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Abstract. The metabolic fate of very low den-
sity lipoprotein can be examined by following the transit
of its apolipoprotein B moiety through the delipidation
cascade, which leads to low density lipoprotein. In this
study we have used cumulative flotation ultracentrifu-
gation to follow the metabolism of various lipoprotein
subclasses that participate in this process in normal,
hypertriglyceridemic (Type IV), and dysbetalipoprotein-
emic (Type III) subjects. Large triglyceride-rich very low
density lipoproteins of Svedberg units of flotation (Sf)
100-400 were converted virtually quantitatively in nor-
mal subjects to smaller Sf 12-100 remnant particles.
Only a minor fraction appeared thereafter in low density
lipoproteins (Sf 0-12), most being removed directly from
the plasma. Type IV hyperlipoproteinemic individuals
converted the larger Sf 100-400 very low density lipo-
proteins to intermediate particles at -50% of the control
rate but thereafter their metabolism was normal (frac-
tional clearance of Sf 12-100 particles in controls,
1.29±0.23 pools/d; in Type IV hypertriglyceridemics,
1.38±0.23 pools/d; n = 4 in each case). Since the apo-
lipoprotein B in large triglyceride-rich particles did not
contribute significantly to the mass of the low density
lipoprotein apoprotein pool, the latter must come largely
from another source. This was examined by following
the metabolic fate of small very low density lipoproteins
of Sf 20-60 or of the total lipoprotein spectrum of d
< 1.006 kg/liter (approximate Sf 20-400). The small
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particles were rapidly and substantially converted to low
density lipoproteins, suggesting that the major precursor
of the latter was to be found in this density range.
Whereas only 10% of apolipoprotein B in Sf 100-400
lipoproteins reached the low density lipoprotein flotation
range, >40% of Sf 20-100 B protein eventually appeared
in Sf 0-12 particles; and when very low density lipopro-
tein of d < 1.006 kg/liter is used as a tracer of apolipo-
protein B metabolism it is primarily this population of
small very low density lipoprotein particles in the Sf 12-
100 flotation range that is labeled. A detailed examination
was made of apolipoprotein B metabolism in three
dysbetalipoproteinemic subjects. The plasma clearance
curves of their Sf 100-400 lipoproteins were distinctly
biphasic. The quickly decaying component converted
rapidly into remnants of Sf 20-60 at a near normal rate
(0.56 vs. 0.62 pools/d in normal subjects). Its subsequent
processing, however, was retarded. The more slowly
catabolized fraction, comprising 30% of the total apoli-
poprotein B radioactivity, had no counterpart in normal
or Type IV hyperlipoproteinemic individuals. These
data, taken together, suggest that the very low density
lipoprotein consists of a complex mixture of particles
with different origins and fates. Within the Sf 20-100
flotation range there are at least two subcomponents.
One represents remnants of larger triglyceride-rich par-
ticles which are catabolized slowly and feeds little apo-
lipoprotein B into low density lipoprotein. The other is
apparently secreted directly into this flotation interval
and transfers significant amounts of B protein rapidly
into Sf 0-12 lipoproteins.

Introduction
Although it is clear from physical and chemical evidence that

human very low density and low density lipoproteins (VLDL
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and LDL) of Svedberg units of flotation (Sf)' 0-400 are
heterogeneous, most investigations of their metabolism have,
for the sake of simplicity, assumed homogeneity in one or
both classes. Initial studies designed to examine the conversion
of total VLDL (d < 1.006 kg/liter) to LDL (d < 1.006-1.063
kg/liter) suggested that, at least in normal subjects, there exists
a precursor-product relationship between the two (1). Recent
attempts to subfractionate these species have revealed new
levels of complexity in this metabolic scheme (2-4). In
particular, it is now apparent that there is another class of
lipoproteins (5, 6), commonly termed intermediate density
lipoprotein (d = 1.006-1.019 kg/liter) with a nominal Sf value
of 12-20, which constitutes an identifiable though transient
metabolic intermediate between VLDL and LDL. This appre-
ciation has led to the observation that not all apolipoprotein
B (apoB) in VLDL subsequently appears in the LDL density
range, even in normal subjects (6). In hypertriglyceridemic
individuals the situation appears to be more complex still,
inasmuch as their LDL is clearly polydisperse both in terms
of structure and metabolism (4).

Several approaches have been made to examine the phys-
icochemical heterogeneity of VLDL. Early chromatographic
studies using an agarose gel matrix (7) demonstrated that this
class has a particle size range of -300- 1,000 A. With decreasing
size, the triglyceride content of the particle falls and it becomes
relatively enriched in cholesterol and protein, giving rise at the
lower end of the spectrum to VLDL with features similar to
those of the remnant particles derived by lipolysis of very large
intestinal triglyceride-rich chylomicrons (8). Cumulative flota-
tion ultracentrifugation provides a convenient method for
subfractionating VLDL into particles of defined flotation rate
(9). Although the separation here depends primarily on particle
density, the resulting fractions are similar to those obtained by
agarose gel filtration. Thus, when compared with the largest
particles (Sf 100-400), the smaller species (Sf 20-60) are
enriched in protein and cholesteryl esters and depleted of
triglyceride (10, 11). In a preliminary study (12) we have used
the cumulative flotation procedure to show that the large
VLDL of Sf 100-400 is converted stepwise to particles of Sf
20-60, which thereafter transfer to some extent into denser
lipoproteins; other workers have usefully employed the tech-
nique to demonstrate that both triglyceride and apoB can
enter the pathway at several points along its length. For
example, Fisher et al. (4) have found that 25-60% of the newly
synthesized apoB first appears in the cascade at the level of
the small, triglyceride-depleted particle.

In the present study we have examined the metabolic
heterogeneity of VLDL in greater detail and have compared
our results acquired by the cumulative flotation procedure

1. Abbreviations used in this paper: apoB, apolipoprotein B; Dyso,
HTG, and N, designate dysbetalipoproteinemic, hypertriglyceridemic,
and normal subjects, respectively; Sf, Svedberg units of flotation,
negative sedimentation coefficient at d = 1.063 kg/liter and 260C.

with those obtained by conventional anglehead ultracentrifu-
gation. Our approach was to label large, triglyceride-rich
VLDL and follow the metabolic fate of its apoB moiety in
control and hypertriglyceridemic individuals. Our findings
suggest that this VLDL particle does not make a major
contribution to LDL production, which derives instead pri-
marily from particle synthesis into the smaller, denser VLDL
range.

Methods

Subjects. Nine control and eight hypertriglyceridemic subjects gave
informed consent for the study. Their plasma lipid and lipoprotein
profiles, measured according to the protocol described in the Lipid
Research Clinics Manual of Laboratory Operations (13), are presented
in Table I. None showed clinical or biochemical evidence of renal,
hepatic, endocrine, or hematologic dysfunction, and all drug therapy
known to affect lipid metabolism was withdrawn at least 1 mo before
the study. Potassium iodide was prescribed at a dose of 60 mg three
times a day for 3 d before and 1 mo after administration of radioio-
dinated lipoproteins. The study protocol conformed to the requirements
of the Human Research Committees of Glasgow Royal Infirmary and
The Methodist Hospital, Houston, TX.

Experimental protocol. The study was designed to examine the
metabolism of apoB in its transit from large (Sf 100-400)2 triglyceride-
rich VLDL through to LDL (Sf 0-12). The control subjects were
examined in three groups (A-C, Table I). Four volunteers in group A
received an intravenous injection of 1251I-VLDL (Sf 100-400); three in
group B were given the same material plus a tracer dose of '31I-VLDL
(d < 1.006 kg/liter);2 and two in group C received intravenous injections
of 125I-VLDL (Sf 40-60) and 131I-VLDL (Sf 20-40) in an attempt to
define the events that take place in this narrow density interval. The
eight hypertriglyceridemic subjects were studied in two groups. The
first of these comprised four Type IV individuals (Table I) who were
examined with four control subjects and received a tracer of autologous
125I-VLDL (Sf 100-400). The same lipoprotein fraction was injected
into the second group (group D, Table I) of three Type III and one
Type IV hyperlipoproteinemic patients. Simultaneously, two of the
former and the Type IV individual were given autologous Sf 20-60
VLDL while the other Type III volunteer received homologous Sf 100-
400 VLDL from the Type IV subject.

Lipoprotein isolation techniques. All lipoprotein isolations were
performed by cumulative flotation ultracentrifugation except in exper-
iment B where, in addition, fractions were separated by a fixed angle
technique (14) using a Beckman 40.3 rotor (Beckman Instruments
Inc., Fullerton, CA). In their definitive paper on the subject, Lindgren
et al. (9) described two discontinuous gradient separation systems. The
first (system I), designed to fractionate lipoproteins of S > 20, was
based on a NaBr gradient whose density ranged from 1.0464 to 1.006
kg/liter. In the second system, the gradient was constructed from d
= 1.0988 to 1.0588 kg/liter, permitting separation of lipoproteins of Sf
> 0. By use of both of these gradients, VLDL and LDL fractions of
defined flotation rate could be selected at will by variation of the

2. Throughout the paper we have adopted the convention that Sf
values denote lipoprotein fractions prepared by cumulative flotation.
Where density intervals (e.g., d < 1.006 kg/liter) are quoted these refer
to fractions prepared by anglehead ultracentrifugation.

2179 Metabolic Channeling of Apolipoprotein B in VLDL



Table I. Plasma Lipid and Lipoprotein Values for Nine Control and Eight Hyperlipoproteinemic Subjects

Cholesterol (mmol/liter)
Experi- Body Plasma Plasma
ment Tracer injected Subject (sex) Age weight triglyceride cholesterol In VLDL In LDL In HDL

yr kg mmol/liter mmol/liter

A '25I-VLDL N, (M) 27 68 2.25 5.55 0.90 3.55 1.10
(Sf 100-400) N2 (M) 23 76 1.20 6.60 0.20 4.10 2.20

N3 (F) 48 50 1.90 5.55 0.70 3.70 1.20
N4 (M) 36 62 1.95 5.80 0.75 3.25 2.10

HTG, (F) 57 57 5.48 8.03 2.84 4.10 1.09
HTG2 (M) 52 79 13.72 8.53 4.42 3.05 0.94
HTG3 (M) 64 69 8.54 6.97 3.10 2.92 0.96
HTG4(M) 46 70 5.31 5.19 1.50 3.10 0.99

B '251-VLDL 1 N5 (F) 23 40 0.81 4.83 0.23 3.03 1.59

(3'IVLDL N6 (M) 22 76 1.15 4.75 0.50 2.65 1.60

Vd<100 Jgr N. (M) 25 81 1.80 6.50 0.75 4.60 1.10
(d < 1.006 kg/liter)

C 13'I-VLDL
(Sf 40-60) N8 (M) 27 77 1.70 4.00 0.65 2.00 1.30

'I-VLDL Ng (M) 24 62 1.10 3.60 0.60 1.75 1.25

(Sf 20-40)

D 125I-VLDL
(S$ 100-400) Dys#, (M) 61 69 3.43 8.23 3.61 3.84 0.76

'3'1-VLDL Dys#2 (M) 60 76 5.05 9.74 5.83 3.17 0.75

(Sf 20-60)

'3!I-VLDL from Dys#3

25fVLDL from HTG Dys#3 (M) 49 73 2.41 6.80 1.81 4.11 1.11

(Sf 100400)

'251-VLDL

'3'I-VLDL HTG5(M) 52 63 6.63 8.22 2.98 4.37 0.87

(Sf 20-60)

centrifugal force applied to the sample, which thereby facilitated
examination of different lipoprotein subfractions within the spectrum.
The conditions employed in the separation of VLDL of Sf 100-400,
60-100, and 20-0 by system I and lipoproteins of Sr 12-20, 6-12,
and 0-6 by system II have been detailed elsewhere by Lindgren and
his colleagues (9). In addition, we have modified the centrifugal
conditions to permit preparation of lipoprotein fractions of Sf 20-40
and 4(60 (by system I) and Sr 100-4, 12-100, and 0-12 (by system
II). The former were isolated by the initial application of a force of
2.10 X 10" rad2-s-' (i.e., 39,000 rpm for 210 min in a Beckman SW
40 rotor [Beckman Instruments Inc.], 230C). Sf > 60 lipoproteins were
removed in the top 0.5 ml of tube contents. Two further centrifugations,
applying sequential forces of 2.02 X 10" rad2 s-' (39,000 rpm, 202
min, 230C) and 6.52 X 10" rad2-s' (32,800 rpm, 920 min, 23°C)
yielded in the top 0.5 ml of the tube VLDL of Sf 40-6 and 20-40,
respectively. System II was modified as follows to subEractionate Sf 0-

400 lipoproteins into the three fractions specified above. The first
centrifugation, at 37,000 rpm for 66 min (230C) in the SW40 rotor
(5.95 X 10'° rad2 - s-1) gave VLDL of Sf 100-4 in the top 1.0 jul of
the gradient. This was removed by careful aspiration and replaced with
1.0 ml of 1.0588 kg/liter NaBr solution. Recentrifugation for 1,056
min at 27,000 rpm (5.07 X 10" rad2-s-', 230C) yielded lipoproteins
of Sr 12-100 in the top 0.5 ml of the gradient; a final centrifugation at
28,000 rpm for 1,272 (6.5 min X 10" ra 2- s-, 23°C) gave LDL (Sf
0-12) in the top 0.5 ml. In order to prepare an adequate amount of
VLDL (Sr 100-400) for injection into the normal subjects it was
necessary to make an initial VLDL concentrate (d < 1.006 kg/liter, Sr

- 20-400) from 200 ml of their plasma by subjecting it to ultracentrif-
ugation for 18 h (230) at 40,000 rpm in a Beckman Ti 60 rotor
(Beckman Instruments Inc.) (14). This crude preparation was then
treated as described for plasma to isolate VLDL of Sr 100-400. Where
chylomicrons were present (i.e., in the Type III hyperlipoproteinemic
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subjects) they were removed from the plasma by preliminary centrif-
ugation at 10,000 rpm for 30 min (230C) in a 40.3 rotor.

In experiment B we compared the metabolism of lipoprotein
fractions isolated by cumulative flotation with that of conventional
preparations made in an anglehead rotor. In the latter procedure (14)
VLDL was prepared from the plasma of the fasting subjects by flotation
at d < 1.006 kg/liter (40,000 rpm, 18 h, 230C in a Ti 60 rotor) and
concentrated and washed by a further centrifugation at that density.
After radiolabeling and injection into the donor as described below,
4.0-ml aliquots of the subject's plasma collected at various intervals
were overlayered with 2.0 ml of 0.15 M NaCI/0.01% Na2 EDTA in a

40.3 rotor tube and subjected to centrifugation for 18 h at 39,000 rpm
(230C). VLDL (d < 1.006 kg/liter) was removed in the top 1.0 ml of
the tube. The next milliliter, which contained <4% of the total sample
radioactivity, was discarded, and the remaining 4.0 ml was adjusted to
d = 1.019 kg/liter by the addition of 0.48 ml of 1.182 kg/liter NaBr
solution and overlayered to 6.0 ml with 1.019 kg/liter density NaBr
solution. Recentrifugation for 18 h at 39,000 rpm (230C) yielded
lipoproteins of d = 1.006-1.019 kg/liter in the top 1.0 ml of the tube.
This was again removed carefully by aspiration, the next milliliter was

discarded, and the lower 4.0 ml was increased in density and volume
to 1.063 kg/liter and 6.0 ml by the addition of 2.0 ml of 1.151 kg/liter
density solution. LDL (d = 1.019-1.063 kg/liter) was collected in the
top 1.0 ml of the tube after centrifugation for 24 h at 39,000 rpm

(230C).
Radioiodination of lipoproteins. Lipoproteins were radiolabeled by

a modification (15) of the procedure of MacFarlane (16). The material
was initially concentrated to a protein content of 1-5 mg/ml by
pressure filtration (XM100 filters, Amicon Corp., Lexington, MA).
Labeling efficiencies for VLDL (Sf 100-400) and for lipoproteins of d
< 1.006 kg/liter or Sf 20-60 were typically 5-10 and 10-20%, respec-

tively. The amount of ICI in the reaction mixture was therefore
adjusted to incorporate no more than I mol of iodine/300,000 D of
protein. Free iodide was removed from the labeled lipoprotein by gel
filtration through a PD 10 column (Pharmacia Fine Chemicals, London)
by use of 0.15 MNaCl/0.01% Na2 EDTA (pH 7.0) as eluant. Of the
material that eluted in the column void volume, >95% was precipitable
with 10% trichloracetic acid. Less than 30% of the radioactivity inSf
100-400 VLDL and15% in the denser lipoproteins could be extracted
into chloroform/methanol (1:1, vol/vol). Approximately 40 and 70%,
respectively, of the remaining protein-bound radioactivity in these
fractions was precipitable with 1,1,3,3 tetramethylurea. Preliminary
ultracentrifugation studies showed that the labeled lipoprotein prepa-

rations retained the ultracentrifugal characteristics of their parent

lipoprotein in that >90% of their radioactivity floated within the
expected density interval.

Most apoB-associated radioactivity present in theSf 100-400
fraction comigrated upon polyacrylamide gel electrophoresis (17) with
apoB 100 in LDL (Fig. 1). Less than 15% appeared in the smaller
molecular weight B protein (B4g) of chylomicrons.

Turnover protocol. All solutions used to isolate and prepare lipo-
protein fractions for human administration were fresh and, where
possible, sterilized by autoclaving.

After labeling was done the lipoproteins were filtered through 0.45
Am filters (Amicon Corp.). The participants received '50uCi (0.1
mg protein) of the appropriate tracer (see TableI) via an indwelling

venous catheter. The injection was timed at 8:00 AM in all studies,
and thereafter blood was collected frequently over the next 24 h and

then daily, in the fasting state, for 14 d. All subjects fasted for 14 h

before sample injection, and on the first day of the study their fat
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Figure 1. Profile of radioactive apoVLDL on 3% SDS polyacrylamide
gels. '251-VLDL (d < 1.006 kg/liter), initially isolated from normal

plasma, was lyophilized and delipidated with ether/ethanol, and its
apoproteins were separated on SDS gels as described by Kane et al.

(17). The arrows on the radioactivity profile indicate the positions of
the B protein in LDL (apoB10o) and chylomicrons (apoB48). Hyper-
triglyceridemic VLDL gave a similar profile.

intake was limited to <5.0 g to minimize chylomicron production. At
6:00 PMthey were given their first meal, and thereafter until midnight
hourly snacks were supplied to provide the subject with his other
regular dietary constituents (excluding fat) at their normal level. This
nutritional procedure was gauged from a previously obtained 7-d
weighed food record and was under the control of a dietitian.

Plasma aliquots, taken at each time point, were collected into
0.01% Na2 EDTA and subjected to ultracentrifugation as described
above to isolate the lipoprotein fractions appropriate to each experiment
(see TableI). These were stored at4VC until the end of the collection
period. The apoB present in each isolated fraction was then prepared
by the tetramethylurea precipitation procedure of Kane et al. (10),
conducted at a temperature of 370C. The coefficient of variation on

replicate samples was 8-12% for VLDL, IDL, and LDL apoB. In
selected studies, duplicate samples were analyzed by the above tetra-
methylurea procedure and in parallel by the isopropanol precipitation
technique of Holmqvist, Carlson, and Carlson (18). The specific
activity of the precipitated apoB did not differ significantly between
the two. In the case of the normal subjects, whose VLDL(S$ 100-400)
concentration was low, it was necessary to add an equivalent amount
of unlabeled carrier VLDL before tetramethylurea precipitation. Ra-
dioactivity and protein measurements were made on each isolated
apoBfraction as detailed elsewhere (19). The pool size of apoB for
any fraction was taken to be the mean recovered tetramethylurea
precipitable protein. The apoB radioactivity in eachfraction was

expressed as a percentage of the total initial B protein activity found
in the 10-min plasma sample. The plasma volume was calculated as

4% of the subjects' body weights, which gave values in good agreement
with those obtained from the isotope dilution that occurred over the
first 10min.

apoB kinetic analysis. The transfer of radioactivity from the labeled
fraction to denser lipoprotein classes was analyzed by a computer-
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Figure 2. Transit of apoB radioactivity from
VLDL, Sf 100-400, (.) through an intermedi-
ate Sf 12-100 (n) lipoprotein to LDL, Sf 0-12,
(A) in a normal (N3) and a hypertriglyceri-
demic (HTG3) subject.

based multicompartmental modeling program.3 The algorithm used
incorporated commercially available subroutines (Numerical Algorithms
Group, Cambridge, England) into a simple Fortran program that
permitted data input, model specification, and output of the parameters.

Results

Experiment A. This study examined the metabolic properties
of Sf 100-400 VLDL apoB in normal and Type IV hyperli-
poproteinemic subjects. Catabolism of an autologous 1251..
labeled tracer of this fraction was followed through an inter-
mediate of Sf 12-100 to LDL (Sf 0-12). Typical decay curves

in a normal (subject N3) and a hypertriglyceridemic individual
(subject HTG3) are presented in Fig. 2. These were analyzed
by use of the multicompartmental model outlined in Fig. 3.
ApoB radioactivity disappeared monoexponentially from the

3. Multicompartmental analysis was performed with a Fortran program
similar to simulated analysis and modeling (SAAM) (29) and NONLIN

(30). Three commercially available subroutines (Numerical Algorithms
Group, Cambridge, England) were used to provide: (a) integration of

first order differential equations (DO2BBF); (b) minimization of the

sum of squared differences between observed and calculated values

(EO4JAF); and (c) matrix inversion (FOIADF).
The algorithm proceeded as follows. The program input parameters

were: (a) time of sampling; (b) observed apoB radioactivities expressed
as a fraction of the total apoB radioactivity present in the 10-min
sample; (c) a weight for each datum calculated from its estimated

error; and (d) initial estimates for the rate parameters described in the

models (Figs. 3, 4, and 8). An iterative procedure adjusted the rate

constants to minimize the sum of squares between observed and

calculated data. The final solution was accepted when it gave a

consistent and unique fit to the data (31).

Sf 100-400 flotation range and accumulated rapidly in an Sf
12-100 species, which became maximally labeled within 5
h. The biexponential clearance of activity from this intermediate
fraction suggested that it contained at least two metabolically
distinct components, reflected in the two pool system (pools 3
and 4, Fig. 3) which was required to achieve an acceptable
computer fit of the data. The subsequent appearance of
radioactivity in Sf 0-12 lipoproteins, which increased progres-

I

Sft 12-4 1

k
St 0-12

urine

Figure 3. Multicompartmental model describing the transfer of apoB
radioactivity from Sf 100-400 particles into the Sf 0-12 flotation

range, which was used to analyze the plasma decay curves shown in

Fig. 2. The fractional clearance rate of Sf 12-100 apoB was calculated

from the formula: FCR = I(k4/ksXk7 + k8) + (k6/k5Xk7 + k8) + k7
+ k8]/[l + (k7 + k8)/k5].
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sively for 24 h after the injection, indicated that at least a
fraction of the apoB in the intermediate species was being
transferred into LDL. The terminal clearance of LDL apoB
radioactivity was slow (Fig. 2) and could be adequately repre-
sented by a single pool in equilibrium with an extravascular
compartment (Fig. 3). The rates of exchange between these
compartments was limited to maintain 72% of LDL in the
plasma in accordance with values obtained from studies of
LDL kinetics (see reference 20). Overall, the form of the
plasma apoB clearance curves was similar in the normal and
hypertriglyceridemic individuals. The rate constants that were
derived from them by multicompartmental computer analysis
are given in Table II. Transfer of apoB radioactivity from Sf
100-400 to 12-100 lipoproteins was, as might be expected,
slower in the hypertriglyceridemic group (k2 in the hypertri-
glyceridemics was 0.29±0.12 pools/h vs. 0.62±0.21 pools/h in
the controls, P < 0.05). Thereafter, however, the clearance of
radioactivity from the intermediate Sf 12-100 fraction was the
same (1.38±0.62 pools/d in the hypertriglyceridemics vs.
1.29±0.23 pools/d in the controls), as was the apoB decay
from LDL (Table II). In most subjects the majority of apoB
in Sf 100-400 lipoproteins was transferred to higher density
fractions. However, two individuals (N2 and HTG3) showed
direct catabolism of about half of their Sf 100-400 apoB. The
reason for this phenomenon is not clear. Since the apoB pool
in the Sf 100-400 interval of the normal subjects was very
small, it could not be measured accurately. It was necessary
to add unlabeled carrier VLDL (see Methods) to achieve
recovery of the radioactivity in the B protein. Subtraction of
the amount of carrier added from the total protein measured
gave a maximum estimate of Sf 100-400 VLDL apoB in the
controls of 1.1 mg/dl (range 0.8-1.4 mg/dl). Flux rates of the
protein from this fraction are therefore not available for the
normal subjects to provide a comparison with the values
obtained in the hypertriglyceridemic group (see reference 20).

The mean plasma concentrations of apoB in Sf 12-100 and
0-12 fractions in these four controls were 17±5.1 and 64±10
mg/dl, respectively.

One notable observation that emerged from this study was
the slow clearance of apoB-associated radioactivity from the
Sf 12-100 flotation range and its incomplete transfer into
lipoproteins of Sf 0-12. This particular feature warranted
further investigation and became the subject of the studies
outlined below.

Experiment B. The results of experiment A differ substan-
tially from observations that we and others had made about
VLDL apoB metabolism by use of conventional ultracentrifugal
separation procedures in anglehead rotors. Wetherefore pro-
ceeded to compare the fate of '31I-VLDL (d < 1.006 kg/liter)
prepared in a standard fixed anglehead rotor with that of 12511
VLDL (Sf 100-400) isolated by cumulative flotation. After the
injection of these autologous tracers into the bloodstream of
three normal subjects, lipoprotein fractions were isolated by
both cumulative flotation and anglehead separation at limit
densities of 1.006, 1.019, and 1.063 kg/liter. Representative
anglehead-derived decay profiles and the kinetic parameters
derived by use of the models shown in Figs. 3 and 4 are
presented in Fig. 5 and Tables III and IV. Fig. 5 a shows that
apoB radioactivity in the injected Sf 100-400 tracer was
transferred only partially to the d = 1.006-1.019 kg/liter
fraction and from there to LDL. Indeed, the peak value for
LDL (-8-9% of the initial plasma apoB radioactivity) in these
three individuals was on a similar order to that found in the
Sf 0-12 fraction of the control subjects (- 6%) in experiment
A. Conversely, the apoB injected in VLDL of d < 1.006 kg/
liter, which had been prepared by anglehead centrifugation,
was rapidly and substantially transferred through the d = 1.006-
1.019 kg/liter intermediate fraction to LDL (Fig. 5 b). Table
IV describes the net transfer of radioactivity into LDL as a
percentage of that initially associated with VLDL apoB. It can

Table II. Experiment A. Metabolism of SJ 100-400 VLDL apoB in Normal and Hypertriglyceridemic Subjects

Fractional catabolic rate (d-')
Rate constants (h-')

Sub- VLDL S 12-100 LDL
ject ki k2 k3 4 ks 6 k7 kg ko apoB apoB apoB

NI 0 0.47 0 0.095 0.055 0 0 0.026 0.017 11.4 1.15 0.40
N2 1.15 0.94 0 0.21 0.12 0 0.014 0.009 0.012 50.0 1.25 0.28
N3 0 0.68 0 0.22 0.077 0.017 0.014 0.009 0.011 16.4 1.67 0.26
N4 0 0.40 0 0.12 0.026 0.004 0.0014 0.01 0.017 9.6 1.08 0.40
HTGJ 0 0.31 0 0.046 0.035 0.019 0.022 0 0.014 7.5 0.92 0.34
HTG2 0 0.13 0.012 0.11 0.075 0 0.012 0.011 0.015 3.2 1.01 0.37
HTG3 0.43 0.46 0 0.17 0.15 0 0.01 0.016 0.018 21.4 1.12 0.43
HTG4 0.043 0.26 0 0.33 0.10 0.05 0.008 0.02 0.017 7.2 2.45 0.41

Mean, normal (±1 SD) 21.9±16.4 1.29±0.23 0.34±0.07
Mean, HTG(±1 SD) 9.8±6.9 1.38±0.62 0.39±0.03
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Figure 4. Multicompartmental model used to analyze the transfer of
apoB radioactivity from VLDL (d < 1.006 kg/liter) through IDL (d
= 1.006-1.019 kg/liter) to LDL (d = 1.019-1.063 kg/liter).

be seen that when the anglehead rotor was used to prepare the
VLDL tracer, 65-87% of the B protein radioactivity transferred
from this d < 1.006 kg/liter fraction into lipoproteins of
density 1.0 19-1.063 kg/liter. However, an Sf 100-400 VLDL
tracer isolated by the cumulative flotation technique transmitted
only 20-38% of its apoB activity from the d < 1.006 kg/liter
density range into LDL of d = 1.019-1.063 kg/liter. This
apparent inconsistency can be explained on the basis of the
different particle population distributions that exist in the two
VLDL preparations. Ultracentrifugal analysis of the tracers
showed that, unlike the 1251 Sf 100-400 VLDL, most radioac-
tivity (93, 85, and 74%, respectively, in subjects N5, N6, and
N,) in the '"'I d < 1.006 kg/liter preparation was contained
in small lipoproteins of Sf < 100. These small particles cleared
twice as fast into LDL (Table IV) than did lipoproteins of Sf
20-100, which came from the metabolism of the 1251 (Sf 100-
400) VLDL. The same pattern emerged when the plasma
samples were subjected to cumulative flotation ultracentrifu-
gation. Here, the mean peak values (± ISD) in Sf 0-12 lipo-
protein were 4.1±2.6 and 22.7±4.5% from the material of Sf
100-400 and d < 1.006 kg/liter, respectively.

Experiment C. The evidence from the above studies pointed
to the likelihood of metabolic heterogeneity within VLDL of
Sf 20-100. Weattempted to probe this by taking two narrow
flotation intervals in this fraction and comparing their metab-
olism directly in two normal subjects. VLDL of Sf 20-40 and
40-60 was prepared by cumulative flotation and labeled sep-
arately with 1251 and "11, respectively. Their clearances from
the Sf 12-100 fraction and appearances in Sf 0-12 lipoproteins
were then determined. Separate analyses were also made of S$
20-40 and 40-60 lipoproteins by use of a modified VLDL
gradient (see Methods, system I). The composite results are

presented in Fig. 6 and Table V. In each subject, the clearance
of '31I radioactivity (originally in Sf 40-60 VLDL) from the Sf
12-100 flotation range was slower, and its extent of conversion
to LDL was less than that of 1251. Weconcluded that the Sf
40-60 flotation interval contained some particles that decayed
slowly and were not converted to LDL. The behavior of Sf
20-40 material more closely resembled that population of
particles labeled in VLDL of d < 1.006 kg/liter which had
been prepared in the anglehead rotor (see experiment B). Note
in Fig. 6 that the rate limiting step in the clearance of apoB
from the Sf 12-100 range must reside in particles of Sf 12-20.

Experiment D. In light of these observations in normal
subjects, we proceeded to examine VLDL apoB metabolism
in four additional dyslipoproteinemic individuals, three of
whomwere classifiable as Type III on the basis of their VLDL
cholesterol/plasma triglyceride ratio (21) and the presence in
their plasma of a 13 migrating VLDL fraction in the d < 1.006
kg/liter density range. The dysbetalipoproteinemic subjects
cleared apoB from their Sf 100-400 VLDL biexponentially
(Fig. 7 a). The rapidly decaying component gave rise to the
appearance of radioactivity in Sf 60-100 and, subsequently, Sf
20-60 lipoproteins. The transition of apoB activity through
this cascade was analyzed with the computer model shown in
Fig. 8, which includes a compartment representing Sf 0-12
lipoproteins for the sake of completeness, although the trans-
mission of radioactivity into this fraction was too low to
permit accurate quantitation. The derived rate constants de-
scribing the flow are presented in Table VI. The rapidly
decaying component in the Sf 100-400 flotation range has a
fractional clearance rate (mean, 0.54 pools/h) that approached
that of Sf 100-400 VLDL apoB in normal subjects. It was
faster than the mean value observed for that fraction in the
Type IV individuals (Fig. 2 and Table II). However, the slowly
decaying component, which accounted for 33, 39, and 15% of
the injected material (in dysbetalipoproteinemic subjects Dys#
1, 2, and 3) had no counterpart either in the control or
hypertriglyceridemic individuals and in fact was not present
in homologous Sf 100-400 VLDL from subject HTG5 that
was injected simultaneously with autologous VLDL into pa-
tients Dys(33 (Fig. 7 c).

After its appearance in the Sf 20-60 flotation range, the
radioactive apoB derived from Sf 100-400 particles had a slow
clearance rate. Its mean residence time in the three Type III
subjects was 40, 50, and 56 h. However, when in two of these
subjects (Dysf31 and Dysf32) the lipoprotein in the Sf 20-60
flotation range was isolated and labeled directly its metabolism
differed from what is described above (Fig. 7 b). Specifically,
the mean residence time of this material was significantly
shorter (14 and 21 h for subjects Dys#1 and Dys#2, respectively)
and its conversion to lipoproteins of a higher density (Sf 12-
20) was more rapid (compare rate constants k13 and k12 in
Table VI and Fig. 8). Nevertheless, it did include a slowly
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Figure 5. Decay profiles describing the flow of
apoB radioactivity from VLDL into LDL. Two
fractions of VLDL (of d < 1.006 kg/liter and Sf
100-400) were prepared by anglehead and cumu-

lative flotation ultracentrifugation and labeled
with '"'I and 125I, respectively. After reinjection
into the donor (N6) frequent plasma samples were

collected over the next 14 d and used to isolate
lipoproteins within the density ranges d < 1.006,
d = 1.006-1.019, and d = 1.019-1.063 kg/liter.
The radioactivities associated with these fractions
are shown above. Panel a describes the flow of

0 40 80 120 160 200 240 280 320 activity after the injection of Sf 100-400 VLDL;

H O U RS in b, d < 1.006 kg/liter VLDL was injected.

catabolized component with metabolic characteristics similar
to those of material that had been derived from Sf 100-400
VLDL.

The kinetic parameters of apoB in VLDL of Sf 100-400
and 20-60 for subject HTG5 are included for comparison
(Table VI). The clearance rate of his Sf 100-400 apoB was

similar to that observed in the other hypertriglyceridemic
subjects. Again, the fractional catabolism of Sf 20-60 VLDL
apoB derived from S$ 100-400 material was substantially
slower than that of the directly labeled lipoprotein (compare
0.04 with 0.164 pools/h in Table VI). The plasma concentra-

tions of apoB present in each flotation interval are provided
for reference in Table VII. It is evident that in the dysbetali-
poproteinemic subjects the apoB mass distribution favors the
small Sf 20-60 VLDL fraction. A more complete comparison
of the physical and chemical properties of these lipoprotein
classes has been presented elsewhere (I 1).

Discussion

The apoB-containing lipoproteins VLDL and LDL, initially
treated as structurally homogeneous entities, are now known
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Table III. Experiment B. Metabolism of SJ 100-400 and d < 1.006 VLDL apoB in Three Normal Subjects

Rate constants (h-')* Fractional catabolic rate (d-')

Experi- Sub- Sr 100400 Sr 12-100 Sf -12
ment ject Tracer k, k2 k3 k4 k5 k6 k7 k8 k1o apoB apoB apoB

A N5 '251-VLDL 0.0 1.7 0.0 0.16 0.022 0.0 0.055 0.002 0.02 40.8 3.15 0.48
(Sr 100-400)

N6 '25I-VLDL 0.0 0.67 0.0 0.16 0.063 0.005 0.0045 0.016 0.018 16.1 1.35 0.43

(Sf 100-400)
N. '251-VLDL 0.0 0.5 0.052 0.33 0.29 0.0 0.018 0.002 0.010 12.0 0.96 0.24

(Sf 100-400)
Flux (mg/kg per d)§

Rate constants (h-') VLDL LDL apoB LDL apoB

apoB synthesis (d = 1.019-1.063
k, k2 k3 k4 k5 k6 catabolism kg/liter) catabolism

B N5 '3'I-VLDL 0.33 0.04 0.03 0.08 0.17 0.013 7.0 7.2

(d< 1.006) 11.5
N6 '3'I-VLDL 0.40 0.0 0.031 0.3 0.48 0.018 10.2 8.6

(d< 1.006) 16.6
N7. '3'I-VLDL 0.35 0.01 0.027 0.04 0.22 0.013 12.0 11.0

(d< 1.006) 14.9

* These rate constants are defined in Fig. 3. f These rate constants are defined in Fig. 4. § Fluxes are calculated from the pool sizes and appro-
priate rate constants.

Table IV. Experiment B. Comparison of the Metabolism of Sf 100-400 and d < 1.006 kg/liter VLDL apoB in Three Normal Subjects

FCRof VLDL FCRof VLDL
Subject Tracer Sf 100-400 Sf 20-100* %Converted to LDL$ FCRof LDL

h-1 h-1 d-1

Ns '251-VLDL (Sf 100-400) 1.33 0.27 38% (d = 1.019-1.063) 0.48
1% (Sf 0-12)

N6 '25I-VLDL (Sf 100-400) 0.72 0.33 31% (d = 1.0 19-1.063) 0.43
24% (Sf 0-12)

N. '251-VLDL (Sf 100-400) 0.40 0.12 20% (d = 1.019-1.063) 0.24
6% (Sf 0-12)

N5 '3'I-VLDL 0.42 66% (d = 1.019-1.063) 0.31

(d < 1.006 kg/liter) 45% (S. 0-12)

N6 13'1-VLDL 0.48 65% (d = 1.019-1.063) 0.43

(d < 1.006 kg/liter) 35% (S$ 0-12)

N7 1311-VLDL 0.57 87% (d = 1.019-1.063) 0.31

(d < 1.006 kg/liter) 46% (Sr 0-12)

FCR, fractional catabolic rate. * Derived by computer analysis of the difference between apoB radioactivities in VLDL of d < 1.006 kg/liter
(equivalent to Sr 20-400) and VLDL of Sf 100-400. t The LDL fraction was prepared in one of two ways: (a) by isolation between densities
1.019 and 1.063 kg/liter, or (b) by cumulative flotation in the Sf range 0-12, by use of system II (see Methods).
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Table V. Experiment C. Metabolism of Sf 40-60 and Sf 20-40 Lipoproteins in Two Normal Subjects

Rate constants (h-')* Catabolic rate
Lipoprotein from S 12-100 %Conversion

Subject injected k4 k5 k k7 kg ko lipoproteins to LDL

d-'

N3'I Sf 40-60 0.22 0.84 0 0.025 0.025 0.015 1.4 35%
N8 1251 Sf 20-40 0.082 0.31 0 0.026 0.084 0.016 2.4 59%

' 'I Sf40-60 0.079 0.16 0 0.065 0.12 0.015 2.9 43%N9 251 Sf 20-40 0.054 0.32 0 0.08 0.17 0.018 3.8 58%

* These rate constants are defined in the model shown in Fig. 3. In this study radioactive label was introduced into compartment 3, i.e., the first
compartment in the intermediate lipoprotein range. The estimated rate constants describe the movement of apoB radioactivity from the entire
Sf 12-100 range into Sf 0-12.

to show substantial variation in their physicochemical prop-
erties. It seems appropriate now to consider the likelihood that
metabolic heterogeneity accompanies this structural diversity.
This question is addressed in the present study.

Early metabolic investigations of the conversion of VLDL
to LDL relied heavily on anglehead centrifugation for fraction-
ation of the lipoprotein species. The results indicated that the
apoB component of VLDL (d < 1.006 kg/liter) was transferred
virtually quantitatively into the LDL density range (d = 1.006-
1.063 kg/liter) in normal subjects (1), but incompletely in
hypertriglyceridemics (2, 19). A second generation of studies
dissected out a transient intermediate in this process of nominal
density 1.006-1.019 kg/liter, which seemed to conserve all
apoB from VLDL but transmit only a fraction of it into LDL,
even in normal individuals (5, 6). In addition, it became clear
that input of apoB into the VLDL - LDL cascade could
occur at multiple sites, indicating that particles of different

z

0

a

* "Sf 12 - 100

0 20

H O U R

composition were being secreted continuously into what was

originally considered to be a single pool (4, 22). In order to
calculate B protein flux rates it had to be assumed that such
particles become almost instantaneously metabolically identical.
However, as Fisher (22) has pointed out, this is not very likely.
He raises the alternative possibility that chemical equilibrium
is not reached and so metabolic channeling must occur in the
cascade. The design of experiments to investigate this process
must take into account the history of the population of
particles used as the tracer in kinetic studies. Reardon and
Steiner (3) first approached this problem by showing that not
all of the intermediate lipoproteins of Sf 12-100 isolated by
anglehead centrifugation derived from larger triglyceride-rich
Sf 100-400 particles. The implication here was that these two
synthetic sites produce particles not only of different size and
composition but also with different metabolic potential. Li.
poprotein lipase, the key enzyme involved in VLDL lipolysis,

A " -A * Figure 6. Metabolic fate of apoB in Sf

* %s 20-40 and 40-60 lipoproteins in sub-
% ject N8. The above fractions were pre-

% \ pared and labeled with "25I and

I\ ^ respectively. The subsequent transit of

Sf12-100
apoB from Sf 12-100 to Sf 0-12 is

"I* ..shown above. The flow of B protein
Sf 20-40 ". radioactivity through Sr 40-60 and 20-

40 particles is also included. (a) Decay
I I I I curves obtained after injection of Sf 40-

0 20 40 60 60 particles. (b) Decay curves after in-

s jection of S. 20-40 particles.
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Figure 7. The metabolic decay of apoB in VLDL of Sf
100-400 and 20-60 in dysbetalipoproteinemia. a de-
scribes in subject Dysfl, the transfer of apoB radioactivity
from Sf 100-400 particles through Sf 60-100 and 20-60
to 12-20. In b, Sf 20-60 lipoproteins were isolated di-
rectly and radiolabeled before reinjection. The decay of
apoB activity from this fraction into particles of Sf 12-20
is shown. c compares the clearance of apoB from the Sf

J 100-400 range when autologous material and homolo-
250 gous VLDL from subject HTG5 were injected into sub-

ject Dys3l3.

may be able to distinguish between newly secreted Sf 12-100
particles and partially delipidated Sf 100-400 lipoproteins that
have fallen into the Sf 12-100 range. The present work suggests
that this is the case.

The investigation of metabolic heterogeneity among lipo-
proteins is critically dependent on the ability of the chosen
fractionation procedure to separate particles with defined phys-
icochemical properties. The cumulative flotation procedure
described by Lindgren et al. (9) offers such a possibility.
Manipulation of the centrifugal conditions permits selection
at will of clearly delineated lipoprotein fractions. This therefore
offers significant advantages over the anglehead ultracentrifu-

gation procedure. In experiment B we found that the amount

of apoB radioactivity that appeared in what was nominally
LDL depended on the choice of centrifugation procedure. Fig.
9 exemplifies the point. Here we examine the transfer of
radioactivity from VLDL apoB of d < 1.006 kg/liter into LDL

prepared (a) as 1.019-1.063 kg/liter lipoprotein by anglehead
separation, or (b) as the Sf 0-12 fraction by cumulative
flotation. Both of these procedures, in theory, should isolate
the same LDL fraction. However, it is clear that the anglehead
technique results in a higher apparent conversion than the
cumulative flotation approach (Table IV). Webelieve that the
standard conditions applied to the anglehead separation (i.e.,
40,000 rpm in a 40.3 rotor for up to 24 h [5, 6]) inadequately
clear all lipoproteins of Sf > 12 from LDL in the infranatant.
This proposal is supported by the observation that increasing
the solute density in the anglehead rotor to 1.025 kg/liter (23)
reduces the transfer of radioactivity into LDL towards the
value obtained by cumulative flotation (Fig. 9). In three
separate reports (23-25) it has been observed that LDL
(d = 1.019-1.063 kg/liter) isolated in the anglehead rotor under
the conditions described above was contaminated with inter-
mediate lipoprotein of d < 1.020 kg/liter which could be
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Figure 8. Multicompartmental model used to analyze the decay data
shown in Fig. 7. Essentially there are two channels in the model.
When VLDL Sf 100-400 was injected, compartments 1 and 2 were
primarily labeled. Radioactivity was distributed between these accord-
ing to the two exponentials present in the decay curve of this
material. Injection of Sf 20-60 primarily channeled radioactivity into
the compartments in the S. 20-60 range. The dotted compartment
represents the possibility that the channeling continues into the LDL
(Sf 0-12) density range.

eliminated by employing a more rigorous fractionation pro-
cedure. In fact, the hydrated density of lipoproteins whose
flotation rate is just above the Sf 12 limit for LDL is so close
to that of the background 1.019 kg/liter density solution that
several days of centrifugation in the anglehead rotor would be
required to eliminate them from the LDL fraction.

In experiment A we determined the metabolic fate of Sf
100-400 VLDL apoB in normal and hypertriglyceridemic
subjects by use of cumulative flotation ultracentrifugation. The
large VLDL contained B protein, which in the normal subjects
was transferred virtually quantitatively into intermediate lipo-
protein of S 12-100. Their subsequent catabolism was biphasic,
suggesting the presence of two metabolically distinct compo-
nents. Less than 10% of this material ended up in LDL. Most
was cleared directly from the plasma. So, in these individuals
it seems that large VLDL is not quantitatively transferred to

LDL. In the Type IV hyperlipoproteinemic subjects the pattern
was essentially the same despite the fact that their VLDL pool
was substantially expanded and clearance of apoB from the Sf
100-400 density interval was retarded.

Experiment B shows that in normal subjects the apoB in
LDL comes mostly from small VLDL which are excluded
from the Sf 100-400 fraction but are heavily iodinated
when lipoproteins of d < 1.006 kg/liter are used. This is
consistent with the fact that the efficiency of labeling of small
protein-rich VLDL is much higher than that of large particles.
By implication, therefore, when the anglehead ultracentrifuge
rotor is used to isolate lipoproteins of d < 1.006 kg/liter one
is in effect preparing a tracer of small VLDL. Calculation of
apoB flux rates as the product of the total VLDL apoB pool
(d < 1.006 kg/liter) and its fractional clearance rate results in
values for the transfer to LDL that are sufficient to account
entirely for its synthesis (Table III) in agreement with earlier
published data (1, 2, 6, 19). However, as indicated above, this
ignores the problem of metabolic channeling. The true flux
rates can only be determined from a knowledge of the size
and catabolic rate of the individual apoB subcompartments in
VLDL.

In experiment C we attempted to examine more closely
the particle distribution in the VLDL subcompartments. We
predicted that VLDL of Sf 40-60 would probably be enriched
in lipoproteins derived by catabolism of large triglyceride-rich
particles (Sf 100-400) whereas direct particle synthesis into the
Sf 12-100 range would favor the smaller VLDL (Sf 20-40). If
this assumption is correct, on the basis of the previous argument,
the Sf 20-40 lipoproteins should transit more rapidly and
completely into LDL than would the larger Sf 40-60 particles.
Fig. 6 shows that our prediction was correct. So, even these
VLDL particles with similar flotation rates are substantially
different in their metabolic behavior. However, it must be
remembered that particles of Sf 20 (diameter -300 A) have
only one third (10, 11) of the volume of Sf 60 particles
(diameter 450 A). This size difference allows for substantial
underlying structural variability to account for the observed
metabolic heterogeneity.

In the final series of studies (experiment D) we followed
apoB metabolism in Type III hyperlipoproteinemic subjects in
an attempt to locate more accurately the lesion in apoB
metabolism that accompanies this phenotype. We found that
the conversion of large VLDL (Sf 100-400) to smaller particles
in the Sf 20-60 flotation range was normal. This is consonant
with the knowledge that lipoprotein lipase levels in Type III
hyperlipoproteinemic subjects are normal (26). Only when the
VLDL apoB reached the intermediate density range (Sf < 60)
was its further catabolic progress retarded. However, it should
be noted that the Sf 100-400 VLDL fraction in the subjects
did contain substantial amounts of B protein whose catabolism
was very slow. The only other subjects who demonstrate
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Table VI. Experiment D. Metabolism of Sf 100-400 and Sf 20-60 VLDL
apoB in Three Dysbetalipoproteinemic and a Hypertriglyceridemic Subject

Rate constants* (h-I)

Subject Tracer k, k2 k1 k4 k k k7 kg

Dysf, '3'I-VLDL (Sf 10-400) 0.23 0.14 0,018 0.009 0.31 0.019 0.11 0.016
125IIVLDL (Sf 20-60)

Dys#2 '31I-VLDL (Sf 100-400) 0.0 0.26 0.024 0.0 0.20 0.017 0.15 0.007
125IIVLDL (Sr 20-60)

Dys#3 '31I-VLDL (Sf 100-400) 0.27 0.23 0.08 0.0 0.22 0.0 0.13 0.048
(HTG5)

125I-VLDL (Sr 100-400) 0.27 0.40 0.037 0.005 0.35 0.018 0.017 0.021

(Dys#3)
HTG5 '31I-VLDL (Sr 100-400) 0.0 0.13 0.0 0.11 0.073 0.045 0.0 0.0

1251-VLDL (Sr 20-60)

* The rate constants are defined in Fig. 8. t Fractional catabolic rate of the rapid VLDL Sr 100-400 component = k, + k2 + k7 (Fig. 8).
§ Fractional catabolic rate of Sf 20-60 apoB radioactivity derived from Sf 100-400 VLDL. 1Fractional catabolic rate of directly labeled VLDL
of Sf 20-60.

similar biphasic Sf 100-400 lipoprotein catabolism are hyper-
chylomicronemic individuals with the Type V phenotype (see
reference 20). Wefavor the possibility that the slowly inetab-
olized apoB species is located in chylomicron remnants. Meng
and coworkers (27) have shown recently that apoB4g, a marker
of chylomicrons, occurs in significant amounts only in the
total VLDL fraction of Type III and Type V hyperlipoprotein-
emic individuals; and Nestel et al. (28) have shown that in
Type V subjects, apoB," is removed more slowly from the

-1.

oI

U

Q

a

U
0.

z
Q
I.,

U.

001~

AApol, d<i.006
* Apo B d= 1019- 1063

Jw
A Apo B ,d =l25-1063

~~~~A Apo BSf 0 -12

-t * _ w

/4.\-

0 20 40 60 80 100 120 t40

H 0 U R S

plasma than is apoB,00. So it is not surprising that the Sf 100-
400 VLDL from a Type IV subject, who does not accumulate
chylomicrons or their remnants, is catabolized virtually mono-
exponentially when injected into subject DyS#3 (Fig. 7 c).
Although these putative chylomicron remnants accumulate in
Type III plasma, they are not the only slowly metabolized
species in the Sf > 20 VLDL. ApoB that has transferred in an
apparently normal way from larger triglyceride-rich VLDL
lingers in the Sf 20-60 range, suggesting that further processing

Figure 9. The disappearance of apoB radioactivity
injected in Sf 100400 VLDL and reisolated from
the d < 1.006 kg/liter density interval. The ap-
pearance of this radioactivity in the intervals
1.019-1.063 and 1.025-1.063 kg/liter and S 0-12
is shown above. The data here are from subject
N7. Note that for the sake of clarity the curve
representing apoB radioactivity in Sr 12-20 lipo-
proteins has been omitted from the figure.
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Fractional catabolic rate (h-')

Sf 100400* Sf20-60§ S20-60
VLDL VLDL VLDL

kg ko k,1 k12 k,3 k,4 k15k,6 apoB apoB apoB

0.19 0.30 0.11 0.017 0.032 0.48 0.025
0.0 0.026 0.11 0.028 0.09 0.018 0.069

0.062 0.049 0.025 0.02 0.027 0.41 0.020
0.015 0.015 0.06 0.036 0.071 0.0 0.048

0.076 0.037 0.016 0.22 0.12 0.67 0.025

0.071 0.11 0.009 0.043 0.012 0.72 0.018

0.27 0.33 0.025 0.098 0.022 - 0.13 0.040
0.018 0.018 0.15 0.020 0.072 0.034 0.164

of these VLDL remnants is blocked by the metabolic defect.
But these remnants apparently constitute only a fraction of
the S$ 20-60 lipoproteins. When the latter are isolated and
labeled directly, most exhibit relatively rapid plasma clearance
into particles of Sf 12-20 (Fig. 7 b). These individuals therefore
also seem to have at least two metabolically distinct small
VLDL particle types.

The weight of evidence presented in this study suggests
that chemical equilibrium and therefore metabolic homogeneity
is not a feature of VLDL turnover. The ultimate fate of any
particular particle depends on its pedigree. In both normal
and hypertnglyceridemic subjects there appear to be within

Table VIL Experiment D. Plasma Concentrations
of apoB in Sf 12-400 Subfractions

Plasma apoB concentrations (mg/dl)*

Subject S100-400 S60- 100 S20-60 S 12-20

Dys#1 1.9 2.6 15.7 13.3
Dys#2 2.0 4.7 26.7 19.8
Dysj63 0.76 2.0 15.2 19.1
HTG5 5.0 8.0 12.7 15.9

* Determined as the tetramethylurea precipitable protein present in
subfractions taken from fasting plasma samples (n = 14).

the small VLDL density range at least two distinct particle
types. One, a remnant of large triglyceride-rich VLDL, is
catabolized slowly within the Sf 12-100 flotation interval and
is not significantly transferred to LDL. The other, synthesized
directly as small VLDL, is rapidly converted into LDL and
constitutes its major precursor.
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