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Abstract Scavenger receptor class B type I (SR-BI) mediates
the selective uptake of HDL cholesteryl esters (CEs) by the
liver. LPL promotes this selective lipid uptake independent
of lipolysis. In this study, the role of SR-BI in the mecha-
nism of this LPL-mediated increase in selective CE uptake
was explored. Baby hamster kidney (BHK) cells were trans-
fected with the SR-BI cDNA, and significant SR-BI expres-
sion could be detected in immunoblots, whereas no SR-BI
was visualized in control cells. Y1-BS1 murine adrenocortical
cells were cultured without or with adrenocorticotropic
hormone, and cells with no detectable or with SR-BI were
obtained. These cells incubated without or with LPL in
medium containing 

 

125

 

I/[

 

3

 

H]cholesteryl oleyl ether-labeled
HDL

 

3

 

; tetrahydrolipstatin inhibited the catalytic activity of
LPL. In BHK and in Y1-BS1 cells without or with SR-BI ex-
pression, apparent HDL

 

3

 

 selective CE uptake ([

 

3

 

H]CEt 

 

2 

 

125

 

I)
was detectable. Cellular SR-BI expression promoted HDL

 

3

 

selective CE uptake by 

 

,

 

250–1,900%. In BHK or Y1-BS1
cells, LPL mediated an increase in apparent selective CE
uptake. Quantitatively, this stimulating LPL effect was very
similar in control cells and in cells with SR-BI expression.
The uptake of radiolabeled HDL

 

3

 

 was also investigated in
human embryonal kidney 293 (HEK 293) cells that are an
established SR-BI-deficient cell model. LPL stimulated
[

 

3

 

H]cholesteryl oleyl ether uptake from labeled HDL

 

3

 

 by
HEK 293 cells substantially, showing that LPL can induce
selective CE uptake from HDL

 

3

 

 independent of SR-BI. To
explore the role of cell surface proteoglycans on lipo-
protein uptake, we induced proteoglycan deficiency by hep-
arinase treatment. Proteoglycan deficiency decreased the
LPL-mediated promotion of HDL

 

3

 

 selective CE uptake.
In summary, evidence is presented that the stimulating
effect of LPL on HDL

 

3

 

 selective CE uptake is independent
of SR-BI and lipolysis. However, cell surface proteoglycans
are required for the LPL action on selective CE uptake. It
is suggested that pathways distinct from SR-BI mediate se-
lective CE uptake from HDL.

 

—Rinninger, F., M. Brundert,
I. Brosch, N. Donarski, R. M. Budzinski, and H. Greten.
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HDL-associated cholesteryl esters (CEs) are taken up by
hepatocytes and steroidogenic cells selectively, that is, in-
dependently of HDL holo-particle internalization (1).
Scavenger receptor class B type I (SR-BI), an HDL receptor
protein, plays a central role in this pathway (2). The phys-
iologic function of SR-BI in HDL metabolism is illustrated
in genetically modified mice that have no or a reduced
SR-BI expression in the liver (3, 4). SR-BI deficiency in
these rodents increases plasma HDL cholesterol and de-
creases HDL selective CE uptake by the liver (3, 4). These
investigations provide evidence for a physiologic function
of SR-BI in HDL metabolism in vivo.

Besides cellular receptors, lipoprotein metabolism in
plasma is modified by lipolytic enzymes. LPL is bound to
the luminal side of capillaries and arteries and is abun-
dant in muscle and adipose tissue (5). This enzyme hydro-
lyzes chylomicron- and VLDL-associated triglycerides to
provide fatty acids to tissues as an energy source (5). He-
patic lipase (HL) is related to LPL with respect to func-
tion and structure. This enzyme originates from the liver
and is attached to the vascular endothelium of adrenals,
ovaries, and sinusoids of the liver (6–8). HL catalyzes the
hydrolysis of HDL phospholipids and triglycerides.

Distinct from lipolysis, LPL and HL have been impli-
cated in cellular lipoprotein holo-particle metabolism. In
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cultured cells, LPL promotes the uptake of apolipopro-
tein B-containing lipoproteins independent of lipolysis
(9–12). LPL binds to cell surface proteoglycans and asso-
ciates with lipoproteins as well (5, 10, 13). Presumably this
“bridging” concentrates the lipoprotein particles on the
cell surface and thereby facilitates their uptake. The latter
may be mediated by cell surface heparan sulfate proteo-
glycans (10, 14) or by lipoprotein receptors (11, 12). Es-
tablished ligands for this lipase-mediated particle uptake
are chylomicrons, chylomicron remnants, 

 

b

 

-VLDL, and
LDL (10–12, 14).

Distinct from holo-particle internalization, LPL and HL
stimulate the selective lipid uptake from lipoproteins by
cells and tissues. Initial evidence established that these en-
zymes facilitate the selective CE uptake from HDL by he-
patic and extrahepatic cells in vitro (13, 15–17). This lipase-
mediated increase in selective CE uptake is independent
of lipolysis but dependent on cell surface proteoglycans
(15–17). Besides HDL, recent investigations suggested
that LPL mediates an increase in selective CE uptake from
LDL (18). Taken together, these observations show that LPL
and HL can modulate the selective lipid uptake pathway.

Considering the LPL- and HL-mediated promotion of
the selective CE uptake pathway, the question arises
whether SR-BI is involved in the mechanism of these lipase
actions. Recently, the role of SR-BI in the lipase-promoted
increase in selective CE uptake has been explored (18,
19). In human embryonal kidney 293 (HEK 293) cells, SR-BI
and HL synergistically facilitated selective CE uptake from
HDL, and this effect was independent of lipolysis (19). In
Chinese hamster ovary cells, LPL stimulated the selective
CE uptake from LDL (18). In contrast with HDL (19), this
LPL effect on LDL selective CE uptake was independent
of SR-BI (18). In summary, with respect to the mechanism,
it seems at present that SR-BI is involved in the HL-mediated
increase in selective CE uptake from HDL, whereas this is
not true for LPL and LDL (18, 19).

In the current study, the question was addressed
whether SR-BI plays a role in the mechanism of the LPL-
mediated increase in HDL selective CE uptake. Baby ham-
ster kidney (BHK) cells, Y1-BS1 murine adrenocortical
cells, and HEK 293 cells with no detectable or with sub-
stantial SR-BI expression made up the experimental
model (19, 20), and HDL

 

3

 

 (d 

 

5

 

 1.125–1.21 g/ml) was ra-
diolabeled in the protein and lipid moieties (21). Results
showed that LPL stimulates HDL

 

3

 

 selective CE uptake by
cells with no detectable or with substantial SR-BI expres-
sion. Quantitatively, this lipase-mediated increase in HDL

 

3

 

selective CE uptake is very similar in cells without or with
SR-BI expression. Therefore, it is suggested that a pathway(s)
distinct from SR-BI contributes to the lipase-mediated in-
crease in HDL selective CE uptake.

MATERIALS AND METHODS

 

Preparation of unlabeled HDL

 

3

 

 and
lipoprotein-deficient serum

 

Human HDL

 

3

 

 (d 

 

5

 

 1.125–1.21 g/ml) was isolated by ultra-
centrifugation from pooled plasma of healthy donors (22, 23).

Heparin-Sepharose (Amersham Pharmacia) affinity chromatog-
raphy was used to remove any HDL

 

3

 

 particles containing apo-
lipoprotein E (23, 24). Lipoprotein-deficient serum (LPDS) was
prepared by ultracentrifugation as the d 

 

.

 

 1.25 g/ml fraction of
human plasma (16).

 

Preparation of doubly radiolabeled HDL

 

3

 

Human apolipoprotein A-I (apoA-I) was traced with radio-
iodinated 

 

N

 

-methyl-tyramine cellobiose ligand (

 

125

 

I-NMTC-
apoA-I) (21). Na

 

125

 

I and [1-

 

a

 

, 2

 

a

 

 (n)-

 

3

 

H]cholesteryl oleyl ether
([

 

3

 

H]CEt) were supplied by Amersham Pharmacia. Doubly radio-
labeled HDL

 

3

 

 was prepared exactly as described previously (16,
23). 

 

125

 

I-NMTC-apoA-I and [

 

3

 

H]CEt were incorporated into apo-
lipoprotein E-deficient HDL

 

3

 

 by exchange (16, 23).

 

Preparation of LPL

 

LPL was a kind gift from Dr. Ira J. Goldberg, Columbia Uni-
versity, New York. This enzyme was purified from unpasteurized
bovine milk and stored at 

 

2

 

70

 

8

 

C (25). Tetrahydrolipstatin
(THL; Orlistat

 

®

 

) was used to covalently inhibit the active site and
thus the lipolytic activity of LPL (26). Media for the uptake as-
says with cells containing doubly radiolabeled HDL

 

3

 

 and LPL
were prepared, and THL (final concentration 50 

 

m

 

g/ml, dis-
solved in ethanol; final ethanol concentration 0.1% v/v) was
added to these media if LPL was absent or present. Under these
conditions, the lipolytic activity of LPL was blocked as demon-
strated previously (16, 27).

 

Cloning of SR-BI and transfection of BHK cells

 

Total RNA from human HepG2 hepatoma cells was used for
RT-PCR. One microgram of total RNA was subjected to RT-PCR
according to the SuperScript One-Step Kit protocol (Life Tech-
nologies). The sequence of the primers used in the amplification
of the cDNA were 5

 

9

 

-CCCAGGCGCGCAGACATGG (forward
primer) and 5

 

9

 

-CCTACAGTTTTGCTTCCTGCAG (reverse
primer), and these were selected according to the sequence of
human SR-BI (28). The main amplification product was a frag-
ment of 1546 bp consisting of the complete coding region plus
15 bp and 1 bp of the 5

 

9

 

 and 3

 

9

 

 untranslated region, respectively.
The sequence was verified by cycle sequencing with the ABI
PRISM BigDye Terminator Cycle Sequencing Kit (PE Biosys-
tems). The cDNA fragment was cloned into the mammalian ex-
pression vector pBK-CMV (Stratagene).

BHK-21 cells were obtained from American Type Culture Col-
lection and are designated BHK cells in this study. These cells
were transfected using the Lipofectamine

 

®

 

 reagent (Life Tech-
nologies) (29). Briefly, lipid and DNA (1 

 

m

 

g) were diluted into
OPTI-MEM (100 

 

m

 

l; Life Technologies), thereafter gently mixed
and incubated for 30 min at room temperature. The lipid-DNA
mixture then was diluted with 0.8 ml medium and added to sub-
confluent cells in six well (35 mm) tissue culture dishes (Costar).
After 6 h in culture, this medium was replaced by DMEM (Bio
Whittaker), which was supplemented with FBS (10% v/v; Life
Technologies) and incubated further for 72 h. Stable cell clones
were selected in DMEM supplemented with FBS (10% v/v) and
G418 sulfate (0.8 mg/ml; Geneticin

 

®

 

, Life Technologies). In
control cells that were transfected with the plasmid pBK-CMV,
no expression of SR-BI was detectable at the RNA or the pro-
tein level as determined in Northern blots and specific immuno-
blots as described below.

To express human LPL, we transfected BHK cells with pRK5
(vector) or pRK5-hLPL; this LPL expression plasmid was con-
structed by insertion of the LPL cDNA (full-length) downstream
from the CMV promoter in vector pRK5 (30). These plasmids
were a kind gift from Dr. Hans Will, University of Hamburg,
Germany. For transfection, plasmid DNA (1 

 

m

 

g) and Fugene

 

®
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(6 

 

m

 

l; Roche) were used according to the manufacturer’s
instructions.

 

Culture of BHK cells

 

BHK cells were cultured (37

 

8

 

C) in DMEM (Life Technologies)
containing FBS (5% v/v), penicillin (100 IU/ml; Life Techno-
logies), streptomycin (100 

 

m

 

g/ml; Life Technologies), glutamine
(2 mM; Life Technologies), and G418 sulfate (0.8 mg/ml).

For lipoprotein uptake experiments, BHK cells (500,000 per
well) were plated in wells (35 mm, multiwell tissue culture plates;
Nunc). Twenty-four or 48 h after plating when the cells were
near confluency, the cells were washed (PBS, two times), and the
culture medium was replaced by DMEM supplemented with
LPDS (5% v/v), antibiotics (see above), and G418 sulfate (0.8
mg/ml). After culture (37

 

8

 

C, 20 h) in this medium followed the
preincubations and the uptake assays as outlined below.

 

Culture of Y1-BS1 murine adrenocortical cells

 

Y1-BS1 cells were a kind gift from Dr. B. P. Schimmer, University
of Toronto, Toronto, ON, Canada (20). These cells were cultured
(37

 

8

 

C) in Ham’s F-10 nutrient mixture (Life Technologies) sup-
plemented with horse serum (12.5% v/v; Life Technologies),
FBS (2.5% v/v), glutamine (2 mM), and antibiotics (see above).
For HDL

 

3

 

 uptake experiments, Y1-BS1 cells were plated in tissue
culture wells (35 mm, six well plates). Twenty hours before
the uptake assays, when the cells were close to confluency, Y1-BS1
cells were cultured (37

 

8

 

C) in 

 

a

 

-MEM (Life Technologies) con-
taining BSA (5 mg/ml, Sigma) and antibiotics (see above);
adrenocorticotropic hormone (ACTH, fragment 1 –24, 100 nmol/l;
Sigma) was absent or present as indicated (31, 32).

 

Culture of HEK 293 cells

 

HEK 293 cells originated from American Type Culture Collec-
tion. These cells were cultured (37

 

8

 

C) in DMEM supplemented
with FBS (10% v/v), glutamine (2 mM), and antibiotics (see
above). For uptake experiments, HEK 293 cells were plated in
35 mm culture wells (six well plates). Twenty hours before the
HDL

 

3

 

 uptake assays, the cells were washed (PBS, two times), and
the culture medium was replaced by DMEM containing LPDS
(5% v/v) and antibiotics (see above).

 

Culture of Brown Norway cells

 

Cubilin expressing Brown Norway (BN) yolk sac epithelial
cells that were transformed with mouse sarcoma virus were
grown in MEM (Life Technologies) that was supplemented with
FBS (10% v/v) (33). Postnuclear extracts were prepared from
these cells and used in immunoblots as described below (32).

 

Preincubation of the cells

 

Before initiating the lipoprotein uptake assays, BHK cells and
Y1-BS1 cells preincubated in serum-free and lipoprotein-free
medium. These preincubations were per formed to allow inter-
nalization or dissociation of membrane-associated serum or pro-
tein components originating from culture in the presence of
LPDS, from BSA or from cell secretion. After aspiration of the
culture medium, the cells were washed with PBS (two times).
Thereafter followed the preincubation (37

 

8

 

C, 30 min) in DMEM
(BHK cells) or 

 

a

 

-MEM (Y1-BS1 cells) containing BSA (5 mg/ml)
and antibiotics (see above).

 

Uptake of doubly radiolabeled HDL

 

3

 

 by cells in culture

 

To investigate HDL

 

3

 

 uptake, we incubated BHK cells or HEK
293 cells (37

 

8

 

C) in DMEM, and Y1-BS1 cells (37

 

8

 

C) were incu-
bated in 

 

a

 

-MEM containing BSA (5 mg/ml) and doubly radio-
labeled HDL

 

3

 

; LPL was absent or present as indicated in the
respective legends (23). In these assays, the catalytic activity of

LPL was blocked with THL (see above). After incubation (37

 

8

 

C)
for the indicated time periods, the medium was aspirated, and
the cells were washed (PBS, four times). Then, DMEM (BHK
cells) or 

 

a

 

-MEM (Y1-BS1 cells) containing BSA (5 mg/ml) and
unlabeled HDL

 

3

 

 (100 

 

m

 

g HDL

 

3

 

 protein/ml) was added for a
“chase” incubation (37

 

8

 

C, 2.0 h) to remove reversibly cell-associated
tracers (34). After this chase period, the medium was aspirated,
and the cells were washed again (PBS, one time). The cells then
were released from the wells with trypsin/EDTA solution
(trypsin 0.5 g/l, EDTA 0.2 g/l, 1.0 ml/well; Life Technologies).
Trypsin activity was quenched by addition of PBS containing ex-
cess BSA (50 mg/ml). The cell suspensions were transferred to
tubes with a PBS (4

 

8

 

C) rinse of the wells. The cells then were pel-
leted by centrifugation (2,000 

 

g

 

, 4

 

8

 

C, 15 min) followed by aspira-
tion of the supernatant. The cell pellet thereafter was resus-
pended in PBS (4

 

8

 

C, 5.0 ml) followed by centrifugation (2000 

 

g

 

,
4

 

8

 

C, 15 min). The final cell pellet was dissolved in NaOH solu-
tion (0.1 N, 1.0 ml) and sonicated, and aliquots were used for
protein determination (35), direct 

 

125

 

I radioassay, and 

 

3

 

H radio-
assay after lipid extraction (23). In the case of HEK 293 cells,
no chase incubation was performed, and cells were harvested by
cell scraping.

 

Immunoblot analysis

 

An anti-SR-BI antiserum was prepared by immunization of
rabbits with a recombinant murine SR-BI fragment (amino acids
315–412) that was produced in a bacterial expression system
(36). Alternatively, an anti-SR-BI antiserum was raised in rabbits
using a synthetic peptide corresponding to residues 495 –509 of
human SR-BI (37). A polyclonal antibody directed against the
LDL receptor that was generated in rabbits was a kind gift from
Dr. Joachim Herz, University of Dallas, Dallas, Texas. A poly-
clonal antibody directed against rat cubilin has been prepared in
rabbits (33).

For immunoblot analysis, postnuclear supernatants were pre-
pared from BHK, Y1-BS1, HEK 293, or BN cells (32). Samples
containing the indicated amount of protein were reduced with
2-mercaptoethanol in gel loading buffer, fractionated by SDS-
PAGE, and transferred to nitrocellulose membranes. Finally, the
membranes were incubated in buffer containing the respective
antiserum. The primary antibody was detected using a peroxidase-
conjugated goat anti-rabbit IgG (dilution 1:5,000; Amersham
Pharmacia). Antibody binding was visualized by enhanced
chemiluminescence detection (Amersham Pharmacia) and auto-
radiography. Ponceau S staining of membranes was used to de-
tect molecular mass standards (Amersham Pharmacia). SR-BI
protein immunoreactivity was identified at its authentic molecular
mass (85 kDa) (28).

 

Miscellaneous

 

Heparinase I (EC 4.2.2.7, from 

 

Flavobacterium heparinum

 

) and
heparinase III (EC 4.2.2.8, from 

 

F. heparinum

 

) were obtained
from Sigma (St. Louis, MO) (13). LPL activity was measured as
outlined previously using [

 

14

 

C]triolein as tracer (16).

 

Statistics and calculations

 

Data are expressed as means 

 

6

 

 SEM. Significance of differ-
ences was examined using Student’s 

 

t

 

-test.
For cellular uptake of doubly radiolabeled HDL

 

3

 

, uptake of
each tracer is shown in terms of apparent lipoprotein particle
uptake, expressed as lipoprotein protein (1, 16, 23). This is done
to compare the uptake of both tracers on a common basis. Out-
lined in this way, uptake of HDL

 

3

 

 holo-particles is represented by
equal uptake of both tracers. In the figures, 

 

125

 

I represents ap-
parent lipoprotein particle uptake according to the protein
tracer (

 

125

 

I-NMTC-apoA-I), [

 

3

 

H]CEt that due to the CE tracer,
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and [

 

3

 

H]CEt 

 

2

 

 

 

125

 

I shows the difference in apparent HDL

 

3

 

 par-
ticle uptake, that is, apparent selective CE uptake (23).

 

RESULTS

Stable cell clones were derived from BHK cells by trans-
fection either with an expression plasmid containing the
human SR-BI cDNA under the control of the CMV promo-
tor (pBK-CMV-hSR-BI) or with the control vector (pBK-
CMV). Immunoblots using a murine anti-SR-BI antiserum
(32, 36) revealed a strong band at the appropriate molec-
ular weight in cells transfected with pBK-CMV-hSR-BI
(

 

Fig. 1

 

, right). An identical signal was obtained in such
blots by using an antiserum that is directed against human
SR-BI (data not shown) (37). As expected, no SR-BI ex-
pression could be visualized in BHK cells transfected with
the control vector (Fig. 1, right). In parallel, the identical
postnuclear supernatants from both types of BHK cells
were probed with an antiserum directed against the LDL
receptor (Fig. 1, left). A band corresponding to this recep-
tor could be detected in control BHK cells and in BHK
cells with SR-BI expression, and the respective signal was
identical in both cell types.

To investigate the role of SR-BI in HDL metabolism of
BHK cells, we explored the uptake of doubly radiolabeled
HDL

 

3

 

. HDL

 

3 was labeled in the protein and in the lipid
moieties with 125I-NMTC-apoA-I and [3H]CEt, respectively
(21, 23). Control BHK cells or BHK cells with SR-BI ex-
pression were incubated in parallel in medium containing
doubly radiolabeled HDL3 (Fig. 2). After a chase incuba-
tion, which removes reversibly cell-associated HDL3 trac-
ers (34), cellular tracer content and apparent HDL3 particle
uptake according to 125I-NMTC-apoA-I or [3H]CEt were
analyzed (1, 23, 40). In control BHK cells (no SR-BI ex-
pression), apparent HDL3 particle uptake according to
125I-NMTC-apoA-I was 27.4 6 4.2 ng HDL3 protein/mg
cell protein (mean 6 SEM, n 5 5 independent experi-
ments) (Fig. 2). In these control cells, apparent HDL3 par-
ticle uptake due to [3H]CEt was 165.5 6 19.2 ng HDL3
protein/mg cell protein, and this uptake was in significant
excess on that according to the protein tracer. The differ-
ence in apparent HDL3 particle uptake between [3H]CEt
and 125I-NMTC-apoA-I yields apparent selective CE up-
take, and this was 138.0 6 16.3 ng HDL3 protein/mg cell
protein in these control cells (Fig. 2). In BHK cells with
SR-BI expression, apparent HDL3 particle uptake accord-
ing to 125I-NMTC-apoA-I was 149.9 6 12.2 ng HDL3 pro-
tein/mg cell protein (mean 6 SEM, n 5 5 independent
experiments) (Fig. 2). In these cells, apparent HDL3 parti-
cle uptake due to [3H]CEt was 2,789.9 6 293.1 ng HDL3
protein/mg cell protein, and apparent selective CE up-

Fig. 1. Immunoblot analysis for scavenger receptor class B type I
(SR-BI) and LDL receptors in baby hamster kidney (BHK) cells.
BHK cells were transfected with vector pBK-CMV or with pBK-CMV-
hSR-BI (human SR-BI cDNA). Postnuclear supernatants were pre-
pared from these cells, and thereafter 80 mg protein (per lane) was
fractionated by SDS-PAGE (7.5%). Finally, the proteins were trans-
ferred to nitrocellulose membranes. These membranes were immu-
noblotted with an anti-SR-BI antiserum (murine, right lanes,
dilution 1:1,000) or an anti-LDL receptor antiserum (rabbit, left
lanes, dilution 1:1,000). IgG binding was visualized as outlined in
Materials and Methods. Four similar blots for SR-BI yielded qualita-
tively identical results. MW, molecular weight.

Fig. 2. Uptake of doubly radiolabeled HDL3 by baby hamster kid-
ney (BHK) cells. Control BHK cells (vector, left) or BHK cells with
scavenger receptor class B type I (SR-BI) expression (right) were in-
cubated (378C, 4.0 h) in parallel in DMEM containing doubly
radiolabeled HDL3 (40 mg HDL3 protein/ml). After a chase incu-
bation, cellular tracer content and apparent HDL3 particle uptake
were analyzed. 125I represents apparent HDL3 particle uptake ac-
cording to 125I-NMTC-apoA-I; 3H demonstrates apparent HDL3 par-
ticle uptake due to [3H]cholesteryl oleyl ether ([3H]CEt), and 3H 2
125I shows the difference, i.e., apparent HDL3 selective CE uptake.
Values are means 6 SEM of five independent experiments; within
each experiment, three or four independent incubations were per-
formed. Unpaired two-tailed Student’s t-test, * 125I, P , 0.0001;
** 3H, P , 0.0001; *** 3H 2 125I, P , 0.0001.
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take ([3H]CEt2125I-NMTC-apoA-I) was 2,631.7 6 279.1
ng HDL3 protein/mg cell protein (Fig. 2). Thus, SR-BI ex-
pression in BHK cells promoted an increase of 1,907% in
apparent selective CE uptake from HDL3 (control cells
correspond to 100%), and for [3H]CEt this relative in-
crease was 1,686%. Therefore, these SR-BI-transfected
BHK cells are an appropriate model for studies on the
role of this receptor protein in HDL metabolism.

To elucidate whether SR-BI plays a role in the LPL-
mediated increase in HDL3 selective CE uptake (16), we
incubated control BHK cells or BHK cells with SR-BI ex-
pression in parallel in medium that contained doubly radio-
labeled HDL3, and LPL was absent or present; THL was
added to this medium also to block the catalytic enzyme
activity (Fig. 3) (16, 26). In the absence of LPL, in both
cell types apparent HDL3 particle according to [3H]CEt
was in substantial excess of that due to 125I-NMTC-apoA-I.
The difference in uptake ([3H]CEt 2 125I-NMTC-apoA-I)
yields apparent selective CE uptake from HDL3, and this rate
is greater for BHK cells with SR-BI expression (Fig. 3, right,
bottom panel) compared with control cells (Fig. 3, left,
bottom panel). LPL addition to the assay medium of both
types of BHK cells containing labeled HDL3 had virtually
no effect on uptake of 125I-NMTC-apoA-I (Fig. 3, bottom
panels). However, LPL increased the uptake of HDL3-
associated [3H]CEt in a dose-dependent manner, and this
effect was close to saturation at 500 ng LPL protein/ml
(Fig. 3). As a result, apparent HDL3 selective uptake
([3H]CEt 2 125I-NMTC-apoA-I) was stimulated by LPL in

a concentration-dependent manner in both types of BHK
cells (Fig. 3).

The difference in apparent HDL3 selective CE between
the absence and the presence of LPL was calculated (Fig.
3, top panels). In control BHK cells, LPL (500 ng protein/
ml) induced an absolute increase in apparent HDL3 selec-
tive CE uptake of 602.6 6 5.5 ng HDL3 protein/mg cell
protein (mean 6 SEM, n 5 3 incubations) (Fig. 3, left,
top panel). In BHK cells with SR-BI expression, the identi-
cal LPL concentration promoted an absolute increase in
apparent HDL3 selective CE uptake of 413.3 6 78.7 ng
HDL3 protein/mg cell protein (mean 6 SEM, n 5 3 incu-
bations) (Fig. 3, right, top panel). Thus, quantitatively LPL
stimulated the selective uptake of HDL3-associated CE by
control BHK cells or by BHK cells with SR-BI expression
to a very similar extent.

To investigate the effect of LPL on the kinetics of selec-
tive CE uptake form HDL3, we incubated control BHK
cells or BHK cells with SR-BI expression (378C) for 10, 60,
or 240 min in medium containing doubly radiolabeled
HDL3 (40 mg HDL3 protein/ml), and LPL (750 ng pro-
tein/ml) was absent or present (data not shown). Finally,
apparent HDL3 particle uptake (125I-NMTC-apoA-I and
[3H]CEt) was analyzed as outlined in Materials and Meth-
ods. In the absence of LPL, apparent selective CE uptake
([3H]CEt 2 125I-NMTC-apoA-I) by both types of BHK cells
was evident after 10 min of incubation, and this uptake in-
creased in a time-dependent manner at linear rates up to
240 min. Throughout the entire time course, this rate of

Fig. 3. LPL dose-response curve on uptake of doubly radiolabeled HDL3 by baby hamster kidney (BHK)
cells. Control BHK cells (vector, left panels) or BHK cells with scavenger receptor class B type I (SR-BI) ex-
pression (right panels) were incubated (378C, 4.0 h) in parallel in DMEM containing doubly radiolabeled
HDL3 (40 mg HDL3 protein/ml), and LPL was absent or present as indicated in the abscissa. After a chase in-
cubation, cellular tracer content and apparent HDL3 particle uptake were analyzed. In the bottom panels,
125I represents apparent HDL3 particle uptake according to 125I-NMTC-apoA-I; 3H demonstrates apparent
particle uptake due to [3H]CEt and 3H 2 125I shows the difference, i.e., apparent HDL3 selective cholesteryl
ester (CE) uptake. The difference in apparent HDL3 selective CE uptake between the absence and the pres-
ence of LPL was calculated. This LPL-induced absolute increase in apparent HDL 3 selective CE uptake is
shown in the top panels. Values are means 6 SEM of four incubations (without LPL) or three incubations
(with LPL). Two independent similar experiments yielded qualitatively identical results. 
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apparent HDL3 selective CE uptake was higher in BHK
cells with SR-BI expression compared with control cells
(data not shown). In parallel, both types of BHK cells
were incubated in the additional presence of LPL (750 ng
protein/ml) in the medium. LPL significantly increased
apparent selective CE uptake ([3H]CEt2125I-NMTC-
apoA-I) from HDL3 by both types of BHK cells, and this
effect was evident throughout the entire time course. The
absolute increase in apparent selective CE uptake medi-
ated by LPL was calculated as well (see above). Quantita-
tively, this LPL-induced increase in apparent HDL3 selec-
tive CE uptake was very similar in control BHK cells and in
BHK cells with SR-BI expression (data not shown).

A dose-response curve for the uptake of radiolabeled
HDL3 by control BHK cells or by BHK cells with SR-BI ex-
pression is shown in Fig. 4 (bottom panels). Both cell types
were incubated in parallel in medium that contained in-
creasing concentrations of doubly radiolabeled HDL3,
and LPL was absent or present. Finally, cellular tracer con-
tent and selective CE uptake ([3H]CEt 2 125I-NTMC-apoA-I)
were analyzed. Increasing concentrations of radiolabeled
HDL3 yielded a dose-dependent increase in apparent se-
lective CE uptake from HDL3, and this was true for both
types of BHK cells (Fig. 4). LPL stimulated apparent selec-
tive CE uptake by control BHK cells and by BHK cells with
SR-BI expression (Fig. 4). The absolute increase in appar-
ent HDL3 selective CE uptake mediated by LPL is shown
in Fig. 4 (top panels) also. Quantitatively, this LPL-mediated
increase in apparent selective CE uptake was similar in
control BHK cells (Fig. 4, left) and in BHK cells with SR-BI
expression (Fig. 4, right), and this LPL effect was ob-
served at each HDL3 concentration examined.

LPL was from exogenous, bovine origin in the experi-

ments, which are presented above. To explore the action
of endogenous, cell-secreted LPL on selective CE uptake
from HDL3, we transfected control BHK cells or BHK cells
with SR-BI expression with pRK5 (control vector), or
pRK5-hLPL (full-length human LPL cDNA) (Fig. 5).
Forty-eight hours after transfection, media of the cells
were harvested for determination of LPL catalytic activity
(see Materials and Methods). In the experiment shown in
Fig. 5, in control BHK cells transfected with the vector
pRK5 (control), LPL activity was 0.23 nmol FFA 3 min21 3
mg21 cell protein (background); in control BHK cells
transfected with pRK5-hLPL, this value was 8.3. In BHK
cells with SR-BI expression that were transfected with the
vector pRK5 (control), LPL activity was 0.18 nmol FFA 3
min21 3 mg21 cell protein; in these cells transfected with
pRK5-hLPL, this value was 10.6 (means of n 5 2 determi-
nations). Thus, substantial lipase activity was detectable in
the media of the cells after the respective transfection.

In parallel, 48 h after transfection with pRK5 or pRK5-
hLPL, doubly radiolabeled HDL3 and THL were added to
the medium of both types of BHK cells (Fig. 5). After in-
cubation (378C, 4.0 h), apparent HDL3 particle uptake
was analyzed. Apparent HDL3 selective uptake ([3H]CEt 2
125I-NMTC-apoA-I) increased in a dose-dependent man-
ner in both types of BHK cells (transfected with pRK5,
control), and this increase was greater in BHK cells with
SR-BI expression. Expression of the LPL transgene stimu-
lated selective CE uptake from HDL3 in both groups of
BHK cells (Fig. 5, bottom panels). The absolute increase
in selective CE uptake due to LPL was calculated (Fig. 5,
top panels). Quantitatively, LPL of endogenous origin
stimulated HDL3 selective CE uptake to a very similar ex-
tent in control BHK cells and in BHK cells with SR-BI

Fig. 4. Dose-response curve for uptake of doubly radiolabeled HDL3 by baby hamster kidney (BHK) cells
and the effect of LPL. Control BHK cells (vector, left panels) or BHK cells with scavenger receptor class B
type I (SR-BI) expression (right panels) were incubated (378C, 4.0 h) in parallel in DMEM containing doubly
radiolabeled HDL3, and the respective HDL3 concentrations are indicated in the abscissa; LPL (750 ng pro-
tein/ml) was absent or present as shown. After a chase incubation, cellular tracer content and apparent
HDL3 selective cholesteryl ester (CE) uptake ([3H]CEt 2 125I-NMTC-apoA-I, bottom panels) were analyzed.
The difference in apparent HDL3 selective CE uptake between the absence and the presence of LPL was cal-
culated, and this LPL-induced absolute increase in selective CE uptake is shown in the top panels. Values are
means 6 SEM of three incubations. One independent experiment yielded qualitatively identical results.
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expression. Thus, LPL from endogenous and exogenous
origin elicited qualitatively identical results.

Y1-BS1 murine adrenocortical cells express SR-BI, selec-
tively take up HDL CE, and synthesize steroid hormones
(31, 32, 38). Besides, these parameters can be up-regulated
by ACTH. To explore SR-BI expression in this physiologic
model for the HDL selective CE uptake pathway (39), we
cultured Y1-BS1 cells in the absence or presence of ACTH,
and thereafter postnuclear supernatants were prepared
(Fig. 6). In proteins from ACTH-treated cells, immuno-
blot analysis showed a strong band corresponding to SR-BI
(Fig. 6). No SR-BI signal was visible in several immuno-
blots of cells that were cultured in the absence of ACTH
(Fig. 6). However, in a few cases, in postnuclear supernatants
from Y1-BS1 cells that were cultured in the absence of
this tropic compound, a very faint signal for SR-BI was
detectable (data not shown). Thus, Y1-BS1 cells with virtu-
ally no SR-BI or with substantial SR-BI expression were
available.

The effect of LPL on HDL3 metabolism of Y1-BS1
adrenocortical cells with no detectable SR-BI or with SR-
BI expression was explored (Fig. 7). Y1-BS1 cells were cul-
tured in the absence or presence of ACTH. Thereafter
followed an incubation in medium that contained doubly
radiolabeled HDL3 in the continued absence or presence

of ACTH. Under both conditions, apparent HDL3 particle
uptake according to [3H]CEt was in substantial excess of
that due to 125I-NTMC-apoA-I, and the difference in uptake
reveals apparent selective CE uptake (Fig. 7, bottom pan-
els). As expected, apparent HDL3 selective CE uptake
([3H]CEt 2 125I-NMTC-apoA-I) was higher in ACTH-stim-

Fig. 5. Effect of endogenous, cell-secreted LPL on uptake of doubly radiolabeled HDL3 by baby hamster
kidney (BHK) cells. Control BHK cells (vector, left panels) or BHK cells with SR-BI expression (right panels)
were transfected with vector pRK5 (1 mg DNA, control) or pRK5-hLPL (1 mg DNA, full-length human LPL
cDNA). After culture (378C, 48 h), either doubly radiolabeled HDL3 and tetrahydrolipstatin (50 mg/ml)
were added to the media or in parallel wells or media were harvested for LPL activity determination. After
the incubation (378C, 4.0 h) with HDL3, cellular tracer content and apparent HDL3 selective cholesteryl
ester (CE) uptake ([3H]CEt 2 125I-NMTC-apoA-I) were analyzed (bottom panels). The difference in appar-
ent HDL3 selective CE uptake between the absence and the presence of LPL was calculated, and this LPL-
induced absolute increase in selective CE uptake is shown in the top panels. Values are means 6 SEM of
three incubations. Two independent similar experiments yielded qualitatively identical results. The lipolytic
activity in the media was measured as outlined in Materials and Methods, and the respective data are pre-
sented in Results.

Fig. 6. Immunoblot analysis for SR-BI in Y1-BS1 murine adreno-
cortical cells. Y1-BS1 cells were cultured (378C, 20 h) in the absence
or presence of adrenocorticotropic hormone (ACTH; 100 nmol/l).
Thereafter, postnuclear supernatants were prepared from both
groups of cells, and 30 or 60 mg protein (per lane) was fractionated
by SDS-PAGE (10%). Finally, the proteins were transferred to nitro-
cellulose membranes. The membranes were immunoblotted with
an anti -SR-BI antiserum (mouse, dilution 1:500). IgG binding was
visualized as outlined in Materials and Methods. Two similar immuno-
blots yielded qualitatively identical results. MW, molecular weight.
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ulated Y1-BS1 cells (271%, absence of ACTH 5 100%).
LPL addition to the assay medium of Y1-BS1 cells had vir-
tually no effect on 125I-NTMC-apoA-I uptake from labeled
HDL3 by either group of cells (Fig. 7). However, LPL in-
creased the uptake of HDL3-associated [3H]CEt in cells
that were cultured in the absence (Fig. 7, left) or in the
presence of ACTH (Fig. 7, right); as a result, LPL medi-
ated an increase in apparent selective CE uptake from
HDL3 ([3H]CEt 2 125I-NMTC-apoA-I). The absolute LPL-
mediated increase in apparent HDL3 selective CE uptake
was calculated (Fig. 7, top panels). Quantitatively, this
LPL-induced increase in selective CE uptake was very sim-
ilar in cells that were cultured in the absence or presence
of ACTH. Thus, quantitatively LPL induced a very similar
increase in HDL3 selective CE uptake in Y1-BS1 cells inde-
pendent of the respective SR-BI status.

As a complementary approach to explore whether SR-BI
is involved in the lipase-mediated increase in HDL3 selec-
tive CE uptake, HEK 293 cells were used that represent an
established SR-BI-deficient cell model (18, 19). To explore
SR-BI expression in these cells, we performed immunoblots
using a human SR-BI-specific antiserum. No band corre-
sponding to SR-BI could be detected in these HEK 293 cells
in three independent experiments (data not shown).

To investigate HDL3 metabolism of HEK 293 cells, we
examined the dose-response curves for the uptake of radio-
labeled HDL3. In a typical experiment, HEK 293 cells

were incubated (378C, 4.0 h) in medium that contained
doubly radiolabeled HDL3 (20, 40, 100, 200 mg HDL3 pro-
tein/ml), and thereafter cellular tracer content was deter-
mined. Increasing the concentration of radiolabeled HDL3
yielded a dose-dependent increase in apparent HDL3 par-
ticle according to 125I-NMTC-apoA-I and due to [3H]CEt
(data not shown). The difference in apparent HDL3 parti-
cle uptake between [3H]CEt and 125I-NMTC-apoA-I was
calculated. At an HDL3 concentration of 10 or 40 mg
HDL3 protein/ml, apparent HDL3 selective CE uptake by
HEK 293 cells was detectable, however, at a very low rate
(21.3 6 1.1 or 80.3 6 19.0 ng HDL3 protein/mg cell pro-
tein, means 6 SEM, n 5 3 incubations). No apparent se-
lective CE uptake from HDL3 could be measured at an
HDL3 concentration of 100 or 200 mg HDL3 protein/ml.
Qualitatively, similar results were obtained in three inde-
pendent experiments with HEK 293 cells, and in each
case apparent HDL3 selective CE uptake was very low or
not detectable.

An LPL dose-response curve on the uptake of radio-
labeled HDL3 by HEK 293 cells is shown in Fig. 8. HEK 293
cells were incubated in medium that contained doubly
radiolabeled HDL3, and LPL was absent or present. In the
absence of LPL, apparent HDL3 particle uptake according
to 125I-NMTC-apoA-I was 273.0 6 26.0 ng HDL3 protein/
mg cell protein (mean 6 SEM, n 5 6 incubations); appar-
ent HDL3 selective CE uptake ([3H]CEt 2 125I-NMTC-

Fig. 7. Uptake of doubly radiolabeled HDL3 by Y1-BS1 murine adrenocortical cells and the effects of
adrenocorticotropic hormone (ACTH) and LPL. Y1-BS1 cells were cultured (378C, 20 h) in the absence (left
panels) or presence (right panels) of ACTH (100 nmol/l). After a preincubation (37 8C, 0.5 h) in the ab-
sence or presence of ACTH (100 nmol/l), the cells were incubated (378C, 4.0 h) in medium that contained
doubly radiolabeled HDL3 (40 mg HDL3 protein/ml) in the continued absence or presence of ACTH (100
nmol/l); LPL was added to this medium or not as indicated in the abscissa. Finally, cellular tracer content
and apparent HDL3 particle uptake were analyzed. In the bottom panels, 125I represents apparent HDL3 par-
ticle uptake according to 125I-NMTC-apoA-I; 3H demonstrates apparent particle uptake due to [3H]CEt, and
3H 2 125I shows the difference, i.e., apparent selective cholesteryl ester (CE) uptake. The difference in appar-
ent HDL3 selective CE uptake between the absence and the presence of LPL was calculated, and this absolute
LPL-mediated increase in selective CE uptake is presented in the top panels. Values are means 6 SEM of six in-
cubations (without LPL) or three incubations (with LPL). Where no error bars are shown, SEMs are smaller
than the respective symbols. Three independent experiments yielded qualitatively identical results.
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apoA-I) was 135.0 6 12.0 ng HDL3 protein/mg cell pro-
tein; thus under basal conditions, selective CE uptake was
very low (Fig. 8). LPL in the medium of HEK 293 cells had
no effect on uptake of 125I-NMTC-apoA-I. However, LPL
mediated a dose-dependent increase in cellular [3H]CEt
uptake from HDL3. As a result, this lipolytic enzyme in-
duced a dose-dependent apparent HDL3 selective CE up-
take ([3H]CEt 2 125I-NMTC-apoA-I) in HEK 293 cells. In
the presence of LPL (1,000 ng protein/ml), apparent
HDL3 selective CE uptake was 1,573 6 55 ng HDL3 pro-
tein/mg cell protein (mean 6 SEM, n 5 3 incubations),
and this corresponds to a relative increase of 1,165% com-
pared with the absence of LPL (corresponding to 100%)
(Fig. 8). These experiments with HEK 293 cells suggest
that the LPL-mediated increase in HDL3 selective CE up-
take is independent of SR-BI.

Cell surface proteoglycan deficiency diminishes the lipase-
mediated increase in selective CE uptake from HDL and
LDL (10, 16, 18). Next, we addressed the question whether
the effect of LPL on HDL3 selective CE uptake is depen-
dent on proteoglycans in cells without or with SR-BI ex-
pression. Both types of BHK cells were incubated in paral-
lel in the absence or presence of heparinase I and
heparinase III in the medium to deplete the cells from
surface proteoglycans (Fig. 9) (10, 13). Previously, it was
established that the cells are, in fact, depleted from pro-
teoglycans by heparinase digestion under these condi-
tions (16). Thereafter followed an incubation of both
types of BHK cells in medium that contained doubly
radiolabeled HDL3, and LPL was absent or present. Fi-
nally, apparent HDL3 selective CE uptake ([3H]CEt 2
125I-NMTC-apoA-I) was analyzed. In control BHK cells or
in BHK cells with SR-BI expression, heparinase digestion
per se had no effect on apparent HDL3 selective CE up-
take (Fig. 9). As expected, LPL stimulated apparent selec-

tive CE uptake from HDL3 in control BHK cells (vector) or
in BHK cells with SR-BI expression. However, preincubation
of the cells with heparinases decreased the stimulatory ac-
tion of LPL on apparent HDL3 selective CE uptake signifi-
cantly, and this was observed in control BHK cells or in BHK
cells with SR-BI expression (Fig. 9). Thus, independent of
the cellular SR-BI status, the LPL-mediated stimulation of
HDL3 selective CE uptake is dependent on proteoglycans.

The cellular uptake of HDL3-associated 125I-NMTC-
apoA-I represents HDL3 holo-particle internalization (1,
40). Accordingly, the experiments presented in Fig. 2 and
Fig. 3 demonstrate that BHK cells take up HDL3 holo-parti-
cles. Cubilin, which is the intestinal receptor for the en-
docytosis of the intrinsic factor-vitamin B12 complex (33),
mediates HDL holo-particle uptake in kidney cells (33, 41).
To explore whether cubilin is involved in lipoprotein parti-
cle uptake by kidney-derived BHK cells, we performed cubi-
lin-specific immunoblots. Postnuclear supernatants were
prepared from control BHK cells or from BHK cells with
SR-BI expression; as reference, such supernatants were iso-
lated from BN rat yolk sac epithelial cells (33). In specific
immunoblots from both types of BHK cells, no signal corre-
sponding to cubilin could be detected (data not shown).
However, in immunoblots from BN cells, the respective
band was visible at the appropriate molecular weight (data
not shown). These experiments yield no evidence that cubi-
lin is involved in HDL3 holo-particle uptake by BHK cells.

Fig. 8. LPL dose - response curve on uptake of doubly radio-
labeled HDL3 by HEK 293 cells. HEK 293 cells incubated (378C,
4.0 h) in DMEM containing doubly radiolabeled HDL3 (40 mg
HDL3 protein/ml), and LPL was absent or present as indicated in
the abscissa. Thereafter, cellular tracer content and apparent HDL3
particle uptake were analyzed. 125I represents apparent HDL3 parti-
cle uptake according to 125I-NMTC-apoA-I; 3H demonstrates appar-
ent particle uptake due to [3H]CEt, and 3H 2 125I shows the differ-
ence, i.e., apparent selective cholesteryl ester uptake. Values are
means 6 SEM of six (without LPL) or three (with LPL) incuba-
tions. Two similar independent experiments yielded qualitatively
identical results.

Fig. 9. Effect of preincubation with heparinases on the LPL-
mediated increase in selective cholesteryl ester (CE) uptake from
doubly radiolabeled HDL3 by baby hamster kidney (BHK) cells.
After preincubation (378C, 0.5 h, see Materials and Methods), con-
trol BHK cells (vector, left) or BHK cells with SR-BI expression
(right) were incubated (378C, 2.0 h) in parallel in DMEM that con-
tained heparinase I (6.0 U/ml) and heparinase III (1.8 U/ml) or
not as indicated in the abscissa. Thereafter, this medium was aspi-
rated, and both groups of cells were washed (PBS, two times) fol-
lowed by an incubation (378C, 0.5 h) in DMEM containing doubly
radiolabeled HDL3 (40 mg HDL3 protein/ml); LPL (1,000 ng/ml)
was absent or present during this incubation as indicated in the ab-
scissa. Finally, cellular tracer content and apparent HDL3 selective
CE uptake ([3H]CEt 2 125I-NMTC-apoA-I) were analyzed. Values
are means 6 SEM of three incubations. Unpaired one-tailed Stu-
dent’s t-test, * P , 0.377; ** P , 0.0183; *** P , 0.496; **** P ,
0.0067. Two independent experiments yielded qualitatively identi-
cal results.
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DISCUSSION

To elucidate the role of SR-BI in the mechanism of the
LPL-mediated increase in HDL selective CE uptake, we
have generated by transfection BHK cells, which stably ex-
press human SR-BI, and significant expression of this pro-
tein was detectable in immunoblots. In contrast, SR-BI
could not be visualized in control BHK cells. As a physio-
logical model for the HDL selective CE uptake pathway,
Y1-BS1 murine adrenocortical cells were used, and these
cells demonstrated no SR-BI expression or substantial SR-
BI expression in immunoblots depending on the experi-
mental conditions (31, 32, 38, 39). An established model
for cells that lack SR-BI are HEK 293 cells, and the ab-
sence of this receptor protein has been confirmed in im-
munoblots (18, 19).

Control BHK cells and Y1-BS1 cells that were cultured
in the absence of ACTH demonstrated apparent HDL3 se-
lective CE uptake from doubly radiolabeled HDL3; how-
ever, quantitatively, this lipid uptake was low. SR-BI-
deficient HEK 293 cells showed no or only a minor rate of
selective CE uptake from HDL3 depending on the experi-
mental conditions. These observations suggest that also in
the absence of cellular SR-BI, HDL-associated lipid can be
selectively taken up, however, at low rates. As expected,
SR-BI expression in BHK cells or in Y1-BS1 cells facilitated
HDL3 selective CE uptake up to ,1,900%.

LPL promoted HDL3 selective CE uptake by cells without
or with SR-BI expression. Quantitatively, this lipase effect
was very similar in the absence or presence of SR-BI. Exoge-
nous LPL of bovine origin that was added to the assay me-
dium provoked qualitatively identical effects compared
with LPL, which was synthesized and secreted by the cells.
Besides, LPL induced HDL3 selective CE uptake in SR-BI-
deficient HEK 293 cells (18, 19). This qualitatively identical
and quantitatively very similar LPL-mediated stimulation of
HDL3 selective CE uptake in the absence or presence of SR-
BI provides strong evidence that the lipase action on the se-
lective HDL3 lipid uptake pathway occurs via a mechanism
that is distinct from SR-BI. Consistent with this proposal is
the selective CE uptake from HDL3 by control BHK cells
and basal Y1-BS1 cells that are SR-BI deficient.

To investigate the effect of LPL on HDL3 metabolism
independent of lipolysis, an inhibitor of the catalytic activ-
ity of this enzyme, that is, THL, was present in the assay
medium along with HDL3 and this lipase (26, 27). This
compound blocks the LPL-induced lipolysis (16). Because
of these conditions, it is concluded that LPL stimulates
the HDL selective uptake pathway independent of lipo-
lysis. This proposal is in line with recent investigations (18,
19). However, in vivo both lipolytic and nonlipolytic ac-
tions of LPL may modify HDL metabolism (19, 42).

The LPL-mediated stimulation of the HDL selective CE
uptake pathway was dependent on cell surface proteogly-
cans, and this was true in control BHK cells and in BHK
cells with SR-BI expression. However, proteoglycan defi-
ciency had no effect on selective CE uptake in the absence
of LPL. This result with BHK cells is consistent with previ-
ous observations, that is, the actions of lipases on selective

CE uptake are dependent on cell surface proteoglycans,
and this is true independent of the cellular SR-BI status
(13, 16, 18). Lipase binding to cell surface proteoglycans
presumably anchors lipoproteins close to the plasma
membrane (5, 9). Most likely, proteoglycan deficiency im-
pairs lipase binding to the cell surface and thus reduces
the association of HDL close to the membrane. Such a
mechanism probably explains the reduced LPL-mediated
stimulation of HDL3 selective CE uptake in proteoglycan-
deficient cells.

The LPL-mediated and SR-BI- independent stimulation
of HDL selective CE uptake that was observed here is in
basic agreement with an investigation using LDL as lipo-
protein particle (18). LPL stimulated selective CE uptake
from LDL independent of SR-BI and lipolysis, and this was
true whether this lipase was of exogenous or endogenous,
cell-secreted origin (18). Even though HL is not identical
with LPL, the role of SR-BI in the mechanism of the HL-
mediated increase in selective CE uptake was explored re-
cently (19). Cell-secreted HL and SR-BI had a synergistic
function in the mechanism of the lipase-mediated promo-
tion of selective HDL CE uptake (19). This result is con-
trast with the conclusion of this study and with LPL-mediated
stimulation of selective CE uptake from LDL (18). How-
ever, significant methodological differences have to be
considered. For example, the radiolabeling protocol for
HDL was significantly different between the investigation
of Lambert and co-workers (19) and the one that was ap-
plied here. Besides, in the study with HL, the HEK 293
cells only transiently expressed SR-BI (19). In contrast,
here transfected or hormone-stimulated cells with stable
SR-BI expression were the experimental model. Such
methodological differences may explain the differences in
results (19).

The stimulation of the HDL selective CE uptake path-
way by LPL in cells without or with SR-BI expression that
is observed here and the LPL-induced selective CE uptake
from LDL independent of SR-BI (18) suggest that (a)
pathway(s) distinct from SR-BI mediate(s) this lipase-
induced increase in selective lipid uptake. The question
arises which specific cellular mechanism(s) is (are) respon-
sible for the LPL-mediated stimulation of selective CE up-
take. LPL binds to cell surface proteoglycans and lipopro-
teins, and these interactions closely associate these particles
with cell membranes (5, 9, 10). For holo-lipoprotein up-
take, presumably this “bridging” facilitates particle inter-
nalization (5, 11, 12, 14). Analogously, the results of this
HDL study and those presented for LDL (18) are in line
with the hypothesis that LPL “anchors” lipoproteins in
close association with the plasma membrane, and this fa-
cilitates the selective lipid transfer into cells. This model is
in agreement with recent results on the molecular mecha-
nism of the selective uptake pathway (39, 43). In trans-
fected cells that express SR-BI or CD36, a class B scavenger
receptor that is closely related to SR-BI, both SR-BI or
CD36 bind HDL with high affinity (43). This HDL bind-
ing to SR-BI or CD36 mediates lipid transfer from this
lipoprotein to cells, and this presumably constitutes one
component in the molecular mechanism of the selective

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1750 Journal of Lipid Research Volume 42, 2001

CE uptake pathway. Analogously, in Y1-BS1 adrenocortical
cells a tight correlation between HDL binding and HDL
selective CE uptake has been established (39). These ob-
servations are in line with the above presented hypothesis,
that is, the LPL-induced close association between HDL
and the plasma membrane presumably facilitates the se-
lective CE transfer from lipoproteins into cells.

By which molecular mechanism(s) are the hydrophobic
CE molecules finally transferred from the neutral lipid
core of the HDL particle into the cell after a lipase-mediated
HDL tethering to the plasma membrane? The mecha-
nism(s) of this lipid transfer is not defined at present. Pitt-
man and co-workers (44) explored the CE transfer from
HDL particles to plasma membranes. Experiments using
model membranes, purified plasma membranes, native
radiolabeled HDL, and recombinant HDL suggested that
CE molecules are transferred to membranes in a collision-
mediated process. The latter process involves lipid-lipid
interactions independent of membrane proteins (44). Ac-
cording to an alternative model, SR-BI forms a nonaque-
ous “channel” that mediates the CE movement from a
lipoprotein into the plasma membrane (39). However, in
view of the results of this study, it is very unlikely that this
channel contributes to the lipase-mediated CE transfer.
Taken together, future experiments have to define the
molecular mechanism(s) that mediate(s) the lipase-induced
selective CE transfer from lipoproteins to cells. Of course,
besides lipid–lipid interactions, a plasma membrane pro-
tein(s) distinct from SR-BI may play a role in this lipid
transfer.

The interaction between LPL, SR-BI, and HDL was in-
vestigated in this investigation in vitro. However, which
physiological implications have these results for reverse
cholesterol transport to the liver in vivo? SR-BI has a phys-
iologic role for reverse cholesterol transport to the liver
(2, 4). In LPL transgenic mice, expression of human LPL
in skeletal muscle reduces plasma HDL cholesterol and
increases the catabolism of HDL-associated CE (45).
These investigations suggest that LPL possibly modifies
HDL metabolism in vivo. However, future experiments
have to address the interaction between LPL and SR-BI in
HDL-mediated reverse cholesterol transport in vivo.
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