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ABSTRACT Apolipoprotein E (apoE) is known to play an
important role in lipoprotein metabolism. We have studied the
effect of apoE on the metabolism of plasma cholesterol by
injecting apoE intravenously into rabbits deficient in low
density lipoprotein receptors [Watanabe heritable hyperlipi-
demic (WHHL) rabbits]. Approximately 30 mg of apoE was
injected per rabbit; a total of five WHHL rabbits were used.
One hour later, plasma cholesterol levels fell 8.3% (from 488
+ 192 to 446 + 174 mg/dl). After 3 hr, cholesterol levels had
fallen by 19% (to 392 * 152 mg/dl). The reduced levels were
maintained for at least 8 hr after injection of apoE. Cholesterol
in very low density lipoproteins (VLDLs) and intermediate
density lipoproteins fell rapidly during the first 2 hr after
injection, followed by a reduction in the low density lipoprotein
cholesterol level. Changes in apolipoprotein B levels in each
lipoprotein fraction were very similar to those of cholesterol.
Plasma apoE levels 3 min after injection were elevated 3-fold to
22.8 + 6.3 mg/dl and returned to initial levels 8 hr after
injection. The rate of removal of intravenously injected '2I-
labeled VLDL that had been incubated with apoE was 3-fold
higher than that of unmodified VLDL. From these results, we
conclude that the injected apoE is incorporated into VLDLs
and that VLDL particles carrying more apoE are removed
from the blood more rapidly, resulting in reduced formation of
low density lipoprotein and lowered cholesterol levels.

Low density lipoprotein (LDL) cholesterol is mainly re-
moved from blood plasma by hepatic LDL receptors that
interact with two specific ligands on lipoproteins, apolipo-
protein B-100 (apoB-100) and apolipoprotein E (apoE) (1-3).
Lipoproteins rich in apoE, such as large very low density
lipoprotein (VLDL) and B-VLDL, have a much higher
affinity for LDL receptors than LDL, which contains only
apoB-100 (4, 5). In addition, lipoproteins containing apoE can
bind to receptors on the liver cell membranes that are
responsible for the uptake of dietary cholesterol carried in
chylomicron remnants (6, 7). This chylomicron-remnant
receptor is thought to be distinct from the LDL receptor
because chylomicron remnants are normally removed from
the blood in human familial hypercholesterolemia (8) and in
Watanabe heritable hyperlipidemic (WHHL) rabbits defi-
cient in LDL receptors (9).

Recent research has demonstrated two lipoprotein sub-
classes containing apoB-100: B,E particles containing apoE
and -B and B particles lacking apoE (10-12). The presence of
apoE has been shown to have a profound influence on the
removal of apoB-100 in VLDL particles from the blood of
normal rabbits and their conversion to lipoproteins of higher
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density [intermediate density lipoprotein (IDL) and LDL]
(10). In WHHL rabbits, the rate of removal of VLDL-B,E
particles from the blood was 4-fold higher than that of
VLDL-B particles (11). These results suggest that in WHHL
rabbits a small number of LDL receptors expressed on the
surface of hepatocytes or chylomicron-remnant receptors
participate in the removal of lipoproteins containing several
molecules of apoE by interacting with apoE.

The WHHL rabbit is an excellent animal model to test the
effect of agents that could alter the interaction of lipoproteins
with lipoprotein receptors. In the current study, we injected
massive amounts of apoE into WHHL rabbits to enrich
lipoproteins in the receptor-active protein apoE. We specu-
lated that such lipoproteins would be removed much more
efficiently through either the chylomicron-remnant receptor
or the mutant LDL receptor resulting in the decreased level
of plasma cholesterol.

MATERIALS AND METHODS

Animals. Male WHHL rabbits weighing 2.9-3.4 kg were
fed a low-fat laboratory chow ad libitum and housed individ-
ually during the experiments.

ApoE. ApoE was purified from plasma of rabbits fed a diet
containing 1% cholesterol (by weight) for more than 1 month.
Plasma from blood containing 0.1% EDTA and 0.02% sodium
azide was ultracentrifuged at a density of 1.03 g/ml for 20 hr
at 16°C in a Beckman 50.2 rotor at 45,000 rpm; the superna-
tant lipoproteins were recentrifuged under the same condi-
tion to obtain B-VLDL rich in apoE (13). All steps of
purification were carried out at 4°C (14, 15). After delipida-
tion of B-VLDL by extraction with 200 vol of ethanol/ether
[1:1 (vol/vol)] four times and evaporating the solvent under
N, apolipoproteins were dissolved in 2 mM sodium phos-
phate (pH 7.4) containing 6 M urea with gentle stirring for 5
min, dialyzed against 2 mM sodium phosphate containing 50
mM NaCl and 1 M urea (pH 7.4; buffer A), and applied to a
column (2 X 16 cm) of heparin-Sepharose 4B (Pharmacia,
Uppsala) preequilibrated with 2 mM sodium phosphate (pH
7.4) containing 50 mM NaCl (buffer B). The column was first
washed with 100 ml of buffer A, then with 1200 ml of buffer
B, and finally with 2 mM sodium phosphate (pH 7.4)
containing 500 mM NaCl and 6 M urea to elute apoE. The
purity of apoE was evaluated by NaDodSO,/polyacrylamide
gel electrophoresis (16) and by immunoprecipitation of ra-
dioiodinated apoE with specific antibody prepared against
rabbit apoE, kindly provided by R. J. Havel (University of
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apoE and apoB-100, apolipoproteins E and B-100, respectively.
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California, San Francisco). In both cases, purity was greater
than 95%. After dialysis against water and lyophilization,
purified apoE was stored at —80°C. Before use, apoE was
dissolved in 6 M guanidine hydrochloride (pH 7.4) at a
concentration of =10 mg/ml and dialyzed extensively against
150 mM NaCl. We prepared =200 mg of apoE for the current
study, which was pooled and used as a single lot.

In Vivo Studies. ApoE in 150 mM NacCl was passed through
a 0.45-um filter and injected into rabbits through a marginal
ear vein at 8.5 mg/ml per kg (body weight). As a control, 0.15
M NaCl [1 ml/kg (body weight)] was injected into the same
rabbits 2 days before apoE injection. In both cases, 1 ml of
blood was taken 3 min and 1, 2, 4, 8, and 24 hr after injection.
Plasma samples obtained from five WHHL rabbits at each
time were pooled and subjected to either density gradient
ultracentrifugation (11, 17) or gel filtration chromatography
(18). After density gradient ultracentrifugation, plasma lipo-
proteins were separated into 11 fractions with the following
densities: 1.0040, 1.0052, 1.0086, 1.0135, 1.0182, 1.0238,
1.0278, 1.0348, 1.0402, 1.0478, and 1.050 g/ml. The first and
second fractions were designated VLDL; the third, fourth,
and one-half of the fifth fractions were designated IDL; and
one-half of the fifth and the sixth to tenth fractions were
designated LDL. For gel filtration chromatography, 1 ml of
fresh pooled plasma was applied to a column of Bio-Gel A-5m
(2 X 90 cm) (Bio-Rad) (18). Fractions were eluted with 0.15
M NaCl containing 0.1% EDTA and 0.02% sodium azide (pH
7.4) at a flow rate of 0.15 ml/min. The concentrations of
triacylglycerols and cholesterol in plasma and lipoprotein
fractions were determined by enzymatic assay (19, 20), apoE
was determined by radioimmunoassay (14, 21), and apoB was
determined by isopropanol precipitation as described (10,
22).

VLDL and lipoproteins with a density of 1.006-1.063,
designated I+LDL, were isolated from WHHL rabbits and 1
mg of protein was iodinated by the iodine monochloride
method (23) and incubated with 1 mg of lyophilized apoE at
4°C for 1-2 hr. The lipoproteins were then applied to a column
(1 X 30 cm) of Sephacryl S-300 (superfine; Pharmacia,
Uppsala) to remove unbound apoE. The VLDLs or I+LDLs
incubated with apoE were designated VLDL~E or I+LDL~
E, respectively. °I-labeled VLDL or *I-labeled I+LDL
was passed through a 0.45-um filter and injected intrave-
nously into rabbits. Blood was withdrawn from an opposite
ear vein. The next day, either *!I-labeled VLDL-E or
I+LDL-E was injected similarly. Radioiodinated apoB in
samples of plasma obtained after injection was determined by
isopropanol precipitation as described (10, 22). All data
except those given in figures are presented as mean + SD.

RESULTS

Plasma cholesterol, triacylglycerol, and apoE concentrations
in WHHL rabbits before injection of apoE are shown in Table
1. After apoE injection, initial plasma cholesterol levels (488
+ 192 mg/dl) fell linearly by 19% to 393 + 152 mg/dl by 4 hr;
this level was maintained for the next 20 hr (Fig. 1). In one
rabbit, there was a remarkable reduction from 350 to 244

Table 1. Concentrations of plasma cholesterol,
triacylglycerol, and apoE in WHHL rabbits

Cholesterol, Triacylglycerol, ApoE,

Rabbit mg/dl mg/dl mg/dl

1 658 434 10.8

2 314 526 10.6

3 350 340 34

4 730 145 5.2

5 386 185 5.8

Mean = SD 488 *+ 192 326 = 162 72 + 34
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FiG. 1. Percentage change of plasma cholesterol concentrations
after injection of apoE [8.5 mg/kg (body weight)] into five WHHL
rabbits (0). As a control, 0.15 M NaCl was injected 2 days before
injection of apoE into the same rabbits (m). (Bars = 1 SE.)

mg/dl. The smallest reduction in plasma cholesterol level
during the first 4 hr was from 386 to 334 mg/dl. After injection
of saline, the initial level of plasma cholesterol (465 = 173
mg/dl) remained almost constant in the first 4 hr and then fell
gradually to 423 + 144 mg/dl, as shown in Fig. 1. Analysis of
fractions from a density gradient after ultracentrifugation
(Fig. 2) showed that VLDL cholesterol fell 18% from 76 to 62
mg/dl during the first 4 hr and then increased 21% to 92 mg/dl
as compared with the initial level. IDL cholesterol also
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F1G.2. Change of cholesterol (left axis, 0) and apoB (right axis,
m) concentrations in VLDL (Top), IDL (Middle), and LDL (Bottom)
fractions after injection of apoE [8.5 mg/kg (body weight)]. Lipo-
proteins were isolated from pooled plasma of five WHHL rabbits by
density gradient ultracentrifugation. Values are given as mg/dl of
plasma.
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decreased 30% from 109 to 76 mg/dl during the first 4 hr and
then returned to the initial level, whereas LDL cholesterol
fell only 3.8% from 289 to 278 mg/dl during the first 2 hr and
then fell more rapidly by 25% to 216 mg/dl during the next 6
hr. As shown in Fig. 2, changes in apoB concentration in
lipoprotein fractions were very similar to those in cholesterol.
Changes in plasma triacylglycerol concentrations were nei-
ther consistent nor significant; in four WHHL rabbits the
levels fell 2.3%, 24%, 17%, and 16%, and in one rabbit the
level increased 9.7% during the first 4 hr.

The mean concentration of apoE in five WHHL rabbits
before injection was 7.2 = 3.4 mg/dl. Three minutes after
injection, the level increased to 22.8 mg/dl (Fig. 3A). The
recovery of injected apoE in plasma 3 min after injection was
68.1% of injected amount, based upon the formula: plasma
volume = 0.57 X body weight (in kg) X (100 — hematocrit).
The low recovery could reflect rapid removal of degraded or
aggregated apoE, which is known to aggregate readily in
aqueous solution. The half-life of injected apoE was =1.5 hr.
This observation is consistent with the rate of removal of the
labeled apoE injected with 30 mg of unlabeled apoE (Fig. 3A).
The distribution of apoE among lipoprotein classes was
analyzed by gel permeation chromatography. As shown in
Fig. 4, large VLDL was separated from small VLDL, IDL,
LDL, and high density lipoprotein (HDL). Before injection of
apoE, 7.6% of apoE was found in the large VLDL fraction
and 20%, 37%, and 36% were found in small VLDL, IDL plus
LDL, and HDL fractions, respectively. Increased amounts
of apoE were found in all lipoprotein fractions 3 min after
injection of apoE. Three minutes after injection, the fold
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Fi1G.3. (A)Change of plasma apoE concentrations after injection
of apoE [8.5 mg/kg (body weight)] into five WHHL rabbits. Plasma
apoE concentrations were determined by radioimmunoassay. (Bars
= 1 SE.) (B) The removal from blood plasma of 12°I-labeled apoE
injected with unlabeled apoE into two WHHL rabbits. ApoE was
radioiodinated by the chloramine-T method described (14).
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FiG. 4. (A) Gel filtration chromatography on Bio-Gel A-5m (2 X
90 cm column). Plasma (1 ml) pooled from five WHHL rabbits before
(m) or 3 min (D) or 1 hr (a) after injection of apoE was applied to the
column. Each fraction of the eluate contained 2.2 ml. (B) Fractions
23-42 shown in A. ApoE values are given as ug/ml of column eluate.
To determine the distribution of each lipoprotein fraction, large
VLDL, small VLDL, IDL, LDL, and HDL fractions were isolated
from WHHL rabbits and applied to the column.

increases were 1.8 in large VLDL, 2.0 in small VLDL, 1.8 in
IDL + LDL, and 5.5 in HDL fractions. One hour after
injection, the content of apoE fell in all lipoprotein fractions
but was still higher than before injection. The similar results
were obtained in an experiment in which labeled apoE was
injected with unlabeled apoE. Labeled apoE in lipoproteins
containing apoB-100 decreased gradually during the first 8 hr
after injection.

We found that the content of apoE in VLDL~E and
I+ LDL-E was 2- to 3-fold greater than that in original VLDL
and I+LDL, as determined by radioimmunoassay and visu-
alized in NaDodSO,/polyacrylamide gel electrophoreto-
grams. Clearance from plasma of radioiodinated VLDL-E
and VLDL is shown in Fig. SA. VLDL~E was removed from
the blood plasma much faster than VLDL during the first 2
hr after injection; later the rates for VLDL-E and VLDL
were very similar, whereas the rate of removal of I+ LDL-E
did not differ from that of I+LDL (Fig. 5B). The rate of
removal of VLDL-E was 2.8-fold higher than that of VLDL
during the first hr and 1.7-fold higher during the second hr.

DISCUSSION

Lipoproteins containing apoE are known to have a high
affinity to lipoprotein receptors (3-7). ApoE can be incor-
porated into lipoproteins when incubated with lipoproteins or
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F1G. 5. Removal of %I-labeled apoB in plasma from blood
plasma after injection of 12°I-labeled VLDL incubated with apoE
(VLDL-E, D) and #]-labeled VLDL (m) into three WHHL rabbits
(A) and injection of 12°I-labeled I+LDL (1.006 < d < 1.063)
incubated with apoE (I+LDL-E, 0O) and 1%I-labeled I+ LDL (m) into

two WHHL rabbits (B). [Bars = 1 SE (where not shown, SE values
fall within data point).]

injected in vivo (22, 24-26). In this report, we have shown that
injection of a large amount of apoE into rabbits deficient in
LDL receptors reduces plasma cholesterol by 20% between
4 and 8 hr after injection. In the early phase, the reduction
was mainly in VLDL and IDL; later LDL cholesterol fell
substantially. Lowered plasma cholesterol levels were main-
tained up to 24 hr after injection. The reduction of plasma
cholesterol in the early phase is mainly explained by the
removal of lipoproteins containing apoB because changes of
both apoB and cholesterol in lipoprotein fractions were very
similar. After injection of saline, plasma cholesterol levels
were constant for the first 4 hr and then fell between 4 and 8
hr. It is, therefore, difficult to determine whether the de-
crease in plasma cholesterol in the late phase of the experi-
ment was produced by apoE.

We determined the injected dose of apoE from preliminary
in vitro experiments. By measuring the binding affinity of
VLDL incubated with various amounts of apoE for LDL
receptors on human fibroblast, we found that one-half to an
equal amount of apoE to VLDL protein is required to obtain
a maximal effect (H.M. and N.Y., unpublished data). Be-
cause the protein concentration of VLDL in WHHL rabbits
is =30 mg/dl (11, 27), we decided to inject =30 mg of apoE.

As shown in Fig. 4, injection of apoE doubled the content
of apoE in lipoproteins containing apoB-100. Before injec-
tion, apoB concentrations in VLDL and I+LDL isolated by
density gradient ultracentrifugation were 15.5 and 137.9
mg/dl, respectively, and the corresponding values for apoE
determined in fractions separated by gel filtration chromatog-
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raphy were 2.0 and 2.7 mg/dl, respectively. Based on these
values, the average numbers of apoE molecule were estimated
as 1.9 for VLDL and 0.29 for I+ LDL from the molar ratio of
apoE to apoB (based on molecular weights for apoB-100 of
512,000 and for apoE of 34,000). Immediately after injection of
apoE, the average number of apoE molecules in VLDL and
I+LDL particles was about 4 and 0.6, respectively, since the
content of apoE was doubled. Previous studies, in which
lipoproteins containing apoE were separated by immunosorp-
tion, demonstrated that 90% of both VLDL and IDL and 50%
of LDL from WHHL rabbits are B,E particles. As in normal
rabbits B,E particles in VLDL of WHHL rabbits were removed
from the blood plasma more efficiently than B particles that
lacked apoE. It has been proposed that multivalent binding of
VLDL particles containing several apoE molecules promotes
receptor-mediated endocytosis of lipoproteins containing apoB-
100 (10, 11). The current study provides further evidence for this
hypothesis by showing that incorporation of apoE into VLDL
can influence the clearance of lipoproteins containing apoB-100.

In further support of this hypothesis, we found that the rate
of removal of VLDL incubated with apoE (VLDL-E) was
3-fold higher than that of VLDL, whereas there was no
difference between I+LDL~E and I+LDL (Fig. 5). This ob-
servation suggests that the number of apoE molecules on
VLDL particles is critical for VLDL clearance. In contrast to
VLDL, addition of apoE to IDL and LDL did not affect their
turnover. A single molecule of apoE in IDL and LDL does not
affect their turnover (10, 11). Rapid turnover of VLDL~E would
be expected to reduce the formation of LDL from VLDL,
resulting in the observed decrease in LDL cholesterol level.

There are two possible pathways to remove VLDL with
additional apoE; the chylomicron-remnant receptor pathway
is presumably intact in WHHL rabbits and the LDL receptor
pathway. WHHL rabbits have a mutation of the LDL
receptor gene and synthesize LDL receptors in which 4
amino acids are deleted from one of the binding domains (28).
The abnormal LDL receptors are transported at a low rate
from the endoplasmic reticulum to the Golgi apparatus, but
a small number may reach the cell surface and could remove
VLDL containing several apoE molecules. In the LDL-
receptor-deficient state, we suggest that either chylomicron-
remnant receptors or a small number of mutant LDL recep-
tors can function to remove lipoproteins containing incorpo-
rated apoE.

Although lowering plasma cholesterol by injecting apoE
may in principle reduce the rate of atherogenesis in WHHL
rabbits, results of some studies suggest that VLDL contain-
ing several apoE molecules including B-VLDL promote
cholesterol accumulation in macrophages (29, 30). Further
research, including studies of the effects of sustained admin-
istration of apoE, is needed to determine the fate of choles-
terol leaving the blood after injection of apoE, whether
excreted as bile acids, secreted as VLDL, or incorporated
into foam cells. ApoE has been produced biosynthetically by
a bioengineering technique (31), and its availability should
make it possible to determine whether apoE can be used to
reduce the rate of atherogenesis in WHHL rabbits or other
suitable animal models of accelerated atherogenesis.
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