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Abstract The use of stable isotopically labeled substrates
and analysis by mass spectrometry have provided substan-
tial insight into rates of synthesis, disposition, and utiliza-
tion of lipids in vivo. The information to be gained from
such studies is of particular benefit to therapeutic research
where the underlying causes of disease may be related to the
production and utilization of lipids. When studying biology
through the use of isotope tracers, care must be exercised in
interpreting the data to ensure that any response observed
can truly be interpreted as biological and not as an artifact
of the experimental design or a dilutional effect on the iso-
tope. We studied the effects of dosing route and tracer con-
centration on the mass isotopomer distribution profile as
well as the action of selective inhibitors of microsomal tri-
glyceride transfer protein (MTP) in mice and diacylglycerol
acyltransferase 1 (DGAT1) in nonhuman primates, using a
stable-isotopically labeled approach. Subjects were treated
with inhibitor and subsequently given a dose of uniformly
“C-abeled oleic acid. Bl Samples were analyzed using a
rapid LC-MS technique, allowing the effects of the interven-
tion on the assembly and disposition of triglycerides, choles-
teryl esters, and phospholipids to be determined in a single
3 min run from just 10 pl of plasma.—McLaren, D. G., T.
He, S-P. Wang, V. Mendoza, R. Rosa, K. Gagen, G. Bhat, K.
Herath, P. L. Miller, S. Stribling, ] M. Balkovec, R. J. DeVita,
D. J. Marsh, J. M. Castro-Perez, A. Strack, D. G. Johns, S. F.
Previs, B. K. Hubbard, and T. P. Roddy. The use of stable-
isotopically labeled oleic acid to interrogate lipid assembly
in vivo: assessing pharmacological effects in preclinical spe-
cies. J. Lipid Res. 2011. 52: 1150-1161.
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Understanding the synthesis and disposition of triglyc-
erides, cholesteryl esters, and phospholipids is an impor-
tant component in developing effective therapies to treat
cardiovascular and metabolic disease. The kinetics of syn-
thesis and disposition can be ascertained by introducing a
labeled substrate and measuring its incorporation into
and decay from bulk lipid pools, which provides useful in-
formation on the flux of lipid through the relevant syn-
thetic and metabolizing pathways. Such techniques have
been used to study the kinetics of synthesis of VLDL tri-
glycerides (1-3), cholesterol (4, 5), and phospholipids (6),
as well as many other aspects of lipid disposition. When
introducing a labeled substrate into a biological system,
the pattern of labeling in downstream metabolites conveys
information about the synthesis of the product. By experi-
mentally measuring this labeling pattern and comparing
the results to those predicted by combinatorial probabil-
ity, it is possible to determine kinetic parameters. This
technique has been termed mass isotopomer distribution
analysis (MIDA); discussions on consideration for use and
limits of applicability of the method have been presented
previously (7, 8). A central tenet of MIDA is that differ-
ences in the observed concentration of a particular iso-
topomeric product can be due solely to the relative
abundances of the labeled precursor and the endogenous
form of the substrate, i.e., the labeling of the precursor
pool. In effect, introduction of the label represents an in-
tervention on the system, and this carries important rami-
fications for interpreting observed effects when a second

Abbreviations: AUC, areas under the plasma timecourse curve;
CE, cholesteryl ester; MIDA, mass isotopomer distribution analysis;
MTP, microsomal triglyceride transfer protein; NEFA, nonesterified
fatty acid; PC, phosphatidylcholine; Q-TOF, quadrupole-time-of-flight;
TG, triglyceride; TPGS, p-a-tocopheryl polyethylene glycol succinate.
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intervention, e.g., dosing of a pharmacological agent, is
carried out in tandem with dosing of the labeled substrate.
Observed differences in the synthesis of a particular mass
isotopomer could be due to isotope dilution, effects of the
pharmacological agent, or both. Thus, when using a stable
isotopically labeled tracer approach to evaluate the effects
of drugs in vivo, it behooves the researcher to assess the
labeling of the precursor pool (to evaluate comparability
among subjects and between treated and control groups)
in order to determine whether an observed effect can truly
be attributed to action of the drug (9, 10).

When stable-isotopically labeled substrates are utilized
to interrogate metabolite synthesis in biological systems,
analysis of the samples is often accomplished using gas-
chromatography mass-spectroscopy (GC-MS) analysis
(11). This technique generally requires that complex mol-
ecules with high boiling points, such as triglycerides, phos-
pholipids, and cholesteryl esters, must first be separated
from one another using off-line methods such as thin layer
chromatography and second be saponified and derivatized
so that analysis can be carried out on an appropriate mo-
lecular component (e.g., labeled fatty acid or glycerol). In
contrast to GC-MS-based approaches, LC-MS requires less
sample preprocessing and enables the analysis of intact
molecular lipids. The ability of LC-MS to separate differ-
ent classes of lipids, such as triglycerides, phosphatidylcho-
lines, and cholesteryl esters, in a single run is another
significant advantage and allows the disposition of the
tracer between different lipid pools to be easily explored.
A recent publication by Qi et al. (12) describes the utility
of an LC-MS-based approach to monitoring the effects of
pharmacological inhibitors of DGAT1 on di- and triglycer-
ide assembly from stable-isotopically labeled oleic acid in
vitro and in vivo. Although the authors demonstrated the
capability of the LC-MS method to measure multiple la-
beled forms of di- and triglyceride simultaneously, little
detail on the mass isotopomer distribution profile was pre-
sented, and no analysis of precursor pool labeling was
described.

In this report, we present data from a series of 5 experi-
ments in which administration of uniformly [13C]—labeled
oleic acid has been used to elucidate lipid assembly in vivo,
using a rapid LC-MS method to measure the labeling pat-
tern of triglycerides, phospholipids, and cholesteryl esters.
Initial experiments explored the effects of the route of ad-
ministration and dose of the isotope on the labeling pat-
tern of various triglycerides. By administering high doses
of the labeled oleate, we demonstrate that it is possible to
steer lipid synthesis in vivo toward defined mass isotopom-
ers and also show that a single isotopomer can be repre-
sentative of the total pool, allowing bulk behavior to be
inferred from the analysis of a single biomarker. Subse-
quent experiments using selective inhibitors of microsomal
triglyceride transfer protein (MTP) in mice and DGAT1 in
nonhuman primates highlight the utility of this approach
to assess perturbations in lipid assembly resulting from
pharmacological intervention. Comparability between
treated and control groups in labeling of the precursor
pool is demonstrated for each experiment, allowing the

true pharmacological effects to be clearly interpreted.
Similarity in the mass isotopomer distribution profile be-
tween two preclinical species, mouse and nonhuman pri-
mate, has been explored for oral dosing and highlights
the utility of the stable isotope method for translational
studies in pharmaceutical research.

MATERIALS AND METHODS

Animal studies

All animals were maintained in Association for Assessment
and Accreditation of Laboratory Animal Care-accredited facili-
ties. All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee and were in conformance
with the National Research Council’s Guide for the Care and Use
of Laboratory Animals. [mcm] oleic acid was obtained from
Sigma-Isotec (St. Louis, MO) as either the free acid or potassium
salt form. Oleic acid was used as the isotope rather than other
possible forms (e.g., triolein) so that the same tracer could be
administered in experiments designed to investigate intestinal
lipid assembly or hepatic synthesis of complex lipids from a non-
esterified fatty acid (NEFA) precursor. All formulations of the
isotope were prepared on the day of study or, at most, the day
prior. To determine tracer incorporation into different lipid
pools, blood was collected into tubes containing EDTA and pro-
cessed to plasma by centrifugation (1,500 g). All samples were
stored at —80°C prior to LC-MS analysis.

Experiment 1: oral administration of isotope: effect of
different vehicles

Male C57BL/6 mice (Taconic Farms, Inc., Germantown,
NY) ranging in body weight from 18-22 g were group housed
and maintained on a 12 h light/12 h dark cycle in a tempera-
ture-controlled environment (22°C). Animals had free access
to food and water and were fed a standard rodent chow (prod-
uct no. 7012, 5% dietary fat; 3.75 kcal/g; Teklad, Madison,
WI). Mice were fasted overnight (16 h) and then dosed orally
at 10 ml/kg body weight with the isotope prepared in 20% vi-
tamin E p-a-tocopheryl polyethylene glycol succinate (vitamin
E TPGS), olive oil, or heavy cream. The total dose of isotope
administered was 480 mg/kg body weight. [13(]]8] oleic acid
(free form) was mixed directly with the vehicle under study;
formulations of the tracer in aqueous vehicles (TPGS and
heavy cream) appeared as emulsions, whereas formulation of
the fatty acid in olive oil appeared to form a solution. The free
acid was used to interrogate intestinal lipid assembly rather
than a labeled triglyceride in order to be able to use the same
form of the isotope for oral and intravenous dosing. Blood was
obtained via tail nick at 0, 1, 2, 3, and 4 h after tracer for LC-MS
analysis.

Experiment 2, intravenous administration of isotope:
effect of different doses

Dosing solutions were prepared by dissolving an appropriate
weight of the potassium salt of ['°Cs] oleic acid in Intralipid 20
(Sigma). In general, the fatty acid was found to go into solution
with brief vortexing followed by 10 min of sonication. Male
C57BL/6 mice were pseudofasted for 4 h (food was removed
from cages during lights on) and subsequently dosed with 10, 50,
or 150 mg/kg of the isotope. Doses were administered via tail
vein injection using a volume of 10 ml/kg of body weight. Blood
was collected via tail nick at 30 min following administration of
the tracer.
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Experiment 3, effect of a DGAT1 inhibitor on
distribution of isotope given as an oral bolus

Studies were performed in female African green monkeys
(Chlorocebus aethiops; weight range, 6-10 kg). On the morning of
study, overnight-fasted animals were treated with vehicle (20%
TPGS) or one of two doses of DGATT inhibitor (0.3 and 3.0 mg/
kg) (13), with the solution mixed into a yogurt treat for conscious
dosing 1 h prior to tracer administration. [Cyg] oleic acid (free
form) was administered in 20% TPGS to sedated animals via p.o.
gavage at a dose of 50 mg/kg body weight. Blood was collected
under light sedation (10 mg/kg ketamine) via femoral vein injec-
tion at the time of dosing (0 h) and at 1, 2, 4, 6, and 24 h.

Experiment 4, effect of an MTP inhibitor on distribution
of isotope given as an IV Bolus

Dosing solutions of the isotope were prepared by dissolving
the potassium salt of ['’Cy4] oleic acid in Intralipid 20. Male
C57BL/6 mice were studied, and food was removed from lights
on (animals were pseudofasted for a total of 4 h prior to adminis-
tration of the isotope). At 1 h prior to isotope administration,
animals were given an oral dose of vehicle (0.25% methylcellu-
lose in water) or 50 mg/kg of a selective inhibitor of MTP (14,
15). A 50 mg/kg dose of the [13C18] oleic acid tracer was subse-
quently administered via tail vein, using a dosing volume of 10
ml/kg body weight. Blood was collected via tail nick at 15, 30, 60,
and 120 min after tracer.

Experiment 5, effect of an MTP inhibitor on distribution
of isotope given as an oral bolus

Male C57BL/6 mice were fasted overnight (16 h) and then
treated orally with vehicle (0.25% methylcellulose in water) or 50
mg/kg of the MTP inhibitor. One hour later, animals were given
an oral dose of corn oil (10 ml/kg body weight) containing 15
mg/ml of [Cys] oleic acid. Dosing solutions were prepared by
mixing the free form of the acid directly with corn oil; the total
dose of isotope administered was 150 mg/kg. Blood was collected
at 0, 0.5, 1, 2, and 4 h after tracer.

Ultra performance LC-MS/MS analysis

All analyses were carried out using 10 pl of plasma. Proteins
were first precipitated by addition of 190 pl of methanol contain-
ing class-specific internal standards, followed by brief vortexing.
Samples were then diluted with a further 600 ul of pentanol and
vortexed again. Insoluble material was pelleted by centrifuga-
tion, and an aliquot of the supernatant was transferred to a 96
well plate for analysis. Triglycerides (TG), phosphatidylcholines
(PC), and cholesteryl esters (CE) were separated using an HSS-
T3, 2.1 x 50 mm, 1.7 pm column (Waters, Milford, MA) on an
Acquity Ultra Performance LC system (Waters). The sample in-
jection volume was 2 pl. Lipid classes were resolved using a bi-
nary solvent system and a linear gradient. The column was initially
conditioned with 90% solvent A. Immediately following injec-
tion, the solvent composition was ramped to 95% solvent B over
2.5 min. At 2.6 min, the solvent composition was returned to 90%
solvent A and held for 0.4 min before the next injection. The
flow rate was held constant throughout the run at 400 pl /min.
Solvent A was 10 mM ammonium formate in 40% H,0:60% ace-
tonitrile, and solvent B was 10% acetonitrile: 90% isopropanol
(16). All solvents used were of HPLC grade or better. Triglycer-
ides and cholesteryl esters were analyzed as the ammoniated ad-
ducts [M+NH,]" and phosphatidylcholines as [M+H]" by using
ESI" ionization. All analytes were quantified using multiple reac-
tion monitoring with a Xevo triple quadrupole mass spectrome-
ter (Waters). For triglycerides in which at least one equivalent of
the ["’C]-labeled fatty acid tracer was incorporated, improved
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specificity was obtained when the fragment ion selected for quan-
titation preserved the “Clabel (enhanced discrimination against
isobaric chemical interferences).

Individual molecular lipids were quantified by internal, single-
point calibration using isotopically labeled internal standards.
Because variations in the ionization efficiency of molecular lipids
with different acyl chain compositions are known (17-19), we be-
lieve that the use of labeled internal standards with acyl chain
composition identical to the analyte is required for accurate
quantitation. The internal standards used in the investigations
reported here were as follows: for triglycerides, 100 nM B Cy-tri-
olein (TG 54:3; catalog number 646253; Sigma-Isotec); 125 nM
2H5-rac-glycerol-l-palmitate-Q,?)-di(oleate) (TG 52:2; catalog
number 730076; Sigma-Isotec) and 125 nM “Hjrac-glycerol-1-
palmitate-2-linoleate-3-oleate (TG 52:3; catalog number 730068;
Sigma-Isotec); for phosphatidylcholines, 125nM 2H9-1-palmitoyl-
2-oleoyl-rac-glycero-3-phosphocholine (PC 34:1; catalog number
730041; Sigma-Isotec); and for cholesteryl esters, 500 nM 2H6-
cholesteryl-"’C.-oleate (catalog number 729671; Sigma-Isotec).
The concentrations stated refer to the final amount of each inter-
nal standard in the plasma samples after dilution with methanol
and pentanol. Early studies on oral formulation development or
intravenous dose ranging (identified as experiments 1 and 2 in
Materials and Methods) made use of only the 13C21-t1riolf:in inter-
nal standard for triglycerides, a diheptadecanoyl internal stan-
dard for phosphatidylcholines, and a heptadecanoyl internal
standard for cholesteryl esters. As a result, accurate quantitation
could not be achieved for lipids with acyl chain compositions dif-
fering from these standards. For these investigations, the abun-
dance of each molecular lipid is reported as corrected response
(equal to the peak area for the analyte divided by the peak area
for the class-specific internal standard), rather than absolute con-
centration. In cases where data are presented as corrected re-
sponse, values for different isotopomers of a single triglyceride
can be compared directly to one another and accurately repre-
sent differences in relative abundance in the sample (i.e., con-
centration). However, corrected responses for the isotopomers
of different triglycerides should not be compared to each other
(e.g., 52:2 to 54:3) as potential differences in ionization efficiency
cannot be properly accounted for.

For tissue analyses, a 50 mg sample (wet weight) was homoge-
nized in 1 ml of dichloromethane-methanol (2:1) containing 25
wM of the isotopically labeled, class-specific internal standards
noted above. Homogenization was carried out in 2 ml polypro-
pylene tubes containing 14 mm ceramic beads, using a Precellys
24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
France). Samples were homogenized at 5,500 rpm in 2 x 30 s
bursts with a 15 s pause between cycles. Following homogeniza-
tion, 200 pl of water was added to each sample, and the tubes
were vigorously vortexed. The aqueous and organic phases were
separated by centrifugation, and then an aliquot of the lower
(lipid-containing) layer was transferred to a 96 well plate and di-
luted 50-fold with pentanol for analysis.

GC-MS analysis

Plasma (100 pl) was extracted by following a modification of
the method of Folch et al. (20). Briefly, 50 ul of 0.9% saline was
added to each sample, followed by 200 .l of methanol. Samples
were vigorously vortexed to precipitate proteins. Four hundred
microliters of chloroform containing the internal standards hep-
tadecanoyl-TG, -PC, and -CE were then added, and the samples
were vortexed again. Phases were separated by centrifugation,
and the lower layer was withdrawn to a new vessel. The samples
were then extracted with two additional aliquots of chloroform
(400 pl each); the chloroform extracts from each round were
combined and evaporated to dryness under Ny. The dried ex-
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tracts were reconstituted in 100 wl of chloroform for lipid separa-
tion by TLC. Silica TLC plates (20 x 20 cm; Whatman) were
scored into 1.2 cm lanes, and samples were spotted at the origin
alongside a lane containing a mixture of authentic lipid stan-
dards. Plates were developed in a solvent system composed of 80
parts hexane-20 parts diethyl ether-1 part acetic acid. Lipid bands
were visualized by spraying with a 0.1% solution of dichlorofluo-
rescein in ethanol and illuminated with ultraviolet light. The
bands corresponding to triglycerides were scraped into glass
tubes for further processing. Triglyceride-bound fatty acids were
converted to the free methyl esters following the procedure of
Morrison and Smith (21). Following derivatization, the methyl
esters were extracted into hexane, and an aliquot was removed
for GC-MS analysis. Samples were analyzed using an Agilent 6890
gas chromatography unit linked to an Agilent 5973 mass selective
detector (Agilent, Palo alto, CA) using electron impact ioniza-
tion at 70 eV. GC was performed using an Agilent HP-5MS capil-
lary column, 30.0 m x 250 pm x 0.25 pm. Samples (4 pl) were
injected at a 5:1 split. The inlet temperature was set at 270°C, and
the helium gas carrier flow was set at 1 ml/min. The oven tem-
perature was initially set at 150°C, raised at 20°C/min to 280°C
and then ramped to 310°C at 40°C/min; this final temperature
was held for 5 min. The mass selective detector was set for se-
lected ion monitoring of m/z 296 and 297 for the methyl ester of
endogenous "C oleate and m/z 314 and 315 for the methyl ester
of the "’Cy4 oleate tracer, using a 10 ms dwell time per ion.

Selective inhibitors of MTP and DGAT1

To explore the effects of pharmacological perturbation on the
disposition of the tracer fatty acid, selective inhibitors of MTP
and DGAT1 were synthesized. The specific inhibitors used in
these investigations were selected from molecules disclosed in
the scientific or patent literature (13-15).

Determination of precursor labeling

Labeling of the precursor (oleate) pool was calculated based
on the ratio of the My/M, isotopomers of plasma triglycerides
following exposure to the ['°C,5] oleic acid tracer. The precursor
labeling (p) was calculated using the equation p = 2(My/M;)/[1
+2 (Mo/Mp)] (22).

Statistical analysis

Statistical analyses of data were performed by unpaired, two-
tailed Student’s ttest or ANOVA, using Prism software (Graph-
Pad Software, La Jolla, CA). Data are presented as means *
standard errors of the mean (SEM) and Pvalues <0.05 were con-
sidered significant. GraphPad software was also used to deter-
mine areas under the plasma timecourse curve (AUC).

RESULTS

LC-MS method development and identification of
lipid markers

The predominant TG and PC molecular species in
mouse plasma were initially identified by neutral loss scan-
ning for oleate (m/z 299.2) or precursor scanning for the
choline head group (m/z 184.3), respectively. Figure 1
shows an example of the chromatographic separation ob-
tained as well as the extracted mass spectra. The most in-
tense species were identified initially by m/z. Authentic
standards were injected and matched to peaks in biologi-
cal samples on the basis of retention time; further char-
acterization by accurate mass quadrupole-time-of-flight

(Q-TOF) MS/MS was carried out to confirm the fatty acid
compositions reported in Table 1 (Synapt G2; Waters; data
not shown) (16). Selected triglycerides, phosphatidylcho-
line 34:1, and cholesteryl oleate were all measured in sub-
sequent experiments. The appropriate stable-isotopically
labeled internal standards for these lipid markers were
custom synthesized by Sigma-Isotec as described above in
Materials and Methods.

Experiment 1: oral administration of isotope: effect of
different vehicles

Figure 2 shows the relationship between the precursor
and product labeling. Panel (a) demonstrates the different
molecular species of triolein that can arise from the combi-
nation of endogenous and ["*C,4]-labeled oleic acid. Panel
(b) contains the theoretical mass isotopomer distribution
profile for triolein; increased labeling of the precursor pool
promotes the formation of multiply labeled triglyceride.
Here, the designation M, refers to a molecule of triglycer-
ide that contains only the natural "2C form of the fatty acid.
M;, M,, and M; refer to molecules where 1, 2, or 3 of the
side chains are composed of the uniformly ["*C,4]-labeled
tracer fatty acid. The nature of the precursor pool from
which lipids are assembled is dependent upon the synthesiz-
ing organ. For example, triglycerides ingested from dietary
sources are broken down to free fatty acids and monoglycer-
ides through the action of lipases. These substrates are then
taken up by the enterocyte and reassembled into triglycer-
ides, cholesteryl esters, and phospholipids for secretion to
the systemic circulation via chylomicron particles in the
lymph (23). As such, the fatty acid composition of the diet
makes a substantial contribution to the precursor pool, al-
though fatty acids may also be derived from lipids stored
intracellularly in the enterocyte or taken up from the sys-
temic circulation (24, 25). The labeling of the precursor
pool and mass isotopomer distribution profile for an orally
ingested tracer will thus be determined in part by the size
and natural fatty acid composition of the meal ingested.
Table 2 reports data for the isotopomer profile for two tri-
glycerides, 54:3 and 54:4, as well as the labeling of their re-
sg)ective precursor pools following oral administration of
[ SC18] oleic acid in various formulations to mice that had
been fasted for 16 h prior to testing. When the tracer fatty
acid was mixed in a vehicle containing endogenous c lipid
(olive oil or heavy cream), the labeled substrate was largely
incorporated as a single equivalent into newly synthesized
triglyceride. Conversely, when the tracer was administered
in aqueous TPGS, the predominant triglyceride detected in
plasma was the fully labeled (Mj;) triolein; the response for
the M; isotopomer exceeded the response for the endoge-
nous °C form of TG 54:3 under these conditions. In this
case, the precursor pool effectively consists of the [13C18]
oleic acid tracer and whatever lipid can be derived from
intracellular stores or the systemic circulation.

Experiment 2: intravenous administration of isotope:
effect of different vehicles

Hepatic lipid synthesis draws from precursor pools that
are different from those drawn upon by intestinal lipid

Analyzing the disposition of labeled oleate in vivo 1153
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Fig. 1.

(a) LC separation of selected PC and TG lipid markers analyzed using multiple reaction monitoring is shown (retention times for

diglycerides and cholesteryl esters are also indicated). Phosphatidylcholines were initially identified by scanning for precursors of m/z184.3
(b); oleate containing triglycerides were identified by scanning for a neutral loss of m/z 299.2 (c). Fatty acid compositions for the major

markers are reported in Table 1 and were confirmed by accurate mass MS/MS with a Waters Q-TOF (Synapt G2).

synthesis. Fatty acid substrates can be derived from chylo-
micron remnants, synthesized de novo in the hepatocyte,
or taken up from the systemic circulation after lipolysis of
adipose triglyceride. Depending on nutritional state,
systemically derived NEFA can be the dominant contrib-
utor (1). Hepatic assembly of lipids can thus be probed
by administering a fatty acid tracer intravenously to
form part of the plasma NEFA pool. Table 3 reports
data for the precursor labeling and isotopomer profile
for two triglycerides, 52:2 and 54:3, measured 30 min
after iv administration of increasing doses of []3C18] oleic
acid (formulated in Intralipid) to mice that had been
fasted for 4 h prior to testing. Labeling of the oleate
precursor pool(s) increases with increasing dose of the
isotope for both triglycerides, although the magnitude
of precursor labeling is different. The isotopomer dis-
tribution shifts toward the multiply labeled forms of
each triglyceride as the dose is increased, as predicted
by MIDA theory.

Experiment 3: effect of a DGAT1 inhibitor on
distribution of isotope given as an oral bolus

To investigate the effects of pharmacological perturba-
tion on lipid synthesis in the intestine, African green
monkeys were treated with ascending doses of a selective
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DGATT1 inhibitor. At 1 h after compound administration,
animals were given an oral dose (50 mg/kg body weight)
of [13(]18] oleic acid formulated in 20% TPGS, and blood
was collected at serial time points to measure tracer incor-
poration into circulating triglycerides. Figure 3 shows the
effects of the DGAT1 inhibitor on incorporation of the la-
beled oleic acid into the different mass isotopomers of
triolein (TG 54:3) as well as the precursor pool labeling
over the time course for each dosed group, as determined
by LC-MS. As observed in the formulation experiments
conducted in mice, the My isotopomer was found to pre-
dominate over lesser labeled forms. This led us to investi-

TABLE 1. Abundant molecular species of PC and oleate-containing
TG in mouse plasma identified by precursor and neutral loss scanning

Lipid marker Nominal m/z" Fatty acid compositionb
PC 34:1 760.6 16:0/18:1

PC 34:2 758.6 16:0/18:2

PC 36:1 788.6 18:0/18:1

PC 36:2 786.6 18:0/18:2

TG 52:3 874.8 16:0/18:1/18:2
TG 52:2 876.8 16:0/18:1/18:1
TG 54:3 902.8 18:1/18:1/18:1
TG 54:4 900.8 18:1/18:1/18:2

“Triglycerides were detected as the NH," adducts.
"Order of notation does not connote regiochemistry.
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gate whether the effect of the DGAT1 compound on
assembly of this single isotopomer could be shown to be
representative of oleate incorporation into the total pool
of circulating triglyceride. To achieve this, the triglyceride
fractions from aliquots of the same plasma samples were
isolated by TLC and saponified. Total triglyceride-bound
[°Cys] oleic acid was determined by GC-MS. Figure 4
shows that the AUC values obtained by the two different
analytical methodologies are quite comparable, demon-
strating under these conditions that incorporation of iso-
tope into a single molecular species of triglyceride can be
representative of the behavior of the bulk pool.

Fig. 2. (a) The different molecular species of tri-
olein than can arise from the combination of endoge-
nous and [13C18]—labeled oleic acid are shown. (b)
The theoretical mass isotopomer distribution pro-
file for triolein; increased labeling of the precursor
pool promotes the formation of multiply labeled
triglyceride.
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Experiment 4: effect of an MTP inhibitor on distribution
of isotope given as an IV bolus

To investigate the effects of pharmacological perturbation
on lipid synthesis in the liver, C57Bl/6 mice were pseudo-
fasted and treated with a single dose (50 mg/kg body weight)
of an MTP inhibitor. At 1 h after compound administration,
mice were injected with 50 mg/kg body weight of the
[13C1 ] oleic acid via tail vein, and blood was collected at se-
rial time points afterward. Previous data in mice adminis-
tered a 50 mg/kg intravenous dose of the isotope showed
substantial incorporation into the M; isotopomer of triolein
(Table 3). Figure 5 shows the effects of the MTP inhibitor on

TABLE 2. Precursor pool labeling and relative amounts of isotopomers formed for TG 54:3 and 54:4

Oral Formulation 1h 2h 3h 4h
Olive oil
TG 54:3 p (%) 41+2 39 +2 34+1 38+ 3
M, 3.10 + 0.78 2.88 + 0.48 3.62 + 0.94 2.31 + 0.66
M, 0.38 £0.10 0.34 + 0.05 0.40 £ 0.10 0.23 +0.07
M, 0.13 +0.03 0.11 £ 0.01 0.11 +£0.03 0.07 +0.02
M, 0.02 +0.01 0.01 +0.00 0.01 £ 0.00 0.01 £ 0.00
TG 54:4 p (%) 29 + 2 24 + 1 21 + 1 21 +1
M, 3.29 + 0.63 2.87 +0.39 3.10 £ 0.50 2.09 + 0.42
M, 0.17 + 0.04 0.15+0.02 0.19 £ 0.04 0.11 +£0.03
M, 0.03 +£0.01 0.02 + 0.00 0.02 +£0.01 0.01 £ 0.00
Heavy cream
TG 54:3 p (%) 36+2 32+2 38+5H 37+3
M, 3.11 +0.27 2.52 +0.32 1.37 £ 0.19 1.57 £ 0.24
M, 0.70 £ 0.08 0.55+0.13 0.17+0.03 0.16 = 0.04
M, 0.19 £ 0.02 0.13 £ 0.04 0.05 +0.01 0.04 +0.01
M, 0.19 £ 0.04 0.07 £0.01 0.02 +0.01 0.01 £0.01
TG 54:4 p (%) 42+ 2 38+3 30+1 20+ 3
M, 4.40 + 0.38 3.85 + 0.42 2.50 +0.32 2.87 +0.39
M, 0.40 + 0.09 0.41 £0.13 0.17 +0.04 0.16 + 0.05
M, 0.15 £ 0.04 0.14 £ 0.06 0.04 +£0.01 0.04 + 0.02
0.25% TPGS
TG 54:3 p (%) 94 + 1 85+ 2 79 + 2 74+ 3
M, 0.40 + 0.02 0.31 £0.02 0.33 +0.02 0.30 + 0.04
M, 0.10 £ 0.01 0.11 £0.01 0.08 £0.01 0.04 £ 0.01
M, 0.85+0.07 0.39 £ 0.10 0.17 +0.04 0.06 + 0.01
M; 21.06 + 2.57 2.02 £ 0.62 0.44 +0.12 0.10 £ 0.03
TG 54:4 p (%) 95+ 1 83+3 75+ 3 62 +4
M, 2.31 £0.12 1.62 + 0.09 1.76 £ 0.12 1.60 +0.21
M, 0.29 + 0.02 0.46 + 0.02 0.34 + 0.04 0.17 +0.03
M, 2.49 +0.15 1.38 + 0.36 0.59 + 0.14 0.15+0.03

Summary of precursor pool labeling (p, %) and relative amounts of isotopomers (M, My, My, M;) formed for
TG 54:3 and 54:4 at different time points following po administration of B¢ g-oleicacid (480 mg/kg) in formulations
containing different amounts of lipid. Data are presented as means + SEM; values listed for the isotopomers are in
units of corrected response (see Materials and Methods for details).
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TABLE 3. Precursor pool labeling (p) and relative amounts of isotopomers formed for TG 52:2 and 54:3

Mean + SEM amounts of isotopomer formed

Dose p (%) M, M, M, M,
10 mg/kg

TG 52:2 22 +2 63.04 + 7.03 0.56 £0.11 0.08 +0.02 —

TG 54:3 38 +1 74.95 £ 10.97 0.23 £ 0.05 0.07 +0.01 0.02 £ 0.01
50 mg/kg

TG 52:2 53 +2 66.44 + 5.42 2.06 +0.37 1.11 £0.15 —

TG 54:3 80+ 1 91.50 +17.48 1.02 £ 0.08 2.14 +0.22 2.72 +0.41
150 mg/kg

TG 52:2 73+ 1 58.11 + 6.94 2.10 +£0.38 2.80 +0.53 —

TG 54:3 871 84.41 £ 19.02 1.25+0.21 4.11+0.83 11.64 + 2.57

Summary of precursor pool labeling (p, %) and relative amounts of isotopomers (M,, M;, My, M;) formed
for TG 52:2 and 54:3 measured 30 min after iv administration of the []3(]18] oleic acid label to 4 h-fasted mice.
Data are presented as means + SEM; values listed for the isotopomers are in units of corrected response (see

Materials and Methods for details).

appearance of the M; isotopomer of triolein in plasma, as
well as on the M, isotopomer of PC 34:1. The enrichment of
the oleate precursor pool measured over the time course is
reported in Table 4. The data collected 30 min after admin-
istration of the isotope agree very well with data from experi-
ment 2. More importantly, the enrichment of the oleate
precursor pool was found to be highly comparable between
that of the vehicle and the compound-treated groups, giving
confidence that the inhibition of isotope incorporation into
triglyceride shown in Fig. 5 can be unambiguously attributed
to the action of the MTP inhibitor.

Experiment 5: effect of an MTP inhibitor on distribution
of isotope given as an oral bolus

Figure 6 shows the appearance of the [’Cys] oleic acid
tracer in various TG, PC, and CE lipids following oral ad-
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ministration (150 mg/kg in corn oil) to overnight-fasted
mice that had been treated 1 h prior with vehicle or MTP
inhibitor. Data are shown for lipids appearing in the sys-
temic circulation (plasma) as well as for those retained in
the intestinal (jejunal) tissue. Table 5 reports data for the
enrichment of the oleate precursor pool measured over
the plasma time course and, as in the previous experiment,
shows that equivalent labeling was achieved in both the
vehicle- and the compound-treated animals. Also, as in the
previous experiment, treatment with the MTP inhibitor
profoundly reduced the amount of labeled lipid appear-
ing in plasma. The data in Fig. 6 also show that these same
labeled lipids accumulate in the intestinal tissue, a finding
consistent with the known mechanism of MTP, which does
not alter lipid synthesis but rather modulates secretion of
lipid via lipoprotein particles.
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s —+— Vehicle
S
\‘-:' —=— 0.3 mg/kg
o O
g.g 10- -0- 3 mg/kg
2 £
oo
35
o O
=
E
@
[
Time (h)
D
100 4 —8— Vehicle
—— 0.3 mg/kg

~
o
1

-0 3 mg/kg

[
[4)]
L

Labelling of precursor
(oleate) pool (%)
W
o

Time (h)

Fig. 3. Effect of a DGAT1 inhibitor on the distribution of isotope given as an oral bolus is shown. African
green monkeys were treated with a single dose of vehicle, 0.3, or 3 mg/kg of a DGAT1 inhibitor. At 1 h later,
a 50 mg/kg oral dose of ["®Cyg]-oleic acid was administered in 0.25% TPGS (aqueous). The various isoto-
pomers of triolein were measured at subsequent time points in the plasma by LG-MS. (a) M, isotopomer; (b) My
isotopomer; (c) M; isotopomer; (d) percent labeling of the oleate precursor pool with the [°Cyg] tracer.
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Fig. 4. Comparison of LC-MS and GC-MS for measuring incorporation of isotope given as an oral bolus
into plasma triglycerides of African green monkeys treated with a DGAT1 inhibitor is shown. (a) AUC for the
M, isotopomer of triolein determined by LC-MS; (b) AUC for total triglyceride containing the ¥C,4 oleic

acid tracer determined by GC-MS. mpk, mg/kg.

DISCUSSION

Experiments 1 and 2 outlined in Materials and Methods
were designed to explore the effects of route of adminis-
tration and relative doses of the stable [13C18]-labeled oleic
acid substrate on the isotopomeric profile of complex lip-
ids isolated from the plasma of mice. The data generated
from these experiments, presented in Tables 2 and 3, show
experimental evidence for the profiles predicted by
MIDA theory (7). As expected, in the case of oral dosing
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of the tracer in the presence of larger amounts of di-
etary lipid (olive oil and heavy cream), the distribution
profile favors incorporation of a single equivalent of tracer
(i.e., the unlabeled dietary lipid dilutes the tracer labeling
minimizing the generation of doubly and triply labeled
triglycerides [Fig. 2]). Conversely, administration of the
tracer fatty acid in aqueous TPGS, a vehicle containing no
lipid, results in assembly of fully labeled triglyceride. Most
notably, the predominant labeled triglyceride is the My
isotopomer of triolein (TG 54:3), and the response for this

B
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Fig. 5. Effects of a single dose of an MTP inhibitor on the disposition of [Cyg] oleic acid administered
intravenously to mice are shown. (a) The role of MTP in assembling lipids synthesized in the liver into lipo-
protein particles for secretion into the systemic circulation is shown. (b and c¢) Time course of incorporation
for ['’C,5] oleic acid into selected triglyceride and phosphatidylcholine lipid markers, respectively, is shown.
(d) Effects of the MTP inhibitor on the AUC values for the triolein containing exclusively C- versus C-
oleate are shown. The inhibitory effect of the compound is clearly seen for TG labeled with the tracer fatty
acid, whereas no statistically significant differences between treated versus untreated animals could be dis-
cerned based on the '*C form of the triglyceride. **, P< 0.01.
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TABLE 4. Precursor pool labeling determined from the My/M, ratio for TG 54:3

Mean + SEM % of oleate precursor pool labeling (p)

Time (min) 5 15 30 60 120
Vehicle 49+ 7 89+1 88 +1 85+ 2 80+ 2
MTPi 49+5 89+ 1 82+3 81+3 56 + 6

The [IBCm] oleic acid label (50 mg/kg) was administered to mice in an Intralipids formulation 1 h after an oral
dose of the MTP inhibitor to investigate the effects on distribution of isotope given as an intravenous bolus.

molecular species far surpasses the response for circulat-
ing levels of "C-labeled TG 54:3. The data generated via
intravenous administration of the tracer in Intralipid (a
vehicle containing 20% endogenous triglyceride) shows
complementary data: as the dose of the tracer fatty acid is
increased, the distribution profile shifts toward greater in-
corporation of the label, and formation of the M, or M,
isotopomer is favored. These general trends are consistent
for the 3 different triglycerides investigated, TGs 52:2,
54:3, and 54:4, butitis interesting to note that these differ-
ent species also show different levels of precursor pool en-
richment. It has been documented that intestinal assembly
of triglyceride can draw from multiple pools of fatty acid
(e.g., those derived from the diet and those taken up from
the systemic circulation (26, 27). In agreement with this,
our data show that the synthesis of discrete molecular tri-
glycerides can also draw from different pools of oleate dur-
ing assembly. Use of the MIDA approach enabled by LC-MS
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analysis of the intact triglycerides provides a convenient
means to assess precursor enrichment regardless of which
or how many different pools of oleate are accessed during
assembly. The result is a snapshot of precursor labeling
taken at the precise moment of synthesis without interfer-
ence from bound oleic acid that was not available for assem-
bly of new lipid.

These findings, which are in strong agreement with the
MIDA theory, have practical implications for experimental
design when investigating lipid biology and, particularly,
the effects of pharmacological intervention. The utility of
the LC-MS approach to analyze intact molecular lipids al-
lows the relative ratios of isotopomers to be empirically
determined. From this information, quantitative informa-
tion on the labeling of the precursor pool can be derived
through simple calculations (22). To confidently deter-
mine that differences in the assembly/synthesis of newly
made lipid are due to a pharmacological perturbation, it is
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Fig. 6. Effects of a single dose of an MTP inhibitor on the disposition of [°Cys] oleic acid administered orally
to mice are shown. A 150 mg/kg dose of the isotope was mixed with corn oil and given to mice 1 h after treat-
mentwith the MTP inhibitor. The effects of the inhibitor on the disposition of the tracer in various plasma lipid
pools is shown for (a) triglyceride, M, isotopomer of triolein; (b) PC 34:1; and (c) CE 18:1. The tissue concen-
tration of the same molecular lipids in a sample from the jejunum is shown in panel d. *, P<0.05.
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TABLE 5. Precursor pool labeling as determined from the My/M, ratio for TG 54:3

Mean + SEM % of oleate precursor pool labeling (p)

Time (min) 30 60 120 240
Vehicle 32+3 18+1 12+2 9+1
MTPi 30+ 8 15+ 4 10+2 8+2

The [BCm] oleic acid label was administered (150 mg/kg) in corn oil to investigate the effects of an MTP
inhibitor on distribution of isotope given as an oral bolus.

important to document whether the labeling of the pre-
cursor pool is equivalent between treated and control sub-
jects. Provided this requirement is met, it can be safely
concluded that differences in the appearance of labeled
lipids are truly due to the effects of the treatment and not
to differences in isotope (precursor) dilution. The data
contained in Figs. 3 and 4 illustrate the utility of LC-MS in
evaluating the impact of pharmacological intervention
while providing a means for assessing labeling of the pre-
cursor pool. These figures also illustrate the additional in-
formation that can be derived from evaluating the mass
isotopomer distribution profile and how this can help to
further understanding of the underlying biology.
Consider the triglyceride excursion curves shown in Fig.
3 for African green monkeys treated with a DGAT]1 inhibi-
tor and orally exposed to the tracer fatty acid dosed in
TPGS. The classical model of lipid assembly in the gut in-
volves lipolysis of intact triglyceride to 2-monoglyceride
and free fatty acids via the action of pancreatic lipase,
which are then taken up by the enterocyte. Once inside
the cell, the substrates are reassembled into intact lipid by
the action of enzymes such as MGAT and DGAT (in the
case of triglycerides), ACAT (cholesteryl esters), and AG-
PAT (phospholipids) (28). This is commonly called the
MGAT pathway, and in this paradigm, the expectation is
that the majority of triglyceride would preserve the fatty
acid in the sn2 position of the monoglyceride taken up by
the enterocyte (29). It then follows that when introducing
a labeled fatty acid substrate, the greatest degree of incor-
poration one would typically expect would be 2 equiva-
lents of the tracer. The data in Fig. 3, however, illustrate a
different case based on the design of the experiment. In
this case, the free fatty acid tracer was administered orally
in aqueous TPGS, i.e., in the absence of endogenous tri-
glyceride that could be cleaved via lipase action to gener-
ate 2-monoglyceride. The free fatty acid tracer, able to be
taken up by the enterocyte, is then resynthesized into tri-
glycerides. The other substrates required for TG synthesis
would either be lipid stored intracellularly in the entero-
cyte (that could provide a source of mono- or diglyceride)
or glycerol-3-phosphate (G3P) that could be synthesized
de novo. In the latter case, classical biochemistry would
dictate that 1 equivalent of the oleate tracer could be con-
jugated to G3P via the action of GPAT to form lysophos-
phatidicacid, which can then be converted via phosphatidic
acid to di- and triglyceride containing additional equiva-
lents of the tracer (30). This route, referred to as the GPAT
pathway, could be seen to result in the formation of the
M; isotopomer of triolein, expected to be a rare if not
completely improbable occurrence. Indeed, triglyceride

assembly via the GPAT pathway in the enterocyte is largely
considered to be a minor contributor to overall synthesis
under normal conditions (31). The data in Fig. 3 show evi-
dence that assembly of both the singly labeled (M;) and
fully labeled (Mj;) isotopomers of triolein are inhibitable
by DGATT1 selective compounds. The data shown in Fig.
3d demonstrate that the precursor pool labeling was equiv-
alent between the control-and DGAT1 compound-treated
groups over the course of the experiment, providing con-
fidence that the decreased incorporation of the tracer into
newly synthesized TG is truly due to inhibition of the en-
zyme. The finding that the M3 isotopomer is the dominant
version of triolein formed is comparable to the data pre-
sented in Table 2 for the mouse study, illustrating an im-
portant concept for pharmaceutical development. The
fact that similar isotopomer distribution profiles were ob-
served for both mice and nonhuman primates for labeled
oleate dosed orally in TPGS illustrates that methods devel-
oped in one preclinical model have the potential to be
translatable to higher species. This is a substantial benefit
of the stable-isotopically labeled tracer approach but does
rely on a complete analysis of the isotopomer profile to
understand similarities and potential differences between
species.

The data shown in Fig. 3 illustrate the effects of DGAT1
inhibition on the assembly of a single triglyceride, TG 54:3
(triolein). The question as to whether the behavior of this
single molecular species is representative of the behavior
of the bulk pool of total triglyceride must be considered.
To address this question in the context of this particular
experiment, aliquots of the same plasma samples analyzed
by LC-MS and reported in Fig. 5 were analyzed by GC-MS.
Plasma TG was isolated by TLC and saponified, and the
liberated fatty acids were derivatized to methyl esters for
analysis by GC-MS as described above. The ratio of [13(]18]-
labeled oleate to endogenous "C oleate was determined
over the time course, and AUC values were calculated.
Figure 4 shows a comparison of the AUC values for
[13C18]-oleate incorporation into the M3 isotopomer of tri-
olein as determined by LC-MS and the AUC values for iso-
tope incorporation into total TG as determined by GC-MS.
The data are quite comparable, suggesting that triolein
can serve as a single biomarker for bulk triglyceride assem-
bly. It must be noted that this conclusion can only be
drawn for the specific experimental design employed, i.e.,
the administration of high doses of oleic acid in the ab-
sence of competing, endogenous lipid. This approach al-
lows us to steer TG synthesis toward a single molecular
marker (M; triolein) which can then be taken to be repre-
sentative of bulk behavior.
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Figures 5 and 6 highlight the utility of an LC-MS ap-
proach to measuring effects on disposition of isotope ad-
ministered orally and intravenously as a consequence of
pharmacological intervention, as well as trafficking of the
fatty acid tracer between different lipid pools. Figure ba
shows the role of MTP in assembling lipid in the liver into
VLDL for secretion to the systemic circulation. Figures 5b
and ¢ show the dramatic decrease in secretion of newly
synthesized lipid appearing in the plasma following iv ad-
ministration of the tracer when MTP is inhibited. Data for
tracer incorporation into TG and PC markers are both ob-
tained from the same sample in a single injection, allowing
disposition of the tracer between these pools to be exam-
ined. It must be noted that the appearance of labeled lipid
in the plasma will not be solely determined by hepatic lipo-
genesis as the iv tracer will be exposed to other tissues.
However, the liver is known to be a major site for removal
of plasma NEFA (32), a significant portion of which is re-
synthesized into triglyceride, particularly under conditions
of fasting (1, 33). Figure 5d illustrates a universal advan-
tage of employing stable-isotopically labeled tracers to
measure lipid synthesis. The secretion of newly synthesized
triglyceride (i.e., those containing at least 1 equivalent of
the tracer fatty acid) in mice treated with the MTP inhibi-
tor is markedly reduced over the time course of the experi-
ment, whereas changes in the steady-state levels of
endogenous triglyceride were not found to be statistically
significant.

Figure 6 shows an illustration of these same concepts
applied to oral administration of the tracer fatty acid. In
this case, the [1SC18]-labeled oleate was mixed with corn oil,
and trafficking of the fatty acid between secreted (plasma)
and storage (intestinal tissue) TG, PC, and CE lipid pools
was measured. The effects of the MTP inhibitor on secre-
tion of these newly formed lipids is similar to the data
shown in Fig. 5, with substantial decreases observed com-
pared with that of control. The time course of appearance
of labeled PC in plasma is markedly different from that of
TG or CE, with both of the neutral lipids appearing much
earlier in the profile. This suggests that the label may ini-
tially be incorporated into TG and CE in the enterocyte
for secretion via chylomicrons and that accrual of the iso-
tope by PC may be the result of synthesis/exchange mech-
anisms taking place in the periphery. These data support
the conclusions of others that the enterocyte may draw
from a pool of preformed phospholipid for chylomicron
secretion (34). Analysis of the lipids retained in the intes-
tinal tissue yields additional insight into disposition of the
tracer. Increases in tissue levels of triglyceride and choles-
teryl ester (the main neutral lipid components supplied
via MTP to chylomicron particles for secretion [28]) are
observed. The appearance of increased triglyceride in the
intestinal tissue of mice following treatment with this MTP
inhibitor has previously been reported (14). Here, we
show that tissue cholesteryl ester is also increased, provid-
ing additional information on the ultimate fate of the fatty
acid tracer flowing through this pathway when perturbed
by the MTP inhibitor. In both experiments, determination
of the enrichment of the precursor pool via the ratio of
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the My:M, isotopomers of TG 54:3 demonstrated compa-
rability between the vehicle- and compound-treated ani-
mals (Tables 4 and 5). This confirms that the data
presented in Figs. 5 and 6 are truly representative of the
effects of the inhibitor and ensure that the pharmacologi-
cal action can be cleanly interpreted.

CONCLUSIONS

The use of LC-MS to follow the disposition of stable-
isotopically labeled oleic acid in vivo provides all the tools
required to interrogate biology and confidently assess
pharmacological effects. Analysis of the mass isotopomer
distribution profile at the same time as the efficacy of the
drug is being assessed provides an empirical means to doc-
ument labeling of the precursor pool, an important con-
sideration when using these techniques for therapeutic
research. By using an appropriate experimental design, we
have also shown that it is possible to infer bulk behavior
from the analysis of a single biomarker. This allows ana-
lysts to develop targeted methods requiring small sample
volumes and short run times, enabling rapid assessment of
pharmacological effects and facilitating quick decision
making. Although these are all significant advantages, it is
important to draw attention to the limitations of the ex-
periment. For the investigations presented here, we se-
lected oleate as the tracer fatty acid based on findings that
it serves as a reliable probe for lipid synthesis (35) and on
our own evaluations of the suitability of this substrate for
the systems under study. To date, we have conducted no
independent studies to compare data obtained using dif-
ferent substrates such as palmitate, stearate, or linoleate
under these experimental conditions, each of which could
be envisioned to provide different (perhaps complemen-
tary) information. As an illustration, it has been reported
that the choice of fatty acid substrate is a large determi-
nant of the data that are ultimately obtained when investi-
gating the synthesis and disposition of lipids (35, 36), i.e.,
not all fatty acid tracers are equivalent. A further consider-
ation here is that we cannot derive data for the synthesis of
lipids that do not draw from the tracer-containing (i.e.,
oleate) pool. An additional limitation placed on experi-
mental design using this approach is the requirement to
administer a sufficient amount of the isotope to generate
measurable amounts of multiply labeled triglyceride. In
the experiments reported here, the lowest level of precur-
sor enrichment was 22% (for TG 52:2) when the isotope
was administered intravenously in Intralipids at a dose of
10 mg/kg, although we have been able to measure oleate
enrichments as low as 10% for triolein in other experi-
ments (data not shown). Our general experience has been
thata 10 mg/kg dose of the [ISCIB] oleic acid tracer adminis-
tered to mice p.o. in nonlipid containing vehicle or i.v. in
Intralipid has been sufficient to generate M, isotopomers
for each of the triglycerides studied in this report and to
result in labeling of PC 34:1 and CE 18:1. The need to ad-
minister the isotope at doses high enough to form multi-
ply labeled species should be weighed against the goals of
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the experiment to ensure that the amount of isotope
given, or the means of delivery, does not perturb the sys-
tem under study. Provided that these limitations are prop-
erly understood, the use of stably-labeled tracers for
exploring lipid synthesis and assembly can provide a
rapid and reliable evaluation of pharmacological effects
in vivo .
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