whole particle. For example, differences in
VLDL-triglyceride secretion between groups or in response to an intervention (e.g., changes
in macronutrient composition of the diet, weight loss) are not always mirrored by differences
VLDL-apolipoprotein B-100 secretion due to differences in triglyceride loading of VLDL
particles [88-90].
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The hepatic secretion rate of VLDL-triglyceride can be measured with a variety of different
approaches, e.g., splanchnic arterio-venous balance technique, ex vivo labeling of VLDL and
re-infusion (as a bolus or constant infusion), and many in vivo labeling techniques with
radioisotopes and stable isotopes [12]. The least demanding (for subjects and investigators)
and thus most commonly used approach relies on the administration of a labeled precursor
(glycerol or fatty acids) and monitoring its incorporation in the labeled product (VLDL-
triglyceride) [12]. Constant infusions of glycerol or palmitate tracers have been used to measure
VLDL-triglyceride flux by fitting the data to a monoexponential rise-to-plateau model
[91-94]. However, this method does not account for the considerable tracer recycling that takes
place during a prolonged constant infusion. Recycling of the tracer can occur when plasma
glycerol or palmitate is incorporated into another pool (e.g., hepatic triglyceride), from which
it is later released and incorporated into VLDL-triglyceride without reappearing in plasma, or
tracer initially incorporated in VLDL-triglyceride and subsequently released by lipolysis in
plasma, taken up by the liver and re-incorporated in VLDL-triglyceride. During a constant
infusion of labeled palmitate, for instance, there is considerable recycling of the tracer within
the various hepatic lipid pools (~15% of all fatty acids in VLDL-TG in healthy subjects [95]),
thereby not allowing for adequate resolution of VLDL-triglyceride kinetic parameters [96].
Still, this approach remains useful in that it allows for the determination of the relative
contribution of fatty acids from different sources to total VLDL-TG secretion (see later on).
Another common approach is the bolus injection of the tracer (usually glycerol but also fatty
acid) and the determination of the monoexponential slope of decline in VLDL-triglyceride
enrichment [97-102]. These data are used to calculate the fractional turnover rate (FTR) of
VLDL-triglyceride, i.e., the fraction of the VLDL-triglyceride pool that enters or leaves the
pool per unit of time. The secretion rate of VLDL-triglyceride is then calculated as the FTR
times the pool size of VLDL-triglyceride (concentration times plasma volume). However, this
approach too does not account for tracer recycling and therefore can lead to substantial
underestimation of the true turnover rate.

Compartmental modeling analysis can be used to improve the accuracy of measuring VLDL-
triglyceride kinetics by accounting for tracer recycling. By simultaneously administering a
bolus of 1,1,2,3,3-2Hs-glycerol and a bolus of 1-13C;-palmitate or a constant infusion of
2,2-2H,-palmitate to human subjects in the postabsorptive state, and monitoring the enrichment
in VLDL-triglyceride-bound glycerol and palmitate for ~12 hours, we have recently
demonstrated that monoexponential data analysis underestimates the turnover of VLDL-
triglyceride compared with compartmental modeling [96]. The latter effect was most prominent
when VLDL-triglyceride turnover was high; when the turnover rate is sufficiently slow (<0.5
pools per hour), monoexponential analysis provides similar results with those from
compartmental modeling [96]. Monoexponential analysis may thus be accurate under some
circumstances [103], though this would require a priori knowledge of the VLDL-triglyceride
FTR. There are no differences in the measured VLDL-triglyceride turnover rates when using
a fatty acid or glycerol tracer bolus injection in conjunction with compartmental modeling
analysis; however, a fatty acid tracer gives lower rates of VLDL-triglyceride turnover than a
glycerol tracer when using a bolus injection of the tracer in conjunction with monoexponential
slope analysis, most likely due to differences in the magnitude of tracer recycling (less

for 2Hs-glycerol than fatty acids). Constant infusion of a fatty acid tracer and compartmental
data analysis does not overcome this problem because the model, unlike after bolus injection
of the same tracer, cannot adequately resolve the extent of recycling.

Modeling, or any of the other approaches available, does not require treating VLDL as a single
pool, but can be applied to VLDL subfractions, for instance, the large and triglyceride-rich

VLDL, and small and triglyceride-poor VLDL,, as well [104]. This necessitates separation of
VLDL into its subclasses by using preparative ultracentrifugation, thereby likely inflating total
measurement variability (20-35%) [105] compared to when the VLDL fraction is treated as a
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whole (15-25%) [62]. However, it can provide novel insights, e.g., evidence of an inverse
association between the hepatic secretion of VLDL; (decreases) and VLDL, (increases) in
response to insulin [106]. The latter observation is only one of many examples illustrating that
the triglyceride content of VLDL is a major factor influencing the metabolism of VLDL
particles [84,85]. Stable isotope-labeled tracers for measuring VLDL-triglyceride [12] and
VLDL-apolipoprotein B-100 [107] kinetics can be used simultaneously to provide information
on the triglyceride content of nascent VLDL particles. Since each VLDL particle contains a
single molecule of apolipoprotein B-100 [83], by dividing the secretion rate of VLDL-
triglyceride by the secretion rate of VLDL-apolipoprotein B-100 (in molar units), one can
obtain an estimate of the average number of triglyceride molecules secreted in each VLDL
particle which is an index of nascent VLDL particle size [88,90,108]. This provides a unique
insight into VLDL metabolism because it refers to the time of VLDL secretion into the
circulation, i.e., before any intravascular remodeling takes place.

Tracers can also be used to provide information about the origin of the fatty acids used for
VLDL-triglyceride secretion. By using a constant infusion of labeled palmitate, and monitoring
the enrichment in plasma free palmitate and VLDL-triglyceride-bound palmitate for several
(~10-12) hours, in conjunction with multicompartmental modeling, we have demonstrated that
it possible to estimate the contribution of systemic plasma FFA and non-systemic fatty acids
to total VLDL-triglyceride production [88,90,108-111]. By fitting the isotopic enrichments of
plasma free palmitate and palmitate in VLDL-triglyceride to the model, one can derive a
dilution factor which indicates the extent to which the plasma palmitate enrichment was diluted
by unlabeled sources of palmitate before being incorporated into VLDL-triglyceride. These
unlabeled, non-systemic fatty acids in VLDL-triglyceride are derived from pools of fatty acids
that are not labeled with tracer during the infusion period, and include: i) fatty acids released
from pre-existing, slowly turning over lipid stores in the liver and tissues draining directly into
the portal vein, ii) fatty acids liberated from lipolysis of plasma lipoproteins that are taken up
by the liver, and iii) fatty acids derived from hepatic de novo lipogenesis. The remaining fatty
acids in VLDL-triglyceride (systemic plasma FFA) represent FFA from the systemic
circulation that are taken up by the liver and directly incorporated into VVLDL-triglyceride, or
temporarily incorporated into rapidly turning over intra-hepatic and intra-peritoneal
triglyceride stores before incorporation into VLDL-triglyceride.

The relative contribution of fatty acids derived from hepatic de novo lipogenesis (i.e., the
synthesis of fatty acids from acetate) to total VLDL-triglyceride production can be determined
by using mass isotopomer distribution analysis (MIDA), which evaluates the label
incorporation pattern into palmitate in VVLDL-triglyceride during constant infusion of a 13C-
acetate tracer (1-13C4, 2-13Cy, or 1,2-13C,) [112-115]. MIDA relies on combinatorial
probabilities in the biosynthesis of polymers from repeating monomer units (e.g., synthesis of
a fatty acid molecule from many acetate molecules). For determining the rate of de novo
lipogenesis, the acetate tracer is initially distributed in a precursor pool (cytosolic acetyl-CoA
in the liver) which is held at constant enrichment throughout the experimental period (hence
the need for constant infusion). The fatty acid produced by this precursor pool contains a certain
number of precursor monomers (e.g., 8 for palmitate). These monomers are assumed to be
randomly selected from the precursor pool when the product is synthesized, so a probability
function is constructed to predict the distribution of newly formed fatty acid molecules that
will contain from 0 to 8 labeled monomers (in the case of palmitate); the variously-labeled
versions of the product are called isotopomers. Since the precursor pool is inaccessible for
direct sampling, the precursor enrichment is determined by examining the relative distribution
pattern of enriched isotopomers in the product, and the fractional rate of lipogenesis (i.e., the
fraction of fatty acids in VLDL-triglyceride derived from de novo synthesis) is calculated from
the rate at which enrichment increases in the product [112,115]. The contribution of de novo
synthesized fatty acids to total VLDL-triglyceride turnover is typically extremely small (in
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healthy subjects it contributes <10% to total VLDL-triglyceride production in the fed state and
<5% during fasting) [95,113,114,116]. However, there are pathological conditions, such as
non-alcoholic fatty liver disease, where de novo lipogenesis can account for as much as
~15-25% of total VLDL-triglyceride production [116,117].

One limitation of the aforementioned techniques is the use of labeled precursors to investigate
VLDL-triglyceride metabolism, which requires metabolic steady-state and makes
measurement of kinetics under non-steady-state conditions problematic, because of the
ongoing tracer appearance and disappearance at unknown rates [38]. This limitation can
perhaps be circumvented with direct administration of labeled VLDL tracers. There have been
several early attempts to measure VLDL-triglyceride turnover with in vivo or, most commonly
ex vivo production of labeled VLDL-triglyceride with radioisotopes [12]. One of the first such
approaches in humans involves ingestion of U-13C-glycerol to in vivo label the glycerol in
VLDL-triglyceride, plasmapheresis and isolation of the newly 13C-labeled VLDL from
plasma, and administration within the next 2-3 days via a primed constant autologous re-
infusion [118]. More recently, a modification of this technique was presented, involving ex
vivo preparation of a VLDL tracer using radiolabeled triglyceride [44]. Although the latter
method may be difficult to adapt for use with stable isotopes, it was demonstrated that ex vivo
labeled VLDL particles are likely very similar in respect to their kinetic behavior with native,
endogenous VLDL particles [44]; more research is warranted to evaluate the metabolism
(including the shelf-life) of exogenously prepared VLDL tracers under a variety of
physiological conditions. Still, development of such direct methods for measuring VLDL-
triglyceride may make it possible to perform kinetic studies under non-steady-state conditions.
There remain, however, important limitations, e.g., the autologous VVLDL tracer needs to be
used within a short period of time (e.g., 2-7 days), thereby precluding longer-term
investigations. Also, the risk associated with experimental procedures is relatively high, and
there is substantial added burden to subjects.

Postprandial conditions represent a prime example of a metabolic non-steady-state, owing to
the dynamic and short-lived changes in lipid metabolism after meal consumption, i.e., the entry
of chylomicrons into the circulation, removal of triglycerides from chylomicrons and
subsequently chylomicron particle removal from the circulation, concomitant changes in
VLDL metabolism, suppression of lipolysis by insulin, etc. Only a few techniques have been
developed in an attempt to describe VLDL-triglyceride kinetics under non-steady-state
conditions. For example, by taking advantage of the observation that large VLDL accumulate
in plasma after a bolus injection of exogenous fat emulsion [119], likely due to saturation of
lipoprotein lipase by exogenous chylomicron-like particles [120], Al-Shayji et al. [121]
recently described a simple, non-isotopic method for estimating VLDL-triglyceride (and
apolipoprotein B-100) kinetics under conditions that mimic the postprandial state. Still,
intravenous administration of a fat emulsion as a single bolus does not adequately represent
true postprandial conditions, during which chylomicrons enter gradually in the circulation.
Other investigators developed techniques to quantify other aspects of VLDL-triglyceride
metabolism following ingestion of a meal [17,122,123]. For instance, by adding U-13C;¢-
palmitate to a test meal to label chylomicron-triglycerides and simultaneous intravenous
infusion of 2H,-palmitate to label VLDL-triglycerides in conjunction with arterio-venous
blood sampling, Bickerton et al. [122] compared the extraction of triglycerides from these two
sources across adipose tissue and skeletal muscle in the postprandial period. They observed
that both chylomicron- and VLDL-triglyceride are cleared across adipose tissue and muscle,
with greater fractional extraction of the chylomicron-triglyceride, confirming in vivo what has
previously only been demonstrated in vitro[124], i.e., that lipoprotein lipase preferentially
hydrolyzes triglycerides in larger and triglyceride-richer lipoproteins. Furthermore, by
modeling the fate of fatty acids released by lipoprotein lipase, they provided evidence of
spillover of fatty acids liberated from the lipolysis of lipoprotein-triglyceride into the
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circulation (as opposed to tissue uptake) [122]. Similar evidence has been presented earlier by
Miles et al. [46] using radioactive isotope tracers. In a more recent study, Hodson et al. [125]
used various U-13C-labeled fatty acids in a test meal and examined the incorporation of dietary
fatty acids into various lipid pools (e.g., VLDL-triglyceride, plasma cholesteryl esters and
phospholipids) in human subjects. These and future studies are a much needed contribution to
the field and will surely increase our understanding of lipid metabolism in the postprandial
state.

Conclusion

Stable isotope-labeled tracers can be safely administered to healthy and diseased individuals
to determine the rates at which lipids are handled within the human body, thereby overcoming
limitations associated with static metabolic measurements (i.e., concentration) without the
potentially negative health effects of radioactive tracers. Stable isotope tracers also offer more
flexibility in analysis (e.qg., positional specificity allowing multiple labels in a single substrate)
and, unlike with radioactive tracers, multiple stable isotope labeled tracers can be used
simultaneously (whether of the same or different species). Several aspects of fatty acid and
triglyceride metabolism can be investigated and thus enhance our understanding of the normal
regulation (e.g., swings throughout the day brought on by physical activity and food intake)
but also the dysregulation of lipid metabolism, which is common in obesity [40], insulin
resistance [3], severe injury [126] and several other disease states [127]. Application of tracers
at the whole-body level is relatively simple, often though the underlying assumptions are
limiting the interpretation of the data; regional information can be obtained if only a single
tissue is responsible for the whole-body measurement (e.g., VLDL-triglyceride secretion) [7].
The use of tracers for evaluating metabolism across individual tissues requires simultaneous
arterio-venous balance measurements which are technically more challenging and add burden
to the subjects. There is no ideal tracer or method; the choice of tracer and analytical technique
need to be decided on the basis of available resources, desired outcome, and subject population,
etc.

Future perspective

Continuous refinement of established stable isotope-labeled tracer techniques and availability
of novel new methodologies will provide unique insights into human lipid metabolism in vivo.
Further development, including optimal tracer selection and sampling sites, improved tracer
isolation and measurement, and better mathematical treatment of the data, as well as
combination of tracer methodology with other techniques for the investigation of human
metabolism in vivo [128] will expand our understanding of lipid metabolism in health and
disease.

Executive summary

Adipose tissue lipolysis and systemic plasma FFA availability

*  Adipose tissue lipolysis rates and release of FFA in plasma can be readily determined
by short-term constant infusions of glycerol and/or fatty acid tracers.

Fatty acid oxidation

*  Measurement of plasma FFA oxidation rates with carbon-labeled fatty acid tracers
necessitates determination of the acetate recovery factor, usually on a separate
occasion, because of the loss of labeled carbon before it appears in breath CO». There
are differences between the oxidation of different fatty acids, so a single fatty acid
tracer may not be representative of total plasma FFA oxidation.
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*  Measurement of dietary fatty acid oxidation with deuterium-labeled fatty acid tracers
isassociated with much less burden to the subject and the investigator, when compared
with the determination of plasma FFA oxidation.

Hepatic VLDL-triglyceride secretion

Conclusions

»  Evaluation of VLDL-triglyceride Kinetics, especially when using multiple labeled
precursors simultaneously, is a burdensome process; however, it provides valuable
information on several aspects of hepatic triglyceride and fatty acid metabolism. In
vivo or ex vivo production of VLDL tracers for human use is in its infancy, but should
enable measurements under a greater variety of circumstances including non-steady-
state conditions (e.g., postprandial state).

»  Stable isotope-labeled tracers make it possible to obtain quantitative information on
substrate flux at the whole-body level and across individual tissues (the latter usually
when combined with arterio-venous balance measurements).

e Tracer methods are associated with many advantages but there are also several
underlying assumptions and inherent limitations; these should be taken into account
when interpreting kinetic data.
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Figure 1.

Examples of stable isotope labeled tracers used in metabolic research. A: 1,1,2,3,3-2Hs-
glycerol where five hydrogen atoms (1H at positions 1, 2 and 3; atomic mass = 1 amu) were
replaced with 2H (atomic mass = 2 amu), and 1,2,3-13C4-glycerol (or uniformly-labeled, U)
where all three carbon atoms (12C at positions 1, 2, and 3; atomic mass = 12 amu) were replaced
with 13C (atomic mass = 13 amu). B: 1-13C4-palmitic acid where one carbon atom (at position
1) was replaced with 13C.
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Figure 2.

Tracer administration techniques used in metabolic research. A: Constant infusion of the tracer,
where the tracer-to-tracee ratio (TTR) increases with time until isotopic equilibrium (plateau)
is reached. B: Bolus injection of the tracer, where the TTR decreases with time. C: Primed
constant infusion of the tracer, where a large tracer dose is given as a single bolus before the
constant infusion, and isotopic plateau is reached immediately (an ideal tracer prime is shown;
the dashed lines represent the theoretical increase and decrease in TTR from constant infusion
and bolus injection, respectively).
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