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Abstract The scavenger receptor class B type I (SR-BI)
recognizes a broad variety of lipoprotein ligands, including
HDL, LDL, and oxidized LDL. In this study, we investigated
whether SR-BI plays a role in the metabolism of cholesterol-
rich lipoprotein remnants that accumulate in apolipopro-

 

tein E (apoE)

 

�

 

/

 

�

 

 mice. These particles have an unusual
apolipoprotein composition compared with conventional
VLDL and LDL, containing mostly apoB-48 as well as sub-
stantial amounts of apoA-I and apoA-IV. To study SR-BI ac-
tivity in vivo, the receptor was overexpressed in apoE

 

�

 

/

 

�

 

mice by adenoviral vector-mediated gene transfer. An 

 

�

 

10-
fold increase in liver SR-BI expression resulted in no detect-
able alterations in VLDL-sized particles and a modest deple-
tion of cholesterol in intermediate density lipoprotein/
LDL-sized lipoprotein particles. This decrease was not at-
tributable to altered secretion of apoB-containing lipopro-
teins in SR-BI-overexpressing mice. To directly assess
whether SR-BI metabolizes apoE

 

�

 

/

 

�

 

 mouse lipoprotein
remnants, in vitro assays were performed in both CHO cells
and primary hepatocytes expressing high levels of SR-BI.
This analysis showed a remarkable deficiency of these parti-
cles to serve as substrates for selective lipid uptake, despite
high-affinity, high-capacity binding to SR-BI.  Taken to-
gether, these data establish that SR-BI does not play a direct
role in the metabolism of apoE

 

�

 

/

 

�

 

 mouse lipoprotein rem-
nants.—
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The scavenger receptor class B type I (SR-BI) is an HDL
receptor that mediates selective cholesteryl ester (CE) up-
take, a process by which CEs from the core of the HDL
particle are transferred to the cell without intracellular ac-

 

cumulation of the protein moiety (1). In the liver, SR-BI
carries out a critical step in the reverse cholesterol trans-
port pathway, whereby HDL-cholesterol is delivered to the
liver for excretion in the bile [as reviewed in ref. (2)]. In
addition to binding HDL, SR-BI also binds LDL, VLDL,
and oxidized LDL (3, 4). The ability of SR-BI to mediate
selective lipid uptake from mouse and human LDL has
been investigated (5, 6). These studies have shown that al-
though SR-BI mediates selective lipid uptake from LDL,
the amount of CE transferred to cells relative to the
amount of LDL-CE bound to the cell surface is signifi-
cantly lower compared with that of HDL-CE. In addition,
studies in human apolipoprotein B (apoB) transgenic
mice with adenoviral vector overexpression of SR-BI indi-
cate that this receptor does not contribute significantly to
LDL metabolism in vivo (6).

In this study, we investigated the role of SR-BI in the

 

metabolism of non-HDL lipoproteins in apoE

 

�

 

/

 

�

 

 mice.
Mice lacking apoE accumulate cholesterol-rich lipopro-
tein remnants and develop atherosclerosis spontaneously
on a low-fat diet and in an accelerated manner on a high-
fat, high-cholesterol diet (7, 8). SR-BI deficiency in
apoE

 

�

 

/

 

�

 

 mice results in even higher concentrations of
plasma total cholesterol as well as dramatically accelerated
atherosclerosis (9, 10). The increased cholesterol, which
is mainly distributed to VLDL-sized particles, appears to
be at least partly attributable to the accumulation of ab-
normally large HDL-like particles containing apoA-I and
lacking apoB (9). In the case of attenuated SR-BI expres-
sion (brought about by a mutation in the SR-BI pro-
moter), lipoprotein profiles in apoE

 

�

 

/

 

�

 

 mice remain un-
changed (11). To date, there are no published reports
directly assessing whether SR-BI mediates the uptake of
apoE

 

�

 

/

 

�

 

 lipoprotein remnants. Studies of the metabolism
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of apoB-containing lipoproteins in apoE

 

�

 

/

 

�

 

 mice with re-
spect to SR-BI may be particularly relevant in light of the
unusual apolipoprotein composition of these particles
(7). Both the VLDL and LDL density remnants in apoE

 

�

 

/

 

�

 

mice contain apoB-48 as the major apoB species as well as
substantial amounts of apoA-I and apoA-IV. Given the im-
portant, but not exclusive, role of apoA-I in selective CE up-
take (12–14), this apolipoprotein could impart a different
characteristic to apoE

 

�

 

/

 

�

 

 mouse LDL compared with LDL
derived from normal human plasma or apoE

 

�

 

/

 

�

 

 mice.
To assess whether SR-BI plays a role in the metabolism

of lipoprotein remnants that accumulate in apoE

 

�

 

/

 

�

 

 mice,
we analyzed plasma lipoproteins before and after acute
overexpression of this receptor by adenoviral vector. In
addition, the ability of SR-BI to metabolize these particles
was directly measured in assays in vitro using transfected
CHO cells and primary hepatocytes from apoE

 

�

 

/

 

�

 

 mice.

EXPERIMENTAL PROCEDURES

 

Animals

 

LDL receptor-deficient (LDLR

 

�

 

/

 

�

 

) and apoE

 

�

 

/

 

�

 

 mice
(C57BL/6 background) were obtained from Jackson Laboratories
(Bar Harbor, ME). The animals were housed in a pathogen-free
facility with equal light/dark periods and free access to water and
regular rodent chow, unless otherwise indicated. All procedures
were approved by the Veterans Administration Medical Center
Institutional Animal Use and Care Committee.

 

Adenoviral vector treatments and plasma lipid analyses

 

The production of a replication-defective adenoviral vector
expressing mouse SR-BI (AdSR-BI) has been described (15). Ad-
null is a recombinant adenovirus containing no transgene. Mice
weighing at least 25 g were injected into the tail vein with the in-
dicated dose of either AdSR-BI or Adnull in 100 

 

�

 

l of PBS.
Plasma was collected from mice after a 10 h fast. Aliquots (200

 

�

 

l) were separated by size exclusion chromatography with a Su-
perose 6 column (Pharmacia LKB Biotechnology, Inc., Piscat-
away, NJ). The column was eluted at a flow rate of 0.5 ml/min in
buffer containing 150 mM NaCl, 10 mM Tris-HCl, pH 7.4, and
0.01% sodium azide. The cholesterol content of fractions (0.5
ml) and plasma was determined enzymatically (Wako Chemi-
cals). Triglyceride analysis was performed using enzymatic assay
kits (Sigma Chemical Co., St. Louis, MO).

 

Immunoblot analysis

 

The preparation of anti-mouse SR-BI

 

495

 

 and immunoblot anal-
ysis of mouse liver have been described (15).

 

Isolation and radiolabeling of lipoproteins

 

VLDL (

 

d

 

 

 

�

 

 1.006–1.019 g/ml), LDL (

 

d

 

 

 

�

 

 1.019–1.063 g/ml),
and HDL (

 

d

 

 

 

�

 

 1.063–1.21 g/ml) were isolated from fresh mouse
or human plasma by density gradient ultracentrifugation as de-
scribed previously (16). All isolated fractions were dialyzed
against 150 mM NaCl and 0.01% EDTA, pH 7.4, sterile filtered,
and stored under nitrogen gas at 4

 

�

 

C. Protein concentrations
were determined by the method of Lowry et al. (17). Lipopro-
tein fractions were traced with nonhydrolyzable, intracellularly
trapped 1

 

�

 

,2

 

�

 

(n)-[

 

3

 

H]cholesteryl ether (CEt) according to the
methods of Gwynne and Mahaffee (18). Apolipoproteins were
radioiodinated by the iodine monochloride method (19).

 

Ligand binding and uptake assays in
SR-BI-transfected cells

 

The production and maintenance of a CHO cell line stably
transfected with murine SR-BI cDNA (CHO-SRBI) was described
previously (15). This line, derived from CHO ldlA (clone 7)
cells, is deficient in the LDLR (20). Cells were seeded in six-well
plates 48 h before assays (2.5 

 

�

 

 10

 

5

 

 cells per well). Cell-associa-
tion assays were performed at 37

 

�

 

C in Ham’s F-12 medium con-
taining 100 units/ml penicillin, 100 

 

�

 

g/ml streptomycin, 2 mM
glutamine, 0.5% essentially fatty acid-free BSA, and radiolabeled
lipoprotein. After incubating for the indicated times, unbound
ligand was removed from cells by washing three times with 50
mM Tris-HCl buffer, pH 7.4, containing 150 mM NaCl and 0.2%
fatty acid-free BSA, followed by two washes with 50 mM Tris-HCl
and 150 mM NaCl, pH 7.4. All washes were performed at 4

 

�

 

C
with prechilled solutions. Cells were solubilized in 0.1 N NaOH
for 60 min at room temperature before protein and radioactivity
determinations. For apolipoprotein degradation assays, cell-free
supernatants were analyzed for trichloroacetic acid-soluble, non-
iodide radioactivity (21). To allow for a direct comparison of differ-
ent radiolabeled tracers, 

 

3

 

H uptake was expressed as apparent up-
take of lipoprotein protein, assuming whole particle uptake (22).
Binding parameters were calculated using GraphPad Prism 3.0.

 

Selective uptake assays in primary hepatocytes

 

Primary hepatocytes were isolated from apoE

 

�

 

/

 

�

 

 mice 3 days af-
ter treatment with 1 

 

�

 

 10

 

11

 

 particles of AdSR-BI or Adnull by colla-
genase perfusion (fraction IV, 1 mg/ml in Hanks balanced salt so-
lution supplemented with 10 mM HEPES, pH 7.4, 0.5 

 

�

 

M pig
insulin, 5.6 mM glucose, and 1.3 mM CaCl

 

2

 

) and repeated low-
speed centrifugations (60 

 

g

 

). Immediately after harvesting, cells
were suspended in prewarmed Williams’ E medium (Life Technol-
ogies) containing 0.5% BSA (2.5 

 

�

 

 10

 

6

 

 cells/ml). Selective uptake
experiments were performed in 12-well cluster dishes containing
1 

 

�

 

 10

 

6

 

 cells. Cells were incubated at 37

 

�

 

C for 1 h with 

 

125

 

I- and 

 

3

 

H-
labeled lipoproteins with slow shaking. After the incubation pe-
riod, cells were washed once with Williams’ E medium containing
0.5% BSA and then twice with Williams’ E medium at 4

 

�

 

C. Cells
were solubilized in 0.1 N NaOH for 20 min at room temperature
before protein and radioactivity determinations. The viability of
cells used in the experiments was greater than 90%.

 

In vivo VLDL secretion assays

 

The effect of SR-BI overexpression on hepatic triglyceride and
apoB secretion was assessed using a previously described method
(23). Age-matched male apoE

 

�

 

/

 

�

 

 mice were injected in the tail
vein with either 5 

 

�

 

 10

 

10

 

 or 1.5 

 

�

 

 10

 

11

 

 particles of AdSR-BI or Ad-
null. Three days after injection of viral vectors, mice were placed
on a fat-free diet 4 h before intravenous injection of 20 mg of Tri-
ton WR1339 (tyloxapol; Sigma) in 100 

 

�

 

l. Blood was drawn from
the retro-orbital sinus just before and 1, 3, and 5 h after injection.
Plasma triglyceride concentrations were quantified as described
above. Plasma apoB content was assessed by immunoblot analysis
using rabbit anti-mouse apoB (Biodesign International).

 

Statistical analysis

 

Statistical analysis was performed using two-tailed Student’s

 

t

 

-test for unpaired data.

 

RESULTS

 

Apolipoprotein composition of apoE

 

�

 

/

 

�

 

 mouse VLDL 
and LDL is distinct from that of LDLR

 

�

 

/

 

�

 

 mouse and 
human VLDL and LDL

 

Triglyceride-rich lipoprotein particles (chylomicrons and
VLDL) are hydrolyzed in the peripheral circulation by
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lipoprotein lipase to form cholesterol-enriched lipopro-
tein remnants. Normally, these lipoprotein remnants are
efficiently cleared from the plasma by the liver. Mice defi-
cient in apoE accumulate large amounts of cholesterol-
rich lipoprotein remnants, demonstrating the importance
of apoE in the clearance of these particles. The apolipo-
protein composition of lipoprotein remnants in apoE

 

�

 

/

 

�

 

mice is markedly distinct from the light lipoprotein frac-
tions isolated from human or LDLR

 

�

 

/

 

�

 

 mouse plasma
(

 

Fig. 1

 

). Whereas human and LDLR

 

�

 

/

 

�

 

 mouse VLDL (

 

d

 

 

 

�

 

1.006–1.019 g/ml) and LDL (

 

d

 

 

 

�

 

 1.019–1.063 g/ml) con-
tain apoB-100 as the major apolipoprotein, the VLDL
and LDL fractions from apoE

 

�

 

/

 

�

 

 mice contain primarily
apoB-48. ApoE

 

�

 

/

 

�

 

 mouse VLDL and LDL also contain
large amounts of apoA-I and apoA-IV, both of which are
present in negligible amounts in human and LDLR

 

�

 

/

 

�

 

mouse VLDL and LDL.

 

Adenoviral vector-mediated SR-BI overexpression
in apoE

 

�

 

/

 

�

 

 mice results in a modest depletion
of LDL-cholesterol

 

SR-BI is a class B scavenger receptor that binds a broad
variety of lipoprotein ligands. The distinctive apolipopro-
tein composition of VLDL and LDL in apoE

 

�

 

/

 

�

 

 mice
prompted us to investigate whether SR-BI plays a role in
the metabolism of these lipoprotein remnants. To assess
SR-BI activity toward these lipoproteins in vivo, the recep-
tor was overexpressed in livers of apoE

 

�

 

/

 

�

 

 mice using a
replication-deficient adenoviral vector, AdSR-BI (15).
Mice were infused with a dose of AdSR-BI (3 

 

�

 

 10

 

10

 

 parti-
cles) that resulted in a 5- to 10-fold increase in hepatic
SR-BI expression (

 

Fig. 2A

 

). Three days after AdSR-BI infu-
sion, mice showed a nonsignificant decrease in plasma to-
tal cholesterol concentration (190 

 

	

 

 30.3 mg/dl; n 

 

�

 

 4)
compared with mice treated with a control adenovirus
(290 

 

	

 

 108 mg/dl; n 

 

�

 

 4). Plasma triglyceride concentra-
tions in AdSR-BI-treated mice (57.0 

 

	 8.3 mg/dl; n � 4)

were similar to those of controls (55.5 	 28 mg/dl; n �
4). Analysis of plasma lipoproteins by size exclusion chro-
matography revealed a depletion of LDL-cholesterol in
AdSR-BI-treated mice but no alteration in VLDL-choles-
terol (Fig. 2B).

SR-BI expressed in transfected CHO cells does not 
mediate selective lipid uptake from apoE�/� VLDL
or LDL

To assess the possibility that SR-BI may directly metabo-
lize apoB-containing lipoproteins that accumulate in
apoE�/� mice, we performed in vitro selective lipid up-
take assays using CHO cells stably transfected with mouse
SR-BI (15). This allowed us to quantify SR-BI-dependent
LDL uptake, which is defined as the difference between
the association of SR-BI-transfected and control nontrans-
fected cells. For these studies, lipoprotein particles were
separated by sequential density ultracentrifugation into
two density ranges conventionally defined as VLDL and
LDL. These lipoprotein fractions correspond to the frac-
tions analyzed by SDS-PAGE in Fig. 1. For comparison,
HDL isolated from C57BL/6 mouse plasma was also ana-
lyzed. SR-BI-transfected cells exhibited SR-BI-dependent
125I-lipoprotein cell association for apoE�/� VLDL and
LDL as well as normal mouse HDL (Fig. 3A, C, E, hatched
symbols). Very little SR-BI-dependent 125I-labeled degra-
dation products were detected in the medium during the

Fig. 1. Apolipoprotein content of human, LDL receptor-deficient
(LDLR�/�) mouse, and apoE�/� mouse lipoproteins. VLDL and
LDL fractions were isolated from human and mouse plasma by
density gradient ultracentrifugation as described in Experimental
Procedures. Aliquots corresponding to 7 �g of protein were sepa-
rated by SDS-PAGE (5–20% acrylamide gradient) and stained with
Coomassie blue. The migration of apolipoproteins is indicated.

Fig. 2. Effect of adenoviral vector-mediated scavenger receptor
class B type I (SR-BI) expression on plasma lipoprotein profiles in
apoE�/� mice. A: Liver SR-BI content in mice at 3 days after infu-
sion of 3 � 1010 particles of a recombinant adenovirus containing
no transgene (Adnull) or a replication-defective adenoviral vector
expressing mouse SR-BI (AdSR-BI). Aliquots of total liver homoge-
nate from a representative individual mouse were separated by
nonreducing SDS-PAGE (5–20% acrylamide gradient) and immu-
noblotted using rabbit anti-mouse SR-BI495. The amount of protein
(micrograms) analyzed in each lane is indicated. B: Lipoprotein
cholesterol profiles of mice at 3 days after infusion of 3 � 1010 parti-
cles of AdSR-BI or Adnull. Plasma from individual mice (200 �l)
was fractionated by fast-protein liquid chromatography, and the
cholesterol content of 0.5 ml fractions was determined. Values for
each fraction indicate mean absorbance (	SEM) from the analysis
of nine individual mice after adenovirus treatment.
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2 h incubation period for any of the mouse ligands (repre-
senting less than 10% of SR-BI-dependent 125I cell associa-
tion), indicating that these lipoprotein particles were not
internalized and degraded by SR-BI-expressing cells (data
not shown).

To determine whether SR-BI mediates selective lipid
uptake from apoE�/� remnant lipoproteins, the amount
of cell-associated VLDL and LDL traced with nonhydrolyz-
able [3H]CEt was quantified. To allow for a direct assess-
ment of selective lipid uptake, [3H]CEt cell association
was expressed as the amount of apparent lipoprotein pro-
tein uptake by the cells, assuming whole particle uptake
(22). Incubation of untransfected CHO cells with [3H]VLDL
resulted in the association of increasing amounts of 3H
label during the 2 h incubation period that was approxi-
mately 2-fold greater than the amount that could be ac-
counted for by 125I-VLDL cell association (Fig. 3A, B, open
symbols). This result indicates SR-BI-independent selec-
tive lipid uptake from this lipoprotein fraction. Although
CHO-SRBI cells showed a greater than 2-fold increase in
the amount of cell-associated [3H]VLDL compared with
control CHO cells (Fig. 3B, closed symbols), the amount
of SR-BI-dependent [3H]VLDL cell association was far less
than the corresponding amount of SR-BI-dependent 125I-
VLDL cell association (Fig. 3A, B, hatched symbols).
Thus, binding of apoE�/� VLDL to the transfected cells
did not lead to selective lipid uptake by SR-BI.

A lack of SR-BI-dependent selective lipid uptake was
also observed from apoE�/� mouse LDL (Fig. 3C, D).
Control CHO cells took up approximately 3.5-fold more
[3H]LDL over the 2 h incubation period than 125I-LDL, in-
dicating SR-BI-independent selective lipid uptake. During
the same incubation period, CHO-SRBI cells accumulated
30% more [3H]LDL than 125I-LDL. However, the SR-BI-
dependent component of [3H]LDL uptake in the trans-
fected cells (Fig. 3D) was more than offset by the SR-BI-
dependent component of 125I-LDL binding (Fig. 3C). These
data indicate that LDL isolated from apoE�/� mice, like
VLDL, does not serve as a substrate for SR-BI-mediated se-
lective lipid uptake in CHO-SRBI cells. Thus, SR-BI activ-
ity toward apoB-containing lipoproteins that accumulate
in apoE�/� mice contrasts markedly with its activity toward
normal mouse HDL. As depicted in Fig. 3E, F, CHO-SRBI
cells accumulated �4-fold more [3H]HDL in 2 h compared
with control CHO cells, and this 3H uptake appeared to be
selective, because SR-BI-dependent [3H]HDL association
exceeded SR-BI-dependent 125I-HDL association more than
12-fold in the transfected cells (Fig. 3E, F; note difference
in scales).

SR-BI-mediated metabolism of apoE�/� and LDLR�/� 
mouse LDLs are distinct

We reported previously that SR-BI mediates selective
lipid uptake from LDLR�/� mouse LDL (6). Thus, the

Fig. 3. Time-dependent association of apoE�/�

VLDL and LDL and C57BL/6 HDL with nontrans-
fected (open symbols) and mouse SR-BI-transfected
(closed symbols) CHO cells. SR-BI-dependent cell as-
sociation (hatched symbols) is defined as the differ-
ence between the association with transfected cells
and with control nontransfected cells. Cells were incu-
bated at 37�C for the indicated period of time with 10
�g/ml lipoprotein ligand radiolabeled with either
125I- (A, C, E) or [3H]cholesteryl ether (B, D, F), and
cell-associated radiolabel was quantified as described
in Experimental Procedures. 3H radioactivity associ-
ated with the cells is expressed as apparent uptake of
lipoprotein protein, assuming whole particle uptake.
Values represent means of duplicate determinations.
Results similar to those depicted in A and B were ob-
tained in an additional experiment with a separate
batch of radiolabeled ligand. The data shown in C–F
are representative of at least four experiments.
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current data indicate that the interaction of SR-BI with
LDL isolated from apoE�/� and LDLR�/� mice is dis-
tinct. To confirm this result directly, selective lipid uptake
experiments were performed in vitro using doubly radio-
labeled LDL (d � 1.019–1.063 g/ml) isolated from either
LDLR�/� or apoE�/� mouse plasma. The lipoprotein
fractions analyzed in these experiments correspond to the
LDLR�/� and apoE�/� LDL shown in Fig. 1. As depicted
in Fig. 4A, CHO-SRBI cells exhibited high-affinity, SR-
BI-dependent 125I-lipoprotein cell association for both
mouse ligands (apoE�/� LDL: apparent Kd � 4,600 	 700
ng/ml, Bmax � 3,300 	 130 ng/mg cell protein; LDLR�/�

LDL: apparent Kd � 5,200 	 600 ng/ml, Bmax � 1,600 	
50 ng/mg cell protein). Very few SR-BI-dependent 125I-
labeled degradation products were detected in the me-
dium during the 2 h incubation period for either ligand
(
7% of SR-BI-dependent 125I cell association). To assess
the extent to which SR-BI mediates selective lipid uptake
from the respective LDLs, [3H]CEt accumulation in cells
was quantified (Fig. 4B). In the case of LDLR�/� LDL, ap-
proximately 1.2- to 1.8-fold more [3H]CEt was associated
with cells in an SR-BI-dependent manner compared with
125I, indicating a modest amount of selective lipid uptake
from this lipoprotein ligand. This result is in agreement
with earlier reports, in which it has been shown using sim-
ilar in vitro assays that the amount of CE taken up by
SR-BI from human and mouse LDL represents only a frac-
tion of the amount of LDL-CE bound to the cell surface
(5, 6). However, in the case of apoE�/� LDL, there was no
evidence of SR-BI-dependent selective lipid uptake. We
conclude from these in vitro studies that, unlike normal
human and mouse LDLs, SR-BI expressed in transfected
CHO cells does not mediate the metabolism of apoB-con-
taining lipoproteins from apoE�/� mice.

SR-BI expressed in primary hepatocytes does not mediate 
selective lipid uptake from apoE�/� LDL

The results depicted in Figs. 3 and 4 clearly demon-
strate that SR-BI expressed in transfected CHO cells does

not mediate selective lipid uptake from apoB-containing
lipoproteins from apoE�/� mice. To address the possibil-
ity that SR-BI expressed in a more physiological setting
could promote the metabolism of apoE�/� lipoprotein
remnants, selective lipid uptake assays were carried out us-
ing primary hepatocytes isolated from apoE�/� mice. For
these experiments, hepatocytes were isolated from apoE�/�

mice at 3 days after infusion of 1 � 1011 particles of AdSR-
BI or the control virus, Adnull. Quantitative immunoblot
analysis showed that SR-BI expression was �60-fold higher
in hepatocytes isolated from AdSR-BI-treated mice com-
pared with control mice (data not shown). As depicted in
Fig. 5A, cells isolated from Adnull-treated mice exhibited
selective lipid uptake when incubated with doubly radiola-
beled normal mouse HDL. SR-BI overexpression en-
hanced selective lipid uptake 2- to 4-fold for the range of
HDL concentrations tested. In contrast, in the case of
[125I,3H]apoE�/� mouse LDL, primary hepatocytes iso-
lated from Adnull-treated mice did not accumulate
[3H]LDL in excess of the amount of cell-associated 125I-
LDL, indicating that this ligand is not a substrate for selec-
tive lipid uptake by these cells (Fig. 5B). Overexpression
of SR-BI in hepatocytes resulted in a 3- to 4-fold increase
in both cell-associated 125I-LDL and [3H]LDL. Thus, al-
though high-level SR-BI expression in apoE�/� hepato-
cytes enhanced the cell association of apoE�/� LDL, such
expression did not promote selective lipid uptake from
these particles.

To assess whether apoE�/� LDL was being internalized
by primary hepatocytes expressing high levels of SR-BI,
liver cells isolated from AdSR-BI-treated apoE�/� mice
were incubated at 37�C with radioiodinated ligand (5 �g/
ml) for 1–4 h. During this time period, little degradation
of 125I-LDL occurred, as indicated by the relatively small
amount of degradation products detected in the medium
at 4 h (degradation products accounted for 
4% of the
cell-associated ligand). This observation, coupled with the
fact that the cell association of apoE�/� mouse LDL ap-
proached a maximum by 1 h of incubation (data not

Fig. 4. Concentration-dependent association of apoE�/� LDL and LDLR�/� LDL with CHO-SRBI cells.
Cells were incubated for 2 h with the indicated concentrations of 125I-labeled (A) and 3H-labeled (B) lipopro-
teins, and cell-associated radiolabel was quantified as described in Experimental Procedures. Shown are SR-BI-
specific values, which were calculated as the difference between values for SR-BI-transfected cells and non-
transfected CHO cells. Values represent means of duplicate determinations. Similar results were obtained in
three experiments performed with two batches of radiolabeled ligands.
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shown), provides evidence that these particles do not un-
dergo receptor-mediated endocytosis and subsequent in-
tracellular degradation.

Hepatic SR-BI overexpression does not alter VLDL 
secretion in apoE�/� mice

Although our data from in vitro assays clearly showed
that SR-BI does not metabolize lipoprotein remnants that
accumulate in apoE�/� mice, transient overexpression of
SR-BI in the livers of these mice produced a modest de-
crease in LDL-cholesterol (Fig. 2). It is possible that LDL-
cholesterol is cleared from the plasma in AdSR-BI-treated
mice through a “trapping” mechanism, whereby LDL par-
ticles are extracellularly bound on the surface of liver cells
expressing high levels of SR-BI. We assessed the alterna-
tive possibility that increased hepatic SR-BI expression re-
sults in decreased secretion of apoB-containing lipopro-
teins. The apoE�/� mice were infused with 5 � 1010

particles of AdSR-BI or Adnull. Three days after adeno-
virus injections, mice were placed on a fat-free diet to pre-
vent intestinal secretion of chylomicrons. Four hours after
the initiation of the fat-free diet, mice were injected with
Triton WR1339, which is used to acutely inhibit the hydro-
lysis and subsequent removal from the plasma of triglycer-
ide-rich lipoproteins (23, 24). As shown in Fig. 6, the rate
of accumulation of triglycerides in the plasma of AdSR-BI-
and Adnull-treated mice was similar after Triton WR1339
injection. In addition, there was no detectable difference
in the amount of plasma apoB-48 between the two groups
of mice (data not shown). Immunoblot analysis of livers
showed that SR-BI expression was �10-fold higher in
AdSR-BI-treated mice compared with Adnull-treated mice
(data not shown). To assess whether an even greater in-
duction of AdSR-BI expression could alter hepatic lipo-
protein secretion rates, we repeated the experiment in
mice infused with 1.5 � 1011 particles of AdSR-BI (Fig. 6).
The results from this analysis demonstrated that a 50-fold
increase in hepatic SR-BI expression (data not shown)
does not alter the rate of accumulation of plasma triglyc-

erides compared with control mice. We conclude from
these experiments that high-level expression of SR-BI
does not impede hepatic VLDL production and secretion
in apoE�/� mice.

DISCUSSION

ApoE�/� mice accumulate cholesterol-rich lipoprotein
remnants that contain apoB-48 as the major apolipopro-
tein, as well as substantial amounts of apoA-I and apoA-IV
(7) (Fig. 1). These mice have served as valuable animal
models for studies of lipoprotein metabolism and athero-
sclerosis (25, 26). In this study, we assessed the role of SR-BI
in the metabolism of remnant particles that accumulate in
apoE�/� mice. These investigations were motivated by two
previous observations. First, apoE�/� mice that are also
deficient in SR-BI have significantly increased plasma cho-
lesterol compared with apoE�/� mice that is mostly con-

Fig. 5. Concentration-dependent association of 125I- and 3H-labeled C57BL/6 HDL and apoE�/� LDL with
apoE�/� mouse primary hepatocytes. Hepatocytes were isolated from apoE�/� mice at 3 days after infusion
with Adnull (open symbols) or AdSR-BI (closed symbols) as described in Experimental Procedures. Freshly
prepared cells were incubated at 37�C for 1 h with either doubly radiolabeled C57BL/6 HDL (A) or apoE�/�

LDL (B), and cell-associated radiolabel was quantified. Values represent means of duplicate determinations.
Results similar to those depicted here were obtained from a repeat experiment using a separate batch of
hepatocytes.

Fig. 6. Plasma triglyceride (TG) concentrations in apoE�/� mice
after Triton WR1339 injection. Three days before Triton WR1339
injection, mice were injected with the indicated number of parti-
cles of Adnull or AdSR-BI. Plasma triglyceride values represent
means 	 SEM from five mice and are expressed as percentages of
the baseline values.
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tained within VLDL-sized particles (9). This alteration in
plasma lipoproteins may contribute to the accelerated
atherosclerosis, myocardial infarction, and early death
seen in these mice (9, 10). Although it appears that this
increase in large lipoproteins is primarily attributable to
the presence of abnormally large HDL-like particles, the
possibility that SR-BI may also play a role in the clearance
of apoB-containing particles in apoE�/� mice has not
been directly tested. The second rationale for this study is
the unusual apolipoprotein composition of apoE�/�

mouse VLDL and LDL. Recent evidence indicates that
HDL binding to SR-BI may be driven by a direct interac-
tion of the receptor with amphipathic �-helices on apoA-I
(12). In addition, apoA-I likely plays a role in the forma-
tion of HDL particles with high capacity for SR-BI-selec-
tive CE uptake (14). Given the significant amounts of
apoA-I in the LDL and VLDL fractions of apoE�/� mice,
and the fact that the uptake pathways for these lipopro-
tein fractions have not been well delineated, we set out to
directly assess whether or not these lipoproteins are me-
tabolized by SR-BI.

For studies in vitro, lipoprotein remnants isolated from
apoE�/� mice were separated into two density ranges con-
ventionally defined as VLDL and LDL and used as ligands
in selective uptake experiments. Selective uptake assays
were performed using LDLR�/� CHO cells stably trans-
fected with mouse SR-BI cDNA, which allowed us to
define SR-BI-specific lipoprotein binding and uptake.
Transfected CHO cells consistently showed more SR-BI-
dependent 125I-radiolabeled apolipoprotein associated
with cells than can be accounted for by the apparent cell-
associated [3H]lipoprotein, indicating that these fractions
do not serve as substrates for SR-BI-selective lipid uptake.
Although the basis for the difference between the amount
of SR-BI-dependent 125I and 3H associated with cells is not
clear, it is notable that this discrepancy was not observed
in assays using primary hepatocytes. In the case of hepato-
cyte cells, the amount of [3H]LDL associated with cells
corresponded closely to the amount of 125I-LDL associ-
ated with cells, even when SR-BI expression was increased
by more than 60-fold over endogenous levels by adeno-
viral vector-mediated gene transfer. The absence of any ev-
idence for uptake and/or degradation of apoE�/� mouse
LDL by primary hepatocytes with or without SR-BI overex-
pression confirms the conclusion that this receptor does
not directly metabolize these lipoprotein particles.

Our data demonstrate distinct differences in the inter-
action of SR-BI with apoB-containing lipoproteins from
apoE�/� mice compared with LDL derived from LDLR�/�

mice. Interestingly, SR-BI demonstrated an increased ca-
pacity for binding particles from apoE�/� mice, as indi-
cated by an almost 2-fold greater apparent Bmax compared
with LDLR�/� mouse LDL. Recent studies by Thuahnai et
al. (27) support the concept that there are multiple bind-
ing sites on SR-BI that can interact with a lipoprotein par-
ticle. These distinct sites may or may not be recognized,
depending on features of the lipoprotein particle, includ-
ing the lipidation state of apolipoproteins. The lack of
cross-competition between HDL and LDL (1), along with

the identification of an SR-BI mutant that binds LDL but
not HDL (28), also supports the conclusion that SR-BI in-
teracts with different lipoprotein fractions in a distinct
manner.

As reported previously (6), the current data demon-
strate that SR-BI mediates selective CE uptake, albeit inef-
ficiently, from LDL isolated from LDLR�/� mice. In con-
trast, non-HDL lipoproteins isolated from apoE�/� mice
were completely deficient in selective uptake activity, de-
spite high-affinity binding to SR-BI. Interestingly, Arai et
al. (11) reported that SR-BI-mediated lipid uptake from
apoE�/� mouse HDL is also severely impaired. We have
confirmed this finding (data not shown). Thus, lipopro-
tein particles that accumulate in apoE�/� mice are clearly
altered in the manner in which they interact with SR-BI.
Whether apoE deficiency per se or other structural alter-
ations in apoE�/� mouse lipoproteins are responsible for
reduced lipid transfer activity remains to be determined.
It is possible that differences in apolipoprotein composi-
tion other than the presence or absence of apoE account
for the disparity in CE uptake from LDLR�/� and apoE�/�

mouse LDLs. Whereas LDLR�/� mouse LDL contains pri-
marily apoB-100 and apoE, the corresponding fraction
from apoE�/� mice is enriched in apoB-48 and apoA-I.
One interpretation of our data is that SR-BI is capable of
mediating a modest amount of lipid transfer from apoB-
100-containing lipoproteins, but selective lipid uptake is
impeded in the case of apoB-48-containing particles,
which constitute the vast majority of apoE�/� LDL. Other
differences in particle composition and/or structure
could influence SR-BI interaction. Lipoproteins from
apoE�/� mice are uniquely enriched in sphingomyelin
(29, 30), and it is possible that a high sphingomyelin-
to-phospholipid ratio in LDL decreases selective uptake.
Alternatively, possible oxidative modification of apoB-con-
taining lipoproteins in apoE�/� mice (31) could influ-
ence CE transfer by SR-BI.

The inability of the apoE�/� remnant particles to serve
as substrates for SR-BI-mediated selective lipid uptake is
notable, given the abundance of apoA-I on these lipopro-
tein particles. Interestingly, recent data indicate that al-
though apoA-I plays a role in SR-BI-dependent HDL bind-
ing (12) and efficient selective lipid uptake (14), the mere
presence of apoA-I on HDL is not sufficient to confer se-
lective uptake activity (32). HDL isolated from apoA-I�/�

mice is deficient in its ability to serve as a substrate for
SR-BI-selective lipid uptake compared with normal mouse
HDL, and this deficiency is attributable to the absence of
apoA-I. However, the addition of apoA-I to apoA-I�/�

HDL does not restore efficient selective lipid uptake un-
less the particles are also exposed to lecithin:cholesterol
acyltransferase, which appears to reorganize the HDL par-
ticle to enhance lipid transfer activity (32). Thus, it is clear
from the analysis of both HDL and non-HDL lipoproteins
that apoA-I by itself is not sufficient to promote CE trans-
fer by SR-BI.

Using adenoviral vector-mediated gene transfer, we
showed that a 5- to 10-fold increase in hepatic SR-BI ex-
pression reduces plasma concentrations of LDL/interme-
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diate density lipoprotein-sized particles in apoE�/� mice.
We ruled out the possibility that high SR-BI expression
hinders the production and/or secretion of apoB-contain-
ing lipoproteins by apoE�/� mouse liver in a manner
analogous to LDLR modulation of apoB-100 secretion
(33). Given the capacity of SR-BI to bind apoE�/� mouse
LDL, it is possible that cell surface expression of SR-BI ef-
fectively traps these particles in the liver, thereby remov-
ing them from the circulation. Although assays in vitro in-
dicated a complete lack of selective lipid uptake from
apoE�/� mouse LDL, we cannot rule out the possibility
that SR-BI mediates a modest amount of lipid transfer
from the small subset of apoB-100-containing particles in
this lipoprotein fraction. The reduction in LDL-choles-
terol in AdSR-BI-treated mice may reflect lipid depletion
of apoB-100-containing LDLs. Alternatively, it is possible
that lipid from the LDL fraction is transferred to a pool
that is rapidly turned over and cleared by SR-BI.

In summary, our data clearly show that SR-BI is defi-
cient in mediating the uptake of apoB-containing lipopro-
teins isolated from apoE�/� mice despite high-affinity,
high-capacity binding. In addition, SR-BI does not play a
role in the rate of secretion of these particles by the liver.
These findings provide important new information about
a mouse strain used extensively for studies in cardiovascu-
lar disease and lipoprotein metabolism.
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