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Abstract The heterogeneous nature of very low density lipo- 
protein (VLDL) metabolism in hypertriglyceridemia gives rise 
to complex kinetics when labeled VLDL are traced. Analysis of 
such systems benefits from the simultaneous study of several 
metabolically discrete subfractions which are then integrated. 
We have studied the kinetics of VLDL and intermediate density 
lipoprotein (IDL) apoprotein B and triglyceride simultaneously 
by injecting homologous '251-labeled VLDLl and 13'I-labeled 
VLDL2 and [ 2-3H]glycerol intravenously in three diverse type 
IV hyperlipoproteinemic subjects. An additional type IV subject 
received only [2-3H]glycerol. Specific radioactivities were 
measured in: VLDL1-triglyceride and -apoB, VLDL2- 
triglyceride and -apoB, and in each corresponding subfraction 
after further separation into heparin-Sepharose-bound and 
-unbound fractions. ApoB and triglyceride specific radioac- 
tivities were also measured in IDL. Analysis of the kinetics of 
apoB in the unbound fractions in VLDLl and VLDL2 showed 
the presence of two pools of particles, one of which turned over 
rapidly. The kinetics of apoB in the bound fractions in VLDLl 
and VLDL2 were, in contrast, dominated by a large slowly turn- 
ing over pool of particles that resembled the kinetics of whole 
VLDL. Evidence of a partial precursor-product relationship 
between the unbound and bound fractions suggested that the 
former was richer in nascent-like particles, while the latter con- 
tained more remnant particles. However, triglyceride specific 
radioactivity curves for both unbound and bound fractions 
showed initial rapid rises and broad peaks, indicating that the 
bound fraction also contained a substantial proportion of 
nascent-like particles. Using multicompartmental analysis, a 
model was constructed to account for the kinetics of both apoB 
and triglyceride in all fractions of VLDL and in IDL. The 
model comprises two parallel delipidation pathways that supply 
a common remnant pool with these features: I) multiple direct 
inputs of particles into plasma at VLDLZ and IDL levels; 2) 
heterogeneous triglyceride precursor pools leading to different 
rates of labeling of VLDLl and VLDL2; 3) very substantial de- 
lipidation of VLDL2 particles; 4 )  substantial early removal of 
VLDL2 particles prior to conversion to IDL and; 5) triglyceride 
production rates somewhat higher than previously reported. 
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Hypertriglyceridemia is a relatively common disorder 
that encompasses a variety of disease states. T h e  mole- 
cular basis for the expansion in the pool of triglyceride- 
rich very low density lipoproteins (VLDL) undoubtedly 
will be shown to be diverse. O n e  approach has been to in- 
vestigate by kinetic analysis the broader definition of 
hypertriglyceridemia as a state of either increased produc- 
tion or diminished removal; both processes have been im- 
plicated (1). Several multicompartmental models have 
been published recently, based on the nature of the distri- 
bution and disappearance of radiolabeled VLDL triglyc- 
eride and, o r  VLDL apolipoprotein (apoB). These 
models have provided important insights into the regula- 
tion of VLDL production and removal and represent a 
physiological counterpart to the knowledge generated a t  
the cellular and molecular levels. 

Despite the marked heterogeneity of hypertriglyceri- 
demia in general and of the class of lipoproteins desig- 
nated as VLDL, several publications, notably by Eaton, 
Allen, and Schade (2), Packard et al. (3), Fisher et al. (4), 
Beltz et al. ( 5 ) ,  Zech et al. (6) and Berman et al. (7) have 
described models in humans that share a number of es- 
sential characteristics and also significantly extend the 
earlier, simpler models. The  more sophisticated and com- 
plex models have been derived from the integration of 
several individual described subsystems. It is clear that 
much more information is obtained by fractionating the 
VLDL species into putative, metabolically discrete units 
in order to define their specific kinetic characteristics. 

The inclusion in the model of the rapidly iurning over pool of 
triglyceride-rich particles, identified in the heparin-unbound 
fraction, suggests that values for triglyceride production in man 
have been underestimated. - Barrett, P. H. R., N. Baker, and 
p. J. Nestel. Model development to describe the heterogeneous 
kinetics of apolipoprotein B and triglyceride in hypertriglyceri- 
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We have utilized this approach by combining two 
techniques for the physiochemical separation of VLDL, 
ultracentrifugation and affinity chromatography. We have 
previously shown that VLDL can be separated by 
heparin-Sepharose chromatography into particles that 
show partial precursor-product characteristics (8). We 
have simultaneously labeled VLDL triglyceride endo- 
genously with [2-’H]glycerol and labeled VLDL apoB 
(the key structural protein) exogenously with two further 
radioisotopes for the larger and smaller VLDL particles. 
This has provided metabolic data on the triglyceride and 
apoB moieties of four separate VLDL species. The inte- 
gration into a single model of information so obtained in 
four patients has confirmed several aspects present in 
other multicompartmental models and has also 
highlighted some new observations. 

METHODS 

Four hypertriglyceridemic (type IV phenotype) sub- 
jects gave informed consent for the study. Their ages, 
body weights, heights, and plasma lipid profiles are pre- 
sented in Table 1. None of the subjects was being treated 
with drugs and in all, the hypertriglyceridemia was pri- 
mary. Only hypertriglyceridemic subjects were used in 
this study to provide enough lipoprotein material to allow 
the measurement of multiple classes of VLDL. 

Each subject, with the exception of J who received only 
[2-3H]glycerol, received an intravenous injection of auto- 
logous lZ5I-labeled VLDL (VLDL1, Sf 60-400), 1311- 
labeled VLDL (VLDL2, Sf 20-60), and [2-3H]glycerol in 
order to study the kinetics of apoB and of triglyceride in 
those lipoprotein fractions. 

Prior to obtaining VLDL for iodination, the subjects 
were placed for 4 days on a constant alcohol-free diet 
aimed to reduce dietary fat particles (30% energy as fat, 
50% energy as carbohydrate, 20% energy as protein). 
The carbohydrate content of this diet is that of the average 
Australian diet. Lipoproteins for radioiodination were 
isolated from 30 ml plasma obtained after the subjects 
had fasted overnight. Chylomicrons (Sf > 400) were 
removed by ultracentrifugation of plasma at 20,000 g for 

TABLE 1. Clinical data of subjects 

Clinical Plasma Plasma 
Subiect State Aze Sex Weiqht Heiqht Cholesterol Triclyceride 

YT kg cm mg/dl 

F Type IV 54 M 98 174 264 + 17 347 39 
K Type IV 66 M 79 172 299 k 22 870 93 
H Type IV 61 M 71 160 230 k 13 277 k 35 
J Type IV 64 M 79 178 255 -f 16 436 k 14 

Mean k SD 

30 min. VLDLl and VLDL2 were isolated in a Beckman 
50Ti anglehead rotor by ultracentrifugation for 2 h and 
16 h, respectively, at 105,000 g, 15OC, and d < 1.006 g/ml 
(0.15 M NaCl, 0.01% Na2 EDTA, and gentamycin, 80 
mg/l). Lipoprotein fractions were iodinated with ‘‘’1 or 
13’1 using the IC1 technique of McFarlane (9) as modified 
by Fidge and Poulis (10). Lipoprotein-bound iodine was 
separated from free iodine initially by gel filtration on a 
column of Sephadex G-50, with 0.15 M NaCl and 1.0 mM 
EDTA as the eluting solution. This was followed by dialy- 
sis against numerous changes of buffered saline over a 
period of 4 h. 

Radioiodinated autologous lipoproteins for reinjection 
were passed through a 0.45-pm Millipore filter after 
iodination. An aliquot of the lipoprotein was routinely 
selected for measurement of radioactivity and tested for 
the presence of pyrogens using the Limulus kit (Mallin- 
ckrodt, St. Louis). 

During the 48-h period of the study, the subjects who 
were ambulant ate very little fat (< 5% energy) and a 
total of 85% of their required energy was derived from 
carbohydrate (68%) and protein (17%). This diet had 
been modified from that designed by Grundy et al. (11) to 
minimize alimentary particles and VLDL overproduc- 
tion. During the course of each turnover study, plasma 
VLDL triglyceride and apoB concentrations remained 
constant. Subjects received labeled lipoproteins, 50- 100 
pCi lZ5I-labeled VLDL1, 30-60 pCi 1311-labeled VLDL2, 
and 300 pCi [2-3H]glycerol, injected via an indwelling 
catheter placed in a forearm vein. All radioactive 
materials were injected as a bolus. Up to 12 blood samples 
were collected within the first 6 h, thereafter less frequent- 
ly for up to 48 h. Subject F, however, was studied for only 
14 h due to the administration of medication that would 
have perturbed “normal” lipid metabolism. Potassium 
iodide was given daily to prevent thyroidal uptake of 
radioiodine. 

Blood samples were collected into 0.01% Nap EDTA 
tubes and plasma was isolated by centrifugation at 1000 g 
at 4OC for 15 min. Gentamycin sulfate (0.10 mg/ml) and 
0.01% Nap EDTA were added to plasma samples which 
were kept at 4OC until further processed. VLDLl and 
VLDL2 were isolated as described above. IDL was 
isolated by adjusting the VLDL2 infranate to a density of 
1.019 g/ml and centrifuging for 18 h. In addition, LDL 
was isolated after adjusting the IDL infranate to a density 
of 1.063 g/ml and centrifuging for 24 h. Isolated IDL and 
LDL were dialyzed against 0.15 M NaCl. 

Aliquots of both VLDLl and VLDL2 were subfrac- 
tionated by heparin-Sepharose affinity chromatography 
(12) into two populations of particles; a heparin-sephar- 
ose-bound (the “bound” fraction) and heparin-Sepharose 
unbound (the ”unbound” fraction) fraction. Earlier stu- 
dies (8, 13) have demonstrated that the apoE/apoC ratio 
of the bound fraction is significantly greater than that of 
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the unbound fraction. Heparin Sepharose CL-6B affinity 
columns (1.0 x 30.0 cm) were equilibrated with 0.05 M 
NaCl, 2 mM P043-, pH 7.4. Samples containing between 
2 and 3 mg of protein were dialyzed against the starting 
buffer. The unbound VLDL was eluted, with the starting 
buffer, at a flow rate of 20 ml/h at 4OC, and collected in 
2-ml fractions. After approximately 2 h when the absor- 
bance of the fractions, measured at 280 nm, was zero, a 
0.8 M NaCI, 2 mM POh3- buffer was used to elute the 
bound VLDL. All frcctions were measured at 280 nm 
and pooled into two groups. Measures of total protein 
showed recoveries generally greater than 85%. 

Plasma and lipoprotein fractions were assayed for 
triglyceride and cholesterol concentrations in a Technicon 
Auto-Analyser (AA-11) (14). Immunoassays for the deter- 
mination of apoB concentration were carried out by the 
rocket immunoelectrophoretic procedure described by 
Reardon et al. (15). Each of the above analyses was done 
in duplicate using replicate serial plasma samples from 
each subject to determine mean values. 

ApoB and triglyceride specific radioactivity measure- 
ments were made on all lipoprotein fractions and subfrac- 
tions, without concentrating the pooled eluates. ApoB 
was precipitated from lipoprotein samples using a 
modification of the method of Egusa et al. (16). Between 
500 and 700 pg of protein, in about 1 ml, was mixed with 
an equal volume of 100% isopropanol. After vigorous 
mixing, samples were incubated at room temperature 
overnight and centrifuged at 1000 g for 30 min. The 
supernatant was aspirated and the pellet was washed with 
a volume of 100% isopropanol. The sample was recentri- 
fuged and the supernatant was discarded. After delipida- 
tion the samples were centrifuged, and the pellets were 
dried and dissolved in 1 N NaOH. Radioactivity of the 
apoB was measured in a gamma scintillation counter 
which was standardized for simultaneous determination 
of '''1 and I3'I. 

To determine triglyceride specific radioactivities, neu- 
tral lipids were extracted from samples (17) and triglyc- 
eride concentrations were determined using the method 
of Neri and Frings (18). Aliquots of the isopropanol ex- 
tract produced by this method were dried, redissolved in 
scintillation fluid, and assayed for radioactivity. 

Kinetic analysis 

Kinetic analyses of both the apoB and triglyceride 
specific radioactivity curves and calculation of transport 
rates based upon observed pool sizes and steady state 
assumptions were carried out using the SAAM and 
CONSAM programs (19, 20). After the initial parameter 
estimations, the parameters of the model were allowed to 
adjust to obtain a least-squares fit to the data. The devel- 
opment of the model is described in the Results section 
and a complete summary of the parameters derived by 
multicompartmental analysis of the data using the model 

shown in Fig. 9 is given in the Appendix, for each of the 
four subjects. 

RESULTS 

Lipoprotein composition 

Table 2 describes for the four subjects the plasma 
triglyceride, cholesterol, and apoB concentrations in 
VLDLl (Sf 60-400), VLDL2 (Sf 20-60), IDL, and LDL. 
Triglyceride, apoB, and cholesterol concentrations in both 
VLDL fractions displayed the marked heterogeneity that 
is known to exist in the heterogeneous disorder, type IV 
hyperlipoproteinemia. The larger VLDLl particles con- 
tained the same or, in subjects K and J, a greater amount 
of triglyceride, per apoB, than the smaller VLDL2 par- 
ticles. Examination of the data in this table reveals that in 
three of the four subjects most of the apoB mass, and thus 
the majority of particles, in the VLDL fraction were 
within the VLDL2 range, the exception being the most 
hyperlipidemic subject, subject K. The cholesterolltri- 
glyceride ratios indicate, as expected (8), that this ratio 
was higher in the VLDL2 than in the VLDLl fraction. 
The LDL data were consistent with findings in 
hypertriglyceridemic subjects, showing normal cholesterol 
and apoB concentrations and relative triglyceride enrich- 
ment (21). 

Heparin-Sepharose affinity chromatography 

Each VLDL fraction was separated by heparin- 
Sepharose affinity chromatography into two populations 
of particles that were either unretained (unbound) or re- 

TABLE 2. Lipid and apolipoprotein B concentrations 
of lipoprotein fractions 

TG Chol 
Subject Fraction Triglyceride ApoB Cholesterol ApoB TG 

Lipoprotein -- 
~ 

W d  
F VLDL1" 82 f 17 6.8 f 1.2 12 f 1 . 7  12.0 0.15 

VLDLP" 168 * 33 14 f 2.4 40 f 4.2 12.3 0.24 
IDL 14 f 4 7.0 f 0.9 16 f 1.4 2.1 1.10 
LDL 17 f 2 85 f 9.9 114 f 1 1  0.2 6.54 

K VLDLl 507 * 67 35 f 5.2 136 i 14 14.6 0.27 
VLDLP 212 * 14 20 f 1.9 72 * 5.1 10.5 0.34 
IDL 33 f 5 11 f 1.6 22 i 3.2 2.9 0.66 
LDL 28 -f 5 44 f 5.8 52 f 7.4 0.6 1.87 

H VLDLl 46 f 10 7.6 f 1.4 9.1 f 1.2 6.0 0.19 
VLDLZ 160 * 25 28 f 6.5 41 * 5.4 5 .7  0.25 
IDL 24 f 5 1 1  f 1.5 18 * 2.1 2.1 0.76 
LDL 28 f 2 91 f 5.8 87 f 5.8 0.3 3.12 

J VLDLl 105 f 10 4.5 k 1.2 15 f 0.9 23.4 0.14 
VLDLZ 249 f 14 22 f 3.3 47 f 2.7 11.6 0.19 
IDL 1 7  f 3 6.7 + 0.9 11 * 0.2 2.6 0.66 
LDL 1 7  f 2 36 f 5.1  73 -L 1.6 0.5 4.35 

Values given as mean * SD. 
"VLDLI, Sf 60-400; VLDL2, Sr 20-60. 
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TABLE 3. Triglyceride and apolipoprotein B concentrations of heparin-Sepharose fractionated VLDL 

Unbound Fraction Bound Fraction 

VL.DL TG T G  - - 
Subject Fract. Triglyceride ApoB ApoB Triglyceride ApoB ApoB 

F VLDL1" 
VLDLL" 

K VLDLl 
VLDLZ 

H VLDLl 
VLDL2 

VLDLl 
VLDLP 

J 

31 k 13 
56 k 2 7  

381 + 61 
106 f 12 

7.4 f 2 .7  
80 k 1 1  

68 & 18 
145 + 18 

mg/dl 

2.0 k 0.1 15.3h 
1.3 k 0.8 43.1 

20 + 5.8 18.9 
7.6 + 1.4 13.9 

0.65 t 0.2 11.4 
11  + 3.2 7.4 

1 . 7  k 0.2 39.7 
7.6 _+ 1 . 7  19.1 

51 f 25 
112 f 43 

126 i 29 
106 f 15 

38 + 4.5 
80 k 8.9 

38 + 6.3 
104 f 15 

mg/dl 

4.8 f 1.3 10.6* 
9.0 12 + 3.1 

14 k 3.3 8.8 
13 k 1 . 7  8.5 

7.0 f 1.8 5.5 
1 7  f 3.3 4.7 

2.8 f 0.9 13.5 
14 + 1.9 7.5 

Values given as mean f SD. 

'The triglyceride/apoB ratios of the unfractionated VLDL fractions shown in Table 2 are the weighted average 
'VLDLl, S, 60-400; VLDLZ, S, 20-60. 

of the unbound and bound triglyceride/apoB ratios presented in this Table. 

tained (bound). The data in Table 3 describe the distribu- 
tion of triglyceride and apoB in the four subfractions. As 
noted in the footnote to Table 3 ,  the TG/apoB ratios pres- 
ented in Table 2 represent the weighted mean of those 
presented in Table 3 .  On the basis of the apoB concentra- 
tions there appeared to be more particles in the bound 
than in the unbound fractions with one exception (subject 
K, VLDL1). In both VLDLl and VLDL2 the unbound 
fractions had higher TG/apoB ratios than found in the 
bound fractions. This is consistent with the conclusion of 
Nestel et al. (8) that the bound fraction contains products 
of the unbound fraction. In all subjects, except for subject 
F, the TG/apoB ratios of unbound and bound fractions in 
the VLDLl fraction were greater than for the correspond- 
ing fractions in the VLDL2 fractions. However, the 
TG/apoB ratio of the bound VLDLl was less than that for 
the unbound VLDL2 fraction, suggesting that the latter 
was not exclusively a product of VLDL1. A comparison 
of the proportions of unbound:bound apoB shows that, 
except for subject H and perhaps subject J, the ratios were 
greater in the VLDLl fraction than in the VLDL2. Both 
fractions (VLDL1 and VLDL2), therefore, contained a 
population of both unbound and bound particles, and, in 
subjects F and K (and J), as the particles became smaller 
the proportion of bound particles increased. 

Lipoprotein kinetics 
To study the metabolism of VLDL through to IDL, 

autologous Iz5I-labeled VLDLl and 13'I-labeled VLDL2 
were injected together with a bolus of [2-3H]glycerol. Sub- 
ject J, however, received only [2-3H]glycerol. The apoB 
and triglyceride moieties were isolated and specific 
radioactivity curves were produced for both apoB and TG 
in VLDL1, VLDL2, and IDL. (Due to the relatively short 
period of the study LDL data are not included.) Subjects 

F and K are used here to illustrate the two general types 
of data observed in the four subjects studied and to illus- 
trate the goodness of fit of the model in Fig. 9 using the 
SAAM analysis. 

Apolipoprotein B kinetics in VLDL1, VLDLP, and 
IDL 

Specific radioactivity curves of unfractionated plasma 
VLDLl and VLDL2 apoB were generally monoexponen- 
tial (Fig 1, Fig. 2, and Fig. 3), with the exception of sub- 
ject H where a biexponential curve was observed. The 
unfractionated VLDLl and VLDL2 specific radioactivity 
curves, which were measured independently, represent 
the weighted mean specific radioactivity function of the 
unbound and bound apoB fractions. This is illustrated in 
Figs. 1-3 for VLDLl and VLDL2. 

Examination of the plasma disappearance curves for 
the unbound and bound VLDL fractions (Figs. 1-3) 
were, however, more revealing than those of unfrac- 
tionated VLDL, for which two patterns were observed. In 
subject F the unbound plasma VLDLl and VLDL2 apoB 
disappearance curves were biexponential in shape and 
revealed the presence of a rapidly turning over component 
within these fractions. The terminal slope of the unbound 
curves was the same as that of the bound fractions. 
Similar biexponential curves, the minor slow components 
of which parallel the bound fraction, were also seen in the 
unbound VLDLl of subject H. However the unbound 
plasma VLDL2 apoB disappearance curves were 
monoexponential in subjects H and K and in VLDLl of 
subject K (Fig. l), and the slope of the unbound fraction 
was greater than that of the bound fraction, which exhib- 
ited a delay prior to its fall (Figs. 1-3). 

The initial specific radioactivity of the unbound frac- 
tion was lower than that of the bound in subjects F (Figs. 
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IO 20 M 10 SO 
Hours 

Fig. 1. Specific radioactivity of 1Z51-labeled apoB unfractionated (V),  
heparin-Sepharose unbound (O), and heparin-Sepharose bound plasma 
VLDLI ( A )  for subjects F and K after i.v. injection of unfractionated 
autologous '251-labeled VLDLI. The symbols represent observations 
while the curves show the fits to the model (Fig. 9) using SAAM. Left 
ordinate, fractionated VLDLI; right ordinate, unfractionated VLDLI. 

1 and 3) and H which would obscure the expected 
precursor-product relationship between the unbound and 
bound fractions in these subjects. Although labeled 
together, the unbound and bound apoB specific radioac- 
tivities, which should theoretically be equal, were often 
different, a feature seen in the earlier study of Nestel et 
al. (8) as well. The difference between the initial specific 
radioactivities of the unbound and bound fractions could 
be due to changes in the mass distribution of the various 
particle populations within the subject during the period 
when VLDL was isolated, iodinated, and reinjected. 
Alternatively, these differences may be due to the nonuni- 
form labeling of apoB, a notion that has been considered 

for many years and for which there is now some evidence 

Table 4 shows the fast and slow components of the 
VLDL unbound apoB specific radioactivity curves in sub- 
jects F and H (VLDL1 only). These plasma disap- 
pearance curves have been peeled to reveal the rapidly 
turning over components that were observed only in these 
subjects. The unbound VLDL fractions of some of the 
subjects described in the studies of Nestel et al. (8) showed 
similar kinetic behavior. The slope of the faster compo- 
nent in these subjects is of the order of 1 per hour. The 
slower terminal slope (between 0.1 and 0.2 per hour) of 
the unbound apoB curve was similar to the monoex- 
ponential slope of the bound fraction. 

(22). 

Subjd F 

I . .  I . .  I . . . I . . . I .  
0 2 4  6 8 1 0 1 2 1 4  

Hours 

10 6 ' SubjeciK' 12 

HUUK 

Fig. 2. Specific radioactivity of 'Z51-labeled apoB unfractionated (V) ,  
heparin-Sepharose unbound (a), and heparin-Sepharose bound plasma 
VLDLL ( A )  for subjects F and K after i.v. injection of unfractionated 
autologous '251-labeled VLDL1. The symbols represent observations 
while the curves show the fits to the model (Fig.' 9) using SAAM. Left 
ordinate, fractionated VLDLP; right ordinate, unfractionated VLDLP. 
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Fig. 3,. Specific radioactivity of '3'I-labeled apoB unfractionated (D), 
heparin-Sepharose unbound (O), and heparin-Sepharose bound plasma 
VLDLZ ( A )  for subjects F and K after i.v. injection of unfractionated 
autologus '251-labeled VLDL1. The symbols represent observations 
while the curves show the fits to the model (Fig. 9) using SAAM. Left 
ordinate, fractionated VLDLZ; right ordinate, unfractionated VLDLZ. 

The apoB kinetics of the IDL fraction revealed the 
transfer of mass from the VLDL fractions to those of a 
higher density. In each subject the specific radioactivity 
curve exhibited an initial rise, followed by a peak and a 
slowly decaying tail (Fig. 4 and Fig. 5). Of interest is the 
observation that the 1311-labeled IDL fraction (Fig. 5 )  
reached its peak radioactivity earlier than that of the lZ5I- 
labeled IDL (Fig. 4), indicating that less time was in- 
volved in the conversion of VLDL2 to IDL compared to 
VLDLl. In addition, observation that the peak specific 
radioactivity of the lZ5I-labeled IDL fraction did not cross 
the specific radioactivity curve of the VLDL2 fraction 

suggested direct secretion of particles into the IDL frac- 
tion. In contrast, this relationship for the same fractions 
labeled with 1311 suggested little or no direct secretion into 
the IDL fraction. That the relationships between the 
VLDL2 and IDL specific radioactivity curves were 
different for the two tracers could be accounted for by 
metabolic channeling (3) and the heterogeneous nature of 
the VLDL2, and presumably other fractions. In brief, if 
a smaller fraction of the lZ5I-labeled VLDL2, originally 
derived from VLDL1, is converted to IDL than those par- 
ticles originating in the VLDL2, namely the 13'I-labeled 
VLDL2, then this would account for the different rela- 
tionships we have observed. 

Triglyceride kinetics in VLDLl, VLDL2, and IDL 
Very low density lipoprotein triglyceride kinetics were 

studied after the administration of a bolus of [2-3H]glyc- 
erol, which is endogenously incorporated into the trigly- 
ceride moiety of lipoproteins. The triglyceride specific 
radioactivity curves of unbound and bound fractions, 
both in VLDLl (Fig. 6) and in VLDL2 (Fig. 7) exhibited 
a number of similar features. All triglyceride curves dis- 
played an initial rapid rise in specific radioactivity, a peak, 
and a subsequent fall in radioactivity as has been com- 
monly reported by others (6). The triglyceride specific 
radioactivity curves of unfractionated VLDLl and 
VLDL2 showed similar features. Each represents the 
summation (weighted mean specific radioactivity) of the 
corresponding unbound and bound curves. 

In the VLDLl of subject H and both VLDL fractions 
of subject J, a slowly disappearing tail was seen at later 
times. This tail, which has often been observed in VLDL 
triglyceride curves and which is thought to represent the 
kinetics of a slowly turning over liver triglyceride precur- 
sor, was observed neither in VLDLl (Fig. 6) nor in 
VLDL2 (Fig. 7)  of subjects F and K, nor in VLDL2 of 
subject H. The duration of the study was too short for this 
feature to have been detected in subject F. 

TABLE 4. Rate constants of curve-peeled components of the 
VLDL unbound apoB fractions of subjects F and H 

Fast Slow 
~~ 

h-I %" K' % 

F VLDLl 0.77 57.3 0.21 42.7 
(0.12) (0.01) 

(0.04) (0.03) 

(0.13) 

F VLDL2 1.21 99.7 0.09 0.3 

H VLDLl 1.75 94.9 0. loh 5 .1  

Values in parentheses are k SD. 
"Percentage of fast and slow components based upon relative intercepts 

'Assigned value used to fit tail of decay curve. 
with the ordinate. 
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Fig. 4. Specific radioactivity of '251-labeled apoB unfractionated 
VLDL2 ( V )  and IDL (0) for subjects F and K after i.v. injection of un- 
fractionated 1251-labeled VLDLl. The symbols represent observations 
while the curves show the fits to the model (Fig. 9). The fits to the data 
were derived by coupling the 1251-labeled apoB and triglyceride VLDL2 
and IDL data. 

The rising portions of both the VLDLl and VLDL2 
triglyceride specific radioactivity curves, all six of which 
(unfractionated, bound, and unbound) had similar initial 
rates in each individual were not preceded by any signifi- 
cant delay. This indicates that the intrahepatic processes 
of glycerol incorporation into triglyceride, packaging of 
triglyceride into VLDL particles, and secretion of nascent 
VLDL particles by way of the Golgi apparatus were unex- 
pectedly rapid. Despite their similar characteristics, the 
maximum specific radioactivity of the VLDLP fraction 
was higher (21-8576) than that of the VLDLl fraction 
and was reached 0.5-1.0 h later. The higher maximum for 
VLDL2 triglyceride specific radioactivity suggests that 
there was probably at least as much direct input of triglyc- 
eride into the VLDL2 fraction as there was into the 
VLDLl fraction. 

The specific radioactivity curve of the bound fraction 
peaked at about the same time as that of the unbound 

fraction (Figs. 6 and 7). In  general, after reaching its 
peak, the specific radioactivity of the unbound fraction 
fell quite rapidly resulting in the curve falling below that 
of the bound fraction. The fall in triglyceride specific 
radioactivity of the bound fraction was slower than that of 
the unbound. The unbound and bound fractions dis- 
played steeply rising initial slopes suggesting that each 
fraction contained a directly secreted, nascent-like com- 
ponent. 

In addition to the triglyceride kinetics of the VLDL 
fraction, the kinetics of IDL triglyceride were studied. In- 
termediate density lipoprotein triglyceride kinetics 
generally exhibited the same features as the VLDL- 
triglyceride kinetics. There were, however, some differ- 
ences, the rise of the specific radioactivity curve being 
slower (Fig. 8) than that of the VLDLS. Although the 
time to peak specific radioactivity was longer than that 
observed for the VLDL fractions, the tail of the IDL 

x I U  12 I4 
Hours 

Subject I( 
4 

111 

3 
IU 

I .  . . I . . .  I .  , . . I  , . I . . .  , I  
U I U  20 3u 40 50 

Hours 

Fig. 5.  Specific radioactivity of 'SII-labeled apoB unfractionated 
VLDL2 ( V )  and IDL (0) for subjects F and K after i.v. injection of un- 
fractionated LS'I-labeled VLDL2. The symbols represent observations 
while the curves show the fits to the model (Fig. 9). The fits to the data 
were derived by coupling the lS'I-labeled apoB and triglyceride VLDL2 
and IDL data. 
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curve appeared to be slower than that of the VLDL frac- 
tion; however, its shape was consistent with the hypothesis 
that most IDL triglyceride is derived from VLDL2 
triglyceride and that either the precursor VLDL2 triglyc- 
eride compartment is rate-limiting or that IDL triglyc- 
eride turns over more slowly than the VLDL2 triglyceride 
precursor. 

Kinetic analysis and model development 

Initially we assumed, based upon the work of Nestel et 
al. (8), that heparin-Sepharose affinity chromatography 
separates VLDL particles into nascent-rich (unbound) 
and remnant-rich (bound) fractions, as indicated in the 
model. However, we recognized that “nascent-like” par- 
ticles rich in TG and apoC relative to apoB and 
cholesterol, properties possessed by the unbound particles 
(8, 13), may well differ from the lipoproteins secreted by 
the liver as truly nascent particles. 

.‘d 1 , _ I _ ,  I _ ~ _ I _ , , I , , _ I ~ ( _ , _ , , I _  

0 2 4 6 8 10 12 14 
i; 

Hours 

Subject K 

t .  I *  I I ,  I I 
0 10 20 30 40 50 

Hours 

Fig. 6. Specific radioactivity curves of [3H]triglyceride in heparin- 
Sepharose unbound (0) and bound ( A )  VLDLl for subjects F and K 
after i.v. injection of [2-3H]glycerol. The symbols represent observations 
while the curves show the fits to the model (Fig. 9). The fits to the data 
were derived by coupling the L251-labeled apoB and triglyceride VLDLl 
data. 

By labeling VLDLl apoB with lZ5I and VLDL2 apoB 
with 13’1 and by observing the kinetic behavior of labeled 
triglycerides in each subfraction after injecting [2- 
3H]glycerol, we expected to be able to follow the transport 
of the apoB and TG moieties from VLDLl down the de- 
lipidation chain to LDL particles, as well as to ascertain 
the extent of direct input of both apoB and TG into the 
system at each stage of the process. We also hoped to eval- 
uate the relative contributions of nascent VLDL1, remnant 
VLDL1, and nascent VLDL2 to the formation of VLDL2 
remnants. 

Basic to the experimental design were the assumptions 
that the liver triglyceride compartment serving as the pre- 
cursor of the nascent particles was rate-limiting, that this 
rate determined, to a large extent, the early falling slope 
of the plasma triglyceride specific radioactivity curve, and 
that the rising part of the latter was dominated by the 
kinetic behavior of the more rapidly turning over nascent 
VLDL  particle^.^ 

Our working model had to be modified after initial ex- 
amination of the triglyceride specific radioactivity curves 
in the unbound and bound fractions, which clearly were 
inconsistent with a precursor and product relationship ex- 
pected for triglycerides in the nascent and remnant com- 
partments, respectively. Yet, based on apoB kinetic data, 
as noted earlier by Nestel et al. (8) and confirmed here, 
the apoB in the bound fraction frequently possessed the 
characteristics expected (23) for the product of a precur- 
sor nascent apoB compartment in the unbound fraction. 

The model shown in Fig. 9 resolved the apparent dis- 
crepancy between the kinetic behaviors of the unbound 
and bound VLDL triglyceride and apoB tracer data. This 
model deals only with the VLDL2 and IDL fractions, 
upon which the present analysis focuses. This model does 
not describe the conversion of VLDLl to VLDL2 because 
of the rapid transfer of Iz5I radioactivity into the VLDL2 
fraction, which occurred almost immediately after rein- 
jection. Although discussed more fully below, a conse- 
quence of this transfer was that VLDLl to VLDL2 
transport rates for apoB and triglyceride could not be de- 
termined. In addition, due to the relatively short duration 
of each study, we were not able to quantify either the turn- 
over rate of the LDL particles or the fraction of IDL that 
is converted to LDL. Only if labeled LDL had been rein- 
jected and the studies were undertaken for a longer period 
(10- 14 days) could we have reliably estimated these 
parameters. 

3The evidence in the literature that led to our making these assump- 
tions, which differ from those made in earlier models of human plasma 
VLDL triglyceride synthesis and turnover, have been summarized in an 
article to be published elsewhere (Baker, N., H. Barrett, and P. J. Nestel, 
unpublished results; based on material presented at the VIIth Interna- 
tional Conference on Atherosclerosis in 1985 and at the Annual Kinetic 
Workshop on Lipoprotein Kinetics and Modeling in Bethesda, 1988). 
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Fig. 7. Specific radioactivity curves of ['Hltriglyceride in heparin- 
Sepharose unbound (0) and bound (A)  VLDL2 for subjects F and K 
after i.v. injection of [2-SH]glycerol. The symbols represent observations 
while the curves show the fits to the model (Fig. 9). The fits to the data 
were derived by coupling the 1311-labeled apoB and triglyceride VLDLP 
data. 

The model in Fig. 9 consists of four subsystems: glyc- 
erol, glycerol-to-triglyceride conversion, VLDL2, and 
IDL. The parameters of the glycerol subsystem were the 
same as those used by Zech et al. (6). The glycerol-to- 
triglyceride conversion subsystem consisted of two com- 
partments, one with a high turnover rate (0.15-0.23 per 
h). This compartment accounted for most, and in some 
subjects all, of the radioactivity in VLDL and IDL. The 
more slowly turning over compartment contributes main- 
ly to the tail of the VLDL curve which was only observed 
in subjects H (VLDL1 only) and J. 

The VLDL2 section of the model (Fig. 9) accom- 
modates marked differences among the subjects in the 
kinetic behavior of labeled apoB in the VLDL2 unbound 
fractions, which was also observed in the unbound 
VLDLl fractions of some subjects. These differences were 

displayed by the presence or absence of a dominant rapid 
component having the approximate rate constant pre- 
dicted from labeled TG data for the nascent-like particles. 
Similar variations among subjects can also be seen in the 
data presented earlier by Nestel et al. (8). Thus, in some 
subjects, nascent-like particles in the unbound fraction 
were assumed to flow to unbound remnant-like particles 
and then to bound remnant-like particles (C5 to C8 to 
C9, and C11 to C14 to C15). In these subjects the kinetics 
of the nascent-like particles would be masked by those of 
the more slowly turning over remnant-like particles. This 
masking occurs because exogenous labeling was used to 
trace VLDL particles, hence the initial specific radioac- 
tivities of the particles within the unbound fraction would 
be equal. When this occurs, the kinetics of the more slow- 
ly turning over particles dominate the specific radioactivi- 
ty curve (23). In other subjects, the flow of unbound 
nascent particles was assumed to be directly to bound 

Subject F 

\ 

Hours 

L 
i- t . I  . I  _ . , . .  I . . . .  I . . _ . , _ .  I .  . . . .  1 

0 111 ?I1 30 4 0  SO 

Fig. 8. Specific radioactivity curves of [ 'Hltriglyceride in unfrac- 
tionated VLDL2 (V)  and IDL (0) for subjects F and K after i.v. injec- 
tion of [Z-'H]glycerol. The symbols represent observations while the 
curves show the fits to the model (Fig. 9). The fits to the data were deriv- 
ed by coupling the 'S'I-labeled apoB and triglyceride VLDL2 and IDL 
data. 

Hours 
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Fig. 9. VLDL2-triglyceride and -apoB model used for SAAM analysis of data. The model accounts for the kinetics of apoB and of triglyceride 
within the heparin-Sepharose unbound (unbound) and heparin-Sepharose bound (bound) VLDL2 fractions. Compartments 1 and 2 describe the 
kinetics of injected glycerol (assumed literature values). Compartments 3 and 4 represent the fast and slow hepatic glycerol to triglyceride conversion 
compartments, respectively. Compartments 5-10 and 11-16 were used to describe the observed kinetics of the triglyceride and apoB moieties, respec- 
tively, within the VLDL2 and IDL fractions. We have assumed that within the VLDL2 fractions, unbound and bound, with respect to both apoB 
and triglyceride there are particles that exhibit similar kinetic characteristics, hence the fractional turnover rates of compartments on the same level, 
i.e., 5, 6, 11, and 12, were equal. Implicit in this assumption is that the fractional turnover rate of apoB and of triglyceride compartments on the 
same level is the same. In the triglyceride model triglyceride is removed as a result of delipidation (D) from all compartments. In addition to this 
loss, triglyceride may be removed together with the particle from the remnant compartments (R). In the apoB model the direct removal of particles 
(R) from the remnant compartments may include uptake of particles and/or conversion to the IDL and subsequently LDL density range. Arrow 
L in both the triglyceride and apoB model represents the transport of particles from the IDL fraction to the LDL density range. In subject F, conver- 
sion of unbound VLDL particles to the bound fraction proceeded directly to the bound remnant compartment (dashed line) and not through the 
unbound remnant compartment (compartments 8 and 14) 

remnant-like particles (C5 to C9, and C11 to C15); in this 
case the nascent-like particles dominate the kinetic be- 
havior of apoB in the unbound VLDL fraction. 

Two inputs from outside the system [U(,)] are shown 
entering C5 and C6 (Fig. 9), Le., into the nascent VLDL- 
TG unbound and bound particles. Part of this input is 
probably from VLDL1, but we are unable to evaluate the 
extent of this contribution. Another part represents TG 
that is incorporated into nascent lipoproteins in the liver 
TG conversion system. In the rat model of Baker and 
Schotz (24) this is indicated by inputs into the liver TG 
compartments. However, in the human model of Zech et 
al. (6) this input is indicated as shown in Fig. 9. Although 
it may be misleading to show input into the plasma 
VLDL-TG compartments rather than into the liver where 
it actually enters, we have retained this convention along 

with the glycerol and liver TG conversion system based 
upon the data and model of Zech et al. (6). 

Initially, each nascent compartment was subdivided in- 
to two compartments to depict a minimal delipidation 
chain; however, it was possible to account for the different 
residence times of VLDL-apoB and -TG by using the 
simpler model shown in Fig. 9. Thus, the four- 
compartment model consisting simply of nascent- and 
remnant-like particles linked as two- or three- 
compartment delipidation chains could account for the 
variety of kinetic behavior seen in the VLDL of our sub- 
jects. On the other hand, our data do not rule out the 
possibility that the VLDL2 (or VLDL1) delipidation 
chain is more complex. Ours is the simplest hypothetical 
working model consistent with the data and with pub- 
lished information regarding VLDL metabolism. 
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As with the VLDL fraction it was assumed that the 
IDL fraction was composed of a heterogeneous popula- 
tion of particles. Although the IDL apoB specific radioac- 
tivity data could be fit using a single compartment model, 
it was necessary to postulate the presence of two compart- 
ments in series, a minimal delipidation chain, to simul- 
taneously account for the kinetics of the triglyceride in 
this fraction. As in the VLDL model, the turnover rate of 
the triglyceride-rich IDL particles (C7 and C13) was faster 
than that of the remnant IDL particles (C10 and (216). In 
addition, to account for the high and rapidly rising 
triglyceride specific radioactivity of the IDL fraction, a 
pathway from C3 directly to C7 was required (Fig. 9). 
The presence of a pathway from the more slowly turning 
over glycerol-to-triglyceride conversion compartment 
(C4) could not be determined. It was also hypothesized 
that, in addition to the direct input of triglyceride into the 
IDL fraction, there was input of apoB into compartment 
13. 

During model development, the apoB and triglyceride 
data were analyzed simultaneously. In addition, the 
residence times for apoB and triglyceride within a com- 
partment were constrained to be equal; for example, the 
residence time of C5 (TG) was the same as that of C11 
(apoB), thereby coupling the two moieties in the model. 
This point is discussed in more detail in a later section. 

Impact of data parameters on model development 

A brief summary of the relationships between the ex- 
perimental data, particularly the slopes and intercepts of 
components of the VLDL specific radioactivity curves, 
and the structure of this portion of the model, including 
the logical basis for the initial estimates of the various 
fractional rate constants, follows. 

The fast and slow compartments of the hepatic 
glycerol-to-triglyceride conversion subsystem for each 
subject were estimated from the falling slopes of the 
plasma VLDL2 unbound fraction’s triglyceride specific 
radioactivity curve. In three subjects only the fast com- 
partment could be identified, presumably because of the 
limited experimental period. Although the VLDLl and 
VLDLS models could not be integrated into one, different 
parameter values were used for the corresponding precur- 
sors of nascent VLDLl and VLDL2 triglyceride to ac- 
count for the differences in peak triglyceride specific 
radioactivities in VLDLl and VLDL2, which, as noted 
earlier by Steiner and Ilse (25), suggests that the precur- 
sor of VLDL2 may have a higher specific radioactivity, 
and therefore that the precursors of VLDLl and VLDL2 
triglyceride are kinetically distinct. Theoretically, the 
maximum triglyceride specific radioactivities of the nas- 
cent VLDLl and VLDL2 particles will equal those of 
their precursors at the time of maximal specific radioac- 
tivity, but that of VLDL2 would be lowered by the inflow 
of triglyceride of lower specific radioactivity coming from 

VLDL1, assuming that such a transformation occurs, and 
at a significant rate relative to the rate of direct inflow 
from the liver. In our model this transformation could not 
raise the maximal specific radioactivity of VLDL2 unless 
highly radioactive nascent VLDLl particles were 
transformed to VLDLP particles before mixing in the 
general circulation took place. 

The rapidly rising portion of the plasma VLDL2 (and 
VLDL1) unbound fractions’ triglyceride specific radioac- 
tivity curve was assumed to be dominated by the kinetic 
behavior of the nascent-like particles. However, this rela- 
tionship is complex, due, in part, to the presence of 
remnant-like particles in the unbound fraction. This com- 
plexity is taken into account in the SAAM analysis. Given 
the additional assumptions described in the text, the un- 
bound VLDLl and VLDL2 triglyceride specific radioac- 
tivity data serve to define the residence times of the 
nascent-like particles within both the unbound and bound 
fractions, and therefore of both the apoB and the triglyc- 
eride moieties of the nascent particles (compartments 5, 
6, 11, 12, Fig. 9). Evidence for the existence of nascent-like 
particles in the bound fraction is seen in the rapid rise of 
the bound triglyceride radioactivity curve; evidence of 
these particles in the apoB kinetics of the bound fraction, 
however, is not observed because of masking by the more 
slowly turning over remnant particles also in this fraction. 

The unbound VLDLl and VLDL2 apoB curves dis- 
played the characteristic rapid slope expected for nascent- 
like particles in two subjects, F and H (VLDL1 only). 
However, by simulation analysis using the approach of 
Baker, Rostami, and Elovson (23), it could be shown that 
the presence of this rapid component, if it fed into a more 
slowly turning over remnant-like compartment in the 
same unbound fraction and assuming all particles had ap- 
proximately the same initial specific radioactivity, would 
be masked by the kinetics of that compartment. We have 
assumed that a slowly turning over remnant-like compart- 
ment exists in both the unbound and bound fractions, but 
that in the subjects in which the rapid component appears 
in the unbound fraction the flow of radioactivity is from 
the unbound nascent (C5 and Cll) to the bound remnant 
compartment (C9 and C15). In subjects in which the 
rapid component is not apparent in the unbound apoB 
specific radioactivity curve, we have assumed that the un- 
bound nascent-like particle is converted to a more slowly 
turning over unbound remnant-like particle (C8 and 
C14), with a parallel flow occurring in the bound fraction 
(nascent to remnant). Some contamination by bound 
remnant-like particles of the unbound fraction was 
assumed to account for the tail component, such as that 
observed in subject F. In this subject, because the tail 
component described a population of particles that re- 
presented only a fraction of the bound fraction, the 
kinetics of the rapid component were visible, implying 
that these slowly turning over particles were not derived 
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from nascent-like unbound particles. When both a rapid 
and slow tail component appeared in the unbound apoB 
fraction, the slow component had the same slope as that 
of the bound remnant-like compartment (C9 and C15). 

Although the apoB particles in the bound fraction often 
seemed to have a slower slope than the slow component 
of the unbound fraction, this occurred in cases in which 
a marked delay was observed in the bound fraction before 
the specific radioactivity fell. This delay as shown by 
Baker et al. (23) may be taken as evidence of the remnant- 
like particle’s being derived from a similarly slowly turn- 
ing over precursor compartment. We were able to show by 
simulation analysis that the slowly turning over remnant 
compartment of the bound fraction, assuming all particles 
had approximately the same initial specific radioactivity, 
would produce not only the observed delay, but would 
also distort the apparent “terminal” slope of the bound 
fraction, unless the experiment were to be extended 
beyond the times studied. Therefore, the apparently slo- 
wer slopes of the bound fractions, in subjects H and K, 
were consistent with our assumption that remnant-like 
particles could appear in both unbound and bound frac- 
tions, that the remnants in both fractions had similar 
residence times, and that the unbound remnant feeds into 
the bound remnant fraction (to explain the delay seen on- 
ly in the bound fraction). 

In one subject, subject H, there was a slowly turning 
over tail evident in the VLDL2 triglyceride specific 
radioactivity curve. The kinetics of the tail were defined 
by the slow compartment in the glycerol-to-triglyceride 
conversion subsystem. Where no tail was present we were 
able to eliminate this compartment. Our model did not 
include a pathway for the recycling of [2-3H]glycerol from 
VLDLP to the glycerol compartment. Such recycling has 
been shown to be negligible (6). 

Most models of VLDL triglyceride include a pro- 
nounced delay before newly synthesized triglyceride can 
be secreted into the circulation. However, we did not 
observe a delay before the rise of triglyceride specific 
radioactivity; therefore, no delay component appears in 
our model. The absence of a delay raised the possibility 
of contamination of VLDL-triglycerides by radiolabeled 
nontriglyceride material. However, we established by 
thin-layer chromatography that the early rise in radioac- 
tivity was not due to glycerol, phospholipid, or partial 
glycerides, and all radioactivity was shown to be asso- 
ciated with triglycerides. 

Based upon observations made of subfractions of 
VLDL, the IDL section of the model developed in a way 
analogous to that of the VLDL model. Because IDL was 
not reinjected and because there were no heparin- 
Sepharose chromatographically separated IDL fractions, 
the amount of information describing the kinetics of the 
IDL fractioz was less than that obtained for VLDL. 
Therefore, based upon the VLDL model, the assumption 

that the glycerol-to-triglyceride conversion process was 
rate-limiting, together with studies where labeled IDL- 
triglyceride was injected (26), it was hypothesized that, as 
with the VLDL fraction, the IDL fraction contained a 
population of particles that turned over more rapidly than 
the bulk of the particles within this fraction. Although the 
IDL apoB specific radioactivity data did not support the 
presence of such a group of particles, their presence would 
have been masked by the more slowly turning over IDL 
particles. Only with the rapid rise of the IDL triglyceride 
specific radioactivity curve was it evident that a popula- 
tion of rapidly turning over particles was present in the 
IDL fraction. 

Additional assumptions 

In the course of developing a model to account for both 
the apoB and triglyceride kinetics, the following addi- 
tional assumptions were made. The first was that the 
residence times of apoB and triglyceride within a given 
compartment were the same; however, within each sub- 
fraction, represented by the sum of two compartments in 
series, the residence times for apoB and triglyceride 
differed according to Berman’s definition (27). Thus, the 
model (Fig. 9) for the VLDL2 subsystem consists of two- 
compartment delipidation chains in which apoB moves 
from one compartment to the other, while only a fraction 
of the triglyceride is converted to the second compart- 
ment; the fraction not converted is assumed to be lost due 
to lipolysis (delipidation of the particle). It is conceivable, 
however, that the model we have presented is more com- 
plex, and that what we have identified as discrete com- 
partments may, in fact, be the sum of a heterogeneous 
population of particles. Under these conditions we could 
not assume that the residence times of apoB and triglyc- 
eride within each (lumped) compartment would be the 
same. 

The residence times of corresponding compartments 
that contain nascent- and remnant-like particles in the 
unbound and bound fractions were assumed to be equal. 
This assumption was consistent with the experimental 
observations as shown by multicompartmental analysis 
and as detailed in the text; however, this assumption, like 
most others that we have made, remains a working 
hypothesis until such time as all of the putative particles 
within each fraction can be analyzed as separate entities. 

We assumed that, at zero time, the radioactivity within 
the reinjected VLDL was distributed in proportion to the 
apoB mass both in bound and unbound fractions, and in 
proportion to the pools of particles which existed within 
these fractions. Thus, apoB specific radioactivity of the 
particles within each fraction, unbound or bound, was 
assumed to be equal. However, we observed that the apoB 
specific radioactivities of the bound and unbound frac- 
tions of the recipient subjects (Le., after mixing of the in- 
jected tracer with the endogenous pools) were not always 
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equal at zero time. We have assumed that these initial 
differences, also observed by Nestel et al. (8), reflected a 
change in the distribution of bound and unbound apoB 
pools within the subject between the time the tracer was 
prepared and the time it was reinjected. This difference in 
the initial specific radioactivities of the unbound and 
bound fractions was taken into account during the model- 
ing of the data. An alternative explanation, discussed 
above, is that these differences may be due to the nonuni- 
form labeling of apoB. 

Our final model required the assumption that newly 
secreted VLDL particles are found in both unbound and 
bound fractions. This assumption, which contrasted to 
that made in designing our experiment, was consistent 
with an earlier observation of Nestel et al. (8) that showed 
that, after reinjection of Iz5I-labeled unbound apoB, the 
initial specific radioactivity of the bound fraction, which 
would be expected to be zero, was greater than this but 
less than that of the unbound fraction. This observation 
supports the existence of two populations of particles in 
the bound fraction, one that equilibrates rapidly with the 
unbound particles, and one that does not. Most of the 
apoB mass of the bound fraction is associated with the 
slowly turning over remnant-like particles, which are not 
involved in a rapid interconversion process. 

In the case of subject J, who received [2-3H]glycerol 
only, we assumed apoB parameters based on the data of 
subject K whose lipoprotein profile and triglyceride 
specific radioactivity data were comparable to those of 
subject J. 

Modeling results 
Table 5 summarizes the fractional turnover rates for 

each of the compartments shown in the VLDL2 model of 
Fig. 9, but expressed in terms of nascent-level and 
remnant-level compartments, as defined in Table 5. This 
simplification is possible because of our assumptions that 
corresponding unbound and bound particles have equal 
residence times at any level and that triglycerides and 
apoB also have equal residence times or turnover times at 
the same levels. As shown in Table 5, the nascent-level 
compartments in VLDL2 turn over at a rate of approx- 
imately 1 per hour in each of the three hyperlipidemic 
subjects. The turnover rate of the remnant-level compart- 
ments is, however, much slower, between 0.1 and 0.2 per 
hour. Only in subject F was it possible to observe the 
rapid kinetics of the putative nascent-level compartment, 
predicted by the triglyceride data, in the VLDL2 apoB 
data. In this subject the slope of the fast component of the 
unbound apoB disappearance curve was equal to that of 
the upswing of the triglyceride specific radioactivity 
curve. In all subjects, however, even when the fast slope 
of the unbound apoB curve was not observed and was 
assumed to be masked by a more slowly turning over 
product, the turnover rate of the nascent-level compart- 

TABLE 5 .  Fractional turnover rates of nascent- (N-) and 
remnant- (R-) level compartments in VLDLZ" 

N-Level R-Level 

h-* 

F 1.31 0.21 

K 1.22 0.09 

H 1.01 0.18 

(0.04) (0.01) 

(0.11) (0.02) 

(0.09) (0.01) 

Values in parentheses are f SD. 
"The values in this table represent the sum of the exiting L(i,j) of the 

compartments on levels N and R in the VLDLZ model (see Fig. 9). 

ments was defined by the rate of rise of the triglyceride 
specific radioactivity curve. 

Examination of the distribution of VLDL2 apoB be- 
tween the nascent- and remnant-level compartments 
(Table 6) clearly shows that more than 85% of VLDL 
apoB, and hence lipoprotein particles, was associated with 
the slowly turning over remnant-level VLDL2 fraction. In 
contrast, in three subjects, most of the VLDL2 triglyc- 
eride (63-75%) was associated with the nascent-level 
compartments (Table 6). 

The triglyceride/apoB ratios, calculated on the basis of 
the kinetic analyses of the unbound and bound VLDL 
triglyceride and apoB fractions and the measured VLDLS 
pool sizes, are shown in Table 6. As noted in the footnote 
to Table 6, the directly measured TG/apoB ratios pres- 
ented in Table 3 correspond to the weighted mean of the 
values calculated in the SAAM analysis. The triglyc- 
eride/apoB ratios of compartments on the same level, i.e., 
nascent- or remnant-level, were assumed to be equal. At 
the nascent level of the model most particles are found in 
the unbound fraction, whereas most remnant-like par- 
ticles were in the bound fraction. This distribution of par- 
ticles allows the TG/apoB ratio of unbound and bound 
fractions to differ even though at any level the ratio is the 
same for bound and unbound compartments. The triglyc- 
eride/apoB ratio of the remnant-level compartments was 
an order of magnitude below that of the nascent-level 
compartments, thereby defining the extent of the delip- 
idation that occurred in this transformation. 

VLDL2 apoB and triglyceride fractional catabolic rates 
(FCR) and production rates were determined for each 
subject (Table 7). ApoB production rates in VLDL2 were 
comparable to those which have been observed by other 
workers (28-30). Despite our attempt to do so, we were 
unable to determine the relative input of apoB from the 
liver into the plasma VLDL2 fraction (direct input in 
contrast to formation from VLDLl), for reasons noted 
above. Therefore, the production rates shown in Table 7 
describe total apoB production in the VLDL2 fraction. In 
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contrast to the apparently normal production rates for 
VLDL2 apoB, triglyceride production rates and FCR 

'I AR1.E 7 VLDLZ dpoB and triglyceride production and 
tractional catabolic rates 

were higher (2-6 times) than those measured by other 
workers for comparable subjects (11, 28, 31). Comparison 
of VLDL2 apoB production rates with those calculated 
for IDL (Table 8 )  reveal that in subjects F and H approx- 
imately 50% of VLDL2 apoB was not converted to IDL 
and was presumably removed directly from circulation. 
In contrast, IDL triglyceride production rates show that 
the amount of triglyceride converted to the IDL fraction 
from VLDL2 was negligible and that more than 70% of 
triglyceride production through IDL was derived directly 
from non-VLDL2 sources, presumably from the liver. 
The contribution to IDL triglyceride production from 
VLDLl directly into IDL could not be determined. 

DISCUSSION 

The analysis of the data presented here represents a 
new approach to the study of VLDL apoB and VLDL 
triglyceride production and metabolism in four hyper- 
triglyceridemic subjects. This presentation primarily 
deals with the turnover of the apoB and triglyceride 
moieties of circulating nascent VLDLl and VLDL2 par- 
ticles, the conversion of nascent to remnant-like VLDL 
particles within the VLDLl and VLDL2 particle popula- 
tions, and the complex relationships among hepatic pre- 
cursors of nascent VLDLl and VLDL2. In addition, rates 
of VLDL2 removal by transformation to IDL and of 
direct input of apoB and triglyceride into IDL in these 
subjects is presented. 

TABLE 6. Distribution of apoB, triglyceride and the 
triglyceride/apoB ratio of N- and R-level 

compartments within VLDL2" 

Triglyceride 

Level ApoB Trigiyceride ApoB 

F N 
R 

K N 
R 

H N 
R 

N 
R 

J' 

~ 

%b 

13.9 
86.1 

4.7 
95.3 

10.1 
89.9 

5.6 
94.4 

%b 

75.2 
24.8 

38.4 
61.6 

64.6 
35.4 

62.5 
37.5 

m g k !  

66.7 
8.3 

91.8 
6.8 

35.8 
2.3 

129.4 
4.6 

in< m.q/kg/d 

F 455 20.3 
(0.4) 

K 622 10.1 
(0 2 )  

H 756 29.1 
(1.2) 

. j  694 n . d . '' 

h-' mg 

0.18 5592 
(0.01) 

(0.01) 

(0.01) 

0.05 6528 

0.11 4360 

n.d. 8012 

mg/k.q/d h-' 

1356 0.99 
(65) (0.05) 

93 1 0.47 
(213) (0.11) 

909 0.61 
(143) (0.09) 

1862" 1.09" 
(230) (0.13) 

Values in parentheses are f SD. 
"Not determined. 
"Values determined using apoR parameters derived from fitting sub- 

,ject K .  

Our experimental design was based on several major 
assumptions, each of which had a major impact on our 
analysis, provided fresh insights, and indicated new direc- 
tions that might be taken in future kinetic studies of 
VLDL metabolism in humans. First, we assumed that the 
hepatic triglyceride precursor compartments of nascent 
VLDL particles are rate-limiting with respect to VLDL 
triglyceride kinetics.* Thus, we considered the slope of the 
rapid upswing of the VLDL triglyceride specific radioac- 
tivity curve to be influenced primarily by the turnover 
rate of newly secreted nascent plasma VLDL particles, 
rather than by that of their precursor hepatic triglyceride 
compartment. From this it follows that the hepatic triglyc- 
eride pools turn over slowly, at rates approximating the 
declining portion of the VLDL triglyceride specific activ- 
ity curve after it has reached its maximum, as in the rat 
liver-plasma triglyceride model of Baker and Schotz (24). 

Second, we assumed that the rate of large VLDLl 
transformation to smaller VLDL2 particles could be esti- 
mated by the injection of homologous, doubly labeled 
VLDLl and VLDL2 apoB tracers into each subject and 
analyzing nascent- and remnant-rich particles within 
each of the VLDL fractions. Although theoretically a 
valid approach (3), we were unable to integrate the com- 
bined VLDLl and VLDL2 data into our model. After the 
injection of '251-labeled VLDLl in each of three hyper- 
triglyceridemic subjects, there was an almost immediate 
transformation of 50-90% of the tracer into both un- 

T h e  triglyceridelapoB ratios of the unfractionated VLDL2 fraction 
shown in Table 3 are the weighted average of the ratios presented in this 
Table. 

bExpressed as a percentage of the total mass in VLDLB associated with 
the nascent- (N-) and remnant- (R-) level compartments, such that % 
in N- and % in R-level = 100%. 

Values based upon apoB parameters derived from fitting subject K. 

'This assumption has not been made in earlier studies of VLDL- 
triglyceride turnover in humans (6, 32), but it has been found to be the 
case in all other animal species that have been studied in detail (24, 
33-38). Studies from Steiner's laboratory, which showed striking 
similarities between VLDL triglyceride kinetic behavior in humans (39) 
and in dogs (25), in which the liver triglyceride precursor compartments 
are known to be rate-limiting (36), strengthened this assumption. 
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TABLE 8. IDL apoB and triglyceride production and 
fractional catabolic rates 

ApoB Triglyceride 

Pool Total Direct Pool Total Direct 
Size Prodn. Prodn. FCR Size Prodn. Prodn. FCR 

mg mg/kg/d 

F 232 11.0 1.4 
(0.8) (0.4) 

K 348 10.1 0.9 
(0.1) (0.2) 

H 300 12.2 3.2 
(1.0) (0.6) 

J 216 n.d." n.d. 

h-1 

0.19 
(0.01) 

(0.001) 

0.12 
(0.01) 

0.07 

n.d. 

mS mg/kg/d h-l 

478 40.6 36.9 0.34 
(2.8) (2.9) (0.02) 

1020 38.5 32.5 0.12 
(7.3) (8.1) (0.03) 

644 32.6 28.5 0.15 
(1.9) (2.3) (0.01) 

(3.9) (3.7) (0.03) 
551 32.7b 23.3 0.22 

Values in parentheses are + SD. 
"Not determined. 
'Values determined using apoB parameters derived from fitting sub- 

ject K. 

bound and bound VLDL2 fractions. This obscured the 
kinetics of any apoB-containing particles derived from 
VLDL1, assuming that they were being transformed at 
rates comparable to those of VLDL2 turnover, to smaller 
VLDL2 particles. The rapid conversion of VLDLI to 
VLDL2, which was evident within 3 min after injection, 
could have been an artifact of VLDLI ultracentrifugal 
isolation and labeling. However, it was not seen when 
VLDLl particles were labeled, incubated with plasma, 
and then separated again into VLDLl and VLDL2 frac- 
tions; the radioactivity remained with the VLDLl par- 
ticles. Therefore, in each of the hypertriglyceridemic 
subjects studied, the VLDLl particles were being 
transformed in vivo into VLDL2 particles by a very rapid 
process that may or may not be physiological. It is con- 
ceivable that, during isolation of VLDLl for labeling, 
apolipoproteins were lost from some of the VLDLl par- 
ticles, and that upon injection of the labeled VLDLl a 
fraction of the tracer was rapidly remodeled resulting in 
an increase in its density. In addition to this explanation, 
it may be that in our subjects the VLDL particles were 
concentrated at the border of the VLDLl and VLDL2 
density cut. With subtle changes, such as those described 
above, a small shift in density could move the VLDLl 
particles into the VLDL2 fraction. If this is the explana- 
tion then we would expect the kinetics of the VLDLl and 
VLDL2 fractions to be similar; this is, in fact, what we 
observed. Nevertheless, we were able to see from the in- 
corporation of [2-'H ]glycerol into triglycerides of the un- 
bound and bound VLDLl fractions that nascent VLDLl 
particles were being introduced into the circulation at 
rates comparable to the formation of nascent VLDL2 
particles. Furthermore, nascent particles appeared almost 
simultaneously in both the unbound and bound fractions 
of VLDLI, corroborating our conclusion (see below) that 

heparin-Sepharose chromatography was not separating 
the VLDL particles cleanly into nascent and remnant 
(Le., precursor and product) fractions. 

Third, we assumed initially that heparin-Sepharose 
affinity chromatography would separate VLDL particles 
into nascent- and remnant-rich VLDL particles, found in 
the unbound and bound fraction, respectively, based 
upon the earlier work of Nestel et al. (8), reanalyzed by 
the theoretical approach of Baker et al.' This reanalysis 
showed that labeled apoB in the unbound and bound par- 
ticles often exhibited the kinetic relationship expected for 
precursor (nascent) and product (remnant) compart- 
ments. However, while the apoB kinetic data in the pres- 
ent study were consistent with our assumption that the 
unbound and bound VLDL particles behaved as precur- 
sor and product, respectively, the triglyceride specific ac- 
tivity data after injecting tracer glycerol were not. 
Nascent particles containing newly synthesized trigly- 
ceride appeared simultaneously in unbound and bound 
fractions. 

Although we observed that bound VLDL remnant-like 
particles were converted to IDL, we cannot rule out the 
presence in the former of some rapidly turning over, 
largely delipidated VLDL remnants that might be re- 
moved by the liver. Such remnant particles would have to 
be present in low concentration and their kinetic behavior 
be masked by that of the more slowly turning over bound 
remnant-like particles, from which they would be derived. 
The technique that we have used clearly does not allow us 
to characterize a rapidly turning over VLDL remnant 
fraction, should such a fraction exist in these subjects. 

The appearance of newly secreted VLDL in both the 
unbound and bound fractions is consistent with many 
diverse studies dealing with the chemical characterization 
of VLDL particles isolated by heparin-Sepharose affinity 
columns, which divide particles into apoE-enriched (8, 
13, 40, 41) and either apoE-free (40, 41) or apoE-poor (8, 
13) fractions, depending upon the conditions used. The 
presence of nascent-like particles in both fractions is also 
consistent with the kinetic behavior of the separated par- 
ticles in humans (8), pigs (13), and rabbits (41), with the 
relation of apolipoprotein composition to binding (42, 
43), and with the continuous metabolic remodeling of 
nascent and more mature VLDL particles, especially with 
respect to the relative apoE and apoC concentrations (43- 
50). Based upon this literature we were able to fit our data 
to the model by assuming I) that particles secreted from 
the liver initially have a high apoE/apoC ratio (thus, bind- 
able to the apoB/E or E receptors in liver and other 
tissues); and 2) are rapidly remodeled within plasma to 
acquire apoC and/or lose apoE, decreasing the apoE/ 
apoC ratio and rendering them less bindable. Evidence 
for this rapid remodeling process comes from the earlier 
studies of Nestel et al. (8) and from the different rela- 
tionships seen between VLDL apoB and triglyceride 

Barrett, Baker, and Nestel Kinetics of apoB and triglyceride in hypertriglyceridemic subjects 757 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


kinetics in the unbound and bound fractions observed in 
these studies. As these particles are delipidated, decreas- 
ing their requirement for apoC, there is a loss of apoC 
from the particle, raising the apoE/apoC ratio, again 
making them bindable and prone to removal from the cir- 
culation. The rate at which these bound, partially delip- 
idated particles are metabolized, however, is slower than 
that of the more nascent-like particles which are present 
in both the unbound and bound fractions. Newly synthe- 
sized triglyceride will, therefore, be found in both bound 
and unbound particles shortly after the entry of nascent 
VLDL into the circulation. 

One experimental aim was to see whether labeled apoB 
in the heparin-Sepharose nascent-rich unbound VLDLl 
and VLDL2 fractions of at least some of the hypertriglyc- 
eridemic subjects would display the rapid FCR predicted 
for nascent particles if the liver TG precursor compart- 
ment were rate-limiting. Reanalysis of the data of Nestel 
et al. (8) had indicated that such a rapid component 
might be found in about a third of the subjects studied. 
We corroborated these findings and have tried to explain 
the observation that the rapidly turning over apoB com- 
ponent was only observed in the unbound and not in the 
bound VLDL fraction, and then in only some of the sub- 
jects, by hypothesizing that in the bound VLDL fraction 
the rapid component is masked by the presence of slowly 
turning over, remnant-like particles that are derived from 
the nascent-like precursors, but is only masked in the un- 
bound fraction if the nascent-like unbound particle forms 
a slowly turning over remnant-like particle that is also 
recovered in the unbound fraction. 

Although the subjects studied showed marked varia- 
tions in the distribution of apoB and triglyceride among 
the various fractions, in three subjects most lipoprotein 
particles were found within the VLDL2 fraction, and in 
all cases the bound VLDL2 contained more particles than 
the unbound fraction. The VLDL2 had a higher choles- 
terolhiglyceride ratio and a lower triglyceride/apoB ratio 
than those in the VLDLl fraction. This suggests that the 
VLDL2 fraction contained more remnant-like particles. 
However, as noted above, analysis of the VLDL2 triglyc- 
eride kinetics indicated that this fraction also contained a 
large number of nonremnant particles. This was further 
evidenced by the higher triglyceride/apoB ratio in the un- 
bound VLDL2 than in the bound VLDLl fractions. 

Despite these considerable problems of heterogeneity, 
we have been able to incorporate into a single model the 
kinetics of VLDL triglyceride and of VLDL apoB ob- 
served within the four subfractions (VLDL1 and VLDL2, 
unbound and bound particles). Although relatively com- 
plex, we believe that this model represents the simplest 
structure that is consistent with the data and the relation- 
ships we have observed between the unbound and bound 
apoB and triglyceride moieties. The model has three main 
features; two compartments of unbound-bound (nascent- 

like) particles, two parallel delipidation pathways, and a 
shared bound (remnant-like) pool. The technique of 
modeling both moieties concurrently has been under- 
taken by relatively few workers (5, 51, 52), despite the in- 
sights and benefits that can be obtained. Furthermore, the 
rising slope of the VLDL-triglyceride specific radioactiv- 
ity curve has not previously been used to provide informa- 
tion about the turnover rate of the nascent plasma VLDL 
particles in human subjects, an approach used in earlier 
quantitative studies of plasma and liver triglyceride turn- 
over in animals (24, 53, 54). 

The data for the apoB kinetics display the features 
reported recently by others (3, 5), although our analysis 
of the separated bound and unbound fractions has pro- 
vided additional insight into the complexity of the 
catabolic processes. Whereas the fractional removal rates 
of whole VLDLl and VLDL2 are relatively slow as ob- 
served by others in hypertriglyceridemic subjects (3, 5, 
31), there is a rapidly catabolized minor fraction repres- 
ented by a proportion of the unbound particles, especially 
within VLDLl (Table 4). Other workers have postulated 
the existence of such a pool of rapidly removable larger 
VLDL particles (5). As discussed later, this has influenced 
our interpretation of the triglyceride data. 

The input of apoB and triglyceride was, however, not 
only confined to the VLDL2 density range. The model 
calculates that for the IDL density range there is also 
direct input, and although the absolute amounts of direct 
input are low compared to that into the VLDL2 fraction 
they represent a significant proportion of the transport 
through the IDL. This would, therefore, suggest that the 
liver is capable of secreting lipoproteins of different size 
which need not necessarily be secreted into the VLDLl 
density range. An alternative explanation may be that 
partly catabolized particles, as they pass through the 
hepatic circulation, become re-enriched with newly syn- 
thesized triglyceride. However, as noted above, the use of 
fixed anglehead rotors, as used in our studies, may lead 
to the incomplete separation of IDL from the smallest 
VLDL (3). Conversely the VLDL tail may, in part, reflect 
the inclusion of slowly turning over IDL. 

Multiple inputs and exits for VLDL particles of differ- 
ent sizes have been reported in all recently modeled 
systems of VLDL metabolism in man. Although the con- 
cept of direct secretion of smaller VLDL particles has 
been criticized on the basis that a rapidly turning over 
precursor particle can be missed by exogenous labeling 
techniques (5), this should not apply to the analysis of en- 
dogenously labeled lipoproteins. It is therefore note- 
worthy that Fisher et al. (4) using [3H]leucine as a 
precursor label for apoB, reported rapid, simultaneous 
rates of labeling of large and small VLDL. Furthermore, 
they noted major biosynthetic inputs even into IDL in 
hypertriglyceridemic subjects (4). Eaton et al. (2) who 
used [ 75Se]selenomethionine as the precursor label 
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observed major inputs into both the initial and final 
VLDL pools (within a four-pool cascade) in both hyper- 
triglyceridemic and normolipidemic subjects. A massive 
input into the largest initial kinetic pool of the VLDL was 
a hallmark of hypertriglyceridemia (2). This is highly 
relevant to the possible failure of models based on ex- 
ogenously labeled VLDL to identify this major influx of 
large VLDL, especially since Eaton et al. (2) had also 
found that these particles were least likely to be cataboliz- 
ed to IDL. 

Such findings are nevertheless in line with the models 
developed by Beltz et al. (5) and by Packard et al. (3) who 
integrated data from the kinetics of several exogenously 
labeled lipoprotein species. Both models consider mul- 
tiple inputs at the beginning or near the end of the VLDL 
delipidation cascade, although the conclusion reached in 
one study was that a variable and flexible number of 
VLDL pools could explain the data without involving a 
need for multiple inputs (5). However, Packard et al. (3) 
drew attention to the metabolic channeling of particles 
within the spectrum of smaller VLDL, with those derived 
from the catabolism of larger VLDL having a different 
fate from those newly secreted; a larger fraction of the lat- 
ter were destined for conversion to LDL. 

Our data have also described more fully the delipida- 
tion that converts nascent triglyceride-rich VLDL into 
triglyceride-depleted remnants. The extended plateau of 
the bound fraction reflected the long delipidation process 
which did not apply to the unbound fraction. This was 
also observed in the bound apoB fractions which showed 
a pronounced delay prior to the fall in specific radioactiv- 
ity. ApoB turnover experiments, which use exogenously 
labeled VLDL, do not, in general, show this delipidation 
process clearly unless the VLDL have been extensively 
subfractionated or early serial samples are obtained. 

The higher triglyceride/apoB ratio in the unbound 
VLDL2 fraction than in the bound VLDLl had already 
suggested that independent input of new triglyceride into 
the VLDL2 fraction was likely. Nevertheless, the ratios in 
the corresponding unbound fractions showed these to be 
higher in VLDL1. The liver may therefore be secreting at 
least two different types of particles, the VLDLl being 
more triglyceride-enriched than the VLDL2. Analysis of 
the kinetics of the most nascent triglyceride pools in the 
model for both the VLDLl and VLDL2 fractions reveals 
that their respective hepatic assembly processes may 
differ. Estimates of the VLDL precursor specific radioac- 
tivities, determined by simulation analysis of the triglyc- 
eride precursor pools, showed that in two of the four 
subjects the precursor triglyceride pool for VLDL2 had 
approximately ten times the activity of the VLDLl pre- 
cursor. Streja, Kellai, and Steiner (39) and Steiner and 
Reardon (52) had also observed that the smaller VLDL 
attained a greater specific radioactivity than did the larger 
VLDL, an observation that we have confirmed. 

In addition to the TG/apoB ratio of the unbound 
VLDL2 being greater than that of the bound VLDL1, the 
model predicted that within each fraction, unbound- and 
bound-VLDL and IDL, there were particles with high 
TG/apoB ratios. Excluding subject J, the TG/apoB ratios 
of the nascent-level compartments in VLDL2 were of the 
order of 100 and up to 36 for IDL. TG/apoB ratios such 
as these are greater than those generally observed in 
VLDL and IDL fractions. If particles with such high 
TG/apoB ratios are to be isolated in their respective den- 
sity classes, clearly there must be other apolipoproteins 
associated with the more E - r i c h  particles that increase 
their density. In most previous studies workers have sub- 
fractionated lipoproteins according to density and have 
not isolated them on the basis of the particles’ metabolic 
properties, hence most fractions are likely to comprise a 
mixture of nascent- and remnant-like particles. When, 
however, detailed fractionation of lipoproteins by a 
method such as heparin-Sepharose affinity chromatog- 
raphy is undertaken, large variations in TG/apoB ratios 
approaching those we have predicted are observed (55, 
56), especially in the case of Winkler and Marsh (57) 
where nascent triglyceride-rich, apoB-poor particles were 
found in the HDL fraction. 

The absolute production rates for VLDL triglyceride 
obtained in these subjects with our model are con- 
siderably higher than those reported by others in type IV 
hyperlipoproteinemia. Published production rates for 
triglyceride vary considerably, depending on the method 
by which the values have been calculated (28). Many 
values, for the d < 1.006 g/ml (Sf > ZO), are around 
200-400 mg/kg per day (11, 28, 31, 58) although Boberg 
et al. (59) reported an average of 983 mg/kg per day for 
hypertriglyceridemic subjects. Our values, for VLDL2 
triglyceride alone, are within the range of those obtained 
by others measuring whole VLDL triglyceride produc- 
tion. This, in addition to VLDLl triglyceride production 
(which was not calculated in the present experiment for 
reasons previously discussed), would result in total 
VLDL-triglyceride production values several to many 
times those calculated by others. Clearly this suggests that 
VLDL triglyceride production may be greater than has 
been calculated previously. The assumption that triglyc- 
eride turnover in the liver is rate-limiting with respect to 
plasma triglyceride, coupled with the observation of a 
rapidly turning over population of particles, which con- 
tains the greater proportion of the triglyceride mass 
within each VLDL fraction, account for the high triglyc- 
eride production values. A comparison of VLDL2-tri- 
glyceride production rates with those determined using 
the Zech et al. model (6), where it is assumed that the 
liver is not rate limiting, showed that production rates in 
our subjects were one-half to one-eighth those determined 
using the present model. 

The subjects that were studied in these experiments, 
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while all showing the type IV hyperlipoproteinemia 
phenotype, were not identical, this being reflected in their 
apoB and  triglyceride kinetics. Two subjects, H and F, 
who had similar lipoprotein profiles, displayed substantial 
shunting of material, presumably back to the liver, direct 
input of both apoB and triglyceride into VLDL2 and 
IDL, and high levels of total triglyceride production. Sub- 
ject K, however, whose VLDL mass was mostly in the 
VLDLl density range, displayed a different pattern of 
apoB and triglyceride kinetics. Possibly, the very low 
VLDL2 FCR of this subject may be accounted for by the 
presence of chylomicron remnants that have been found 
throughout the lipoprotein spectrum (60). Chylomicron 
remnants within this fraction have been shown to be cata- 
bolized slowly in type 5 hyperlipoproteinemic subjects 
(61). Appendix Tables 1 and 2 follow on page 762. I 
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Appendix. Table 1 .  Rate constants for all subjects derived Appendix. Table 2. Compartment pool sizes and transport rates 
from fitting the model in Fig. 9 to the apoR and 

triglyceride kinetic data 

Suhjct 1 

derived from the compartmental analysis of each subject's apoB 
and triglyceride kinetic data 

Subject 

F K H J" 
L(ij)  F K H . J" 6 

"S 
h-1 M(5) 1860 1550 1510 3140 

1880 
(380) (200) 

1140 
(395) 

2340 960 ~ ( 3 ~ 1 )  0.63 0.75 0.82 1.36 

~ ( 4 , 1 )  0.21 M(7) 110 450 

1720 L(5,3) 0.076 0.083 0.087 0.12 M(8) 0.89 

(0.02) M(9) 1385 2305 L(6,3) 0.15 0.066 0.110 0.068 

(1 70)' (330) ';;;I (22;:) M(6) 
(0.03)b (0.14) (0.12) (0.16) 

(105) 

(380) 
1530 675 

1460 1040 
(330) (240) (240) 
570 370 310 

16.7 15.9 45.0 

14 8 (0.00 1 ) M(12) 20.0 11.3 40.0 

5.70 12.5 30.0 M( 13) 4.40 

M( 14) 0.35 220 250 230 

435 

230 335 270 210 
(1.3) (3.4) (15.0) (18.0) 

(220) 

(200) 

(122) 

(400) 

(0.00 1 ) (9) 

(0.005) (0.01 1) (0.01) 

(125) (210) L(7,3) 0.006 0.005 0.007 0.002 

L(5,4) 0.002 (0.1) (1.5) (3.7) 

(1.8) (4.6) L(6,4) 

(1.3) (3.5) (15.0) (1.8) 

(0.1) (1.5) 

(170) 

(9) 

(0.004) (0,009) (0.01) (0.01) M( 10) 360 

(0.00 1 ) (0.001) (0.00 1) (0.0003) M(11) 43.0 
(110) 

0.001 (1.9) 
(0.00 1 ) 

~ ( 0 , 5 )  1.24 1.12 0.93 1.18 

(3.7) 

(0.041) (0.092) (0.086) (0.01 5) (1.9) (1.8) (4.6) 
420 

(0.041) (0.092) (0.086) (0.01 5) 
L(0,6) 1.24 1.12 0.93 1.18 M( 15) 390 375 

w , 7 )  0.82 0.18 0.17 0.26 M(16) 
(0.07) (0.06) (0.02) (0.04) 

0.081 0.043 mS/h" L(8,5) 0.098 

L(9-6) 0.07 0.098 0.081 0.043 

L(9,5) 0.07 

W , 5 )  2320 1740 1400 3700 

2210 

64.6 

(0.10) (0.03) (0.06) (0.05) R(8,5) 153 122 136 

82.0 

(0.030) (0.032) (0.015) 

(0.030) (0,032) (0.015) R(0,G) 2920 (500) 

(310) 

L( 10,7) 0.50 0.05 0.14 0.12 (14.9) (27.2) (27.0) (21.3) 

(34) (35) 0.024 0.039 0.057 (35) 

(23) (21)  ( 2 1 )  

(230) 

(245) 
1060 

46.0 

(4 10) 

(350) 
1080 

85.0 

(76) (0,011) 

(245) 
(0.011) W , 7 )  93.5 

92.0 165 95.0 
L(0,8) 

R(9,5) 130 L(9,8) 0.21 0.064 0.14 0.032 

L(0,9) 0.20 0.080 0.17 0.080 R( 10,7) 57.0 

(0.0 18) (0.0 19) (0.017) R(9,6) 
(16) 

(20) 

L( 10,9) 0.01 0.009 0.02 0.009 R(9,8) 0.2 

L(0,fO) 

L( 1 4 , l l )  1.22 1.01 1.22 

(34) L( 15,12) 1.31 1.22 1.01 1.22 

L( 1 5 , l l )  1.31 (5.7) 

L( 16,13) 1.32 0.24 0.31 0.39 (0.4) 

21.9 37.6 30 3 

95.0 48.0 

12.7 

42.0 27.0 88.0 

114 110 (0.107) (0.092) W , 9 )  279 178 

43.0 49.8 41.7 

19.4 45.0 21.0 
(0.9) 
40.0 18.0 

(1.7) (3.8) 
2.9 9.3 2 . 2  

(2.0) 

(1.7) (0 .8)  (1.8) (0.2) 

(0.005) (0.0 19) (0.022) (0.0 10) 

(31.0) (5.2) 

(8 .0)  (0.00 1 ) (0.001) (0.001) (0.01) (15) (23) 
0.19 0.07 0.13 0.14 R(10,9) 14.7 19.8 12.2 

(2.9) (2.2) ( 2 . 2 )  

(36) (19) (32) 

(20) (20) (28) 

(0.005) (0.002) (0.003) (5.7) yl;) 

(0.01) (0.005) (0.006) (1 .8 )  
R(0,8) 

(0.041) (0.107) (0.092) R(0,10) 71.7 

(0.041) R(14,ll) 

(0.09) (0.08) (0.09) (0.16) 

(10.4) (30.8) 

R( 15,12) 27.0 13.8 

R(16,13) 5.8 ~ ( 0 , 1 4 1  0.039 

LA( 15,14) 0.21 0.089 0.14 0.089 R( 15 , l l )  56 
(0.0 19) 

(0.005) (0.002) (0.022) (1.8) 
~ ( 0 , 1 5 1  0.11 0.031 0.12 0.025 R( 15,14) 0.07 

(0.005) (0.002) (0,003) (0.01) (2.3) 

(0.01) (0.004) (0.005) (1.4) (2.1) (2.8) 

(0.01) (0.005) (0.006) ~ ( 0 , 1 5 1  44.0 11.5 52.0 

20.0 35.0 21.0 

27.3 26.7 

10.0 

(5.4) 
I,( 16,15) 0.10 0.06 0.06 0.06 R( 16,15) 39.0 21.8 

L,(0,16) 0.19 0.07 0.13 0.14 ~ 1 4 )  

11.0 

29.5 

( 1  5) 

(2.3) 
36.0 

(1.5) 
24.7 

(3.5) 
L(i,j) for the glycerol section of the model were L(2,1)= 15.6 and R(0.16) 44.9 

L( 1,2) = 5.1 h-'; these parameters were not adjustable. The turnover rate (3.0) (1.7) (2.9) (0.25) 

'ApoB parameters are based upon subject J's pool size with rate cons- (sum of L(i,j)) for compartment 1 was fixed at 34.3 h-l. 

tants being based upon those derived from fitting subject K s  apoB data. 
subject K.  "Total pool size. 

'Values in parentheses are * SD. 
'Not normalized to mg/kg/d. 

"ApoB rate constants based upon apoB parameters derived from fitting 

'Values in parentheses are f SD. 
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