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Abstract This research concerns the metabolism  of apo- 
lipoprotein B (apoB) in hypertriglyceridemic. subjects with 
polydisperse or heterogeneous LDL.  Five  subjects main- 
tained under constant dietary control had blood samples 
fractionated into very low density lipoprotein (VLDL), Sf 20, 
Sf 10, and Sf 4 LDL, and plasma free leucine, and in three 
subjects VLDL  was further fractionated by size.  Apo B was 
isolated, and  the masses  of the plasma apo  B pools  were 
measured for these lipoproteins. Following injection of 
[3H]leucine as a metabolic tracer  the specific  activity  of apo  B 
in these lipoproteins and of  plasma leucine were measured 
over 7 or 14  days. The kinetic data were examined using 
multicompartrnental analysis and  interpreted in terms of 
our previous model of apo B metabolism (1975. Federation 
Proc. 24: 2263.). Newly synthesized apo B, secreted as large 
VLDL, is metabolized by a delipidation chain yielding inter- 
mediate density lipoprotein (IDL), consisting of  small  VLDL 
and Sf 20 LDL, and eventually forms small, Sf 4 LDL.  LDL is 
metabolized  in a steplike process from Sf 20 to Sf 10 and Sf 4 
LDL. A second major biosynthetic input of apo B enters 
directly into IDL and % to % of  newly synthesized apo B 
enters plasma by this route.  Total  apo B synthesis in these 
subjects is 5- to l0-fold  greater  than  reported  for normals. 
The rate of transport of VLDL apo B to  IDL is slower 
than normal with a residence time  which  is increased about 
twofold; however, the VLDL apo B pool is enlarged 5-  to 
10-fold, and  thus  the quantity of apo B entering  and leaving 
this  pool per  hour is much greater  than in the  normal. 
Two major pathways for apo B catabolism occur. Between 
1/3 and 2/3 of apo B is metabolized through LDL, disap- 
pearing from plasma  as Sf 4 LDL. The remainder of apo B 
disappears from plasma  IDL directly. The four major 
findings in this kinetic study of apo B metabolism in hyper- 
triglyceridemic subjects  with polydisperse LDL are: 1 ) The 
marked increase in apo B synthesis; 2 )  the biosynthetic in- 
put of much of this apo B directly into IDL; 3 )  the large 
catabolic  pathway of apo B which  leaves  IDL, and 4 )  the 
stepwise  metabolism  of  LDL by which Sf 20, Sf 10, and Sf 
4 LDL are generated.-Fisher, W. R., L. A. Zech, P. Bardal- 
aye, G. Warmke, and M. Berman. The metabolism of apo- 
lipoprotein B in  subjects  with hypertriglyceridemia and 
polydisperse LDL.J. LZpzd Res. 1980. 21: 760-774. 
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LDL consists of a  spectrum of macromolecules 
found within the density range of 1.006- 1.063 g/ml. 
In most normotriglyceridemic  individuals, the  pre- 
dominant species of LDL exist within a narrowly de- 
lineated  region  of this density range,  and such  mono- 
disperse LDL, isolated from  an individual, is homo- 
geneous with respect to molecular weight (1, 2). By 
contrast, LDL isolated from most hypertriglyceridemic 
subjects is heterogeneous with respect  to density as 
well as molecular weight, and  the  occurrence of poly- 
disperse LDL may  be readily demonstrated  upon ei- 
ther analytical ultracentrifugation of the total LDL 
fraction or upon equilibrium ultracentrifugation within 
a density gradient (3). 

In polydisperse LDL, lipoproteins are predomi- 
nantly distributed within three regions of the LDL 
class (4). Sf 20 LDL is a  large, relatively lipid-enriched 
macromolecule with a molecular weight of  about  4.9 
X lo6  and is isolated in the density interval of 1.006- 
1.020 g/ml. Sf 10 LDL has a  molecular weight ap- 
proximating 3.2 X lo6 and is isolated between d 1.020 
and 1.040 g/ml. Sf 4 LDL  is generally the  predominant 
species of LDL  with a small molecular weight averag- 
ing 2.5 x lo6 and recoverable in the 1.040- 1.063 g/ml 
density fraction.  Interestingly, Sf 4 LDL is a  consider- 
ably smaller and  more  dense lipoprotein than  are  the 
lipoproteins found in most individuals with mono- 
disperse LDL (2, 4). 

A study of the metabolic relationship of these lipo- 
proteins has been undertaken using tritiated leucine 
as an  endogenous metabolic tracer,  and  an account 
of our observations with one subject was reported ( 5 ) .  
Most studies of lipoprotein metabolism in human sub- 
jects have been performed with the use of radioiodine 
as an  exogenous label that is chemically bonded to 

Abbreviations: VLDL, very low density lipoprotein;  IDL,  inter- 
mediate  density  lipoprotein; LDL, low density lipoprotein;  apo B, 
apolipoprotein B; S.A., specific radioactivity. 
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an isolated lipoprotein and  then reinjected into  the 
subject (6,7). By contrast,  when  using  an  endogenous 
label, it is possible to  study the biosynthesis of the 
apoprotein directly and also to avoid possible denatura- 
tion  artifacts produced  during  the isolation, iodina- 
tion, and reinjection of the labeled lipoprotein. The 
recent  use of selenomethionine as an  endogenous 
tracer of lipoprotein metabolism has been reported 
by Eaton and Kipnis (8). In  the present  report, we 
present  the kinetic data  on  apolipoprotein  B  metabo- 
lism  in four additional subjects with polydisperse LDL.’ 

SUBJECT  DATA 

Subject 1 was a 41-year-old white female with an 
1 l-year history of insulin-dependent  diabetes  and of 
hyperlipemia for 2 years. The patient’s diabetes  had 
been  complicated by a  retinal  hemorrhage and inter- 
mittent  symptoms of neuropathy  including a Bell’s 
palsy. During  the year  preceding  this  study  she  had 
two hospital admissions for acute  pancreatitis, during 
which times her triglycerides  rose  to  about  11,000 
mg/dl. On these occasions, lipoprotein  electrophoresis 
revealed  a  marked  increase in pre-P-  lipoprotein with 
some chylomicrons present.  Subsequently the  hyper- 
lipemia responded to diet, clofibrate, and nicotinic 
acid;  however,  at the time of the  present  study  she  had 
been  off  these  drugs  for 1 month. Physical examina- 
tion  revealed no  xanthoma,  xanthelasma,  nor  arcus 
cornea, and was positive for hepatomegaly. There were 
no bruits.  She weighed 67 kg. Laboratory data re- 
vealed a  normal blood count. Urinalysis showed 
neither  ketones nor  proteinuria.  The plasma albumin 
was 3.9  g/dl. Admission triglycerides and cholesterol 
were 4690 and 580  mg/dl, respectively, with a Type IV 
pattern  on  lipoprotein  electrophoresis. The fasting 
level of glucose was 210 mg/dl on admission and 
remained  at this level throughout  the study. 

Seven members of the  patient’s family had  been 
studied;  four were hypertriglyceridemic with normal 
cholesterols and  three were diabetic. Five were also 
found to have LDL polydispersion. The patient was 
considered to have  familial hyperpre-P-lipoproteinemia. 

Subject 2 was a  47-year-old white male with elevated 
plasma triglycerides  for 12 years. The triglyceride  con- 
centrations  ranged between 5955  mg/dl,  at which time 
lipoprotein  electrophoresis showed a Type V pattern, 
and many values in the  300-400  mg/dl range, when 
Type IV patterns were recorded. Aside from  hyper- 
triglyceridemia  he was  in good  health,  without  dia- 

l These studies were presented at the American Heart Association 
meetings in Dallas in 1978. 

betes, without clinically evident arteriovascular disease, 
and with no metabolic disorders  predisposing  to hy- 
perlipemia. At the time of the study  he  had received 
no medications for 1 month. 

Physical examination was normal  and specifically 
without  xanthomata,  xanthelasma,  arcus  cornea, or 
arterial  bruits. His weight was 66 kg. Laboratory  data 
revealed normal  hematologic and  urinary analyses 
and chemistries which were abnormal only for tri- 
glycerides (386 mgldl) and cholesterol (188 mg/dl) with 
a Type IV lipoprotein  electrophoretic  pattern.  A 
3-hour glucose tolerance test yielded, respectively, 
values for plasma glucose and insulin as follows: fast- 
ing,  80  mg/dl,  5.5 mdml; 30 min, 105 and 12.5; 60 
min, 170 and 41.0; 120  min,  108 and 35.5; and 180 
min,  78  and 19.0. 

Twenty-four  individuals in this family had  been 
studied and previously reported  (3, Family #2). Six 
were hypertriglyceridemic, each with Type IV pat- 
terns,  but only two subjects had  diabetes.  Eight sub- 
jects had polydisperse LDL,  twelve monodisperse LDL, 
and  four  did not have LDL dispersion determined. 
The patient was considered  to have familial hyperpre- 
P-lipoproteinemia. 

Subject 3 was a 55-year-old white female, with in- 
sulin-dependent  diabetes  for  13 years and with known 
hyperlipemia for 4 years. One year previously, tri- 
glycerides of 12 10 mg/dl and cholesterol of 396 mg/dl 
were measured,  at which time  xanthomas  and  hepa- 
tomegaly with fatty infiltration were noted. The pa- 
tient  had  a myocardial infarction two years previously 
with subsequent  coronary  artery by-pass surgery.  She 
also had extensive atherosclerotic disease demonstrable 
on  angiography of the  aorta, iliac, and  femoral  ar- 
teries. There was no  hypertension,  but  hyperuricemia 
had  been  recorded.  She was not receiving hyper- 
lipemic medications. 

On physical examination, she weighed 66 kg. Clusters 
of approximately  3 mm diameter,  tuberoeruptive 
xanthomas were present  over  both elbows. There was 
no  arcus  cornea.  Arterial pulses were generally 
diminished and  femoral  bruits were present. The liver 
measured 17.5 cm but with no  splenomegaly. 

Laboratory evidence showed a  normal blood count 
and a urinalysis positive for only a  trace of protein 
with a serum  albumin of 3.2 g/dl. Blood chemistries 
were normal  except  for  a  fasting glucose, triglyceride, 
and cholesterol  concentrations  of  188,  1810,  and  349 
mg/dl, respectively. Lipoprotein  electrophoresis  re- 
vealed a  marked increase in pre-&lipoprotein without 
chylomicrons. 

The family was not available for study. One  brother 
was diabetic and died  at  age  63, while a second brother 
had  a  heart  attack  at  50 years of age.  Her  other sib- 
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TABLE 1. Clinical parameters 

Subject 

# 1  #2 #3 #4 

Diet 
Total calories 1314 1343 1500 
Carbohydrate  (g/day) 220 227 239 
Fat (g/day) 15 19 22 
Polyunsaturated/ 

Protein (g/day) 69  66 95 
Leucine (g/day) 5.5  5.6  6.5 

Admission 67 66 66 
Injection of [3H]leucine 68 66 66 
Discharge 68  65 65 

Admission 4690 386 1810 
Injection of [3H]leucine 3270 255 1200 
Discharge 2 190 204 615 

Admission 210 80 188 
Injection of [3H]leucine 
Discharge 22 1 147 

saturated ratio 0.40 0.45 0.95 

Weight (kg) 

Triglycerides (mg/dl) 

Glucose (mg/dl) 

1400 
204 

22 

90 
1.1 

6.0 

87 
87 
86 

678 
340 
268 

124 
116 
100 

lings, parents,  and  grandparents were not known to 
have heart disease nor diabetes.  She  had no  children. 
The diagnosis was hyperpre-P-lipoproteinemia with 
unknown familial involvement. 

Subject 4 was a 56-year-old white female with di- 
abetes  of  4 years duration, initially treated with insulin 
and  then by diet  alone. Her hypertriglyceridemia was 
diagnosed  1  year previously, and  her triglycerides 
ranged  from  498  to 3680 mg/dl with corresponding 
cholesterols of 280 and 754 mg/dl, respectively. Four 
years previously she  had  the  onset of angina  and  an 
EKG showed a  previous  anteroseptal  infarction;  sub- 
sequently she  experienced episodic transient blindness 
of  her  right eye. The patient  had  a 10-year history 
of hypertension  controlled medically and  intermittent 
attacks of gout.  Throughout this  study  she was re- 
ceiving 1500 mg of clofibrate daily. On physical ex- 
amination  she weighed 87 kg. N o  xanthelasma, 
xanthomas,  nor  arcus  cornea were present,  and  the 
remainder  of  the examination was normal with ade- 
quate pulse and  no bruits. 

Laboratory  evaluation  revealed  a  normal blood 
count  and urinalysis. Blood chemistries were normal 
with the exception of concentrations of uric acid of 
8.4 mg/dl, fasting glucose  of 125 mg/dl, and triglycerides 
and cholesterol  of 678 and 323  mg/dl, respectively. 
Lipoprotein  electrophoresis  revealed an increase in 
pre-&lipoprotein and was interpreted as a Type 2B 
pattern.  The family history revealed an absence of 
premature vascular disease, and longevity with no 
known diabetes nor hyperlipemia.  None of the family 
were available for study. The patient was considered 
to have sporadic  hypertriglyceridemia which could  not 
be further classified. 

Our initial subject,  F.T. was a 53-year-old white male 
with a  15  year history of diabetes and known hyper- 
lipemia for 5 years. An account  of his medical condi- 
tion and his experimental  protocol while on  the Clini- 
cal Research Center has been  published (5). An in- 
vestigation of the  occurrence of hyperlipemia in three 
generations of the subject’s family has also been  re- 
ported  (3, Family #l),  and the  findings are consistent 
with a diagnosis of familial combined  hyperlipopro- 
teinemia. Generally the subject presented with a Type 
IV phenotype  that  converted to a Type V pattern  on 
one occasion when his triglycerides rose to values of 
about 7000 mg/dl. The polydisperse  character of his 
LDL has been previously described (4). 

CLINICAL  PROTOCOL 

Subjects were admitted to the Clinical Research 
Center  for  one week of metabolic stabilization prior 
to injection with [3H]leucine. During this time each 
patient was maintained on a  constant  diet. Triglyceride, 
cholesterol, glucose, and  other clinical chemistry de- 
terminations were performed to assess the subjects’ 
metabolic status, plasma volume was measured,  and 
plasma was drawn  for physical characterization and 
measurement  of plasma pool size of VLDL and LDL. 

On  the  6th hospital day the  diet was shifted  to four 
equal  feedings given at 7 AM, 1 PM, 6 PM, and 11 PM. 

The following morning  4  hours  after  breakfast, [3H]~-  
leucine was injected intravenously and blood-sampling 
commenced thereafter as indicated in the Results sec- 
tion. In  the first of these four subjects, 1.3 mCi  of 
[3H]leucine was injected;  however, it was found  that 
smaller doses  could  be  used, and  the last two subjects 
received 0.20 mCi each. On  the  9th day  the  diet was 
readjusted to three meals per  day,  and  the subject was 
discharged on  the 14th  day. With two subjects, an 
additional blood sample was obtained  a week after 
discharge.  During  the initial week of hospitalization, 
the total calories were adjusted  to  keep  the subjects’ 
weight constant. The composition  of  the  diet was de- 
termined by the  requirement  for  a  fat  intake  of  about 
20 g daily, in order to minimize chylomicron con- 
tamination of the VLDL, and of a leucine intake of 
5-6  g daily. Table 1 summarizes  these clinical param- 
eters  for  the  four new subjects. 

METHODS 

Processing of blood samples for specific 
activity determination 

Measurement of plasma leucine specijic activity. Serum 
separated  from  5 ml of blood was made 3% in sulfosali- 
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cylic acid and centrifuged. The deproteinized  serum 
was applied  to  a Beckman 120C amino acid analyzer 
in two aliquots; in one analysis, the leucine in  the 
sample was quantitated,  and  in  the  second,  the leucine 
was recovered by diverting  the  column  effluent  prior 
to entering  the reaction coil. The recovered  solution 
of leucine was lyophilized, solubilized in a  triton scintil- 
lation solution (9), and  the radioactivity was measured, 
thus  permitting S.A. calculation. 

Fractionation of lipoproteins. Blood samples  of  50 ml 
were collected on ice in the presence of 500  units of 
heparin, 5 mg of merthiolate,  5  mg of EDTA  and 10 
mg of sodium azide. The plasma was dialyzed against 
two exchanges  of 0.01 M L-leucine in  0.1 M KBr fol- 
lowed by one  exchange against  0.1 M KBr in order to 
remove  free  [3H]leucine.  Lipoprotein  fractionation 
was performed ultracentrifugally by differential  den- 
sity flotation at  solution  densities  of  1.006,  1.02, 1.04 
and 1.06 g/ml with recovery of VLDL, Sf 20, Sf 10,  and 
Sf 4 LDL respectively as previously described (4).2 
Recovered LDL fractions were dialyzed against 0.05 M 
NH,HC03  then extracted with diethylether-ethanol 
3:l (v/v); the  protein pellet was dissolved in 3% 
SDS by warming in the presence  of  dilute  NaOH. 
Aliquots were removed for  protein  determination and 
for scintillation counting. 

VLDL was further  fractionated by either gel filtra- 
tion chromatography  on  Sepharose 2B (5 X 80 cm 
column) as described by Quarfordt  et a]. (10)  and Sata, 
Havel, and Jones ( 1  l), or by sequential flotation in the 
swinging bucket rotor according  to  Lindgren et al. (12). 
Recovered VLDL fractions were delipidated with tet- 
ramethyl  urea  (13),  and  the insoluble apo B was 
washed twice with water,  extracted with diethylether- 
ethanol 3:l ( v h )  and dissolved in 0.5 ml of 3% SDS. 
Aliquots of this solution  were  withdrawn for meas- 
urement of protein  content  and  for radioactivity meas- 
urement. The precipitated  protein,  when solubilized 
in 3% SDS and electrophoresed on acrylamide gels, 
showed a predominant high  molecular weight pro- 
tein band. 

The VLDL from subjects #1  and #2 were frac- 
tionated on  the  Sepharose 2B column and  the elution 
pattern  appeared similar  to  those previously reported 
(1 1). Five fractions were separated  from  the VLDL of 
subject 1,  these  being numbered sequentially as they 
eluted  from  the column with fraction  1  constituting 
large-sized particles. For subject 2, the  amount  of 
VLDL present was much less, and  the VLDL 
recovered from  the  Sepharose  column was com- 
bined into two fractions,  fraction I comprising 

* VLDL was removed in three successive centrifugations,  in each 
case overlaying with KBr solution of d 1.006 g/rnl, initially at 20,000 
rpm for 6 hr,  then twice at 40,000 rpm for 20 hr. 

VLDL eluting  ahead of the peak and fraction 2, VLDL 
eluting  after  the peak. 

The VLDL from subject 3 was separated  into  three 
fractions  ultracentrifugally. The fast  floating VLDL 
fraction  contained so little protein  that it could  not 
be analyzed. The next two fractions, however, con- 
tained  ample  protein and  are  designated as fractions 
2 and 3. The  serum  from subject 4  contained too 
little VLDL to render fractionation possible, and  her 
VLDL was studied as a single fraction. 

The quantity and radioactivity of apo B were meas- 
ured  on aliquots of  protein solubilized in 3% SDS. 
Protein was measured by the  method of Lowry et al. 
(14). For scintillation counting,  protein was maintained 
in solution by the  addition of Soluene 350 (Packard) 
and  counted  using  a  Permablend  #3 scintillator solu- 
tion (Packard).  Counting was performed with a Pack- 
ard  Tricarb scintillation spectrophotometer  using  an 
external  standard,  and correction  to dpm was  ac- 
complished  using  the  Wang Liquid Scintillation Data 
Program. 

Characterization of plasma  lipoproteins 
In all subjects VLDL, Sf 4,10,  and 20 LDL were sub- 

jected  to  acrylamide gel electrophoresis in SDS or urea 
(15,  16). The  patterns revealed  the  presence  of apo B 
near  the  top  of  the gels in all samples. In  the  three 
LDL fractions this protein  comprised  95% or  more 
of the Coomassie blue-staining  material,  although in 
Sf 20 LDL some C-apoproteins were present. In VLDL 
the lower molecular weight staining  proteins were 
reduced  to  trace  proportions  after  purification  of  apo 
B by the  tetramethyl  urea  procedure. 

Sf 4, 10, and 20 LDL were each  subjected  to analyti- 
cal ultracentrifugation in order  to  measure  their flota- 
tion  rates,  thus  confirming  their  assignment to these 
LDL  classes (4). Fig. 1 displays photographs  taken 
during  the analysis of the LDL from subject 1 to dem- 
onstrate  the  apparent homogeneity of the  lipopro- 
teins. These LDL were also banded by equilibrium 
density gradient  ultracentrifugation  (4),  and  the  band- 
ing  patterns  for Sf 4, 10 and 20 LDL from  the same 
subject are in Fig. 2. 

VLDL were  characterized by several criteria fol- 
lowing fractionation.  For subjects 1 and 2, the elution 
pattern  from  the Sepharose 2B column was similar 
to  that  reported by Sata et al. (1 1) in their  studies 
of the size fractionation of VLDL on agarose  columns. 
Analytical ultracentrifugation of VLDL from subject 1 
revealed the early  eluting  fractions  to have fast flota- 
tion rates which decreased progressively in the frac- 
tions eluted sequentially from  the  column, consistent 
with the fractionation of VLDL on  the basis of  particle 
size. Lipoprotein  paper  electrophoresis was used to 
monitor  the  column  fractions in a manner similar to 
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Fig. 1. Analytical ultracentrifugation of isolated LDL fractions 
in KBr density 1.20 g/ml at 25°C and 42.040 rpm. Top: Sf 10 LDL 
upper (wedged) cell and S, 4 LDL lower cell. Bottom: Sf 10 LDL 
upper cell and Sf 20 lower cell. 

Sata et al. (1 7). T h e  patterns revealed that the larger, 
early eluting VLDL remained at the origin, suggesting 
a very low apoprotein content. Subsequent column 
fractions contained increasing amounts of pre-&mi- 
grating lipoproteins, and a final fraction in which the 

3 . 0  i 
Sf 4 sr 20 p 

-1 .03 a. 

2 
-1.02 g 

1 1 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 ~ 1 6 1 7 1 ~ 1 9 2 0 1 1 1 2 2 ~ ~ 4  

IIU(III0IIS 

Fig. 2. Equilibrium gradient ultracentrifugation of LDL from 
Subject I in sucrose density gradient in SW 25 rotor at 25,000 rpm 
for 48 hr at 5%. T h e  banding profiles of the separately banded 
Sf 20. Sf 10. and Sf 4 LDL are plotted as a composite. Absorbance 
is measured at 280 nm. 0, density gradient. 

Fig. 3. Analytical ultracentrifugation o f  VLDL fractions 2 and 3 
from Subject 3 in I.061 g/ml KBr at 42,040 rpm and 25°C. Upper 
(wedged) cell, fraction 3. Lower cell, fraction 2. 

mobility decreased toward that of a P-lipoprotein, 
suggesting a physical similarity to LDL. 

Analytical ultracentrifugation was used to charac- 
terize the VLDL fractions isolated from subject 3. 
While three fractions were isolated by the method of 
sequential ultracentrifugal flotation, as described by 
Lindgren et al. (12), the first fraction contained so 
little protein that it could not be analyzed. Flotation 
patterns of fractions 2 and 3 are shown in Fig. 3 and 
had Sf values of 81 and 60. These VLDL fractions 
were also examined by transmission electron micros- 
copy using osmium tetroxide fixation in a 0.1 M so- 
dium cacodylate buffer and sodium phosphotung- 
state as a negative stain.3 T h e  particles were spherical, 
and the average diameters measured approximately 
490A, 400& and 350A for fractions 1, 2, and 3, re- 
spectively. Although this subject had plasma triglycerides 
of 18 10 mg/dl, most was transported in relatively dense 
VLDL particles having low flotation rates and smaller 
diameters. 

Measurement of metabolic pools 
Plasma volume was measured by the Evans blue 

dye method as modified for use in hyperlipemic sub- 
jects (18). To determine plasma pools the concentra- 
tions of each component were multiplied by the plasma 
volume. Plasma leucine was measured on sulfosalicylic 
acid filtrates of plasma as described previously. 

Plasma VLDL apo B concentration was measured 
by addition of a tracer of radioiodinated VLDL to a 
sample of plasma from which VLDL was then isolated. 
After delipidation with diethylether-ethanol3: 1 (v/v), 
the mass of VLDL apoprotein recovered was meas- 
ured (14) and the proportion of radioiodinated VLDL 
recovered was used to calculate plasma VLDL apo- 
protein concentration. VLDLapo B content was meas- 

Directions for this procedure were provided by Dr. Trudy 
Forte of the Donner Laboratory, and the study was performed 
by Dr. Sylvia Coleman of the Gainesville Veterans Administration 
Hospital. 
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ured by the  tetramethyl  urea  method of Kane et al. (13), 
from which plasma VLDL apo B  could be calculated. 

Plasma total LDL apoprotein  concentration was 
similarly measured following the  addition of radio- 
iodinated LDL to plasma. The concentrations  of Sf 20, 
Sf 10, and Sf 4 LDL were determined  after flotational 
ultracentrifugation  of plasma and recovery of the 
components  from  a known quantity of total LDL.  Since 
the LDL apoprotein  in  each  of  these species was pre- 
viously shown to be predominantly  apo B (4),  an ob- 
servation  reconfirmed with the LDL fractions of each 
subject by SDS acrylamide gel electrophoresis,  the 
recovered  protein in each  fraction was considered  to 
consist solely of  apo B for  purposes  of this study. 

RESULTS 

Analyses 
Table 2 shows the  measured plasma masses for  apo 

B in various  lipoprotein pools from  the  four subjects. 
The total VLDL apo B mass for  normal  individuals 
is about 182 mg  and  for LDL is about 1236 mg (7). 
The ratio, mass of Sf 10 LDUmass of total LDL, serves 
to  estimate the  degree  of polydispersity, and these 
values contrast  to  those of normal subjects with mono- 
disperse LDL in whom the  ratio  approximates  one. 
The mass of the plasma leucine pool is also tabulated. 

Fig. 4 presents  the  data on  the S.A. of  apo B isolated 
from VLDL and  from Sf 20,  10, and 4 LDL for  the 
four subjects. Each value is the average of duplicate 
determinations. VLDL was fractionated by Sepharose 
2 B chromatography in  two subjects, 1 and 2, and by 

ultracentrifugational  flotation  in subject 3. By both 
procedures VLDL was fractionated  according  to size 
with large,  triglyceride-enriched  fractions  being  re- 
covered initially. The fractions  were numbered in the 
order in which they were  recovered. For subject 1, 
fraction  2 was lost; however,  this  fraction  comprises 
only 2% of the total VLDL apo B mass. 

Fig. 4A shows that  for subject 1, all VLDL fractions 
rose  rapidly,  peaked at  about  the same  time, but did 
not decay uniformly. Sf 20 LDL also had  an initial 
rapid rise to a shoulder  but  then  ascended to its maxi- 
mum  after VLDL and decayed more slowly. Sf 10 
and Sf 4 LDL rose and decayed at progressively slower 
rates. For Subject 2, Fig. 4B,  a  similar pattern was 
observed, though because of the smaller amount of 
VLDL present, VLDL from  the  Sepharose  column 
was only combined  into two fractions. 

The ultracentrifugal  fractionation of  VLDL from 
subject 3 yielded too little protein in the initial fraction 
to  permit  measurement  of its S.A. VLDL-2 peaked 
and decayed ahead of VLDL-3 followed by Sf 20, 10, 
and 4 LDL  in progression, Fig.  4C. 

VLDL from subject 4 were not  fractionated due to 
the small amount of apo B  present; however, one again 
sees the  sequential labeling of the LDL lipoproteins, 
Fig. 4D. The fact that this subject was receiving clo- 
fibrate during  the study undoubtedly  altered her VLDL 
triglyceride metabolism. However,  the LDL remained 
polydisperse when the subject was on  and off  the clo- 
fibrate, and  the kinetic features of her  apo B metabo- 
lism were similar to the  other subjects. 

The plasma leucine S.A. curves for all subjects were 
very similar and hence only the  data  for subject 1 is 
presented in Fig. 5A. 

TABLE 2. Plasma  pool sizes and  concentrations 

Subject 

1 2 3 4 Normal 

Plasma  volume  (ml) 
VLDL  protein  conc. ( m g h l )  
VLDL apo B  conc.  (mg/ml) 
LDL apo B  conc.  (mg/ml) 
Pools 
VLDL apo B (mg) 
Total  LDL  apo B (mg) 

S, 20 LDL  apo  B  (mg) 
S, 10 LDL apo B (mg) 
S, 4 LDL  apo B (mg) 

Mass of S, 10 LDL 
Total  LDL 

Plasma  leucine  conc. (pmoVml) 
Plasma  leucine pool (pmol) 

2900 
1.98 
0.66 
0.42 

1924 
1218 
319 
406 
493 

0.33 

0.130 
377 

2520 
0.75 
0.26 
1.09 

644 
2754 
449 
980 

1325 

0.36 

0.106 
267 

2 140 
2.58 
0.90 
0.76 

1930 
1626 
34 1 
488 
797 

0.30 

0.183 
392 

2500 
0.92 
0.32 0.055" 
3.38 0.38" 

810 182" 
844 1 1236" 
1301 
2079 
506 1 

0.25 

0.151 0.15-0.23* 
377 

" Berman  et al. (7). 
Wurtman  et al. (19). 
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Fig. 4. Specific activities of apo B, d p d m g  protein, in VLDL and LDL for four subjects. Closed symbols, LDL fractions (.St 20, W SI 10, 
and 4 Sf4 LDL). Open symbols, VLDL fractions as specified: A) Subject 1,0 VLDL-1, 0 VLDL-3,O VLDL-4, and A VLDL-5; B) Subject 2, 
0 VLDL-1 and 0 VLDL-2; C) Subject 3, 0 VLDL-2 and 0 VLDL-3; and D) Subject 4, 0 total VLDL. 

Model  development  and  results of kinetic  analysis 

The experimental  data  generated in this study were 
subjected  to  multicompartmental analysis with the aid 
of the SAAM computer  program (20). A description 
of the  development  of  the model  of apo B metabolism 
in our initial subject, F.T.,  has  been  published ( 5 ) .  
Subsequently, the  apo B  model was further developed 
by Phair et al. (21) and  Berman et al. (7). The data 
from  our  four new subjects, in  combination with the 
previous  models, have enabled  us  to  refine this model 
further.  The revised model is shown in Fig. 6. 

Plasma leucine, compartment 1, is the  precursor  for 
apo B and also exchanges with all other body proteins, 
compartment 2. Direct measurements of labeled free 

leucine in plasma, Fig. 5A, permitted  us to demon- 
strate  the  rapid  equilibration  of plasma leucine with 
the intracellular  precursor  of apo B and to  define  the 
rate constants for this subsystem. As previously 
modeled,  apo B synthesis is depicted by a delay in 
series with a  rapidly turning  over  compartment 3. 

The broad  peak of the VLDL apo B specific  activity 
curve from  our initial subject was accommodated by 
modeling VLDL as a delipidation chain in  which  VLDL 
was depicted  as "a  class of particles formed  from  one 
another by progressive delipidation", with IDL  being 
formed as the  end  product ( 5 ) .  VLDL from  three 
subjects has now been  fractionated  according  to size, 
and  the S A .  of apo B in these  fractions  again fits a 
model which represents VLDL by a  delipidation  chain 

766 Journal of Lipid Research Volume 2 1 ,  1980 
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Fig. 5. A: specific  activity of plasma leucine for Subject 1, dpm/mg. 0, Experimental data  and line is 
theoretical response from model for plasma leucine, compartment 1 of model, Fig. 6. B: Experimental data 
(A and 0)  and theoretical response using model, (- - -) and (. . .), for  apo B specific  activity of  large VLDL-2 
and small VLDL-3, respectively, from Subject 3. Inset shows an  expansion  of the model-generated curves 
for large and small VLDL apo B at  the cross-over which occurs at about 15 hr  and shows that  large VLDL 
decays before small VLDL in a manner consistent with a precursor  to its product. 
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Fig. 6. Modified model of apo B metabolism in hypertriglyceridemic subjects with polydisperse LDL. Compartment 1 is plasma leucine 
which feeds the cellular apo B synthesis pathways and also  is in equilibrium with other body protein, Compartment 2. It is into this space that 
the [SH]leucine tracer (*) is introduced. For explanation of model, see text. 

that is entered  at  compartment 5 ,  but also required 
an  input  near  the bottom of the chain. 

In  our previous  model,  additional pathways for  the 
direct synthesis of apo B in LDL were recognized as 
necessary because of the early rise in S.A. of LDL. 
The magnitude of these pathways, by which apo B 
appears directly in plasma LDL bypassing the VLDL 
delipidation  chain, was not fully appreciated, how- 
ever, since the masses of the  various plasma apolipo- 
protein pools had  not  been  measured in subject F.T. 
In  the  present  study  the  direct synthesis of  apo B en- 
tering small VLDL (compartment 8 ) ,  Sf 20, Sf 10, and 
Sf 4 LDL has  been calculated and is reported in 
Table 3A. 

The biosynthetic input of apo B, along pathways 
which enter plasma below compartment 5 ,  can be ap- 
preciated from inspection  of the kinetic curves. Figs. 
7A and 7B show the total VLDL and Sf 20 LDL apo B 
curves from subject 1. It can be seen that  the S.A. 
rises rapidly in both  fractions,  suggesting kinetically 
similar rates of synthesis from a  common  precursor. 
VLDL apo B, however, peaks at 5 hr  and  then decays, 
while Sf 20 LDL rises to  a  shoulder which coincides 
with the VLDL peak and  then slowly ascends to its 
maximum  at 16 hr. Measurements of apo B transport 
show that this latter ascent results  from  the metabolic 
conversion of  apo B from VLDL to Sf 20 LDL by  way 
of the  delipidation pathway. Figs. 7C and 7D  show the 
kinetic curves for Sf 10 and 4 LDL, and again one 
sees the initial rapid synthesis of apo B in Sf 10 LDL: 
however the direct synthesis of apo B from a  common 
precursor  constitutes  a  minor input  into this pool and, 
after  the initial rapid rise, the S.A. ascends  more slowly 
to  peak  at 24 hr, demonstrating  that Sf 10 LDL  is 
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TABLE 3. Kinetic  values of apo B  transport 

A Biosynthesis of Apo B 
(mg/hr) 

Subject 

1 2 3 4 Normal' 

Total  apo B synthesis 201 78 146 
Entry into VLDL 

Compartment (5) 69 52 92 
Entry into IDL 

Compartment (8) 113 12 50 
Compartment (20) 12 8 2 

Compartment (10) 6 3  1 
Compartment (4) 0 3  1 

Entry into LDL 

B  Catabolism of Apo B 
( m g W  

Subject 

1 2 3 

350 23 

219 

0 
108 

13 
10 

- 
4 Normal' 

Total apo B catabolism 200 78 146 351 23 
Disappearance from IDL 

Compartment (8) 97 24 88 86 
Compartment (20) 59 0 7 147 

Compartment (10) 0 8  4 17 
Compartment (4) 44  46 47 101 

C Residence Time of Major  Plasma  Apo  B Pools 

Disappearance from LDL 23 

( W '  

Subject 

1 2 3 4 Normalb 

VLDL 10.0 10.1 14.0 3.3 6.0 
S, 20 LDL 5.2 5.2 5.2 1.9 5.0 
S, 10 LDL 9.1 17.0 11.0 20.0 
S, 4 LDL 11.0 33.0 17.0 50.0 1 52'0 

Residence time or particle lifespan is the inverse of the frac- 

Berman  et  al. (7). 
tional catabolic rate for the particle. 
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Fig. 7. Experimental specific activity data points, d p d m g  protein,  and theoretical response  from the model  for  apo B in various lipo- 
protein fractions of Subject 1. A),  Total VLDL apo B;  B),  Sf 20 LDL; C), Sf 10 LDL; and D), Sf 4 LDL. 

primarily  the product  of Sf 20 LDL catabolism. Table 
3A tabulates the  amount  of direct synthesis of apo B 
into  each  lipoprotein  fraction. 

In subject 3, a pathway for  the direct synthesis of 
apo B can  be shown to  feed  compartment 8 or small 
VLDL, i.e., fraction 3 of VLDL from this subject. Fig. 
5B compares  the kinetic curves  for  large VLDL (frac- 
tion 2) and small VLDL (fraction 3) and again one 
sees the  rapid rise in S.A. of apo B in each  compart- 
ment.  Large VLDL peaks around 3 hr  and then decays; 
however, small VLDL shows a  double peak with max- 
ima at 4 and 12 hr  and  then decays after large VLDL, 
as shown in the inset to Fig. 5B. The delay in the 
decay of small VLDL, such that it decays behind  large 
VLDL, is interpreted as  resulting  from  the conversion 
of large  to small VLDL via the delipidation  chain. 
Thus  one sees both  direct and indirect synthesis of 
small VLDL apo B. In this subject very little direct 
synthesis of Sf 20 LDL apo B is evident, most of this 
lipoprotein  being  derived  from small VLDL, compart- 
ment 8, as shown in Table 3A. 

In  our first model (5), VLDL apo B was considered 

to be entirely  converted  to LDL, and the S.A. data 
indicated  that the LDL subspecies were formed in a 
unidirectional metabolic sequence: Sf 20 + Sf 10 + Sf 
4 LDL, with disappearance of apo B from  the plasma 
Sf 4 LDL ~ompar tment .~  This  precursor to product 
relationship is still evident  for  each of our  current 
subjects, and  the kinetic data  are accommodated by 
assuming  unidirectional flow of  apo B. A major cat- 
abolic pathway for  apo B from  either small VLDL 
or Sf 20 LDL, compartments 8 and 20, however, 
became obvious when the masses of  the plasma pools 
of these  lipoproteins were measured in the  four new 
subjects. The mass of apo B leaving these  compart- 
ments was considerably greater  than  that  entering  the 
next compartment in the plasma LDL metabolic chain. 
Table 3B tabulates the  magnitude of the  disappearance 
pathways by which apo B is removed from plasma 

In our preliminary subject, F.T., the largest molecular weight 
LDL subspecies was Sf 17 LDL, whereas the  four subjects in the 
present study have Sf 20 LDL as their  predominant  high molecular 
weight subspecies of LDL. 

Fisher et al. Metabolism of apolipoprotein B 769 
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at varying stages in its metabolism, and it is seen that 
in three subjects over 2/3 of apo-B is removed from 
plasma without being metabolized through LDL. 

It has been previously recognized the plasma LDL 
exchanges with the extravascular space ( 5 ) ,  and com- 
partment 11 accommodates this exchange. Table 4 
provides a complete list of the model rate constants 
and transport parameters for each of the subjects. 

been shown that extracellular leucine is a good marker 
for cellular protein synthesis and protein turnover 
studies, providing the recycling of leucine is monitored 
and accounted for (22, 23). Measurements of plasma 
leucine S.A. throughout these studies permitted us to 
account for recycled leucine in the kinetic analysis. 
The reproducibility of the experimental data obtained 
using tritiated leucine as a metabolic tracer was es- 
tablished with the first subject, in which the initial 
study was repeated after an interval of 3 weeks. The 
S.A. data obtained for VLDL and the three LDL lipo- 
proteins were very similar on both occasions (5 ) .  

By using tritiated leucine as an endogenous tracer, 
it was possible to study apo B synthesis directly, which 
constituted a major advantage of the use of this tracer 
in contrast to radioiodination of circulating lipopro- 
teins followed by their reinfusion. In the analysis of 
the kinetic data from our initial subject, VLDL apo B 
metabolism was depicted as a delipidation chain with 
VLDL apo B entering plasma as large, triglyceride- 
enriched VLDL particles and then proceeding through 
a delipidation cascade ( 5 ) .  Such a delipidation chain 
has also been found applicable in the analysis of VLDL 

DISCUSSION 

In this investigation apo B metabolism has been 
studied in five hypertriglyceridemic subjects: two with 
familial hyperpre-P-lipoproteinemia, one with familial 
combined lipoproteinemia presenting with a Type IV 
phenotype, and two without a pedigree. Although the 
experimental data and the kinetic analyses have im- 
proved as the study progressed, in all five subjects 
the metabolism of apo B is very similar and no quali- 
tatively unique differences appear among the subjects. 

The metabolic tracer chosen for this kinetic analysis 
was tritiated leucine injected intravenously, for it has 

TABLE 4. Model parameters 

Subject 

1 2 3 4 Units 

R(5,3) 69 t 0.06" 52 t 0.06 92 t 0.06 219 t 0.08 mgB/hr 
R(8,3) 113 f 0.07 12 f 0.19 50 t 0.07 0 mgB/hr 
R(203) 12 f 0.10 8 "0.11 2 f 0.08 108 f 0.08 mgB/hr 

6 t 0.09 3 f 0.10 1 f 0.07 13 5 0.09 mgB/hr 
R(4,3) 0 3 f 0.10 1 f 0.04 I O  f 0.08 mgB/hr 
R(6,5) 69 f 0.06 52 f 0.06 92 f 0.06 219 f 0.08 mgB/hr 
R(7,6) 69 f 0.06 52 f 0.06 92 f 0.06 219 t 0.08 mgB/hr 
R(8,7) 0 52 f 0.06 84 f 0.07 219 t 0.08 mgB/hr 
R(0,8) 97 f 0.11 24 f 0.19 88 f 0.05 86 2 0.35 mgB/hr 

16 f 0.30 39 f 0.06 37 t 0.06 13.4 f 0.18 mgB/hr R(20,8) 
~ ( 2 0 , 7 )  31 t 0.21 0 0 0 mgB/hr 
R(0,20) 59 f 0.10 0 7 * 0.01 147 f 0.19 mgBihr 
R( 10,20) 0 48 f 0.05 31 f 0.07 95 f 0.07 mgB/hr 
~ ( 1 0 ~ 7 )  38 t 0.16 0 0 0 mgB/hr 
R(0,10) 0 8 t 0.03 4 t 0.01 17 f 0.57 mgB/hr 

44 t 0.05 43 f 0.06 38 f 0.05 91 t 0.09 mgB/hr 
101 f 0.08 mgB/hr ~ ( 0 ~ 4 )  44 t 0.05 46 f 0.05 47 t 0.03 

Delay 0.25 t 0.01 0.50 f 0.01 0.40 t 0.01 0.35 f 0.01 hr 
L(6,5) 0.20 f 0.04 0.46 ? 0.05 0.25 f 0.03 1.17 t 0.08 hr-' 
L(7,6) 0.20 f 0.04 0.46 f 0.05 0.25 t 0.03 1.17 f 0.08 hr-'  
L(8,7) 0 0.46 t 0.05 0.23 f 0.03 1.17 f 0.08 hr-' 

0.12 f 0.15 0.15 f 0.15 0.11 f 0.13 0.46 f 0.35 hr-' 
L(20.8) 0.02 f 0.29 0.25 t 0.09 0.04 ? 0.09 0.71 t 0.18 hr-' 
L(20,7) 0.09 f 0.19 0 0 0 hr-' 
L(0,20) 0.19f  0.15 0.15 f 0.15 0.11 f 0.13 0.46 t 0.35 hr-' 
L( 10,20) 0 0.04 f 0.06 0.08 ? 0.05 0.07 f 0.07 hr-' 
~ ( 1 0 ~ 7 )  0.11 ? 0.17 0 0 0 hr- '  
L(O.10) 0 0.01 f 0.60 0.01 t 0.60 0.01 f 0.58 hr-' 
L(4, IO) 0.11 f 0.06 0.05 f 0.06 0.08 f 0.05 0.04 t 0.08 hr-' 
~ ( 0 , 4 )  0.09 f 0.05 0.03 f 0.07 0.06 t 0.03 0.02 f 0.08 hr-'  

~ ( 1 0 ~ 3 )  

~ ( 4 ~ 0 )  

L(O,8) 

(I t Fractional standard deviation or coefficient of variation. 
Nomenclature: R(m,n), flux of material in compartment 11 transported to compartmeot m in 

mgihr; L(m,n), fraction of material in compartment n transported to compartment m per hr; L(o,n), 
fraction of material in compartment n lost irreversibly per hr .  
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apo B metabolism in studies from  other laboratories 
using  radioiodinated  apo  B (7,2 l), and also for VLDL 
triglyceride  as  studied with a glycerol tracer  (24). Thus 
these different metabolic tracers yield similar  data. 

In  three of our subjects we have  fractionated VLDL 
according  to size. By fractionating VLDL as well as 
LDL, it is possible to  delineate  those sites where  apo B 
makes its initial appearance in plasma. The kinetic 
data  from subjects 1,2,  and 3 all  show a  simultaneous, 
early rise in the S.A. of each of the VLDL apo B 
fractions, and initial, rapid  labeling of Sf 20 LDL is 
also seen  in all the subjects, Figs. 4,  5B,  and 7. The 
data imply direct synthesis of  apo B  containing lipo- 
proteins of various sizes. 

The magnitude of the  apo  B  secretory pathways 
which bypass VLDL is appreciable,  Table 3A. Obser- 
vations suggesting more  than  one biosynthetic path- 
way for VLDL have  been made by Streja, Kallai, and 
Steiner (25) in their  study  of VLDL triglyceride 
metabolism in  hypertriglyceridemic humans,  and in 
greater detail, by Zech et al. (24). Berman et al. have 
reported a  major pathway for  direct  apo  B synthesis 
into  IDL  in  Type I and  Type I11 subjects in  studies 
using  a lZ5I-VLDL-apo B  tracer (7). Whereas  the direct 
synthesis of Sf 10 and Sf 4 LDL apo B  constitute  minor 
pathways in our subjects with hypertriglyceridemia, 
this is in apparent  contrast  to subjects with familial 
hypercholesterolemia in whom the  direct synthesis of 
LDL apo B may become a  major pathway (26). 

Animals studies  indicate that  apo B may be syn- 
thesized by either  the liver or  the  gut,  and in this whole 
patient  study it is impossible to determine  the site of 
synthesis of  the  lipoproteins. The possibility that some 
of the  apo B biosynthesis observed in these subjects 
occurs  as  a  consequence  of  chylomicron  production 
must also be  considered.  During  the  study  the subjects 
were on a  diet  containing  approximately 20g of  fat 
which was dispersed in feedings throughout  the day. 
In  order to transport this lipid as chylomicrons, a 
maximum of no more  than 17 mg/hr of chylomicron 
apoprotein would be required, of which only a  portion 
is apo B. Thus,  for these subjects, chylomicron syn- 
thesis does  not  provide  a  major input of nascent apo B.5 

The metabolism of apo B in these subjects is repre- 
sented  as  unidirectional, and  the cascade feature is 
evident  from  the kinetic curves. For VLDL the kinetic 
curves from subject 3, Fig. 5B,  provide visual evidence 
for  the conversion  of  large VLDL to small VLDL. This 
type of observation  complements the quantitative  data 

In subject 1, the first "VLDL" fraction eluted  from the agarose 
column was triglyceride-rich and contained very little apo B. As seen 
in  Fig. 4A this fraction had  quite different kinetic properties  from 
the other VLDL fractions, and we wonder if it might not be a 
chylomicron fraction. 

on  the mass of  apo B transported  through VLDL over 
a given time, which provides the  primary justification 
of the  delipidation pathway. The sequential nature of 
apo B metabolism extending  from VLDL to  IDL  and 
LDL is demonstrated in the kinetic curves  of all sub- 
jects, for  example, subject 1, Fig. 7. 

Since the size of VLDL particles reflects primarily 
their  triglyceride  content, and in these  studies VLDL 
was fractionated by size, the  model in Fig. 6 implies 
that  apo B may be secreted with variable amounts of 
associated lipid and  thus suggests  a looser coupling 
between apo B and triglyceride  secretion. The re- 
quirement of apo B for triglyceride  secretion, how- 
ever, is demonstrated by the  failure  to secrete signifi- 
cant  triglyceride in the disease abetalipoproteinemia. 

In nonlipemic subjects, most, if not all, of VLDL apo 
B is believed to be converted  to LDL and  then dis- 
appears  from plasma (7,  27). In the  study of  our 
initial subject, we assumed this would be the case and 
we constrained our kinetic analysis to fit this assump- 
tion. The  error in this  assumption became obvious 
during  the study  of  these last four subjects when the 
mass of apo B in each of the metabolic pools was 
measured,  and it became evident  that,  for  three of the 
four subjects, the major  portion of apo B  disappeared 
from plasma in the  form of either small VLDL or Sf 
20 LDL, Table 3B. Similar observations have been 
reported  in hypertriglyceridemic subjects by Reardon, 
Fidge, and Nestel (28),  who  demonstrated  a  major 
catabolic pathway for small VLDL particles, and by 
Berman et al. (7), who showed a similar pathway in 
Types 11,  111, and IV subjects, where  apo B departs 
from plasma IDL. 

In our model, Fig. 6, we have designated small 
VLDL and Sf 20 LDL, compartments 8 and 20, as IDL. 
A class of lipoproteins in man isolatable within the 
density range  of 1.006- 1.019 g/ml was initially ob- 
served at  the  Donner laboratory (29,30), confirmed by 
Shore  and  Shore  (31),  and physically characterized by 
Hammond  and Fisher (4) and Fisher (32). Eisenberg 
and Rachmilewitz (33) demonstrated  the accumulation 
of similar lipoproteins in the  rat  after  the action of 
lipoprotein lipase. The hydrated density of Sf 20  LDL 
is 1.004 g/ml, and hence it is not  surprising  that  recent 
studies in man on  the fractionation of lower density 
lipoproteins by zonal ultracentrifugation  demon- 
strate  that  IDL may  also be isolated within the  tradi- 
tional VLDL fraction  (density < 1.006 g/ml) (34). 

Firm evidence  for  IDL as an  intermediary in apo 
B metabolism was provided by the lZ5I-VLDL-apo B 
studies in man by Eisenberg et al.  (35)  and  the [3H]- 
leucine study  from our laboratories (5). IDL is a 
heterogeneous  fraction  containing VLDL remnants 
and Sf 20 LDL. It has been  considered a metabolic 
intermediate positioned between VLDL and  IDL,  the 
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end  product  of  the action of  the plasma lipases. The 
present  findings  support  the placement of IDL at a 
complex metabolic crossroads  fed  both by apo B  from 
the delipidation  chain and  from  de novo synthesis. 
Metabolically, IDL is both  the  precursor  for LDL and 
is also directly removed  from plasma. Physically, we 
consider  IDL  to consist of the small lipoproteins of 
VLDL, that comprise compartment 8, and  the  fraction 
of large LDL, Sf 20 LDL. 

The metabolic fate  of  IDL which disappears  from 
compartments 8 and 20 is unknown in man. Recently, 
Gianturco  et al. (34) have reported  that VLDL and 
IDL isolated from  hypertriglyceridemic subjects will 
suppress  cholesterol biosynthesis in fibroblasts, pre- 
sumably secondarily  to  binding to the LDL receptor  on 
the fibroblast plasma membrane, while VLDL isolated 
from  normolipemic subjects fails to do so. This set of 
observations is consistent with the  apparent  differ- 
ences in the metabolism of normal VLDL and  hyper- 
triglyceridemic VLDL. In  three of our hypertriglyceri- 
demic subjects, apo B, present as small VLDL or Sf 
20 LDL, disappears  from plasma at  a  rate  of  approxi- 
mately 100 mg/hr  or  greater,  Table 3B.  Interestingly, 
the  fractional  rate of irreversible loss for  these  path- 
ways, L (0,8) and L (0,20), averages  0.17  hr-l, as com- 
pared to  an  average  fractional rate  for  apo B dis- 
appearance  from Sf 4 LDL, L(0,4), of 0.05 hr-l, in- 
dicating  a  more efficient removal of IDL than  of LDL, 
Table 4. 

Even  with this major  direct catabolic pathway for 
apo B  from  IDL,  the  quantity of apo B transported 
through Sf 10  to Sf 4 LDL remains  large. The loss 
of apo B  from plasma Sf 10 LDL is minimal, as this 
lipoprotein is almost totally converted to Sf 4 LDL 
before  being  removed  from  the plasma space. The 
mechanism of the  conversion of Sf 20 to Sf 10 to Sf 
4 LDL remains  unknown. The change in composition 
of these  lipoproteins  indicates that  there is no ap- 
preciable loss of protein  during this metabolic se- 
quence  (4);  rather, a  mixture of lipids comprising 
cholesterol,  triglyceride, and phospholipid are  re- 
moved in a  discontinuous process in which Sf 20 is 
converted  to Sf 10 and  then to Sf 4 LDL, as observed 
by the kinetic data  from all  five of the subjects studied. 

In this study of apo B metabolism in hypertriglyceri- 
demic subjects with polydisperse LDL, the kinetic data 
were derived by the use of an  endogenous  tritiated 
leucine tracer.  Comparative  data  from  nonlipemic 
control subjects are not available as yet. In  order to 
explore  differences between these subjects and 
normals,  published  data on subjects studied by re- 
injection of radioiodinated VLDL are used. In particu- 
lar,  the  data  from  Berman  et al. (7) are  compared since 
the kinetic analyses in that study and in the  present 

one  are essentially the same.  Tables  2-4  contain  a 
tabulation of the  major kinetic data  for our  four new 
subjects and  comparable  data  for  normal subjects 
derived from  the study by Berman  et al. (7). There  are 
a number of striking  differences. These  human sub- 
jects have markedly  increased VLDL apo B masses, 
and  the total apo B synthesis is likewise strikingly in- 
creased as compared  to  the  normal. With the  ex- 
ception of subject 4,  the  quantity of apo B entering 
the VLDL delipidation  chain, compartment 5 ,  is only 
moderately  increased, and  the major increase in apo B 
synthesis in subjects 1 and 3 enters IDL. Since this 
pathway has not  been previously quantitated in either 
Type  IIB  or  Type IV subjects, no comparisons  can be 
made with the  literature;  however, this appears a 
major pathway for  apo  B synthesis. Despite the  large 
mass  of apo B in VLDL, Table 2, the residence time 
of this apoprotein within VLDL is only moderately 
increased  compared to normal values, Table 3C. This 
increase in residence time presumably arises from  the 
large mass of apo B to be transported  through VLDL 
per  unit time. 

In contrast  to  normal subjects, a  large  fraction of 
newly synthesized apo B entering IDL is removed 
from plasma without passing through LDL. Even so, 
the  quantity of apo B which is transported  through 
LDL is increased  compared to the  normal,  Table  3B, 
though only the  Type  IIB subject,  #4, has a  markedly 
enlarged LDL mass, Table 2. The residence times of 
apo B in Sf 10 and Sf 4 LDL, Table  3C, reflect both 
the  transport of apo B through LDL as well as the 
magnitude of the LDL apo B mass. Thus,  one sees a 
strikingly increased apo B synthesis in these subjects 
with  only a moderately increased apo B transit through 
LDL, for in three subjects the  major  portion of apo B 
which is synthesized is removed  from plasma as IDL. 
An increase in apo B synthesis in hypertriglyceridemic 
subjects has also been  emphasized by Sigurdsson, 
Nicoll, and Lewis (36). 

It is interesting  that in kinetic studies of endogenous 
VLDL triglyceride synthesis, using  a fatty acid tracer, 
subjects with hypertriglyceridemia  rarely show more 
than  a  4-fold increase in triglyceride transport  (37), 
in striking  contrast  to the 4- to 10-fold apparent in- 
crease in apo B synthesis observed here.  The fact that 
in these subjects much of apo B enters IDL, and  thus 
transports less triglyceride, may  well provide  an ex- 
planation  for this finding and focuses the  question of 
whether  the  primary metabolic defect in these  hyper- 
triglyceridemic subjects with polydisperse LDL is the 
overproduction of apo B. If so, then  perhaps  the avail- 
ability of triglyceride  precursors  determines  the  extent 
to which apo B is secreted as VLDL, IDL, or LDL. 

The lesser increases in apo B synthesis in hyper- 
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triglyceridemic subjects observed when using rein- 
fused, radioiodinated VLDL  as a  tracer  appear to con- 
stitute a discrepant finding among experimental 
studies. While this could reflect differences in subjects, 
the method of exogenous labeling with radioiodinated 
VLDL permits only an indirect estimate of apo B syn- 
thesis that is subject  to errors  that arise if the tracer 
fails  to equilibrate with  all  of the pools into which 
newly synthesized apo B is secreted. In studies using 
lZ5I-VLDL apo B, biosynthetic input  into IDL has 
generally not been observed in hypertriglyceridemia, 
and  the large input  through this pathway  in our sub- 
jects primarily accounts for  the increased magnitude 
of apo B synthesis  which we 0bserve.m 
This research was supported by a  grant  from  the  Prudential 
Insurance Company, and by NIH  grants  HL 20391 and 
RR82 (Clinical Research Center, Gainesville, Florida). 
Subjects for this research were  all informed volunteers who 
signed consent papers. The study was approved by the in- 
stitutional human  experimentation committee. 
Manuscript received 14 September 1979 and in revised form 10 March 
1980. 

Note added in proof. 
Experimental observations which  could constitute 

additional metabolic  mechanisms by which IDL may 
be directly removed from plasma  have  recently been 
reported  from several laboratories and assume 
particular interest in view  of the large magnitude of 
IDL-apo B cleared directly from plasma  in these 
hypertriglyceridemic subjects (38, 39). 
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