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Scavenger receptor BI (SR-BI) mediates the selective uptake of high
density lipoprotein (HDL) cholesteryl esters (CE) by cells, i.e., the
uptake of CE without degradation of HDL protein. Mice with
attenuated expression of SR-BI, because of targeted gene mutation
(SR-BIatt mice), have increased plasma HDL levels as a result of
decreased selective uptake in the liver. To further evaluate the role
of SR-BI in lipoprotein metabolism, compound apolipoprotein E
knock-out (apoE0)ySR-BIatt mice were bred. Hepatic SR-BI protein
was increased (2.3-fold) in apoE0 mice compared with wild type
(wt) and was reduced significantly in apoE0ySR-BIatt mice. How-
ever, the plasma lipoprotein profile of apoE0 and apoE0ySR-BIatt
mice was identical. This was explained by HDL turnover studies
that revealed that the selective clearance of HDL CE by the liver and
adrenal was already profoundly impaired in apoE0 mice compared
with wt (28% of wt in liver). A similar decrease in selective uptake
was seen when apoE0 HDL was incubated with isolated apoE0
hepatocytes. The results suggest that apoE plays a major role in the
selective clearance of HDL CE by the liver and adrenal gland,
possibly by facilitating the presentation of HDL to SR-BI at the cell
surface.

Increased levels of plasma high density lipoproteins (HDL)
protect against the development of atherosclerosis in mice and

humans (1–3), possibly as a result of enhanced reverse choles-
terol transport, i.e., transfer of cholesterol from the arterial wall
to the liver, followed by excretion into bile (4–7). A major route
for transport of HDL cholesteryl esters (CE) in rodents involves
the selective uptake of CE in liver and steroidogenic tissues, i.e.,
the cellular uptake of HDL CE without degradation of HDL
protein (8, 9).

Recently, a member of the CD36 gene family, scavenger
receptor BI (SR-BI), was shown to mediate HDL CE selective
uptake in cultured cells (10, 11) and in mice (12, 13). SR-BI is
highly expressed in liver and steroidogenic tissues (14–16), the
principal sites of selective uptake in vivo (12, 13). Overexpression
of SR-BI by transgenesis results in reduced levels of HDL CE
and protein, increased selective uptake of HDL CE in the liver,
and increased biliary cholesterol content (17, 18). Reduced
SR-BI expression as a result of targeted gene mutation leads to
markedly increased levels of HDL cholesteryl ester and apoli-
poprotein E (apoE) (12, 13) and decreased selective uptake of
HDL CE in liver (13). Although the human homolog of SR-BI
seems highly expressed in tissues (19), the overall role of
selective uptake in humans is uncertain.

ApoE knock-out (apoE0) mice have increased plasma cho-
lesterol levels, because of the accumulation of chylomicron
remnants in plasma (20, 21), and develop spontaneous athero-
sclerosis. These mice have proven invaluable in mechanistic
studies of plasma lipoprotein metabolism, atherogenesis, and
Alzheimer’s disease (22–24). To further evaluate the effects of
reduced SR-BI expression on plasma lipoprotein metabolism, we
have prepared compound mutant mice by crossing apoE0 and
SR-BIatt (mice with attenuated expression of SR-BI) strains.
Our initial studies revealed a surprising lack of a lipoprotein
phenotype in the compound mutants. This was explained sub-

sequently by turnover studies that showed that HDL CE selective
uptake is already severely impaired in apoE0 mice, so that
reduced SR-BI expression in the apoE0ySR-BIatt strain has no
impact on plasma lipoproteins levels. These studies suggest a
novel role of apoE in facilitating HDL CE selective uptake in
vivo.

Experimental Procedures
Animals. SR-BIatt chimeras, derived from blastocyst injection of
129ySv ES cells, were bred with 129ySv apoE0 mice to generate
mice heterozygous for both the apoE and SR-BI mutations. The
double heterozygotes were back-crossed to apoE0 mice to
produce SR-BIatt heterozygousyapoE0 mice, which then were
interbred to generate control apoE0 and doubly homozygous
apoE0ySR-BIatt mice in the 129ySv background. HDL turnover
studies in wild-type (wt) mice were performed in the 129ySv or
C57BLy6 strains, with similar results. All experiments were
performed by using chow-fed female mice.

Plasma Lipoprotein Analysis. Food was removed from the cages at
9 a.m., and blood was drawn after a 5-h fast. Total plasma
cholesterol, free cholesterol, triglycerides, and phospholipid
were determined by using commercial enzymatic assays (Wako)
(16). Plasma lipoproteins were analyzed by FPLC by using two
Superose 6 columns connected in series (Amersham Pharmacia)
(25). Very low density lipoprotein (VLDL) 1 intermediate
density lipoprotein (IDL) (density , 1.0019 gyml), low density
lipoprotein (LDL) (density 5 1.019–1.055 gyml), and HDL
(density 5 1.055–1.21 gyml) were prepared by sequential pre-
parative ultracentrifugation of pooled mouse plasma and ana-
lyzed by electrophoresis in SDSy4–20% polyacrylamide gradient
gels.

HDL Catabolism. HDL was prepared by ultracentrifugation in the
density range of 1.063–1.21 gyml from plasma of apoE0 and
apoE0ySR-BIatt mice and radiolabeled in the protein moiety
with 125I-labeled N-methyltyramine cellobiose (125I-labeled
NMTC) (26) and in the CE moiety with [3H]cholesteryl oleyl
ether (Amersham Pharmacia) as described (27). As determined
by SDSyPAGE and phosphorimaging, protein label was found in
wt in apoAI (74%), apoCs (9%), apoE (7%), apoAIV (3%), and
albumin (7%) and in apoE0 in apoAI (62%), apoCs (12%), apoE
(0%), apoAIV (13%), and albumin (12%).

Experiments to determine the plasma decay of both HDL
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tracers and their tissue sites of uptake were performed as
described previously (8, 27). Food was removed 4 h before tracer
injection and animals were fasted throughout the 24-h study
period but had free access to water. Autologous radiolabeled
HDL was injected at 10:00 a.m. in an iliac vein, and blood
samples were drawn from the tail vein of each animal at 0.08, 0.5,
2.0, 5.0, 9.0, 22.0, and 24.0 h postinjection. The injections of
radiolabeled HDL were done under anesthesia by using ket-
amine and xylazine. Plasma fractional catabolic rates (FCRs)
were calculated by using a two-compartment model (28). Organ
FCRs, representing the fraction of the plasma pool of the traced
HDL component cleared per hour by an organ, were calculated
as the plasma FCR fraction of total tracer (%) recovered in a
specific organ (8, 27).

Western Blot Analysis. Western blot analysis for SR-BI was per-
formed with homogenized liver tissue. Small pieces of liver were
homogenized on ice in 20 mM TriszHCl buffer (pH 7.5) with
proteinase inhibitors (10 mgyml leupeptin, 20 mgyml aprotinin,
5 mgyml pepstatin A, 0.2 mM PMSF, 5 mM EDTA) and spun at
600 3 g for 10 min to remove debris. Equal quantities of protein
(25 mg per lane) from the soluble fraction were subjected to
SDSy7.5% PAGE under reducing conditions. SR-BI protein
immunoreactivity was identified by SR-BI polyclonal antibody
(Novus Biologicals, Littleton, CO).

Hepatocyte Isolation. Hepatocytes were isolated according to
Honkakoski and Negishi (29), with the following modifications:
Complete protease inhibitor was added according to the man-
ufacturer’s instructions (Boehringer Mannheim) to digestion
buffer.

Uptake of Doubly Radiolabeled HDL by Mouse Hepatocyte. To mea-
sure the uptake of HDL, doubly radiolabeled HDL was incu-
bated in binding buffer [10 mM Hepesy0.5% BSAyWilliams’
medium E (Life Technologies, Grand Island, NY), pH 7.4] with
freshly isolated hepatocytes in suspension in 12-well tissue
culture plates for 1 h at 37°C with slow shaking. After the 1-h
incubation period, cells were washed by centrifugation once with
Binding Buffer and then two times with Williams’ medium E.
The cells were lysed and dissolved with 0.1 M NaOHy0.1% SDS.
The protein level was determined by the Lowry method, and 125I
and 3H radioactivity also was analyzed.

Statistical Analysis. All results are shown as mean 6 SD. Statistical
analysis was performed by two-tailed Student’s t test for un-
paired data.

Results
Plasma lipid levels in apoE0 mice (129ySv) were somewhat
higher than previously reported in other strains (20, 30), but were
not significantly different in apoE0ySR-BIatt mice compared
with apoE0 (Table 1). Analysis of plasma lipoproteins by FPLC
showed no reproducible difference between apoE0 and apoE0y
SR-BIatt mice; this experiment was repeated on three occasions
by using pools of plasma from three to five mice (once in males
and twice in females) (Fig. 1). Similarly, analysis of plasma
apolipoproteins by SDSyPAGE of centrifugally isolated lipopro-
teins showed no difference between mice of the two genotypes
(not shown).

In SR-BIatt mice, hepatic SR-BI concentration is reduced by
approximately 50%, reflecting insertion of the targeting con-

Fig. 1. FPLC cholesterol profile. FPLC was performed with 200-ml pooled
plasma samples obtained from five female mice. The cholesterol content of
each fraction is indicated as the equivalent cholesterol concentration in
plasma (mgydl).

Fig. 2. Western blot analysis of SR-BI expression in liver. (Upper) Immuno-
blots obtained for individual mice (30 mg of total protein per lane). (Lower)
Arbitrary units of mass determined by densitometric scanning, relative to wt
mice (100%). Statistical significance: p, P , 0.001 compared with wt; pp, P ,
0.05 compared with wt and apoE0 mice. Similar results were obtained after
normalization of the SR-BI signal for tubulin expression.

Table 1. Plasma lipid concentration of SR-BIatt mice in apoE0
background

Lipid

Conc., mgydl

apoE0 apoE0ySR-BIatt

TC 824 6 171 691 6 64
FC 583 6 114 488 6 57
CE 241 6 59 202 6 14
TG 368 6 88 322 6 79
PL 995 6 171 865 6 29

Plasma was collected and lipid concentrations were determined as de-
scribed in Experimental Procedures. The data are shown as mean 6 SD, n 5

5 female mice in each group. TC, total cholesterol; FC, free cholesterol; TG,
triglyceride; PL, phospholipid.

Arai et al. PNAS u October 12, 1999 u vol. 96 u no. 21 u 12051

M
ED

IC
A

L
SC

IE
N

CE
S



struct into the promoter of SR-BI (13). Thus, we considered the
possibility that the lack of lipoprotein phenotype in the com-
pound mutants was due to an overriding effect of the apoE0
background on the SR-BI promoter mutation. Analysis of
hepatic SR-BI protein by Western blotting showed that SR-BI
protein was increased by 2.3-fold in apoE0 mice (129ySv)
compared with wt controls (C57BLy6) (P , 0.001) (Fig. 2) and
2.0-fold in apoE0 vs. wt (n 5 5, P , 0.01), both in the C57BLy6
background. However, the SR-BI mRNA level was unchanged in
apoE0 mice (data not shown). Compared with apoE0 mice,
apoE0ySR-BIatt mice had a significant 35% reduction in SR-BI
concentration (P , 0.01) (Fig. 2). Thus, we found an increase in
SR-BI protein in apoE0 mice and a decrease in apoE0ySR-BIatt
mice to levels similar to wt. A similar percentage reduction in
SR-BI concentration resulted in a 50–75% increase in HDL
levels (13), yet no change in HDL levels was observed in
apoE0ySR-BIatt mice.

We next considered the possibility that the lack of lipoprotein
phenotype in the compound mutants was due to an essential role
of apoE in selective uptake of HDL-associated CE; thus, if
SR-BI function was already impaired in apoE0 mice, reduction
in SR-BI expression in SR-BIatt mice might not affect plasma
lipoprotein levels. Turnover studies in wt mice, using doubly
labeled HDL, showed that the CE label is removed more rapidly
from plasma than the protein label (Fig. 3 and Table 2),
indicating selective removal of CE from plasma HDL. In apoE0
mice, the removal of CE was slower than in wt and CE was
removed only slightly faster than protein, indicating very little
selective removal of HDL CE from plasma. In apoE0ySR-BIatt
mice, HDL CE and protein removal curves were identical,
showing abolition of selective removal of CE. To rule out a
genetic background effect, FCRs also were analyzed in 129ySv
mice (wt). These were similar to C57BLy6 mice (protein, 0.071 6

0.018 poolyh; CE, 0.136 6 0.024 poolyh; 3H 2 125I, 0.065 6 0.009
poolyh; cf. Table 2). The decreased clearance of CE from plasma
in apoE0 mice could reflect transfer to the slowly turning-over
VLDL pool. However, we found that 30 min after injection only
1.9% (wt) and 5.6% (apoE0) of 3H radioactivity was in the
density ,1.020 gyml fraction. Slightly more 125I radioactivity was
transferred to this fraction in apoE0 mice (1.2% wt; 13.9%
apoE0).

The differential removal of HDL CE and protein radiotracers
from plasma does not necessarily indicate differences in tissue-
selective uptake (31, 32). Thus, the uptake of the nondegradable
lipid and protein radiotracers in tissues also was determined. In
wt mice, a major part of the hepatic removal of HDL CE was due
to selective uptake (3H 2 125I) (Fig. 4) (13, 33). ApoE0 mice
showed a marked reduction of hepatic clearance of HDL CE
without any change in HDL protein clearance, indicating a 72%
reduction in selective removal of HDL CE in the liver (Fig. 4).
In apoE0ySR-BIatt mice, there was a further significant reduc-
tion of selective uptake by the liver, almost to zero (Fig. 4).
Similar results were obtained in the adrenal gland, where the
selective uptake process is even more prominent than in the liver
(not shown). In this case, selective uptake was reduced by 56%
in apoE0 mice compared with wt and was further significantly
reduced to 12% of wt in apoE0ySR-BIatt mice.

To analyze the mechanisms of decreased selective uptake in
apoE0 mice, fresh primary hepatocytes from wt or apoE0 mice
were incubated with both wt and apoE0 HDL. Protein uptake
was similar in all experiments (Fig. 5). However, selective
uptake was reduced by 70% in apoE0 HDLyapoE0 hepato-
cytes, compared with wt HDLywt hepatocytes. Interestingly,
selective uptake was increased significantly when apoE0 HDL
was incubated with wt hepatocytes (E0 HDLywt hepatocytes
vs. E0 HDLyE0 hepatocytes) or when wt HDL was incubated

Fig. 3. Plasma decay curves for 125I-labeled NMTCy[3H]cholesteryl oleyl ether-labeled HDL. Mice were injected with doubly labeled HDL and blood was collected
periodically over 24 h. Autologous HDL was injected into apoE0 and apoE0ySR-BIatt mice. HDL from apoE0 mice was injected into wt mice. The values are means 6
SD of four wt (C57BLy6), six apoE0, and seven apoE0ySR-BIatt mice.

Table 2. Plasma fractional catabolic rates for 125I-labeled NMTCy[3H]cholesteryl oleyl ether-labeled HDL in SR-BIatt mice with
apoE-deficient background

Mice 125I-labeled NMTC protein, poolyh [3H]Cholesteryl oleyl ether, poolyh 3H 2 125I, poolyh

wt 0.094 6 0.010 0.141 6 0.015 0.047 6 0.014
apoE0 0.068 6 0.022 0.080 6 0.029** 0.012 6 0.012**
SR-BIattyapoE0 0.070 6 0.018* 0.068 6 0.020*** 20.002 6 0.004**

Blood was collected periodically from four wt, five female apoE0, and seven female apoE0ySR-BIatt mice over 24 h after injection of labeled autologous HDL.
The values are means 6 SD. The asterisks denote statistical significance: *, P , 0.05; **, P , 0.01; and ***, P , 0.001, respectively, between wt and apoE or
apoE0ySR-BIatt by two-tailed Student’s t test for unpaired data.
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with apoE0 hepatocytes (wt HDLyE0 hepatocytes vs. E0
HDLyE0 hepatocytes). Thus, the decrease in selective uptake
in apoE0 mice is due to a defect in both HDL and hepatocytes.
Next, we incubated pure recombinant human apoE3 (molar
ratio of apoEyHDL was about 40) with HDL from apoE0 mice
(with or without reisolation of HDL), but this did not lead to
an increase in selective uptake (not shown). However, when
hepatocytes were transiently transfected with an apoE3 ex-
pression vector, selective uptake was doubled (Fig. 5 Inset).

Discussion
The present study shows markedly reduced selective uptake of
HDL CE in the liver and adrenal in apoE0 mice, despite an
increase in SR-BI protein levels. Although cell culture studies
have provided conflicting results (34, 35), our findings suggest
that apoE plays a major role in selective uptake in vivo. Earlier
studies have shown that SR-BI is the principal mediator of HDL
CE selective uptake in the liver (13, 17) and adrenal (11). Thus,
it is likely that apoE facilitates selective uptake of HDL CE via
SR-BI.

The large mass of VLDL in apoE0 mice could have played a
role in the in vivo measurement of selective uptake. Although
mice lack cholesteryl ester transfer protein, the possibility of
increased transfer of HDL CE to the slowly turning-over pool of
VLDL cannot be completely excluded, even though this ap-
peared minor at an early time point. Also, there might be
competition between VLDL and HDL for binding to SR-BI in
apoE0 mice. However, studies with primary cultured hepato-
cytes provided a separate line of evidence for a defect in selective
uptake from apoE0 HDL, independent of the VLDL pool
(Fig. 5).

A number of different mechanisms could explain the role of
apoE in facilitating HDL CE selective uptake. The first that was
considered was that SR-BI expression was decreased in apoE0
mice, but the opposite result was found. A second possibility is
that the HDL structure was altered in apoE0 mice in a general
way that impaired interaction with SR-BI. However, in the

present study the injection of HDL from apoE0 mice into wt
animals (Fig. 3) gave selective uptake values very similar to
earlier studies carried out with autologous wt HDL (13). More-
over, when apoE0 HDL was incubated with wt hepatocytes,
selective uptake was partially restored, and transfection of apoE0
hepatocytes with an apoE expression vector increased selective
uptake (Fig. 5). Because hepatocytes have a layer of apoE on
their surface (36), this result could reflect association of HDL
with apoE in the cell surface. Wild-type HDL (containing 7% of
label in apoE) showed nearly normal selective uptake in apoE0
hepatocytes. Thus, we propose that apoE may facilitate the
presentation of HDL to SR-BI at the cell surface. This may
involve both apoE carried in HDL and a cell surface pool of
apoE.

Studies of the ligand-binding properties of HDL in cells with
marked overexpression of SR-BI show that a variety of HDL
apolipoproteins can mediate binding to the receptor, suggest-
ing a relative lack of ligand specificity (37). Thus, although a
specific direct interaction of apoE and SR-BI is possible, it
seems likely that other HDL apolipoproteins could assume this
role in the absence of apoE. Therefore, apoE may facilitate
presentation of HDL to SR-BI by an indirect mechanism.
ApoE is well known to act as ligand for LDL receptors, LRP
(LDL receptor-related protein), and cell surface proteoglycans
and, thereby, has an important role in the clearance of
remnants of triglyceride-rich lipoproteins in vivo (38–40).
ApoE interacts directly with the LDL receptor and LRP and
may also facilitate remnant lipoprotein presentation to these
receptors by anchoring lipoproteins to cell surface proteogly-
cans. Although the mechanism by which apoE facilitates HDL
CE selective uptake is unknown, we speculate that it might
involve cooperative binding of CE- and apoE-rich HDL by
SR-BI and other receptors recognizing apoE, such as LDL
receptors, LRP, or proteoglycans. Such cooperative binding
could lead to selective uptake of HDL CE by SR-BI and,
perhaps, clearance of apoE by the other receptors. This
mechanism is consistent with the prominent increase in apoE-
and CE-rich HDL particles in SR-BI knock-out mice (12) and
with a role of cell surface apoE in promoting selective
CE uptake in HepG2 cells, shown by inhibition with apoE
mAbs (34).

Swarnakar et al. (35) recently reported that overexpression of
apoE in cultured adrenal cells led to increased selective uptake
of LDL CE but not HDL CE. The difference with our results
could be because hepatocytes have a lower level of SR-BI than
adrenal cells and, thus, could have greater dependence on apoE
to facilitate HDL interaction with SR-BI. Interestingly, apoE
was effective only when presented by cell transfection and was
ineffective when added exogenously (35). Similarly, we found
that adding apoE to HDL exogenously did not increase selective
uptake, perhaps indicating a failure to adapt a native confor-
mation. However, when presented via cell transfection, apoE
increased selective uptake in hepatocytes. The apparent effects
of cell surface apoE on selective uptake (ref. 35 and Fig. 5) are
reminiscent of the secretion–capture role of apoE, where apoE
secreted by liver cells and retained on the cell surface appears to
play a critical role in the removal of remnant lipoproteins from
the circulation (41, 42).

In the present study, attenuated SR-BI expression in apoE0y
SR-BIatt mice reduced SR-BI to levels comparable to wild-type
mice and thus allows us to estimate the specific contribution of
the up-regulation of SR-BI expression to selective uptake in
apoE0 mice. The up-regulation contributed an amount at least
equivalent to 19% of wild-type selective uptake in the liver (Fig.
4) and 32% in the adrenal (not shown). Although compensation
was incomplete, when it was removed in the SR-BIatt mice the
selective uptake fell virtually to zero. This change evidently was
too small to affect plasma HDL levels. Because hepatic selective

Fig. 4. Uptake of labeled HDL by the liver. Liver FCRs, calculated as described
in Experimental Procedures, are shown for uptake of labeled protein (125I,
open bars) and cholesteryl ether (3H, solid bars). The hatched bars represent
selective CE uptake (3H 2 125I). p, P , 0.05.
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uptake was close to zero in apoE0ySR-BIatt mice, it is unlikely
that complete deficiency of SR-BI would result in increased
HDL levels in the apoE0 background.

Our studies provide potential insight into the perplexing
finding that increased HDL levels in apoA-I transgenicyapoE0
mice cause a marked diminution of atherosclerosis (43),
whereas reduced HDL levels do not inf luence atherogenesis in
apoE0yapoA-I0 mice (44). In the latter case, the reduced HDL
levels may be inconsequential, because reverse cholesterol
transport by the selective uptake pathway is already severely

impaired in apoE0 mice. In apoA-I transgenicyapoE0 mice,
the 3- to 4-fold expansion of the HDL pool size might
normalize HDL CE transport to the liver by the selective
pathway. This pathway might be particularly important be-
cause it leads to an increased content of cholesterol in bile,
suggesting net removal of cholesterol from the organism
(17, 18).
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