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Abstract

Endogenous apolipoprotein E in VLDL is poorly expressed in
receptor binding processes. Yet catabolism of VLDL-remnants
by cellular receptors depends on functional apo E molecules. To
better understand remnant catabolism phenomena, we deter-
mined the metabolism of VLDL and post-lipolysis VLDL by
cultured cells. Partial lipolysis was achieved by incubation of
VLDL with lipoprotein lipase in vitro (human) or recirculation
(rat) in supradiaphragmatic animals. Lipolyzed VLDL exhibit
metabolic activities 2-20-fold higher than control VLDL, that
are saturable and dependent on the presence of LDL receptors.
The ligand responsible for receptor interaction of lipolyzed
VLDL (apo E or apo B-100) and its source (endogenous or
transferred) was studied with monoclonal antibodies and with
lipoproteins from E-3/3 and E-2/2 subjects. The data unequivo-
cally proved that lipolysis causes exposure of unreactive endog-
enous apo E-3 at the VLDL surface, possibly by a change of
conformation of the protein. Apo B-100 becomes biologically
expressed only in lipolyzed VLDL-III. Lipolyzed VLDL, how-
ever, is less reactive to exogenous apo E-3 than control VLDL
indicating that endogenous and exogenous apo E are oriented
differently in VLDL. It is proposed that VLDLdelivers triglyc-
erides to tissues when apo E is unreactive but becomes a rem-
nant after the protein becomes exposed and directs the particles
from lipoprotein lipase sites to cellular receptors. (J. Clin. In-
vest. 1991. 88:553-560.) Key words: VLDL remnants * LDL
receptor - triglyceride transport - apolipoprotein B-100 * lipo-
protein lipase

Introduction

Irreversible uptake and degradation in liver and other cell types
of VLDL (apo B- 100) remnants is believed to be a major path-
way that regulates LDL formation through the VLDL-IDL-
LDL cascade (1-3). For example, avid VLDL remnant catabo-
lism is responsible for the paucity of LDL particle number in
rats (4) and other experimental animals (5). A similar process,
albeit less pronounced, appears also to operate in humans, espe-
cially patients with hypertriglyceridemia (6). Neither the physi-
cal and chemical characteristics of remnant particles nor the
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exact nature of the ligand and receptor(s) involved with their
uptake are clear. Nevertheless it is well established that pres-
ence of functional apo E molecules (E-3 and/or E-4) is essential
for normal remnant uptake processes (7, 8).

Apolipoprotein E is an integral protein constituent of
plasma VLDLand IDL. Yet we and others have demonstrated
that interactions of human plasma VLDL and IDL with the
fibroblast LDL receptor (9-12) or of rabbit f3-VLDL with the
LDL-receptor-related protein (13) is minimal unless the lipo-
proteins are enriched with exogenous apo E-3. It thus appears
that endogenous apo E associated with circulating lipoprotein
particles is perhaps not fully expressed in receptor uptake pro-
cesses; the apo E molecules however must become available for
receptor interactions after metabolic alterations of the lipopro-
teins. In the present report we demonstrate that lipoprotein
lipase induced lipolysis of VLDL exposes unreactive endoge-
nous apo E-3 molecules on the lipoprotein surface and initiates
receptor mediated catabolism of the VLDL. A similar process,
if occurring in vivo may provide a novel mechanism that regu-
lates triglyceride transport, remnant catabolism, and LDL syn-
thesis along the VLDL -- IDL -- LDL apo B-100 cascade.

Methods

Isolation and characterization of VLDL and LDL. Blood was collected
in EDTA(I mg/ml) from 17 normolipidemic apo E-3/3 or 4/3 human
subjects after 12-14 h fast and plasma was separated promptly at 4°C.
VLDL was separated on the same day at plasma density (1.006 g/ml)
by centrifugation in a 60 Ti rotor at 45,000 rpm, 40C, in a model L5-50
ultracentrifuge (Beckman Instruments, Inc., Fullerton, CA) and the
VLDL was spun once more at density of 1.006 g/ml. VLDL density
subfractions I-III were prepared on a NaCI gradient in an SW-41 rotor
after the procedure of Lindgren et al. (14). LDL was separated at den-
sity interval of 1.019-1.063 g/ml and HDL3, at density interval of
1.125-1.21 g/ml. The lipoproteins were dialyzed against 0.15% NaCl,
20 mMTris (pH 7.4), 0.00 1%EDTAsolution, were sterilized by pas-
sage through a 0.45-,gm filter (Millipore Corp., Bedford, MA) and used
within 10 d of preparation. Rat plasma VLDL was prepared likewise
from plasma obtained after overnight fast. Lipoprotein protein, total,
free, and esterified cholesterol and phospholipids were determined by
standard procedures (1 1). Triglycerides and nonesterified fatty acids
were determined enzymatically (Raichem, Reagents Applications Inc.,
San Diego, CA, and NEFA-C, Wako, Osaka, Japan). SDS-PAGEof
apolipoproteins on 10% gels was performed after the methods de-
scribed by Weber and Osborn (15). Humanrecombinant apo E-3 was
made in bacteria (16) and is a generous gift of Biotechnology General,
Rehovot, Israel.

Iodination of VLDL and LDL. '25I-labeled VLDL and LDL were
prepared by the iodine monocholoride method of MacFarlane (17) as
modified by Bilheimer et al. (18). The iodinated preparations were
dialyzed extensively against 0.15 MNaCl, 0.0011%EDTA, pH 7.4. The
final specific activity varied between 300 and 600 cpm/ng protein and
50-500 cpm/ng protein for VLDLand LDL, respectively. In all prepa-
rations, > 95%of the radioactivity was precipitated by TCAand < 5%
was extractable by chloroform-methanol. Labeled apoproteins in lipo-
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proteins were determined after SDS-PAGEof '25I-labeled lipoproteins
and counting of gel slices.

Preparation of lipolyzed VLDL. Lipolysis of human '25I-VLDL was
achieved by in vitro incubation with bovine milk lipoprotein lipase as
previously described (19). The incubation mixture contained VLDL
(1-2 mgprotein, 5-10 mgtriglycerides), human HDL3 ( 10 mgprotein)
and 200 mg of fatty acid poor BSA (Sigma Chemical Co., St. Louis,
MO) in 0.05 MTris buffer pH 8.2 and 0.15 MNaCl. 5-20 ,gl of purified
bovine milk lipoprotein lipase were added and the incubation was
carried out in a shaking water bath at 370C for 10-20 min, until partial
or complete clearance of the mixtures was observed. Lipolysis was
stopped by increasing the density of the medium to 1.055 g/ml with
solid KBr. A control (unlipolyzed) '2'I-VLDL was prepared in parallel
using exactly the same procedure but without lipoprotein lipase. The
lipolyzed and control VLDL were separated by a single centrifugation
at 35,000 rpm for 18 h at 40C, isolated by the tube slicing technique
and dialyzed extensively against 0.15 MNaCl, 0.02 MTris, 0.001%
EDTA, pH 7.4 solution. '251-ApoB-100 in the original, control and
lipolyzed '251-VLDL was determined by SDS-PAGEand the lipopro-
teins were used for cell metabolism studies according to their apo B- 100
content. Apo B-100 mass in the VLDLs was derived from radioactivity
counts in apo B and the specific activity of VLDL-apoproteins. Degrees
of lipolysis were calculated as percent of unesterified fatty acids gener-
ated in the samples containing lipoprotein lipase. Lipolysis-induced
density change of VLDL was assessed by radioactivity profiles of ali-
quots of control and lipolyzed 125I-VLDL eluted in a zonal ultracentri-
fugation system after 45 min centrifugation in a NaCl gradient of den-
sity 1.0-1.15% g/ml at 42,000 rpm (19). Lipolysis of rat VLDL was
carried out in supradiaphragmatic rats. After the operation (20), 1251I rat
VLDL was injected intravenously and the rats were allowed to recover
and to move freely in the cage. A bolus of 10% glucose solution was
injected IV every 15-30 min through a catheter in a tail vein. The rats
were exanguinated through the abdominal aorta at the end of 2 h from
the injection of the '25I-VLDL. The lipolyzed '251-VLDL was separated
and used as described above, except that centrifugation was carried out
at salt density of 1.019 g/ml. Control 1251-VLDL was prepared likewise
from the plasma of supradiaphragmatic rats exanguinated 1 min after
the injection.

Binding, cell association, and degradation of 251-lipoproteins. Hu-
man skin fibroblasts were prepared from skin biopsies obtained from
the medial part of the forearm of normal adult male donors (21). The
cells were cultured in plastic flasks (Falcon Labware; Division of Bec-
ton Dickinson & Co., Oxland, CA) in modified Dulbecco-Vogt me-
dium containing 10% FCS and maintained in a humidified incubator
(5% C02) at 37°C. Fibroblasts from three to 15 subcultures were used.
After trypsinization, 3.5 X 104 cells were plated in 35-mm dishes (Fal-
con Labware), and grown in 2 ml medium with 10%FCS. The medium
was changed every 2 d while the cells were not yet confluent. On the
fifth or seventh day, monolayers were washed with PBS buffer and
incubated for 48 h in 2 ml of fresh medium containing human lipopro-
tein-deficient serum (LPDS)' at a final protein concentration of 5 mg/
ml. After 48 h incubation with LPDSmedium, the cells were used for
further experiments. Cultured rat skin fibroblasts were prepared like-
wise, from skin biopsies obtained from male rats. HepG-2 cultures
were prepared as previously described (12) except that the cells were
grown in 35-mm dishes as above.

Binding, cell association, and proteolytic degradation of 123I-labeled
lipoproteins were determined as previously described (21). On the day
of experiment, the fresh medium was removed and the cells were incu-
bated at 37°C with LPDS medium containing lipolyzed or control
1251I-VLDL-I, -II, or -III (apo B-100 equivalent to 10 gg protein/ml).
Exogenous recombinant apo E-3 at a concentration of 4 ug/ml was
added to culture dishes containing the 1251I-VLDL populations while
buffer alone was added to the samples not enriched with apo E-3. After
6 h incubation at 37°C the medium was removed and examined for

1. Abbreviation used in this paper: LPDS, lipoprotein-deficient serum.

noniodide '25I-protein degradation products (22). Fresh ice-cold LPDS
medium was added to the cells and the cells were washed extensively
with ice-cold PBSbuffer containing 0.2% BSA. The amount of '25I-li-
poproteins bound to the cells was determined by the release of radioac-
tivity after incubation of the washed cells at 4VCwith medium contain-
ing 10 mg/ml of sodium heparin for 1 h, according to Goldstein et al.
(22). Labeled lipids in the cells were extracted with chloroform-meth-
anol (1: 1, vol/vol) and the cell residue was dissolved in 1 ml of 0.5 N
NaOH. Cell-associated lipoprotein-protein was determined as radioac-
tivity remaining in the delipidated cells. Dishes without cells and cul-
tures incubated in the presence of 40-fold excess of unlabeled lipopro-
teins (nonspecific values) were processed in parallel to the experimental
samples. Results are expressed as nanograms of '25I-apo B-100 protein
bound, associated or degraded per milligram of cell protein after sub-
traction of blank (cell free) and nonspecific values.

Monoclonal antibodies. Monoclonal antibodies that specifically
block the ligand binding domain of apo B-100 (antibody 4G3) or apo E
(antibody 1D7) are a generous gift of Drs. Marcel and Milne. The
characteristics of the antibodies are described elsewhere (23).

Materials. Na-'25I was purchased from the Radiochemical Centre,
Amersham, UK. Culture flasks and dishes were obtained from Falcon
Labware. Medium and FCS were obtained from Gibco Laboratories,
Grand Island, NY. All other chemicals and reagents were of analytical
grade.

Results

Examples of SDS-PAGEof control and lipolyzed human and
rat VLDL apoproteins are shown in Fig. 1. After lipolysis, the
VLDL retained its apo B and apo E moieties but appeared to
lose C apoproteins. Radioactive apoproteins in control-incu-
bated and lipoprotein lipase-incubated human VLDL-I, II, and
III and control and lipolyzed rat VLDL are shown in Table I.
Most of the radioactivity was associated with apo B and apo C;
only trace amounts were found in apo E. Lipolysis caused loss
of '251-apo C from the VLDL and relative enrichment of the
lipoprotein with 251I-apo B. The 125I-apo B to '25I-apo Cratio in
human VLDL increased by an average of 45 to 72% (mean,
63%) and in rat VLDL, by 140%. Assuming that apo C loss
from VLDL is linear with the degree of lipolysis (24) this
change of '25I-apo B to '251-apo C ratio indicates triglyceride
hydrolysis of - 40% in human VLDL and - 70% in rat
VLDL. Apo E to apo B mass ratios in control and lipolyzed
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Figure 1. SDS-PAGEof
control (C) and lipolyzed
(L) human and rat VLDL.
Triglyceride hydrolysis,

C L 40% (human) and 75% (rat).
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Table L Distribution of '25I-Apo B and '25I-Apo Cin Control
and Lipolyzed VLDL

125I-Apo B '23I-Apo C

Lipoprotein Control Lipolyzed Control Lipolyzed

%of total gel radioactivity

VLDL-I 39.3±2.3 46.7±9.3 47.5±5.0 38.9±9.9
VLDL-II 45.6±9.0 55.5±9.4 36.1±11.3 26.4±9.9
VLDL-III 57.8±7.9 65.6±8.1 28.5±6.2 18.8±8.8
Rat VLDL 27.2±4.9 40.7±11.2 46.7±6.2 29.2±8.4

Data are means±SE of 4-8 control and lipolyzed VLDL preparations.
Percent radioactivity in apo B and apo Cwas determined after SDS-
PAGEof control and lipolyzed '25I-VLDL and counting gel slices as
described in Methods.

VLDL as determined by scanning SDS-PAGE gels were
0.21±0.07 and 0.19±0.08 (mean±SD of 15 preparations), re-
spectively.

The degree of lipolysis, as estimated by generation of free
fatty acids ranged between 19.6-80.0%, with a mean of 38.7%.
The cholesteryl ester to triglyceride ratio in lipolyzed VLDL
increased by 10-100%, a finding that agrees with the degrees of
lipolysis (assuming that the cholesteryl ester content of the
VLDL is not affected by lipolysis). The effects of lipolysis on
VLDL were also assessed by centrifugation in a zonal rotor
(data not shown). As previously described (19), a shift of the
lipoproteins towards smaller and denser particle population
was evident after the incubation with lipoprotein lipase. The
position of the lipolyzed VLDL peak varied with the degree of
lipolysis, being late with preparations that underwent more vig-
orous lipolysis. After the incubation radioactivity was asso-
ciated with HDL(data not shown) due to exchange of labeled
apo C between the VLDL and HDL. HDL radioactivity in-
creased considerably in incubations with lipoprotein lipase re-
flecting transfer of labeled apo C from the lipolyzed VLDL to
HDL. The amount of free fatty acids associated with lipolyzed
VLDL was assessed by thin layer chromatography of neutral
lipids (24). No, or only minimal change was observed.

Binding, cell association, and degradation of control and
lipolyzed human VLDL-I, II, and III were determined in cul-

tured fibroblasts after 6 h of incubation without and with exoge-
nous apo E-3. Control VLDL without added apo E-3 exhibits
very low metabolic activities (binding, cell association, and deg-
radation) that as previously reported (1 1), are enhanced 10-30-
fold (degradation) by the addition of exogenous apo E-3 (Table
II). The behavior of lipolyzed VLDLwas distinctly different in
two respects. First, a pronounced metabolic activity ofthe lipo-
lyzed particles without added apo E-3 was observed. Binding
and cell association were two to fourfold higher and proteolytic
degradation, 5-20-fold higher than control VLDL. For some
preparations, in particular VLDL-I, the metabolic activity of
the lipolyzed lipoprotein not supplemented with apo E-3 was
higher than the corresponding control VLDLmaximally stimu-
lated by exogenous apo E-3. Second is the relative response to
exogenous apo E-3 that for the lipolyzed particles was only
one-half to threefold higher than that of the same preparations
not enriched with apo E-3. It thus appears that lipolysis exposes
on VLDL binding sites to the fibroblast receptor that are
largely not expressed in the intact particle; the further stimula-
tion of cell metabolism of the lipoprotein by exogenous apo
E-3, however, is limited. Similar observations were made in
HepG-2 cultures (Table III). Two additional control experi-
ments were performed. In the first, unlabeled lipolyzed VLDL
was prepared and incubated together with biosynthetically la-
beled [3H]-TG rat VLDL (trace amounts) for 6 h in cultured
fibroblasts as above. No evidence of lipase action during the
incubation was found (data not shown). In the second experi-
ment, '25I-VLDL was incubated with buffer, HDL3, and BSA
under conditions identical to the lipolysis mixture except that
lipoprotein lipase was absent and the albumin contained oleic
acid (sodium salt) in amounts equivalent or double those ex-
pected to be generated during active lipolysis. The metabolism
of these preparations remained unchanged when compared to
control VLDL (data not shown).

The metabolism of lipolyzed rat VLDL after 2 h recircula-
tion in supradiaphragmatic animals as determined in cultured
human skin fibroblasts is shown in Table IV. The results are
qualitatively similar to those observed for lipolyzed human
VLDL subfractions, i.e., appreciably higher metabolic activi-
ties of the lipolyzed VLDL but only modest enhancement by
exogenous apo E-3. Very similar results were recorded with
cultured rat skin fibroblasts except that, as previously reported
(25), human LDL was unreactive on rat cells.

Table II. Cellular Binding, Association, and Degradation of Control and Lipolyzed Human '25I VLDL Subfractions:
Studies in Cultured Fibroblasts

Binding Association Degradation

Control Lipolyzed Control Lipolyzed Control Lipolyzed

Lipoprotein -E-3 +E-3 -E-3 +E-3 -E-3 +E-3 -E-3 +E-3 -E-3 +E-3 -E-3 +E-3

ng apo B-100/mg cell protein

VLDL-I (7) 6±2 13±3 23±3 39±5 13±3 36±9 49±8 110±11 12±4 227±62 251±45 574±66
VLDL-II (8) 12±2 33±6 28±4 53±13 14±2 60±9 27±4 82±12 18±6 482±67 204±40 640±97
VLDL-III (7) 10±2 38±7 39±6 55±11 17±3 85±12 44±6 106±4 63±22 647±115 289±63 816±124
LDL (13) 31±4 58±5 709±90

Data are mean±SEMof the number of experiments shown in parentheses. Incubations were carried out at 37°C in upregulated (48 h) cultured
human skin fibroblasts for 6 h as described in Methods.
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Table III. Cellular Binding, Association and Degradation
of Control and Lipolyzed Human 125I VLDL: Studies
in HepG-2 Cultures

Control Lipolyzed

-E-3 +E-3 -E-3 +E-3

ng apo B-I 00/mg cell protein

Binding 10±1 22±2 18±2 36±5
Association 16±2 38±6 28±6 47±12
Degradation 31±10 115±18 85±24 172±36

Data are means±SEMof 10 experiments. The VLDL preparations
studied were VLDL-I, two preparations; VLDL-II, four preparations;
VLDL-III, four preparations. The results with the three different
VLDL density fractions were very similar and the data from all 10
experiments were combined. Incubations were carried out at 370C in
unregulated (48 h) HepG-2 cultures for 6 h as described in Methods.
Binding, association, and degradation of LDL used in the same ex-
periments were 16±3, 39±9, and 190±26 ng apo B/mg cell protein,
respectively.

In the next experiment we have determined the kinetics of
apo E-3 stimulatory effects on the cellular metabolism of con-
trol and lipolyzed VLDL. Fig. 2 shows the proteolytic degrada-
tion data. An additional difference between the two was ob-
served. While the enhancing effect of exogenous apo E-3 on
control VLDL was gradual and increased with increasing apo
E-3 concentration in the culture medium (from 0.5 to 4 'g
protein/ml), the maximal effect of exogenous apo E-3 on lipo-
lyzed VLDL was observed already with the lowest apo E-3
concentration examined in this experiment, 0.5 tig/ml. Lower
apo E-3 concentrations tested in other experiments resulted in
intermediate activity (not shown). Similar results were ob-
tained for binding and cell association.

Binding, association, and degradation of control and lipo-
lyzed VLDL appeared to be a saturable process either without
or with exogenous apo E-3 (Fig. 3, proteolytic degradation
data). These observations indicate that the cell metabolism of
the lipolyzed VLDL occurred by specific receptors. Competi-
tion of the binding and proteolytic degradation of control and

lipolyzed '23I-VLDL by unlabeled control and lipolyzed VLDL
supports that conclusion (data not shown). In addition, bind-
ing, cell association, and degradation of both control and lipo-
lyzed '25I-VLDL by LDL receptor-negative fibroblasts was
minimal (Table V).

The relationships between degrees of lipolysis and cell me-
tabolism of the lipolyzed VLDLwere evaluated in eight experi-
ments without added apo E-3 and 10 experiments with exoge-
nous apo E-3 (data not shown). A weak but not significant
positive effect of lipolysis on the degradation of lipolyzed
VLDL without added apo E is suggested (r = 0.33). No rela-
tionships were found for apo E-3-enriched preparations.

The ligand responsible for the uptake of lipolyzed VLDLby
the cells, apo B-100 or apo E, was determined by employing
monoclonal antibodies that specifically block receptor uptake
and degradation of lipoproteins by apo B- 100 (antibody 4G3)
or apo E (antibody 1D7). Antibody 1D7 decreased by 80-90%
both the low degradation values of control and the high degra-
dation values of lipolyzed VLDL-I + II while antibody 4G3
had a minimal (5-20%) effect. With control and lipolyzed
VLDL-III 60-70% of the metabolic activity was blocked by
antibody 1D7 and 30-40% by antibody 4G3. A combination of
the two antibodies totally blocked the uptake and degradation
of all these VLDL preparations and antibody 4G3 effectively
prevented LDL metabolism, whereas antibody 1D7 was almost
totally inert. Fig. 4 demonstrates that antibody 1D7, already at
protein concentration of 1-2.5 ,g/ml dramatically decreased
VLDL degradation by the cells. Antibody 4G3 was consider-
ably less effective. The experiment thus proved that the catabo-
lism of VLDLby the cells is mediated predominantly by apo E
and that lipolysis causes a dramatic increase of the biological
expression of apo E at the lipoprotein surface. The role of apo
B-100 in the process is minimal (VLDL-I + II) or moderate
(VLDL-III).

To determine whether apo E is transferred to lipolyzed
VLDL from the HDLpresent in the lipolysis mixture or the
LPDS present in the cell medium, the metabolic behavior of
VLDL from a normal apo E-3/3 and a type III hyperlipidemia
apo E-2/2 profile was determined. With the normal VLDL,
lipolysis and cell culture experiments were investigated twice;
first with HDL3 and LPDS from an E-3/3 subject and second
with HDL3and LPDSfrom the type III E-2/2 patient. The type

Table IV. Cellular Binding, Association, and Degradation of Control and Lipolyzed Rat '251 VLDL

Binding Association Degradation

VLDL -E-3 +E-3 -E-3 +E-3 -E-3 +E-3

ng protein/mg cell protein

Human fibroblasts
Control (5) 25±6 40±6 290±48 445±29 1326±246 2318±247
Lipolyzed (6) 47±9 63±13 645±105 750±68 2657±496 3370±379
LDL (7) 33±7 225±35 3054±383

Rat fibroblasts
Control (3) 26±6 38±16 203±48 284±76 579±160 887±266
Lipolyzed (4) 30±4 52±12 459±126 661±212 1063±291 1756±636

Data are mean±SEMof the number of experiments shown in parentheses. Incubations were carried out at 37°C in upregulated (48 h) cultured
human or rat skin fibroblasts for 24 h as described in Methods.
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The incubations were
Exogenous Apo E-3 (Mg/ml ) carried out for 6 h at

370C in up-regulated
fibroblasts and the VLDL was used at apo B- 00 concentration of 10
gg/ml. Degradation was determined as described in Methods. Tri-
glyceride hydrolysis, 35%.

III VLDL was lipolyzed and investigated in the cells with apo
E-2/2 HDL3 and LPDS. Both the normal and type III VLDLs
were studied without and with exogenous apo E-3. The results
ofthis experiment are shown in Table VI. The metabolic behav-
ior of the normal (E-3/3) VLDL in the presence of normal
(E-3/3) HDL3 and LPDSwas similar to that described above,
i.e., lipolyzed VLDLexhibited pronounced metabolic parame-
ters, with an additional effect of exogenous apo E-3. Whenthe
lipolysis and cell culture studies of the normal E-3/3 VLDL
were investigated with E-2/2 HDL3 and LPDS, similar effects
were observed. With the type III (E-2/2) VLDL barely detect-
able metabolic activities were found and no effect of lipolysis
was observed when the study was conducted with E-2/2 HDL3
and LPDS. When exogenous apo E-3 was added, the control
type III VLDL exhibited activities that were similar to the nor-
mal E-3/3 VLDL and a definite effect of lipolysis was found.

Discussion

The studies by Mahley and colleagues have established the im-
portance of functional apo E molecules as ligands for the inter-
action of a variety of lipoproteins and lipoprotein remnants
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Table V. Cellular Binding, Association, and Degradation
of Human 12SI VLDL-II in Normal and Receptor Negative
(FH) Skin Fibroblasts

Binding Association Degradation

VLDL Fibroblasts -E-3 +E-3 -E-3 +E-3 -E-3 +E-3

ng apo B-i 00/mg cell protein

Control Normal 13 41 13 90 13 518
FF1 4 5 5 6 0 3

Lipolyzed Normal 32 59 40 83 250 603
FH 2 3 6 9 0 7

LDL Normal 54 175 1450 -

FH 1 1 1 -

Data are means of duplicate dishes. The difference in values between
the duplicates was <1 0%. Incubations were carried out at 370C in
upregulated (48 h) cultured human skin fibroblasts for 6 h as de-
scribed in Methods.

with specific cell receptors (7, 8). Yet, the structural/composi-
tional determinants that are responsible for biological expres-
sion of apo E at lipoprotein surfaces are largely unknown. It has
previously been shown that apo E present on VLDL (9-1 1) and
IDL (12) from normolipidemic humans does not cause an avid
interaction of the lipoproteins with the LDL receptor on fibro-
blasts. Similarly, Knowl et al. (13) observed that apo E-rich
rabbit fl-VLDL is not readily metabolized by the LDL-receptor
related protein (LRP) in fibroblasts from receptor-negative FH
patients. In both studies (1 1-13), however, addition of exoge-
nous apo E-3 to the lipoproteins initiated a prompt uptake and
degradation (or cholesterol entry) of the lipoproteins by the
cells. Intravenous infusion of exogenous apo E-3 to WHHL
and cholesterol-fed rabbits, moreover, also initiates a rapid
clearance from the blood plasma of lipoproteins that are rich in
apo E (26, 27). Evidently, metabolic effects that are poorly
understood are necessary for proper biological expression of
endogenous apo E molecules in lipoproteins.

°0 O-°04G3 * * 1 D7

0
C r

0I,_

Lipoprotein - protein
(,ug/ml)

Figure 3. Concentration-dependent degradation of control and lipo-
lyzed VLDL-II in the absence and presence of exogenous recombi-
nant apo E-3. Apo E-3 to VLDL protein ratio was kept constant, 4:10.
The lipoprotein was incubated for 6 h at 370C with up-regulated fi-
broblasts and proteolytic degradation was determined as described in
Methods. (o - o) Control VLDL; (. - *) control VLDL + apo E-3;
(A - A) lipolyzed VLDL; (A - A) lipolyzed VLDL + apo E-3. Tri-
glyceride hydrolysis, 50%.

LDL

-4 L
100 2.5 5 100 2.55 10

Monoclonal Antibody
(pg / mt)

Figure 4. Effects of increasing concentrations of antibodies 1D7 and
4G3 on the proteolytic degradation of 1251-labeled lipolyzed VLDL-I
+ II, lipolyzed VLDL-III, and LDL. Data are percent of degradation
values measured without antibodies. The labeled lipoproteins were
incubated with upregulated (48 h) fibroblasts at 370C for 6 h in the
absence or presence of the indicated amounts of antibodies as de-
scribed in Methods. Triglyceride hydrolysis, 60-70%.
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Table VI. Cellular Binding, Association, and Degradation of Apo E-3/3 and Apo E-2/2 VLDL after Lipolysis in the Presence
of Apo E-3/3 or Apo E-2/2 HDLand LPDS

Binding Association Degradation

VLDL HDL/LPDS -apo E +apo E -apo E +apo E -apo E +apo E

ng apo B- I00/mg cell protein

apo E-3/3 apo E-3/3 Control 2 20 7 117 25 416
Lipolysis 24 39 77 158 322 572

apo E-2/2 Lipolysis 22 32 63 115 403 566

apo E-2/2 apo E-2/2 Control 0 15 4 56 Trace 317
Lipolysis 3 24 5 107 Trace 564

Data are means of duplicate dishes containing '25I-VLDL-II and incubated at 370C for 6 h. The difference between the duplicates was <10%.
Very similar results were obtained from VLDL-I + VLDL-II and VLDL-III preparations.

The results reported here are part of an attempt to elucidate
the determinants that are responsible for apo E-mediated cel-
lular metabolism of the triglyceride-rich lipoproteins VLDL
and IDL. The data clearly demonstrate that in agreement with
previous observations (28, 29) lipolysis results in a greatly en-
hanced uptake and degradation of VLDLby the LDL receptor
pathway. This effect is observed regardless of the source of lipo-
lytic activity, bovine milk lipoprotein lipase in vitro or endothe-
lial-bound lipases in the supradiaphragmatic rat. The ligand
responsible for the uptake and degradation of VLDLand their
remnants by cellular receptors, apo B- 100 or apo E, is not clear.
Previous studies suggested that apo B- 100 is involved with re-
ceptor interaction of heavy VLDL populations (30) and of li-
polyzed VLDL (29). Our data, however, clearly prove that apo
E is the ligand responsible for the stimulated uptake of lipo-
lyzed VLDLby the cell receptors with only a minor or moder-
ate contribution of apo B- 100. The difference between the pres-
ent and previous studies reflects perhaps unproportionally high
loss of apo E from VLDL in the latter, leaving predominantly
apo B-100 in the VLDL. The view that apo E is the major
apoprotein that directs VLDL and VLDL remnants to recep-
tors is supported by observations in patients with type III hyper-
lipidemia (31) and on the stimulation of VLDL-cell interaction
by exogenous apo E-3 (11-13).

The apo E in the postlipolysis VLDL particle may have
represented the molecules associated with the particles isolated
from plasma (endogenous apo E) or it could have been trans-
ferred from the HDL3 and/or LPDS present in the lipolysis
mixture and the cell culture medium. The results of the study
carried out with HDLand LPDS from an apo E-2/2 subject
prove unequivocally that the endogenous apo E present in the
VLDL is responsible for the stimulated uptake and degrada-
tion of the lipolyzed VLDL by the cells and that this process
cannot be due to enhanced transfer of apo E from the HDL3
and/or LPDS. We therefore must conclude that lipolysis
caused exposure of unreactive endogenous apo E molecules in
the VLDL particles themselves and that a change initiated by
the lipolytic process altered apo E-3 molecules already present
at the lipoprotein surface.

Similar to previous observations ( 11) it is found that addi-
tion of exogenous apo E-3 to the cell culture medium caused
enhancement of the metabolism of VLDL and lipolyzed

VLDL by the cells. In contrast to endogenous apo E-3, how-
ever, the increment metabolism induced by exogenous apo E-3
was almost identical for control and lipolyzed VLDL. In abso-
lute terms, exogenous apo E-3 increased VLDL-I, II, and III
degradation of the control-incubated preparations by 215, 464,
and 584 ng apo B/mg cell protein per 6 h, the corresponding
values for postlipolysis preparations were very similar, 323,
436, and 527 ng apo B/mg cell protein per 6 h, respectively
(derived from Table II). The basal degradation values are, how-
ever, very different and higher in postlipolysis preparations by
5-20-fold! The failure to induce a significantly higher meta-
bolic activity of lipolyzed VLDL by exogenous apo E-3 indi-
cates that unlike endogenous apo E, its biological expression
remains relatively unaffected by lipolysis. These considerations
raise the interesting possibility that endogenous and exogenous
apo E are not oriented similarly at the surface of triglyceride-
rich lipoproteins and that the exogenous apo E-3 is better (al-
though not fully [ 1 1, 12]) expressed in control VLDLbut is less
sensitive to lipolysis effects. Yet, the rate of association of apo E
with lipolyzed VLDL is possibly higher and explains the find-
ing that lower concentrations of exogenous apo E-3 are suffi-
cient for maximal stimulation of their cellular metabolism.
Whether apo E transferred from HDLto VLDLand chylomi-
crons behaves like the endogenous protein or the exogenous
molecule is not known.

The mechanism responsible for the induction of biological
expression of endogenous apo E by lipolysis is unclear. One
possibility is a conformational change of the protein that ex-
poses unreactive ligand-binding domains; another is deletion
of C apoproteins (a known consequence of lipolysis [24]) that
were shown to inhibit apo E-mediated interactions of lipopro-
teins with cellular receptors (32-34). If the latter possibility is
correct, however, we would have expected to find also a very
substantial effect on the behavior of exogenous apo E-3 mole-
cules. Noteworthy, in studies currently conducted by us it was
found that apo Chas a strong inhibitory effect on apo E-3-stim-
ulated cell metabolism of VLDL (submitted for publication).
Wetherefore suggest that the lipolysis process alters the confor-
mation of endogenous apo E molecules at lipoprotein surfaces
and that this change induces catabolism of the lipoproteins by
specific receptor-dependent pathways. A lipolysis-induced
conformation change has been previously demonstrated for
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Figure 5. Regulation by lipolysis of triglyceride transport, remnant
catabolism, and LDL formation along the VLDL -- IDL -- LDL
cascade. In intact VLDL, both apo B and apo E are nonreactive and
their receptor-binding domains (solid bars) are oriented away from
the water phase. These particles therefore will interact predominantly
with lipoprotein lipase. As lipolysis progresses, the ligand-binding
domain of apo E in VLDL becomes exposed, apo C molecules are
removed, and the lipoprotein enters a remnant removal process that
determines the number of particles that are converted to LDL. Expo-
sure of the receptor-binding domain of apo B occurs later in the cas-
cade and a reactive apo B is the only receptor-binding ligand in LDL.

apo B- 100 (29). It is possible that the conformation of both apo
B-l00 and apo E is altered by the lipolysis process but only the
latter results in a substantially increased affinity toward cell
receptors, whereas the change of apo B-I00 has only a minimal
or moderate affect on the receptor-binding domain of the pro-
tein.

The experiments described in this report suggest a novel
mechanism that regulates VLDL metabolism and metabolic
fate along the VLDL -- IDL -- LDL cascade (Fig. 5). The
intact particle contains apo B, apo C, and apo E molecules.
However, both apo B and apo E are oriented such that their
receptor-binding domains are unreactive. Apo C, especially C-
II in contrast, is reactive and therefore the particles avidly inter-
act with lipoprotein lipases in extrahepatic tissues and trans-
port triglycerides to the tissue. As lipolysis progresses the orien-
tation of endogenous apo E molecules is changed and their
unreactive receptor-binding domains become exposed. Yet,
the orientation of apo B does not change, or if changed (29)
does not expose its receptor-binding domain. This exposure of
unreactive domains in apo E together with loss of apo C mole-
cules directs the particles to catabolic, receptor-dependent
sites. Our data suggest that this process may occur gradually in
relation to the degree of lipolysis. Although our experiments
examined predominantly the interaction of the VLDL with
LDL receptors in fibroblasts it is tempting to speculate that
lipolysis would influence similarly VLDL catabolism by other
apo E-specific receptors, for example the LDL receptor-re-
lated protein in liver (35). If that indeed occurs in vivo, then the
mechanism proposed above would regulate both triglyceride
transport and remnant removal processes and determine the
number of LDL particles formed by the apo B- 100 cascade.
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