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Changes in plasma very low density and low density
lipoprotein content, composition, and size after a
fatty meal in normo- and hypertriglyceridemic man

T. G. Redgrave! and L. A. Carlson

King Gustaf V Research Institute, Karolinska Hospital, Stockholm, Sweden

Abstract Four subfractions of plasma VLDL char-
acterized by decreasing S; value and LDL were isolated by
density gradient preparative ultracentrifugation from
normotriglyceridemic (NTG) and hypertriglyceridemic
(HTG) (type IV) subjects in the fasting state and after a
fatty meal. Chemical analysis and computation of numbers
of particles in each fraction showed that the hyperlipidemia
of type IV subjects was accounted for by an increase in total
numbers of VLDL and a shift in the distribution of VLDL
towards particles of larger diameter. Postprandial hyper-
lipidemia was due to the presence of chylomicron rem-
nants rather than intact chylomicrons, and was accounted
for by an increase in particle diameter of the largest VLDL
subfraction rather than by an increase in particle numbers.
Postprandial hyperlipidemia was accompanied by a shift in
the distribution of VLDL towards particles of larger diam-
eter in both NTG and HTG subjects, probably because of
competition for the triglyceride-depletion process between
chylomicrons and hepatic VLDL. Most chylomicron rem-
nants were removed from the circulation without degrada-
tion to smaller VLDL or to LDL, but some remnants were
sufficiently small to contribute to smaller VLDL subfrac-
tions. The LDIL of type IV subjects contained more apo-
protein B than those from NTG subjects, and this difference
was associated with increases in diameter, molecular weight,
density, and the ratio of protein:phospholipid in LDL from
type 1V subjects. Defective degradation of large VLDL to
small VLDL, and of VLDL to LDL may be related to this
alteration in apoprotein B content of the lipoproteins in type
IV subjects.—Redgrave, T. G., and L. A. Carlson. Changes
in plasma very low density and low density lipoprotein con-
tent, composition, and size after a fatty meal in normo-
and hypertriglyceridemic man. J. Lipid Res. 1979. 20:
217-229.
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chylomicrons

Absorption of a fatty meal adds triglyceride-rich
intestinal particles to the plasma lipoprotein pool, but
postprandial hyperlipidemia is usually of modest pro-
portions (1-3) despite considerable fluxes of ab-
sorbed dietary lipids through the plasma compart-
ment. Removal rates of chylomicron triglyceride and
cholesterol from the plasma are very rapid in man and

in experimental animals, but are reduced in hyper-
triglyceridemia (3-6), raising the possibility that
chylomicrons or their catabolic remnants may persist
in the plasma and contribute to hyperlipidemia.
Evidence that such a mechanism contributes to hyper-
lipidemia has been obtained in the cholesterol-fed
rabbit (7), in diabetic and hypothyroid rats (8), and in
obese and alcohol-fed rats (5, 6).

The present study had two objectives. The first was
to define the nature of postprandial hyperlipidemia
in terms of lipoprotein number, size, and molecular
composition by analyzing the chemical composition of
VLDL subfractions. The postprandial changes in
normo (NTG)- and hypertriglyceridemic (HTG) sub-
jects were compared to establish if chylomicron rem-
nants contribute to the plasma VLDL pool. Second, we
were interested in comparing the composition of
VLDL subfractions and of LDL from subjects with
type IV HTG with those from NTG individuals.

MATERIALS AND METHODS

Subjects and procedures

Seven NTG and seven HTG adult men or women
were studied. The NTG subjects had normal blood
lipids except for one healthy man classified as having
type II A (9) with plasma cholesterol of 7.8 mmol/l
(302 mg/dl). The HTG subjects were all classified as
having type IV hyperlipoproteinemia (9). Healthy
volunteers or patients who had previous myocar-
dial infarction were chosen for the study, excluding

Abbreviations: LDL, low density lipoprotein; VLDL, very low
density lipoprotein: NTG, normotriglyceridemic; HTG, hypertri-
glyceridemic; EDTA, ethylene diamine tetraacetic acid; IDL, inter-
mediate density lipoprotein; HDL, high density lipoprotein; TG,
triglyceride.

! Visiting scientist on leave from the Department of Physiology,
University of Melbourne, Parkville, Victoria 3052, Australia. Ad-
dress correspondence to Dr. Redgrave at this address.
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Fig. 1. Shape of the density gradient. The densities at 20°C of
1-ml fractions from the centrifuge tube were measured. Points are
means of duplicate centrifugations. O—Not centrifuged, stood on
bench for 18 hr; A—centrifuged 28,300 rpm for 43 min (spin A);
O—spin A plus 37,000 rpm for 18 hr (spin D).
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subjects with either diabetes or other known metabolic
disease, or under treatment likely to affect lipid
metabolism.

A blood sample was taken on the morning of the test
after an overnight fast. Subjects then consumed a test
meal of 100 g of soybean oil seasoned with lemon
juice. The oil contained 10.8% palmitic, 3.6% stearic,
21.4% oleic, 54.8% linoleic, and 8.9% linolenic acids,
giving an average molecular weight for triglycerides
of 872. The test meal was tolerated well and no subject
was nauseated. Additional blood samples were taken
after 3 and 6 hr. Blood was taken into tubes con-
taining 1.4 mg/ml EDTA. Plasma was separated as
soon as possible by centrifugation for 20 min at
1000 g at room temperature (20-23°C), placed into
tubes containing 0.8 mg/ml of p-chloromercuriphenyl-
sulfonic acid (10), and stored at 4°C for not longer
than 48 hr before lipoprotein separation.

Methods

A density gradient ultracentrifugation procedure
was used to subfractionate the plasma lipoproteins.

Plasma was adjusted to density 1.10 g/ml by adding
solid KBr, 0.14 g/ml. Gradients consisting of 4 ml of
1.10 g/ml plasma, 3 ml each of 1.065 g/ml and 1.020
g/ml, and 3.4 ml of 1.006 g/ml salt solutions were
formed as described previously (11) and centrifuged
in the SW40 rotor of the Beckman L5-75 ultracen-
trifuge at 20°C.

VLDL was subfractioned by cumulative rate cen-
trifugation, as described by Lindgren, Jensen, and
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Hatch (12), to float particles of diameter > 75 nm
(St > 400, fraction A), 50-756 nm (S; 175-400, frac-
tion B), 37-50 nm (S; 100-175, fraction C), and
20-37 nm (S 20-100, fraction D) to the top of the
tube. Calculated requirements for these flotations at
20°C were 4.5 x 108, 17.5 x 10%, 31.2 x 10%, and
152 x 10® g-min. In the SW 40 rotor, after correction
for acceleration and deceleration forces and previous
runs, centrifugation was for 43 min at 28,300 rpm
(fraction A), then for 67 min at 40,000 rpm (fraction
B), then for 71 min at 40,000 rpm (fraction C), and
lastly for 18 hr at 37,000 rpm (fraction D). Times
given are from switch-on to switch-off of drive power.
Maximum acceleration was used, and the brake was
not used. Each fraction was carefully aspirated from
the top of the tube, and density 1.006 g/ml salt solu-
tion was used to refill the tube before the nextrun. The
shape of the gradient is shown in Fig. 1. After the final
centrifugation, the major LDL fraction was easily
identified as a yellow band about 5 mm wide, located
between 4 and 5 cm from the bottom of the tube. This
band, which contained 67% (SEM 4.0, n = 7) of total
plasma LDL, was also aspirated from the tube at the
end of the procedure.

Analysis

Triglyceride (13) and cholesterol (14) concentra-
tions in plasma and separated fractions were meas-
ured on a Technicon Auto-Analyzer I after lipid
extraction (15). Lipid phosphorus was measured (16)
after digestion of samples and the values were mul-
tiplied by 25 to give phospholipid content. Protein
content was determined (17) after extracting with
chloroform the turbidity due to lipids. Apoprotein B
content of lipoprotein fractions was estimated by dif-
ference after extraction of soluble apoproteins with
equal volumes of 2-propanol (18) and then 1-penta-
nol. Extraction with 2-propanol quantitatively pre-
cipitates apoprotein B (18) and the subsequent extrac-
tion with 1-pentanol removes lipids and produces an
aqueous phase concentrated by a factor of 1.48, which
greatly facilitates determination of the nonapo-B,
soluble apoproteins in the lipoprotein subfractions.
High salt concentrations were initially reduced by
dialysis to avoid interference with the protein assay.

Esterified and free cholesterol were separated on
columns of Sephadex LH-20, modifying the described
procedure (19) to employ columns 1 cm in diameter
and 20 cm high.

Electrophoresis in agarose gel was according to
Noble (20). Disc gel electrophoresis (21) was per-
formed in 8 M urea at pH 9.1 on the peptides soluble
after extraction with 2-propanol and I-pentanol.
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Plasma albumin concentrations were measured by
rocket immunoelectrophoresis (22) to enable correc-
tions for shifts of body water.

Analytical ultracentrifugation was performed in the
Spinco model E, with a 1.2-ml double sector cell in the
AN-D rotor. Runs in 1.063 g/ml salt solution at 26°C
were at speeds of 10,000 rpm for fraction A, at 20,000
rpm for fractions B and C, at 30,000 rpm for fraction
D, and at 40,000 rpm for LDL. F values were cor-
rected to zero concentrations (12) to give the S; values.
Densities were measured at 20°C with a calculating
digital density meter (Model DMA 45 Anton Paar
KG A-8054 Graz, Austria).

For analysis of the fatty acid composition the VLDL
fractions were extracted by chloroform-methanol
(15). After separation by thin-layer chromatography
(23) the triglyceride fatty acids were methylated and
separated on a 5720 A gas chromatograph (Hewlett-
Packard) as described (24).

Calculations

Lipoprotein TG molecular weight was taken to be
860 and that of cholesteryl ester 1.68 x 387. Particle
densities were calculated from the partial specific
volumes of the constituents; 1.093 for TG; 1.044 for
cholesteryl ester; 0.968 for free cholesterol; and 0.970
for phospholipids (25). The partial specific volume for
apoprotein is not known, but it was estimated for apo-
protein B from the background density of LDL
isolated from gradients as described. Background
density was measured after ultrafiltration of LDL
by membrane filters. Assuming that the LDL band was
at its equilibrium density, the partial specific volume
of its apoprotein was calculated from measured lipo-
protein composition and by employing the known
partial specific volumes of the other constituents
(Archimedes’ principle). A value of 0.7765 + 0.0030
(SEM, n = 6) was obtained and was used for all apo-
protein moieties. This value should be compared with
those that can be calculated (26) from published (27)
amino acid and carbohydrate contents of the apo-
proteins, viz. 0.731 for apoprotein B; and 0.743,
0.730, and 0.719 for apoproteins C-I, C-1I, and C-II1,
respectively.

The radius, r,, of the VLDL particle was calculated
assuming spherical particles with all apolar lipids in
the core with radius r,. As the total volume, V,, of all
constituents of a VLDL fraction and the volume, V5,
of the apolar constituents can be calculated, e.g., per
ml in the isolated fractions, the ratio rofr; = C = (Vyf
V,)'® can be obtained. Since the data of Sata, Havel,
and Jones (25) and Mjgs et al. (28) indicate that all
VLDL particles have a constant thickness of the polar
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surface shell of 2.15 nm it follows that r; — r, = 2.15
and hence r; was calculated from the relation r,
—7ry'C =215 or r{ =2.15/(1 — C). Particle S; and
molecular weight were calculated assuming Stokes’
spheres as described by Lindgren et al. (12) viz. S;
=D? (1.063 — d)/1.847 and MW = 3153 x D? x d
where D is the diameter in nm and 4 is the particle
density. Particle molecular constituents in daltons
were then calculated as the product of weight fraction
and molecular weight. Particle numbers were then
calculated by dividing the volume of a particle of diam-
eter D into the total lipoprotein volume. All results
were corrected for dilution due to KBr solution (4%)
and for shifts in body water (0-6%).

RESULTS

Characteristics of isolated fractions

The described ultracentrifugal procedure divided
plasma VLDL into four subfractions of progressively
decreasing diameter, increasing density, and decreas-
ing molecular weight (Table 1). Although the cal-
culated molecular parameters of the separated sub-
fractions were within the predicted range of particle
dimensions, analytical ultracentrifugation was used to
gain an independent assessment of the average size of
the fractions. By this method fraction A had diameter
74 nm, fraction B 42.8 nm, fraction C 37.0 nm, frac-
tion D 33.6 nm, and LDL 17.9 nm (means of deter-
minations on two separate samples from fasting HTG
subjects), thus confirming the general validity of the
calculations, but also showing that calculated diameter
is overestimated by 15% on average, perhaps because
the calculations assume a uniform population
whereas, in fact, each fraction is a continuum. The cor-
relation coefficient between the computed values for
diameters obtained by analytical ultracentrifugation
and the ratio (volume of apolar constituents)/(total
particle volume) was 0.98. Direct measurements by
electron microscopy also gave diameters close to the
calculated ones, with means of 98 nm for fraction A,
61 nm for fraction B, 46 nm for fraction C, and 35 nm
for fraction D (Fig. 2).

The material of fraction A did not enter the gel on
agarose gel electrophoresis (Fig. 3). Fractions B, C,
and D all had pre-8 mobility that was slightly slower
postprandial in fraction C and slower in fraction D at
all times. Disc-gel electrophoresis in polyacrylamide
gels (Fig. 4) showed that the proteins soluble after
extraction with 2-propanol and 1-pentanol were ap-
proximately similar in all fractions, but fraction D con-
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TABLE 1.

Molecular parameters of lipoprotein fractions

NTG HTG
0 hr 3 hr 6 hr O hr 3 hr 6 hr
Density giml
VLDL
A 0.932 = 0.001 0.933 *+ 0.003 0.942 = 0.002 0.933 = 0.001 0.929 = 0.001
B 0.954 = 0.002 0.957 = 0.001 0.957 = 0.001 0.955 + 0.001 0.956 + 0.001 0.955 = 0.002
C 0.966 = 0.001 0.966 = 0.001 0.967 = 0.001 0.965 = 0.001 0.967 = 0.001 0.970 = 0.003
D 0.983 = 0.002 0.984 = 0.003 0.981 * 0.003 0.985 + 0.002 0.984 + 0.002 0.985 + 0.002
LDL 1.031 % 0.002 1.032 = 0.003 1.033 * 0.002 1.041 = 0.003¢ 1.034 + 0.000 1.038 = 0.001
Diameter nm
VLDL
A 145 =132 159 *29.7 83 =938 130 =+ 5.5 176 =+ 15.5¢
B 54,4 + 3.44 52.0 = 1.82 50.8 = 1.85 53.8 + 2.06 55.3 + 1.11 54.5 + 3.93
C 43.2 =+ 0.86 44.0 = 0.71 41.6 = 0.68¢ 442 + 1.24 43.0 = 2.04 40.0 = 2.12°
D 33.0 £ 0.89 323 = 1.25 33.0 = 1.30 32.4 + 0.87 32.8 £ 1.60 315 = 1.32
LDL 21.8 = 0.37 21.8 = 0.58 216 = 0.24 22.5 + 0.29% 23.0 = 1.00° 22.5 + 0.50°
Molecular weight X 1078
VLDL
A 935 =+ 231.3 1678 =+ 715.9 181 = 62.0 639 =+ 76.5¢ 1698 =+ 471.8¢
B 50,8 £ 9.14 432+ 4.26 40.6 = 4.41 47.6 = 5.50 50.5 = 2.90 51.0 = 9.08
C 25.0 = 1.64 25.5 = 1.19 22.0 1.05° 26.6 + 225 245 + 3.23 20.3 =  2.59¢
D 11.1 = 0.98 10.7 = 1.17 11.5 = 1.27 10.0 = L.10 11.0 = 1.49 10.1 = 1.21
LDL 35 =01 34+ 020 33+ 0.15 3.8+ 0.17% 4.1 = 0.50° 38+ 0.15°

Results are means + SEM from five observations in each case except due to sample loss. The fasting sample of fraction A was
insufficient for analysis. For each fraction sample 0 hr is fasting sample, 3 hr and 6 hr are times after the fatty meal.
Statistical analysis by Student’s ¢ test between NTG and HTG group.
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“P <0.05.
bp < 0.01.

Statistical analysis by paired ¢ test to compare pre- and postprandial results within each group.

<P < 0.05.
¢pP <0.01.

tained relatively more C-I and arginine-rich peptides,
and less C-II peptide.

Lipopreteins in the fasting state, NTG vs. HTG

The triglyceride concentration was higher in
plasma and al VLDL fractions in HTG subjects in the
fasting state (Table 2). All other components of VLDL
as well as the number of particles were higher in each
VLDL fraction in HTG than NTG subjects (Tables 2
and 3). There was a shift towards relatively more
larger particles for the HTG group (Fig. 5). There was
no difference, however, between NTG and HTG sub-
jects with regard to density, diameters, and molecular
weights for the four VLDL fractions.

The percentage of apoprotein B content (measured
as protein insoluble in 50% 2-propanol plus 1-penta-
nol) increased progressively from fraction A to frac-
tion D in both NTG and HTG subjects (Table 2). In
LDL, 97% (SEM 0.26, n = 15) and 96% (SEM 0.53,
n = 7) of protein was accounted for by apoprotein B
in NTG and HTG subjects respectively.

The major LDL band was significantly less (P

220  Journal of Lipid Research Volume 20, 1979

< 0.001) in HTG subjects. Average recovery of total
plasma cholesterol in the VLDL subfractions plus the
LDL band was 57% in NTG and 67% in HTG subjects.
Unaccounted cholesterol in IDL and HDL was not
measured in this study.

The molecular mass of all lipoprotein components
decreased drastically with decreasing particle diam-
eter except the mass of apoB-peptide (Table 4). The
far greatest fall was for daltons of triglyceride, from
around 10® in VLDL A-fraction to 3 x 10° in LDL.
Table 4 shows that LDL of HTG subjects contained as
much phospholipid but more protein than NTG sub-
jects, hence the mean ratio of LDL protein:phospho-
lipid was >1 in the HTG group, and <1 in the NTG
group (Fig. 6, right-hand side). The major LDL frac-
tion from HTG subjects was more dense and slightly
larger than in NTG subjects. The mean molecular
weight of LDL of HTG subjects was 14% greater than
in NTG subjects. This difference was statistically
significant (P < 0.01) when observations at all times
were pooled.

The individual values for apoprotein B complement
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Fig. 2. Electron microscopic photographs of the VLDL lipoprotein subfractions and of LDL from a HTG
subject at 0 hr. Microscope magnification x48,000. Measurements of particle diameter of the visualized
VLDL fractions gave the following values (mean and range, nm) 4, 98 (66-159); B, 61 (41-97); C, 46

(35-62); D, 35 (24-45).

in VLDL fractions B, C, and D are plotted in Fig. 6.
While there is no obvious difference in apoprotein B
content of VLDL from NTG or HTG subjects, it
should be noted that the overall mean of the data in
Table 4 for NTG subjects is 0.66 x 10° daltons of
apoprotein B, compared with 0.74 x 10¢ daltons in
HTG subjects. For LDL, however, there is clearly
more apoprotein B in HTG subjects viz. 0.89 (SEM
0.03, n = 8) x 108 daltons compared with 0.65 (SEM
0.01, n = 15) for NTG subjects. This difference is
highly significant (P < 0.001) by Student’s ¢ test).

A B Cc D LDL
0E 36N 0E 3N GN0T 3T 6RN0E 36N 10306

CD ED ol e e e e e gt e YD e

’{rb.’." .

Fig. 3. Agarose gel electrophoresis of VLDL subfractions and
LDL from a NTG subject. Fraction A does not enter the gel. Frac-
tions B, C, and D show pre-g mobility, slightly slower in fraction C
and slower in fraction D at all times. 0, 3 hr, and 6 hr indicate elapsed
time after fatty meal.

Redgrave and Carlson

Effects of the fatty meal

Table 2 shows the changes produced in plasma
lipids and in the subfractions after the fatty meal. The
postprandial increase in plasma TG was accounted for
mainly by the increase in TG of fraction A, but frac-
tions B and C showed small but significant increases in
NTG subjects. The rise in triglyceride concentration
of fraction A was due to an increase in the size of the
particles, not of the numbers. The volume increased
about 10 times for HTG subjects (Table 1). It is note-

; . R

-
§% _:=8-3¢3
cinl =

A° B C D A B eV D-SASSBRECEND

-

3h 6h

© 4

Fig. 4. Polyacrylamide disc-gel electrophoresis of VLDL subfrac-
tions from a HTG subject. The soluble apoproteins of fraction D
contain more C-I and arginine-rich peptides, and less C-11 peptide
postprandially. 0, 3 hr, and 6 hr indicate elapsed time after fatty meal.
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TABLE 2. Lipid and protein contents of plasma and lipoprotein fractions

NTG HTG
0 hr 3 hr 6 hr 0 hr 3 hr 6 hr
Triglyceride concentration
(pmol/ml)
VLDL
Plasma 1.70 = 0.16 20 020 24 =0.21° 54 = 1.06 5.8 + 1.03 6.8 + 1.08%
A 0.04 =+ 0.01 0.24 = 0.08 0.50 = 0.10° 0.30 = 0.12 0.53 = 0.15 1.69 + 0.36°
B 0.23 + 0.04 0.23 = 0.04 0.33 = 0.07¢° 1.70 = 0.41 1.76 £ 0.41 1.94 + 0.38
C 0.26 + 0.03 0.29 = 0.02 0.32 = 0.04¢ 1.33 + 0.27 1.40 = 0.25 1.35 £ 0.22
D 0.44 + 0.05 0.44 + 0.05 0.46 = 0.05 1.19 + 0.18 1.20 + 0.13 1.04 = 0.15
Cholesterol concentration
(nmol/ml)
VLDL
Plasma 6.4 +0.23 6.5 +0.17 6.5 +0.19 6.5 = 0.27 6.7 +0.34 6.7 +0.22
A 0.01 £ 0.003 0.05 = 0.02 0.08 = 0.02° 0.08 = 0.03 0.11 + 0.05 0.17 = 0.04°
B 0.06 = 0.01 0.07 £ 0.01  0.11 = 0.02¢ 0.51 = 0.14 0.50 = 0.13 0.55 + 0.13
C 0.10 = 0.01 0.11 £ 0.01 0.13 = 0.02° 0.59 £ 0.15 0.57 = 0.12 0.54 = 0.09
D 0.36 = 0.05 0.35 + 0.05 0.36 = 0.04 0.96 + 0.16 0.93 + 0.13 0.82 + 0.12
LDL 3.09 + 0.24 3.15+031 3.15+ 0.35 2.12 = 0.09 2.19 + 0.04 2.06 + 0.17
Phospholipid concentration
(pmol/ml)
VLDL
A 0.03 =+ 0.01  0.03 = 0.01 0.06 0.08 0.13 = 0.03
B 0.05 + 0.01 0.05 = 0.01 0.07 £ 0.02 0.38 + 0.16 0.38 + 0.16 0.51 = 0.19
C 0.09 + 0.02 0.10 £ 0.01  0.11 = 0.02 0.42 + 0.14 0.43 + 0.14 0.43 = 0.08
D 0.23 + 0.04 0.25 + 0.05 0.26 = 0.03 0.70 = 0.13 0.64 = 0.10 0.55 = 0.11"
Protein (ug/ml)
VLDL
A 1.3+ 03 46+ 14 7.9 £ 1.4° 7.1x 24 139+ 43 253 £ 5.3°
B 165 = 3.1 175+ 3.0 24.0 4.5 127.9 £ 29.2 1279+ 247 1459 + 28.7
C 292+ 35 33.1+ 28 348 £4.2¢ 15256 + 29.6 160.7 =255 158.0+17.5
D 91.7 + 13.0 92.7 + 136 91994 2498 + 358 2434 *+ 253 209.7 = 249

B apoprotein
(% total protein)

VLDL
A 34x34 4.2 +42 2.8 + 1.83 28 +28 9.5+ 1.85 10.0 = 3.49
B 19.6 = 5.04 20.8 =546 19.0 = 3.75 255 + 1.71 263 £ 1.19 25.5 = 1.04
C 354 + 0.93 388 +264 368 +3.69 36.5 + 3.23 383 +1.93 41.8 +2.10
D 60.8 = 1.98 60.0 = 1.58 57.6 = 1.86 61.8 x3.25 62.8 = 3.42 61.8 + 2.87

Details and symbols as in Table 1. Plasma results are from seven subjects each. Because TG and PL were assayed as glycerol and
phosphorus, molar units are given. Approximate conversion factors assume molecular weights of 860 for TG, and 775 for PL. The
average percentages of cholesterol esterified were 73% in fraction A, 53% in fraction B, 54% in fraction C, 58% in fraction D, and
76% in LDL.

Statistical analysis by paired ¢ test to compare pre- and postprandial results within each group.

*P < 0.05.

*P <0.01.

worthy that HTG subjects showed in plasma and frac-
tion A an increase of much greater magnitude than in
NTG subjects.

Total plasma cholesterol was not significantly in-
creased in this study, but cholesterol in fraction A
showed a marked postprandial increase in NTG and
HTG subjects. Cholesterol was also increased by a
small amount in fractions B and C in NTG subjects.

Phospholipids of the VLDL subfractions showed
changes similar to those for TG and cholesterol, but
the increases were not statistically significant. How-

222 Journal of Lipid Research Volume 20, 1979

ever, in fraction D phospholipid was significantly de-
creased 6 hr postprandial.

As shown in Table 2, the protein content in the
VLDL subfraction showed changes very similar to
those for lipoprotein lipid, with changes most pro-
nounced in fraction A. The relative amount of apo-
protein C-II was consistently reduced whereas argi-
nine-rich peptide was increased in postprandial
samples in fraction D (Fig. 4). Arginine-rich apopro-
tein was variably present, and was more consistently
found in NTG than in HT'G subjects. There was no ap-
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TABLE 3. Numbers of particles in the lipoprotein subfractions (X 107'¥/ml of plasma)

NTG HTG
0 hr 3 hr 6 hr 0 hr 3 hr 6 hr

VLDL fraction

A 03 0.1 03+ 0.1 1.5+ 0.9 0.8+ 04 0.7+ 02

B 35+ 1.1 34+ 0.7 55+ 1.6 247 + 9.7 244 + 10.2 39.2 + 20.8

C 94 + 1.7 108+ 1.3 13.0 x 23 42.1 + 13.8 52.5 + 22,6 525+ 7.9

D 65.1 = 28.6 55.9 = 15.5 51.9 * 10.6 154 =358 143 =+ 321 127 = 32.0°
LDL 595 +299 645 =384 641 =495 463 ==30.1 395 +73.0 419 =+335

Statistical analysis by paired ¢ test to compare pre- and postprandial results within each group.

ap < 0.05.

parent qualitative difference between the two groups
studied.

Despite the changes observed in the chemical con-
tent of the VLDL subfractions after the fatty meal, as
shown in Table 3, the calculated numbers of lipopro-
tein particles in fractions B and C did not change
significantly, although a tendency for increased
numbers was apparent. In fraction D, numbers were
significantly reduced 6 hr after the fatty meal in HTG
subjects.

Table 4 shows that particles in fraction A have a
much greater molecular mass postprandially for all
lipid constituents, in parallel with the observed in-
crease in particle dimensions, but other fractions were
not changed by the fatty meal. Unlike all other con-
stituents the mean molecular mass of apoprotein B was
remarkably constant in the different fractions. Frac-
tion A appeared to contain more apoprotein B in
HTG subjects, but because of the difficulty of meas-
uring the very small amounts of protein in fraction A
this figure may be unreliable, although a similar high
value was observed in rat large lipoproteins (28).

The relative amounts in VLDL triglycerides of the
two most characteristic fatty acids of the fatty meal,
linoleic (18:2) and linolenic (18:3) acid, present in
54.8 and 8.9%, respectively, in the fat, are given in
Table 5. In fraction A the percentage of 18:2 and 18:3
increased 2- to 3-fold postprandially in both NTG and
HTG subjects. At 6 hr the relative content of 18:2 and
18:3 in fraction A had approached the corresponding
values of the fatty meal. The relative amounts of these
fatty acids rose also in the other VLDL fractions but to
a lesser degree and the percentage figures for 18:2 and
18:3 did not reach one-fourth of that for the ingested
fat. Furthermore, the rise was smaller the smaller the
VLDL particles were.

While the increase in relative amount of 18:2 and
18:3 was similar in fraction A for NTG and HTG sub-
jects, it was smaller for HTG than NTG individuals in
the VLDL fractions B to D. This difference became

Redgrave and Carlson

more pronounced the smaller the VLDL. For instance,
in VLDL fraction D the percentage of 18:3 rose by
about 1% for NTG but only by 0.1% for HTG subjects.

DISCUSSION

Our findings confirm and extend many previous
studies of postprandial hyperlipidemia after a fatty
meal (1-3). A more complete quantitative descrip-
tion of postprandial hyperlipidemia than before has
been obtained by our subfractionation and chemical
characterization of the lipoproteins. In particular our
experimental design permitted observations of the
possible contribution of chylomicrons and their rem-
nants to smaller diameter fractions of the plasma lipo-

[ a
80
Q b
Lol
EGO
3
g
=240>
e L |
2 Saof
.§ -
S ol
: b
S 040}
-4
E
020"
- ot
0>
ABCD ABCD ABCD
0 3h 6h

Fig. 5. Percentage distribution of particle numbers (a) and TG
mass (b) in VLDL subfractions. I NTG, M HTG (data from Tables
2 and 3). Compared with NTG subjects, HTG subjects show a rela-
tive shift towards particles of larger size. After a fatty meal, both
groups show a shift towards larger particles, without an increase in
total particle number. The mass of TG is distributed more evenly
than particle numbers, but similar differences between NTG and
HTG subjects are apparent, as are changes induced by the fatty
meal.
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TABLE 4. Molecular mass of lipoprotein constituents (daltons x 107%)
NTG HTG
0 hr 3 hr 6 hr 0 hr 3 hr 6 hr
Triglyceride
VLDL
A 754 = 211.3 1444 + 642.1 133 +51.0 526 =+ 73.0 1484 =+ 435.6
B 352 +7.14 28.8 = 3.38 26.2 = 335 320+ 444 345+ 250 348+ 686
C 15.0 = 1.22 158+ 095 128 =+ 0.73 16.0 = 1.70 150 = 2.38 1.9+ 202
D 53+ 0.65 5.0 0.7 55+  0.80 4.5 = 0.67 51+ 0.90 45 =  0.71
LDL 0.2 = 0.04 02+ 0.02 0.2+ 0.01 0.3+ 0.05 03 = 0.09 03 = 0.11
Cholesteryl ester
VLDL
A 91 =*21.0 110 =370 19 =57 42 +25 80 =116
B 3.4 x0.60 3.5+ 0.25 3.6 0.18 3.9+ 0.30 3.7+ 0.17 38« 0.68
C 23 +0.11 23+ 0.05 22+ 0.04 2.7 +0.13 2.4 + 0.30 1.9 0.22
D 1.7 = 0.06 1.6 = 0.10 1.7+ 0.11 1.6 + 0.10 1.8 +0.18 1.6 = 0.15
LDL 1.5 = 0.09 14+ 0.13 14 % 0.10 1.6 = 0.11 1.8 £ 0.45 1.5+ 0.20
Free cholesterol
VLDL
A 20 =47 24 =82 4 =13 9 =05 18 +25
B 1.8 £0.32 1.9 £ 0.14 1.9 £ 0.10 2.0 £0.17 1.9 = 0.09 2.0 = 0.36
C 1.1 = 0.07 1.2 £ 0.03 1.1 +0.02 1.4 = 0.06 1.2 +0.15 1.0 £ 0.10
D 0.7 + 0.03 0.7 +0.04 0.7 = 0.05 0.7 £ 0.05 0.8 + 0.07 0.7 = 0.06
LDL 0.3 +0.02 0.3 +0.03 0.3 = 0.03 0.3 =£0.04 0.3 +0.02 0.3 = 0.06
Phospholipid
VLDL
A 53 = 11.0 76 245 20 =42 48 =40 90 =+ 16.5
B 7.6 * 0.87 6.6 049 6.3 = 0.51 7.0 +0.53 7.2 £ 0.31 7.3+ 0.83
C 4.4 +0.22 45 = 0.17 4.0 = 0.18 4.4+ 0.22 4.2 + 0.34 38+ 043
D 2.3 £ 0.17 23 = 0.19 24+ 023 2.1 x0.15 22 =+0.19 2.1 0.17
LDL 0.8 x 0.05 0.8 = 0.07 0.8 x 0.04 0.8 + 0.04 0.8 £ 0.07 0.8 = 0.01
Soluble apoprotein
VLDL
A 7 =438 23 +9.0 4 *20 13 =26 25 x57
B 22 *+0.43 2.1 =0.17 1.9 +0.18 2.1 =033 24 +0.30 2.3 +040
C 1.3 +0.08 1.2 +£0.02 1.1 =0.04 1.3 +0.14 1.3 +0.20 1.0 +£0.13
D 05 =0.03 0.5 +0.03 0.5 =0.04 0.5 =0.07 0.5 *0.09 0.4 +0.08
LDIL 0.03 = 0.01 0.02 = 0.00 0.02 + 0.00 0.04 = 0.01 0.04 + 0.01 0.03 = 0.00
Apoprotein B
VLDL
A 0.76 = 0.51 1.04 £ 0.13 2.74 + 1.07
B 0.54 = 0.18 0.60 = 0.16 0.59 = 0.05 0.67 = 0.10 0.86 + 0.11 077 £ 0.14
C 0.70 = 0.04 0.79 £ 0.07 0.65 * 0.09 0.75 * 0.13 0.78 = 0.10 0.72 £ 0.10
D 0.73 = 0.05 0.69 + 0.07 0.66 + 0.05 0.64 = 0.06 0.75 = 0.08 0.68 = 0.04
LDIL 0.67 = 0.02 0.64 + 0.02 0.64 + 0.02 0.90 = 0.06° 0.88 +0.10 0.86 = 0.01

“P < 0.01, comparison by Student’s  test.

proteins, and of differences in chylomicron clearances
between NTG and HTG subjects.

The data of Tables 2, 3, and 4 show that almost all of
postprandial hyperlipidemia is accounted for by in-
creases in mass in fraction A.

Despite the ‘chylomicronemia’ the increase in
chemical constituents of fraction A is accounted for by
an increase in particle size (Tables 1 and 4), not particle
numbers. The small numbers of particles in fraction

224 Journal of Lipid Research Volume 20, 1979

A during fat absorption requires explanation. How-
ever it can readily be calculated that 100 g of fat pro-
duces only 2.6 x 10 chylomicrons of diameter 200
nm. This represents an influx of 3.6 x 10 min™*
ml™! of plasma if the fat load is assumed to be ab-
sorbed uniformly over 4 hr. If chylomicron t}2 =5
min in NTG subjects (3, 4, 29) then turnover is 0.14
min~!, and the calculated influx rate corresponds to a
steady-state concentration of 0.26 x 10'? particles/ml,
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which agrees with our observations (Table 3). Similarly
in HTG subjects if chylomicron t¥% = 15 min the
steady-state plasma content can be calculated to be
0.78 x 102 particles/ml, again in accord with our ob-
servations (Table 3). Chemical composition of fraction
A shows that in NTG subjects the ‘chylomicron’ frac-
tion contains about 10% cholesteryl ester, which is
more consistent with a TG-depleted chylomicron rem-
nant than a chylomicron. Remnants still are suf-
fictently large to float in this fraction (30). In HTG
subjects, fasting fraction A also has a high cholesteryl
ester content, but postprandial samples show less TG
depletion than in NTG subjects. Nevertheless, fraction
A analysis shows considerably more cholesteryl ester
than the 1.4% of human lymph chylomicrons (31).
The high proportion of cholesterol esterified (73%)
in fraction A is consistent with its origin from intestinal
lipoproteins, as is its content of linoleic and linolenic
acids (Table 5) which in postprandial samples ap-
proached that of the ingested fat both in NTG and
HTG subjects. Apoproteins A are present in chylo-
microns from lymph (31) but were not observed in
fraction A of postprandial samples so are presumably
lost when chylomicrons are degraded to remnants.
The increases in mass of lipoprotein in fractions
B and C in NTG subjects are accompanied by small in-
creases in particle numbers of these fractions, but the
changes are not statistically significant. In fact frac-
tion D shows a decrease in particle numbers, which
cancels possible increases in numbers of the smaller
fractions so that total numbers of lipoprotein particles
do not increase in the total VLDL (Table 3). However,
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Fig. 6. Apoprotein B molecular complement and protein:
phospholipid ratio. Individual values for apoprotein B complement
of VLDL fractions B, C, and D and LDL are shown, with the means
(bar). The LDL from HTG subjects contain about one-third more
than LDL from NTG subjects but, because variability is greater,
VLDL subfractions show no difference in content of apoprotein
B between NTG and HTG subjects. The LDL protein:phospho-
lipid ratio in HTG is greater than in most NTG subjects. Note
that the right-hand axis refers only to the protein:phospholipid
ratio on the extreme right-hand side of the figure.
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TABLE 5. Content of linoleic (18:2) and linolenic (18:3) acid in
the triglycerides of the four VLDL fractions and of
LDL from two subjects in each group

NTG HTG
0 hr 6 hr 0 hr 6 hr
Linoleic acid, %
VLDL fraction
A 51.3 14.5 40.3
45.7 11.0 49.8
B 21.0 38.4 6.74 10.5
19.2 36.4 13.0 21.6
C 19.1 33.9 7.13 8.37
18.8 32.7 13.2 18.8
D 18.1 27.1 6.24 7.44
18.1 28.3 11.7 16.5
LDL 16.6 18.8 10.2
13.1 17.8 12.3 14.2
Linolenic acid, %
VLDL fraction
A 6.22 2.45 5.10
5.97 1.20 6.35
B 2.45 4.26 0.65 1.10
1.64 4.04 0.77 2.19
C 1.60 3.70 0.47 0.79
0.89 2.98 1.44 1.90
D 1.36 2.43 0.52 0.62
0.65 2.08 1.44 1.66
LDL 1.37 1.41 1.5
0.72 1.04 0.64 0.94

as shown in Fig. 5a, the distribution of particles is dif-
ferent between HTG and NTG subjects, and the dif-
ference is accentuated after a fatty meal. Both groups
show a shift in the population towards larger particles
after the fatty meal but this is not reflected in indi-
vidual subfractions (Table 1).

There is convincing evidence that the smaller VLDL
particles (fraction D) are derived by triglyceride deple-
tion from larger VLDL (32). The different shapes of
the populations in the fasting state suggest that VLDL
depletion is less efficient in HTG subjects compared
with controls (Fig. 5a). When the catabolic load on the
lipolytic pathway is increased after the fatty meal, both
NTG and HTG subjects show a shift in the popula-
tion towards larger sizes, most likely as a consequence
of competition for lipolysis between chylomicrons and
large VLLDL (33). By comparing the distribution of
lipoprotein numbers and triglyceride mass (Fig. 5a
and b), it is seen that hypertriglyceridemia in HTG
subjects is due to a shift in the population toward
larger particles, together with an increase in particle
numbers (Table 3).

Two discontinuities are apparent in the otherwise
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smooth decline of the molecular masses of constituents
(except apoprotein B) as one proceeds from larger to
smaller particles (Table 4). The first discontinuity is in
postprandial samples between fraction A and fraction
B, indicating that fraction A might not be progres-
sively depleted of constituents until it attains the
molecular proportions of fraction B, butinstead might
be removed directly from the plasma while still retain-
ing the molecular characteristics of fraction A. This
interpretation is consistent with removal of chylo-
micron remnants by the liver as in the rat (30) when
only 80-90% of particle triglyceride has been re-
moved.

On the other hand the data of Table 5 show clear in-
creases in the proportions of linoleic (18:2) and
linolenic (18:3) acid in the smaller VLDL fractions,
such that newly ingested triglyceride constitutes about
one-third of fractions B and C in NTG subjects, but
less than one-tenth of these fractions in HTG subjects.
Smaller proportions appear in fraction D. Three dif-
ferent mechanisms could account for this observation.
First, chylomicron remnants might be degraded suf-
ficiently to appear in these fractions (vide infra).
Second, chylomicron remnant triglyceride fatty acids
might be resecreted by the liver after their initial
clearance. Third, constituent fatty acids released by
the action of lipoprotein lipase in peripheral tissues
might be recycled as hepatic VLDL within the time
course of the experiment. The relative significance of
these mechanisms is unknown.

The second discontinuity occurs between fraction
D, the smallest fraction of VLDL, and LDL and is most
apparent for TG, phospholipid, and soluble apopro-
tein (Table 4). It is a consequence of the catabolic con-
version of VLDL to LDL, through IDL. Although IDL
was not studied in these experiments it has a chemical
composition between that of fraction D and LDL
(34-36).

The molecular mass of apoprotein B within each
fraction of VLDL (excluding fraction A) plus LDL is
remarkably constant (Table 4). This finding extends
those of Hammond and Fisher (37), Mjos et al. (28),
and Eisenberg and Rachmilewitz (36). In all cases,
VLDL and LDL particles contain about 0.7 x 10°
daltons of apoprotein B, and this value is similar in rat
and man. Our study confirms this finding for VLDL
and LDL in man. Values of 0.3-0.5 x 10° reported
for human VLDL by Eisenberg et al. (38) appear too
low, in part, apparently, because of incorrect assump-
tions about particle hydrated density used to calculate
molecular weight. For example, a particle of S¢ 147 was
assumed to have a hydrated density of 0.94 g/ml, but
our measurements indicate a hydrated density of 0.96
g/ml.
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Our data allow a comparison of apoprotein B con-
tent between NTG and HTG groups. There is a small
but significant difference between the groups for LDL
but not for VLDL. Nevertheless, on average VLDL
from HTG subjects contain 0.74 x 10° daltons of apo-
protein B compared with 0.66 x 10 daltons in NTG
subjects. For LDL however, HTG subjects contain 0.89
x 108 daltons of apoprotein B compared with a mean
of 0.65 x 10° daltons for the NTG group. Our data
should be compared with values of 0.74-0.88 x 10°
daltons for LDL from type IV subjects and 0.63-0.64
% 10° daltons for LDL from normal or type II sub-

jects reported by Hammond and Fisher (37) and

Fisher, Hammond, and Warmke (39). Our data con-
firm the difference in LDL composition, for which one
possible explanation could be the addition of eight
monomeric units of apoprotein B, which has a re-
ported molecular weight of 27,500 (40). Hence LDL
from NTG subjects would contain 24 monomeric units
of apoprotein B (0.66 x 10® daltons) whereas LDL
from HTG subjects may contain 32 monomeric units
(0.88 x 108 daltons). Also plausible is the possibility
that LDL from NTG subjects contains three subunits
of apoprotein B with a polypeptide chain of 0.22 x 10°
daltons, whereas LDL from HTG subjects contains
tour such subunits. This possibility agrees well with the
size of the polypeptide chain reported by Simons and
Helenius (41) and Smith, Dawson, and Tanford (42).
Our data suggest, but do not prove, that VLDL from
HTG subjects also contains more apoprotein B than
VLDL from NTG subjects, which would be consistent
with the generally accepted concept that LDL particles
are derived from VLDL particles without loss of this
peptide.

Table 1 shows that the principal LDL band from
HTG subjects also differs in other ways. It has a
slightly higher hydrated density, larger molecular
diameter, and greater molecular weight than LDL
from NTG subjects. Because of the increase in pro-
tein content the ratio of protein to phospholipid is
reversed (Fig. 6) independently of any assumptions
that could overestimate LDL molecular weight. The
relationship established between surface and core con-
stituents for larger particles might not be completely
applicable to LDL although recently a spherical model
for LDL has been proposed, with a thickness of the
polar surface shell of 2.13 nm (43). Furthermore our
calculations ignore particle hydration (44) and assume
uniform spherical particles. Nevertheless calculated
LDL molecular weight is in fair agreement with recent
hydrodynamic measurements by Fisher et al. (39, 44)
(2.4-3.5 x 10% and Nelson et al. (45) (2.9 x 108)
using sedimentation equilibrium. Hydrated density
found by these workers agrees well with our measure-
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ments. If LDL molecular weight were somewhat over-
estimated by our calculations, comparisons between
NTG and HTG subjects would not be invalidated. The
content of apoprotein B appears to be greater in HTG
particles compared with NTG controls. This differ-
ence may underlie the defective catabolism in HTG
subjects of VLDL to smaller particles that is apparent
in our results. It may also explain the smaller numbers
of LDL particles found in HTG subjects (Table 3).
Furthermore, such a change in the catabolism of
VLDL may be related to our previous finding that
there are differences in the surface material of VLDL
subclasses between NTG and HTG so that HTG
VLDL have a reduced ratio apo C-Il/apo C-III (46).
It will be of interest to know if the differences in
LDL composition and in apoprotein B content persist
after treatments of HTG subjects with lipid-lowering
regimes (47).

Our conclusions concerning the catabolism of chylo-
microns should be compared with those of Hazzard
and Bierman (48) who studied the appearance of
radioactive vitamin A in chylomicrons and VLDL (S;
20-400) 6 hr and 24 hr after a fatty meal. At 6 hr most
vitamin A was in the chylomicron fraction, which is
consistent with our conclusion that chylomicron rem-
nants contribute largely to fraction A, and are re-
moved from this fraction without extensive degrada-
tion to smaller particles. However on the basis of their
recovery of most vitamin A radioactivity in S; 20-400
VLDL after 24 hr, Hazzard and Bierman (48) con-
cluded that chylomicron remnants persisted as small
particles in the plasma. Two considerations make this
explanation unlikely. First, a chylomicron of diameter
200 nm that contains 1.4% cholesteryl ester (31) con-
tains about 58 x 10° nm3 of cholesteryl ester, whereas
a particle from fraction B (Table 1) with diameter
54 nm has a total volume of only 82 x 10° nm®. Be-
cause the cholesteryl ester content of fraction B is not
more than 11% (Tables 2 and 3), particles contain-
ing about 70% cholesteryl ester clearly do not con-
tribute significantly to fraction B nor to smaller sub-
fractions. Table 4 shows that the molecular mass of
cholesteryl ester increases only in fraction A after the
fatty meal. The numbers of cholesteryl molecules in
the particles can be readily calculated from the data of
Table 4. This calculation serves to emphasize the dif-
ferent character of the particles in fraction A, which
contain 15- to 80-fold more cholesteryl ester mole-
cules than particles of fraction D or LDL. Particles of
fractions B and C contain up to three times more than
fraction D or LDL, but still very much less than frac-
tion A. Fractions B and C hence show evidence for
only a minor contribution of chylomicron remnants by
this criterion, also.

Second, because absorption of triglyceride from the
intestine will be completed within 24 hr, chylomicrons
or their remnants will not persist in the plasma by
virtue of their well-documented brief lifetimes in the
circulation. Because of these considerations, the ap-
pearance of dietary linoleic and linolenic acid (Table
5) in the smaller VLDL subfractions cannot be taken as
unequivocal evidence that chylomicron remnants are
catabolized so completely within the vascular compart-
ment. As discussed earlier, resecretion of VLDL by the
liver of fatty acids released peripherally or after
hepatic uptake of remnant triglyceride could con-
tribute to this observation. The simplest interpreta-
tion of our results is that in man, as in the rat (30), most
chylomicron remnants are removed rapidly by the
liver without appreciably contributing to smaller VLDL
subfractions or LDL.B#
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