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Apolipoprotein (apo) E stimulates the secretion of
very low density lipoproteins (VLDLs) by an as yet un-
known mechanism. Recently, a working mechanism for
apoE was proposed (Twisk, J., Gillian-Daniel, D. L., Te-
bon, A., Wang, L., Barrett, P. H., and Attie, A. D. (2000)
J. Clin. Invest. 105, 521–532) in which apoE prevents the
inhibitory action of the low density lipoprotein receptor
(LDLr) by binding to it. We have first tested whether this
newly described effect of the LDLr on VLDL secretion,
obtained in vitro, is also observed in vivo. In LDLr
knockout mice (LDLr�/�), the production of VLDL trig-
lycerides and apoB was 30% higher than that in controls.
Also the ratio of apoB100:apoB48 secretion was in-
creased in the LDLr�/� mice. The composition of nas-
cent VLDL was similar in both strains. To test whether
the action of apoE depends on the presence of the LDLr,
VLDL production was measured in LDLr�/� and
apoE�/� LDLr�/� mice. Deletion of apoE on a LDLr�/�
background still caused a 50% decrease of VLDL triglyc-
erides and apoB production. The composition of nascent
VLDL was again similar for both strains. We conclude
that the effect of apoE on hepatic VLDL production is
independent of the presence of the LDLr.

Apolipoprotein (apo)1 E is a 34.2-kDa protein that acts as a
ligand for receptor-mediated endocytosis of lipoproteins (1).
The role of apoE in lipoprotein metabolism is not confined,
however, to the clearance of lipoprotein particles from the
circulation. ApoE inhibits lipolysis of lipoproteins by lipopro-
tein lipase (2, 3). More recently, it was demonstrated that apoE
also affects the hepatic secretion of very low density lipopro-
teins (VLDLs): apoE-deficient (apoE�/�) mice showed a reduc-
tion in VLDL secretion by some 50% (4), whereas adenoviral
gene transfer of human apoE3 led to a gene dose-dependent
increase in VLDL production (5). Similar results were obtained

in transgenic rabbits expressing human apoE3 (6). Hepatic
overexpression of apoE2, apoE3, and apoE4 all stimulated
VLDL secretion (7–9). In contrast, the mutant isoform
apoE3Leiden is not capable of stimulating VLDL secretion (10).

The mechanism by which apoE affects VLDL assembly and
secretion is poorly understood. A recent in vitro study by Twisk
et al. (11) offered a potential mechanism by which apoE might
affect VLDL secretion. These authors studied the role of the
LDL receptor (LDLr) in production of VLDL. Experiments in
cultured hepatocytes of LDLr�/� and control mice showed that
LDLr�/� hepatocytes had a strongly increased apoB secretion.
This was explained in part by a decreased intracellular degra-
dation of apoB protein. It was concluded that the LDLr binds
nascent apoB intracellularly during the course of VLDL assem-
bly, thereby promoting its intracellular degradation. Because
apoE and apoB are both ligands for the LDLr, it was suggested
that apoE’s stimulatory action on VLDL secretion might occur
by preventing apoB from binding to the LDLr.

In this study, we tested the hypothesis that the effect of apoE
on VLDL secretion is LDLr-dependent. After verification that
the reported in vitro effects of the LDLr can also be observed in
the in vivo situation, we tested whether the effect of apoE is
LDLr-dependent by knocking out apoE on a LDLr-deficient
background. Our results confirm that the LDLr modulates the
VLDL production rate in vivo, but they also clearly indicate
that the effect of apoE on VLDL production is independent of
the presence of the LDLr.

EXPERIMENTAL PROCEDURES

Animals—all mice were housed under standard conditions with free
access to water and regular lab chow. For the comparison between wild
type and LDLr�/� mice, male mice with a C57BL/6 background were
used. Male animals were also used for comparison of apoE�/�
LDLr�/� mice with LDLr�/� mice. Because the apoE�/� LDLr�/�
double knockout mice were on a mixed background of C57BL/6 and 129,
LDLr�/� mice on the same mixed genetic background as the double
knockout mice were used in these experiments as controls. All experi-
ments were approved by the institutional animal care committee.

VLDL Production and Composition—The in vivo VLDL production
was measured after intravenous administration of 500 mg/kg Triton
WR1339 as described previously (4, 12). To measure de novo synthesis
of VLDL apoB, 100 �Ci of 35S-Tran label (ICN, Zoetermeer, The Neth-
erlands) was injected i.v. 30 min before Triton WR1339 injection. Blood
samples were withdrawn from the tail at regular intervals after Triton
WR1339 injection. At t � 120 min, an additional large blood sample was
withdrawn via the orbital plexus. In each sample, plasma triglycerides
(TGs) were determined, and the rate of triglyceride accumulation in
plasma was taken as the in vivo rate of VLDL TG production.

From the large blood sample at t � 120 min after Triton WR1339
administration, 200 �l of plasma was brought to 1.063 g/ml with potas-
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sium bromide in a volume of 2 ml, transferred to SW41 centrifuge tubes,
and layered with a 1.006 g/ml salt solution. After 16 h of centrifugation
at 37,000 rpm and 4 °C, the VLDL fraction was carefully removed by
pipetting off 1.2 ml. ApoB in 0.2 ml of this VLDL fraction was precipi-
tated with isopropanol (13), dissolved in 20% (w/v) SDS, and counted for
assessment of total VLDL apoB production. Pilots with blood samples
taken at t � 1 min after Triton WR1339 administration showed that
basal activity was less than 10% of the value at t � 120 min, and
therefore the t � 120 min point was taken as the total de novo VLDL
apoB production. In the remaining VLDL, triglycerides, phospholipids,
and cholesterol were measured with commercially available kits as
described previously (4). This composition of VLDL is a mixture of
VLDL that circulated before administration of Triton WR1339 and
nascent VLDL produced during the 2-h period after Triton WR1339
administration. To obtain the composition of nascent VLDL, the contri-
bution of circulating VLDL was determined and corrected for, as de-
scribed previously (14).

For determination of apoB100 and apoB48 production, an aliquot of
the blood samples at t � 1 and t � 120 min after Triton WR1339
administration (10 �l) was delipidated by 1.8 ml of �20 °C diethyl
ether:methanol (1:1), and, after centrifugation in an Eppendorff centri-
fuge (13,000 rpm, 10 min), the pellet was dissolved in sample buffer for
SDS-PAGE analysis on a 5% (w/v) polyacrylamide gel. A volume corre-
sponding to 5 �l of plasma was loaded onto the gel. The gel was fixed by
Coomassie staining (BioSafe Coomassie; Bio-Rad) and dried overnight
between two cellophane sheets using a GradiDry gel drying solution
(Gradipore). After drying, one sheet was carefully removed, and the

uncovered part of the gel was autoradiographed with phosphoimager
technology.

Statistical Analysis—Nonparametric Mann-Whitney U tests were
used for all statistical analyses. p � 0.05 was considered statistically
significant.

RESULTS

Effect of the LDL Receptor on VLDL Secretion in Vivo—First
we tested whether the LDLr affects the VLDL secretion rate in
vivo. Hepatic VLDL triglyceride and apoB production rates
were measured by intravenous injection of 35S-Tran label and
Triton WR1339 in 4-h-fasted mice. As shown in Fig. 1A,
LDLr�/� mice showed a 30% increase in the triglyceride pro-
duction rate as compared with wild type animals (162 � 42 and
211 � 12 �mol�kg�1�h�1 for wild type and LDLr�/� animals,
respectively; p � 0.005). Total apoB production (Fig. 1B) was
also significantly increased by �30% in LDLr�/� mice as
compared with wild type mice (100 � 19% and 132 � 42% for
wild type and LDLr�/� mice, respectively; p � 0.05). We also
measured the de novo synthesis rate of B100 and B48 by
SDS-PAGE analysis of plasma collected 1 and 120 min after
Triton WR1339 injection (Fig. 1C). No significant differences
could be observed between the LDLr�/� and wild type mice for
apoB100 and apoB48 production rates, although the former

FIG. 1. VLDL production in C57BL/6 and LDLr�/� mice measured by 35S-Tran label and Triton WR1339 administration. A,
accumulation of triglycerides in plasma. �, C57BL/6 mice; f, LDLr�/� mice. B, total VLDL apoB secretion. VLDL was isolated 2 h after Triton
WR1339 injection, and label incorporation in apoB was counted after isopropanol precipitation. �, C57BL/6 mice; f, LDLr�/� mice. C, apoB100
and apoB48 production as analyzed by SDS-PAGE analysis of plasma. Plasma from 1 and 120 min after Triton WR1339 injection was delipidated
and subjected to SDS-PAGE analysis. The black bars indicate the average label incorporation in the apoB100 and apoB48 bands. For B and C, label
incorporation was normalized to the B100 incorporation in the C57BL/6 mice.
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strain secreted relatively more apoB100. This was evident from
a significantly higher apoB100:apoB48 ratio (2.02 � 0.39 and
1.26 � 0.42 for LDLr�/� and wild type mice, respectively; p �
0.02).

We have also analyzed the lipid composition of the nascent
VLDL particles after Triton WR1339 injection (Fig. 2). We
confirmed that Triton WR1339 itself did not affect the lipid
composition of lipoprotein particles.2 The composition of nas-
cent VLDL was very similar between the LDLr�/� and wild
type mice; both groups had triglycerides comprising �75% of
total lipid mass. Circulating VLDL from LDLr�/� mice was
somewhat lower in triglyceride content than VLDL of the wild
type mice (50% and 69%, respectively).

The Effect of apoE on VLDL Production in the Absence of the
LDL Receptor—To determine whether the effect of apoE is
dependent on the LDLr, we have characterized VLDL produc-
tion and composition in apoE�/� LDLr�/� double knockout
mice and LDLr �/� mice. As seen in Fig. 3A, the VLDL TG
production was approximately 2-fold lower in the apoE�/�
LDLr�/� mice as compared with the LDLr�/� mice (77 � 16
and 132 � 39 �mol�kg�1�h�1 for apoE�/� LDLr�/� mice and
LDLr�/� mice, respectively; p � 0.005). A similar result was
obtained for the total VLDL apoB production (Fig. 3B). The
rate of total apoB production was significantly lower in the
apoE�/� LDLr�/� mice than in the LDLr�/� mice (53 � 17%
and 100 � 39% for apoE�/� LDLr�/� mice and LDLr�/�
mice, respectively; p � 0.01). In Fig. 3C, SDS-PAGE analysis of
plasma collected 1 and 120 min after Triton WR1339 adminis-
tration is shown for the apoE�/� LDLr�/� double knockout
mice and the LDLr�/� mice. Most strikingly, apoB100 produc-
tion in the apoE�/� LDLr�/� mice was severely diminished to
only 10% of that of the LDLr�/� mice.

In Fig. 4, the average composition of nascent and circulating
VLDL is shown. Because of the high lipid levels in apoE�/�
LDLr�/� mice before Triton WR1339 injection, the nascent
VLDL composition is calculated using the differences in lipids
between total VLDL 2 h after Triton WR1339 administration
and the circulating VLDL lipid content (i.e. the lipids present

before Triton WR1339 administration). In both mouse models,
nascent VLDL was rich in triglycerides. Large differences were
found in circulating VLDL: VLDL of the apoE�/� LDLr�/�
mice contained only 7% TGs as compared with 50% TGs in the
LDLr�/� mice.

DISCUSSION

In this study, we have tested the hypothesis that the effect of
apoE on VLDL secretion is mediated via intracellular interac-
tion with the LDL receptor. If this hypothesis were true, we
reasoned that the 50% reduction of VLDL secretion as observed
in the apoE�/� mouse compared with the wild type mouse
controls (4, 5) should not be observed on a LDLr�/� back-
ground. Fig. 3 shows that the effect of deleting apoE in reduc-
ing VLDL secretion was independent of the LDL receptor: a
50% reduction of both VLDL apoB and TGs was observed in the
apoE�/� LDLr�/� mouse as compared with the LDLr�/�
controls.

The conclusion that apoE acts on the VLDL assembly path-
way irrespective of the presence of the LDLr is indirectly sup-
ported by other recent studies. On one hand, it was shown that
apoE2, a variant of apoE that binds poorly to lipoprotein re-
ceptors (15), is still capable of stimulating VLDL secretion (3, 7,
9). On the other hand, truncation of apoE at the C-terminal
lipid-binding domain abolishes the stimulatory effect of apoE
on VLDL secretion (16, 17). This truncated form of apoE is
properly transcribed and detectable in plasma associated with
VLDL particles, and it still contains an intact LDLr binding
domain as judged by rescue from hyperlipidemia in apoE�/�
mice. Thus, if competition of apoE with apoB for binding to the
LDLr was the mechanism of apoE’s action on VLDL secretion,
the truncated apoE protein should still be able to increase
VLDL secretion, whereas apoE2 should not be able to do so.
Because the opposite is observed, we conclude that lipid bind-
ing, rather than receptor binding, is important for the stimu-
lation of VLDL production by apoE.

Although apoE does not act via the LDL receptor, we did
confirm in vivo that absence of the LDLr enhances VLDL apoB
secretion as described previously for mouse hepatocytes (11).
Thus, LDLr deficiency leads to a 30% increase in VLDL apoB
production. Also, the rate of VLDL TG secretion was increased
by 30% in LDLr�/� mice. The effects of the LDL receptor on
VLDL apoB100 and apoB48 secretion were too small for our
analysis to give significant differences. However, we found a
significant increase in the ratio of secreted apoB100:apoB48
particles in the LDLr�/� mice. Thus, although the effect of the
LDLr on VLDL apoB production in vivo is much smaller than
that observed in vitro, it is in line with the previous in vitro
observation that apoB100 secretion was increased 3–4-fold,
and apoB48 was increased only 1.5–2-fold (11).

It has been reported that the genetic background can have a
large impact on the rate of VLDL secretion (18). Because the
apoE�/� LDLr�/� mice were on a mixed background of
C57BL/6 and 129, we used LDLr�/� mice that were on the same
mixed background. Our data confirm the impact of genetic back-
ground: when the rate of VLDL TG secretion is compared be-
tween the LDLr�/� mice on the two genetic backgrounds used in
this study, the mice on a C57/BL6 background clearly had a
higher VLDL TG secretion as compared with mice on the mixed
background (211 � 12 and 132 � 39 �mol�kg�1�h�1, respectively).

The composition of nascent VLDL was similar for all mouse
models tested, comprising �70–75% triglycerides (Figs. 2 and
4). The TG content of the apoE�/� LDLr�/� mice was higher,
i.e. 88%, but this is likely the result of the large contribution of
circulating VLDL to the total VLDL fraction after Triton
WR1339 administration. In particular, the cholesterol content
of nascent VLDL is prone to large error because of the enor-2 B. Teusink and H. van der Boom, unpublished observations.

FIG. 2. Composition of nascent and circulating VLDL in
C57BL/6 mice and LDLr�/� mice. VLDL was isolated by ultracen-
trifugation from plasma after a 4-h fast (circulating VLDL) or 2 h after
Triton WR1339 administration (nascent VLDL), and lipid composition
was determined (in w/w% of total lipids).
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mous amount of cholesterol already present in these mice (19,
20). Similar TG content of nascent VLDL is consistent with the
fact that both total apoB and VLDL TG secretion were affected
to the same extent in both Figs. 1 and 3. Maugeais et al. (7)
previously reached a similar conclusion regarding the effect of
apoE isoforms on VLDL production, i.e. that both apoB and
TGs were affected. However, we have recently seen that the
particles secreted by hepatocytes of apoE�/� mice were
smaller, although they were of similar composition (4). It ap-
pears that particle size and lipid composition are not always
tightly correlated, but it remains to be seen whether this ob-
servation is specific for particles lacking apoE.

In the mouse models tested in this study and also in other

mouse models, e.g. the VLDLr�/� LDLr�/� mouse (14) and
the apoE�/� mouse (4), nascent VLDL invariably contained
�65–80% triglycerides. This contrasts with studies in humans
or in vitro systems. Compartmental modeling of apoB lipopro-
tein metabolism in humans invariably requires the input of
particles into the plasma compartment ranging from large
buoyant VLDL to LDL (21–23). Also, in in vitro experiments,
the size (i.e. triglyceride content) of the lipoprotein particles
produced varies and appears to be related to lipid availability
(for review, see Ref. 24), although it has been suggested that
lipolytic activity in the medium may account for at least some
of the observed effects (25). We2 and others (26) have verified
that catabolism of VLDL is completely blocked by Triton
WR1339 administration, thus the composition of the VLDL
that subsequently accumulates should be a direct measure of
the composition of nascent VLDL. Therefore, we conclude that
in contrast to the human situation, mice secrete VLDL rather
homogeneously as triglyceride-rich particles. It therefore ap-
pears that in mice, the rate of VLDL production is regulated
not so much by VLDL composition as by particle number, i.e. by
degradation of nascent apoB protein and/or pre-VLDL particles
during the second stage of VLDL assembly (24, 27). The large
differences in the TG content of circulating VLDL as opposed to
nascent VLDL (Figs. 2 and 4) reflect differences in VLDL
catabolism (10).

We observed an unexpected effect of combined apoE and
LDLr deficiency on the secretion of apoB100 particles: in the
apoE�/� LDLr�/� mice, the secretion of apoB100 was reduced
to only 10% of that in LDLr�/� mice. In apoE�/� mice,
apoB100 production is at most 50% lower (5, 7), indicating that
the severely reduced apoB100 production is a specific effect of
combined apoE and LDLr deficiency. At this moment, we can
only speculate on the mechanism that underlies this striking
observation. Rather, we would like to discuss some fundamen-
tal differences between B100- and B48-containing lipoproteins
that may be relevant in rationalizing our observations.

ApoB48 does not bind to the LDLr but rather requires the

FIG. 3. VLDL production in
LDLr�/� and apoE�/� LDLr�/�
mice measured by 35S-Tran label and
Triton WR1339 administration. See
the Fig. 1 legend for more details. A, ac-
cumulation of triglycerides in plasma. �,
LDLr�/� mice; f, apoE�/� LDLr�/�
mice. B, total VLDL apoB secretion. �,
LDLr�/� mice; f, apoE�/� LDLr�/�
mice. C, apoB100 and apoB48 production.
For B and C, label incorporation was nor-
malized to the B100 incorporation in the
LDLr�/� mice.

FIG. 4. Composition of nascent and circulating VLDL in
LDLr�/� and apoE�/� LDLr�/� mice. VLDL was isolated by ul-
tracentrifugation from plasma after a 4-h fast (circulating VLDL) or 2 h
after Triton WR1339 administration (nascent VLDL), and lipid compo-
sition was determined (in w/w% of total lipids). Values for nascent
VLDL are corrected for circulating VLDL.
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LDLr-related protein for endocytosis (28, 29). LDLr-related
protein-mediated uptake of lipoproteins depends on apoE (30).
Therefore, in the apoE�/� mouse, the LDLr and the LDLr-
related protein are not able to take up apoB48 particles. How-
ever, secretion of apoB48 particles by the liver still continues
(5, 7). Because the rate of apoB48 particle secretion should
equal the rate of apoB48 particle uptake in steady state, this
implies that other receptors should be present to clear these
apoB48 particles. One receptor may be the recently cloned
apoB48 receptor (31).

In the LDLr�/� apoE�/� mouse, apoB100 particles must
also be cleared by receptors other than the LDLr and the
LDLr-related protein. It appears that these back-up systems
perform poorly because Ishibashi et al. (20) found that plasma
B100 levels were well detectable (�50% of normal) in these
mice, despite the very low production rate that we have ob-
served in this study. The extremely low TG content of the
circulating VLDL as compared with that in the wild type also
suggests very poor clearance of VLDL particles. It may be
envisaged that the reduced VLDL apoB100 secretion rate in
apoE�/� LDLr�/� mice is the result of some unknown feed-
back mechanism to maintain steady state and prevent unre-
strained accumulation of apoB100 particles in the circulation.
Such a feedback on VLDL secretion is only hypothetical at this
moment; yet it becomes apparent that factors such as apoE and
the LDLr that are clearly involved in lipoprotein uptake are
also involved in VLDL production. The concept of hepatic
VLDL production as a merely substrate-driven process (32)
thus requires considerable sophistication.
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