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Abstract The contribution of very low density lipoproteins 
(VLDL) and intermediate density lipoproteins (IDL) to various 
low density.1ipoprotein (LDL) subfractions was examined in three 
normal subjects and two with familial combined hyperlipidemia. 
Autologous VLDL + IDL (d< 1.019 g/ml) or VLDL only (d< 
1.006 g/ml; one subject only) were isolated by sequential ultra- 
centrifugation, iodinated, and injected into each subject. The 
appearance, distribution, and subsequent disappearance of ra- 
dioactivity into LDL density subpopulations was characterized 
using density gradient ultracentrifugation. These techniques 
help determine the contribution of precursors to various LDL 
subpopulations defined uniquely for each subject. The results 
from these studies have suggested: I) it took up to several days 
of intravascular processing of precursor-derived LDL before it 
resembled the distribution of the ‘steady-state’ plasma LDL pro- 
tein; 2) plasma VLDL and IDL precursors contributed rapidly 
to a broad density range of LDL; 3) the radiolabeled plasma 
precursors did not always contribute to all LDL density subfrac- 
tions within an individual in proportion to their relative LDL 
protein mass as determined by density gradient ultracentrifuga- 
tion; 4) with time, the distribution of the precursor-derived LDL 
became more buoyant or more dense than distribution of the 
LDL protein mass; and 5) the kinetic characteristics of precur- 
sor-derived particles within LDL changed within a relatively 
narrow density range and were not always related to the LDL 
density heterogeneity of each subject. These studies empha- 
size the complexities of apoB metabolism and the need to design 
studies to carefully examine the production of various LDL 
subpopulations, the kinetic fate and interconversions among the 
subpopulations, and ultimately, their relationship to the devel- 
opment of atherosclerosis. - Marzetta, C. A., D. M. Foster, 
and J. D. Brunzell. Conversion of plasma VLDL and IDL pre- 
cursors into various LDL subpopulations using density gradient 
ultracentrifugation. J Lipid Res. 1990. 31: 975-984. 
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LDL have been characterized as a class of heterogene- 
ous particles that differ in size, density, lipid and apopro- 
tein composition, and metabolism (1-8). The fundamen- 
tal pathway describing the production of LDL has tradi- 

tionally been thought to involve the production of VLDL 
by the liver with the subsequent conversion of VLDL to 
IDL and then to LDL by a series of events involving the 
hydrolysis and removal of triglyceride from the core of the 
particles (9, 10). More recently, however, alternative path- 
ways for production of LDL have been suggested which 
involve the direct production of LDL-like particles from 
the liver (11-15) and/or the rapid conversion of small nas- 
cent VLDL or IDL precursors pools to plasma LDL 
(16-18). While it has been suggested that up to 50% of 
plasma LDL can be derived from plasma VLDL-inde- 
pendent sources in normolipidemic subjects (17), it is un- 
clear whether certain LDL subfractions are derived from 
specific plasma precursors such as VLDL and IDL while 
others are derived preferentially by direct production. 

Although several studies have examined the contribu- 
tion of plasma VLDL precursors to different density cuts 
of LDL (6, 7, 19), there is little information available on 
the relationships between plasma precursors and various 
plasma LDL subpopulations. The current studies were 
designed to examine the conversion of radiolabeled 
VLDL and IDL precursors into various LDL, density 
subpopulations in three normolipidemic individuals and 
two subjects with familial combined hyperlipidemia. The 
distribution of precursor-derived radioactivity was followed 
with time among the LDL density subpopulations unique 
to each subject using density gradient ultracentrifugation. 

Abbreviations: d, density in g/ml; DGUC, density gradient ultracen- 
trifugation; EDTA, ethylenediaminetetraacetic acid; FCHL, familial 
combined hypercholesterolemia; fx, fraction; IDL, intermediate density 
lipoprotein; LDL-C, low density lipoprotein cholesterol; LTP, lipid 
transfer protein; SDS-PAGGE, sodium dodecyl sulfate-polyacrylamide 
gradient gel electrophoresis; TPC, total plasma cholesterol; VLDL-C, 
very low density lipoprotein cholesterol. 

‘Present address: Pfizer Central Research, Department of Metabolic 
Diseases, Eastern Point Road, Groton, CT  06340. 

Journal of Lipid Research Volume 31, 1990 975 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


MATERIALS AND METHODS 

Subjects 

Five subjects, three normolipidemic subjects UT, MC, 
DW; subjects 1, 2, and 3, respectively, of ref. 20) and two 
subjects with familial combined hyperlipidemia (FCHL) 
(subjects WE and HM; subjects 4, and 5, respectively, of 
ref. 20) were studied as outpatients of the Clinical Re- 
search Center at the University Hospital of the University 
of Washington after informed patient consent and ap- 
proval by the Human Subjects Review Committee of the 
University of Washington. Detailed clinical parameters 
for each subject have been published elsewhere (20). 
Mean total plasma cholesterol, triglyceride, and apoB 
concentrations in the control and FCHL groups were 
178 * 50, 59 f 15, 94 f 31, and 270, 160, 142 mg/dl, 
respectively. The subjects with FCHL were diagnosed ac- 
cording to the criteria described previously (20). Subject 
H M  was taking ethinyl estradiol (0.05 mg, qd). No other 
subject was receiving medication known to alter lipid me- 
tabolism. Each subject maintained hidher usual diet 
throughout the study. Potassium iodide (500 mg) was 
given orally three times a day beginning 3 days before the 
injection of radiolabeled lipoproteins and throughout the 
study. 

Preparation of radiolabeled lipoproteins 

A blood sample was taken from each subject after an 
overnight fast and placed immediately into tubes on ice 
containing 1 mg/ml EDTA, 1 mg/ml NaN3, and 10 U 
aprotinin (final concentrations). Plasma was isolated by 
centrifugation at 2600 g for 30 min at 4OC. VLDL 
(d< 1.006 g/ml) or VLDL + IDL (d< 1.019 g/ml) and 
LDL (1.019 < d < 1.063 g/ml) were isolated from plasma 
by sequential ultracentrifugation using a 60 Ti rotor (20) 
Between 3.5 to 5.3 mg of lipoprotein protein was iodi- 
nated with lZ5I or I 3 l I  (New England Nuclear, Boston, 
MA) by the method of McFarlane (21) as modified by Bil- 
heimer, Eisenberg, and Levy (22). Less than 3% of the ra- 
dioactivity in the VLDL or VLDL + IDL preparations 
was free iodine. An average of 58.9 + 13% of the total ra- 
dioactivity was isolated in apoB-100 as measured by SDS- 
PAGGE and 11.2 + 1.0% was lipid-extractable. The 
radiolabeled lipoproteins were sterilized using a 0.2-pm 
filter and checked for pyrogenicity before injection. 

Design of the studies 

Each subject was injected simultaneously with 50 pCi 
of I3'I-VLDL (subject WE) or lZ5I-labeled VLDL + IDL 
(subjects JT, MC, DW, and HM) and 50 pCi of lZ5I- or 
I3'I-labeled LDL after an overnight fast. The LDL turn- 
over studies have been described in detail previously (20). 
Blood samples were obtained 10 min, 3, 6, 9, 24, 34, 48, 
and 58 h, and then daily (8 AM after an overnight fast) for 
up to 9 days after the injection of radiolabeled lipopro- 

teins. Plasma was isolated from each blood sample as 
described earlier and aliquots were taken to determine to- 
tal whole plasma radioactivity. Radioactivity was quanti- 
tated using a Packard 5160 gamma counter (Lahuna 
Hills, CA) and corrections were made for background, 
spillover, quench, and decay of each isotope. 

Lipoprotein separation and characterization 

The density distribution of the radiolabeled lipopro- 
teins was determined using density gradient ultracentrifu- 
gation (DGUC; 20). Briefly, whole plasma was under- 
layered into a discontinuous salt gradient and subjected to 
ultracentrifugation in an SW-41 rotor at 41,000 rpm for 24 
h at 15OC. For subject HM, VLDL (d< 1.006 g/ml) was 
first isolated from whole plasma by ultracentrifugation in 
a 40.3 rotor at 40,000 rpm for 18 h at 10°C and the 
d >  1.006 g/ml fraction was then subjected to DGUC as 
described. For each DGUC run, a tube containing the 
same density solutions but without the lipoprotein sample 
was prepared at the same time. After ultracentrifugation, 
each sample was drained and 38-43 fractions were col- 
lected as described previously (20) The refractive index 
(ABBE-3L Refractometer; Bausch and Lomb, Rochester, 
NY) was measured at 15OC on alternate fractions of the 
blank sample. The density for each fraction was deter- 
mined using standard solutions of known densities and 
their refractive index. The distribution of radioactivity 
among the lipoprotein fractions was determined by count- 
ing each fraction and correcting for background, spillover, 
quench, and decay. The average percentage of recovery of 
radioactivity after DGUC for a representative study was 
91.9 6% (mean SD; n = 12). The LDL DGUC 
profiles that reflect relative LDL protein mass or absor- 
bance at 280 nm are referred to as LDL protein mass for 
simplicity. 

ApoB radioactivity determinations and chemical 
analyses 

After DGUC, specific fractions were pooled based on 
the relative protein profiles of each subject (arbitrarily de- 
signated as VLDL, IDL, and LDLl and LDLB). ApoB ra- 
dioactivity was determined in each pooled subfraction 
(defined specifically for each subject throughout the text) 
by isopropanol precipitation (23) and SDS-polyacryl- 
amide gradient gel electrophoresis (SDS-PAGGE) to 
check for apoB-48 contamination (24). For SDS-PAGGE, 
the bands corresponding to each apoprotein were sliced 
and counted. In all studies, less than 3% of the total ra- 
dioactivity was isolated in the apoB-48 band. The plasma 
disappearance curves for each individual fraction within 
LDLl and LDLz were corrected for apoB radioactivity 
based on the percentage of radioactivity isolated in apoB 
within each pooled subpopulation. 

Total plasma cholesterol and triglyceride and lipopro- 
tein cholesterol concentrations were measured according 
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to the methods outlined by the Lipid Research Clinic 
(25). ApoB measurements on the pooled lipoprotein 
subpopulations (VLDL, IDL, LDL,, and LDLz) were 
determined using the RIA methods of Albers, Cabana, 
and Hazzard (26). 

RESULTS 

The disappearance of VLDL + IDL-derived apoB ra- 
dioactivity and its appearance into the LDL density range 
(as defined by the DGUC profiles) for a representative 
normolipidemic subject UT) and FCHL subject (HM) 
are shown in Fig. 1.  In the normolipidemic subject JT, 
the maximum appearance of precursor-derived apoB ra- 
dioactivity into LDL (21.2%) occurred approximately 24 
h after injection of the radiolabled lipoproteins, whereas 
in FCHL subject HM, this peak occurred approximately 
48 h after the injection of the radiolabeled lipoproteins 
and represented 18.0% of the injected apoB radioactivity. 
For all subjects, the maximal appearance of precur- 
sor-derived apoB radioactivity into the LDL density 
range varied between 10 and 48 h after the injection of the 

JT 

LDL 

VLDL+IDL 

0 1 2 3 . 4  5 6 7 8 9 
Days 

% 
8 

Days 

Fig. 1. Disappearance of radiolabeled VLDL + IDL apoB radioactivity 
fmm plasma and its appearance into LDL as defined by DGUC; A ,  
VLDL + IDL; 0, LDL. The symbols represent the observed data, the 
lies are drawn by hand. JT, normolipidemic; HM, FCHL. 

radiolabeled lipoproteins and was positively correlated to 
total plasma cholesterol (TPC) concentrations [ Y  = 0.85; 
time of peak = 0.008(TPC) - 0.548; P < 0.007], plasma 
TG concentrations [r  = 0.99; time of peak = 0.010 
(E) + 0.218; P = 0.0021, plasma apoB concentrations 
[r  = 0.84; time of peak = 0.014(apoB)-0.427; P = 0.071, 
VLDL cholesterol (VLDL-C) concentrations [Y = 0.94; 
time of peak = 0.088(VLDL-C) - 1.254; P < 0.021, and 
LDL cholesterol (LDL-C) concentrations [Y = 0.63; time 
of peak = O.OOG(LDL-C) + 0.269; P = 0.261. 

Since each data point along the plasma disappearance 
and appearance curves actually represents the sum of the 
radioactivity distributed among all the lipoprotein sub- 
populations, the distribution of the precursor-derived 
apoB radioactivity among the various LDL products was 
examined in more detail using DGUC. For all subjects, 
the distribution of the radioactivity at the time in which 
the maximal appearance of precursor-derived apoB 
radioactivity was isolated within the LDL density range 
was never superimposable with the distribution of the 
LDL protein mass. As shown in normolipidemic subject 
JT, at 24 h (maximum LDL apoB radioactivity; see Fig. 
l), the peak density of the radiolabeled lipoproteins distri- 
buted primarily in a more buoyant region (1.034 g/ml) 
compared to the plasma LDL protein mass (1.041 g/ml 
Fig. 2,  1 day). Similarly, in FCHL subject HM, at 48 h 
(maximum LDL apoB radioactivity; see Fig. 1) the peak 
density of the radiolabeled lipoproteins was 1.038 g/ml 
compared to the peak density of the LDL mass which was 
1.042 g/ml (Fig. 3,  2 days). 

With time, variable amounts of precursor-derived apoB 
radioactivity were isolated within the LDL density range 
defined uniquely by the DGUC profiles for each subject 
(12-38%; calculated as the maximum apoB radioactivity 
isolated within LDLl plus LDLp after separation by 
DGUC divided by the injected dose). With time, in the 
normolipidemic subjects the precursor-derived radioac- 
tivity distributed among the various LDL subpopulations 
and resembled the protein distribution of the plasma 
LDL. As shown for normolipidemic subject JT, 3 days 
after the injection of radiolabeled lipoproteins, the distri- 
bution of the radiolabled lipoproteins resembled the dis- 
tribution of the plasma LDL protein mass (Fig. 2, 3 days). 
However, with time in this subject, the peak density of the 
radiolabeled lipoproteins became more dense (1.047 g/ml) 
compared to the density of the plasma LDL (1.0415 g/ml; 
Fig. 2, 6 days). 

In contrast, in both FCHL subjects the distribution of 
the precursor-derived radioactivity never resembled the 
distribution of the protein mass. As illustrated in Fig. 3, 
with time the distribution of the precursor-derived radio- 
activity remained in a more buoyant region (1.039 g/ml) 
compared to the LDL protein mass (1.043 g/ml) even 7 
days after the injection of the radiolabeled lipoproteins 
(Fig. 3, lower panel). 
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Fig. 2. Density gradient ultracentrifugation profiles of the distribution of 
relative protein mass (-) and VLDL + IDL-derived total radioactivi- 
ty (A) among apoB-containing lipoproteins isolated from normolipi- 
demic subject JT 1, 3, and 6 days after the injection of radiolabeled 
lipoproteins. 

To examine the metabolic behavior of various lipopro- 
teins in more detail, fractions within specific density 
ranges (arbitrarily chosen and designated as VLDL, IDL, 
LDL1, and LDL2 based on the density gradient profiles 
unique to each subject) were pooled and apoB radioactivi- 
ty was determined for each subpopulation as described 
previously. The disappearance of radiolabeled apoB from 
VLDL in normolipidemic subject JT (fractions 1-8 
d < 1.017 g/ml; Fig. 4, upper panel), decreased rapidly 
within the first day and then disappeared at slower rate. 
A prominent delay in the disappearance of radioactivity 
was seen in the IDL subpopulation (fractions 9-13; 
1.017 < d < 1.026 g/ml). The appearance of precur- 

sor-derived radioactivity into LDL occurred rapidly in 
both the buoyant (fractions 14-16; 1.026 < d < 1.036 g/ml) 
and dense (fractions 17-21; 1.036<d< 1.060 g/ml) LDL 
subpopulations. However, approximately 10 h after the 
injection of the radiolabeled lipoproteins, radioactivity 
within the LDLl subpopulation disappeared at a rate sim- 
ilar to that seen in the IDL subpopulation. In contrast, 
radioactivity within the LDL, subpopulation continued 
to increase until about 1.5 days and then disappeared at 
a much slower rate compared to LDLl (Fig. 4, JT). 

In FCHL subject HM, the general metabolic charac- 
teristics of the VLDL and IDL subpopulations were 
similar to the normal subjects (Fig 4, lower panel). That 
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Fig. 3. Density gradient ultracentrifugation proliles of the distribution of 
relative protein mass (-) and VLDL + IDL-derived total radioactivity 
(A) among a p B  containing lipoproteins isolated from FCHL subject HM 
2, 4, and 7 days after the injection of radiolabeled lipoproteins. 
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Fig. 4. The disappearance and appearance of apoB radioactivity from 
VLDL (A),  IDL (O), LDL, (o), and LDL2 (0) as defined by the DGUC 
profiles. The symbols represent the observed data and the lines are drawn 
by hand. JT, normolipidemic; HM, FCHL. 

is, there was an initial rapid disappearance of radioactivi- 
ty from VLDL (d < 1.006 g/ml) followed by a slower rate 
of disappearance and an initial increase of radioactivity 
into IDL (fractions 1-8; d<1.0275 g/ml) followed by 
rapid and then slower disappearance from this subpopula- 
tion. As in the normolipidemic subject, the rate of ap- 
pearance of precursor-derived radioactivity increased 
similarly into buoyant and dense LDL, however unlike 
JT, the rate of disappearance from LDLl (fractions 9-13; 
1.0275 < d  < 1.042 g/ml) and LDL:, (fractions 14-19; 
1.042<d<1.069 g/ml) after 2 days was nearly identical 
(Fig. 4, HM). Similar rates of disappearance in both LDL 
subpopulations were also seen in normolipidemic subjects 
MC and DW whereas the disappearance of radioactivity 
from LDLl and LDLP from FCHL subject WE was more 
similar to subject JT (data not shown). 

Although dividing LDL into buoyant and dense sub- 
populations was based on the DGUC protein profiles uni- 
que to each individual, it was clear that the density 
heterogeneity in some of the subjects was more complex 
(see Fig. 1 of ref. 20). To obtain additional information on 

the relationships between the general kinetic characteris- 
tic and density heterogeneity of each subject’s LDL sub- 
populations, the appearance and disappearance of 
radioactivity with time was examined in each fraction 
within LDLl and LDL2 as defined by DGUC. Individual 
fractions within the buoyant and dense subpopulations 
have been corrected for apoB radioactivity determined for 
each pooled subpopulation as described earlier. Within 
the LDL, subpopulation in normolipidemic subject JT, 
the increase in radioactivity into fractions 14, 15, and 16 
was similar and rapid; however, the peak of the radiolabel 
occurred first in the most buoyant fraction (fx 14), fol- 
lowed in order by fractions 15 and 16 (Fig. 5 ,  LDLI). Al- 
though the rate of removal after the initial increase of 
radioactivity into each fraction was relatively rapid, the fi- 
nal rate of disappearance slowed progressively with in- 

JT 

LDL 

Days 

LDL 1 

fx19 .u Q 1.0 r .n  

a 
4 1 x 1 1  

-----w- fx21 
rr 

9 j  0.1 ,,.,,,.,. 
0 1 2 3 4 5 6  

Days 
Fig. 5. The appearance and disappearance of VLDL + IDL-derived 
apoB radioactivity with time in each fraction isolated within the LDL densi- 
ty range after separation by DGUC in LDL, (upper panel) and vL2 (low- 
er panel) in normolipidemic subject JT Fraction numbers comcide wth 
thme given in Fig. 2 and are numbered from buoyant to dense. The sym- 
bols represent the okrved data; the lines are drawn by hand. Each symbol 
represents a different LDL fraction (fx) as labeled. 
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creasing density. The initial rate of increase of radioac- 
tivity within fractions within the LDL2 subpopulation oc- 
curred primarily in the more buoyant fractions. Radioac- 
tivity disappeared most rapidly from the more buoyant 
LDL2 fractions (fx 17 and 18; 1.036 < d < 1.045 g/ml) and 
then slowed considerably in the denser fractions 19 
through 21 (1.045 < d <  1.060 g/ml; Fig. 5, LDL2). 

In FCHL subject HM, the initial increase in radioac- 
tivity was similar and rapid in fractions 9-13 
(1.027 < d <  1.042 g/ml) within the LDLl subpopulation 
with the peak of radioactivity approximately 1.5 days after 
the injection of the radiolabeled lipoproteins (Fig. 6,  
LDLl). There was a similar rapid rise in radioactivity 
within fraction 13 (1.042 < d <  1.044 g/ml) of the LDLl 
subpopulation but the peak occurred slightly later (2.5 
days). The disapperance of radiolabeled particles from the 
LDLl subpopulation was faster in fractions 9 and IO and 
slowed progressively in fractions 11- 13. Within the LDL2 
subpopulation, the peak in radioactivity occurred 2-2.5 
days after the injection of the iodinated VLDL + IDL 
(Fig. 6, LDL2). In contrast to JT, however, the disappear- 
ance of radioactivity was very similar in all fractions with- 
in the LDL2 subpopulation and was virtually identical to 
the rate of clearance of radioactivity from fraction 13 
within the LDLl subpopulation. 

DISCUSSION 

The current studies were designed to examine the 
conversion of plasma precursors to the various LDL sub- 
populations unique to each individual using density gra- 
dient ultracentrifugation. Although various DGUC or 
flotation methods have been used to describe LDL hetero- 
geneity in more detail, only recently have these methods 
been used to study the metabolic behavior of lipoproteins 
(6, 7, 16, 20, 27, 28). DGUC provides some advantages 
over sequential ultracentrifugation such as decreased ul- 
tracentrifugation time, the characterization of LDL den- 
sity heterogeneity unique to each subject, and greater 
detail in describing the relationships between physical and 
kinetic variability as well as among precursors and vari- 
ous LDL products (16, 20). In the current studies, the ge- 
neral LDL density characteristics varied among the 
subjects with peak densities ranging from 1.033 g/ml to 
1.048 g/mL In addition, various LDL density subpopula- 
tions within an individual were evident in four out of five 
of the subjects (20). 

Several important characteristics of apoB metabolism 
have been suggested from the studies presented here. 
First, it took several hours to days after the maximal 
conversion of precursor into LDL product for the 
precursor-derived particles to resemble plasma LDL (Fig. 
1, JT and Fig. 2). Second, radiolabeled precursors contri- 
buted rapidly to a broad density range of LDL products 

HM 
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Days 
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l'x 16 
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l I . , . l . .  I I . ,  1 

Days 
0 1 2 3 4 5 6 7  

Fig. 6. The appearance and disappearance of VLDL + IDL-derived 
apoB radioactivity with time in each fraction isolated within the LDL densi- 
ty range after separation by DGUC in LDL, (upper panel) and LDL2 
(lower panel) in FCHL subject HM. Fraction numbers coincide with those 
given in Fig. 3 and are numbered from buoyant to dense. The symbols re- 
present the observed data, the lines are drawn by hand. Each symbol repre- 
sents a different LDL fraction (fx) as labeled. 

(Le., LDLl and LDL,; Fig. 4); Third, in two out of the 
five subjects (HM and WE), the precursors did not contri- 
bute uniformly to all plasma LDL density subpopulations 
(Fig. 3). Fourth, with time the distribution of the 
precursor-derived LDL changed in relationship to the in- 
dividual's plasma LDL protein mass in three out of five 
subjects UT, MC, and DW, Fig. 2). And finally, the 
kinetic characteristics of particles within LDL appeared 
to change within a narrow density range and were not ne- 
cessarily related to the physical density heterogeneity of 
each subject (Fig. 5, LDL,; Fig. 6, LDL1). 

Traditionally, the relationship between VLDL precur- 
sors and LDL products has been described by following 
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the disappearance of radioactivity from VLDL (d < 1.006 
g/ml) and its subsequent appearance in LDL (1.019 < d < 
1.063 g/ml) using sequential ultracentrifugation (reviewed 
in 29). However, the data obtained using these conven- 
tional methods represents the sum of the radioactivity dis- 
tributed among all the potential LDL products 
(subpopulations). For each subject in the current studies, 
the appearance of precursor-derived radioactivity as well 
as the distribution of these radiolabeled lipoproteins 
among LDL subpopulations was examined at each time 
point using DGUC. Using these techniques, the precur- 
sor-derived particles were more buoyant and non-super- 
imposable with the LDL protein mass at the time point 
in which the maximum amount of precursor-derived ra- 
dioactivity was isolated within the LDL density range de- 
fined uniquely for each subject (Fig. l vs Figs. 2 and 3). 
Although, by definition, all the radioactivity isolated 
within the LDL density range represents low density lipo- 
proteins, these studies suggest that it takes up to several 
days for the precursor-derived particles to resemble the 
plasma LDL density characteristics unique to each sub- 
ject. These observations may have important implications 
concerning the contribution of plasma precursors to vari- 
ous LDL products. That is, the contribution of VLDL 
and IDL to the major dense LDL subpopulation may be 
far less than predicted from the traditional plasma VLDL 
precursor-LDL product curves. Detailed quantitative 
analyses will help in understanding these relationships 
and are currently underway. It is of interest to note that 
the rate of conversion of VLDL-IDL precursors to LDL 
products was statistically correlated to total plasma cho- 
lesterol, VLDL cholesterol, plasma TG, and apoB con- 
centrations, but not LDL cholesterol concentrations. In 
addition, no statistically significant correlations were 
found between these variables and the amount of radiola- 
beled precursor apoB that was converted to LDL apoB 
(data not shown). Although the biological significance of 
these observations is not known, it again reflects the com- 
plexity of apoB metabolism and the need to have a better 
understanding of the relationships between VLDL and 
LDL production. 

Conceptually, it is thought that plasma LDL arises 
from the delipidation of VLDL to IDL and then to LDL, 
presumably, buoyant LDL to dense LDL. This conver- 
sion appears to involve several processes including intra- 
vascular enzymes such as lipoprotein lipase and hepatic 
lipase which hydrolyze the core triglycerides of the precur- 
sor particles and the loss of surface constituents (PL, FC, 
and apoproteins) which are transferred to high density 
lipoproteins (reviewed in 30). However, the results from 
the current studies suggest that plasma precursors contri- 
buted rapidly to a broad density range of LDL. As shown 
in Fig. 4, the initial appearance of precursor-derived ra- 
dioactivity in LDLl and LDL2 was approximately paral- 
lel. That is, the initial conversion of VLDL + IDL to 

buoyant (1.026 < d <  1.036 g/ml; density ranges for both 
subject’s LDLl combined) and dense (1.036<d < 1.069 
g/ml; density ranges for both subjects’ LDL2 combined) 
LDL subpopulations was similar. Recently, Teng et al. (6) 
have shown the rapid conversion of radiolabeled plasma 
VLDL into visually separated ‘light LDL’ (mean density 
1.0405 g/ml) and ‘heavy LDL’ (mean density 1.048 g/ml) 
in normolipidemic subjects, but not in familial hypercho- 
lesterolemic (FH) subjects. In addition, Huff and Telford 
(31) have published similar observations in miniature 
pigs. It is unclear whether specific LDL subpopulations 
are derived from certain precursors. For example, buoy- 
ant LDL subpopulations might be derived preferentially 
from specific precursors such as certain VLDL precur- 
sors, while the dense LDL subpopulations might be de- 
rived preferentially from IDL precursors. This could help 
explain the rapid conversion of precursors into buoyant as 
well as dense LDL subpopulations. This hypothesis and 
others can be tested using complex compartmental mo- 
deling; however, studies designed to test the preferential 
conversion of certain precursors to specific products will 
need to be done to address this possibility directly. 

In two out of the five subjects (FCHL subjects WE and 
HM), the plasma precursors did not appear to contribute 
equivalently to all LDL subpopulations. At no time 
throughout the time course of each study was the distribu- 
tion of the precursor-derived LDL superimposable with 
the distribution of the plasma LDL protein (Fig. 3, last 
panel). Although it is possible that, with additional time, 
the precursor-derived particles were metabolized to the 
dense LDL subpopulations, the overall contribution of 
the precursors to these LDL subpopulations would have 
been minimal. That is, less than 6% of the injected dose 
of precursor lipoprotein apoB remained in plasma at the 
end of these studies of which 2.8% and 1.7% (WE and 
HM, respectively) was isolated within the dense LDL2 
fraction. In the three normolipidemic subjects, in at least 
one point throughout each study, the distribution of the 
precursor-derived LDL resembled the distribution of the 
plasma LDL protein (Fig. 2, middle panel). These obser- 
vations support the recent work of Teng et al. (6) in which 
the conversion of VLDL to IDL to buoyant LDL to dense 
LDL was seen in normolipidemic and hyperapobetalipo- 
proteinemic subjects, but not in FH subjects. Although 
the limited number of study subjects presented here limits 
our ability to make general statements on the potential 
differences in the conversion of plasma precursors to spe- 
cific LDL products between normolipidemic and FCHL 
subjects, it is interesting to speculate on the possibility 
that the small dense LDL characteristic of FCHL subjects 
may be derived from plasma VLDL-independent sources 
in at least a subset of these patients. 

Additional metabolic heterogeneity within precursor- 
derived LDL was observed in the normolipidemic sub- 
jects. As described above, at one point in time the 
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distribution of the precursor-derived LDL resembled the 
distribution of the plasma LDL protein in the normolip- 
idemic subjects (3 days for JT, 1 day for MC, and 2 days 
for DW). However, with time the distribution of the pre- 
cursor-derived LDL changed compared to the steady- 
state distribution of the plasma LDL protein mass. In 
subject JT, the radiolabeled LDL increased in density 
with time (Fig. 2, lower panel) while in subjects MC and 
DW, the radiolabeled LDL isolated in a buoyant region of 
the LDL density range (data not shown). Changes with 
time in the distribution of radiolabeled ‘light’ and ‘heavy’ 
LDL (1.025 < d < 1.040 and 1.050 < d < 1.063 g/ml, re- 
spectively) have been seen in preliminary studies done in 
mildly hypertriglyceridemic subjects by Beltz, Young, and 
Witztum (27). Similar observations have been made by 
Luc and Chapman (28) in guinea pig LDL. It is unclear 
what influences the metabolic behavior of these particles 
although their interactions with intravascular enzymes 
must be important. Very few studies have examined the 
substrate specificity of different LDL subpopulations to 
various plasma enzymes. In our lab, preliminary studies 
have suggested that, in some subjects, buoyant LDL 
subpopulations or metabolic pools within this region may 
be preferential acceptors for HDL-derived cholesteryl es- 
ters (C. A. Marzetta, T. J. Meyers, and J. J. Albers, un- 
published results). Studies examining substrate specificity 
of the key lipoprotein intravascular enzymes will be im- 
portant in our understanding of the metabolic hetero- 
geneity within LDL. 

In the current studies, it was not possible to obtain 
apoB specific activity for each fraction isolated within 
plasma LDL. That is, the percentage of the total radioac- 
tivity associated with apoB was determined for the pooled 
LDLl and LDL, subpopulations only. Then, the percen- 
tage of apoB radioactivity in LDLl was used to correct all 
the LDLl fractions to apoB radioactivity and, likewise, 
the percentage of apoB radioactivity found in LDLB was 
used to correct all the LDLZ fractions. These calculations 
could potentially lead to slight variations in the apoB 
radioactivity curves since larger more buoyant LDL are 
more likely to contain more apoE than the smaller more 
dense LDL (4, 5). However, even if the apoB corrections 
are slightly under- or over-estimated for any given frac- 
tion, this would affect the overall magnitude of each curve 
rather than change the kinetic characteristic of the curve, 
assuming the apoprotein compositions stayed constant 
throughout each study. 

Since LDL density and kinetic heterogeneity were 
characterized in detail in each subject, it was possible to 
examine potential relationships between the physical and 
metabolic characteristics. As illustrated in normolipid- 
emic subject JT, distinct differences in the metabolic be- 
havior of the individual fractions occurred within a 
narrow density range (Fig. 5; fractions 18 and 19). This 
observation was consistent with the increase in peak den- 

sity with time in the precursor-derived LDL compared to 
the steady-state LDL protein mass (Fig. 2, last panel). 
These changes, however, could not be predicted based on 
the physical characteristics of this subject’s plasma LDL 
which was relatively homogeneous compared to the other 
subjects. In FCHL subject HM,  a noticeable lag in the 
maximum conversion of precursor-derived radioactivity 
into LDL was seen within a narrow density range (Fig. 6; 
peak conversion 1.5 to 2 days for fxs 9-12 vs 2.5 days for 
fx 13). This fraction corresponded to the inflection point 
between the ‘shoulder’ of the buoyant portion of the LDL 
DGUC profile (LDLl) and the more dense major peak 
(LDL,; Fig. 3). This relationship between discrete 
changes in the kinetic behavior of certain LDL fractions 
and changes in the distribution of the LDL protein mass 
was also seen in FCHL subject WE, but no obvious rela- 
tionships were seen between the physical and kinetic hete- 
rogeneity of LDL in the other normolipidemic subjects 
DW and MC (data not shown). Unpredictable differences 
in the metabolic behavior of specific radiolabeled LDL 
density fractions and the various density subpopulations 
characterized by DGUC were also seen in these same sub- 
jects when injected with radiolabeled plasma LDL (20). 
Although changes in the chemical compositions of plasma 
LDL when subdivided into different density ranges ap- 
pear to change gradually and linearly (2), subtle changes 
in the apoprotein composition could help account for 
changes in the kinetic behavior of specific LDL fractions. 
As shown previously by Gibson et al. (4), large buoyant 
LDL have more apoE associated with them than do smal- 
ler, more dense LDL. Since apoE is an important ligand 
for receptor recognition, it is possible that the presence of 
apoE in some of these LDL fractions would influence its 
metabolic fate. Ultimately, it will be very informative to 
be able to analyze the lipid and apoprotein composition 
of each fraction isolated within each subject’s LDL. 

In summary, the conversion of plasma VLDL and IDL 
into various LDL subpopulations was analyzed using 
density gradient ultracentrifugation in five subjects. The 
observations made using this approach suggested: I )  it 
may take several days of intravascular processing of pre- 
cursor-derived LDL to resemble the distribution of plas- 
ma LDL protein; 2) VLDL and IDL precursors 
contributed rapidly to a broad density range of LDL pro- 
ducts; 3) the radiolabeled plasma precursors did not al- 
ways contribute uniformly to all LDL subpopulations; 4 )  
with time, the distribution of the precursor-derived LDL 
changed in relationship to the distribution of the LDL 
protein mass in some subjects; and 5)  the kinetic charac- 
teristics of particles within LDL changed within a rela- 
tively narrow density range and were not always 
correlated to the density heterogeneity defined uniquely 
for each subject. It is clear from the current studies that 
LDL metabolism is very complex. Although density gra- 
dient ultracentrifugation is just one methodological tool 
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in which more detailed observations on the relationships 
between the physical and kinetic heterogeneity of LDL 
can be made, other methods such as gel filtration (16) and 
nondenaturing gradient gel electrophoresis (32). Combi- 
nations of these methods will help further our knowledge 
of the production and  subsequent metabolism of various 
LDL subpopulations. HB 
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