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After internalization of triglyceride-rich lipoproteins
(TRL) in hepatoma cells, TRL particles are immediately
disintegrated in the early endosomal compartment. This
involves the targeting of lipids and apoprotein B along
the degradative pathway and the recycling of TRL-de-
rived apoE through recycling endosomes. Re-secretion
of apoE is accompanied by the concomitant association
of apoE and cellular cholesterol with high-density li-
poproteins (HDL). Since epidemiological data showed
that apoE3 and apoE4 have differential effects on HDL
metabolism, we investigated whether the intracellular
processing of TRL-derived apoE4 differs from apoE3-
TRL. In this study, we demonstrated by radioactive and
immunofluorescence uptake experiments that cell-sur-
face binding and internalization of TRL-derived apoE4
are increased compared with apoE3 in hepatoma cells.
Pulse-chase experiments revealed that HDL-induced re-
cycling, but not disintegration and degradation, of
apoE4-enriched TRL is strongly reduced in these cells.
Furthermore, impaired HDL-induced apoE4 recycling
is associated with reduced cholesterol efflux. Studies
performed in Tangier fibroblasts showed that apoE
recycling does not depend on ATP-binding cassette
transporter A1 activity. These studies provide initial
evidence that impaired recycling of apoE4 could inter-
fere with intracellular cholesterol transport and con-
tribute to the pathophysiological lipoprotein profile
observed in apoE4 homozygotes.

Intestinal chylomicrons and liver-derived very low-density
lipoproteins (VLDL)1 represent triglyceride-rich lipoproteins

(TRL) that deliver lipids and lipophilic vitamins to other cells of
the body. Lipoprotein lipase-mediated hydrolysis of TRL at the
luminal side of endothelial cells resulted in the formation of
TRL remnants, which are rapidly cleared by the liver (for
review see Refs. 1 and 2). Lipoprotein lipase remained associ-
ated with these remnants, which simultaneously became en-
riched with high-density lipoprotein (HDL)-derived apoprotein
E (apoE). Both lipoprotein lipase and apoE then facilitated the
internalization of TRL remnants via the LDL receptor-related
protein 1 and the low-density lipoprotein receptor (3–7).
After receptor-mediated endocytosis, the intracellular proc-

essing of TRL is very complex. We and others (8–12) demon-
strated that TRL is disintegrated in peripheral endosomes,
which is followed by a differential sorting of TRL components.
In human hepatoma cells and fibroblasts, the majority of TRL
lipids is targeted to the lysosomal compartment, whereas TRL-
derived apoE is found in peripheral recycling endosomes (9,
10). Subsequently, substantial amounts of TRL-derived apoE
are recycled back to the cell-surface, re-secreted (9), and found
associated with newly synthesized or exogenous lipoproteins
(10, 11, 13, 14). We recently discovered that HDL stimulates
and serves as an acceptor for recycled apoE in hepatocytes in
vitro and in vivo (10, 13). This new link between TRL-derived
apoE and HDL metabolism is associated with cholesterol efflux
and involves the internalization of HDL particles to preexisting
endosomes containing TRL-derived apoE (13).
ApoE has many different functions in the metabolism of

lipids and lipoproteins. Besides its role in the clearance of
TRL-remnants (6), apoE very effectively stimulates cholesterol
efflux from macrophages (15–17) and is involved in hepatic
lipoprotein assembly (18, 19). ApoE exists in three isoforms,
which differ at two positions in the protein (apoE2, Cys112 and
Cys158; apoE3, Cys112 and Arg158; and apoE4, Arg112 and
Arg158). These variations resulted in different metabolic prop-
erties of apoE isoforms, which are linked to an increased risk
for the development of atherosclerosis and Alzheimer’s disease
(20, 21). ApoE2 exhibits strongly reduced binding affinity to
heparan sulfate proteoglycans and the LDL receptor (22). This
results in the accumulation of remnant particles in plasma and
most probably contributes to the observed association of apoE2
with familial type III hyperlipoproteinemia (23). ApoE4 corre-
lates with high plasma LDL cholesterol levels and is associated
with atherosclerosis and Alzheimer’s disease (20, 21). However,
despite the importance of apoE4 as a risk factor, the cellular
mechanisms, which are responsible for the differences between
apoE3 and apoE4, are yet unclear. The binding of apoE4 to
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lipoprotein receptors and clearance of TRL remnants are com-
parable or even higher in comparison with apoE3 (24–27).
Thus, the dissimilar behavior of apoE isoforms on the intracel-
lular metabolism of apoproteins and lipids could contribute to
the development of disease. Compared with apoE3, apoE4 is
less efficient in promoting cholesterol efflux in fibroblasts and
astrocytes (28, 29), indicating that apoE isoforms differentially
affect the mobilization of cellular cholesterol. Therefore, we
investigated whether there are potential differences in the
intracellular processing of internalized TRL-derived apoE3 and
apoE4 that could explain these findings. In this study, we
demonstrated that HDL-induced recycling, but not internaliza-
tion, degradation, or disintegration of TRL-derived apoE4, is
impaired compared with apoE3. This process does not depend
on the ATP-binding cassette transporter A1 (ABCA1) activity.
Most importantly, reduced apoE4 recycling is associated with a
decrease in cholesterol efflux. Thus, impaired apoE4 recycling
could explain the low apoE protein and cholesterol content of
HDL, which is associated with the human apoE4 allele (20, 26,
30–32).

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—BSA, glycine, 22(R)-hydroxycholesterol
(OH-Chol), paraformaldehyde, nucleus stain Hoechst dye 33342 (4�,6-
diamidino-2-phenylindole) and 9-cis-retinoic acid (RA) were from
Sigma. Mowiol 4-88 was purchased from Calbiochem. DMEM, PBS,
fetal calf serum, trypsin, penicillin, and streptomycin were from In-
vitrogen. Iodogen was from Pierce. [125I] and 3H-cholesterol were from
Amersham Biosciences. Heparin (Liquemin®) was purchased from
Roche Applied Science. Polyclonal antibody against human apoE was
from Dako. LysoTracker and 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindo-
carbocyanine (DiI) were from Molecular Probes. Cy3- and Cy5-fluores-
cence protein-labeling kits were from Amersham Biosciences. Cy2-con-
jugated goat anti-rabbit F(ab�)2 fragments and horseradish peroxidase-
conjugated goat anti-rabbit F(ab�)2 fragments were purchased from
Jackson ImmunoResearch.

Cell Culture—Human hepatoma cell line 7 (HuH7) and normal and
Tangier fibroblasts (33) were grown in DMEM supplemented with 10%
fetal calf serum and penicillin/streptomycin at 37 °C in 5% CO2.

Ligand Preparation and SDS-PAGE—ApoE-deprived HDL3 (d �
1.125 � 1.21 g/ml) from normal healthy donors (34), TRL from an
apoCII-deficient patient (apoE2/3), and VLDL from normolipemic blood
donors (apoE3/3 and apoE4/4, respectively) were isolated as described
previously (5). ApoE3 and apoE4 from human VLDL were isolated by
preparative SDS-PAGE (35). Human recombinant apoE3 and apoE4
were expressed in BL21 Escherichia coli (constructs were provided by
Dr. Karl Weisgraber, Gladstone Institute, San Francisco, CA) and pu-
rified by gel filtration chromatography (36). TRL and VLDL were ra-
diolabeled by the iodine monochloride method. ApoE isoforms were
radiolabeled with Iodogen according to the manufacturer’s instructions.
100 �g of unlabeled or 125I-labeled apoE isoforms (native and recombi-
nant) were associated with TRL (0.5 mg of protein) to prepare apoE3-
TRL, apoE4-TRL (final concentration 0.23 mg protein/ml) or 125I-
apoE3-TRL, and 125I-apoE4-TRL (13). The protein concentrations of the
125I-TRL and the 125I-apoE-TRL preparations were 0.22 � 0.1 mg/ml,
whereas 125I-VLDL was 0.41� 0.13 mg/ml and the specific radioactivity
was 90–140 cpm/ng protein, respectively. Radiolabeling of TRL and
VLDL apoproteins was confirmed by SDS-PAGE and autoradiogra-
phy as described previously (10). For immunofluorescence, 100 �g of
recombinant apoE3 and apoE4 were labeled with Cy3 or Cy5, asso-
ciated with TRL, and re-isolated by ultracentrifugation to obtain
Cy3-apoE3-TRL and Cy5-apoE4-TRL, respectively. Fluorescent label
was exclusively found in apoE as determined by SDS-PAGE followed
by in-gel fluorescence analysis (data not shown). Incorporation of DiI
into apoE3-TRL and apoE4-TRL was performed as described previ-
ously (9). Non-incorporated DiI was removed by PD10 (Amersham
Biosciences) gel chromatography. To analyze the apolipoprotein com-
position of TRL particles, 2–10 �g of the different lipoprotein prepa-
rations were delipidated by chloroform/methanol extraction and ap-
oproteins were separated by SDS-PAGE on 4–12% gradient gels
(NuPAGE®, Invitrogen). Apoproteins were visualized with a Coomas-
sie Blue protein stain.

Immunofluorescence—For immunofluorescence, hepatoma cells were
incubated with 5 �g/ml apoE3, apoE3-TRL, apoE4-TRL, DiI-apoE3-

TRL, or DiI-apoE4-TRL in DMEM � 2% BSA for 15–60 min at 37 °C.
For uptake experiments, cells were washed in DMEM, treated with
heparin at 4 °C for 5 min, and fixed in 4% paraformaldehyde. To
study apoE recycling, cells were treated as above and incubated for an
additional 60 min at 37 °C in DMEM (0.1% BSA) � 50 �g/ml HDL3
before fixation. Supernatants were harvested for subsequent Western
blot analysis (see below). Indirect immunofluorescence against apoE
and nuclear staining with 4�,6-diamidino-2-phenylindole were per-
formed as described previously (9). Full cell images were taken with
an Axiovert 100 microscope equipped with a Zeiss Axiocam. Confocal
images were collected using a Zeiss LSM 510 (version 3.0). For living
cell microscopy, cells were incubated with 1 �g/ml Cy3-apoE-TRL,
Cy5-apoE4-TRL, and 1 �M LysoTracker in DMEM � 2% BSA for 0–30
min at 37 °C. Confocal images were taken every minute in the mul-
titrack mode using optimized pinhole adjustment for each
fluorochrome.

Western Blotting—Hepatoma cells were incubated with TRL,
apoE3-TRL, or apoE4-TRL for 60 min at 37 °C, washed, and solubi-
lized in 50 mM Tris-HCl, pH 8.0, 2 mM CaCl2, 80 mM NaCl, and 1%
Triton X-100 for 20 min at 4 °C. After centrifugation for 15 min with
13,000 � g at 4 °C, supernatants were harvested and protein concen-
trations were determined. In another set of experiments, hepatoma
cells were incubated with TRL, apoE3-TRL, or apoE4-TRL for 60 min
at 37 °C, washed, and incubated for an additional 60 min at 37 °C �
50 �g/ml HDL3 in DMEM � 0.1% BSA. The media were harvested,
filtered (0.45 �m), and cleared by centrifugation at 14,000 � g for 10
min. Cellular proteins (5 �g/lane) and supernatants were separated
by 4–12% SDS-PAGE and 10% SDS-PAGE, respectively, and immu-
noblotted against apoE. After incubation with peroxidase-conjugated
secondary antibodies, the reaction product was detected using the
ECL system (Amersham Biosciences).

Cell Surface Binding, Uptake, Degradation, and Recycling Assays—
For radioactive cell-surface binding and uptake experiments, hepatoma
cells were washed with PBS and incubated with 125I-apoE3-VLDL or
125I-apoE4-VLDL (2.5–10 �g/ml) for 60 min at 4 °C on ice or at 37 °C in
DMEM � 5% BSA, pH 7.4, respectively. Cells then were washed with
ice-cold PBS. To exclusively measure internalized radioactivity in up-
take experiments, cells were washed with 100 units/ml heparin to
remove surface-bound material (9, 37). Finally, cells were solubilized in
0.1 N NaOH to determine the amount of cell-surface bound (4 °C) or
internalized (37 °C) radioactivity. Values were normalized to total cel-
lular protein (9). For degradation experiments, hepatoma cells were
incubated with 10 �g/ml 125I-apoE3-VLDL or 125I-apoE4-VLDL for 60
min at 37 °C in DMEM and 5% BSA, pH 7.4. Cells were washed as
described above and incubated at 37 °C for an additional 30–300 min.
The media were harvested, the trichloroacetic acid-precipitable mate-
rial was removed, and the amount of degraded (125I-tyrosine) radioac-
tivity in the supernatants was determined. Values were normalized to
total cellular protein.
For pulse-chase experiments, cells were incubated with 2.5 �g/ml

125I-TRL, 125I-apoE3-TRL, or 125I-apoE4-TRL, washed, and treated with
heparin as described above. To promote recycling, radiolabeled cells
were incubated for 60–240 min at 37 °C with DMEM � 0.1% BSA
supplemented with 50 �g/ml HDL3. The content of trichloroacetic acid-
precipitable recycled radioactivity in the harvested media was then
determined (9).

Reverse Transcriptase-PCR—To induce ABCA1 expression, human
hepatoma cells were treated overnight with 5 mM OH-Chol and 5 mM

RA (38). Total RNA was isolated, and ABCA1 mRNA levels were deter-
mined using quantitative reverse transcriptase-PCR as described pre-
viously (39). The values obtained for ABCA1 were normalized to
GAPDH mRNA levels. The primers to determine ABCA1 (123-bp cDNA
fragment) and GAPDH (242 bp) expression were as follows: ABCA1
(position 4522–4644; NM005502) (forward, 5�-ACTCTTAAACGCCCT-
CACCAAAGAC-3�; reverse, 5�-GTCTGGGGAACTGGGGCAGT-3�);
GAPDH (position 619–860, NM002046) (forward, 5�-ACTGCCACCCA-
GAAGACTGT-3�; reverse, 5�-ACCACCTTCTTGATGTCATCATA-3�).

Cholesterol Efflux Experiments—To achieve cholesterol loading,
100,000 cpm/ml 3H-cholesterol in ethanol were incubated with cells
overnight at 37 °C as described previously (40). The cells then were
washed and incubated with TRL, apoE3-TRL, or apoE4-TRL for 60 min
at 37 °C. After heparin treatment (see above), cells were incubated in
DMEM� 0.1% BSA in the presence or absence of 50 �g/ml HDL3 for an
additional 60 and 240 min at 37 °C. The media were harvested, and
cells were lysed in 0.1 N NaOH. The amount of 3H-cholesterol in the
media and cells was determined and normalized to total cellular protein
content.
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RESULTS

Accumulation of Internalized TRL-derived ApoE4—Epide-
miological studies have clearly shown that apoE3 and apoE4
isoforms have differential effects on lipoprotein metabolism.
Some observations have indicated that the internalization and
intracellular processing of TRL-derived apoE isoforms may
help to explain the differences of apoE isoforms in lipid metab-
olism. The inheritance of apoE4 is associated with increased
internalization of VLDL in hepatocytes but not in fibroblasts
(25). These findings correlated with the enhanced plasma clear-
ance of VLDL in apoE4 compared with apoE3 mice (27). There-
fore, initial experiments addressed the effects of enhanced in-
ternalization of apoE4 on the intracellular processing of TRL-
associated apoproteins. First, the internalization of lipid-free
and TRL-associated apoE3 and apoE4 into hepatoma cells was
compared. TRL-associated apoE3 accumulated in peripheral
endosomes (Fig. 1B), whereas after incubation with lipid-free
apoE3 only a weak staining was observed (Fig. 1A). This stain-
ing represents endogenous apoE in perinuclear compartments,
because it was also present in cells incubated without any
exogenous apoE (data not shown). Similar results were ob-
tained with lipid-free apoE4 (data not shown). To exclude that
the enrichment of TRL particles with apoE3 or apoE4 could
differentially alter the overall TRL apoprotein composition,
possibly affecting the internalization of apoE3-TRL and apoE4-
TRL, the apoprotein composition of TRL, apoE3-TRL, and
apoE4-TRL was analyzed by SDS-PAGE (Fig. 2A). Coomassie
Blue staining revealed that TRL isolated from apoCII-deficient
patients contained apoB100 and apoB48, indicating that both
chylomicrons and VLDL were present. The other major apopro-
teins of native TRL were apoE and apoC (Fig. 2A, lane 1). TRL
enriched with recombinant apoE3 or apoE4 contained compa-
rable amounts of apoE3 and apoE4 (Fig. 2A, lanes 2 and 3,
respectively). When higher apoprotein amounts were analyzed,
similar amounts of apoB100 and apoB48 were detected in
apoE3-TRL and apo4-TRL (data not shown). We then compared
the internalization of TRL-associated apoE isoforms by immu-
nofluorescence (Fig. 2B). HuH7 hepatoma cells were incubated
with TRL alone as well as with apoE3- and apoE4-enriched
TRL (Fig. 2B). Enrichment of TRL with the two apoE isoforms
led to a more pronounced accumulation of apoE4 in peripheral
endosomes as compared with apoE3. The uptake experiments
using TRL enriched with a 1:1 mixture of apoE3 and apoE4
revealed an intermediate accumulation of apoE (data not
shown).

Using radiolabeled VLDL from patients homozygous for
apoE3 or apoE4, similar results were obtained in radioactive

cell-surface binding (Fig. 2C) and uptake experiments (Fig.
2D), respectively. In these experiments, cell-surface binding
and internalization of 125I-apoE4-VLDL was increased 1.5–1.8-
fold compared with 125I-apoE3-VLDL. To analyze whether
more efficient degradation of apoE3 could contribute to the
increased accumulation of apoE4 as compared with apoE3
(Figs. 1 and 2), the degradation of internalized 125I-apoE3-
VLDL and 125I-apoE4-VLDL in hepatoma cells was compared
(Fig. 2E). Cells were loaded with radiolabeled apoE3- or apoE4-
VLDL and then chased for different time periods. At each time
point, the non-precipitable radioactivity relative to total inter-
nalized radioactivity was determined (Fig. 2E). Consistent with
the results described above, most of the radiolabeled apopro-
teins escaped proteolytic degradation and only some degrada-
tion products (up to 25% after 300 min), probably derived from
apoB, appeared in the media.

Taken together, higher cell-surface binding and uptake of
apoE4-TRL, as opposed to apoE3-TRL, does not result in obvi-
ous changes in the intracellular distribution and degradation of
internalized apoE isoforms into hepatoma cells.

ApoE4 Does Not Interfere with the Disintegration of Internal-
ized TRL Particles—Internalized TRL are disintegrated in en-
dosomal compartments followed by a differential sorting of
TRL components. Whereas TRL-derived apoE is targeted to
peripheral endosomes, most TRL lipids are directed along the
lysosomal pathway (9, 10). To identify whether increased
apoE4 internalization could result in a differential sorting of
apoE isoforms, we first compared the localization of internal-
ized TRL-derived apoE3 and apoE4 in the early endosomal
compartment (Fig. 3A). To ensure comparability of internalized
apoE isoforms, HuH7 cells were simultaneously incubated with
2 �g/ml Cy3-apoE3-TRL (a, in red) and 1 �g/ml Cy5-apoE4-
TRL (b, in green) for 30 min at 37 °C. Internalized TRL-derived
apoE was found in EEA1-positive endosomes under these con-
ditions (13). The localization of apoE3 and apoE4 was then
analyzed by confocal microscopy. Although apoE4 is internal-
ized more rapidly as compared with apoE3 (Fig. 2), a similar
punctate endosomal staining and co-localization of apoE iso-
forms were observed, indicating that both apoE isoforms are
similarly trafficking through the endosomal compartment after
internalization (Fig. 3A, a–c, arrows). Marginal co-localization
of apoE3 with LysoTracker confirmed that TRL-derived Cy3-
apoE3 is not targeted to the perinuclear pre-lysosomal/lysoso-
mal compartment (Fig. 3B). Similar results were obtained with
Cy5-apoE4-TRL (data not shown).

To follow the disintegration and the intracellular fate of
apoE3- and apoE4-TRL-derived lipids, the fluorescent phos-
pholipid analog, DiI, was incorporated into TRL. HuH7 cells
were incubated with DiI-labeled apoE3-TRL (Fig. 4, a–c) and
apoE4-TRL (Fig. 4, d–f) for 30 min at 37 °C, respectively, and
the localization of apoE isoforms and DiI was studied by con-
focal microscopy. In agreement with previous experiments,
TRL-derived apoE and lipids were disintegrated under these
conditions (9). Both apoE3 and apoE4 remain in peripheral
endosomes, whereas TRL lipids such as DiI are transported
predominantly to the perinuclear (pre-lysosomal/lysosomal)
compartment. Taken together, these findings indicated that
the transport into early endosomal compartments and the dis-
integration of apoE3-TRL and apoE4-TRL are identical.

Impaired HDL-induced ApoE4 Recycling Is Associated with
Reduced Cholesterol Efflux—We have previously demonstrated
that the recycling of TRL-derived apoE from peripheral endo-
somes is stimulated by exogenous HDL3 (13). To identify po-
tential differences between the apoE isoforms on HDL3-in-
duced recycling of TRL-derived apoE, HuH7 cells were pre-
loaded with apoE3- and apoE4-enriched TRL and re-secretion

FIG. 1. Uptake of lipid-free and TRL-associated apoE3 in hep-
atoma cells. HuH7 hepatoma cells were incubated with (a) lipid-free
apoE3 (apoE3) and (b) TRL-associated apoE3 (apoE3-TRL) for 60 min
at 37 °C. After the removal of cell-bound material with heparin, cells
were fixed and sections (1 �m width) were analyzed by confocal fluo-
rescence microscopy for apoE. Arrows in a point to endogenous apoE
staining. Bar is 20 �m.
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FIG. 2. Isoform-dependent cell-surface binding, internalization, and degradation of TRL and VLDL. A, SDS-PAGE analysis of TRL
(10 �g, lane 1), apoE3-TRL (2 �g, lane 2), or apoE4-TRL (2 �g, lane 3). TRL particles were delipidated and re-solubilized, and apoproteins were
separated on a 4–12% gradient gel using a MES-based buffer system. Apoproteins were visualized with Coomassie Blue staining. B, HuH7
hepatoma cells were incubated with TRL alone (a) or TRL enriched with 5 �g/ml apoE3 (b) or apoE4 (c) for 20 min at 37 °C. Cell surface-bound
lipoproteins were removed with heparin, and cells were fixed in 4% paraformaldehyde and analyzed by confocal fluorescence microscopy for apoE
as described above. Bar is 10 �m. To determine cell-surface binding (C) and uptake (D), hepatoma cells were incubated with 2.5–10 �g/ml
125I-apoE3-VLDL and 125I-apoE4-VLDL for 60 min at 4 or 37 °C, respectively. After washing, cells were lysed in 0.1 N NaOH and binding (4 °C)
and internalized (37 °C) radioactivity was determined. Values of specific binding/uptake for 125I-apoE3-VLDL (white bars) and 125I-apoE4-VLDL
(gray bars) are given in cpm/mg cell protein and represent the mean � S.D. of three independent experiments with triplicate samples. **, p � 0.01;
***, p � 0.001 by Student’s t test. E, for degradation assays, HuH7 cells were incubated with 10 �g/ml 125I-apoE3-VLDL and 125I-apoE4-VLDL for
60 min at 37 °C. Cells were washed at 4 °C, and cell-bound radioactive material was removed by heparin. This was followed by a second incubation
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of apoE was determined (Fig. 5). First, HuH7 cells were incu-
bated with apoE3-TRL (Fig. 5A, a and b) and apoE4-TRL (Fig.
5A, c and d) at 37 °C for 60 min, which was followed by a
60-min chase � HDL3. The cells were washed with heparin,
fixed, and immunostained against apoE to detect TRL-derived
apoE. In the absence of HDL3, significant amounts of internal-
ized TRL-derived apoE3 (Fig. 5A, a) and apoE4 (Fig. 5A, c)
remained intracellularly. When cells were incubated with
HDL3, only residual signals of internalized apoE3 were detect-
able (Fig. 5A, b). In contrast, large amounts of apoE4 were
found intracellularly even in the presence of HDL3 (Fig. 5A, d),

indicating that HDL3-induced recycling of TRL-derived apoE4
is reduced. These findings were confirmed by apoE Western
blot analysis of the chase media (Fig. 5B). No secretion of
endogenous apoE was observed under these conditions (data
not shown). ApoE recycling from TRL not enriched with apoE
was detectable only in longer exposures (lanes 1 and 2). As
determined by densitometric analysis of lanes 3–6, the HDL3-
induced recycling of apoE3 was stimulated �6-fold, whereas
apoE4 re-secretion was increased only 3.6-fold. In neuronal
cells, it has been shown that apoE isoforms undergo different
intracellular processing (41). In these experiments, internal-

at 37 °C for 30–300 min as indicated. To determine protein degradation, the media were harvested, the trichloroacetic acid-precipitable material
was removed, and the content of 125I-tyrosine in the supernatant was determined. Cells were washed and lysed in 0.1 N NaOH, and the remaining
internalized radioactivity was determined. Values of specific degradation for 125I-apoE3-VLDL (white bars) and 125I-apoE4-VLDL (gray bars) are
given as the percentage of total metabolized radioactivity and represent the mean � S.D. of four separate experiments with triplicate samples.

FIG. 3. TRL-derived apoE3 and
apoE4 are targeted to peripheral en-
dosomes. A, recombinant apoE3 and
apoE4 were labeled with Cy3 or Cy5 and
associated with TRL, respectively. Hu-
man hepatoma cells were incubated with
Cy3-apoE3-TRL (2 �g/ml) and Cy5-
apoE4-TRL (1 �g/ml) for 30 min at 37 °C.
Cell surface-bound lipoproteins were re-
moved with heparin, and cells were fixed
in 4% paraformaldehyde. Nuclei were
stained with 4�,6-diamidino-2-phenylin-
dole (blue), and sections were analyzed by
confocal fluorescence microscopy for Cy3-
apoE3 (a) in red and Cy5-apoE4 (b) in
green. The merged image is shown in c.
The arrows point to co-localized staining
for apoE3 and apoE4 (a–c). Bar is 20 �m.
B, HuH7 cells were incubated with 1
�g/ml Cy3-apoE3-TRL and 1 �M Lyso-
Tracker for 0–30 min at 37 °C. Time-
lapse confocal image acquisition of apoE
(a) in red and lysosomal compartments (b)
in green was performed at 37 °C (see “Ex-
perimental Procedures”). The merged im-
age is shown in c. Bar is 10 �m.

FIG. 4. Disintegration of TRL-de-
rived apoE isoforms and phospholip-
ids (DiI). HuH7 cells were incubated
with DiI-labeled apoE3-TRL (a–c) and
apoE4-TRL (d–f) for 30 min at 37 °C. Af-
ter the removal of cell-bound material
with heparin, cells were fixed and sec-
tions (1 �m width) were analyzed by con-
focal fluorescence microscopy. Cells were
analyzed for apoE (a and d) in green and
DiI (b and e) in red. The merged images
are shown in c and f. Bar is 10 �m.
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FIG. 5. HDL3 induced recycling of TRL-derived apoE3 and apoE4. A, HuH7 cells were preincubated with apoE3-TRL (a and b) or apoE4-TRL
(c and d) for 60 min at 37 °C. After removal of cell-bound material with heparin, cells were incubated � HDL3 (50 �g/ml) for an additional 60 min at
37 °C as indicated. The media were collected to identify recycled apoE isoforms (see Fig. 5B). Cells were fixed and analyzed by fluorescence microscopy
for apoE (green). Nuclei were stained with 4�,6-diamidino-2-phenylindole. Bar is 10 �m. B, pulse-chase experiments were performed by preincubating
human hepatoma cells with TRL (lane 1 and 2), apoE3-TRL (lanes 3 and 4), and apoE4-TRL (lanes 5 and 6) for 60 min at 37 °C. Cell-bound material
was removed with heparin, and cells were incubated � HDL3 (50 �g/ml) for 60 min at 37 °C as indicated. Cell culture media were harvested, and the
presence of recycled intact apoE was determined by Western blot analysis (see “Experimental Procedures”). The position of apoE is indicated. Molecular
mass is given in kDa. The amount of recycled apoE3 and apoE4 in the Western blot analysis was quantified by densitometry. The stimulation of
HDL3-induced apoE isoform recycling (mean � S.D.) from three independent experiments relative to the apoE3 control (lane 3) is shown. C, HuH7 cells
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ized apoE4 compared with apoE3 was more susceptible to deg-
radation, resulting in the cellular accumulation of truncated
apoE4 and formation of neurofibrillary tangle-like inclusions
(41). Because increased accumulation of truncated apoE4 could
contribute to the impaired recycling of apoE4, the presence of
degraded apoE fragments after internalization of TRL-derived
apoE was investigated (Fig. 5C). Therefore, HuH7 cells were
incubated with TRL, apoE3-TRL, and apoE4-TRL for 60 min at
37 °C and cellular proteins were isolated. Similar amounts of
total cell protein were separated by SDS-PAGE and analyzed
by Western blot analysis using a polyclonal antibody against
apoE. HuH7 cells expressed low amounts of endogenous apoE
(Fig. 5C, lane 1). In agreement with the results obtained in Fig.
2, increased amounts of internalized and intact TRL-derived
apoE4 (Fig. 5C, lane 3) compared with TRL-derived apoE3 (Fig.
5C, lane 2) was detected. Most importantly, the truncated apoE
fragments, possibly derived from apoE degradation, were not
detectable under these conditions. Thus, increased accumula-
tion of truncated apoE4 does not contribute to the reduced
recycling of apoE4.

To independently confirm impaired HDL3-induced recycling
of apoE4, pulse-chase experiments with radiolabeled apoE3-
TRL and apoE4-TRL were performed. Therefore, HuH7 cells
were pre-loaded with 125I-apoE3-TRL and 125I-apoE4-TRL and
apoE recycling was determined in the presence of HDL3, re-
spectively (Fig. 5D). In this set of experiments, HDL3-induced
recycling of TRL-derived 125I-apoE3 was increased �2-fold at
t � 60 and 240 min compared with 125I-apoE4.

Previously, we have demonstrated that apoE recycling is
associated with cholesterol efflux (13). To analyze the effect of
TRL-derived apoE isoforms on cholesterol efflux, human hep-
atoma cells were labeled overnight with 3H-cholesterol and
loaded with apoE3-TRL or apoE4-TRL (Fig. 6). Surface-bound
lipoproteins were removed by heparin, and HDL3-induced cho-
lesterol efflux was determined after 60 and 240 min. Similar to
the results obtained in the apoE recycling studies (Fig. 5),
cholesterol efflux from apoE3-TRL pre-incubated cells was in-
creased 2.5–3.0-fold at t � 60 and 240 min compared with
apoE4-TRL-loaded cells. In summary, reduced apoE4 recycling
correlated with decreased HDL-induced cholesterol efflux.

HDL-induced ApoE Recycling Is Independent of ABCA1 Ac-
tivity—Cellular cholesterol efflux is known to be critically de-
pendent upon ABCA1 activity (42, 43). Because lipid-free
apoA-I and HDL3-induced apoE recycling is associated with
cholesterol efflux (13, 14), we investigated the possible role of
ABCA1 for apoE recycling. Therefore, pulse-chase experiments
with normal fibroblasts and ABCA1-deficient Tangier fibro-
blasts were performed. The recycling of TRL-derived apopro-
teins in fibroblasts is comparable with the results obtained
from hepatoma cells (9, 10). Cells were incubated with 125I-TRL
for 60 min at 37 °C. Under these conditions, similar amounts of
the 125I-TRL protein were found in normal (21.8 � 2.2 ng/mg
cell protein) and Tangier fibroblasts (22.5 � 2.0 ng/mg cell
protein). The cells then were washed with heparin, and apoE
recycling was analyzed in the presence or absence of HDL3 and
lipid-free apoA-I (Fig. 7A). An �2-fold induction of HDL- and
apoA-I induced recycling of 125I-TRL apoproteins was deter-
mined for both normal and Tangier fibroblasts. In this set of
experiments, apoA-I-induced recycling in Tangier fibroblasts

was slightly, but not significantly, reduced compared with the
controls.

To investigate the possible involvement of ABCA1 in apoE
recycling in hepatoma cells, ABCA1 expression was induced in
HuH7 cells and apoE recycling was determined. Overnight
treatment of cells with LXR/RXR agonists (OH-Chol � RA)
resulted in a 1.6-fold induction of ABCA1 expression as judged
by real-time PCR (Fig. 7B). To analyze apoE recycling, hepa-
toma cells were treated � OH-Chol/RA, loaded with 125I-TRL
for 60 min at 37 °C, and then washed with heparin. Because
ABCA1 activity assays are best performed at 4–20 h (42, 44),
apoE recycling was measured in the absence or presence of
HDL3 or apoA-I after 240 min (Fig. 7C). In these experiments,
HDL3- and apoA-I-induced recycling of TRL apoproteins was
similar in control and ABCA1-induced cells. Similar to studies
in macrophages (38, 42), apoA-I significantly induced choles-
terol efflux under these conditions in HuH7 cells (p � 0.001,
data not shown). Taken together, our findings suggest that
ABCA1 is not involved in the recycling of TRL-derived apoE.

DISCUSSION

The aim of this study was to compare the effect of the apoE
isoforms on the intracellular processing of TRL components. Dis-

were incubated with TRL (lane 1), apoE3-TRL (lane 2), or apoE4-TRL (lane 3) for 60 min at 37 °C. After removal of cell-bound material with
heparin, cell proteins were isolated and 5 �g of cell protein/lane were separated by 4–12% SDS-PAGE and analyzed by Western blot for apoE.
Molecular mass markers in kDa are given. D, pulse-chase experiments were performed by incubating HuH7 hepatoma cells with 125I-apoE3-TRL
or 125I-apoE4-TRL for 60 min at 37 °C. Cells were washed with heparin and incubated for an additional 60 (white bar) and 240 min (gray bar) at
37 °C with media in the presence or absence of 50 �g/ml HDL3 as indicated. The media were harvested, and the amount of re-secreted 125I-apoE3
and 125I-apoE4 was determined. The remaining cells were lysed, and protein content was determined. The radioactivity is given (cpm/mg cell
protein) and represents the mean � S.D. of four independent experiments with triplicate samples.

FIG. 6. Recycling of apoE4 is associated with reduced efflux of
cellular cholesterol. Human hepatoma cells were pre-loaded with
3H-cholesterol (100,000 cpm/ml) for 24 h at 37 °C. Cells were washed
with PBS and incubated in the presence or absence of TRL, apoE3-TRL,
and apoE4-TRL for 60 min at 37 °C. Cells were washed with heparin
and incubated for an additional 60 (white bar) and 240 min (gray bar)
at 37 °C with media in the presence or absence of 50 �g/ml HDL3.
Aliquots of the media were harvested to determine 3H-Cholesterol ef-
flux and were normalized to total cellular protein. The values of 3H-
cholesterol efflux represent the ratio of �HDL-incubated cells and are
given relative to the fold-induction of efflux in TRL-incubated samples
at t � 60 min. The mean � S.D. of four independent experiments with
triplicates is shown.
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integration of internalized TRL resulted in the re-secretion of
TRL-derived apoE (9–11, 45), a process that is stimulated by
extracellular apoA-I or HDL (13, 14) and is associated with cho-
lesterol efflux (13). However, little is known regarding the poten-
tial differences in the intracellular processing related to the apoE
isoforms, which could possibly help to explain the effects of apoE3
and apoE4 on lipoprotein metabolism. Here, we demonstrated
that HDL-induced recycling of TRL-derived apoE4 is impaired in
comparison to apoE3. The reduced recycling of apoE4 was asso-
ciated with a decreased cholesterol efflux, suggesting that the
isoform-specific intracellular trafficking affects cholesterol trans-
port to the plasma membrane and consequently modulates the
composition of secreted lipoproteins.

Initial experiments in this study demonstrated an elevated
cell-surface binding and uptake of apoE4-containing VLDL and
TRL into human hepatoma cells compared with apoE3,
whereas the relative amount of degraded apoproteins was sim-
ilar between the isoforms (Figs. 2 and 3). These findings are in
agreement with the studies that described an increased inter-
nalization of apoE4-containing VLDL (24, 25). In these studies,
the authors hypothesized that the higher binding affinity of
apoE4 to the LDL receptor could be responsible for the in-
creased internalization of apoE4 containing VLDL particles.
The increased uptake of apoE4-TRL mediated by hepatic li-
poprotein receptors could be responsible for the pathological
lipoprotein profile in apoE4 individuals. It has been proposed

FIG. 7. Intracellular processing of TRL-associated proteins in normal and Tangier fibroblasts. A, normal and Tangier human
fibroblasts were incubated with 125I-TRL for 60 min at 37 °C (see “Experimental Procedures”). Cells were washed at 4 °C, and cell-bound material
was removed by heparin. After incubation for additional 90 min with or without HDL3 (50 �g/ml) at 37 °C as indicated, the media were collected
to determine recycled 125I-TRL proteins. The remaining cells were lysed as described above. The data are given in ng/mg cell protein and represent
the mean � S.D. of three independent experiments with duplicate samples. B, human hepatoma cells were incubated with or without (control) 5
mM OH-Chol and 5 mM RA for 24 h as indicated. Cells were harvested, and total RNA was isolated. ABCA1 expression was determined using
quantitative reverse transcriptase-PCR and normalized to GAPDH mRNA levels as described under “Experimental Procedures.” Expression levels
are given in percent relative to the control. Each bar represents the mean of three experiments � S.D. (**, p � 0.01). C, human hepatoma cells
were preincubated as in B. The cells then were incubated with 125I-TRL for 60 min at 37 °C and washed with heparin to remove cell-bound material.
After incubation for an additional 90 min � HDL3 (50 �g/ml) at 37 °C, degraded and recycled 125I-TRL proteins in the media and remaining
radioactivity in the cells were determined as described previously (9). The percentage of recycled 125I-TRL proteins was calculated and represents
the mean � S.D. of three independent experiments with duplicate samples.
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that increased TRL uptake leads to an intracellular accumula-
tion of cholesterol. This could ultimately down-regulate hepatic
LDL receptor expression (26) and thereby increase LDL plasma
levels, which are associated with an increased risk for athero-
sclerosis (20). However, apoE4-induced down-regulation of the
LDL receptor alone cannot explain the striking differences
between apoE3 and apoE4 in the development of atherosclero-
sis (46). Malloy et al. (46) hypothesized that, in hepatocytes,
TRL-derived apoE4 might be trapped after LDL receptor-me-
diated endocytosis, thus reducing its availability for the trans-
fer to nascent lipoproteins. Our results confirmed this hypoth-
esis, because apoE4, but not apoE3, accumulates in hepatoma
cells (Figs. 2B and 4) and is not recycled (see below) from
peripheral endosomal compartments.
We and others (13, 14) have demonstrated that extracellular

HDL3 and apoA-I induce the recycling of internalized TRL-
derived apoE. This process is associated with the concomitant
efflux of cellular cholesterol and modulates the composition of
HDL in hepatoma cells and macrophages (13). In this study,
the stimulatory effect of HDL3 on apoE recycling was observed
only for TRL-derived apoE3 but not for apoE4 (Fig. 5). Further-
more, no obvious differences between the intracellular degra-
dation of TRL-derived apoE4 and apoE3 could be detected in
hepatoma cells (Fig. 5C). Thus, the lack of truncated apoE
fragments suggested that full-length apoE4 accumulates intra-
cellularly and is not transferred efficiently to HDL during the
recycling process. This mechanism may contribute to the re-
duced amounts of apoE4, as compared with apoE3, on HDL in
mice and men (20, 26, 30–32). Several lipoprotein receptors,
such as low-density lipoprotein receptor and low-density li-
poprotein receptor-related protein, can mediate the internal-
ization of lipoproteins via interaction with apoE. However, it
has been demonstrated that none of the above receptors alone
is responsible for apoE recycling (47). Rather, the different
biophysical characteristics of apoE3 and apoE4 could provide
an alternative explanation for the differential intracellular
routing of the apoE isoforms. Accordingly, apoE4 has a greater
propensity than apoE3 to form a molten globule at a low pH
(48), which correlates with the increased lipid-binding proper-
ties of apoE4 compared with apoE3 (49). In the context of
HDL-induced apoE recycling, the drop in the pH after acidifi-
cation in early endosomal compartments may therefore lead to
a conformational change of internalized apoE4 but not that of
apoE3. The enhanced exposure of hydrophobic residues of
apoE4 could alter the binding to lipoprotein receptors or lead to
an increased association with endosomal membranes or result
in an apoE4 self-aggregation, ultimately inhibiting an efficient
transfer of apoE4 to lipid-poor HDL particles during recycling.
Future experiments will have to clarify whether different in-
tracellular trafficking of lipoprotein receptors or the specific
biochemical characteristics of apoE4 determine the abnormal
intracellular sorting of this apoE isoform. Furthermore, anal-
ogous studies with apoE2, which is known for its defective
binding to the low-density lipoprotein receptor, will be an im-
portant issue to further dissect the isoform-specific intracellu-
lar pathways.
The critical role of apoE in the formation of apoE-containing

HDL and the pathogenesis of atherosclerosis seems to be
closely linked to the activity of ABCA1, one of the major regu-
lators of cholesterol efflux (for reviews see Refs. 50–52). There-
fore, several studies investigated the impact of apoE isoforms
on ABCA1-dependent efflux and recent findings from Remaley
et al. (53) demonstrated that exogenous apoE stimulates cho-
lesterol efflux via ABCA1 in macrophages. Vice versa, ABCA1
participates in the regulation of intracellular apoE transport.
The induction of ABCA1 activity promotes the secretion of

endogenous apoE (54), and exogenous apoA-I facilitates the
secretion and the recycling of apoE in macrophages (14, 55).
These findings indicated that ABCA1 could be involved in the
regulation of HDL-induced apoE recycling in hepatocytes.
However, we were unable to identify a potential link between
apoE recycling and ABCA1 expression (Fig. 7). This might be
explained by the fact that ABCA1-mediated effects on apoE
secretion have been measured after 4–16 h (44, 55), whereas
HDL-induced apoE recycling was completed within 60 min (13,
14). Therefore, we conclude that the isoform-specific apoE-
recycling pathway, which is responsible for apoE and choles-
terol enrichment of HDL particles during the postprandial
state, is independent of ABCA1.
In summary, we could demonstrate for the first time that the

HDL-induced recycling of TRL-derived apoE is isoform-specific.
ApoE3 recycling is associated with concomitant cholesterol ef-
flux and thereby contributes to the formation of apoE-contain-
ing HDL, whereas apoE4 accumulates within endosomal com-
partments and is connected to an impaired cholesterol efflux.
Although the implications of impaired apoE4 recycling for HDL
metabolism in vivo are yet unclear, it could contribute to the
low apoE4 and cholesterol content on HDL particles in apoE4
subjects (20, 26, 30–32). Further in vivo studies in animal
models are necessary to understand whether isoform-specific
differences in apoE recycling could determine the variation of
plasma lipoprotein profiles among carriers with different apoE
isoforms.
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