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Abstract

The reverse cholesterol transport is initiated by the uptake
of cholesterol into minor subfractions of high density lipo-
proteins (HDL) which contain either apolipoprotein (apo)
A-I or apoE as their only apolipoproteins. From these initial
acceptors, which are termed pre/,3-LpA-I and y-LpE, re-

spectively, cell-derived cholesterol is transferred to LDL via
the bulk ofHDL termed c-LpA-I. In this study we analyzed
the effect in plasma of the genetically determined apoE poly-
morphism on the formation of -y-LpE, uptake and transfer
of cell-derived cholesterol to LDL. y-LpE was immunologi-
cally detectable in plasmas of individuals carrying at least
one apoE3-allele but not in apoE3-free plasmas. During one

minute incubation with [3HJcholesterol-labeled fibroblasts,
y-LpE of plasmas from apoE3/3 subjects accumulated 7-
and 13-fold more radioactivity than the respective fractions
in plasmas from apoE2/2- and apoE4/4-subjects, respec-

tively. Totally, 30% less [3H]cholesterol was released into
plasmas of apoE2/2 and apoE4/4-individuals as compared
with plasmas of apoE3/3-subjects. Moreover, plasmas of
apoE3/3 individuals accumulated 50% and 65% more cell-
derived [3H]cholesterol in a-LpA-I2 than plasmas of apoE4/
4 and apoE2/2-subjects, respectively. These results indicate
that the apoE-polymorphism is an important determinant
of the uptake and transfer of cell-derived cholesterol in
plasma. (J. Clin. Invest. 1995. 96:2693-2701.) Key words:
HDL-subclasses * reverse cholesterol transport * arterioscle-
rosis

Introduction

Apolipoprotein (apo) E is genetically polymorphic. Three com-
mon alleles of the apoE gene encode for three apoE isoforms,
designated apoE3, apoE4, and apoE2. The rarer isoforms apoE4
and apoE2 differ from apoE3 by the presence of an arginine
instead of a cysteine at residue 112 and a cysteine instead of
an arginine at residue 158 (reviewed in references 1 and 2).
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Compared with apoE3, apoE4 is associated with higher levels
of low density lipoprotein (LDL) -cholesterol and with in-
creased risk for myocardial infarction. By contrast, in several
studies the apoE2-allele was found to decrease LDL-cholesterol
and cardiovascular risk (reviewed in references 2 and 3). The
metabolic basis for these differences is not entirely understood
but has usually been explained by the role of apoE in the traf-
ficking of lipids between various organs (reviewed in reference
1). As a structural component of very low density lipoproteins
(VLDL), apoE helps to direct triglycerides from the liver to
peripheral tissues. Hydrolysis of endogenously synthesized tri-
glycerides in VLDL and of dietary fat in chylomicrons generates
remnants which are rich in cholesteryl esters and contain apoE.
These particles are internalized and degraded mainly by hepato-
cytes after apoE-mediated binding to the LDL-receptor or the
remnant-receptor (reviewed in references 1, 4, and 5). Since
apoE2 is considerably reduced in its affinity to bind to these
receptors, remnant uptake into the liver is decreased (6). As a
regulatory response, activity of LDL-receptors is increased and
thereby apoB-mediated removal of LDL enhanced (2, 7). This
may explain the LDL-cholesterol lowering and possibly anti-
atherogenic effects of apoE2. ApoE4, however, binds normally
to LDL- and remnant receptors (6). The LDL-cholesterol in-
creasing effect of apoE4 has usually been explained by the
increased affinity of apoE4 for triglyceride-rich lipoproteins
which enhances their elimination, thereby down-regulating
LDL-receptor gene expression and thus increasing the plasma
concentration of LDL-cholesterol (7, 8).

However, some evidence indicates that the effect of apoE
and its polymorphic variability on atherosclerosis is independent
of its effect on the regulation of LDL-receptor activity. At least
one study found that apoE4 is associated with increased cardio-
vascular risk independent of the level of LDL-cholesterol (9).
Infusion of apoE in LDL-receptor-negative Watanabe hyperlip-
idemic rabbits significantly decreases the progression of athero-
sclerosis (10). The latter observation accounts for an anti-ath-
erogenic role of apoE which may be due to its involvement in
the reverse transport of cholesterol from peripheral cells to the
liver (reviewed in references 1 and 11 - 13 ). For example, apoE
is produced by macrophages which have been loaded with cho-
lesterol. In the presence of HDL, apoE secretion by macro-
phages enhances cholesterol efflux (14, 15). Moreover, apoE
is present in some HDL which can therefore be eliminated by
apoE- and apoB,E-receptors ( 16-18). Finally, we have recently
identified a plasma lipoprotein in which apoE constitutes the
only apolipoprotein and which is an initial acceptor of cell-
derived cholesterol in the plasma compartment (19). Because
of its electrophoretic mobility, this lipoprotein is termed y-
lipoprotein E (LpE).' This role of initial acceptor of cell-de-

1. Abbreviations used in this paper: LpA-I, lipoprotein A-I; LpE, lipo-
protein E.
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Table L Characteristics of the Individuals whose Plasmas Were Analyzed by 2D-PAGGE

apoE-phenotype Cholesterol Triglycerides LDL-chol. HDL-chol. ApoA-I Plasma apoE HDL-apoE

mg/dl

3/3 (n = 6) 212±47 111±36 133±33 58±21 151±45 2.22±0.66 0.70±0.27
2/2 (n = 5) 249±49 194±83 165±45 45±12 141±17 12.62±7.00 2.52±1.06
4/4 (n = 5) 212±16 123±37 146±16 42±9 115±18 1.39±0.61 0.42±0.07
3/2 (n = 4) 206±42 129±45 133±37 47±21 138±42 3.91±1.81 1.06±0.23
3/4 (n = 5) 255±62 121±84 174±46 57±29 155±45 3.88±1.91 0.82±0.04
4/2 (n = 3) 233±32 196±64 160±22 33±2 118±14 7.03±1.50 1.52±0.36

Data are mean values of the samples analyzed by 2D-PAGGE and subsequent anti-apoE- and apoA-I immunoblotting.

rived cholesterol into the plasma compartment was formerly
ascribed to a purely apoA-I containing lipoprotein termed prepfI3-
LpA-I which has electrophoretic prep.-mobility (20). Prep,-
LpA-I and y-LpE are minor subfractions of HDL. They can be
separated from the bulk of HDL, i.e. that containing apoA-I
and showing a-mobility, a-LpA-I, by two-dimensional electro-
phoresis using agarose gel electrophoresis followed by nondena-
turing polyacrylamide gradient gel electrophoresis (20-22).
Cholesterol taken up by pref,3-LpA-I is transferred to LDL via
two other HDL-fractions with prep6-mobility, namely pre,32-
LpA-I and pref33-LpA-I, and a-LpA-I (21). A small amount of
cholesterol is esterified in pref63-LpA-I which contains CETP,
LCAT and apoD (21, 23). Most of the cholesterol is esterified
in a-LpA-I after re-transfer from LDL (21). It is not known
by which route cholesterol is transferred from 'y-LpE among
plasma lipoproteins.

Because of its role in reverse cholesterol transport and be-
cause of the findings in a recent meta-analysis that apoE4 de-
creases HDL-cholesterol (24), we investigated whether plasmas
with different apoE isoforms differ by their ability to form y-
LpE, and to take up, transfer and esterify cell-derived choles-
terol.

Methods

Subjects and plasma samples. 28 probands with different apoE pheno-
types participated in this study. Characteristics of their lipid metabolism
are summarized in Table I. Blood samples were collected after overnight
fasting and were cooled immediately on ice. Plasmas and sera were
obtained by centrifugation at 4°C (2,000 g, 15 min), aliquoted and
frozen at -700C. Serum was used for the quantification of lipids. EDTA-
plasma was used for the immunological demonstration of HDL-sub-
classes. For experiments in which plasmas were incubated with cells,
streptokinase was used as the anticoagulant at a final concentration of
150 U/ml blood.

Quantification of lipids and apolipoproteins. Serum concentrations
of triglycerides and cholesterol were quantified with an autoanalyzer
(Hitachi/Boehringer, Mannheim, FRG). HDL-cholesterol concentra-
tions were measured after precipitation of apoB containing lipoproteins
with phosphotungstic acid/MgCl2 (Boehringer, Mannheim, FRG).
LDL-cholesterol was calculated using the Friedewald formula (25).

Concentrations of apoA-I and apoB were determined with a modified
commercially available turbidimetric immunoassay (Boehringer Mann-
heim, FRG) (26).

ApoE levels were measured by the use of a sandwich-enzymeimmu-
noassay in total serum (dilution: 1/4000) as well as in the supernatant
obtained after precipitation of apoB-containing lipoproteins with phos-
photungstic acid/MgCI2 (Boehringer, Mannheim, FRG) (dilution: 1 /

1000). IgG of a polyclonal goat anti-apoE-antiserum (Boehringer Man-
nheim) were coated to microtiter plates to be used as capture antibodies.
A labmade rabbit anti-apoE-antiserum was used as the second antibody.
The antigen-antibody-reaction was visualized by the use of a peroxidase-
labeled donkey anti-rabbit-IgG-antiserum and 1,2-phenylenediamine
and H202 as substrates. The assay was calibrated with a dilution series
of a serum with known apoE-concentration. The intra- and interassay
coefficients of variation were below 10 and 15%, respectively.

Determination of apolipoprotein E phenotype. The apoE polymor-
phism was determined as a phenotype by IEF of serum which was
treated with neuraminidase and delipidated with ethanol:ether (3:1)
(27). Subsequent to Western Blotting onto nitrocellulose membranes,
apoE isoforms were detected by the use of polyclonal goat antibodies
against human apoE (Boehringer Mannheim, FRG), and peroxidase-
conjugated antibodies against goat IgG (DAKO GmbH, Hamburg,
FRG).

Nondenaturing two-dimensional electrophoresis. The distribution of
apoA-I- and apoE-containing lipoproteins in plasma was determined
by nondenaturing two-dimensional electrophoresis where agarose gel
electrophoresis was followed by nondenaturing polyacrylamide gradient
gel electrophoresis (PAGGE) (21). Briefly, in the first dimension, 30
1.d of plasma samples were separated by electrophoresis at 4°C in a
0.75% agarose gel using a 50 mM merbital buffer at pH 8.6 (Serva,
Heidelberg, FRG). Agarose gel strips containing the pre-separated lipo-
proteins were then transferred to a 3-20% polyacrylamide gradient gel.
Separation in the second dimension was performed at 40 mA for 4-
5 h at 10°C. After separation, the proteins in the PAGGE gels were
electroblotted onto a nitrocellulose membrane. ApoA-I- and apoE-con-
taining lipoproteins were subsequently detected by the use of sheep
antibodies against human apoA-I or apoE (Boehringer Mannheim), re-
spectively, which had been biotinylated following the manufacturer's
recommendations (Sigma, Heidelberg, FRG), and streptavidin-biotinyl-
ated horseradish peroxidase complex (Amersham Buchler GmbH,
Braunschweig, FRG). The lower detection limit of this visualization
method was established by SDS-PAGE (28) and subsequent anti-apoE-
immunoblotting of a dilution series of serum with known apoE-concen-
tration. By this method we also ruled out cross-reactivities of this anti-
body with other plasma proteins.

Alternatively, we visualized apoE-containing lipoproteins by the use
of two different lab-made rabbit antisera against human apoE, biotinyl-
ated anti-rabbit IgG antibodies from pig (DAKO), and horseradish-
peroxidase. In some experiments we used radioiodinated anti-rabbit
IgG (Amersham) as the second antibody to visualize apoE-containing
lipoproteins on Western blots by autoradiography.

Cell culture. Normal human skin fibroblasts were cultured in Dul-
becco's modified Eagle's medium (DME) containing 10% fetal calf
serum in dishes with 3.5 cm diameter as described previously (21). At
the state of near confluence, cells of some dishes were labeled for 72
h at 37°C with 0.5 mCi (1,2-3H)-cholesterol (51.7 Ci/mmol; New En-
gland Nuclear, Boston, MA), which had been complexed with fetal calf
serum. The final specific radioactivity in the labeled cells amounted to
1.4±0.4 x 107 cpm/,ug cell unesterified cholesterol (mean±SD).
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Pulse-chase incubations with fibroblasts. Fibroblasts labeled with
radiolabeled cholesterol were washed six times with serum free DME
before incubations. In pulse-chase experiments, 1 ml of plasma was
first incubated with radiolabeled fibroblasts for 1 min (pulse). After
incubation, the plasma was removed and then used for chase incubations
for another 1 min which were performed in the absence of cells. After
pulse or chase incubations, aliquots of the plasma samples were sepa-
rated by nondenaturing 2D-PAGGE. 2D-PAGGE was performed in par-
allel on a radiolabeled and a nonradiolabeled sample. After separation,
one half of the PAGGE gel containing the radiolabeled sample was first
stored at 4TC. The other half of the gel containing the nonradiolabeled
sample was electroblotted onto a nitrocellulose membrane to identify
lipoproteins containing apoA-I and apoE, respectively. The immunoblot
was then used as a template to localize the corresponding lipoproteins
in the other half of the gel. These lipoproteins were cut out, and their
lipids were extracted by chloroform/methanol (2:1, vol/vol) for 72 h
(28). Since y-LpE was not immunodetectable in plasmas of apoE2/2-
and apoE4/4-individuals (see results), we used anti-apoE-immu-
noblots of 2D-electropherograms of apoE3-containing plasmas for the
localization of y-LpE-like particles in these plasmas. Every plasma
sample was analyzed three times in independent experiments. The in-
terassay-coefficients of variation in the recovery of radioactivity in the
various lipoproteins ranged between 16 and 23%. In some instances,
percent values are presented. They represent the amount of [3H]-
cholesterol in one particle as a percentage of total [3H] cholesterol in
all lipoproteins (=y-LpE + pre/3-LpA-I + a-LpA-I + LDL).

Digestion with phospholipase C or sphingomyelinase. To determine
the effects of phospholipids on the distribution of apoE in various lipo-
proteins, 100 il plasma were incubated with 8 units of phosphatidylcho-
line-specific phospholipase C from Bacillus cereus (Sigma) or with 5
units of sphingomyelinase from Bacillus cereus (Boehringer Mannheim,
FRG) for 10 h at 37°C. These pre-treated samples were used for 2D-
PAGGE.

Statistical analyses. Statistical analyses were performed by the use
of the Statistical Package for the Social Sciences (SPSS). Student's t
test was used for the comparison of mean values. Pearson's test was
used for regression analyses.

Results

Distribution of apoE- and apoA-I-containing lipoproteins in
plasmas with different apoE phenotypes. Fig. 1 demonstrates
representative anti-apoE-immunoblots of lipoproteins in plas-
mas of individuals with different apoE phenotypes which have
been separated by nondenaturing 2D-PAGGE. ApoE-containing
lipoproteins have been visualized with biotinylated, polyclonal
anti-apoE-antibodies and streptavidin-conjugated horseradish-
peroxidase. The lower detection limit of this visualization
method was < 0.15 ng apoE. Plasmas of individuals with
apoE3/3 contained anti-apoE-immunoreactive material in LDL
as well as in particles with electrophoretic a-mobility (i.e., a-
LpE), /3-mobility (i.e., ,3-LpE), and y-mobility (i.e., y-LpE).
Plasmas of individuals with the other five apoE-phenotypes
also contained apoE in LDL and the a-migrating particle. The
amount of apoE in these fractions, however, varied between
individuals depending on their apoE phenotype. In keeping with
HDL-apoE levels, the highest amounts of a-LpE were found
in plasmas of individuals with apoE2/2, the lowest amounts in
plasmas of homozygotes for apoE4. ,3-LpE was also visible in
all plasmas, the highest amounts in plasmas of apoE2 homozy-
gotes, the lowest amounts in samples of individuals with the
phenotypes apoE4/4 or apoE4/3. y-LpE was immunologically
detectable only in plasmas of individuals who had the pheno-
types apoE3/3, apoE3/2, and apoE3/4 but not in samples of
individuals with the phenotypes apoE2/2, apoE4/4, and apoE4/

2. Immunodetection of y-LpE was independent of the apoE
concentration in either plasma or HDL. y-LpE was found in
the sample of an apoE4/3-heterozygote who had very low apoE
levels in both plasma (1.65 mg/dl) and HDL (0.35 mg/dl) but
not in the samples of an apoE4/4 homozygote with similarly
low apoE concentrations (plasma, 1.8 mg/dl; HDL, 0.33 mg/
dl) or in the sample of an apoE2/2-homozygote with very
high apoE-levels (plasma, 23.75 mg/dl; HDL, 4.32 mg/dl).
Alternatively, we used two different rabbit antisera raised
against human apoE to detect apoE-containing lipoproteins in
Western blots of 2D-electropherograms. Visualization of the
immunoreactions by the use of either biotinylated anti-rabbit-
IgG antibodies and streptavidin-horseradish peroxidase or radio-
iodinated anti-rabbit-IgG antibodies detected y-LpE in plasmas
containing apoE3 but not in plasmas of homozygotes for apoE4
or apoE2 (not shown).

Anti-apoA-I immunoblotting revealed no qualitative differ-
ences in the distribution of apoA-I-containing lipoproteins be-
tween plasmas from donors with the various apoE phenotypes
(Fig. 2 a). All plasmas contained pre/31-LpA-I, pre/32-LpA-I,
and a-LpA-I. Relative amounts of a-LpA-I3 and a-LpA-12 var-
ied interindividually but were independent of the apoE-pheno-
type (not shown). Pre/33-LpA-I was not immunodetectable in
every sample but this also was independent of the apoE-pheno-
type.

Effects ofdigestion with phosphatidlycholine-specific phos-
pholipase C or sphingomyelinase on the distribution of apoE-
and apoA-I-containing lipoproteins. Incubation of plasma with
phosphatidylcholine-specific phospholipase C (PC-PLC) or
sphingomyelinase leads to specific digestion of lipoproteins and
thereby to specific changes in their electrophoretic appearance
(Figs. 2 and 3). Digestion with either PC-PLC or sphingomyeli-
nase destroys a-LpA-I and causes the accumulation of anti-
apoA-I immunoreactive material in a fraction with the electro-
phoretic mobility of prep,/-LpA-I (Fig. 2, b and c). Presumably
due to its high content in sphingomyelin (19), y-LpE was
digested by sphingomyelinase but not by PC-PLC (Fig. 3, a
and d). After incubation of plasmas of apoE3/3-individuals
with PC-PLC, a-LpE but not y-LpE was destroyed (Fig. 3 a,
see Fig. 1). The absence of other lipoproteins rather facilitated
the immunodetection of y-LpE. We used this phenomenon to
attempt to provoke immunodetection of y-LpE in plasmas of
homozygotes for apoE2 and apoE4. However, even after diges-
tion with PC-PLC, y-LpE remained undetectable in these plas-
mas (Fig. 3, b and c). Surprisingly, some other lipoproteins in
plasmas of apoE2/2- and apoE4/4-homozygotes resisted diges-
tion with PC-PLC.

Effects of apoE phenotypes on the uptake of cell-derived
cholesterol by plasma and HDL-subclasses. To investigate the
effect of the apoE polymorphism on uptake and transfer of cell-
derived cholesterol by total plasma and various lipoproteins,
plasmas of homozygotes for either apoE2, apoE3, or apoE4
were pulse/chase-incubated with radiolabeled fibroblasts. The
effect of the apoE polymorphism on cholesterol efflux stimula-
tion by total plasma was measured as the efflux of [3H] -
cholesterol from labeled fibroblasts into plasma during a 1-
min incubation. Plasmas of homozygotes for apoE4 and apoE2
exhibited a 30% lower ability to release [3H] cholesterol from
fibroblasts than plasmas of apoE3/3-individuals (Table III, P
< 0.05, student's t test).

For a more detailed analysis of [3H]cholesterol effiux into
HDL-subfractions, pulse and chase incubations of plasmas were
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Figure 1. Distribution of apoE-containing lipoproteins in the plasma of individuals with different apoE polymorphisms as detected by 2D-PAGGE.
30 I1 plasma were separated by 2D-PAGGE in the sequence agarose gel electrophoresis-nondenaturing polyacrylamide gradient gel electrophoresis.
After electrophoresis, proteins were electroblotted onto nitrocellulose membranes. ApoE-containing lipoproteins were detected by the use of
polyclonal sheep anti-human apoE antibodies (Boehringer Mannheim), which had been biotinylated according to the manufacturer's recommenda-
tions (Sigma). Antigen-antibody complexes were visualized by the use of a streptavidin-biotinylated horseradish peroxidase complex (Amersham).
The position of y-LpE is marked with arrows, the position of 63-LpE with asterisks. Note the presence of y-LpE in plasmas from subjects with
apoE3/3 (serum apoE, 1.75 mg/dl; HDL-apoE, 1.14 mg/dl), apoE4/3 (serum apoE, 1.69 mg/dl; HDL-apoE, 0.35 mg/dl), and apo E3/2 (serum
apoE, 2.36 mg/dl; HDL-apoE, 1.27 mg/dl) but absence in plasmas from subjects with apoE4/4 (serum apoE, 1.81 mg/dl; HDL-apoE, 0.33 mg/
dl), apoE2/2 (serum apoE, 9.23 mg/dl; HDL-apoE, 2.24 mg/dl), and apoE4/2 (serum apoE, 8.41 mg/dl; HDL-apoE, 1.20 mg/dl).

followed by 2D-PAGGE. Anti-apoA-I- and anti-apoE-immu- respectively. a-LpE was not considered separately, since it was
noblots of 2D-electropherograms of apoE3/3-plasma were used almost entirely colocalized with a-LpA-12. ,l-LpE was also not
as templates to localize apoA-I- and apoE-containing lipopro- considered since it contained only trace amounts of radioactivity
teins in the gels. a-LpA-I was divided into a-LpA-13 and a- after both pulse- and chase-incubations. Each of the six plasmas
LpA-12 with Stokes diameters of 7.5-9.5 and 9.6-12.0 nm, (two for each phenotype) was analyzed in three independent
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Figure 2. Distribution of apoA-I-containing lipoproteins. Electrophoretic procedures were as described in Fig. 1. ApoA-I was detected by the use
of a polyclonal anti-apoA-I antiserum from sheep (Boehringer Mannheim) which had been biotinylated and were visualized as described for Fig.
1. a shows the distribution of apoA-I containing lipoproteins in native plasma, b and c their distribution in plasmas which had previously been
incubated with phosphatidylcholine-specific phospholipase C and sphingomyelinase, respectively. The apoE polymorphism had no effect on the
distribution of apoA-I containing lipoproteins in native or pretreated samples.

series of experiments. Among these triplicate analyses, the in-
terassay variation in the recovery of radioactivity in the various
lipoproteins ranged between 16 and 23%. The recoveries of
radioactivity extracted from the lipoproteins, i.e., y-LpE, pref3B-
LpA-I, a-LpA-12, a-LpA-I3 and LDL, ranged from 70 to 80%
and did not differ significantly between plasmas with different
apoE phenotypes. This recovery is lower than reported pre-

viously (30) since we did not consider pref32-LpA-I and pre,63-
LpA-I.

After 1-min pulse of plasmas from individuals with apoE3/
3 (Table III), the percentages of [3H] cholesterol in y-LpE,
preL3-LpA-I, a-LpA-I3, a-LpA-12 and LDL amounted to 19+5,
6±1, 26±8, 25±8, and 23±7%, respectively. During the subse-
quent one-minute chase, radioactivity in y-LpE and pre,l31-LpA-

Figure 3. Effect of the apoE polymorphism on the distribution of apoE containing lipoproteins in plasmas which have been treated with phopsholipase
C and sphingomyelinase. Electrophoretic procedures were as described in Fig. 1. a-c demonstrate the occurrence of apoE containing lipoproteins
in plasmas which have been incubated with phosphatidylcholine specific phospholipase C (PC-PLC). d shows the effect of incubation with
sphingomyelinase. Note the resistance of y-LpE in the plasma of the homozygote for apoE3 towards digestion with PC-PLC (a) but absence of
y-LpE in the plasma of probands with apoE2/2 (b) or apoE4/4 (c). In all cases, digestion with sphingomyelinase eliminated all apo E-containing
lipoproteins (d).
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Table II. Characteristics of the Individuals whose Plasmas Were Analyzed by Pulse-Chase Experiments

Subjects Chol. Trig. LDL-C. HDL-C. ApoA-I pL. apoE HDL-apoE

mgdl

ApoE3/3
3/3-A 141 77 88 40 123 1.50 0.70
3/3-B 203 118 112 72 139 2.19 0.61
3/3-C 263 92 160 85 219 3.19 0.66
3/3-D 175 74 133 27 107 3.33 0.44
mean±SD 196±52 90±20 123±30 56±27 152±47 2.55±0.87 0.60±0.11

ApoE2/2
2/2-A 306 312 210 34 136 23.75 4.32
2/2-B 238 157 158 49 166 9.23 2.24
mean±SD 272±48 234±110* 184±37 42±11 151±23 16.5±10.3** 3.28±1.47**

ApoE4/4
4/4-A 210 177 147 28 89 2.02 0.41
4/4-B 189 142 128 32 102 1.39 0.42
mean±SD 200±15 160±25 138±13 30±3 96±9 1.71±0.45 0.42±0.01

Chol, cholesterol; Trig, triglycerides; LDL-C, LDL-cholesterol; HDL-C, HDL-cholesterol; pl. apoE, plasma-apoE; HDL-apoE, apoE in HDL; CPM,
counts per minute. * P < 0.05;** P < 0.01; student's t test comparing apoE3/3 with apoE2/2 and apoE4/4, respectively.

I decreased to 4±1 and 2±1%, and simultaneously increased
in a-LpA-13, a-LpA-12 and LDL to 32±6, 30±5, and 32±6%,
respectively. These results indicate that in plasmas of apoE3/
3-subjects, both y-LpE and pref,3-LpA-I serve as initial ac-
ceptors of cell-derived cholesterol.

Plasmas of apoE2/2-individuals incorporated 4±1% of cell-
derived [3H] cholesterol into a fraction with the electrophoretic
properties of y-LpE, 8±2% into pre/3l-LpA-I, 39±7% into a-
LpA-13, 21±6% into a-LpA-12, and 27±7% into LDL (Table
III). The radioactivity taken up by the y-LpE-like particle in
the plasma of apoE2/2-homozygotes was 14% of that in y-LpE
of apoE3/3-individuals (P < 0.001, Student's t test). During
subsequent chase, the radioactivity in -y-LpE and pre,61-LpA-I
decreased to 1 and 2%, respectively. The percent radioactivity
in a-LpA-13 and a-LpA-12 remained nearly unchanged and si-
multaneously increased in LDL from 27±7 to 41 ±10%. After
both pulse and chase, radioactivity in a-LpA-12 of homozygotes
for apoE2 was about 50% of that in a-LpA-12 of apoE3/3-
homozygotes (P < 0.05 [pulse], P < 0.001 [chase], Student's
t test; Table III).

Pulse-incubations of plasmas from apoE4/4-individuals led
to the appearance of radioactivity in pref1-LpA-I (8+2%), a-
LpA-43 (35±9%), a-LpA-12 (13±3%), and LDL (42±11%).
The fraction with the electrophoretic properties of 'y-LpE con-
tained only close to background radioactivity (2±1%; Table
III) as it becomes also obvious by the insignificant decrease of
radioactivity in this particle during chase. After both pulse and
chase, a-LpA-12 of apoE4/4-homozygotes contained 65% less
radioactivity than a-LpA-12 of apoE3/3-homozygotes (P
< 0.001, Student's t test). Chase incubations in the absence of
cells led to little changes of radioactivity in y-LpE (1.5%), a-
LpA-13 (31±8%), a-LpA-12 ( 15±3% ), and significant decrease
in prefI-LpA-I (2+1%) and increase in LDL (50±13%).

Effects of lipids, lipoproteins, apolipoproteins, and HDL-
subfractions on [3H]cholesterol efflux from fibroblasts into to-
tal plasma and HDL-subfractions. Since some lipid values var-
ied between individuals depending on their apoE-phenotype
(see Tables I and II), we tested in a regression analysis, whether

plasma concentrations of lipids, lipoproteins, and apolipopro-
teins influence [3H]cholesterol efflux into plasma and HDL-
subfractions (Table IV). Uptake of cell-derived [3H] cholesterol
by y-LpE, which may serve as an indirect estimation of y-
LpE-serum concentration, was the only factor which correlated
significantly with [3H]cholesterol-efflux into total plasma (P
< 0.01, Pearson test). Interestingly, the positive correlations of
[3H]cholesterol efflux with both HDL-cholesterol and apoA-I,
as well as its negative correlation with total apoE levels re-
mained stable also after differentiation by apoE-phenotype. By
contrast, the negative correlations of cholesterol, triglycerides,
LDL-cholesterol, and HDL-apoE with [3H]chlolesterol efflux
in the entire population changed to positive correlations if only
data of apoE3/3-samples were considered.

We also analyzed by regression analysis whether concentra-
tions of lipids, lipoproteins, and apolipoproteins correlate with
the uptake of cell-derived [ 3H] cholesterol by certain HDL-sub-
fractions. [3H]cholesterol-efflux into y-LpE and prepf-LpA-I
correlated positively with levels of HDL-cholesterol (P < 0.01
and P < 0.001, respectively) and apoA-I (both P < 0.05)
(Table IV).

Discussion

The ability of HDL to take up cellular cholesterol into the
plasma compartment has been mainly attributed to apoA-I, the
predominant protein component of HDL. However, both apoA-
I-deficient plasma (30) and apoA-I-depleted plasma (31)
maintain - 50% of a normal plasma's activity to remove cho-
lesterol from cells. These observations suggest that apoA-I-free
lipoproteins also contribute to reverse cholesterol transport. We
have recently identified a plasma lipoprotein, y-LpE, in which
apoE is the only protein component and which, like pre,61-LpA-
I, serves as an initial acceptor of cell-derived cholesterol into
the plasma compartment ( 19-21 ). In this study, we found that
'y-LpE is immunodetectable only in plasmas of individuals who
express at least one apoE3-allele but not in plasmas of individu-
als with apoE2/2, apoE4/4, and apoE2/4 (Fig. 1). During a

2698 Huang et al.



Table III Effect of the apoE-Polymorphism on Uptake and Transfer of Cell-derived [3H]Cholesterol through Various Lipoproteins

ApoE3/3 ApoE2/2 ApoE4/4

Pulse Chase Pulse Chase Pulse Chase

Total plasma 3642±414 2574±237 2562±222
y-LpE 537±156 104±13 76±27*** 26±6*** 40±33*** 28±6***

(19±5) (4±1) (4±1***) (1±1***) (2±1***) (2±1***)
Pre,1-LpA-I 178±53 159±24 149±44 35±16 153±35 47±22

(6±1) (2±1) (8±2) (2±1) (8±2) (2±1)
a-LpA-13 752±214 875±220 731±139 650±189 678±178 602±139

(26±8) (32±6) (39±7*) (34±10) (35±9) (31±8)
a-LpA-12 713±220 810±159 394±118* 405±97*** 240±52*** 286±107***

(25±8) (30±5) (21±6) (21±5) (13±3***) (15±3***)
LDL 667±207 874±223 508±132 773±244 810±296 964±245

(23±7) (32±6) (27±7) (41±10) (42±11**) (50±13*)

Presented are mean values and standard deviations of either [3H]cholesterol either in total plasma or in the various lipoproteins as counts per minute.
Data in brackets and italics give the percent radioactivity in a lipoprotein if the sum of radioactivity in all lipoproteins gives 100%. Pulse incubations
of 1 ml plasma with radiolabeled fibroblasts were performed for 1 min, chase incubations without cells for another one minute. Aliquots of 30 Ml
plasma were then separated by 2D-PAGGE. The indicated lipoproteins were located in the gel by the use of anti-apoA-I and anti-apoE immunoblots,
excised, and their lipids extracted. Radioactivity was counted by scintillation spectrometry. For further details see text. Two plasmas per apoE-
phenotype were analyzed. Each of the six plasmas was analysed three times in independent experiments. * P < 0.05; ** P < 0.01; *** P < 0.001
comparing by Student's t test the mean values and standard deviations for [3H]cholesterol in the various lipoproteins of plasmas from
apoE2/2- and apoE4/4-subjects to the radioactivity in the respective lipoproteins in plasmas from apoE3/3-individuals.

short incubation of plasma with [3H ]cholesterol -labeled fibro-
blasts, y-LpE of apoE3/3 individuals took up seven-fold and
thirteen-fold more radioactivity than fractions with the mobility
of y-LpE in plasmas of apoE2/2- and apoE4/4-subjects, respec-
tively (Table IV). Plasmas of apoE4/4-subjects rather appeared
to be deficient in y-LpE. The very low concentration or even
absence of y-LpE in plasmas of homozygotes for apoE2 and
apoE4, respectively, is accompanied by a 30% decrease in efflux
of cell-derived [3H] cholesterol during 1-min pulse as compared
with plasmas of individuals homozygous for apoE3/3 (Table
II). These data hence indicate an important role for 'y-LpE in
the uptake of cell-derived cholesterol into plasma. The possible
importance of y-LpE as a determinant of cholesterol efflux is
also reflected by the positive correlation between [3H]-
cholesterol-efflux into y-LpE and [3H] cholesterol-efflux into

total plasma (Table IV). A recent study found positive correla-
tions of cholesterol efflux into plasma with levels of HDL-
cholesterol and apoA-I (32) which were also present in our
study although insignificant possibly due to the low number
of analyzed samples (Table IV). Differences in the degree of
cholesterol efflux stimulation may thus be confounded by differ-
ences in the level of HDL-cholesterol (Tables I and II).
Whether the apoE-polymorphism truly has an independent ef-
fect on cholesterol efflux must therefore be investigated in larger
population-based studies.

The failure to immunodetect y-LpE in apoE3-free plasmas
appears to reflect problems in the sensitivity rather than in the
specificity of the antibodies. Firstly, the polyclonal anti-apoE-
antibodies used in these experiments detect apoE in native apoE-
containing lipoproteins varying in size and charge (Fig. 1) as

Table IV. Pearson Regression Analysis of Factors Possibly Affecting [3H]cholesterol Efflux from Fibroblasts into Plasma
or HDL-subfractions

[3H]cholesterol efflux into

Total medium y-LpE Pre,61-LpA-I a-LpA-13 a-LpA-13 LDL

[3H]cholesterol-efflux 0.89** 0.53 0.16 0.50 -0.01
Total cholesterol -0.35 0.03 0.17 0.10 -0.05 0.154
Triglycerides -0.64 -0.56 -0.56 0.26 -0.35 -0.26
LDL-chol. -0.54 -0.22 -0.06 -0.02 -0.27 0.12
HDL-chol. 0.58 0.90** 0.94*** 0.14 0.67 +0
ApoA-I 0.34 0.74* 0.81* -0.26 0.22 -0.49
Plasma apoE -0.59 -0.43 -0.40 0.16 -0.28 ±0
HDL-apoE -0.62 -0.47 -0.41 0.16 -0.29 -0.09

Correlations have been calculated on the basis of mean values of three experiments which have been performed with eight different plasma samples,
namely from four subjects with apoE3/3, two subjects with apoE2/2, two subjects with apoE4/4 (see Table II). * P < 0.05; ** P < 0.01; *** P
< 0.01.
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well as in denatured and lipid-free apoE after IEF or SDS-
PAGE. This indicates that the antibodies recognize apoE rather
than apoE-lipid complexes. Hence, epitope changes are un-
likely to account for the failure to detect y-LpE-species formed
by apoE2 or apoE4. Second, also other polyclonal anti-apoE-
antisera detected y-LpE in apoE3-containing plasmas but not
in apoE3-free plasmas. Third, the failure to immunodetect y-
LpE in plasmas of apoE2/2- and apoE4/4-individuals correlates
with the much lower ability of y-LpE-like fractions in these
plasmas to take up cell-derived [3H]cholesterol (Table III). In
Western blots of plasma proteins separated by SDS-PAGE we
determined the lower limit of detection for our visualization
system with 0.15 ng apoE. Since 30 /u1 plasma have been sepa-
rated by 2D-PAGGE, this would correspond to a y-LpE plasma
concentration of at least 5 ng/ml. Based on this estimation,
apoE3-containing plasmas transport 0.05-0.1% of HDL-apoE
in y-LpE (see Table I). Obviously, this borderline concentra-
tion is fallen below in individuals without apoE3. This may
explain the discrepancy between immunologically undetectable
-y-LpE but significant uptake of cell-derived [3H ] cholesterol by
this fraction in plasmas of apoE2/2-homozygotes. This discrep-
ancy is analogous to the previous observation that pre33-LpA-
I is Immunologically undetectable in many plasmas (even upon
incubation of western blots with radiolabeled antibodies) al-
though its cholesterol esterification activity can be assessed (ref-
erences 21-23).

The structural features in apoE required to form y-LpE are
as yet unknown. Previously, we found that sphingomyelin is
the predominant lipid in y-LpE (19). In this study, the impor-
tance of sphingomyelin in -y-LpE is demonstrated by our obser-
vation that y-LpE in apoE3-containing plasmas is destroyed by
incubation with sphingomyelinase but not through incubation
with PC-PLC. Thus the formation of y-LpE may depend on the
ability of apoE to bind sphingomyelin. PC-PLC digests a-LpE
completely in plasmas of apoE3/3-individuals but incompletely
in plasmas of homozygotes for apoE2 or apoE4 (Fig. 3). Thus
apoE2 and apoE4 appear to protect phosphatidylcholine from
enzymatic hydrolysis. In this context it is noteworthy that apoE2
and apoE4 exhibit a higher affinity for phosphatidylcholine than
apoE3 (33). Increased affinity of apoE4 and apoE2 to some
phospholipids or apolipoproteins may thus prevent the binding
of sphingomyelin with these apoE isoforms and thereby hinder
the formation of y-LpE.

One possible prerequisite for a stable formation of y-LpE
may be the presence of apoE as a homodimer, since previously
we found that y-LpE contains apoE with an apparent molecular
mass of 68 kD (19). Lacking cysteine residues, apoE4 cannot
dimerize and may therefore fail to form -y-LpE. Weisgraber
and Shinto have recently demonstrated that apoE3-dimers are
reduced in their binding affinity to the LDL-receptor (34). The
presence of apoE3 as a homodimer in y-LpE may thus be
important in preventing the receptor-mediated uptake of this
particle. Since apoE2 contains two cysteine residues and easily
forms homodimers (35), this model cannot however explain
the very low concentration of y-LpE in plasmas of homozygotes
for apoE2.

As discussed before, the very low concentration of y-LpE in
apoE3-free plasmas may quantitatively affect cholesterol efflux.
Moreover, the concentration of y-LpE also appears to affect
the route by which cell-derived cholesterol is targeted from its
initial acceptors to other lipoproteins. During both pulse and
chase, significantly higher amounts of [3H ]cholesterol accumu-

lated in a-LpA-12 of apoE3/3-carriers as compared to homozy-
ogtes for apoE2 and apoE4 (Table III). This suggests that the
uptake of cell-derived cholesterol by y-LpE is followed by
transfer to a-LpA-12 whereas cholesterol taken up by pre/31-
LpA-I appears to be transferred preferentially to a-LpA-13. In
plasmas of apoE3-subjects, apoE in HDL is mostly colocalized
with large-sized a-LpA-I. Therefore, it may be that y-LpE is
converted into apoE-containing a-LpA-12 and that this conver-
sion/association process also transfers cholesterol. Pre,/1-LpA-
I, however, is first converted into a-LpA-13 which is then con-
verted into a-LpA-12 (36). This may explain the preferential
appearance of cell-derived [ 3H] cholesterol in a-LpA-13 of plas-
mas from apoE2/2- and apoE4/4-subjects, which is character-
ized by low concentrations and activity of y-LpE.

The very low concentration or even absence of y-LpE in
plasmas from apoE4/4-homozygotes together with the impaired
cholesterol efflux stimulating capacity of these plasmas raise
the question as to whether these phenomena are causally linked
to the increased cardiovascular risk of apoE4 individuals. At
first sight, presence of y-LpE in apoE3/4-heterozygotes and
severely reduced concentrations of y-LpE also in apoE2/2-
individuals would seem to rule out such a relationship. How-
ever, at least two arguments need further consideration: Firstly,-
our data do not exclude the possibility that heterozygosity for
apoE3/2 and apoE3/4 affects the amount of y-LpE in the extra-
cellular space and hence reverse cholesterol transport. For ex-
ample, the retarded elimination of apoE2-containing lipopro-
teins in apoE3/2 heterozygotes and enhanced clearance of
apoE4-containing lipoproteins in apoE4/3 heterozygotes may
influence the amount of y-LpE formed by apoE3 (7, 8). It
will be important in this respect to analyze how the apoE-
polymorphism affects synthesis and secretion of apoE as well as
the formation of y-LpE by macrophages ( 14, 15, 19). Secondly,
since apoE2 binds poorly to apoE and apoB, E-receptors, macro-
phages in the arterial wall of apoE2/2-individuals take up less
cholesterol via VLDL and their remnants (37). Consequently,
despite impaired efflux of cellular cholesterol due to y-LpE-
deficiency, cholesterol homeostasis may be balanced in cells of
apoE2-homozygotes, as it is the case in apoE3-homozygotes.
By contrast, apoE4 does not interfere with cholesterol influx.
Hence, decreased efflux of cholesterol may cause intracellular
accumulation of cholesterol and increase arteriosclerotic risk in
apoE4-subjects.

In conclusion, our study demonstrated that the apoE-poly-
morphism has a major effect on the formation of y-LpE. Se-
verely reduced concentrations or even absence of y-LpE in
plasmas without apoE3 may decrease cholesterol efflux from
fibroblasts and appears to change the route by which cell-de-
rived-cholesterol is delivered to LDL. Future studies are needed
to demonstrate whether these qualitative and quantitative differ-
ences of reverse cholesterol transport exerted by the apoE-poly-
morphism have pathogenetic implications by accounting for at
least some of the differences in cardiovascular risk associated
with the apoE-polymorphism.
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