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Pathway of biogenesis of apolipoprotein E-containing HDL in vivo with the
participation of ABCA1 and LCAT
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We have investigated the ability of apoE (apolipoprotein E) to par-
ticipate in the biogenesis of HDL (high-density lipoprotein)
particles in vivo using adenovirus-mediated gene transfer in apoA-
I−/− (apolipoprotein A-I) or ABCA1−/− (ATP-binding cassette
A1) mice. Infection of apoA-I−/− mice with 2 × 109 pfu (plaque-
forming units) of an apoE4-expressing adenovirus increased both
HDL and the triacylglycerol-rich VLDL (very-low-density lipo-
protein)/IDL (intermediate-density lipoprotein)/LDL (low-den-
sity lipoprotein) fraction and generated discoidal HDL particles.
ABCA1−/− mice treated similarly failed to form HDL parti-
cles, suggesting that ABCA1 is essential for the generation of
apoE-containing HDL. Combined infection of apoA-I−/− mice
with a mixture of adenoviruses expressing both apoE4 (2 ×
109 pfu) and human LCAT (lecithin:cholesterol acyltransferase)
(5 × 108 pfu) cleared the triacylglycerol-rich lipoproteins, in-

creased HDL and converted the discoidal HDL into spherical
HDL. Similarly, co-infection of apoE−/− mice with apoE4 and
human LCAT corrected the hypercholesterolaemia and generated
spherical particles, suggesting that LCAT is essential for the matu-
ration of apoE-containing HDL. Overall, the findings indicate
that apoE has a dual functionality. In addition to its documented
functions in the clearance of triacylglycerol-rich lipoproteins,
it participates in the biogenesis of HDL-sized apoE-containing
particles. HDL particles generated by this pathway may account
at least for some of the atheroprotective functions of apoE.

Key words: adenovirus-mediated gene transfer, apolipoprotein
E (apoE), ATP-binding cassette transporter A1 (ABCA1), high-
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INTRODUCTION

ApoE is an important protein of the lipoprotein transport system
and plays a significant role in the protection from or the patho-
genesis of atherosclerosis, dyslipidaemia and Alzheimer’s disease
[1–4].

The atheroprotective properties of apoE (apolipoprotein E)
have been demonstrated in numerous studies, including bone
marrow transplantation or retroviral gene transfer [5,6], and low
levels of ectopic expression of apoE in the adrenals [7]. In mice
bioengineered to express low levels of a mutant mouse apoE, an
atherogenic diet promoted atherosclerosis and a switch to a normal
diet and restoration of normal levels of apoE caused regression of
atherosclerosis [8]. Inhibition of progression of early lesions and
regression of advanced lesions were also observed by adenovirus-
mediated apoE gene transfer in LDL (low-density lipoprotein)
receptor-deficient mice, suggesting that other functions of apoE
independent of LDL receptor recognition may also contribute to
atheroprotection [9]. A well-documented function of apoE is its
participation in the clearance of lipoprotein remnants of intestinal
or hepatic origin by the liver [4]. ApoE also has been shown to
promote cholesterol efflux in vitro [10], and thus may contribute
to cell and tissue cholesterol homoeostasis and protection from
atherosclerosis through different mechanisms [10].

ApoE at physiological concentrations maintains lipid homo-
eostasis and is atheroprotective [5–8,11–13]. However, increased
expression of apoE increases the rate of hepatic VLDL (very-
low-density lipoprotein) triacylglycerol secretion [14] and is
associated with hypertriglyceridaemia [13,14]. In humans and

experimental animals, plasma apoE levels are correlated with
plasma triacylglycerol levels [13–15].

To gain insight into the opposing functions of apoE that lead
either to lipoprotein clearance or to dyslipidaemia, we used adeno-
virus-mediated gene transfer in apoE−/− mice to correct the apoE
deficiency [14,16,17]. These studies showed that apoE forms
lacking the C-terminal domain can clear cholesterol efficiently
from the plasma of apoE-deficient mice, whereas full-length
apoE increased VLDL secretion [14,16], induced hypertrigly-
ceridaemia and also affected the structure of HDL (high-density
lipoprotein) [17]. Site-directed mutagenesis of apoE followed by
in vivo gene transfer localized the residues responsible for hyper-
triglyceridaemia in the 261–269 region of apoE [17].

ApoE has striking structural [18] and functional [19,20] simi-
larities with apoA-I (apolipoprotein A-I), a protein that is required
for the biogenesis of HDL [21]. On the basis of these similarities,
our hypothesis was that apoE, in addition to its known function
in remnant clearance [4], may also participate in the biogenesis
of HDL-like apoE-containing lipoprotein particles following a
pathway similar to that of apoA-I [21]. To address this question,
we used adenovirus-mediated apoE gene transfer in apoA-I−/−

mice [22] or ABCA1−/− (ATP-binding cassette transporter
A1) mice [23], which do not synthesize HDL. It was found that
infection of apoA-I−/− with adenovirus expressing WT (wild-
type) apoE4 promoted the formation of a large number of dis-
coidal HDL particles and induced dyslipidaemia, whereas
ABCA1−/− mice treated similarly failed to form HDL. Interest-
ingly, infection of apoA-I−/− mice or apoE−/− mice with a com-
bination of adenoviruses expressing apoE4 and human LCAT
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(lecithin:cholesterol acyltransferase) corrected the dyslipidaemia
and converted the discoidal HDL into spherical particles.

It is important to note that infection of apoA-I−/− mice
with adenovirus expressing a recently described apoE4 (L261A/
W264A/F265A/L268A/V269A) mutant designated apoE4mut1
[17] did not induce dyslipidaemia and promoted the formation
of spherical apoE-containing HDL particles, suggesting that this
mutant has improved functions in lipoprotein clearance as well as
in the biogenesis of apoE-containing HDL.

EXPERIMENTAL

Animal studies

The construction of the recombinant adenovirus expressing the
WT human apoE4 form has been described previously [14].

Mice were purchased from Jackson Laboratories. ABCA1−/−

mice were generated by crossing ABCA1+/− mice [23]. Female
apoE−/− [24], apoA-I−/− [22] and ABCA1−/− [23] mice 4–6
weeks old were used in these studies. Groups were formed after
determining the fasting cholesterol and triacylglycerol levels of
the individual mice, to ensure similar average cholesterol and
triacylglycerol levels among groups.

For the adenovirus infections, groups of at least six to eight
mice were injected intravenously through the tail vein with doses
of 2 × 109 pfu (plaque-forming units) of apoE4-expressing adeno-
virus in the presence of absence of 5 × 108 pfu of an adenovirus
expressing human LCAT. Blood was obtained daily following
a 4 h fasting period 4 days post-injection. Aliquots (20 µl) of
plasma were stored at 4 and −20 ◦C.

RNA analysis

To assess the expression of apoE4 or apoE4mut1, at least six
mice from each group were killed 4 days post-infection. Livers
were collected from individual animals, frozen in liquid nitrogen
and stored at −80 ◦C. Total RNA was isolated from the livers and
analysed for apoE mRNA and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) expression by Northern blotting and
quantified by phosphorimaging [14].

FPLC analysis and lipid determination

For FPLC analysis of serum samples, 12 µl of serum was di-
luted 1:5 with PBS, and loaded on to a Superose 6 column in
a SMART micro-FPLC system (Amersham Biosciences), and
eluted with PBS. A total of 25 fractions of 50 µl each were
collected for further analysis. Triacylglycerols, total cholesterol
and free (non-esterified) cholesterol were determined using the
GPO-Trinder Kit (Sigma) and Infinity Cholesterol kit (Thermo
Electron Corporation) and Free Cholesterol C Kit (Wako), accord-
ing to the manufacturers’ instructions. The triacylglycerol and
cholesterol concentrations of the serum and the FPLC fractions
were determined spectrophotometrically at 540 and 492 nm
respectively, as described previously [14].

Density-gradient ultracentrifugation

To assess the ability of WT and mutant apoE forms to associate
with different lipoproteins, 0.3 ml of serum from mice infected
either with the control recombinant attenuated adenovirus ex-
pressing GFP (green fluorescent protein) under the control of
the CMV (cytomegalovirus) promoter or adenoviruses expressing
WT apoE4, apoE4mut1 or human LCAT were fractionated by

density-gradient ultracentrifugation at 30000 rev./min for 22 h
using a Beckman swinging-bucket SW41 rotor and analysed by
SDS/PAGE (13% gels) [17].

Electron microscopy

Aliquots of the fractions from equilibrium density-gradient centri-
fugation after dialysis against ammonium acetate and carbonate
buffer, were stained with sodium phosphotungstate, visualized
using a Philips CM-120 electron microscope, and photographed
as described previously [21]. The photomicrographs were taken at
×75000 magnification and enlarged three times. Size measure-
ments of particles (n > 200 from each population) were taken
directly from image negatives (×75000) with a 7× measuring
magnifier with metric scale of 0.1 mm divisions. Measured values
were classified into 1.3 nm intervals and the diameter of each value
within an interval was represented by the midpoint of that interval.
Descriptive statistics of a measured population of at least 200
particles were prepared using the Analysis Tool Pack in Microsoft
Excel 2002.

LCAT activation

POPC (1-palmitoyl-2-oleoyl phosphatidylcholine)/cholesterol/
apoE and POPC/cholesterol/apoA-I particles containing
[14C]cholesterol were generated by the sodium cholate dialysis
method at a POPC/cholesterol/apoE or POPC/cholesterol/apoA-I
proportion of 100:10:1. The rHDL (reconstituted HDL) particles
thus produced were used as substrate in the activation of
LCAT and the calculation of the apparent Vmax and Km values.
Experiments were performed as described in [25]. The cholesterol
esterification rate was expressed as nanomol of cholesteryl ester
formed per h. To calculate the apparent Vmax and Km values,
the rate of cholesteryl ester formation was plotted against the
concentration of apoA-I or apoE4. The data were fitted to
Michaelis–Menten kinetics using Prism (GraphPad Software).
Owing to the low catalytic activity of apoE4, the kinetic
parameters for apoE4 were obtained with 10-fold higher enzyme
concentrations than those used to obtain the kinetic parameters
of apoA-I and the Vmax (app) value for apoE4 was normalized by
dividing the experimentally obtained Vmax (app) by 10.

Statistical analysis

Comparison of data from two groups of mice was carried out
using Student’s t test.

RESULTS

Plasma lipid, FPLC profiles and hepatic apoE mRNA levels of
apoA-I−/− mice following adenovirus infections

In the present study, we selected to measure lipid, lipoprotein
and apoE mRNA levels at 4 days post-infection based on a recent
study which showed that plasma apoE and triacylglycerol levels
reach a plateau between days 2 and 5 and decline rapidly between
days 6 and 8 [13]. Treatment of apoA-I−/− mice with a control
adenovirus expressing GFP did not change their plasma chole-
sterol and triacylglycerol levels (Table 1 and Figure 1A). Potential
liver damage following adenovirus infection was assessed by
measuring serum transaminases using the Reflotron Plus system
(Roche). These analyses showed normal serum transaminase
levels when mice were infected with 2 × 109 pfu of recombinant
adenoviruses. Analysis of plasma lipids and apoE levels, and
hepatic apoE mRNA levels at 4 days post-infection showed that,
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Table 1 Comparison of plasma lipid and apoE levels, and hepatic apoE mRNA levels of apoE−/− mice infected with recombinant adenoviruses expressing
apoE4, apoE4mut1 and/or LCAT

AdGFP, recombinant attenuated adenovirus expressing GFP under the control of the CMV promoter; AdGFP-E4, recombinant attenuated adenovirus expressing WT apoE4 and GFP under the
independent control of two CMV promoters; AdGFP-E4mut1, recombinant attenuated adenovirus expressing apoE4-mut1 and GFP under the independent control of two CMV promoters; Ad-LCAT,
recombinant attenuated adenovirus expressing LCAT under the independent control of the CMV promoter.

Mice Number apoE (mg/dl) Total cholesterol (mg/dl) Free cholesterol (mg/dl) Triacylglycerol (mg/dl) Relative apoE mRNA (%)

ApoA-I−/−

Untreated 10 – 26 +− 7 18 +− 3 41 +− 9 –
+AdGFP 8 – 20 +− 3 13 +− 1 30 +− 6 –
+AdGFP-E4 6 154 +− 4 561 +− 6 518 +− 5 1368 +− 102 100
+AdGFP-E4+Ad-LCAT 6 89 +− 2 347 +− 8 94 +− 11 77 +− 11 218
+AdGFP-E4mut1 8 100 +− 9 61 +− 6 30 +− 4 83 +− 4 120

ABCA1−/−

+AdGFP 6 – 33 +− 10 14 +− 5 23 +− 5 –
+AdGFP-E4 6 80 +− 6 197 +− 17 122 +− 8 1227 +− 45 137
+Ad-LCAT 6 – 14 +− 2 11 +− 5 27 +− 3 –

ApoE−/−

Untreated 10 – 942 +− 243 252 +− 68 86 +− 25 –
+AdGFP 10 – 877 +− 152 213 +− 76 68 +− 30 –
+AdGFP-E4 10 115 +− 6 882 +− 323 770 +− 261 2061 +− 851 152
+AdLCAT 6 – 1079 +− 35 177 +− 42 24 +− 4 –
+AdGFP-E4+Ad-LCAT 6 – 140 +− 53 81 +− 23 217 +− 82 295

compared with the non-infected controls, apoA-I−/− mice infected
with 2 × 109 pfu of an adenovirus expressing the WT apoE4 had
increased total and free cholesterol and triacylglycerol levels
(Table 1 and Figure 1B). The great majority of the cholesterol
in mice expressing apoE4 was in the form of free cholesterol that
was mainly distributed in the VLDL/IDL (intermediate-density
lipoprotein) and HDL region (Table 1 and Figure 1B).

Treatment of apoA-I−/− mice with adenoviruses expressing
apoE4 (2 × 109 pfu) and human LCAT (5 × 108 pfu) eliminated
the VLDL/IDL fraction and increased the HDL fraction (Fig-
ure 1C). Overall, this treatment decreased the total and free
plasma cholesterol and increased the total HDL cholesterol and
cholesteryl esters and shifted the HDL fraction slightly towards
the LDL density region (Table 1 and Figure 1C).

Effect of apoE4 alone or the combination of apoE4 and LCAT on the
distribution of apoE in different lipoproteins and the size and
the shape of HDL

Analysis of the distribution of apoE by SDS/PAGE following
density-gradient ultracentrifugation of plasma showed that in
apoA-I−/− mice infected with the control adenovirus expressing
GFP (Figure 1D), as well as in mice infected with apoE4-express-
ing adenoviruses, apoE was predominantly distributed in the
HDL3 and to a lesser extent the HDL2 region. In mice expressing
apoE4, a small amount of apoE was also found in the LDL, IDL
and VLDL regions (Figure 1E). Electron microscopy analysis
of the peak HDL fractions 6–8 showed that HDL consisted of
discoidal particles with diameter 13.25 +− 2.5 nm and thickness
5.69 +− 0.21 nm (Figure 1H), whereas the HDL fraction of the
control apoA-I−/− mice infected with the control adenovirus con-
tained very few particles (Figure 1G). It has been shown pre-
viously that the HDL fraction of apoA-I−/− mice is enriched in
apoE [16]. Treatment of the mice with a mixture of adenoviruses
expressing apoE4 and human LCAT shifted the distribution of
apoE towards the HDL2 region (Figure 1F) and resulted in the
formation of spherical HDL particles with diameter 10.09 +−
1.61 nm (Figure 1I).

In vitro LCAT activation experiments using POPC/cholesterol/
apoE4 or POPC/cholesterol/apoA-I proteoliposomes showed that

the catalytic efficiency of POPC/cholesterol/apoE particles is
14.8% of that of POPC/cholesterol/apoA-I particles [Vmax (app)/
Km (app) = 5.04 nmol of cholesteryl ester/h per µM for apoA-I
proteoliposomes compared with 0.74 nmol of cholesteryl ester/h
per µM for apoE proteoliposomes].

Lipid, lipoprotein, apoE and HDL profiles of ABCA1−/− mice
infected with the apoE4-expressing adenovirus

To test the involvement of ABCA1 in the biogenesis of apoE-con-
taining HDL, we treated ABCA1−/− mice with 2 × 109 pfu of ade-
novirus expressing apoE4. This treatment caused dyslipidaemia
characterized by high plasma triacylglycerols and moderately
elevated plasma cholesterol (Table 1). Lipid analysis and FPLC
fractionation of plasma showed that control ABCA1−/− mice in-
fected with adenoviruses expressing either GFP or LCAT had
very low cholesterol levels (Table 1, and Figures 2A and 2C).
FPLC fractionation of plasma showed that, in the ABCA1−/− mice
expressing apoE4, the lipids were distributed in the VLDL/IDL/
LDL that was enriched in free cholesterol and there was a virtual
absence of an HDL peak (Figure 2B). The triacylglycerol distri-
bution was similar to that of cholesterol (results not shown). Ana-
lysis of the distribution of apoE by SDS/PAGE following
density-gradient ultracentrifugation of plasma showed that, in the
ABCA1−/− mice infected with adenoviruses expressing GFP or
LCAT, the endogenous apoE was undetectable in the HDL region
(Figures 2D and 2F). In contrast, the ABCA1−/− mice infected
with the apoE4-expressing adenovirus had increased levels of
human apoE4 that was distributed in the VLDL/IDL/LDL region
(Figure 2E). The accumulation of apoE in this density region was
associated with severe hypertriglyceridaemia (Table 1). Electron
microscopy analysis of HDL density fractions 6–8 showed the
presence of very few particles both in the control and in
the ABCA1−/− mice that were infected with the GFP-, LCAT-
or the apoE4-expressing adenovirus (Figures 2G–2I). The elec-
tron microscopy patterns of the HDL fractions of these mice was
similar to that obtained in apoA-I−/− mice infected with the control
adenovirus expressing GFP (compare Figure 1G with Figures 2G–
2I). A previous study showed that expression of apoA-I in apoA-
I−/− mice promoted the formation of spherical HDL [25,26].
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Figure 1 Cholesterol FPLC profiles, apoE distribution and electron microscopy analyses of HDL fractions of control apoA-I−/− mice and apoA-I−/− mice
infected with recombinant adenoviruses expressing GFP or apoE4 alone or a combination of apoE4 and human LCAT

(A–C) FPLC profiles. (D–F) ApoE distribution among different densities (d). (G–I) Electron micrographs of fractions 6–8 of HDL. Particle diameters (d) are given. (A, D, G) Analyses of samples
obtained from apoA-I−/− mice infected with 2 × 109 pfu of control adenoviruses expressing GFP (AdGFP). (B, E, H) Analyses of samples obtained from apoA-I−/− mice infected with 2 × 109 pfu of
adenoviruses expressing apoE4 (AdGFP-E4). (C, F, I) Analyses of samples obtained from apoA-I−/− mice infected with a mixture of adenoviruses expressing apoE4 (AdGFP-E4) (2 × 109 pfu) and
human LCAT (Ad-LCAT) (5 × 108 pfu). CE/TC, cholesteryl ester/total cholesterol ratio.

Furthermore, expression of LCAT in apoA-I−/− mice increases
the apoE levels in the HDL2 region, suggesting formation of
apoE-containing HDL particles [25]. These findings establish
unequivocally that the discoidal particles observed after infection
of apoA-I−/− mice with adenoviruses expressing apoE4 require
the functions of ABCA1. As shown in Figure 2(H), mice that lack
ABCA1 fail to form HDL, even when apoE is overexpressed
following adenovirus-mediated gene transfer.

Effects of apoE, LCAT or a combination of apoE and LCAT on plasma
cholesterol, apoE distribution and HDL formation in apoE−/− mice

To test further the role of LCAT in the biogenesis of HDL, we
infected apoE−/− mice with adenoviruses expressing LCAT (5 ×
108 pfu) or a combination of apoE4 (2 × 109 pfu) and human
LCAT (5 × 108 pfu). Treatment of apoE−/− mice with the adeno-
virus expressing LCAT alone did not affect significantly the total
cholesterol, free cholesterol or triacylglycerol levels in the in-
fected mice (Table 1). The FPLC profiles of the LCAT-treated
mice were similar to those of the apoE−/− mice (Figures 3A and
3B). In both cases, the cholesterol peak of the VLDL/LDL/IDL re-
gion was heavily enriched in cholesteryl esters and contained low
levels of non-esterified cholesterol (Figures 3A and 3B). Treat-

ment of apoE−/− with the adenovirus expressing apoE4 increased
the level of total and free cholesterol and induced high plasma
triacylglycerols (Table 1). FPLC fractionation of plasma showed
that most of the cholesterol in mice treated with adenoviruses
expressing apoE4 was distributed in the VLDL/IDL/LDL fraction
and small amounts were distributed in the HDL fraction (Fig-
ure 3C). The triacylglycerol distribution was similar to that of
total cholesterol (results not shown). Both the VLDL/IDL/LDL
fractions and the HDL fraction of mice treated with the adenovirus
expressing apoE4 were heavily enriched in free cholesterol and
had a decreased cholesteryl ester/total cholesterol ratio (Fig-
ure 3C). This is in contrast with the VLDL/IDL/LDL peak of
the untreated apoE−/− mice or apoE−/− mice treated with LCAT
(compare Figures 3A and 3B with Figure 3C). Treatment of
apoE−/− mice with a mixture of adenoviruses expressing apoE4
and LCAT corrected hypertriglyceridaemia and hypercholesterol-
aemia induced in apoE−/− by overexpression of apoE4. This
treatment eliminated the cholesterol peak of VLDL and shifted the
HDL towards lower density fractions and increased the cholesteryl
ester/total cholesterol ratio of HDL (Table 1 and Figure 3D).

The LCAT treatment also changed the distribution of apoE and
the shape of the HDL particles. In mice infected with the apoE4-
expressing adenovirus, the majority of apoE was distributed in
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Figure 2 Cholesterol FPLC profiles, apoE distribution and electron microscopy analyses of HDL fractions of control ABCA1−/− mice and ABCA1−/− mice
infected with recombinant adenoviruses expressing apoE4 or LCAT

(A–C) Cholesterol FPLC profiles. (D–F) ApoE distribution among different densities (d). Lanes M, molecular-mass markers. (G–I) Electron micrographs of fractions 6–8 of HDL. (A, D, G) Analyses
of samples obtained from ABCA1−/− mice infected with 2 × 109 pfu of the control adenovirus expressing GFP (AdGFP). (B, E, H) Analyses of samples obtained from ABCA1−/− infected with
2 × 109 pfu of adenoviruses expressing apoE4 (AdGFP-E4). (C, F, I) Analyses of samples obtained from ABCA1−/− mice infected with 5 × 108 pfu of adenoviruses expressing LCAT (Ad-LCAT).
CE/TC, cholesteryl ester/total cholesterol ratio.

the HDL2 and HDL3 regions and to a lesser extent in the VLDL/
IDL/LDL region (Figure 3E), and contained discoidal particles
(Figure 3G). Treatment of mice with a combination of adeno-
viruses expressing apoE4 and human LCAT shifted the majority
of apoE towards the HDL2 region (Figure 3F) and converted the
discoidal HDL into spherical particles (Figures 3H).

Substitution of alanine for hydrophobic residues in the region
261–269 enhances formation of spherical HDL and does not induce
dyslipidaemia in apoA-I−/− mice

In another set of experiments, apoA-I−/− mice were infected
with 2 × 109 pfu of an adenovirus expressing the apoE4 mu-
tant (L261A/W264A/F265A/L268A/V269A) mutant designated
apoE4mut1 [17]. This mutant was shown recently to clear chol-
esterol efficiently from the plasma of apoE−/− mice without in-
duction of hypertriglyceridaemia [17]. This treatment increased
plasma cholesterol of apoA-I−/− from 14 mg/dl before infec-
tion to 61 mg/dl following infection and did not induce hyper-
triglyceridaemia (Table 1). FPLC analysis showed that the great
majority of cholesterol was in the HDL fraction. The cholesteryl
ester/total cholesterol ratio of mice treated with apoE4mut1 was
0.54 (Figure 4A), as compared with mice treated with apoE4
alone, which had a cholesteryl ester/total cholesterol ratio of 0.29

(Figure 1B). Density-gradient ultracentrifugation of plasma and
electron microscopy analysis of the HDL fraction showed that the
great majority of cholesterol and apoE was in the HDL3 and, to a
lesser extent, the HDL2 fractions (Figure 4B), and the HDL peak
contained spherical particles (Figure 4C).

Northern blot analysis for the experiments described in Fig-
ures 1–4 showed the hepatic mRNA of apoA-I−/−, apoE−/− or
ABCA1−/− mice treated with adenoviruses expressing apoE4
were comparable, and that the combination of apoE4 and LCAT
normalized the lipids and lipoprotein levels despite the increase
in hepatic apoE mRNA levels (Table 1).

Figure 5 is a schematic representation depicting the role of
apoE in the biogenesis of apoE-containing HDL and in remnant
clearance. The HDL pathway is supported by the data shown
in Figures 1–3, which showed that biogenesis of apoE-containing
HDL particles requires the functions of ABCA1. Furthermore, the
discoidal apoE-containing HDL particles that are intermediates in
the biogenesis of spherical particles can accumulate under con-
ditions of apoE overexpression, but can be converted into spherical
particles in the presence of excess LCAT. Spherical HDL thus
formed can interact with the HDL receptor SR-BI (scavenger
receptor B1) (Figure 5; branches III–V of the pathway) [20].
Earlier reports in the literature have also established unequivocally
that apoE is required for the receptor-mediated clearance of
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Figure 3 Cholesterol FPLC profiles, apoE distribution and electron microscopy analyses of HDL of apoE−/− mice and apoE−/− mice infected with recombinant
adenoviruses expressing human LCAT or apoE4 or a combination of apoE4 and human LCAT

(A–D) Cholesterol FPLC profiles of (A) apoE−/− mice treated with 2 × 109 pfu of control adenovirus expressing GFP (AdGFP), (B) apoE−/− mice treated with 5 × 108 pfu of adenoviruses expressing
LCAT (Ad-LCAT), (C) apoE−/− mice treated with 2 × 109 pfu of adenoviruses expressing apoE4 (AdGFP-E4), and (D) apoE−/− mice treated with a mixture of 2 × 109 pfu of adenoviruses express-
ing apoE4 (AdGFP-E4) and 5 × 108 pfu of adenoviruses expressing human LCAT (Ad-LCAT). (E and F) ApoE distribution among different densities (d) of human apoE in apoE−/− mice infected with
the adenoviruses expressing apoE4 alone (E), or a combination of apoE4 and human LCAT (F). (G and H) Electron micrographs of HDL obtained from mice infected with adenoviruses expressing
apoE4 alone (G), or apoE4 and human LCAT (H). CE/TC, cholesteryl ester/total cholesterol ratio.

apoE-containing lipoprotein remnants [3,4,13], as depicted in
Figure 5 (branches I and II of the pathway).

DISCUSSION

ApoE promotes the formation of discoidal HDL particles
in apoA-I−/− mice which are converted into spherical
particles by the action of LCAT

In the present study, the ability of apoE to drive the formation
of apoE-containing HDL particles was initially tested by infec-

tion of apoA-I−/− mice, which have a normal ABCA1 gene, with
an adenovirus expressing apoE4. This treatment caused com-
bined dyslipidaemia characterized by high cholesterol and tri-
acylglycerol levels and generated discoidal HDL particles.
Experiments with apoE3- or apoE2-expressing adenoviruses gave
similar results ([16,27], and results not shown). The discoidal
particles formed were converted into spherical particles by co-
infection of the apoA-I−/− mice with a mixture of adenoviruses
expressing apoE4 and human LCAT. These experiments indicated
that, under conditions of apoE overexpression, the endogenous
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Figure 4 Cholesterol FPLC profile, apoE distribution and electron micro-
scopy analysis of HDL fraction of apoE−/− mice infected with recombinant
adenoviruses expressing apoE4mut1

(A) FPLC profiles of total, free and esterified cholesterol of apoE−/− mice infected with
2 × 109 pfu of adenoviruses expressing apoE4mut1 (AdGFRP-E4[L261A,T264A,F265A,
L268A,V269A]). (B) ApoE distribution among different densities (d). (C) Electron micrographs
of fractions 6–8 of HDL obtained from mice infected with adenoviruses expressing apoE4mut1.
CE/TC, cholesteryl ester/total cholesterol ratio.

Figure 5 Participation of apoE in the biogenesis of apoE-containing HDL
and the clearance of triacylglycerol-rich lipoproteins

Schematic representation of the participation of apoE in the biogenesis of apoE-containing HDL
(branches III–V) and the clearance of triacylglycerol-rich lipoproteins (branches I and II). LDLr,
LDL receptor. The Figure is based on the data of Figures 1–3 and [3,4].

activity of LCAT becomes rate-limiting and additional LCAT is
required for the esterification of the cholesterol present in the
discoidal particles and their conversion into spherical particles
[19]. ApoE-containing discoidal HDL particles have been de-
tected in the plasma of LCAT-deficient patients [28,29] and in liver
perfusates that contained an LCAT inhibitor [28,30,31]. Previous
cell culture studies also showed that ABCA1 interacts with apoE
and promotes its lipidation [32–35]. However, the pathway of

biogenesis of apoE-containing HDL in vivo and its impact on
lipid and lipoprotein homoeostasis has not been documented
previously.

A combination of apoE and LCAT corrects apoE-induced
dyslipidaemia in apoE−/− mice

The question that arises is how the synergy between apoE and
LCAT drives the concomitant clearance of the VLDL/IDL/IDL
fraction and the conversion of the discoidal HDL into spherical
HDL. To address this question, we performed a co-infection
experiment in apoE−/− mice, which maintain the expression of
mouse ABCA1 and apoA-I, with adenoviruses expressing apoE4
and human LCAT alone or in combination. Treatment of apoE−/−

with LCAT did not correct their plasma lipid and lipoprotein
profiles. In both the untreated and LCAT-treated mice, the VLDL/
IDL/LDL fraction was highly enriched in cholesteryl esters. It has
been shown previously that overexpression of apoE4 in apoE−/−

mice following adenovirus infection increased the secretion of
VLDL [14,16]. In the present study we demonstrate that apoE
overexpression in apoE−/−, apoA-I−/− or ABCA1−/− mice also
alters the composition of the newly secreted VLDL/IDL/LDL
fraction by increasing dramatically the content of free cholesterol
and triacylglycerol (Figures 1B, 2B and 3C). This change in
VLDL/IDL/LDL composition was also associated with formation
of discoidal HDL particles enriched in free cholesterol.

The apoE-induced dyslipidaemia that is characterized by accu-
mulation of free cholesterol in VLDL/IDL/LDL and HDL, hyper-
triglyceridaemia and the formation of discoidal HDL was cor-
rected by simultaneous treatment of mice with apoE4 and LCAT.
This treatment promoted esterification of the HDL cholesterol as
was evident by the increase in the cholesteryl ester/total chol-
esterol ratio of the HDL peak. The treatment also led to the form-
ation of spherical HDL and the clearance of the VLDL cholesterol
and triacylglycerol peak. It has been shown recently that apoE
facilitates esterification of cholesterol of apoB-containing lipo-
proteins by activating LCAT [36]. The change in the composition
of VLDL following cholesterol esterification appears to facilitate
triacylglycerol hydrolysis and/or to promote LDL receptor-medi-
ated remnant clearance, possibly by unmasking the receptor-
binding domain of apoE [13,16]. These events can account for
the correction of the hyperlipidaemia.

ABCA1 is required for the biogenesis of apoE-containing HDL

The requirement of ABCA1 for the generation of apoE-containing
HDL was tested further by infection of ABCA1−/− mice with
the adenovirus expressing apoE4. ABCA1−/− mice thus treated
failed to form either discoidal or spherical particles, indicating
that ABCA1 is required for the biogenesis of apoE-containing
HDL in vivo.

A variant apoE form promotes exclusively the formation of
spherical apoE-containing HDL in apoA-I−/− mice

In contrast with apoE4 that promoted dyslipidaemia and the form-
ation of discoidal HDL, overexpression of apoE4mut1 [17] in
apoA-I−/− mice resulted in normal lipid levels and formation of
spherical HDL particles. It appears that the substitution of alanine
for Leu261, Trp264, Phe265, Leu268 and Val269 in the apoE4mut1
altered the biological functions of apoE. The variant protein pro-
moted efficient cholesterol esterification of the precursor discoidal
HDL by the endogenous mouse LCAT and their conversion into
spherical HDL as well as the concomitant clearance of the VLDL/
IDL/LDL fraction.
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Dual role of apoE in lipoprotein clearance and the generation
of apoE-containing HDL particles

The findings shown in Figures 1–3 document the existence of a
pathway of biogenesis of apoE-containing HDL and expanded the
known function of apoE beyond the clearance of triacylglycerol-
rich lipoproteins. Figure 5 outlines the functions of apoE in the
clearance of triacylglycerol-rich lipoproteins as well as in the bio-
genesis of HDL. In the first step of the HDL biosynthesis pathway,
lipid-free apoE or minimally lipidated apoE secreted by the
liver or other tissues interacts functionally with the ABCA1
lipid transporter and acquires phospholipids and cholesterol. As
documented in the present study, in the absence of ABCA1
or apoE, this pathway cannot proceed. Following intermediate
steps that are poorly understood, lipidated apoE is converted into
discoidal particles which accumulate under conditions of apoE
overexpression and can be visualized by electron microscopy.
In the presence of sufficient LCAT activity, the discoidal HDL
particles are converted into spherical particles. In addition to the
novel pathway that leads to the biogenesis of apoE-containing
HDL, lipid-free and possibly lipid-bound apoE can be incorpor-
ated into lipoprotein remnants, which can then be cleared by the
LDL receptor [13,16]. Normally, the two branches of the pathway
are balanced. Under physiological conditions, the remnants are
cleared efficiently by the LDL receptor [4,13] and apoE-contain-
ing HDL is generated. Under conditions of apoE overexpression,
it appears that the endogenous mouse LCAT fails to esterify the
cholesterol of the VLDL/IDL/LDL fraction, and thus contributes
to the observed dyslipidaemia. This interpretation is consistent
with the finding that both the apoE-induced dyslipidaemia and
the accumulation of discoidal HDL are corrected by excess LCAT
or excess lipoprotein lipase [29]. ApoE-induced dyslipidaemia is
also prevented by substitution of alanine for Leu261, Trp264, Phe265,
Leu268 and Val269 in the apoE4mut1.

ApoE present in HDL may perform additional functions similar
to those of HDL that contain apoA-I [1,37–39]. This may include
functional interactions with SR-BI which lead to the uptake of
cholesteryl esters and cholesterol efflux [1,37]. They may also
promote NO release [40] or have antioxidant and anti-inflam-
matory properties similar to those assigned to apoA-I-containing
HDL [38,39].

The novel apoE pathway may account for some of the
atheroprotective functions of apoE

Numerous studies (reviewed in [1]) indicate that the ability of
apoE to protect from or to promote atherogenesis appears to be
much more pronounced than that of apoA-I, which is the main
protein component of HDL. Thus, in contrast with apoE−/− mice
which develop atherosclerosis within 10 weeks [3], apoA-
I−/− mice do not develop atherosclerosis when on normal or
atherogenic diets [41]. Only when apoA-I−/− mice are crossed
with apoB transgenic mice, they develop more atherosclerosis
than the apoB transgenic mice [42]. In the absence of apoA-I, apoE
may form apoE-containing HDL particles that may also confer
atheroprotection (Figure 5, branches III, IV and V of the path-
way). At the same time, apoE promotes the clearance of chol-
esteryl ester-rich, triacylglycerol-rich lipoproteins from plasma
which are known to be atherogenic (Figure 5, branches I and II of
the pathway). A similar rationalization can be offered for another
important protein of HDL, the SR-BI. It has been shown that mice
deficient in SR-BI do not develop atherosclerosis [43]; however,
the double-deficient apoE−/− × SR-BI−/− mice, which express the
endogenous apoA-I, develop occlusive atherosclerosis and die
before reaching 6 weeks of age [43,44]. When both apoE and
SR-BI are defective, both branches of the apoE pathway are

eliminated, lipoprotein remnants cannot be cleared, and apoE-
containing HDL cannot be formed. In this case, the abnormal
HDL particles generated in the SR-BI−/− × apoE−/− mice [43,44]
are not sufficient by themselves in the absence of apoE to protect
the endothelium from atherosclerosis.

Overall, these studies establish that apoE participates in a path-
way of biogenesis of apoE-containing HDL particles that requires
the activities of the ABCA1 transporter and LCAT, and raises the
possibility that the apoE-containing HDL fraction may contribute
to atheroprotection.
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