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Abstract In vitro lipolysis of very low density lipoprotein 
(VLDL)  from normolipidemic and familial dysbetalipoprotein- 
emic plasma by purified  bovine milk lipoprotein lipase was 
studied using the  combined single vertical spin and vertical 
autoprofile  method of lipoprotein analysis. Lipolysis of nor- 
molipidemic plasma supplemented with autologous  VLDL  re- 
sulted in the progressive transformation  of  VLDL  to low den- 
sity lipoprotein (LDL) via intermediate density lipoprotein 
(IDL) with the  transfer of the excess cholesterol to high density 
lipoprotein (HDL). At the  end of 60 min lipolysis, 92-9672 of 
VLDL  triglyceride was hydrolyzed, and, with this process, 
>95% of the  VLDL cholesterol and '251-labeled VLDL  protein 
was transferred  from  the  VLDL  to  the  LDL  and  HDL density 
region. When  VLDL  from  the plasma of an individual with 
familial dysbetalipoproteinemia was substituted  for  VLDL 
from normolipidemic lasma, less than 50% of the  VLDL cho- 
lesterol and  65% of "$-labeled protein was removed  from  the 
VLDL  density region,  although 84-86$% of VLDL triglyceride 
was lipolyzed. Analysis of familial dysbetalipoproteinemic 
VLDL  fractions from  pre-  and post-lipolyzed plasma showed 
that  the VLDL remaining in the postlipolyzed plasma (lipo- 
protein lipase-resistant VLDL) was richer in cholesteryl ester 
and tetramethylurea-insoluble proteins  than  that  from preli- 
polysis plasma; the major apolipoproteins in the lipoprotein 
lipase-resistant VLDL were apoB  and  apoE.  During lipol sis 
of normolipidernic VLDL  containing  trace  amounts of 
labeled familial dysbetalipoproteinemic VLDL, removal of 
VLDL  cholesterol was nearly complete  from  the VLDL den- 
sity region, while removal of '251-labeled protein was only par- 
tial. A  competition  study for lipoprotein lipase, comparing 
normolipidemic and familial dysbetalipoproteinemic VLDL  to 
an artificial substrate ([SH]triolein),  revealed that normolipi- 
demic  VLDL is clearly better  than familial dysbetalipoprotein- 
emic VLDL in competing  for  the release of 'H-labeled free 
fatty ac ids . l   The  results of this study suggest that, in familial 
dysbetalipoproteinemic  individuals,  a subpopulation of VLDL 
rich in cholesteryl ester,  apoB,  and  apoE is resistant to in vitro 
conversion by lipoprotein lipase to particles  having LDL-like 
density. The  presence of this lipoprotein lipase-resistant 
VLDL in familial dysbetalipoproteinemic  subjects likely con- 
tributes to the increased level of cholesteryl  ester-rich  VLDL 
and  IDL in the plasma of these  subjects-Chung, B. H., and 
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Familial dysbetalipoproteinemia (type 111 hyperlipo- 
proteinemia or broad-8-disease) is a disorder of  plasma 
lipoprotein catabolism  associated  with premature  ath- 
erosclerotic vascular  disease (1). The plasma lipoprotein 
profile  of  individuals  with  this disorder characteristically 
shows increased levels  of  very low density lipoprotein 
(VLDL) and intermediate density lipoprotein (IDL) (2, 
3) that  are unusually  rich  in cholesteryl ester (4) and 
apolipoprotein E (5 ) ,  and exhibit 8-electrophoretic mo- 
bility (6). The @-migrating VLDL and IDL are consid- 
ered  to be  lipolytic remnants of triglyceride-rich lipo- 
proteins that accumulate in subjects with  familial  dys- 
betalipoproteinemia (F. Dys.)  because  of a defect in the 
catabolic removal of  VLDL and/or IDL (7 ,  8). 

It has been reported  that, a) normal remnant lipo- 
proteins are cleared initially by the liver (9, 10) and 6) 
an important component of remnant lipoproteins re- 
sponsible for hepatic uptake is apolipoprotein E (1  1). 
Utermann, Jaeschke, and  Menzel(12) identified several 
apoE isoforms by one-dimensional isoelectric focusing, 

Abbreviations: VLDL, very low density lipoproteins;  LDL, low den- 
sity lipoproteins;  IDL,  intermediate density lipoproteins; HDL, high 
density lipoproteins; Lp, lipoprotein; F. Dys., familial dysbetalipopro- 
teinemia; TG, triglyceride; n-VLDL,  Lp lipase-sensitive VLDL; 
r-VLDL, Lp lipase-resistant VLDL; T M U ,  tetramethylurea. 
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and  found  that  one of these isoforms, apoE-3, appeared 
to be missing  in  VLDL from a F. Dys. patient. 

Zannis and Breslow (1 3) showed, using two-dimen- 
sional polyacrylamide gel electrophoresis, that plasma 
apoE isoforms were due  to genetic variation in apoE 
with three alleles at a single genetic locus,  as well as 
post-transitional modification of apoE  carbohydrate 
chains containing sialic acid. They also  showed strong 
association  of  F. Dys. with the apoE phenotype (E-2/E- 
2) which represents homozygosity for  the apoE allele 
E-2. Weisgraber, Rall, and Mahley (14) have shown that 
heterogeneity of the  three major isoforms of the human 
apoE is due to differences in primary structure  and in- 
volves cysteine-arginine interchange in the apoE poly- 
peptides. Have1 et al. (1 5) demonstrated  that  the  marker 
for the hepatic uptake of human apolipoprotein E is 
largely confined to apolipoproteins E-3 and E-4, and 
postulated that  the accumulation of remnant lipopro- 
teins in F. Dys.  is caused by a defective hepatic clearance 
of remnant lipoprotein due  to a lack  of apolipoprotein 
E-3 and E-4 on the  remnant lipoprotein surfaces. In 
earlier studies, Utermann et al. (1  6) proposed the con- 
cept that  a necessary genotype for F. Dys. is E-2/E-2, 
but  that some additional triggering  factor, such as hy- 
pothyroidism or combined familial hypercholesterole- 
mia, is required  for expression of the F. Dys. phenotype. 
Recent studies by Weisgraber, Innerarity,  and Mahley 
(17) indicate that  the apoE-2 isoform, the most abun- 
dant specie  of apoE in  most subjects with F. Dys.,  has 
a defective binding to  the cell surface receptor of LDL, 
and have suggested that this defective binding might 
result in a defective clearance of remnant lipoproteins. 
Earlier studies by Schneider et al. (18) showed a de- 
creased binding of the E-2 isoform to  the putative liver 
LDL receptor from most, but not all, F.  Dys. subjects. 

Studies of the in  vivo  metabolism  of F. Dys. VLDL 
in normolipidemic and F. Dys. subjects have revealed 
that F.  Dys. VLDL is cleared from the circulation, but 
at  a much  slower rate than the clearance of normal 
VLDL (1 9). It is not certain, however, whether delayed 
clearance of F. Dys. VLDL is due  to  a defective removal 
of  lipolytic remnant particles by the liver, since the role 
of the human liver  in  metabolism of remnant lipopro- 
teins is still unclear. A significant portion of the in  vivo 
metabolism of VLDL occurs through multiple inter- 
actions with Lp lipase, producing  a progressive change 
in the composition  of remnants  and in the affinity of 
remnants  to Lp  lipase (20).  It may be that  a progressive 
deficiency in the ability  of remnant particles to serve as 
a substrate for Lp lipase may be a  contributing  factor 
in the accumulation of remnant particles in F. Dys. Ga- 
nesan et al. (21) have  previously  shown that apolipo- 
protein E is an irreversible inhibitor of apolipoprotein 
C-II-activated Lp lipase. 

It  therefore is reasonable to hypothesize that accu- 
mulation of apolipoprotein E-rich  lypolytic remnant 
particles in F. Dys. might be associated  with a defective 
lipolysis  of these remnant particles. The present study 
was designed to test this hypothesis.  We recently showed 
that VLDL from type IV hypertriglyceridemic plasma 
is defective in its ability to act as an in vitro Lp lipase 
substrate (22). However, the lipolytic  kinetics  of  plasma 
from F.  Dys. reported  here  are  quite different from that 
of type IV  plasma. 

MATERIALS AND METHODS 

Plasma 

Fresh normolipidemic plasma (overnight fast)  col- 
lected in sodium citrate was obtained from  the Alabama 
Regional Red Cross  Blood Center, Birmingham, AL. 
The lipoprotein cholesterol profiles of these samples 
were examined by the vertical autoprofile method (23) 
developed in this laboratory. Plasma from  a 29-year-old 
fasted male subject with  familial dysbetalipoproteinemia 
was collected by plasmaphoresis. F. Dys.  in this subject 
was initially suspected during  routine vertical autopro- 
file  analysis  of 160  sophomore medical students  and was 
confirmed by strip electrophoresis (24). ApoE  isoform 
phenotyping was further  performed by two-dimensional 
gel electrophoresis by Drs.  Zannis and Breslow,  Chil- 
drens’ Hospital Medical Center,  Harvard Medical 
School, Boston, MA. The phenotype was identified as 
an E-2/E-2.  Plasma from an untreated F. Dys. subject 
was obtained from Dr.  Robert Lees,  Massachusetts In- 
stitute of Technology, Cambridge, MA, and  the vertical 
autoprofile analysis  of this sample was found to be quite 
similar to  that of the experimental subject. 

Preparation of lipoprotein  and  plasma  fractions 

Normolipidemic plasma, containing <20 mg/dl 
VLDL cholesterol, and  the F. Dys.  plasma were dialyzed 
against 0.15 M NaCI-0.1% EDTA, pH 7.4, and VLDL 
was isolated at the plasma density by ultracentrifugation 
at  7°C in a Sorvall fixed-angle rotor,  T-865,  at  55,000 
rpm for 18 hr using a Sorvall OTD-2 ultracentrifuge 
(25). A second portion of the F. Dys. plasma was ad- 
justed  to  a density of 1.020 g/ml with  solid KBr, and 
this density-adjusted sample was subjected to  the same 
ultracentrifuge procedure as for  the VLDL isolation. 

The VLDL or VLDL  plus IDL,  d < 1.02 g/ml, frac- 
tion was collected by tube slicing and  the  infranate frac- 
tions were  saved. Isolated VLDL was washed once by 
single  vertical  spin ultracentrifugation (26) and whole 
plasma, VLDL, VLDL infranate,  and VLDL + IDL 
infranate fractions were  dialyzed simultaneously against 
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four  changes  (4 liters  each) of 0.0 1 M Tris-0.15 M NaCI, 
pH 7.4, for 16-18 hr. 

Lipoprotein lipase 

Lp lipase was purified  from bovine  raw milk, obtained 
from  Bearden Dairy Farms,  Helena,  AL, by heparin- 
Sepharose affinity column  chromatography  (27). The  
Lp lipase activity was measured by the artificial substrate 
method (28). The  specific activities of  enzyme used in 
this  study  ranged  from 10-20 mU lipolytic activity per 
pI of  enzyme  (1  mU = 1  nmol  of free fatty  acid  released 
per min at  37°C). 

Substrate 

Reconstituted plasma or whole plasma was used  as 
a  substrate  for  Lp lipase; the  reconstituted plasma was 
made by mixing  preisolated  normolipidemic  VLDL or 
F. Dys. VLDL with either  the  normolipidemic  VLDL 
infranate  fraction (d > 1.006  g/ml) or the F. Dys. IDL 
infranate  fraction (d > 1.02  g/ml)  to yield a  VLDL 
triglyceride level of 150  mg/100 ml. For the  prepara- 
tion of ['Hltriglyceride-labeled VLDL,  isolated VLDL 
and  free plasma proteins  were  added  into a tube  con- 
taining  a  thin dry film of  ['Hltriolein ([9,10-'H]triolein) 
(New England  Nuclear,  Boston, MA) and  incubated  at 
7°C  for  18 hr  (29). The  'H-labeled VLDL was then 
separated  from  free  proteins by single  vertical spin ul- 
tracentrifugation  (26). Artificial substrate,  an emulsion 
of  triolein  containing trace  amounts  of ['Hltriolein, was 
prepared  according  to  the  method  of Nilsson-Ehle and 
Schotz  (28). 

In vitro lipolysis of plasma or reconstituted plasma 
For studies  involving  kinetics  of lipolysis, 6 ml of F. 

Dys. plasma or reconstituted plasma was mixed with 300 
pI of enzyme  solution,  incubated at  37°C  under  nitro- 
gen  atmosphere,  and 1.5-ml  aliquots  were  withdrawn 
at 0 ,  10,  30,  and  60 min of  incubation. The  reaction 
was stopped by adjusting  the sample  density to d 1.2 1 
g/ml with desiccated solid KBr.  Quantitation  of plasma 
lipoprotein  cholesterol  fractions was achieved by the 
vertical autoprofiler associated with a computer  decon- 
volution  technique  (23,  30). 

In  order  to  measure  the  rate  and  extent of hydrolysis 
of  VLDL-triglyceride,  3 ml of  reconstituted plasma con- 
taining  trace  amounts of  3H-labeled  VLDL  (1-3  pCi/ 
mg  VLDL-triglyceride) was mixed with 150 p1 of  en- 
zyme solution,  incubated at  37"C,  and 10O-pl aliquots 
were  withdrawn  following 0 ,  5,  15,  30,  and  60 min of 
incubation. The  enzyme  reaction was stopped by adding 
methanol-chloroform-heptane  1.45:  1.25:  1 (v/v/v) im- 
mediately after withdrawal of samples, and  the levels of 
free fatty acids released  were determined by the  method 
of Nilsson-Ehle and Schotz  (28).  At the  end of 60 min 

incubation, samples were  extensively  dialyzed  against 
Tris buffer  (0.01 M Tris-0.15 M NaCI, pH 7.4) and  the 
net  changes in triglyceride mass of the F. Dys. case and 
controls  were  determined. 

Fate of VLDL components 

A portion of  isolated  normolipidemic  and F. Dys. 
VLDL was radiolabeled  with IZ5I by the iodine  mono- 
chloride  method  of  McFarlane (31). Trace  amounts of 
Iz5I-labeled VLDL  were  then  added  to plasma recon- 
stituted with the  homologous  VLDL,  and  the  mixtures 
were  incubated with purified Lp lipase at  37°C  for  60 
min. The  enzyme  reaction was stopped by adjusting the 
sample  density to d  1.30  g/ml with desiccated solid KBr. 
Plasma samples containing  enzyme  buffer  only  were 
used as  controls. The  lipolyzed and  control samples 
were  loaded  into a  vertical rotor (Sorvall T V  850, 
DuPont Co.) and  ultracentrifuged at  50,000  rpm for 
150 min at  7°C  (26). At the  end  of a run  the  tubes were 
removed  from  the  rotor,  the  bottoms  were  punctured, 
and  30 fractions  were  collected from  each  tube using 
a gradient  fractionator  (Hoefer Scientific Instruments, 
San  Francisco, CA). The  total IZ5I activity in a 200-p1 
aliquot  of  each  fraction was counted by a  Packard  Au- 
togamma  Counter 800 C  (Packard  Instruments, Pleas- 
ant  Grove,  IL);  these aliquots  were then  treated with 
tetramethylurea (Sigma Co.,  St. Louis, MO), after  add- 
ing  an  aliquot  of  100 PI low density  lipoprotein  (LDL) 
(4 mg/ml)  as  a  carrier,  to  determine  the IZ5I activity in 
the  tetramethylurea-soluble  (apolipoprotein C) and tet- 
ramethylurea-insoluble  (apolipoprotein B) fractions (32). 
Levels of  total  cholesterol and  free cholesterol  were 
determined by an enzymatic method using Boehringer 
cholesterol  test  set No. 124079 (Bio-Dynamics/BMC, 
Indianapolis, IN). 

Competition studies 

In order  to study  the  competition for Lp lipase li- 
polysis between  normolipidemic and F. Dys. VLDL, 
normolipidemic VLDL or F. Dys. VLDL was combined 
with normolipidemic  VLDL  infranate to give 100  mg/ 
100 ml VLDL-triglyceride. Trace  amounts of Iz5I-la- 
beled  normolipidemic or F. Dys. VLDL  were  added 
separately to each of the  reconstituted plasmas and  the 
mixtures  were  incubated with purified Lp lipase at  37°C 
for 30 min. Plasma samples with buffer only were used 
as controls. The  densities of  control  and lipolyzed sam- 
ples were brought to d 1.30  g/ml with solid KBr, and 
samples were  divided into  26  fractions following the 
single vertical spin method using  a  Sorvall  vertical rotor 
( T V  865) (26). Levels of Iz5I activity and  total choles- 
terol in each  density gradient  fraction  were  determined 
as described  above. 
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In order  to study the competition for Lp lipase li- 
polysis between normolipidemic or F.  Dys. VLDL and 
artificial substrate, increasing amounts of  F. Dys. or 
normolipidemic VLDL triglyceride (50-400 pg) were 
added  to 1.2 prnol  of triolein, and  the mixtures were 
lipolyzed by addition of  Lp  lipase and incubation at 
37°C for 30 min. The reaction was stopped by addition 
of methanol-chloroform-heptane 1.45: 1.25: 1 (v/v/v), 
and  the amounts of free fatty acids  ('H-labeled) released 
were measured by the  procedure of  Nilsson-Ehle and 
Schotz (28). 

Other methods 
Levels  of triglyceride were measured by the enzy- 

matic  assay method using Boehringer test  set No. 
1260 12 (Bio-Dynamics/BMD, Indianapolis, IN). The 
apolipoproteins of  VLDL and/or IDL were examined 
by urea (32)  and SDS  gel electrophoresis (33). The pro- 
tein content of lipoproteins was measured by the 
method of Lowry et al. (34);.and phospholipid levels 
were determined from lipid-extracted samples (chlo- 

a L,DL F 
VI nt 

Fig. 1. Plasma lipoprotein  cholesterol profile patterns determined by 
the vertical autoprofile  method (23) for  five  normolipidemic (A-E) 
and  four F. Dys (F-I) subjects. 

Incubation Time (min) 

Fig. 2. Hydrolysis of ['H]triolein-labeled VLDL by purified bovine 
milk lipoprotein lipase. Normolipidemic  VLDL or F. Dys. VLDL  con- 
taining trace amounts of ['Hltriolein-labeled VLDL was reconstituted 
with normolipidemic VLDL infranate (d > 1.006 g/ml) to yield a 
VLDL triglyceride level of  150  mg/100 ml. Three ml of reconstituted 
plasma  was incubated with 0.15 ml of  Lp lipase at 37°C and  0.1-ml 
aliquots (triplicate) were taken at 0, 5,  15, 30, and 60 min for  deter- 
mination  of  free  fatty  acid  level.  Normolipidemic  VLDL 
(0 - O), and F. Dys, VLDL (A - A). 

roform-methanol 2:l (v/v)) by the method described 
by Stewart (35). 

RESULTS 

Lipoprotein cholesterol profiles of plasma from 
normolipidemic and F.  Dys. subjects 

Fig. 1 shows  typical  plasma lipoprotein cholesterol 
profiles obtained by the vertical autoprofile method for 
five normolipidernic (Fig. 1A-E) and  four F.  Dys. sub- 
jects (Fig. IF-I). The patterns of the normolipidemic 
profiles are similar, although the levels  of  high density 
lipoprotein (HDL), LDL, and VLDL  vary  within  limits. 
The characteristic feature of the F.  Dys. profile is an 
increase in both VLDL and  IDL, with a defined IDL 
peak, and  a low level  of LDL. The total plasma  choles- 
terol and triglyceride levels for  the F.  Dys. subject stud- 
ied  (Fig. 1H) were 223  and  404  mg/100 ml, respec- 
tively, and  the VLDL, IDL, LDL, and HDL cholesterol 
levels determined by vertical autoprofile analysis (26), 
were 88, 46,  49,  and  40  mg/100 ml, respectively. 

Kinetics of lipolysis of normolipidemic 
and F. Dys.  VLDL 

The kinetics  of  lipolysis  of normolipidemic and F. 
Dys. VLDL  in reconstituted plasma are shown  in Fig. 
2 and Fig. 3. The time-dependent lipolysis  of  VLDL 
containing trace amount of ['Hltriolein-labeled VLDL 
indicates that  the initial rate of release of  'H-labeled 
free fatty acids from normolipidemic VLDL was con- 
siderably faster than that of  F.  Dys.  VLDL  (Fig. 2). 
However, the  extent of  hydrolysis  of ['Hltriolein-la- 
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A 15 min 

/ \ 60min 
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Retention Time (min) 

Fig. 3. Kinetics of in vitro lipolysis by purified bovine milk Lp lipase 
of norrnolipidemic VLDL  (left)  and F. Dys. VLDL  (right).  Normoli- 
pidemic  VLDL or F. Dys. VLDL was reconstituted with normolipi- 
dernic VLDL infranate (d > 1.006 g/ml) to yield  a  VLDL  triglyceride 
level of 150 mg/100 ml. Six rnl  of reconstituted plasma was incubated 
with 0.3 ml of Lp lipase at 37OC and 1 . 3 4  aliquots  were taken at 0, 
15,  30, and 60 min for vertical autoprofile analysis. 

beled normolipidemic  VLDL at  the  end of 60 min in- 
cubation was only slightly greater  than  that  of F. Dys. 
VLDL  (92% vs. 86%) (Fig. 2). When the total mass of 
triglyceride in the  pre-  and post-lipolyzed plasma was 
measured, the mass  loss of triglyceride in reconstituted 
plasma containing  normolipidemic and F. Dys. VLDL 
following lipolysis corresponded to 96.2% and  84.6% 
of added VLDL  triglyceride, respectively. These small, 
but significant, differences are magnified by the fact, 
demonstrated in Fig. 3, that only a  fraction of the F. 
Dys. VLDL is defective in its ability to be  converted  to 
LDL densities by incubation with Lp lipase. 

The kinetics of  the movement of VLDL  cholesterol 
in normolipidemic and F.  Dys. VLDL  (152 and  148 
mg/100 ml triglyceride, respectively) in reconstituted 
plasma are shown in Fig. 3. As  we have reported else- 
where  (22),  normolipidemic  VLDL during in vitro li- 

polysis in reconstituted plasma appears  to be  trans- 
formed initially to particles with a  density  corresponding 
to  IDL  and  then ultimately to  that of LDL (Fig. 3-left). 
In  addition, the cholesterol level in the  HDL density 
region progressively increased with time of incubation 
and  the  HDL peak shifted  toward  a light ("HDL,") 
density region. By 15 min incubation,  approximately 
70% of the VLDL  cholesterol was removed  from the 
VLDL density region, and  53%  and 35% of the dis- 
placed VLDL  cholesterol were associated with the  IDL 
and  LDL density regions, respectively. Longer incu- 
bation  resulted in further removal  of  VLDL  cholesterol 
and  transformation of accumulated  IDL  cholesterol  into 
LDL, with some  transfer  to  the  HDL density fraction. 
Approximately 90%  of  VLDL cholesterol was removed 
from  the VLDL density region by 60 min incubation, 
and  the  VLDL cholesterol  transformed to  LDL  and 
transferred to HDL was 88%  and  12%  of  the displaced 
VLDL  cholesterol, respectively. 

The kinetics of lipolysis of F. Dys. VLDL  (Fig. 3- 
right) was demonstrably  different from  that of nor- 
molipidemic VLDL.  Approximately 40% of VLDL  cho- 
lesterol was rapidly removed  from  the  VLDL density 
region within 15 min of incubation with Lp Lipase, 
while only an additional 7% of the  VLDL cholesterol 

60min 

"7, 

Retention Time (min) 

Fig. 4. Kinetics of in vitro lipolysis by purified bovine milk Lp lipase 
of F. Dys. plasma. Six ml of plasma was incubated with 0 .3  ml of Lp 
lipase at 37"C, and 1.3-ml aliquots were taken at 0, 15, 30, and 60 
min for vertical autoprofile analysis. 
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was removed with further incubation up  to 60 min. 
Time-dependent lipolysis  of  whole  plasma from the F. 
Dys. subject yielded  similar  kinetics to that of  plasma 
reconstituted with F. Dys. VLDL.  Less than half  of the 
VLDL  of the whole  plasma was removed from the 
VLDL density region,  and most  of the displaced  VLDL 
cholesterol was  in the IDL density region (Fig. 4). 

Fate of VLDL constituents  during  lipolysis 
Further studies were performed to determine  the 

movement of free  and esterified cholesterol and  the lZ5I- 
labeled protein moieties  of  VLDL during in vitro li- 
polysis. In vitro lipolysis  of reconstituted plasma con- 
taining unlabeled normolipidemic VLDL and  trace 
amounts of  Iz5I-labeled normolipidemic VLDL resulted 
in the removal of >95% of the  lZ5I label and total cho- 
lesterol from the VLDL region after 60 min incubation, 
with a concomitant transformation of these components 
to LDL and transfer to HDL (Fig. 5A). Displaced  VLDL 
free cholesterol was approximately equally  associated 

with the LDL (54%) and  the  HDL (46%) density re- 
gions, while displaced VLDL cholesteryl ester was 
mostly  associated  with the LDL density region (86%). 
Following  lipolysis, the tetramethylurea-soluble 1251-ra- 
dioactivity  of  VLDL (apolipoprotein C) was mostly 
(>BO%) associated  with the  HDL density region, while 
the tetramethylurea-insoluble 1251-radioactivity  (apoli- 
poprotein B) was predominantly (>go%) associated  with 
the LDL density region. 

Fig. 5B shows the results of a similar experiment per- 
formed on reconstituted plasma containing unlabeled 
F. Dys. VLDL and trace amounts of  1251-labeled  F. Dys. 
VLDL. In contrast to normolipidemic VLDL, only 70% 
of free cholesterol, 47% of cholesteryl ester,  and 72% 
of  '251-radioactivity were removed from the VLDL den- 
sity region after 60 min incubation; however the dis- 
tribution of these easily  displaced  VLDL components 
in the LDL and  the HDL density regions was similar 
to those of normolipidemic VLDL (Fig. 5B). The Lp 
lipase-resistant  VLDL remaining in the VLDL density 

5 IO 15 20 25 ~ x> 5 IO 15 20 25 30 
Fraction  Number  Fraction  Number 

Fig. 5. Distribution of free cholesterol, cholesteryl ester,  and radioactivity of lZ5I-VLDL in the single vertical 
spin density gradient  fractions of reconstituted normolipidemic and F. Dys. plasma. A, Ten ml of  reconstituted 
plasma containing 150 mg/100 rnl normolipidemic ('251-labeled) VLDL  triglyceride was incubated with 0.5 ml 
of Lp lipase at 37°C for 1 hr. Recovery of free cholesterol and cholesteryl ester following lipolysis was 101% 
and 104% of the prelipolysis (control) sample. B, Ten ml of reconstituted plasma containing 150 mg/100 ml 
F. Dys. (1251-labeled) VLDL triglyceride was incubated with 0.5 ml of Lp lipase at 37°C for 1 hr. Recovery of 
free cholesterol and cholesteryl ester was 103% and 101% of the prelipolysis (control) sample. The prelipolysis 
(control) sample was incubated at 37°C for 1 hr without Lp lipase (buffer  only). 
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region following lipolysis of the reconstituted F. Dys. - a 
plasma was richer in cholesteryl ester and tetramethyl- 
urea-insoluble apoproteins than prelipolyzed VLDL 
(Fig. 5B). 

Compositional analyses of normolipidemic VLDL 
and F. Dys. VLDL from pre- and post-lipolyzed samples 
and IDL from F. Dys. plasma are given in Table 1. It 
is evident from these data that triglyceride is the major 
core lipid of both normolipidemic and F. Dys. VLDL. 
The  F. Dys. VLDL, however, contains less triglyceride 
(45% vs. 55%) and more cholesteryl ester (1  8% vs. 10%) 
than normolipidemic VLDL. Following lipolysis of F. 
Dys. VLDL, the remnant lipoproteins remaining in the 
VLDL density region (Lp lipase-resistant VLDL) con- 
tain 13% residual triglyceride. Based on the mass of 
triglyceride present in each VLDL fraction per mg of 
cholesteryl ester, this corresponds to 87% hydrolysis of 
the triglyceride originally present in whole F. Dys. 
VLDL. T h e  IDL isolated from F. Dys. plasma has a 
similar composition to that of Lp lipase-resistant VLDL, 
although it is somewhat richer in triglyceride and 
poorer in cholesteryl ester (Table 1). 

Analysis of VLDL apolipoproteins of F. Dys. and 
normolipidemic VLDL by urea and/or SDS gel elec- 
trophoresis showed that F. Dys. VLDL is richer in apo- 
lipoprotein E than normolipidemic VLDL (Fig. 6-left 
A, B). T h e  major apolipoproteins found in Lp lipase- 
resistant VLDL were apolipoproteins B and E (Fig. 6- 
left C and 6-right A, B). IDL isolated from the F. Dys. 
plasma contained apolipoproteins B and E as major 
apolipoproteins but also contained a minor amount of 
apolipoprotein C (Fig. 6-left D). 

Lipolysis of 1251-labeled normolipidemic VLDL or F. 
Dys. VLDL reconstituted with the IDL infranate of F. 
Dys. plasma (d > 1.02 g/ml) showed that the distri- 
bution of l2'1-VLDL label among the gradient fractions 
is similar to that for VLDL reconstituted with normo- 

TABLE 1. Composition of normolipidemic VLDL, F. Dys. VLDL 
(pre- and postlipolyzed) and F. Dys. IDLO 

Norm- F. DYS. VLDL' 
lipidemic 
VLDLb Pre- Post- F. Dys. IDL' 
(n = 3) lipolysis lipolysis 1.006 > d > 1.020 

R mass 

Triglyceride 55.0 f 2.32 45.4 13.1 20.4 
Cholesteryl ester 10.4 f 2.60 17.6 40.0 28.9 
Free cholesterol 6.8 f 0.45 10.4 12.7 10.2 

Proteins 11.6 f 2.50 10.4 15.2 19.5 
Phospholipid 15.8 f 2.55 16.2 19.0 21.0 

Lipoproteins used for the compositional analysis were washed once 

Mean value (triplicates) of  three normolipidemic VLDL. 
by single vertical spin ultracentrifugation. 

' Mean value of triplicate. 

2 

A B C D  

4 

A B  C 
Fig. 6. Left, urea polyacrylamide gel electrophoretic patterns of (A) 
normolipidemic VLDL, (B) control F. Dys. VLDL (prelipolysis). (C) 
Lp lipase-resistant F. Dys. VLDL (postlipolysis), and (D) F. Dys. IDL 
(d 1.006-1.020 g/ml). Gel band: 1, apoB; 2, apoC-I; 3, apoE; 4, apoC- 
11; 5, apoC-Ill,; 6, apoC-IIIp. Right, SDS polyacrylamide gel electro- 
phoretic patterns of  (A) control F. Dys. VLDL (prelipolysis). (B) Lp 
lipase-resistant F. Dys. VLDL, and (C) HDL. Gel band: 1 ,  apoB; 2, 
apoE 3, apoA-I; 4. apoC and/or reduced apoA-11. 

lipidemic VLDL infranate (Fig. 7). Complete conver- 
sion of normolipidemic VLDL to LDL density in the 
presence of F. Dys. VLDL infranate (Fig. 7, upper) in- 
dicates that the F. Dys. VLDL infranate fraction has no 
apparent effect on the lipolysis of normolipidemic 
VLDL. This is in contrast to type IV hypertriglyceri- 
demic VLDL infranate which has been shown to par- 
tially inhibit the lipolysis of normolipidemic VLDL (22). 
Lipolysis of 1251-labeled VLDL from F. Dys. plasma 
again showed that a significant portion of 1251-label was 
accumulated in the VLDL and IDL density region (Fig. 
7, lower). 

Competition studies 
In order to evaluate further whether normolipidemic 

VLDL is a more effective substrate for LP lipase than 
F. Dys. VLDL, competition studies comparing '251-la- 
beled normolipidemic VLDL with unlabeled F. Dys. 
VLDL and 1251-labeled F. Dys. VLDL with unlabeled 
normolipidemic VLDL were performed. In order to 
maximize VLDL lipolysis, the level of triglyceride in the 
VLDL fractions was lowered to 100 mg/dl. Following 
lipolysis of F. Dys. VLDL containing trace amounts of 
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Fig. 7. Distribution of radioactivity of '251-labeled VLDL in the single 
vertical spin density gradient fractions of  reconstituted plasma con- 
taining F. Dys. d > 1.02 g/ml plasma fractions(1DL  infranate  fraction) 
and normolipidemic  VLDL (upper) or F. Dys. VLDL (lower). 
(0 - O), Prelipolysis; (0 - 0), postlipolysis. Reconstituted plasma 
(1.5 ml) ( 1  50 m /lo0 ml VLDL triglyceride) containing  trace  amounts 
of autologous ' 9. 'I-labeled VLDL was incubated with 0.05 ml of Lp 
lipase at 37'C for 30 min. 

1251-labeled normolipidemic  VLDL,  VLDL  cholesterol 
was partially removed while the 1251-radioactivity of 
VLDL was almost  completely  removed (Fig. &left). 
When '251-labeled F. Dys. VLDL was added in this  mix- 
ture,  the '251-label was only  partially  removed (Fig. 8- 
left). Following lipolysis of  normolipidemic  VLDL  con- 
taining  trace  amounts of  lZ5I-labeled  normolipidemic or 
F. Dys. VLDL,  VLDL  cholesterol was almost  completely 
removed,  as was the 1251-label from labeled  normolipi- 
demic  VLDL;  however,  there was only partial  removal 
of 1251-label from labeled F. Dys. VLDL (Fig.  8-right). 
These results  indicate  that  within 30 min there is little, 
if any,  exchange  of  the  factors responsible for  the  Lp 
lipase resistance of F. Dys. VLDL. 

Competition  curves  comparing  normolipidemic  and 

F. Dys. VLDL  with an artificial substrate  are shown in 
Fig. 9. When  up  to 200 pg of  triglyceride  of  either 
normolipidemic or F. Dys. VLDL was added  to 1.2 pmol 
of  triolein,  triolein hydrolysis was,  if anything, slightly 
stimulated (Fig. 9). When  the levels of  normolipidemic 
VLDL-TG were increased to 400 pg,  triolein hydrolysis 
was decreased,  but F.  Dys. VLDL  at this  triglyceride 
concentration  had essentially no effect (Fig. 9), sup- 
porting  the conclusions made  above  that lipolysis of  tri- 
glyceride in the  Lp lipase-resistant VLDL  from F. Dys. 
is at least partially  inhibited compared to normolipi- 
demic  VLDL. 

DISCUSSION 

Familial dysbetalipoproteinemia is a lipid transport 
disorder in which the metabolic  conversion  of  VLDL 
to  IDL  and  IDL  to  LDL is impaired (6). Because the 
metabolic  conversion  of VLDL  to  LDL involves an ex- 
trahepatic  Lp lipase reaction  (20), and because  previous 
studies  have  shown that  Lp lipase and hepatic lipase are 
normal in F. Dys. (36), the  present  study was initiated 
to find out  whether  the  VLDL  from F. Dys subjects 
shows any  abnormalities in its interaction with Lp lipase. 
The  results  of the  present  study  indicate  that a  subspe- 
cies, carrying  approximately  50%  of  the  VLDL choles- 
terol  from  the plasma of a  well-documented  subject with 
F.  Dys., failed to  be  converted normally to LDL-like 
particles  following in vitro lipolysis with Lp lipase. The  
resistance  of  this F. Dys. subspecies of  VLDL to con- 
version to a higher density  lipoprotein by Lp lipase ac- 
tion  can  be  partially accounted  for by inhibition  of tri- 
glyceride lipolysis (80-85% lipolysis in the resistant 
VLDL subspecies vs. 92-96% lipolysis in normolipi- 
demic  VLDL). The  increased levels of  cholesteryl ester 
in the resistant VLDL subspecies also  seem likely to play 
a  role in this subspecies' failure to convert to an  LDL 
density  particle.  Since only one F. Dys. subject was avail- 
able  for inclusion in this  study and  the precise amino 
acid  sequence  of  the E-2/E-2 phenotype  for this  subject 
is not known (1 4), conclusions  must remain somewhat 
tentative.  Nevertheless, the  defective lipolytic conver- 
sion of  VLDL in this  subject was consistently  observed 
over a  4-month  period,  whereas  VLDL  from  normoli- 
pidemic  subjects  (n = 10) was all converted  to  LDL like- 
particles with only narrow individual  variations. 

We recently reported lipolytic defects  of  VLDL  from 
type  IV  patients with severe  hypertriglyceridemia  (22). 
The  lipolytic kinetics of the  VLDL  from  an individual 
with F. Dys. were  different  from  type  IV plasma in the 
following respects. 1) The  lipolytic defect  of  type  IV 
VLDL, as yet not shown  definitely to  be  due to triglyc- 
eride resistance,  can be partially or completely over- 
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Fig. 8. Studies of the competition between normolipidemic VLDL and F. Dys. VLDL for Lp lipase-mediated 
lipolysis. Reconstituted plasma (1.5 ml) consisting of normolipidemic VLDL infranate (d > 1.006 g/ml) and F. 
Dys. VLDL (left) or normolipidemic VLDL  (right),  containing  trace  amounts of either '251-labeled F. Dys. or 
normolipidemic VLDL, was incubated with 0.05 ml of Lp lipase at 37" for 30 min. Reconstituted lasma gave 
100 mg/100 ml VLDL triglyceride. Since the cholesterol changes were identical whether  trace ".I-labeled F. 
Dys. or normolipidemic VLDL was used, only one example is shown in the upper figures. 

P 

come by some,  as yet undetermined,  exchangeable com- 
ponents  present in normolipidemic VLDL,' while the 
substrate  defect associated with VLDL in F. Dys.  was 
not  overcome by adding excess normolipidemic  VLDL. 
2) The  IDL  infranate plasma fraction  from  the F. Dys. 
subject fully supported  the lipolysis of  normolipidemic 
VLDL, in contrast to the  inhibitory effect of the  VLDL 
infranate  fraction  from type IV VLDL. 

A number of  studies  have  suggested  that  there are 

emia.  Using  starch block electrophoresis,  Quarfordt, 

cies from  patients with F. Dys. One subspecies was sim- 
ilar to  VLDL  from  normal subjects in its physical and 

+ W 

,e 0.2 

c? 
two VLDL  populations in familial dysbetalipoprotein- v) 

- 
n 

0 Normolipidemic VLDL - W 
0 

- 5- 0.1 

0 TypeIII VLDL Levy, and  Fredrickson (37) isolated  two VLDL subspe- 

, 
I I I I I I I I chemical characteristics. The  other subspecies had a 

100 200 300 400 @-VLDL  electrophoretic  mobility, was not  present in 
p g  of VLDL Triglyceride  Added measurable  quantities in normal  subjects,  and was 

Fig. 9. Studies of the  competition between normolipidemic and F. 
Dys. VLDL for Lp lipase-mediated lipolysis determined by ability to ~ 

inhibit lipolysis  of the artificial ['Hltriolein substrate. * Chung, B. H . ,  and J. P. Segrest. Unpublished data. 
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c-Ill, 

Fig. 10. Gel scans of urea gel of normolipidemic VLDL  (upper)  and 
F. Dys. VLDL  (lower). 

shown to be enriched in cholesteryl ester and apolipo- 
protein B. Pagman et al. (8) also separated VLDL from 
F. Dys. into subspecies  with j3 and pre-j3  mobilities and 
suggested that /3-VLDL, which contains  increased 
amounts of cholesterol and apolipoproteins B and E, 
might represent  remnant VLDL. 

Our studies reported  here  are compatible with both 
the studies of Quarfordt  et al. (37)  and Pagman et al. 
IS), although we, as yet, do not have direct evidence 
that Lp lipase-resistant  VLDL from the F. Dys. subject 
we studied is identical to j3-VLDL, although this seems 
probable. Our data do not support  the concept that 
j3-VLDL  is a simple remnant form of  VLDL but  rather 
may suggest that  the VLDL lipolyzed  normally (n- 
VLDL) and  the VLDL (or VLDL-like particles) resistant 
to LpL (r-VLDL) represent entirely separate  and essen- 
tially noninterchangeable populations. The inability  of 
n-VLDL  in large amounts  to  alter  the Lp  lipase  resis- 
tance of r-VLDL raises the possibility that these two 
subspecies may arise by distinctly different biosynthetic 
pathways. 

Berman et al. (38),  on  the basis  of  in  vivo turnover 
studies, suggested that  there  are two  metabolically  dis- 
tinct subspecies  of  VLDL  in F. Dys. subjects. One of 
these, called a-VLDL, followed a  precursor-product 
relationship from VLDL to IDL to LDL and  the other, 
called j3-VLDL,  was present in measurable levels  only 
in  F.  Dys. subjects and was cleared from circulation 
without being converted  to  either IDL or LDL. Our in 
vitro studies reported  here  are entirely compatible with 
this interpretation of the in  vivo studies of  Berman et 
al. (38). 

It has been shown that a) removal of apolipoprotein 
C proteins from VLDL particles is proportional to the 
extent of triglyceride hydrolysis (39, 40) and, b)  apoli- 
poprotein E removal closely  follows apolipoprotein C 
removal (41). In our studies, the selective retention of 
apolipoprotein E in the VLDL density region following 

lipolysis  suggests that  the r-VLDL is an apolipoprotein 
E-rich  VLDL or VLDL-like  subspecies. 

The roles of apolipoproteins C-I1 and H as activators 
of Lp lipase (42, 43), and apolipoproteins C-I, C-111, 
and E as inhibitors of Lp lipase are well documented 
(2 1, 44). However, the possible role of variations in the 
ratio of activator to inhibitor apolipoproteins on the 
VLDL surface in the regulation of  VLDL  lipolysis of 
Lp  lipase  has not been determined. Based on gel  scans, 
the F. Dys. VLDL  used  in our studies had a higher 
apolipoprotein C-II/C-111 ratio than normolipidemic 
VLDL  which exhibited full  lipolytic conversion to LDL 
density (Fig. 10); while the r-VLDL remaining in the 
VLDL density region following  lipolysis contained little 
or no apolipoprotein C-11, but was enriched in apoli- 
poprotein E. The failure of r-VLDL to be lipolyzed 
completely could be the result of a deficiency  of the Lp 
lipase activator apolipoprotein C-I1 and  an  abundance 
of an Lp lipase inhibitor, apolipoprotein E, on  the 
VLDL surface. 

A kinetic  model to explain the F.  Dys. genotype can 
be developed as follows. In genotypes homozygous or 
heterozygous for E-3 and  for E-4, the  rate of  synthesis 
of r-VLDL (and/or chylomicrons) (K,) is much less than 
its rate of clearance (Kc) in the liver. In the homozygous 
E-2/E-2 genotype, there is a decrease in Kc but K, is 
still <Kc. However, if the E-2/E-2 genotype is also  as- 
sociated  with  some condition resulting in an increase in 
synthesis  of r-VLDL, (and/or chylomicrons due, for 
example, to differences in fat absorption) then K, be- 
comes >Kc,  resulting in an increase in r-VLDL to  a new 
steady state that leads to  the F. Dys. phenotype. This 
kinetic  model  can explain the well-known observation 
that F. Dys. patients respond particularly well to dietary 
intervention. 

While the hypothesis  of a receptor-mediated defect 
in removal  of r-VLDL in F. Dys. (1 5 ,  17) is an attractive 
one, several findings seem to  go against this being the 
sole  basis for the etiology of F. Dys. I )  The finding by 
Schneider et ai. (18), that E-2/E-2  VLDL from several 
hypercholesterolemic F. Dys. patients is recognized nor- 
mally  by the putative liver apoE receptor, seems to re- 
quire  the contribution of additional defects in r-VLDL 
clearance. 2) The fractional catabolic rates of  VLDL 
from F. Dys. and type IV hyperlipoprotein subjects are 
reported  to be the same (45). 3) The role of apoE-me- 
diated hepatic clearance of  VLDL in humans is far from 
clear, since  most, if not all, of normal human VLDL is 
converted to LDL and thus is not cleared by the putative 
apoE receptor. 4 )  Infusion of normal plasma containing 
normal levels  of  various apoE isoforms into subjects with 
F. Dys. failed to  correct  the lipid abnormalities (46). 
Further, the resistance of the r-VLDL particle to Lp 
lipase  must be one of these defects; otherwise the r- 

Chung and Segrest Defective lipolysis of type I11 plasma 1157 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


VLDL in F. Dys. would be cleared by conversion to 
LDL  via  Lp lipase  lipolysis. Whether this Lp  lipase re- 
sistance is a primary or secondary defect is still to be 
estab1ished.l 
We are indebted to Drs. Zannis and Breslow for apoE isoform 
analysis, to Alice  Glasscock and Richard McGahan for tech- 
nical assistance, to Dr. John  Cone  for performing the vertical 
autoprofile analyses, and  to Susanne Colquitt and Barbara 
Schmidt for typing the manuscript. This work was supported 
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