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Abstract
Apolipoprotein E (apoE) is the primary recognition signal on triglyceride-rich lipoproteins
responsible for interacting with low density lipoprotein (LDL) receptors and LDL receptor-related
protein (LRP). It has been shown that lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL)
promote receptor-mediated uptake and degradation of very low density lipoproteins (VLDL) and
remnant particles, possibly by directly binding to lipoprotein receptors. In this study we have
investigated the requirement for apoE in lipase-stimulated VLDL degradation. We compared binding
and degradation of normal and apoE-depleted human VLDL and apoE knockout mouse VLDL in
human foreskin fibroblasts. Surface binding at 37°C of apoE knockout VLDL was greater than that
of normal VLDL by 3-and 40-fold, respectively, in the presence of LPL and HTGL. In spite of the
greater stimulation of surface binding, lipase-stimulated degradation of apoE knockout mouse VLDL
was significantly lower than that of normal VLDL (30, 30, and 80%, respectively, for control, LPL,
and HTGL treatments). In the presence of LPL and HTGL, surface binding of apoE-depleted human
VLDL was, respectively, 40 and 200% of normal VLDL whereas degradation was, respectively, 25
and 50% of normal VLDL. LPL and HTGL stimulated degradation of normal VLDL in a dose-
dependent manner and by a LDL receptor-mediated pathway. Maximum stimulation (4-fold) was
seen in the presence LPL (1 µg/ml) or HTGL (3 µg/ml) in lovastatin-treated cells. On the other hand,
degradation of apoE-depleted VLDL was not significantly increased by the presence of lipases even
in lovastatin-treated cells. Surface binding of apoE-depleted VLDL to metabolically inactive cells
at 4°C was higher in control and HTGL-treated cells, but unchanged in the presence of LPL.
Degradation of prebound apoE-depleted VLDL was only 35% as efficient as that of normal VLDL.
Surface binding of apoE knockout or apoE-depleted VLDL was to heparin sulfate proteoglycans
because it was completely abolished by heparinase treatment. However, apoE appears to be a primary
determinant for receptor-mediated VLDL degradation.
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It is well known that apolipoprotein E (apoE) is a high affinity ligand for all members of the
low density lipoprotein (LDL) receptor family (1,2). Early work by Mahley and associates
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(3,4) demonstrated that the affinity of apoE-containing phospholipid disks for LDL receptors
was enhanced exponentially by increasing their apoE content. Chemical cross-linking
experiments have established that LDL receptor-related protein (LRP) recognizes the apoE
component on very low density lipoproteins (VLDL) and remnant particles (5,6). Takahashi
et al. (7) discovered the VLDL receptor as an apoE-specific member of the LDL receptor
family. Lipoprotein binding to the VLDL receptor was enhanced by supplementation with
exogenous apoE (8). Type III hyperlipoproteinemia, characterized by a marked elevation in
plasma β-VLDL concentration, results from homozygosity for apoE isoforms that are receptor
binding defective (9,10). Chylomicron remnants, VLDL, and intermediate density lipoprotein
particles accumulate in apoE knockout mice, resulting in hypercholesterolemia (11,12).
Adenovirus-mediated replacement of apoE in these mice corrects thelipoprotein profile (13).
Thus there is ample evidence indicating that apoE promotes receptor-mediated lipoprotein
catabolism.

The binding and degradation of VLDL and remnant particles by lipoprotein receptors are
enhanced several-fold by lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL) (6,
14–21). Several investigators have shown that this stimulatory effect of lipases is independent
of lipolytic activity. The effect of LPL may at least partially be mediated by the ability of LPL
to directly bind to LRP and LDL receptors (15,22). LPL is internalized and degraded in cultured
cells by LDL- as well as LRP-mediated pathways and in cell-free assays it binds purified LRP
in a dose-dependent manner (23,24). We have shown that LPL binds to LDL receptors as well,
albeit with a much lower affinity (15). Strickland and associates (19) demonstrated that HTGL
directly binds to LRP, and in HepG2 cells, it is internalized and degraded by LRP. Although
LDL receptors have been implicated in HTGL-promoted degradation of VLDL particles, the
direct binding of HTGL to LDL receptors has not yet been demonstrated (18).

While apoE undoubtedly facilitates lipoprotein uptake and degradation independent of lipases,
it is not clear whether lipase-stimulated lipoprotein degradation requires the presence of apoE.
As it has been demonstrated that LPL can directly bind to lipoprotein receptors, it is possible
that LPL-VLDL complexes undergo receptor-mediated but apoE-independent internalization
and degradation. In this study we have investigated the requirement for apoE in lipase-
stimulated degradation of VLDL particles. The studies were performed with normal human
skin fibroblasts with basal or upregulated LDL receptors. These cells do not synthesize or
secrete apoE. ApoE-deficient VLDL was isolated from apoE knockout mice. We also isolated
apoE-lacking particles from normal human VLDL by heparin-Sepharose chromatography.
Results presented here suggest that apoE was not required for lipase-promoted cell surface
binding of VLDL, a large component of which was mediated by heparan sulfate proteoglycans
(HSPG). However, even in the presence of lipases, degradation of VLDL particles was
inefficient in the absence of apoE.

MATERIALS AND METHODS
Materials

LDL (d = 1.02 to 1.05 g/ml), HDL (d = 1.05 to 1.25 g/ml), and VLDL (d < 1.006 g/ml) particles
were isolated by ultracentrifugation of plasma from fasted normolipidemic human subjects
with the most common apoE phenotype (E3/3). VLDL were further fractionated by sequential
ultracentrifugal flotation to isolate particles with Sf 20–400. Bovine milk LPL was isolated by
heparin-Sepharose chromatography as described previously (25). Recombinant human HTGL
was produced in Chinese hamster ovary cells and purified from the culture medium (26).
Intralipid emulsion (10%) was obtained from the University of Iowa hospital pharmacy.
Heparinase was purchased from Sigma (St. Louis, MO). Heparin-Sepharose Fast Flow 6B was
from Pharmacia (Uppsala, Sweden). Polyclonal antibody specific against apoCs (IgG Rb23)
was developed in rabbits using human apoC-I isolated from VLDL as an antigen. Monoclonal
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antibodies against apoB-100 (IgG 4G3) and apoE (IgG 1D7) were a gift from R. Milne (Clinical
Research Institute of Montreal, Quebec, Canada). Recombinant adenoviral vectors for human
LPL (huLPL) and LacZ were produced by cotransfection of 293 cells with pJM17 and the
adenovirus shuttle plasmid pAdRSV containing the gene of interest under the control of the
Rous sarcoma virus (RSV) promoter. Wild-type C57BL/6 and apoE knockout mice were
obtained from Jackson Laboratory (Bar Harbor, ME).

Preparation of protein-free triglyceride emulsions
Protein-free particles with Sf 100–400 were isolated from a 10% Intralipid emulsion (Travenol)
by ultracentrifugal flotation, and their triglyceride content was estimated by the GPO-Trinder
calorimetric assay (Sigma). They were labeled with [3H]cholesteryl oleyl ether, a
nondegradable marker of cellular uptake (17). A glass tube containing 0.5 ml of modified
Eagle’s medium, bovine serum albumin (BSA, 4 mg/ml), and 35 µCi of [3H]cholesteryl oleyl
ether (Amersham, Arlington Heights, IL) was sonicated for 10 min at room temperature.
Intralipid particles with Sf 100–400 containing 3–4 mg of triglycerides were added, and the
mixture was incubated at 37°C for 20 min and then returned to room temperature. This
treatment resulted in the incorporation of [3H]cholesteryl oleyl ether in the emulsion. The
tritiated lipid emulsions were stored at 4°C overnight before use.

Isolation of apoE-deficient VLDL from mouse plasma
ApoE-free VLDL was isolated from apoE knockout mouse plasma (11,12). Briefly, apoE
knockout mice aged 5 to 10 months were fasted for 16–20 h prior to collecting blood by cardiac
puncture. After separating blood cells, the plasma from 5 to 10 mice was pooled and centrifuged
at 38,000 rpm for 18 h, allowing the VLDL fraction to float to the top of the tube. This was
removed and salted to a density of 1.065 with NaCl. The VLDL was then subjected to sequential
ultracentrifugal flotation as described earlier to isolate the Sf > 400 and Sf 20–400 subfractions.
The Sf 20–400 fraction was characterized for apoprotein composition by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and was found to contain apoB and
apoCs. The apoB band was separated on a 5% gel to reveal predominantly apoB-48 and some
apoB-100. Using the same protocol, we also isolated Sf 20–400 particles from the plasma of
wild-type C57BL/6 mice. However, as normal mice do not accumulate VLDL particles the
yield was low and not enough to iodinate.

Preparation of normal and apoE-depleted human VLDL
Human VLDL particles with Sf 20–400 were isolated as described previously by
ultracentrifugation of plasma from fasted normolipidemic human subjects with the most
common apoE phenotype (E3/3). We isolated apoE-lacking particles from human VLDL by
affinity chromatography on a heparin-Sepharose column as described previously (27). Briefly,
normal human VLDL (Sf 20–400) particles were adsorbed to 20 ml of heparin-Sepharose
(Pharmacia) at 4°C for 16 h in buffer containing 0.05 M NaCl, 5 mM Tris-HCl (pH 7.4), and
25 mM MnCl2 with constant gentle mixing. The Sepharose was then packed into a 2.5-cm-
wide column and eluted into five subfractions designated as fractions 1 to 5, respectively, using
buffer containing 0.05, 0.12, 0.2, 0.5, and 2 M NaCl. It has been shown that isolated VLDL
particles are intact after isolation by this procedure (27). Western blotting with polyclonal
antibodies against apoB-100, apoE, and apoCs identified the apolipoprotein content of each
fraction. In our separation, apoE was not detected in pools 1 and 2 eluted with 0.05 and 0.12
M NaCl. Only negligible amounts of apoE were present in pool 3 eluted with 0.2 M NaCl (Fig.
4A). However both apoB-100 and apoCs were present in all pools. Pools 1, 2, and 3 were mixed
and designated as apoE-depleted VLDL particles and the apolipoprotein content was verified
by Western blotting (Fig. 4B). We were able to obtain ~250 µg of apoE-depleted VLDL from
10 mg of starting material.
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Iodination of VLDL
Lipoprotein particles including normal and apoE-depleted human VLDL particles and apoE-
deficient mouse VLDL were iodinated to specific activities of 300–500 cpm/ng by the
iodinemonochloride method (28). SDS-PAGE of iodinated VLDL particles showed that for
all species of VLDL the majority of the label was on the apoB component. Even in apoE-
containing particles, the label on apoE was insignificant (data not shown).

Cell-binding assays
Normal human foreskin fibroblasts cells were cultured as described (15,18). LDL receptors
were upregulated by incubation prior to the assay for 48 h with medium containing lipoprotein-
deficient serum (LPDS, 2 mg/ml), the final 24 h of which was in the presence of lovastatin (1
µg/ml) (29,30). In control cells (–lovastatin) LDL receptors were downregulated because the
incubation medium was supplemented with lipoprotein-containing fetal bovine serum. The
cells were washed twice with N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES)/
saline/BSA buffer [5 mM HEPES (pH 7.4), 5 mM MgSO4, 0.18 mM CaCl2, 0.54 mM KCl,
13.7 mM NaCl, fatty acid-free BSA (4 mg/ml)]. Surface binding to metabolically inactive cells
was studied after incubating cells with 125I-labeled ligands for 3 h at 4°C as previously
described (15,18). Steady state sur face binding and ligand degradation were measured after
incubating cells with radiolabeled ligands at 37°C for 5 h (15,18). At the end of the incubation
the culture medium was removed and adjusted to 15% trichloroacetic acid and protein at 5 mg/
ml (BSA or LPDS). The soluble fraction was extracted with chloroform to remove lipid-
associated radioactivity. Degradation was defined as the trichloroacetic acid-soluble
radioactivity in the incubation medium that was not extracted with chloroform. The cell
monolayers were washed three times with HEPES/saline/BSA buffer followed by two washes
with PBS. They were then incubated in buffer containing tripolyphosphate (10 mg/ml). Sur
face binding and internalization were defined, respectively, as radioactivity released and
remaining cell-associated after incubating cells at 4°C for 1 h in the tripolyphosphate buffer
(31). For surface binding at 4°C, tripolyphosphate dissociated more than 90% of radioactivity
from the cells. It is expected that tripolyphosphate displaces ligand from receptor as well as
HSPG sites. Nonspecific binding was also determined with a 70-fold excess of unlabeled
VLDL and, as with tripolyphosphate displacement, was found to be less than 10%. The cells
were solubilized in buffer containing 0.1% SDS. Total cellular protein for each well was
determined by the Lowry assay (32) and varied by less than 15% within each experiment. Wells
treated with lovastatin or LPDS contained ~60% of the protein amounts present in untreated
wells. Thus, results are corrected for protein per well. All experiments were repeated at least
three times with similar results. Each figure represents data using the same batch of cells and
radioligand. Error bars represent standard deviation from triplicate determinations. Statistical
significance is specified in the figure legends. Variability between experiments is inherent to
the nature of the cell line as reported by Goldstein et al. (30).

Clearance of 125I-labeled VLDL from mouse plasma
Wild-type C57BL/6 or apoE knockout mice were injected through the tail vein with ~3 ×
1011 particles of recombinant adenovirus encoding either huLPL (AdLPL) or LacZ (AdLacZ)
under the control of the RSV promoter. Hepatocytes were isolated by collagenase perfusion
of the liver from one mouse of each group. Expression of viral proteins was confirmed in control
mice by staining hepatocytes isolated from AdLacZ-injected mice for β-galactosidase. Human
LPL protein was identified in the culture medium of hepatocytes isolated from mice injected
with AdLPL (data not shown). For clearance studies, 4 days after infection, the mice were
injected with apoE knockout mouse 125I-labeled VLDL (1 × 106 cpm) via the femoral vein.
At various times after the injection blood was collected via a tail clip into heparinized capillary
tubes. The tail tip was held tightly between collections to prevent bleeding. The plasma was
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separated by centrifugation and the radioactivity in 10 µl of sample was determined. The results
are presented as a percentage of the radioactivity present in the 1-min sample, which was
approximately 2,000 cpm.

RESULTS
We have used normal foreskin fibroblasts for all our studies. These cells do not synthesize
apoE but express both LDL receptors and LRP. The LDL receptor levels can be upregulated
by maintaining cells in LPDS and by treatment with lovastatin, an inhibitor of endogenous
cholesterol biosynthesis (30). Conversely, LDL receptors can be downregulated by
supplementing the cell culture medium with cholesterol-containing serum. LRP or VLDL
receptor expression is not regulated by treatment with lovastatin or sterols (15,33). Thus, we
and others have frequently used lovastatin treatment to identify a role for LDL receptors in
lipoprotein binding and degradation. It has been shown that binding of normal VLDL to LDL
receptors is mediated by apoE (2,3,31). Lipoproteins enriched with exogenously added apoE
can also bind to LRP (5,34,35). We and others have shown previously that LPL and HTGL
enhance the LDL receptor-mediated binding and degradation of lipoprotein particles (15,16,
18,36,37). However, the role of apoE in this lipase-mediated process in not clear. Here, we
have investigated the requirement of apoE in lipase-mediated VLDL catabolism.

LPL and HTGL enhance binding and internalization of protein-free Intralipid emulsions
To study the contribution of apoE in lipase-mediated lipoprotein binding and endocytosis, we
determined whether LPL and HTGL promote the binding and internalization of apoprotein-
free triglyceride/phospholipid emulsion particles (Intralipid). Intralipid was subjected to
ultracentrifugal floatation to isolate particles with Sf 100–400. This fraction was labeled with
tritiated nondegradable cholesteryl oleyl ether to monitor binding and internalization at 37°C.
However, because the radiotag is nondegradable, these particles could not be used to measure
degradation. As shown in Fig. 1, in the absence of lipases, normal fibroblasts with upregulated
LDL receptors showed negligible amounts of cell surface binding and internalization of
Intralipid emulsion. The presence of either LPL or HTGL dramatically increased the binding
and internalization of these particles. LPL and HTGL stimulated binding by 8- and 30-fold,
respectively, and internalization by 150- and 75-fold, respectively. Because the emulsions are
apolipoprotein free, it appears that neither apoE nor other apolipoproteins are required for the
surface binding- and endocytosis-promoting functions of lipases. Interestingly, the effect of
HTGL on surface binding was greater than that of LPL. On the other hand, internalization was
higher in the presence of LPL. It is believed that receptor-mediated endocytosis is more
efficient than a receptor-independent internalization pathway (16). We have shown earlier that
LPL can directly bind to LDL receptors; the direct binding of HTGL with LDL receptors has
not yet been demonstrated (15,18). In earlier reports we have demonstrated that internalization
of Intralipid in the presence of LPL is partially mediated by LDL receptors (15) whereas HTGL-
mediated internalization is dependent on HSPG (18).

ApoE-deficient VLDL shows greater surface binding but reduced degradation
Receptor-mediated endocytosis generally leads to rapid lysosomal degradation. Therefore, we
next studied the role of apoE in lipase-stimulated VLDL degradation. To obtain apoE-deficient
VLDL particles, we isolated plasma VLDL from apoE knockout mice. The data in Fig. 2
compare binding and degradation of normal human VLDL and apoE knockout mouse VLDL.
We found that, in the presence of lipases, surface binding at 37°C of apoE knockout VLDL
was significantly higher than that of normal VLDL (Fig. 2A and C). This was particularly
striking in the presence of HTGL. LPL and HTGL stimulated surface binding of apoE-deficient
mouse VLDL at 37°C by 20- and 100-fold, respectively, compared with a 2- and 1.5-fold
stimulation of normal VLDL. Surface binding of apoE knockout VLDL was greater than that
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of normal VLDL by 3- and 40-fold, respectively, in the presence of LPL and HTGL. The level
of surface binding was not dependent on LDL receptor expression as evidenced by the virtually
identical binding in lovastatin-treated (Fig. 2A) and -untreated cells (Fig. 2C). On the other
hand, degradation was dependent on LDL receptor expression because it was higher in
lovastatin-treated cells (Fig. 2B) versus basal cells (Fig. 2D). The most interesting observation
was that degradation of apoE-deficient VLDL was lower than that of normal VLDL in spite
of the surface binding being so high. Degradation of apoE knockout mouse VLDL was only
30, 30, and 80% that of normal VLDL for control, LPL, and HTGL treatments, respectively.
These data led us to hypothesize that in the absence of apoE, LDL receptor-independent surface
binding is increased but degradation, which is receptor dependent, is inefficient. Thus apoE
may facilitate degradation. In fact, the observed increase in surface binding of apoE-deficient
VLDL may be from an inability of the bound ligand to be degraded in the absence of apoE.

It is clear from Fig. 2 that upregulation of LDL receptors did not influence surface binding at
37°C but increased degradation of both normal and apoE-deficient VLDL. This observation
supports the idea that cell surface HSPG may be the initial binding site responsible for
sequestration of VLDL particles and that this process may be LDL receptor and apoE
independent (1). The subsequent degradation may be LDL receptor mediated. Lovastatin
treatment increased lipase-stimulated degradation by about 4-fold for normal VLDL but by
less than 2-fold for apoE knockout VLDL. The substantially smaller increase increase in apoE
knockout VLDL degradation (compared with normal VLDL) on upregulation of LDL receptors
suggests that even though some degradation of apoE knockout VLDL may proceed by an LDL
receptor-dependent mechanism in the presence of lipases, apoE greatly enhances receptor-
mediated degradation.

Cell surface heparin sulfate proteoglycans mediate binding and degradation of apoE-
deficient VLDL

In addition to a receptor-mediated pathway, endocytosis and degradation may also proceed via
HSPG. To determine the contribution of HSPG in binding and degradation of apoE-deficient
VLDL, we preincubated cells with heparinase prior to the binding assay. Heparinase is known
to digest cell surface HSPG (38). In addition, ligand binding to HSPG sites was competitively
inhibited by the presence of heparin at 100 µg/ml. At this low concentration heparin competes
with VLDL binding to HSPGs. Displacement of LDL receptor-bound VLDL requires heparin
at a concentration of 10 mg/ml (30). As shown in Fig. 3, heparinase/heparin treatment
completely abolished lipase-promoted binding and degradation of apoE-deficient VLDL (Fig.
3C and D). On the other hand, heparinase treatment had no effect on surface binding of normal
VLDL in the presence of HTGL and it reduced LPL-stimulated binding to 16% (Fig. 3A). Even
so, definite lipase-dependent and HSPG-independent binding was evident for normal VLDL
but not for apoE knockout VLDL (hatched bars, Fig. 3A and C). Control or lipase-stimulated
degradation of normal VLDL was not significantly affected by heparinase treatment (Fig. 3B)
whereas degradation of apoE-deficient VLDL was relatively minuscule even in the absence of
heparinase and presence of lipases (open bars, Fig. 3D). This experiment suggests that the
presence of apoE allows direct binding of lipase-VLDL complexes to non-HSPG sites,
probably LDL receptors, resulting in VLDL degradation. On the other hand, in the absence of
apoE, even lipase-promoted binding is almost completely to HSPG, leading to negligible
amounts of degradation.

Preparation and characterization of apoE-depleted human VLDL
In the experiments described thus far, we have compared the binding characteristics of normal
human VLDL and apoE knockout mouse VLDL. We investigated whether the differences in
binding/degradation may be due to differences in human versus mouse VLDL composition.
As has been described earlier (11,12), we found that mouse VLDL particles consist
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predominantly of apoB-48 rather than apoB-100. However, we have shown earlier that 75 to
90% of VLDL binding to LDL receptors is mediated by apoE and is independent of apoB-100
(31). The composition of the core lipids in the two species may also be different. We determined
the cholesterol and triglyceride content of apoE knockout mouse VLDL and normal human
VLDL. Although their cholesterol concentrations were comparable (human VLDL: 2.57 ± 0.3
mmol/g protein vs. mouse VLDL: 2.83 ± 0.22 mmol/g protein, n = 6), apoE knockout mouse
VLDL was much more cholesterol-rich (human VLDL: 2.92 ± 0.21 mmol/g protein vs. mouse
VLDL: 26.3 ± 1.05 mmol/g protein, n = 6). To ascertain that the observed differences were
not due to species-specific variations in the composition of human and mouse VLDL but a
function of apoE, we isolated a fraction of apoE-depleted human VLDL. For this we used a
procedure published by Trezzi et al. (27). The method involves separation of VLDL particles
into different subfractions on the basis of their affinity for heparin-Sepharose. Because apoE
has a strong affinity for heparin, higher salt concentrations are required to dissociate apoE-rich
particles from a heparin-Sepharose column whereas apoE-lacking particles elute at lower
concentrations of NaCl. Figure 4A is a Western blot analysis showing apolipoprotein
composition of the starting material loaded on a heparin-Sepharose column and the subfractions
(pools 1 to 5) eluted with increasing salt concentrations. The presence of apoB-100, apoE, and
apoCs in each sample was determined using, respectively, IgG 4G3, IgG 1D7, and IgG Rb23.
The starting material was normal human VLDL with Sf 20–400 and pools 1 to 5 were eluted
sequentially with 0.05, 0.12, 0.2, 0.5, and 2 M NaCl, respectively. Pool 4 was the most protein-
rich fraction. This pool was diluted 100-fold prior to loading on the gel. Ten microliters of each
sample was loaded. As shown in Fig. 4A, the starting material contained apoB-100, apoE, and
apoCs. In pools 1 and 2 there was no detectable apoE whereas in pool 3 there were negligible
amounts of apoE, relative to the abundant amounts of apoB-100 and apoCs. Pools 4 and 5
contained significant amounts of apoE. Pool 1 (68 µg of protein), pool 2 (53 µg of protein),
and pool 3 (142 µg of protein) were combined and the mixture was designated as apoE-depleted
human VLDL. Figure 4B compares the lipoprotein composition of the starting material (Sf 20–
400) and apoE-depleted VLDL. Although the concentrations of apoB and apoCs in the two
VLDL are comparable, apoE-depleted VLDL is completely lacking in apoE, because it was
not detected even after prolonged exposure of the blot. We also ascertained the absence of
apoE in the preparation by silver staining. Further analysis to separate apoB-100 and apoB-48
showed that while normal human VLDL contains mostly apoB-100, apoE-depleted VLDL has
a roughly equal distribution of the two apoBs (Fig. 4C). Trezzi et al. have shown that the VLDL
particles are intact after isolation. They determined that particle size as well as triglyceride
content decrease whereas the protein content increases from fraction 1 to fraction 5. The
cholesterol (3.55 ± 0.12 mmol/g protein, n = 6) and triglyceride (3.33 ± 0.08 mmol/g protein,
n = 6) content of apoE-depleted VLDL was similar to that of normal human VLDL (Table 1)
with a cholesterol-to-triglyceride ratio of 1.07 (compared with 1.13 for normal human VLDL).

ApoE is required for lipase-promoted VLDL degradation
In subsequent experiments we have compared the binding properties of normal and apoE-
depleted human VLDL. Figure 5 shows surface binding and degradation of normal and apoE-
depleted human VLDL by basal and lovastatin-treated fibroblasts. The results obtained for
apoE-depleted human VLDL (Fig. 5) were generally similar to those obtained with apoE
knockout mouse VLDL (Fig. 2). In lovastatin-treated cells, in the presence of LPL and HTGL,
surface binding of apoE-depleted human VLDL was, respectively, 40 and 200% of normal
VLDL (Fig. 5A). Surface binding was not to LDL receptors because it was not increased by
lovastatin treatment. Similar to results in Fig. 3, a majority of surface binding of apoE-depleted
VLDL was mediated by HSPG (data not shown). Surface binding of apoE-depleted VLDL was
higher than that of normal VLDL in the presence or absence of HTGL in both basal (Fig. 5C)
and lovastatin-treated (Fig. 5A) normal fibroblasts. However, in the presence of LPL, binding
of normal VLDL was greater than that of apoE-depleted VLDL (Fig. 5A and C). The reason
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for this difference between the two lipases is not clear. Degradation of apoE-depleted VLDL
was significantly lower than that of normal VLDL in spite of the presence of lipases (Fig. 5B
and D). In fibroblasts with upregulated LDL receptors, degradation in the absence of lipases
was similar for normal and apoE-depleted VLDL (Fig. 5B), in spite of much higher surface
binding of the latter. In the presence of LPL and HTGL, degradation of apoE-depleted VLDL
was, respectively, 25 and 50% of normal VLDL (Fig. 5B). LPL and HTGL increased
degradation of normal VLDL by 7.5-and 4-fold, respectively, whereas degradation of apoE-
depleted VLDL was increased by less than 2-fold each. When LDL receptors were not induced,
degradation of apoE-depleted VLDL was totally absent (Fig. 5D). This result suggests that in
lovastatin-treated fibroblasts, apoE-depleted VLDL undergoes LDL receptor-mediated
degradation either via apoB-100, a known ligand for LDL receptors, or via small amounts of
apoE that may be present but were not detected by Western blot analysis. However, the
degradation of apoE-depleted VLDL is small and is not significantly induced by lipases. This
experiment reinforces the hypothesis that apoE is required for lipase-promoted VLDL
degradation by the LDL receptor pathway.

We further investigated the cooperation between lipases and apoE in LDL receptor-mediated
VLDL degradation (Fig. 6). Here we compared the degradation of normal and apoE-depleted
VLDL in the presence of increasing concentrations of LPL (Fig. 6A) or HTGL (Fig. 6B) by
basal or lovastatin-treated fibroblasts. As expected, degradation of normal VLDL (closed
symbols) was stimulated by LPL and HTGL in a dose-dependent manner. Maximum
stimulation was seen in lovastatin-treated cells in the presence of LPL (1 µg/ml) (~8-fold
stimulation) or HTGL (3 µg/ml) (4-fold stimulation). The increase was also evident in cells
without LDL receptor upregulation, albeit it was only 25% or lower than in upregulated cells.
The dose-response curves for degradation of apoE-depleted VLDL were relatively flat, with
maximum degradation being only a fourth of that of normal VLDL. Although degradation of
apoE-depleted VLDL was higher in lovastatin-treated cells, it was clearly not a lipase-
dependent increase. Thus, in the absence of apoE, neither LPL nor HTGL substantially promote
VLDL degradation.

Depletion of apoE inhibits degradation of surface-bound VLDL
We compared cell surface binding of normal and apoE-depleted VLDL to metabolically
inactive cells at 4°C (Fig. 7A). Similar to observations at 37°C, surface binding of apoE-
depleted VLDL at 4°C was significantly higher than that of normal VLDL; 6.5- and 4-fold,
respectively, in the absence and presence of HTGL. However, there was no difference in
surface binding of normal and apoE-depleted VLDL in the presence of LPL. As shown in Fig.
3 for apoE-deficient mouse VLDL, HSPG play a major role in surface binding of apoE-depleted
human VLDL as well (data not shown). Here we investigated whether HSPG-bound apoE-
depleted VLDL was efficiently internalized and degraded by cells with upregulated LDL
receptors. Cells with surface-bound ligand were transferred to 37°C and the kinetics of
degradation were monitored (Fig. 7B). For consistency between conditions, results are
expressed as a percentage of cell-associated ligand and are averages of duplicate
determinations. When presented in this manner, degradation time course curves in the presence
and absence of lipases were overlapping. The efficiency of degradation was three times lower
for apoE-depleted VLDL than for normal VLDL irrespective of the presence or absence of
lipases. By 3 h degradation of normal VLDL had leveled off and 15% of cell-associated ligand
had degraded. Only 5% of cell-associated apoE-depleted VLDL was degraded in that time.
Thus even in the presence of LPL and HTGL, which may bind directly to LDL receptors,
surface binding of apoE-depleted VLDL was normal or high but degradation was significantly
inhibited. This experiment clearly indicates that degradation of apoE-depleted VLDL proceeds
by a mechanism much slower than LDL receptor-mediated degradation of normal VLDL.
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In vivo clearance of apoE-deficient mouse VLDL is augmented in the presence of
endogenous apoE

We next studied the in vivo effect of lipase overexpression on clearance of apoE knockout
mouse VLDL from the plasma. We injected wild-type C57BL/6 mice and apoE knockout mice
with LPL-expressing adenovirus (AdLPL) or a control virus expressing LacZ (AdLacZ).
Adenovirus-mediated gene expression was driven by the RSV promoter and is targeted to the
liver (39). From control mice we isolated hepatocytes 4 days after injection of AdLacZ and
ascertained expression of adenoviral gene by staining cells for β-galactosidase (39) (data not
shown). Similarly, hepatocytes isolated from AdLPL-injected mice secreted human LPL in the
culture medium as determined by immunoprecipitation and Western blotting (data not shown).
As expected, we were not able to detect the presence of human LPL in the plasma of AdLPL-
injected mice, suggesting that the level of LPL expression was low and the secreted LPL
remained anchored to sinusoidal endothelial cells.

We compared binding and degradation of human VLDL and apoE knockout mouse VLDL by
hepatocytes isolated from apoE knockout mice 4 days after injection with AdLPL or AdlacZ
(Fig. 8A). Hepatocytes isolated by collagenase perfusion of the livers were plated onto Primaria
plates (Falcon; Becton Dickinson Labware, Lincoln Park, NJ) and assayed 24 h later.
Hepatocytes from AdLPL-injected mice bound and degraded, respectively, four and seven
times more normal human VLDL than did hepatocytes from AdlacZ-injected mice (Fig. 8A).
These results confirmed the expression of huLPL in AdLPL-infected mice. Contrary to normal
VLDL, binding and degradation of apoE knockout mouse VLDL were nonexistent in both
AdLPL- and AdlacZ-injected mice (Fig. 8A). The absence of cell surface binding is different
from the results obtained in skin fibroblasts, but may be a function of the different cell type.

We next studied the kinetics of clearance of 125I-labeled labeled apoE knockout mouse VLDL
injected into the femoral vein of these mice (4 days after injection of adenovirus). We found
that apoE knockout mouse VLDL clearance was a little more rapid in AdLPL-injected mice
than in AdlacZ-injected mice. However, in both groups clearance was slow, with more than
75% still remaining in the plasma 1 h after injection (Fig. 8B). Thus, moderate overexpression
of LPL did not significantly improve clearance of VLDL in the complete absence of apoE. On
the other hand, when injected in wild-type C57BL/6 mice, the removal of apoE-deficient mouse
VLDL was relatively rapid, with 50% being cleared by 30 min and only about 35% still
circulating after 1 h (Fig. 8B). The rates of clearance were identical in AdLPL- and AdLacZ-
injected wild-type mice. This result supports the secretion-recapture mechanism for apoE
function. Accordingly, endogenous apoE secreted by wild-type liver cells may be incorporated
into injected apoE-deficient VLDL, thereby modifying the particles into a high affinity ligand
for hepatic lipoprotein receptors (40,41). On the other hand, in apoE knockout mice, clearance
of injected apoE-deficient VLDL remains impaired because of the lack of hepatic apoE.

Lipases do not significantly stimulate degradation of apoE-poor LDL and HDL particles
The apoE content of the different lipoproteins varies widely. Normal VLDL particles are apoE
rich whereas LDL and HDL particles are apoE poor. We compared the stimulatory effect of
LPL and HTGL on degradation of these three classes of lipoproteins. In the presence of LPL
and HTGL, degradation of VLDL particles by upregulated fibroblasts was stimulated 12- and
7-fold, respectively (Fig. 9). However, both LPL and HTGL failed to significantly stimulate
degradation of LDL and HDL. VLDL is considered a better substrate for LPL than LDL and
HDL (42) and that may partly explain the higher stimulation of VLDL degradation by LPL.
However, HTGL also failed to stimulate LDL and HDL degradation in spite of these smaller
lipoproteins being good substrates of HTGL (43). This may be due to the low apoE content of
LDL and HDL, supporting an essential role for apoE in lipase-stimulated receptor-mediated
lipoprotein degradation.
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DISCUSSION
ApoE is a 34-kDa protein constituent of triglyceride-rich plasma lipoproteins (2,44) and a high
affinity ligand for LDL receptors and LRP (1,45). ApoE plays a pivotal role in facilitating the
rapid clearance of remnant particles by the liver. Binding studies have demonstrated that apoE
promotes receptor-mediated lipoprotein uptake and accumulation of cholesteryl esters by
cultured cells (5,35,46). ApoE is believed to assist remnant clearance in vivo by a “secretion-
recapture” mechanism (40,41). ApoE is secreted by hepatocytes into the space of Disse, where
it is thought to remain anchored to hepatocyte cell surface proteoglycans. The secreted apoE
is integrated into lipoproteins, increasing their affinity for and recapture by hepatic lipoprotein
receptors. Of the three common apoE isoforms, apoE2 demonstrates impaired binding to
lipoprotein receptors (47). The apoE2/2 phenotype predisposes to type III
hyperlipoproteinemia and may be associated with remnant accumulation (48).

LPL and HTGL are equally important for normal remnant catabolism (43,49–51). Humans
lacking LPL or its activator, apoC-II, develop massive hypertriglyceridemia due to the
accumulation of both chylomicrons and large VLDL (52,53). Familial HTGL deficiency results
in typical type III hyperlipoproteinemia with impaired clearance of chylomicron remnants
(54). Lipases regulate lipoprotein catabolism by two mechanisms, as lipolytic enzymes and as
ligands for lipoprotein receptors (49–51). Felts, Itakura, and Crane (55) first suggested that by
associating with remnant particles, LPL may provide the recognition signal for uptake by
hepatic receptors. It has now been demonstrated that LPL directly binds to all members of the
LDL receptor family (1 and references therein). HTGL is known to directly bind LRP, and we
have demonstrated that it promotes VLDL catabolism by LDL receptors as well (18,19). But
it is not clear whether HTGL is a ligand for LDL receptors. In cultured cells LPL and HTGL
stimulate receptor-mediated uptake and degradation of chylomicron remnants and VLDL
particles independently of lipolytic activity (15,18,20,22,56). Although not necessary, lipolysis
clearly stimulates lipoprotein catabolism even further (1 and references therein). It has been
suggested that the lipolysis-induced increase in VLDL catabolism results from an increase in
accessibility of apoE to receptors due to hydrolysis of obscuring lipid components (57,58).
Thus stimulation of VLDL degradation may be a cooperative effort between lipases and apoE.
In control experiments we determined that incubation of LPL or HTGL with VLDL at 37°C
results in hydrolysis of triglycerides and the release of free fatty acids. Also, we were able to
coimmunoprecipitate VLDL particles (apoB) from a lipase-lipoprotein mixture, using
antibodies against LPL or HTGL. Radiolabeled VLDL particles specifically bound to HTGL
or LPL immobilized to microtiter wells (data not shown). These observations suggest that
lipases may exert their stimulatory effect on VLDL catabolism by both lipolytic and adapter-
like functions. A discussion of the relative contribution of each can be found in earlier
publications. In this study we have focused on the requirement for apoE in VLDL degradation.

We demonstrate here that lipases stimulate cell surface binding of VLDL independently of
apoE but that stimulation of VLDL degradation is apoE dependent. We have used three
approaches to generate apoE-free triglyceride-rich particles. These include apolipoprotein-free
triglyceride-phosholipid emulsions (Intralipid particles), VLDL isolated from apoE knockout
mice, and human VLDL depleted of apoE-rich particles by fractionation on heparin-Sepharose.
Our conclusion that apoE is not required for cell surface binding is based on in vitro studies in
cultured normal human skin fibroblasts. Consistent with earlier reports (15,18), both LPL and
HTGL enhanced the binding and uptake of apolipoprotein-free Intralipid particles at 37°C. In
the absence of apoE, this stimulation must be mediated by the direct binding of lipase to the
cell surface. Similarly, LPL and HTGL greatly increased cell surface binding at 37°C of VLDL
isolated from apoE knockout mice and apoE-depleted human VLDL.

Medh et al. Page 10

J Lipid Res. Author manuscript; available in PMC 2009 October 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



LDL receptors were not responsible for lipase-stimulated in vitro binding of Intralipid or apoE-
deficient VLDL because the increase was not significantly dependent on the level of LDL
receptor expression, which was modulated by lovastatin treatment (15,18). Lipase-stimulated
binding may be to LRP because both LPL and HTGL are ligands for LRP. However, we
determined that lipase-stimulated cell surface binding of Intralipid (18) as well as apoE-
deficient VLDL was to HSPG because it returned to control levels (–lipase) with heparinase
treatment. Control and HTGL-stimulated surface binding of normal VLDL at 37°C was not
significantly affected by heparinase, indicating HSPG-independent mechanisms. Consistent
with earlier reports (16,59,60), a significant component of LPL-stimulated surface binding was
to HSPG.

The efficient cell surface binding of apoE-deficient VLDL is not surprising because apoE,
apoB-100, LPL, and HTGL are all known to be heparin-binding proteins and either one can
mediate lipoprotein binding to HSPG. In fact, it is believed that in vivo remnant clearance is
initiated by their rapid sequestration to hepatocyte cell surface HSPG (1). Using remnants
containing mutant variants of apoE, Ji, Fazio, and Mahley (61) showed that in the absence of
lipase, clearance correlates directly with the ability of apoE to bind HSPG. The initial clearance
of remnants from plasma and sequestration by hepatocytes is inhibited by heparinase and is
independent of LDL receptors and LRP (62). Thus it is clear that even in the absence of apoE,
lipase-VLDL complexes bind to HSPG with high affinity and apoE is not required for lipase-
stimulated binding.

Our results indicate an inhibitory effect of apoE on lipase-mediated VLDL binding to the cell
surface. We found that surface binding of apoE-depleted VLDL at 4°C as well as at 37°C was
5- to 10-fold greater than that of normal VLDL even in the absence of lipases. The basis of
this interaction in the absence of both apoE and lipase is not clear. It was not due to apoB-100
binding to LDL receptors because it was not increased by upregulation of LDL receptors.
However, apoB-100 may bind to HSPG via its amino-terminal domain, which is hydrophilic
and is known to interact with heparin (63). Because apoE is also a heparin-binding protein, it
may inhibit the apoB-100-HSPG interaction, thus explaining the higher binding of apoE-
depleted VLDL. It is interesting that apoE-deficient VLDL from apoE knockout mice did not
demonstrate higher cell surface binding (in the absence of lipases) than normal VLDL. This
may be due to the higher lipid-to-protein ratio in VLDL particles from these markedly
hyperlipidemic mice. On the other hand, our preparation of apoE-depleted VLDL has the same
lipid-to-protein ratio as normal VLDL.

LPL- and HTGL-stimulated binding of apoE-deficient mouse VLDL and HTGL-stimulated
binding of apoE-depleted human VLDL was significantly higher than that of normal VLDL.
Thus apoE may inhibit lipase-HSPG interactions as well. We observed dramatically higher
effects of HTGL than LPL on surface binding at 37°C of all three kinds of apoE-free particles.
On the other hand, LPL was more potent stimulator of normal VLDL binding. The reason for
this is not clear; it is possible that apoE is a better inhibitor of HTGL-HSPG than LPL-HSPG
interactions.

Our results are consistent with earlier investigations of the effect of apoE on LPL-mediated
hydrolysis and binding. In one report, Jong et al. (64) suggest that apoE may inhibit the lipolytic
activity of LPL. They demonstrated that hydrolysis of VLDL triacylglycerol by LPL is
inversely related to the apoE content of VLDL particles. Similarly, Rensen and van Berkel
(65) reported an apoE concentration-dependent inhibition of in vitro and in vivo LPL-mediated
lipolysis of triglyceride emulsions. Thus apoE-poor VLDL particles are better substrates of
LPL. This may be due to an inhibitory effect of apoE on the binding interaction between LPL
and VLDL. Saxena et al. (66) demonstrated that apoE inhibits the interaction of LPL with
HSPG as well as apoB-100. In their studies, the addition of apoE alone or in phospholipid
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liposomes reduced LPL-stimulated binding of LDL to HSPG in an apoE dose-dependent
manner.

We found that while apoE is not required for cell surface binding, it greatly enhances VLDL
degradation even in the presence of lipases. Although binding is independent of lipoprotein
receptors, subsequent endocytosis and degradation are believed to be receptor-mediated. Herz
et al. (67) provided evidence of this by reporting that plasma clearance of injected chylomicrons
was normal but that their appearance in endosomes and hydrolysis of cholesteryl esters was
greatly reduced in LDL receptor knockout mice. A minor back-up role for LRP was also
demonstrated. We investigated whether the ability of lipases to bind lipoprotein receptors could
eliminate the need for apoE in VLDL degradation in the presence of LPL or HTGL. Our
conclusion that apoE is required even for lipase-stimulated VLDL degradation is based on the
following observations: i) Degradation of apoE-deficient mouse VLDL as well as apoE-
depleted human VLDL is significantly lower than that of normal VLDL in spite of higher
surface binding; ii) degradation of normal VLDL is stimulated up to 8- and 4-fold, respectively,
by LPL and HTGL in a dose-dependent manner but degradation of apoE-depleted VLDL is
not significantly increased over control levels even in the presence of LPL (1 µg/ml) or 10 µg/
ml HTGL; iii) less than 5% of prebound apoE-depleted VLDL is degraded by 3 h at 37°C
whereas degradation of normal VLDL is three times more efficient. Results presented here
indicate that a low level of degradation of apoE-poor VLDL is possible in the presence of LPL
and HTGL. However, relative to normal VLDL, this is negligible and apoE is required for
efficient receptor-mediated catabolism. We ascertained that degradation in the absence of apoE
is mediated by LDL receptors because it is dependent on upregulation of LDL receptor
expression by lovastatin treatment. It is well known that lovastatin treatment induces LDL
receptor expression but does not influence expression of other lipoprotein receptors, including
LRP or VLDL receptors. An effect of lovastatin on other unknown factors that may influence
VLDL catabolism is not being ruled out. Interestingly, HTGL was more effective than LPL in
promoting apoE-poor VLDL degradation. The reason for this is not clear. It may just be a
reflection of the tremendously higher stimulation by HTGL of apoE-poor VLDL surface
binding. As reported earlier, HTGL was less potent than LPL in stimulating degradation of
normal VLDL (18).

Our results are consistent with those of Hendriks et al. (68). They reported significantly lower
binding and degradation of apoE-deficient mouse VLDL than normal VLDL in J774
macrophages. In the presence of LPL, surface binding of apoE-deficient VLDL and normal
VLDL was comparable. Degradation of apoE-deficient VLDL, although stimulated by LPL,
remained considerably lower than that of normal VLDL. They suggest that degradation
proceeds via a distinct macrophage-specific receptor for triglyceride-rich lipoproteins
described earlier. Mann et al. (69) also reported distinct roles for apoE and LPL in VLDL
catabolism. They demonstrated that whereas individually apoE and LPL promote chylomicron
uptake by hepatocytes, the addition of both together has an additive effect. Zsigmond et al.
(70) showed that overexpression of LPL in apoE knockout mice and LDL receptor knockout
mice normalizes their plasma lipoprotein profile concurrent with an increase in plasma LPL
activity. The greatest reduction was seen in VLDL cholesterol. They propose that increased
lipolysis of VLDL by LPL gene therapy may be a primary mechanism for the virtual elimination
of VLDL cholesterol in these mice. It is unlikely that LPL corrects the lipoprotein profile by
substituting as a ligand for LDL receptors because the cholesterol-lowering effects are seen in
both apoE−/− and LDLR−/− mice. The adenovirus-mediated expression in their mice is much
greater than what we obtained in Fig. 8. In our studies, the plasma LPL levels or lipolytic
activities were not increased. The lower LPL expression allowed us to investigate the lipolysis-
independent effect of LPL in receptor-mediated VLDL catabolism of apoE-deficient VLDL.
The in vivo VLDL clearance data clearly indicate that apoE knockout VLDL is removed from
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the circulation only when apoE is available for incorporation into the particles. This reinforces
the essential role for apoE in VLDL catabolism.

These studies provide interesting insight into the protective effects of apoE against
atherosclerosis. Overexpression of apoE in the vascular wall is believed to prevent and reverse
atherosclerosis by promoting reverse cholesterol transport. Our studies suggest that in the
absence of apoE, lipase-stimulated surface binding of VLDL to HSPG is greatly increased.
Thus, apoE appears to inhibit VLDL binding to HSPG. We have generated transgenic mice
with macrophage-specific overexpression of LPL (J. D. Medh, G. L. Fry, K. M. Wilson, and
D. A. Chappell, unpublished data). Ongoing investigations with these mice are aimed at
understanding the in vivo interactions between apoE and LPL in the vascular wall. Further
studies with catalytically inactive LPL and HTGL will be required to differentiate between the
lipolytic and receptor-binding functions of lipases.
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Fig. 1.
LPL and HTGL promote Intralipid binding and internalization by normal fibroblasts. Normal
human foreskin fibroblasts (FSF) were treated with LPDS and lovastatin as described in
Materials and Methods. They were then incubated at 37°C in medium containing triglyceride
(100 µg/ml) in [3H]cholesterol oleyl ether-labeled emulsions with Sf 100–400 in the presence
of LPL (1 µg/ml) or HTGL (3 µg/ml). After 5 h, unbound ligand was removed by washing.
Surface binding (A) and internalization (B) were determined, respectively, as the radioactivity
that dissociated and remained cell associated after incubating cells for 1 h at 4°C with
tripolyphosphate (10 mg/ml). The asterisk (*) represents a P value < 0.0001 compared with
control.
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Fig. 2.
LPL- and HTGL-stimulated surface binding of apoE knockout mouse VLDL is much greater
than that of normal human VLDL but degradation is not proportionately enhanced. Fibroblasts
were treated with either LPDS and lovastatin (A and B) or maintained in lipoprotein-containing
medium (C and D) as described in Materials and Methods. They were then incubated for 5 h
at 37°C in medium containing 125I-labeled VLDL (5 µg/ml) alone or in the presence of LPL
(1 µg/ml) or HTGL (3 µg/ml). The VLDL used was isolated either from normal human plasma
(normal, open bars) or from apoE knockout mice (apoE-KO, shaded bars). After washing
unbound ligand, surface-bound radioactivity was dissociated by incubating cells for 30 min at
4°C in buffer containing polyphosphate at 10 mg/ml (A and C). Degradation was measured as
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the radioactivity in the incubation medium that was soluble in 15% trichloroacetic acid (B and
D). Results are averages of triplicate measurements. Symbols on the figures represent statistical
significance. P values versus the corresponding value for normal VLDL are shown, with * P
< 0.0001, % P < 0.001, and @ P < 0.01. P values versus corresponding minus-lipase control
are also shown, with # P < 0.0001, $ P < 0.001, and & P < 0.01.
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Fig. 3.
Heparinase treatment completely inhibits LPL- and HTGL-stimulated binding and degradation
of apoE knockout mouse VLDL but not of normal humanVLDL. LDL receptors on normal
fibroblasts were upregulated with LPDS and lovastatin as described. The cells were
preincubated at 37°C for 30 min in the presence (shaded bars) or absence (open bars) of
heparinase (0.01 unit/ml). After washing, cells were incubated with a 5-µg/ml concentration
of normal human 125I-labeled VLDL (A and B) or apoE knockout mouse 125I-labeled VLDL
(C and D) alone or in the presence of LPL (1 µg/ml) or HTGL (3 µg/ml). During this incubation,
heparin (10 µg/ml) was added to wells treated with heparinase. After 5 h at 37°C, cells were
washed and surface-bound (A and C) and degraded (B and D) ligand was measured as described
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in Fig. 2. Results are averages of triplicate measurements. P values versus the corresponding
value in the absence of heparinase treatment are represented, with * P < 0.0001, % P < 0.001,
and @ P < 0.01.
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Fig. 4.
Preparation of apoE-depleted human VLDL. Normal human VLDL with Sf 20–400 was
isolated and adsorbed to a heparin-Sepharose column. The column was then subjected to elution
with increasing concentrations of NaCl. Pools 1 to 5 were eluted, respectively, with 0.05, 0.12,
0.2, 0.5, and 2 M NaCl. Each of the fractions was resolved by 5 –20% continuous gradient
SDS-PAGE, transferred to PVDF membrane, and subjected to Western blotting with antibodies
against apoB-100 (IgG 4G3), apoE (IgG 1D7), and apoCs (IgG Rb23). The apolipoprotein
pattern for the starting material is shown alongside (A). Pools 1, 2, and 3, which were found
lacking in apoE, were mixed and designated as apoE-depleted VLDL. The apolipoprotein
content of this mixture is shown in (B). (C) The separation of apoB-100 and apoB-48 in normal
human VLDL, apoE-depleted human VLDL, and apoE knockout mouse VLDL on a 5% SDS-
polyacrylamide gel by Coo-massie blue staining.
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Fig. 5.
Depletion of apoE from human VLDL increases surface binding but decreases lipase-
stimulated degradation by fibroblasts. Fibroblasts were treated with either LPDS and lovastatin
(A and B) or maintained in lipoprotein-containing medium (C and D) as described in Materials
and Methods. They were then incubated for 5 h at 37°C in medium containing a 5-µg/ml
concentration of normal (open bars) or apoE-depleted (shaded bars) human 125I-labeled VLDL
alone or in the presence of LPL (1 µg/ml) or HTGL (3 µg/ml). Surface binding (A and C) and
degradation (B and D) were estimated as described in Fig. 2. Results are averages of triplicate
measurements. Symbols represent statistical significance. P values versus corresponding value
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for normal VLDL: *P < 0.0001, % P < 0.001, and @ P < 0.01. P values versus value for
corresponding minus-lipase control: # P < 0.0001, $ P < 0.001, and & P < 0.01.
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Fig. 6.
LPL and HTGL do not promote degradation of apoE-depleted VLDL. Fibroblasts were treated
with either LPDS and lovastatin (closed symbols) or maintained in lipoprotein-containing
medium (open symbols) as described in Materials and Methods. They were then incubated for
5 h at 37°C in medium containing a 5-µg/ml concentration of normal (circles) or apoE-depleted
(squares) human 125I-labeled VLDL in the presence of increasing concentrations of LPL (A)
or HTGL (B). Degradation was estimated as described in Fig. 2. Results are averages of
triplicate measurements.
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Fig. 7.
Depletion of apoE from human VLDL retards degradation of prebound ligand. Fibroblasts with
upregulated LDL receptors were incubated at 4°C with medium containing a 5-µg/ml
concentration of 125I-labeled labeled normal or apoE-depleted VLDL alone or in the presence
of LPL (1 µg/ml) or HTGL (3 µg/ml). After 2 h unbound ligand was removed by washing and
cell monolayers were either solubilized to determine total cell-associated radioactivity (A) or
were transferred to 37°C for 0 to 180 min and degradation was measured as in Fig. 2 (B).
Degradation in (B) is represented as a percentage of total cell-associated ligand shown in (A).
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Fig. 8.
Clearance of apoE-deficient mouse VLDL is impaired in apoE knockout mice but not in normal
C57BL/6 mice. Wild-type C57BL/6 and apoE knockout mice were injected into the tail vein
with ~3 3 × 1011 particles of adenovirus AdLPL or AdLacZ. (A) Hepatocytes were isolated
from C57BL/6 mice by collagenase perfusion 4 days after injection of the adenovirus.
Monolayers of hepatocytes from AdLPL- or AdLacZ-injected mice were incubated with 125I-
labeled huVLDL or 125I-labeled mouse VLDL for 5 h at 37°C. Degradation was measured as
described in Materials and Methods. Symbols over bars indicate statistical significance.
Compared with corresponding value for huVLDL: * P < 0.0001 and % P < 0.001. Compared
with corresponding value for AdLacZ hepatocytes: # P < 0.0001 and $ P < 0.001. (B) Four
days after adenovirus injection, mice were injected via the femoral vein with iodinated apoE
knockout VLDL. At different times after injection, blood samples were collected into
heparinized capillary tubes by tail clips. The amount of radioactivity in 10 µl of the plasma
was determined and is represented as a percentage of that present 1 min after injection. Each
line represents a separate animal. Results are representative of two separate experiments.
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Fig. 9.
LPL and HTGL stimulate degradation by fibroblasts of apoE-rich VLDL particles but not of
apoE-poor LDL and HDL particles. LPDS- and lovastatin-treated fibroblasts were incubated
at 37°C with medium containing either 125I-labeled VLDL (5 µg/ml), 125I-labeled LDL (1 µg/
ml), or 125I-labeled HDL (1 µg/ml) in the absence or presence of LPL (1 µg/ml) or HTGL (3
µg/ml). After 5 h, cells were washed and the amount of degraded ligand in the incubation
medium was measured as described. Results are averages of three different experiments and
are presented as a percentage of degradation under control conditions (in the absence of LPL
or HTGL).
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TABLE 1
Cholesterol and triglyceride content of VLDL preparationsa

Cholesterol (n = 6) Triglyceride (n = 6) Cholesterol: Triglyceride Ratio

mmol/g protein

Normal huVLDL 2.92 ± 0.21 2.57 ± 0.3 1.13

ApoE-depleted huVLDL 3.55 ± 0.12 3.33 ± 0.08 1.07

ApoE knockout moVLDL 26.3 ± 1.05 2.83 ± 0.22 9.4

a
VLDL preparations were analyzed for cholesterol (cholesterol oxidase method) and triglyceride (GPO-Trinder method) content, using diagnostic kits

from Sigma.
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