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Heath RB, Karpe F, Milne RW, Burdge GC, Wootton SA,
Frayn KN. Dietary fatty acids make a rapid and substantial contri-
bution to VLDL-triacylglycerol in the fed state. Am J Physiol Endo-
crinol Metab 292: E732-E739, 2007. First published November 7,
2006; doi:10.1152/ajpendo.00409.2006.—Exaggerated postprandial
lipemia is associated with coronary heart disease and type II diabetes,
yet few studies have examined the effect of sequential meals on
lipoprotein metabolism. We have used '*C-labeled fatty acids to trace
the incorporation of fatty acid derived from a meal into apolipoprotein
B-100 (apoB-100)-containing lipoproteins and plasma nonesterified
fatty acids (NEFA) following two consecutive meals. Healthy volun-
teers (n = 8) were given breakfast labeled with [1-'3C]palmitic acid,
eicosapentaenoic acid, and docosahexaenoic acid, followed 5 h later
by lunch containing [1-'3*CJoleic acid. Blood samples were taken over
a 9-h period. ApoB-100-containing lipoproteins were isolated by
immunoaffinity chromatography. Chylomicron-triacylglycerol (TG)
concentrations peaked at 195 min following breakfast but at 75 min
following lunch (P < 0.001). VLDL-TG concentrations, in contrast,
rose to a broad peak after breakfast and then fell steadily after lunch.
Breakfast markers followed chylomicron-TG concentrations and ap-
peared in plasma NEFA with a similar profile, whereas [1-!3CJoleic
acid peaked 2 h after lunch in plasma TG and NEFA. Breakfast
markers appeared steadily in VLDL, peaking 1-3 h after lunch,
whereas [1-'3Cloleic acid was still accumulating in VLDL at 9 h.
Around 17% of VLDL-TG originated from recent dietary fat 5 h after
breakfast, and around 40% at the end of the experiment. We conclude
that there is rapid flux of fatty acids from the diet into endogenous
pools. Further study of these processes may open up new targets for
intervention to reduce VLDL-TG concentrations and postprandial
lipemia.

postprandial metabolism; chylomicrons; chylomicron remnants; very
low-density lipoprotein

EXAGGERATED POSTPRANDIAL TRIACYLGLYCEROL (TG) concentra-
tions have long been associated with coronary artery disease
and atherosclerosis (11, 30). It has been proposed that an
accumulation of chylomicron remnants is the major contributor
to the atherogenic state (33), and many postprandial studies
focus on the metabolism of large chylomicrons. However, in
the postprandial period, >90% of TG-rich lipoprotein (TRL)
particles are VLDL (21, 29).

Few attempts have been made to study VLDL metabolism in
the postprandial state. VLDL and chylomicron remnants are
similar in size and composition, and the separation of the
lipoprotein classes cannot be achieved by conventional meth-

ods such as ultracentrifugation. However, the structural protein
apolipoprotein B (apoB) differs between TRL derived from the
intestine (apoB-48) and from the liver (apoB-100). ApoB-48 is
identical to the NH,-terminal 48% of apoB-100 but shares no
homology with the COOH-terminal end of apoB-100. There-
fore, monoclonal antibodies directed against the COOH-termi-
nal portion of apoB-100 have been employed to separate and
examine the lipid and apolipoprotein composition of chylomi-
crons and VLDL from lipoprotein fractions collected in the
fasted and postprandial states (2, 6, 14, 29). Using this tech-
nology, we showed previously that dietary fatty acids typically
appear within 2 h in VLDL-TG following a single meal (14).
We also found anomalous behavior of certain dietary fatty
acids, notably eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA): whereas EPA was predominant in the test
meal used, DHA became more prominent in VLDL-TG. This
suggested selective metabolism, possibly at the stage of tissue
uptake (14).

These studies have focused on postprandial TG metabolism
following a single meal. Few postprandial studies have exam-
ined lipoprotein metabolism following sequential meals, al-
though this would be more typical of daily life. Metabolic
events following subsequent meals during the day may not
reflect those seen after a single meal. For instance, a second
meal (“lunch”) may lead to the rapid release from the small
intestine of chylomicron particles carrying fat from the earlier
meal (9). There are several possible routes by which dietary
fatty acids can enter the VLDL-TG pool including delivery to
the liver of intact TG in chylomicron remnant particles, and of
nonesterified fatty acids (NEFA) produced as “spillover” from
the peripheral lipolysis of chylomicron particles (1, 23, 24).
These may well differ following sequential, compared with
single, meals because of persisting effects of insulin, rapid
release of chylomicrons as above, and other factors. Therefore,
knowledge regarding the dynamic aspects of lipid metabolism,
such as the movement of dietary fatty acids between lipopro-
tein species, in the context of repeated meal feeding is limited.

We therefore set out to test the hypothesis that the trafficking
of fatty acids from diet to endogenous pools would differ
between the first and second meals of the day, and in particular
to test whether the partitioning of fatty acid delivery to the liver
between remnant TG and NEFA would differ following suc-
cessive meals. We have used ['*>C]palmitic acid and n-3 poly-
unsaturated fatty acids (PUFA) consumed at breakfast and
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['3CJoleic acid consumed at lunch to trace the metabolism of
fatty acids consumed in each meal into plasma TG and NEFA
fractions. The n-3 PUFA were included to investigate further
our previous observation of selective incorporation into
VLDL-TG of DHA over EPA. The incorporation of labeled
fatty acids into VLDL-TG was used to estimate the contribu-
tion of fatty acids derived from the meal to endogenous
circulating TG.

MATERIALS AND METHODS

Subjects. Eight healthy male subjects were selected from the
Oxford Biobank, a population-based randomized collection of 30- to
50-yr-old men and women in Oxfordshire. All subjects had the ApoE
genotype, ApoE3/E3, as verified by the restriction fragment length
polymorphism method (15). Their characteristics are shown in Table
1. The study was approved by the Oxfordshire Clinical Research
Ethics Committee, and all subjects gave informed consent before the
study. Only men were used to reduce intersubject variability, but
results of this study can be used to plan more detailed studies of fatty
acid metabolism following sequential meals over a 24-h period and
compare men and women.

Study protocol. To standardize the subjects’ nutritional states be-
fore the study, all the subjects consumed a low-fat (<10 g fat) evening
meal. Subjects were also requested not to eat fish the day before the
study. All subjects were instructed to fast overnight and to refrain
from alcohol and strenuous exercise. A cannula was inserted into an
antecubital vein of the forearm, and blood samples were taken at —20,
0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360, 390, 420,
450, 480, 510, and 540 min. At time # = 0 min, subjects were given
breakfast, consisting of 40 g of Rice Krispies (Kelloggs, Warrington,
UK), a banana, and a warm chocolate milkshake containing 50 g of
fat. The fat consisted of 30 g of fish oil (EPAX3000TG; Pronova
Biocare, Asslund, Norway) and 20 g of olive oil (Tesco).
[1-13C]palmitic acid (99 atom%; Cambridge Isotopes, Woburn, MA)
(600 mg) was added to the test oil. The EPA and DHA present in the
fish oil and [1-'*C]palmitic acid acted as tracers for measuring the
movement of breakfast-derived fatty acids. The macronutrient and
fatty acid composition of the meal are shown in Table 2 and Table 3,
respectively. The breakfast was consumed within 10 min. At ¢ = 300
min, lunch was given. The fat content of lunch was also 50 g. It
consisted of a cheese sandwich and a second warm chocolate milk-
shake. The fat in this milkshake consisted of 20 g of safflower oil
(Anglia Oils, Hull, UK). [1-'3CJoleic acid (99 atom%; Cambridge
Isotopes) (450 mg) was added to the test oil to act as tracer for the
movement of lunch-derived fatty acids. The macronutrient and fatty
acid composition of the lunch are also shown in Tables 2 and 3,
respectively. The fatty acid composition of the meals was chosen to
make them distinct, so that the composition could be followed through
into plasma lipid fractions as we have done previously (9). During the
study, volunteers rested either in the supine position or sitting at a
desk doing some light work or reading.

Analyses. Blood samples were collected into heparinized syringes
(Sarstedt, Leicester, UK) for plasma metabolite and lipoprotein anal-

Table 1. Fasting characteristics of the subjects

Mean Range
Plasma glucose, mmol/l 5.4%0.1 4.8-5.7
Plasma TG, mmol/l 1.0£0.1 0.8-1.5
Plasma cholesterol, mmol/l 5.5*+0.2 4.7-6.8
Plasma insulin, mU/1 5.5%0.8 3.1-10.7
Age, yr 46.4*14 38-50
BMI, kg/m? 24.8+0.5 23.1-27.1

TG, triacylglycerol; BMI, body mass index.

E733

Table 2. Macronutrient composition of the breakfast
and lunch*

Carbohydrate, g Fat, g Protein, g Energy, kJ
Breakfast
Fish oil (30 g) 0 30 0 1,108.8
Olive oil (20 g) 0 20 0 739.2
Skimmed milk (250 g) 12.5 0.3 8.3 350
Nesquik (6 g) 4.8 0.2 0.2 152
Sweetener (1 g) 0 0 0 0
Rice Krispies (40 g) 35.9 0.4 24 629.3
Banana (100 g) 232 0.3 1.2 403
Label: palmitic acid 0 0.6 0 18.5
Total 76.4 519 12.2 3,400.8
Lunch sandwich

Cheddar cheese (50 g) 0 17.8 129 879.5
Pickle (10 g) 34 0.1 0.1 572
Bread (80 g) 34 3 9.1 920.8
Florat (10 g) 0.1 8.2 0.1 303.9
Test oil
Safflower oil (20 g) 0 20 0 739.2
Skimmed milk (50 g) 2.5 0.1 1.7 70
Nesquik (4 g) 32 0.1 0.1 60.8
Sweetener (0.4 g) 0 0 0 0
Label: oleic acid 0 0.45 0 18.5
Total 434 49.6 24.0 3,049.9

*Determined from food tables and manufacturers’ data. fPolyunsaturated
fatty acid (PUFA)-rich margarine (Unilever-UK, London, UK).

ysis. Plasma was separated by centrifugation at 1,700 g for 15 min.
Samples for plasma TG, NEFA, cholesterol, and insulin were stored
at —20°C until analyzed.

Plasma glucose, TG, and lipoprotein-TG concentrations were mea-
sured with kits from Instrumentation Laboratory (Warrington, UK).
Cholesterol and NEFA concentrations were measured with kits from
Randox (Antrim, UK) and Alpha Laboratories (Eastleigh, UK), re-
spectively. All of the metabolites were batch analyzed and measured
enzymatically with an IL Monarch.

TRL were separated by flotation in a density gradient (21). Ultra-
centrifugation was performed in a SW40Ti swinging bucket rotor at
40,000 rpm at 15°C (XL-70 Ultracentrifuge; Beckman Instruments,
Palo Alto, CA). The gradients were run for 32 min to float Svedberg
flotation rate (S¢) >400 lipoproteins and then for 16 h to float Sy
20-400 lipoproteins. The top 0.5-1 ml from each tube was aspirated,
collected into another preweighed tube, and immediately put on ice.
TRL were separated from plasma taken at ¢+ = 0, 60, 120, 180, 240,
300, 360, 420, 480, and 540 min.

The S¢ 20—400 was further separated by immunoaffinity chroma-
tography, using specific monoclonal antibodies 3F5, 4G3, and 5E11
against apoB-100, which do not cross-react with apoB-48. The meth-
ods were described in detail previously (14). This resulted in a bound
fraction that was completely devoid of apoB-48, which will hereafter
be called the VLDL fraction. The unbound fraction contained all the
apoB-48 in the S¢ 20—-400 fraction together with some apoB-100 (14)
and will be called the “chylomicron remnant fraction,” as it is
chylomicron remnant rich. The mean recovery of apoB-100 was
73.4% and that of TG was 77%. This recovery did not change
systematically with nutritional state, so the patterns of response shown
for the isolated lipoprotein fractions should not be affected.

Gas chromatography and mass spectrometry. For analysis of spe-
cific fatty acids, lipids were extracted from plasma or lipoprotein
fractions and separated and analyzed as described previously (14). A
sample of each test meal was homogenized and analyzed using gas
chromatography (GC) to establish specific fatty acid composition.

Stable isotope enrichment was determined by GC-combustion-
isotope ratio mass spectrometry essentially as described earlier (5).
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Table 3. Fatty acid content (in g) of the breakfast
and lunch*

16:1 18:1 18:2 20:5 22:6
Fatty Acid (g) 14:0  16:0 n-7 18:0 n-9 n-6 n-3 n-3
Breakfast

Fish oil (30 g) 25 53 2.8 1.0 39 0.3 5.6 3.8
Olive 0il 20 g) O 2.0 0.1 0.6 144 1.5 0 0
Skimmed milk

(250 g) 0 0 0 0 0 0 0 0
Nesquik (10g) 0 0 0 0 0 0 0 0
Sweetener (2 g) 0 0 0 0 0 0 0 0
Rice Krispies

(40 g) 0 0 0 0 0 0 0 0
Banana (100 g) O 0 0 0 0 0 0 0
Label: palmitic

acid 0 0.6 0 0 0 0 0 0
Total 25 79 2.9 1.6 183 1.8 5.6 3.8

Lunch sandwich

Cheddar cheese

(50 g) 1.8 4.1 0.4 2.0 4.4 0.2 0 0
Pickle (10 g) 0 0 0 0 0 0 0 0
Bread (80 g) 0 0.4 0 0.1 0.3 0.8 0 0
Flora (10 g) 0.1 1.1 0 0.7 1.5 4.1 0 0
Banana (100 g) 0 0 0 0 0 0 0 0
Safflower oil

(20 g) 0 1.3 0 0.5 2.3 14.8 0 0
Skimmed milk

(50 g) 0 0 0 0 0 0 0 0
Nesquik (4 g) 0 0 0 0 0 0 0 0
Sweetener

0.4 g 0 0 0 0 0 0 0 0
Label: oleic

acid 0 0 0 0 0.5 0 0 0
Total 1.9 69 0.4 33 9.0 19.9 0 0

*Determined from food tables and manufacturers’ data. Minor fatty acids
including shorter-chain fatty acids in the cheese account for the differences
from Table 2.

Fatty acid methyl esters (FAME) were resolved on a 50 m X 0.25
mm X 0.32 mm BPX-70 fused silica capillary column (SGE Europe,
Milton Keynes, UK) using an HP6890 GC (Hewlett Packard, Wok-
ingham, Berks, UK). FAME were converted to CO, by heating to
860°C in the presence of Pt/CuO using an Orchid IRMS interface
(PDZ-Europa, Crewe, Cheshire, UK) and '3*C0O,:'>CO, was deter-
mined by a 20/20 Stable Isotope Analyser (PDZ-Europa). Tricosanoic
acid methyl ester was used as isotopic enrichment standard (1.135
atom%). The concentrations of labeled fatty acids were calculated
from the total concentration of each fatty acid in plasma and the
fractional enrichment.

Calculations and statistics. The contribution of dietary fatty acids
to VLDL-TG fatty acids was calculated as follows. The molar pro-
portion of [1-'*C]palmitic acid in dietary fatty acids in the breakfast
was calculated, allowing for the fact that the fat content is TG and
converting to fatty acids (1.3 mol%). The contribution of dietary fatty
acids to VLDL-TG was then calculated from the tracer concentration
in the VLDL fraction assuming that there was uniform metabolic
handling of all dietary fatty acids. Since this assumption is clearly not
absolutely true, the calculations were also performed treating EPA in
the breakfast meal as a tracer (12.6 mol%). Similar calculations were
made for fatty acids derived from lunch, using [1-'3*Cloleic acid as a
tracer (0.92 mol% of lunch fatty acids).

Data were analyzed with SPSS software version 10.0 (SPSS-UK,
Chertsey, UK). Postprandial metabolite and lipoprotein responses
were analyzed by repeated-measures ANOVA, using “time” as a
within-subject factor. Differences between remnant and VLDL-TG
composition were also measured by repeated-measures ANOVA. P <

LIPOPROTEIN METABOLISM AFTER SEQUENTIAL MEALS

0.05 was considered statistically significant. All data are presented as
means * SE or medians.

RESULTS

Postprandial responses in plasma TG, NEFA, and glucose.
A biphasic pattern in plasma TG concentration (Fig. 1A) was
seen following sequential meals, with mean peak TG concen-
trations at + = 180 min and r = 360 min. The peak TG
concentration following lunch was significantly earlier (79 =
11 min to reach peak) than the peak TG concentration follow-
ing breakfast (200 = 17 min to reach peak, P < 0.001).

Suppression of plasma NEFA (Fig. 1B) was seen following
both breakfast and lunch. However, NEFA concentrations
tended to rise after lunch (mean 426 pwmol/l at 330 min vs. 377
pmol/l at 300 min, P < 0.01) before decreasing more slowly
(time to nadir postbreakfast 101 = 18 min, postlunch 189 = 16
min, P < 0.001). The degree of suppression of plasma NEFA
was considerably less following the second meal (nadir 290 =
43 pmol/l vs. 230 = 42 pmol/l, P = 0.011).

A biphasic pattern in plasma glucose (Fig. 1C) was seen
following breakfast, whereas a single peak in plasma glucose
concentration was observed following lunch. This pattern was
similar to that of plasma insulin (Fig. 1D), which also showed
a biphasic pattern following breakfast but a single peak fol-
lowing lunch.

TG concentrations of Sy >400 and Sy 20—400 lipoproteins in
the postprandial period. A biphasic pattern was observed in S¢
>400 TG concentrations (Fig. 2A4) following the sequential
meals, with peak concentrations at + = 180 min and ¢ = 360
min. The peak in S¢ >400 TG concentration following lunch
was significantly earlier (time to peak = 75.0 = 9.8 min) than
that observed following breakfast (time to peak = 195 = 15
min, P < 0.001), mirroring the pattern of the total plasma TG
concentrations.

S¢ 20-400 TG concentrations (Fig. 2B) did not exhibit a
biphasic pattern, instead exhibiting a broad peak over 5 h and
declining quickly thereafter, reaching baseline values by ¢ =
540 min. The S¢ 20-400 TG concentrations represent both
small chylomicron-TG and VLDL-TG. S 20—400 lipoproteins
were separated using immunoaffinity chromatography to pro-
duce a pure VLDL fraction and a chylomicron remnant frac-
tion. The majority of the rise in S¢ 20—400 TG was accounted
for by the chylomicron remnant fraction (Fig. 2C). VLDL-TG
concentrations, on the other hand, only rose slightly during the
first postprandial period and fell steadily in the second post-
prandial period.

Incorporation of dietary fatty acids into the plasma TG and
NEFA. The three breakfast-derived tracers, [1-'*C]palmitic
acid (Fig. 3A4), EPA, and DHA (Fig. 3C), were incorporated
into the plasma TG within 60 min of the breakfast. In the TG
pool, the concentrations of [1-'3*CJpalmitic acid, EPA, and
DHA had reached their postbreakfast peaks and begun to
plateau by + = 300 min. Following lunch, however, there was
a distinct second peak in all three tracers at + = 360 min. The
postlunch peaks in all three tracers were earlier (each P <
0.001) and higher in absolute concentrations (EPA, P = 0.013;
DHA, P = 0.009) than those exhibited after breakfast. The
appearance of all three fatty acids in the plasma NEFA pool
(Fig. 3, B and D) was similar to that in the plasma TG pool,
although DHA was the predominant n-3 PUFA in the plasma
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Fig. 1. Plasma triacylglycerol (TG; A), non-
esterified fatty acids (NEFA; B), glucose (C),
and insulin (D) concentrations following se-
quential meals. Dotted lines represent times
at which meals were given. Values are
means = SE; n = 8.
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Fig. 3. Dietary [1-'*C]palmitic acid (solid cir- 10

cles) and [1-'3*CJoleic acid (open circles) in-
corporation into plasma TG (A) and plasma
NEFA (B) following sequential meals. The
appearance of eicosapentaenoic acid (EPA;
solid circles) and docosahexaenoic acid
(DHA; open circles) in the plasma TG (C) and
plasma NEFA (D) following sequential meals.
FA, fatty acids; PUFA, polyunsaturated fatty
acids. Dotted lines represent times at which
meals were given. Values are means * SE;
n = 8.

Labeled FA in plasma TG (umol/l) }>

o
T

-60 0

400 -

300

200 -

100 -

n-3 PUFA in plasma TG (umol/l) ¢)

60 120 180 240 300 360 420 480 540 -60 0

LIPOPROTEIN METABOLISM AFTER SEQUENTIAL MEALS

Labeled FA in plasma NEFA (pmol/l)m

25

20

n-3 PUFA in plasma NEFA (umol/l)U

-60 0 60 120 180 240 300 360 420 480 540

Time (min)

NEFA pool, whereas EPA was the predominant n-3 PUFA in
the plasma TG pool. The lack of immediate suppression of
NEFA after the second meal is therefore largely explained by
appearance of NEFA derived from chylomicrons containing
the fatty acids from the first meal.

[1-13C]Joleic acid, the marker of the lunch-derived fatty
acids, peaked at + = 420 min in the plasma TG pool, but the
overall appearance of this fatty acid in the circulation was
noticeably blunted compared with the appearance of
[1-13C]palmitic acid, which was still appearing in the circula-
tion 6 h following breakfast. This diminished response of oleic
acid was clearly seen in both the plasma TG and NEFA pools.
Although the amount of [1-'3CJoleic acid (450 mg) was lower
than the amount of [1-'3C]palmitic acid (600 mg) used in the
study, if the observed concentrations of oleic acid were ad-
justed to compensate for this, the difference was still apparent
and must reflect differences in the metabolism of fatty acids in
these two different postprandial periods.

Incorporation of dietary fatty acids into TRL fractions. All
three fatty acid tracers given in the breakfast {[1-'3C]palmitic
acid (Fig. 4A), EPA, and DHA (Fig. 4D)} were incorporated
into the Sy >400 TG fraction. The appearance of fatty acids in
this fraction was similar to their appearance in whole plasma
TG. In the chylomicron remnant fraction TG, dietary fatty
acids {[1-'*C]palmitic acid (Fig. 4B), EPA, and DHA (Fig.
4E)} appeared within 60 min of the breakfast. The concentra-
tion of all three tracers increased at a fairly consistent rate and
continued to rise even after the second meal had been con-
sumed. The concentration of [1-!3C]palmitic acid in this frac-
tion peaked at # = 360 min, whereas the concentrations of EPA
and DHA peaked later at # = 420 min. The incorporation of the
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three tracers into VLDL-TG was noticeably delayed, with
dietary fatty acids entering this fraction after 60 min.

[1-13C]Joleic acid was quickly incorporated into chylomicron
remnant TG (Fig. 4B) following lunch. In VLDL-TG (Fig. 4C),
oleic acid was incorporated later than in the chylomicron
remnant TG and appeared to rise at a constant rate and was still
rising at ¢ = 540 min. In both fractions, the appearance of this
fatty acid was blunted compared with the earlier appearance of
palmitic acid.

The contribution of breakfast-derived fatty acids to
VLDL-TG fatty acids was calculated assuming [1->C]palmitic
acid to be a tracer of breakfast fat (see MATERIALS AND METHODS).
This calculation showed that 17 mol% (median) of VLDL-TG
fatty acids arose from breakfast fat at 300 min, rising to 29
mol% at 540 min. With the use of EPA as a tracer, the
equivalent figures were 9 mol% (median) at 300 min and 25
mol% at 540 min. Fatty acids from lunch, calculated using
[1-'3C]Joleic acid as tracer, contributed 13 mol% (median) of
VLDL-TG at 540 min. The combined contribution from break-
fast and lunch fats, calculated using [1-'*C]palmitic acid and
[1-'3CJoleic acid tracers, was 43 mol% (median) at 540 min.

DISCUSSION

Humans spend much of the 24 h of each day in a postpran-
dial state. However, studies of VLDL metabolism are often
confined to the postabsorptive state (10), both to overcome
problems of non-steady state that occur after meals and to
avoid the methodological problems of separating VLDL from
chylomicron particles. Postprandial VLDL metabolism is
likely to be important, however. VLDL particles far outnumber
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Fig. 4. Dietary [1-'3C]palmitic acid (solid circles) and [1-'3CJoleic acid (open circles) incorporation into the S¢ >400 TG fraction (A), remnant TG fraction (B),
and VLDL-TG fraction (C) following sequential meals. The appearance of EPA (solid circles) and DHA (open circles) in the S¢ >400 TG fraction (D), remnant
TG fraction (E), and VLDL-TG fraction (F) following sequential meals. Dotted lines represent times at which meals were given. Values are means *= SE; n = 8.

chylomicron particles even during postprandial lipemia (7),
VLDL particles compete with chylomicrons for clearance by
lipoprotein lipase (4), and postprandial lipemia, to which
VLDL-TG contributes significantly (6, 29), is a well-estab-
lished risk factor for cardiovascular disease.

Immunoaffinity separation of VLDL and chylomicron rem-
nants has been used previously to study aspects of VLDL and
chylomicron metabolism following a single meal (2, 6, 14, 29).
However, this is the first study to use this technique to examine
the effect of a second meal on VLDL metabolism. A novel
finding was that the changes in VLDL-TG concentrations
following sequential meals were different from those of chy-
lomicron and chylomicron remnant TG. VLDL-TG concentra-
tions returned to baseline following lunch and then continued
to decrease, in contrast to the increase in chylomicron and
chylomicron remnant TG soon after lunch. This might suggest
that the decrease in VLDL-TG concentration is due to a
decrease in VLDL production. However, the sustained incor-
poration of dietary fatty acids into the VLDL-TG pool is direct
evidence of the secretion of newly synthesized VLDL parti-
cles. It has been shown previously that dietary fats are incor-
porated into the VLDL-TG pool within 90 min of food intake
(14). In the current study, the breakfast-derived fatty acids
(EPA, DHA, and [1-'3C]palmitic acid) were rapidly incorpo-
rated into the VLDL-TG pool in the postbreakfast period, as
shown previously. The surprising and novel observation was
that lunch-derived fatty acids were also incorporated into the

VLDL-TG pool within 2 h, clearly demonstrating the secretion
of new VLDL particles in both postprandial periods. Therefore,
it seems likely that the postlunch decrease in VLDL-TG was
caused by increased catabolism of VLDL-TG. There are two
pieces of evidence in the current study to support this idea.
First, the concentrations of both chylomicron-TG and chylo-
micron remnant TG also fell rapidly in the later postlunch
period. Second, the rapid appearance of dietary fatty acids in
the NEFA pool in the postlunch period is an indicator of
increased generation of NEFA directly from chylomicron li-
polysis.

Our results emphasize that responses following a single test
meal cannot be extrapolated to the normal daily fed situation.
An early peak in plasma TG concentrations is often, but not
always (5), seen following a second meal. This peak is asso-
ciated with an influx of chylomicron particles (9, 18, 25). This
“second-meal phenomenon” was clearly observed in the cur-
rent study, with an exaggerated early peak seen after lunch in
both plasma TG and chylomicron-TG. As in the study of
Fielding et al. (9), the early postlunch increase in chylomi-
cron-TG concentration was associated with a rapid increase in
breakfast-derived fat in this pool. In this case, peak concentra-
tions of breakfast-derived fatty acid markers, EPA, DHA, and
[1-13C]palmitic acid, coincided with the early peak in chylo-
micron-TG concentration, whereas the peak concentration of
[1-13C]Joleic acid, the lunch-derived fatty acid marker, was
much later. This second-meal effect reflects storage of dietary
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fat in enterocytes and perhaps intestinal lymphatics, with
release following consumption of a second meal (26). Previous
studies in which TRL fractions have been investigated after
sequential meals have shown that most of the increase in TG is
present in the Sy 60—400 flotation range and very little in the
S¢ 20—60 range (smaller VLDL) (17). But it is that larger
fraction, S¢ 60—400, in which the “contamination” by chylo-
microns, evidenced by the presence of apoB-48, is most prom-
inent; in fact, there is typically more apoB-48 in that fraction
than in the Sy >400 fraction (17). The early appearance of
retinyl palmitate, administered with lunch, in the Sy 20—400
fraction also shows clearly the difficulty with the assumption
that this fraction represents hepatic VLDL (20). It was of
interest that dietary fatty acids were still present in the NEFA
pool throughout the experiment. Labeled fatty acids adminis-
tered with a meal accumulate rapidly in adipose tissue (27),
such that by 24 h after the test meal, almost all the tracer fatty
acid administered can be accounted for in adipose depots
provided that omental fat is included (19). The implication of
our findings is that passage through VLDL-TG is but one
pathway by which these dietary fatty acids reach their desti-
nation in fat cells.

We noted previously that there are differences in the meta-
bolic handling of dietary EPA and DHA (14). This was seen
again in this study: while EPA predominated in the meal and in
chylomicron-TG, this was reversed in plasma NEFA and in
VLDL-TG. The difference was rather more marked following
the second meal. We speculated previously that there is selec-
tive lipolysis of DHA, or a reduced uptake in adipose tissue of
newly lipolysed DHA, from the chylomicron-TG. The marked
appearance of DHA in plasma NEFA during the early peak of
lipemia following lunch adds some weight to this idea. The
inclusion of such a large amount of n-3 PUFA in the test meal
is unlikely to have had a major influence on postprandial
events. In studies in which n-3 PUFA have been fed as part of
a single, acute test meal, no differences in plasma TG re-
sponses have been found when compared with other test oils
(13, 18). Effects of n-3 PUFA on VLDL assembly and secre-
tion have been shown in cellular systems (3, 22, 31). However,
we have shown in preliminary experiments more recently (16)
that similar rapid incorporation of dietary fatty acids into
VLDL-TG is seen following a breakfast without fish oil. We
used different fatty acid tracers, [1—13C]palmitic acid and
[1-13C]oleic acid, to mark breakfast and lunch fat, respectively.
When these tracers were given as part of a liquid feed, greater
proportional oxidation of oleate was seen (28); this was also
true of a study of their relative oxidation during exercise (32).
However, the plasma turnover of these two fatty acids is
similar (12), as is their handling in adipose tissue (8). There-
fore, some caution must be exercised in comparing directly the
behavior of the fatty acid tracers after breakfast and lunch, but
differences in their metabolism are unlikely to explain com-
pletely the different time course of their incorporation into
VLDL-TG.

Little is understood about the sources of VLDL-TG produc-
tion in the postprandial period. Our data show dietary fatty
acids making a rapid and substantial contribution to VLDL-TG
production. The calculations of the contribution of dietary fatty
acids to VLDL-TG are necessarily simplifications of a complex
process: interpretation of the data is complex because of the
many variables inherent in such a study. It is likely that, by 540

LIPOPROTEIN METABOLISM AFTER SEQUENTIAL MEALS

min, fatty acids have been recycled through VLDL, NEFA (or
intermediate-density lipoprotein), and back through the liver
for further VLDL-TG synthesis. Nevertheless, our data show
that there is rapid flux of fatty acids from the diet into
endogenous pools. It may be that further study of the details of
these processes will open up new targets for intervention to
reduce VLDL-TG concentrations and postprandial lipemia.
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