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ABSTRACT Remnants of triglyceride-rich lipoproteins
containing apolipoprotein (apo) B-48 accumulate in apo
E-deficient mice, causing pronounced hypercholesterolemia.
Mice doubly deficient in apo E and hepatic lipase have more
pronounced hypercholesterolemia, even though remnants do
not accumulate appreciably in mice deficient in hepatic lipase
alone. Here we show that the doubly deficient mice manifest a
unique lamellar hyperlipoproteinemia, characterized by ve-
sicular particles 600 Å–1,300 Å in diameter. As seen by
negative-staining electron microscopy, these lipoproteins also
contain an electron-lucent region adjacent to the vesicle wall,
similar to the core of typical lipoproteins. Correlative chem-
ical analysis indicates that the vesicle wall is composed of a 1:1
molar mixture of cholesterol and phospholipids, whereas the
electron-lucent region appears to be composed of cholesteryl
esters (about 12% of the particle mass). Like the spherical
lipoproteins of doubly deficient mice, the vesicular particles
contain apo B-48, but they are particularly rich in apo A-IV.
We propose that cholesteryl esters are removed from spherical
lipoproteins of these mice by scavenger receptor B1, leaving
behind polar lipid-rich particles that fuse to form vesicular
lipoproteins. Hepatic lipase may prevent such vesicular li-
poproteins from accumulating in apo E-deficient mice by
hydrolyzing phosphatidyl choline as scavenger receptor B1
removes the cholesteryl esters and by gradual endocytosis of
lipoproteins bound to hepatic lipase on the surface of hepa-
tocytes.

Chylomicrons transport dietary fat and cholesterol into the
blood and are metabolized in two discrete steps (1). First,
chylomicron triglycerides and phospholipids are partially re-
moved in extrahepatic tissues by lipoprotein lipase to yield
chylomicron remnants (CR); second, the remnants are ad-
sorbed onto hepatic parenchymal cells and undergo receptor-
mediated endocytosis. Binding of CR to hepatocytes is medi-
ated chiefly by the low-density lipoprotein (LDL) receptor and
hepatic lipase (HL) (1). The LDL receptor-related protein can
also bind CR that have been enriched with apolipoprotein
(apo) E. Endocytosis of CR, leading to lysosomal catabolism,
is primarily mediated by the LDL receptor. The LDL receptor
and LDL receptor-related protein bind CR by means of apo E.
Thus, apo E-deficient mice (2, 3) and humans (4) manifest
massive accumulation of CR. Although CR clearance is im-
paired in HL-deficient mice (5), and conversion of very
low-density lipoprotein (VLDL) remnants to LDL and LDL
concentrations are reduced in HL-deficient humans (6) and
mice (5), accumulation of remnant lipoproteins is limited
(5–7). Recently, Mezdour et al. (8) have reported that mice

doubly deficient in apo E and HL have considerably higher
levels of cholesterol in lipoproteins with remnant characteris-
tics than mice deficient only in apo E. Here we show that the
doubly deficient mice uniquely manifest a pronounced lamel-
lar hyperlipoproteinemia, in which lipoprotein particles resem-
bling liposomes accumulate. The formation of these lamellar
lipoproteins evidently requires deficiency of HL in the setting
of the gross remnant accumulation associated with apo E
deficiency. HL thus provides an alternative system for hepatic
metabolism of remnant particles that cannot be recognized by
the LDL receptor or the LDL receptor-related protein, in the
absence of which a distinct third pathway of remnant process-
ing is uncovered.

METHODS

Animals. Mice deficient in apo E (developed on a strain 129
background and backcrossed with C57BLy6J mice for five
generations) were bred with mice deficient in HL (5, 7).
Deficient heterozygotes and homozygotes were identified by
blood plasma immunoassays specific for rat HL (9) and apo E
(10). Unless otherwise noted, mice were studied at 12–20
weeks of age and were fed standard chow.

Separation and Characterization of Lipoproteins. Blood
samples were obtained as described (5). To inhibit hepatic
lipase, tetrahydrolipostatin (final concentration 0.1 mgyml) (5)
was added to plasma from mice deficient only in apo E. Plasma
pools were subjected to sequential ultracentrifugation and
lipids and total protein were estimated in plasma and lipopro-
tein fractions (5). Individual apolipoproteins were quantified
by an SDS gel electrophoretic procedure (11). The electro-
phoretic mobility of lipoprotein fractions was determined after
separation in agarose gel (12). Nondenaturing 2%–14% gra-
dient gel electrophoresis of plasma, with lipid staining, and
calculation of lipoprotein particle sizes were performed as
described (13). For preparative purposes, lipoprotein fractions
were size-fractionated on a 0.9 3 60 cm column of 4% agarose
gel (14); individual fractions of 0.7 ml were pooled based on
absorbance at 280 nM. Phospholipid species were quantified as
lipid P after separation of plasma extracts (15) by thin–layer
chromatography (16). Fatty acids of cholesteryl esters in
extracts (15) of lipoprotein fractions separated by thin-layer
chromatography (17) were converted to methyl esters (18) and
quantified in a Packard model 5890A gas chromatograph.
Plasma and lipoprotein fractions were examined by electron
microscopy after negative staining (19).
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RESULTS

Plasma cholesterol concentrations in doubly deficient male
mice were approximately 2-fold higher than in mice deficient
only in apo E. This difference was much less pronounced in
females (Table 1). Differences in the concentration of lipopro-
tein lipids were most pronounced for intermediate-density
lipoproteins (IDL) and LDL, the overall concentration of
which was increased about 3-fold in the doubly deficient mice.
Moreover, the fraction of cholesterol not esterified was in-
creased, particularly in LDL. The concentration of lipids in
high-density lipoprotein (HDL) fractions was also substan-
tially higher in the doubly deficient animals, as expected (5, 7).
Plasma phospholipids of doubly deficient mice were poorer in
sphingomyelin than were those from apo E-deficient animals.
The phosphatidyl choline:sphingomyelin ratio was 7.9 and 10.1
in two doubly deficient mice and 3.5, 3.6, and 3.1 in three apo
E-deficient mice. Agarose gel electrophoretograms from dou-
bly deficient mice showed three species in IDL and two in
LDL; only a single species was found in apo E-deficient mice
(Fig. 1). Negative-staining electron microscopy (Fig. 2) showed
little difference among VLDL species, but the IDL and LDL
of doubly deficient mice contained, in addition to the spherical
particles found in apo E deficiency, much larger particles with
a mainly electron-opaque center surrounded by a more elec-
tron-lucent wall. This structure is characteristic of lamellar
lipoprotein vesicles, in which a bilayer of polar lipids encloses
an aqueous compartment, as in liposomes (19). Many of the
vesicular particles contained an eccentrically placed nubbin of
electron-lucent material, suggestive of a residual nonpolar lipid
core, but the particles varied greatly in size and appearance
and, in some, more than one surface lamella was evident. The
light HDL class of doubly deficient mice contained some
vesicular particles but otherwise resembled those of apo E
deficiency. The heavy HDL classes of the two groups were
similar and lacked lamellar structures (vesicles or disks, not
shown). The heterogeneity of IDL and LDL classes of the
doubly deficient mice was also evident on gradient gel elec-
trophoresis (Fig. 3). In both, considerable material was present
at or near the top of the gradient, in addition to the smaller
particles characteristic of the IDL and LDL of apo E defi-
ciency.

The protein components of VLDL, IDL, and LDL classes
from doubly deficient mice, like those from apo E-deficient

mice, were characterized by an overwhelming predominance of
apo B-48 over apo B-100 (Table 2). Apo A-IV, however, was
a much more prominent constituent of all lipoprotein classes
of the doubly deficient mice and its concentration in plasma
(determined only in females) was increased 5-fold over that of
apo E-deficient animals The concentration of apo A-I was also
increased in the doubly deficient mice (chiefly in heavy HDL),
as was the concentration of combined A-II 1 C apoproteins
(chiefly in VLDL).

To define further the properties of the lamellar lipoproteins,
IDL and LDL were size-fractionated by gel chromatography.
Two fractions were obtained. For both IDL and LDL, the early
peak of material contained highly purified vesicular particles
(Fig. 4). These lipoproteins, in contrast to the mainly spherical
particles eluting in the second peak, were primarily composed
of free cholesterol and phospholipids in an approximately 1:1
molar ratio (Table 3), as in the vesicular lipoprotein of
cholestasis (LP-X) (20), but also contained about 12% by mass
of cholesteryl esters and a small amount of triglycerides (Table
3). Apo B-48 and apo A-IV together accounted for about 75%

FIG. 1. Agarose gel electropherograms of IDL (1) and LDL (2)
from an apo E- and HL-doubly deficient mouse (A) and an apo
E-deficient mouse (B). A single component with b-mobility is evident
in both fractions from the apo E-deficient mouse, whereas three
components with slow b, b, and pre-b mobilities are evident in
fractions from the doubly deficient mouse. (The latter pattern was
observed with IDL and LDL from two other mice.) Rf values relative
to albumin marker (not shown) are indicated for each lipoprotein
component.

Table 1. Lipoprotein-lipid concentrations, mgydl, in Apo E (2y2) and Apo E (2y2) 1 hepatic lipase (2y2) mice

Fraction

Apo E (2y2) Apo E (2y2) 1 hepatic lipase (2y2)

Total
cholesterol

Free
cholesterol Phospholipids Triglycerides

Total
cholesterol

Free
cholesterol Phospholipids Triglycerides

Females
Plasma 498 (206) 203 336 121 (37) 735 (354) 321 791 136 (56)
VLDL 274 102 176 69 299 113 202 96
IDL 62 21 33 11 137 57 98 11
LDL 102 43 60 14 182 124 204 16
HDLL 7 3 13 6 34 8 37 5
HDLH 18 5 65 4 72 3 210 8

Males
Plasma 613 (123) 300 573 242 (155) 1302 (436)*† 573 1143 288 (150)†

VLDL 405 156 260 191 684 251 473 249
IDL 63 27 41 12 225 94 174 16
LDL 125 58 103 18 253 165 317 12
HDLL 12 7 27 4 34 25 38 7
HDLH 23 7 83 3 89 19 124 4

Data for Apo E (2y2) mice are from single pools of seven males and four females (age 24–28 weeks); data from apo E (2y2)1 hepatic lipase
(2y2) mice are means from two pools of plasma from seven to ten mice each. Standard deviations (in parentheses) for total cholesterol and
triglycerides in plasma are from individual analyses from the mice used to make these pools.
HDLL, light HDL; HDLH, heavy HDL.
*Significantly different from Apo E (2y2) mice (P , 0.001).
†Significantly different from females of the same genotype (P , 0.001).
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of the protein mass of the lamellar particles. The appearance
and composition of the spherical particles in IDL closely
resembled those of apo E deficiency. The smaller LDL species
of doubly deficient mice were more polymorphic, with some
particles characterized by apparent excess of surface material
and a few discoidal particles. The composition of this fraction
suggested a mixture of mainly spherical particles with some
admixture of phospholipid-rich particles, as compared with the
LDL from apo E-deficient mice.

To evaluate the provenance of the cholesteryl esters of the
lamellar lipoproteins, we determined their fatty acid compo-
sition (Table 4). Lamellar particles were richer in cholesteryl
palmitate, stearate, and oleate and poorer in cholesteryl
linoleate and arachidonate than were spherical IDL1LDL
particles.

DISCUSSION
On the background of apo E deficiency, with its massive
accumulation of remnant lipoproteins containing apo B-48 (2),

superimposed deficiency of HL has a dramatic and unexpected
effect: the appearance of large numbers of lamellar lipopro-
teins with a vesicular structure resembling liposomes. These
particles, with a density spanning that of IDL and LDL, are
much larger than the spherical microemulsion lipoproteins
that persist in the IDL and LDL fractions of doubly deficient
animals, and even larger than the bulk of VLDL particles that
predominate in apo E-deficient mice. The lamellar surface of
the vesicles is presumably composed mainly of an equimolar
mixture of phospholipids and cholesterol, associated primarily
with apo B-48 and apo A-IV. They are more polymorphic and
most are larger than LP-X (20), however, and contain about
15% by weight of nonpolar lipids, which presumably compose
the electron-lucent nubbin seen in electron photomicrographs.

The structure and composition of VLDL from the doubly
deficient mice resembles that of apo E deficiency alone. Their
concentration is increased only in males. The concentration
and size of HDL particles is increased in both sexes, as in mice
with deficiency of HL alone (5, 7). Thus, the increased

FIG. 2. Plasma lipoproteins, visual-
ized by negative-staining electron mi-
croscopy from apo E-deficient (Left: a,
c, e, g) and doubly deficient mice (Right:
b, d, f, h). Whole plasma from apo
E-deficient mice (a) contains mainly
large spherical particles of 200 Å–1,600
Å in diameter; that from doubly defi-
cient mice (b) contains, in addition,
clusters of polymorphic structures,
some of which are flattened (arrows).
VLDL fractions from apo E-deficient
mice (c) and doubly deficient mice (d)
contain spherical particles of 250
Å–1,600 Å in diameter with electron-
lucent cores as seen in whole plasma.
IDL from apo E-deficient mice (e)
contain round to rectangular particles
of 225 Å–450 Å diameter with elec-
tron-lucent cores whereas IDL from
doubly deficient mice ( f) contain, in
addition, larger polymorphic particles
with electron-opaque cores (arrows); in
many of these an electron-lucent region
(open arrowhead) is seen abutting the
wall. The LDL fraction from apo E-de-
ficient mice (g) contains somewhat
smaller particles (170 Å–300 Å diame-
ter) than those in e; some larger parti-
cles are partially electron-opaque (ar-
rows). LDL from doubly deficient mice
(h) contain a similar mixture of parti-
cles to those seen in ( f) but with a
greater proportion of the larger species
(arrows). (387,300, except for a and b
(329,100.)
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hypercholesterolemia found in female doubly deficient mice
results primarily from accumulation of the lamellar lipopro-
teins and, to a lesser extent, from accumulation of HDL; in the
males, an increased concentration of b-VLDL also contributes
to the augmented hypercholesterolemia. The basis for this
sex-specific effect is unclear.

The vesicular particles likely are products of the metabolism
of the accumulated b-VLDL and evidently result from the HL
deficiency. In apo E-deficient mice, dietary cholesterol, as
cholesteryl esters, does reach the liver, as it does in wild-type
mice (21), indicating that this component of chylomicron
remnants is eventually taken up by the liver without the
intervention of the receptors that recognize apo E (LDL
receptor and LDL receptor-related protein). In the doubly
deficient mice, plasma lipoproteins also reach plateau values,
indicating that some removal processes persist, but this is now
accompanied by the accumulation of lamellar particles in the
blood, suggesting that the remnants cannot be taken up into
hepatocytes by endocytosis. HL participates in the initial
binding of chylomicron remnants to liver cells in rats (22) and
mice (5), binds apo B-48 by means of its amino-terminal region
(23), and is concentrated in endosomes in rat liver (24). Thus,
we suggest that HL mediates the endocytosis of remnants
containing apo B-48 in apo E-deficient mice. The potential for
this process is indicated by the substantial reduction of plasma
cholesterol concentrations of apo E-deficient mice overex-
pressing human HL at very high levels (25). The cholesteryl
esters of the lamellar lipoproteins contain fewer polyunsatu-
rated fatty acids than do the spherical IDL and LDL, resem-
bling those of VLDL of wild-type mice (26). These cholesteryl
esters are thought to be synthesized by acyl CoA cholesterol
acyltransferase in intestinal absorptive cells or hepatocytes
(27). As compared with the b-VLDL containing apo B-48,
however, the lamellar particles are grossly depleted of cho-
lesteryl esters. These observations suggest that the lamellar
particles are byproducts of selective uptake of cholesteryl
esters by the liver (28) from the b-VLDL. This process is
mediated by scavenger receptor B1 (SR-B1) and accounts for
a major portion of the plasma clearance of HDL cholesteryl
esters in rodents (29). SR-B1 can bind apolipoproteins con-
taining amphipathic helical repeats (30). Apo A-IV, apo A-I,
and C apoproteins of the b-VLDL could therefore confer
affinity to SR-B1, leading to gradual removal of most of the
cholesteryl esters from the core of these lipoproteins. Selective
removal is thought to contribute to the generation of core
lipid-poor and protein-rich pre-b-HDL from a-HDL. The
pre-b-HDL can then acquire more unesterified cholesterol
from peripheral cells that is esterified by lecithin-cholesterol

FIG. 3. Densitometric tracings of lipid-stained 2%–l4% polyacryl-
amide gels after electrophoresis of VLDL (A), IDL (B), and LDL (C)
from an apo E- and HL-doubly deficient mouse. Components near the
top of the gel are evident in all cases, together with included components
of progressively decreasing size. Comparable patterns were observed with
lipoproteins from two other doubly deficient mice. The early components
for VLDL represent large spherical particles that were excluded from, or
barely entered, the gel, whereas those for IDL and LDL represent
lamellar particles. The more rapidly migrating components represent
spherical microemulsion particles in all cases (see Fig. 4) and may include
lipoprotein species containing or lacking apo B.

Table 2. Apolipoprotein concentrations, mgydl, in Apo E (2y2) and Apo E (2y2)1 hepatic lipase (2y2) mice

Fraction

Apo E (2y2) Apo E (2y2)1 hepatic lipase (2y2)

B-100 B-48 A-IV A-I A-II1Cs B-100 B-48 A-IV A-I A-II1Cs

Females
Total 2.9 28.5 7.3 21.3 29.8 5.0 39.6 35.4 103.8 92.5
VLDL 0.6 13.5 5.2 5.5 17.8 0.9 9.9 10.3 3.1 14.7
IDL 0.7 6.7 1.1 4.5 4.6 0.9 9.0 7.3 4.1 7.7
LDL 1.6 6.6 0.3 3.6 1.6 2.7 14.9 9.9 8.3 9.4
HDLL — 1.7 0.1 0.3 0.9 0.5 3.9 5.3 5.8 3.8
HDLH — — 0.6 7.4 4.9 — 1.9 2.6 82.5 56.9

Males
Total 6.1 54.2 45.6 95.7 158.5
VLDL 4.0 26.7 8.0 11.3 34.9 2.1 24.7 21.0 8.1 49.4
IDL 0.7 6.8 1.0 4.2 3.6 1.1 10.2 8.0 5.0 11.4
LDL 2.7 13.9 9.8 9.0 11.9
HDLL 0.2 3.9 4.3 7.3 7.6
HDLH — 1.5 2.5 66.3 78.2

Data from Apo E (2y2) mice are from single pools of plasma from eight males and four females; data from Apo E (2y2)1 hepatic lipase
(2y2) mice are means from two pools of seven to ten mice each.
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acyltransferase, providing a cycle for trafficking of cholesterol
from extrahepatic cells to the liver for excretion into the bile
(31). In the case of b-VLDL, a product resembling pre-b-HDL
is unlikely, given the high molecular weight and low aqueous
solubility of apo B-48 (32). We propose that the cholesteryl
ester-depleted b-VLDL become reorganized by fusion of
several of the core lipid-depleted precursor particles to yield
stable vesicles. Cholesteryl esters may also be removed selec-
tively from b-VLDL in mice deficient only in apo E. If such
removal occurs, HL could hydrolyze phosphatidylcholine on
the lipoprotein surface as cholesteryl esters are removed,
thereby reducing the potential for vesicle formation. Others
have suggested that HL may normally act on HDL in concert
with SR-B1 (33, 34).

In their studies of mice deficient in apo E and HL, Mezdour
et al. (8) observed reduced atherosclerotic lesions in females
but not in males. They found that pre-b-HDL persisted among
the more prevalent HDL particles of the doubly deficient mice
and that their HDL had increased capacity to promote efflux
of cholesterol from cultured cells. They attributed reduced
atherogenesis in the female mice to these changes in concen-
tration and properties of HDL. Our observations suggest

additional reasons for reduced atherosclerosis in the doubly
deficient female mice. First, the augmented hypercholesterol-
emia primarily reflects accumulation of the large vesicular
lipoproteins, which may have little or no atherogenic potential.
Second, the atherogenic potential of the b-VLDL of apo
E-deficient mice has been attributed in part to enrichment with
sphingomyelin, which increases aggregation of the lipoproteins
when exposed to sphingomyelinase secreted by macrophages
and endothelial cells (35). We found the lipoprotein-
phospholipids of the doubly deficient mice to be relatively
deficient in sphingomyelin, which presumably reflects lack of
hydrolysis of the major phospholipid, phosphatidyl choline, by
HL (36). Thus, their b-VLDL may have reduced atherogenic
potential. Third, the lamellar lipoproteins may contribute to
reverse transport of arterial cholesterol by sequestering cho-
lesterol transferred initially to HDL (37). Like liposomes
prepared in vitro (38), these vesicular particles may be taken up
by hepatic Kupffer cells. The high cholesterol–phospholipid
ratio of the lamellar particles indicates little potential for such
sequestration, but may reflect only saturation with free cho-
lesterol associated with a long residence time in plasma.
Evidently, several mechanisms other than alterations within

FIG. 4. Species of lipoproteins in IDL (Upper) and LDL (Lower) fractions from apo E- and HL-doubly deficient mice, separated by gel filtration.
The larger species of 600 Å–1,300 Å diameter (Left) are characterized by an electron-opaque core, with an electron-lucent region abutting the wall
(open arrowheads). Some particles are multilamellar (arrows). The smaller species (Right) resemble the sphericalyrectangular particles of total IDL
and LDL (see Fig. 2), with a few oblong or irregular particles in the latter (arrows). (387,300.)

Table 3. Composition of lipoprotein species in Apo E (2y2)1 hepatic lipase (2y2)1 Apo E (2y2) mice

Component

IDL, % mass LDL, % mass

Double deficiency

Apo E (2y2)

Double deficiency

Apo E (2y2)Lamellar Spherical Lamellar Spherical

CE 11.0 46.8 40.8 12.4 28.3 35.7
TG 4.1 1.9 7.7 1.4 2.3 5.4
FC 28.5 10.3 15.7 28.3 11.3 16.8
PL 50.0 30.2 23.8 52.6 43.7 26.6
Protein 6.3 10.6 12.1 5.1 14.1 15.6

B-100 0.2 0.1 0.5 0.1 0.6 1.8
B-48 2.2 3.1 4.9 1.5 4.9 7.5
A-IV 2.4 1.2 0.7 2.5 1.5 0.3
A-I — 2.9 3.1 0.5 5.9 4.1
A-II 1 Cs 1.5 3.3 2.9 0.5 1.2 1.9

CE, cholesteryl esters; TG, triglycerides; FC, free cholesterol; PL, phospholipids.

Medical Sciences: Bergeron et al. Proc. Natl. Acad. Sci. USA 95 (1998) 15651



HDL could account for reduced atherogenesis in the doubly
deficient female mice. The comparable atherosclerosis ob-
served by Mezdour et al. (8) in doubly deficient males may
reflect their much higher b-VLDL concentrations.

In conclusion, HL evidently prevents the accumulation of
vesicular lipoproteins in apo E-deficient mice, presumably by
hydrolyzing phosphatidyl choline of b-VLDL and by providing
a pathway for their removal by means of endocytosis into the
liver. The production of these distinct lamellar particles may
reflect the selective removal pathway for cholesteryl esters,
acting on an atypical substrate, b-VLDL.
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Table 4. Fatty acid composition, mol %, of cholesteryl esters of
IDL 1 LDL in hepatic lipase (2y2) and apo E (2y2) 1 hepatic
lipase (2y2) mice

Fatty acid Lamellar particles Spherical particles

14:0 2.6 —
16:0 14.8 9.5
16:1 5.9 5.1
18:0 5.2 1.9
18:1 25.7 18.4
18:2 31.9 44.7
18:3 1.2 1.1
20:4 12.6 19.3
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