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Abstract

The scavenger receptor class B, type I (SR-BI) mediates the cellular selective uptake of cholesteryl esters and other lipids from high-

density lipoproteins (HDL) and low-density lipoproteins (LDL). This process, unlike classical receptor-mediated endocytosis, does not result

in lipoprotein degradation. Instead, the lipid depleted particles are released into the medium. Here we show that selective lipid uptake

mediated by murine SR-BI can be uncoupled from the endocytosis of HDL or LDL particles. We found that blocking selective lipid uptake

by incubating cells with the small chemical inhibitors BLT-1 or BLT-4 did not affect endocytosis of HDL. Similarly, blocking endocytosis by

hyperosmotic sucrose or K+ depletion did not prevent selective lipid uptake from HDL or LDL. These findings suggest that mSR-BI-

mediated selective uptake occurs at the cell surface upon the association of lipoproteins with mSR-BI and does not require endocytosis of

HDL or LDL particles.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The high-density lipoprotein (HDL) receptor SR-BI

(scavenger receptor class B, type I) plays an important role

in the metabolic control of HDL [1]. SR-BI mediates the

selective uptake of cholesteryl esters [2] and other lipids [3–

6] from HDL particles by cells, and it also facilitates the

transfer of cholesterol from cells to HDL or to other

acceptors present in the extracellular environment [7–9]. In

addition, SR-BI binds to [10] and mediates selective lipid

uptake from LDL [11–14], although to a lesser extent than

from HDL. Results from in vitro experiments indicate that

liposomes containing SR-BI and no other proteins are

sufficient to sustain the selective transfer of cholesteryl

esters from HDL particles to these liposomes [15].
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Intracellular lipoprotein degradation is not required for

selective lipid uptake in cells expressing SR-BI, because

subsequent to lipid depletion most or all the HDL [2,16–18]

or LDL particles [19–21] are released to the extracellular

space. Although this is consistent with lipid transfer

occurring at the cell surface, it does not rule out the

possibility that lipid transfer might occur in a specialized

endosomal compartment and thus depend on the internal-

ization of HDL or LDL complexed to SR-BI. The model of

endocytosis-independent selective lipid uptake is supported

by the in vitro liposome reconstitution experiments [15] and

electron microscopic images showing little or no intra-

cellular HDL in cultured murine adrenal cells [22] or in

steroidogenic tissues [23] that naturally exhibit high levels

of SR-BI-mediated selective uptake. It is also supported by

the observation that the transfer of fluorescently labeled-

cholesterol from HDL to cells expressing SR-BI was not

affected by ATP depletion, which blocked HDL internali-

zation [24]. The alternative model of endocytosis-dependent
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selective lipid uptake is supported by reports showing that

the extent of HDL cycling between the cell surface and

intracellular compartments is directly correlated with the

efficacy of selective uptake [25–27].

To distinguish between these two models, we took

advantage of distinct treatments that prevent either cellular

endocytosis or SR-BI-mediated selective lipid transport to

ask if the blockage of one pathway affects the other. We

found that exposure of cells expressing murine SR-BI

(mSR-BI) to BLT-1 or BLT-4, two potent small chemical

inhibitors of SR-BI-dependent selective lipid uptake [28],

did not interfere with the low level of internalization of

HDL mediated by mSR-BI. The transient treatment of

cells to block endocytosis with hyperosmotic sucrose

[29,30] or the depletion of intracellular potassium

[30,31] prevented the low levels of mSR-BI-mediated

internalization of HDL and LDL, but did not inhibit mSR-

BI-mediated selective uptake from these lipoproteins.

Taken together, these results show that lipoprotein internal-

ization is not a requisite for efficient mSR-BI-mediated

lipid transport.
2. Materials and methods

2.1. Chemicals

Stock solutions of BLT-1 (Chembridge Corp.) and BLT-4

[32] were prepared in 100% DMSO and diluted into the

appropriate assay media immediately prior to use. The final

concentration of DMSO in the media was 0.5% (v/v). The

control assay media contained 0.5% DMSO without BLT.

2.2. Lipoproteins

Human HDL and LDL were isolated and labeled with

Alexa Fluor 568 (Molecular Probes) (Alexa-HDL and

Alexa-LDL), 125I (125I-HDL), 1,1V-dioctadecyl-3,3,3V,3V-tet-
ramethylindodicarbocyanine 4-chlorobenzenesulfonate

(DiD, Molecular Probes) (DiD-HDL and DiD-LDL), and

[3H]cholesteryl oleyl ether ([3H]CEt, [3H]CEt-HDL and

[3H]CEt-LDL) as described [2,10,33–35]. LDL was labeled

with [3H]CEt according to the [3H]CEt-HDL labeling

procedure [2].

2.3. Cells

LDL receptor deficient Chinese hamster ovary cells that

express low levels of endogenous SR-BI (ldlA-7, [36]) and

ldlA-7 cells that were stably transfected to express high

levels of murine SR-BI (ldlA[mSR-BI]) [2] were grown in

Ham’s F12 culture medium supplemented with 5% (v/v)

fetal bovine serum (FBS), 100 Ag/ml each of penicillin and

streptomycin and 500 Ag/ml G418 (for ldlA[mSR-BI] cells).

Y1-BS1 adrenal cells were grown in an RMPI culture

medium (Gibco BRL) supplemented with 10% fetal bovine
serum and 100 Ag/ml each of penicillin and streptomycin.

The expression of endogenous SR-BI was induced by

treating the Y1-BS1 cells for 24 h in the same medium

supplemented with 0.1 AM adrenocorticotropic hormone

(ACTH, Sigma) [37].

2.4. General assay conditions

Prior to the assay, cells were grown for 2 days on glass

coverslips (for microscopy experiments) or in regular 24-

well plates (for assays using radiolabeled lipoproteins). On

the day of the assay, cells were washed twice in the

appropriate culture medium supplemented with 0.5% bovine

serum albumin and 25 mM HEPES/KOH, pH 7.4 but

without serum, antibiotics or G418 (assay medium). For

experiments involving DiD-labeled lipoproteins, we used

Leibowitz medium (Gibco BRL) containing 0.5% bovine

serum albumin (BSA) and 25 mM HEPES/KOH, pH 7.4.

For control experiments, we used assay medium supple-

mented 0.5% DMSO.

2.5. Hypertonic sucrose treatment

Endocytosis was blocked by incubation with hypertonic

sucrose [29,30]. Briefly, cells were incubated at 37 8C for 30

min with 0.45 M sucrose in the appropriate assay medium.

Alexa-568, DiD, 125I- or [3H]CEt-labeled HDL or LDL was

then added for an additional incubation of 1 h at the same

temperature. During the last 20 min of the incubation, 50

Ag/ml of Alexa488-labeled human holotransferrin (Molec-

ular Probes) were added.

2.6. Potassium depletion

Endocytosis was blocked by potassium depletion

[30,31]. Briefly, cells were washed twice with PBS/1 mM

MgCl2/0.1 mM CaCl2 (PBS+) followed by one wash with

hypotonic medium (PBS+/H2O (1:3 v/v)) followed by a

brief 5–7 min incubation with the hypotonic medium. The

cells were then washed 5–8 times in a medium containing

150 mM NaCl/1 mM MgCl2/1 mM CaCl2/20 mM HEPES/

KOH pH 7.4/0.5% DMSO/0.5% BSA followed by a 30 min

incubation in the same medium. Alexa-568, DiD or 125I-

labeled HDL or LDL was then added for an additional

incubation of 1 h at the same temperature. During the last 20

min of the incubation, 50 Ag/ml of Alexa488-labeled human

holotransferrin (Molecular Probes) was added.

2.7. Preparation of cells for fluorescence microscopy

After exposure to Alexa-HDL or -LDL, cells were chilled

on ice for 10 min, washed three times with PBS+ and then

fixed for 1 h on ice with 4% (w/v) paraformaldehyde (PFA)

dissolved in PBS+(PBS-PFA). The PFA was quenched by

the addition of 50 mM NH4Cl for 5 min at room temperature

(RT). Following a wash with PBS+, the surfaces of the cells
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were stained at RT for 30 min with Alexa647-labeled

Concanavalin A (100 Ag/ml, Molecular Probes) in PBS+

containing 5% (w/v) BSA (PBS-BSA). The cells were then

washed in PBS-BSA, fixed again in PBS-PFA for 15 min at

RT and quenched as described above. We used the

lipophylic dye DiD instead of the more commonly used

dye DiI to avoid the excitation of DiI by the 488 nm spectral

laser line required to excite Alexa-488. After the exposure

of cells to DiD-labeled HDL or LDL, the medium

containing the fluorescent lipoproteins was removed and

each coverslip was placed in a live-cell imaging open

perfusion chamber at 37 8C containing hypertonic sucrose

or buffer A (for K+ depletion) to maintain the endocytic

block. Cells were imaged with a spinning disk confocal

microscope under the control of SlideBook 4 (Intelligent

Imaging Innovations). Three-dimensional image stacks were

recorded by sequential acquisition of optical sections along

the z-axis with steps of 0.25 Am.

2.8. Cellular binding, uptake, and degradation of

radiolabeled HDL and LDL

Assays of the uptake of [3H]CEt from [3H]CEt-HDL or

[3H]CEt-LDL, and the cellular degradation and binding of
125I-HDL and 125I-LDL (all at 10 Ag protein/ml) were

performed in ldlA[mSR-BI] cells and control untransfected

ldlA-7 cells as described [2]. The amounts of cell-associated

[3H]cholesteryl ether are expressed as the corresponding

amounts of protein (ng) in the [3H]CEt-labeled lipoprotein

to permit a direct comparison of the relative amounts of 125I-

HDL or 125I-LDL binding and [3H]CEt uptake [38].

Statistical analysis was performed with Graphpad Prism 3

software from Graphpad Software, Inc. (San Diego).

2.9. Flow cytometric analysis of mSR-BI surface expression

The surface expression of mSR-BI in ldlA[mSR-BI] and

ldlA7 cells was determined using the polyclonal anti-SR-BI

antibody KKB1 [33] as described [28].
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Fig. 1. Effects of BLT-1, hypertonic sucrose treatment and cellular

potassium depletion on mSR-BI-mediated endocytosis of HDL.

ldlA[mSR-BI] cells and ldlA-7 cells were incubated for 30 min with the

control medium (A–F), 1 AM BLT-1 (G–I), hypertonic sucrose medium (J–

L) or medium lacking potassium (M–O). The cells were then incubated for

another 60 min with Alexa568-HDL (10 Ag protein/ml) followed by the

addition of Alexa488-transferrin (TF) (50 Ag/ml) during the last 20 min of

incubation. All the incubations were performed at 37 8C. Cells were

transferred to 4 8C, fixed and incubated with Alexa647-Concanavalin A

(ConA) to label the external cell surfaces. The cells were imaged using

three-dimensional fluorescence confocal microscopy and representative

confocal sections are shown. The white lines circumscribe the cell interior.

Similar results were obtained using unlabeled HDL visualized with the

polyclonal antibody 5F6 (specific for the major HDL protein apoA-I,

University of Ottawa Heart Institute) in PFA fixed cells permeabilized with

0.1% saponin (not shown).
3. Results

3.1. The inhibition of mSR-BI-mediated selective lipid

uptake by BLTs does not prevent the endocytosis of HDL

It was previously shown that the expression of SR-BI

results in the specific binding of HDL to the cell surface [2]

and in the internalization of relatively little HDL [25–

27,39]. These observations were confirmed by experiments

using three-dimensional confocal fluorescence microscopy.

In these experiments, stably transfected cells expressing

high levels of mSR-BI (ldlA[mSR-BI] cells, [2]) were

exposed for 1 h at 37 8C to HDL fluorescently labeled on its

protein moiety with Alexa-568 (Alexa-HDL). Control

untransfected ldlA-7 cells that express very little mSR-BI
[36] exhibited little binding or endocytosis of the fluo-

rescently labeled lipoprotein (Fig. 1A, circumscribed areas

demarcate the inside of the cell). The colocalization of

Alexa-HDL with the fluorescently labeled plasma mem-

brane marker Concanavalin A demonstrated that in

ldlA[mSR-BI] cells the majority of the HDL was bound at

the cell surface (Fig. 1D, F). Only a small portion of the

Alexa-HDL was found in endocytic compartments, visual-

ized by colocalization with Alexa 488-transferrin internal-

ized by receptor-mediated endocytosis (Fig. 1E) [40].

We have previously identified a set of small molecule

inhibitors named BLTs that block SR-BI-mediated selective
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Fig. 2. Effect of hypertonic sucrose treatment and cellular potassium

depletion on mSR-BI-mediated selective uptake of DiD from DiD-HDL.

ldlA[mSR-BI] cells were incubated for 30 min with the medium only (A,

B), hypertonic sucrose medium (C, D) or potassium-controlled medium (E,

F) followed by the addition of DiD-labeled HDL (DiD-HDL) (80 Ag
protein/ml final) for another 60 min. Alexa488-transferrin (TF) was added

during the last 20 min of incubation. All incubations were carried at 37 8C.
Cells were washed at room temperature and imaged without fixation by

confocal fluorescence microscopy. Representative sections are shown.
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lipid uptake from HDL but do not block the entry of

transferrin, EGFF or cholera toxin [28]. To test whether

BLTs block selective uptake by preventing HDL internal-

ization, we incubated the mSR-BI expressing cells with

BLT-1, which is the most potent inhibitor. We found, as

expected [28], a 83% decrease in the selective uptake of

[3H]cholesteryl ether ([3H]CEt) from [3H]CEt-HDL and a

two-fold increase in cell-associated 125I-HDL (not shown).

Under these conditions in which selective lipid transfer was

blocked, we observed an increase in the amount of Alexa-

HDL bound at the cell surface, and a small increase in the

amount of internalized Alexa-HDL (Fig. 1G). Similar

results were obtained when cells were treated with 50 AM
BLT-4 (not shown). These results suggest that the inhibition

of selective lipid uptake by the BLTs is not a consequence of

a block in the SR-BI-mediated endocytosis of the HDL

particles.

3.2. The inhibition of HDL endocytosis does not prevent

mSR-BI-mediated selective lipid uptake

The second approach we used to determine if lipoprotein

internalization is required for mSR-BI-mediated selective

lipid uptake was to examine the effects on selective lipid

uptake of an acute block of endocytosis. A brief exposure of

ldlA[mSR-BI] cells to hyperosmotic sucrose [29,30] or

transient depletion of intracellular K+ [30,31] results in the

expected strong inhibition of receptor-mediated endocytosis

of Alexa-488 transferrin (Fig. 1K, N, compared to B, E and

H). Similarly, these perturbations interfered with the uptake

of Alexa-HDL particles (Fig. 1J, M, compared to D and G).

In contrast, the mSR-BI-dependent selective uptake of the

fluorescent lipid probe DiD from DiD-labeled HDL

particles to the cells was not affected (Fig. 2). Similar

results (not shown) were obtained using ACTH-treated Y1-

BS1 murine adrenal cortical cells [37] that normally express

mSR-BI. Combined, these qualitative results suggest that

blocking the internalization of HDL particles does not affect

noticeably mSR-BI-mediated selective lipid uptake. Inde-

pendent support for these observations was obtained by

following the effect of hypertonic sucrose treatment on the

cell association and degradation of 125I-HDL, and on the

selective uptake of [3H]CEt from [3H]CEt-HDL (Fig. 3A–

C). These experiments showed that in ldlA[mSR-BI] cells

under normal conditions most of the cell-associated 125I-

HDL, which represents both surface bound and internalized

lipoprotein, was dependent on mSR-BI expression as there

was little association in control ldlA-7 cells. Hypertonic

sucrose treatment decreased this association by ~30% (Fig.

3A). In addition, the low level of intracellular 125I-HDL

proteolysis, as measured by the generation of 125I-labeled

acid soluble degradation products released in to the medium,

was also reduced when the ldlA[mSR-BI] cells were treated

with hyperosmotic sucrose (Fig. 3B). This was presumably

due to the inhibition of HDL internalization, since the

amount of HDL at the cell surface as determined by
fluorescence microscopy of Alexa-HDL did not change

(Fig. 1), and the level of SR-BI at the cell surface as was not

altered (determined by flow cytometry, not shown). Taken

together, these results demonstrate that hyperosmotic

sucrose prevents the internalization of HDL mediated by

mSR-BI. Under these conditions of endocytic blockade,

however, the selective uptake of [3H]CEt from [3H]CEt-

HDL was not affected (Fig. 3C). Thus, mSR-BI-mediated

selective lipid uptake from HDL can occur independently of

HDL endocytosis and degradation.

3.3. Uncoupling of mSR-BI-mediated LDL endocytosis and

selective lipid uptake

Next, we asked if mSR-BI-mediated selective uptake

from LDL requires endocytosis of LDL particles. As shown

in Fig. 4A, there was virtually no surface binding or

internalization of Alexa568-LDL by control ldlA-7 cells,

which express essentially no SR-BI [2] or LDL receptor

[36]. In contrast, the expression of mSR-BI in ldlA[mSR-

BI] cells led to the intracellular accumulation of LDL

labeled on its protein moiety with Alexa568 (Alexa-LDL) in

an endosomal compartment (Fig. 4D), identified by the

colocalization with Alexa488-transferrin internalized

through the clathrin-mediated pathway (Fig. 4E). Further-



Fig. 3. Effects of endocytic block by hypertonic sucrose on cell association and degradation of 125I-HDL and 125I-LDL and on selective uptake of [3H]CEt from

[3H]CEt-HDL or [3H]CEt-LDL. Cells (ldlA[mSR-BI] or ldlA-7) were incubated for 30 min with the control medium (�) or hypertonic sucrose medium (+)

followed by the addition for 60 min of 125I-HDL, 125I-LDL, [3H]CEt-HDL, or [3H]CEt-LDL (10 Ag protein/ml final) in the presence or absence of a 40-fold

excess of the respective unlabeled lipoproteins. The cells were washed and lysed to determine the total amounts of 125I-HDL (A) or 125I-LDL (D) associated

with the cells (this value represents lipoprotein both bound at the cell surface and internalized). Media were harvested and used to determine the extent of 125I-

HDL (B) or 125I-LDL (E) degradation. The selective transfer of [3H]CEt from the [3H]CEt-HDL (C) or [3H]CEt-LDL (F) to the cells was calculated by

subtracting the contributing amounts of [3H]CEt contained in the lipoproteins associated with the cells. The mean values and standard errors determined in 6

independent experiments are shown. P values are shown for ldlA[mSR-BI] samples only.
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more, the incubation of ldlA[mSR-BI] cells with 125I-LDL

results in a low level of lipoprotein degradation not

observed in the untransfected control ldlA-7 cells (Fig.

3E). Thus, mSR-BI mediates a low level of endocytosis and

degradation of LDL.

As was the case for HDL, hyperosmotic treatment of

ldlA[mSR-BI] cells also inhibited the mSR-BI-mediated

internalization (Fig. 4G) and degradation of LDL (Fig. 3E)

but did not interfere with mSR-BI-dependent selective

uptake of [3H]CEt from [3H]CEt-LDL (Fig. 3F) or of DiD

from DiD-LDL (Fig. 5). As expected, ldlA-7 cells did not

support selective uptake from [3H]Cet-LDL (Fig. 3F) or

DiD-LDL (not shown), nor cell association and degradation

of 125I-LDL (Fig. 3D, E). Based on these observations, we

suggest that the mSR-BI-mediated selective lipid uptake

from LDL also does not require lipoprotein endocytosis.
4. Discussion

In vitro and in vivo studies have established that the HDL

receptor SR-BI plays a key role in mediating the physio-

logically relevant cellular selective uptake of lipid from

lipoproteins, and thus controls the metabolism of HDL [1].

The detailed molecular mechanisms underlying selective

lipid uptake mediated by mSR-BI remain to be established.

One area of controversy regarding the mechanism of mSR-

BI-mediated selective lipid uptake has been the role of

receptor-ligand endocytosis. In the current study we have

shown that the inhibition of cellular lipoprotein endocytosis

by either hypertonic sucrose treatment or K+ depletion does

not prevent the mSR-BI-mediated selective uptake of lipids

(cholesterol ethers or the lipophilic dye DiD) from either

HDL or LDL. These results support our previous conclusion
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Fig. 5. Effect of hypertonic sucrose treatment on mSR-BI-mediated

selective uptake of DiD from DiD-LDL. ldlA[mSR-BI] cells were treated

with control medium (A, B) or medium containing hyperosmotic sucrose

(C, D) as described in Fig. 1, but using DiD-labeled LDL (80 Ag protein/ml

final) (DiD-LDL). During the last 20 min of the incubation, Alexa488-

transferrin was added. Cells were then washed and analyzed without

fixation by three-dimensional fluorescence confocal microscopy. Repre-

sentative confocal sections are shown.
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that mSR-BI-mediated HDL binding and selective lipid

uptake are intrinsic properties of the receptor that do not

require the intervention of other proteins or traffic to specific

intracellular compartments [15]. Furthermore, we found that

the specific inhibition of mSR-BI-dependent lipid transport

by the small molecules BLT-1 and BLT-4 does not involve

the inhibition of HDL particle internalization mediated by

mSR-BI. Our results are consistent with previous electron

microscopic morphological studies that support the model

of HDL particle internalization independent SR-BI-medi-

ated lipid transport [22,23].

During the preparation of this manuscript, two reports

appeared supporting the proposal that SR-BI-mediated

lipid transport is independent of lipoprotein internalization.

In the first study, Maxfield and co-workers [24] reported

that the intracellular depletion of ATP in HepG2 cells

increased the efficiency of selective lipid uptake mediated

by human SR-BI from the HDL of the fluorescent

unesterified cholesterol analogue dehydroergesterol, even

though the endocytic uptake of HDL particles was

blocked. They noted, however, that the dehydroergesterol

intracellular trafficking pathway involved a rapid non-

vesicular mechanism that might differ from that of the

selective uptake of HDL’s cholesteryl esters (or cholesteryl

ether analogues). In the second study, Eckhardt et al. [41]

compared the selective uptake and endocytic activities of

mSR-BI and a naturally occurring murine splice variant

called SR-BII in non-polarized transfected cells. SR-BII

and SR-BI differ only in their short 45–47 amino acid C-

terminal cytoplasmic domains [42]. The steady state ratios

of the levels of intracellular-to-cell surface receptor and
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Fig. 4. Effect of hypertonic sucrose treatment on mSR-BI-mediated

endocytosis of LDL. ldlA-7 and ldlA[mSR-BI] cells were treated with

control medium (A–C) or medium containing hyperosmotic sucrose (D–F)

as described in Fig. 1, but using Alexa568-labeled LDL (10 Ag protein/ml

final). Representative confocal sections are shown. The white lines

circumscribe the cell interior.
associated HDL were substantially higher in the SR-BII

expressing cells, possibly due to SR-BII’s more rapid

endocytosis (and/or slower recycling to the cell surface).

Selective uptake by these receptors positively correlated

with their levels of surface expression, but not with the

levels of internalized HDL. Eckhardt et al. suggested that

these data support the model that most of the selective

uptake mediated by SR-BI occurred at the cell surface,

although their study did not rule out the possible require-

ment for a rapid cycle of endocytosis and recycling that

would result in a very small internal pool of SR-BI and its

ligand that is able to efficiently support selective uptake. It

remains possible that in some specialized cells (e.g.

mammary epithelial cells [43]) mSR-BI-mediated endocy-

tosis plays a role in lipid metabolism; however, in many, if

not all cases, it clearly is not required for efficient selective

uptake.

These reports, together with our study, demonstrate that

the endocytosis of HDL or LDL is not required for mSR-BI-

mediated selective uptake from these lipoproteins. Further-

more, our data strongly suggests that selective uptake occurs

at the surface of the cell.
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