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Scavenger receptor SR-BI has been implicated in HDL-dependent atheroprotective mechanisms. We report
the generation of an SR-BI conditional knockout mouse model in which SR-BI gene targeting by loxP site
insertion produced a hypomorphic allele (hypomSR-BI). Attenuated SR-BI expression in hypomSR-BI mice
resulted in 2-fold elevation in plasma total cholesterol (TC) levels. Cre-mediated SR-BI gene inactivation
of the hypomorphic SR-BI allele in hepatocytes (hypomSR-BI-KO'"er) was associated with high plasma TC
concentrations, increased plasma free cholesterol/TC (FC/TC) ratio, and a lipoprotein-cholesterol profile
typical of SR-BI7/~ mice. Plasma TC levels were increased 2-fold in hypomSR-BI and control mice fed an
atherogenic diet, whereas hypomSR-BI-KO'!**r and SR-BI/- mice developed severe hypercholesterolemia
due to accumulation of FC-rich, VLDL-sized particles. Atherosclerosis in hypomSR-BI mice was enhanced
(2.5-fold) compared with that in controls, but to a much lower degree than in hypomSR-BI-KO'ver (32-fold)
and SR-BI/- (48-fold) mice. The latter models did not differ in either plasma lipid levels or in the capacity
of VLDL-sized lipoproteins to induce macrophage cholesterol loading. However, reduced atherosclerosis
in hypomSR-BI-KO'!"ver mice was associated with decreased lesional macrophage content as compared with
that in SR-BI/~ mice. These data imply that, in addition to its major atheroprotective role in liver, SR-BI

may exert an antiatherogenic role in extrahepatic tissues.

Introduction
Plasma concentrations of HDL cholesterol (HDL-C) are inversely
proportional to the risk for premature development of atheroscle-
rosis. One of the major atheroprotective actions of HDL particles
involves the transport of excess cholesterol from peripheral tissues
to the liver for excretion, a process known as reverse cholesterol
transport (RCT). Understanding of the molecular events implicat-
ed in the formation and intravascular recycling of HDL particles, as
well as the identification of key factors that control cholesterol flux
through the plasma HDL pool, is critical to the development of
innovative therapeutic strategies to enhance HDL-mediated RCT.
Scavenger receptor class B type 1, a physiologically relevant
HDL receptor expressed in a variety of tissues, including vascular
endothelial cells (1, 2), smooth muscle cells (3), and macrophages
(4), mediates selective cellular uptake of HDL-associated choles-
teryl esters (CEs) in the liver but also in adrenals (reviewed in ref.
5). Indeed, SR-BI is a major determinant of HDL metabolism in
rodents. Hepatic overexpression of SR-BI in mice markedly reduces
plasma HDL-C levels and increases biliary secretion of cholesterol
(6-9). Conversely, partial to complete deficiency of this receptor
results in an SR-BI dose-dependent elevation in plasma HDL-C with
the appearance of large cholesterol-rich HDL particles (10, 11).

Nonstandard abbreviations used: CE, cholesteryl ester; FC, free cholesterol;
HDL-C, HDL cholesterol; HFC, high-fat, high-cholesterol, and cholic acid-contain-
ing; PDZK1, PDZ domain containing 1-deficient; RCT, reverse cholesterol transport;
SR-BI, scavenger receptor class B type 1; TC, total cholesterol; TG, triglyceride.
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In humans, naturally occurring mutations that affect SR-BI
function and that clearly establish the relevance of this receptor
to HDL-C levels and RCT have not been detected to date. How-
ever, the human homolog of SR-BI, Cla-1, exhibits tissue distribu-
tion similar to and selective HDL-CE uptake identical to those of
murine SR-BI (reviewed in 5). Moreover, epidemiological studies
have identified polymorphisms in the Cla-1 gene that are associ-
ated not only with plasma HDL-C or LDL cholesterol (LDL-C)
levels, but also with lipoprotein particle size and coronary artery
disease, suggesting that SR-BI may be intimately involved in HDL
metabolism in humans (12-14).

A substantial body of evidence supports an atheroprotec-
tive role for SR-BI in mice. Thus, complete deficiency of SR-BI
was associated with significantly increased atherosclerosis in
mice fed a high-fat/cholesterol diet (15) as well as with acceler-
ated atherosclerosis development in the atherosclerosis-prone
apoE-KO mouse model (16). Conversely, hepatic overexpres-
sion of SR-BI led to reduction in murine atherosclerosis (6,
17, 18). The antiatherogenic impact of SR-BI expressed in the
liver most likely involves its role in the final step of RCT, with
potential elevation in cholesterol flux to the liver (19). However,
additional mechanisms may contribute to this effect, as SR-BI
transgene-mediated reduction of atherosclerosis in the human
apoB100 transgenic mouse model was primarily associated with
reduction in plasma non-HDL cholesterol levels (17). It has been
difficult to gain a clear understanding of the tissue-specific con-
tribution of SR-BI to protection against atherogenesis because
of the multifunctional properties attributed to this receptor
and the wide spectrum of ligands to which SR-BI binds; these
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contributions of hepatic versus
extrahepatic SR-BI expression to
cholesterol homeostasis and ath-
erogenesis, we developed an SR-BI
conditional knockout mouse
@ model by Cre/loxP technology.

& %\\c“‘\ ’ However, loxP targeting of the
\y Q)\ Q)K\ SR-BI gene resulted in reduced
G_,Q“ SR-BI expression in all tissues,
generating a hypomorphic SR-BI
mouse line in which SR-BI can be
specifically deleted by Cre/loxP
recombination. Our data reveal
that while atherosclerosis was
enhanced in mice with reduced
expression of SR-BI (hypomSR-BI
mice), aortic lesion formation
was dramatically accelerated in
mice with Cre-mediated deletion
of hepatic SR-BI (hypomSR-BI-
KO'ver) mice. Marked accumula-
tion of atherogenic VLDL-sized

KO allele

Tail DNA

Liver DNA

Targeting strategy and conditional deletion of the SR-BIfox allele. (A) Structural organization of the 5’ region
of the wild-type, floxed, and knockout SR-BI allele. The 2 loxP sites flanking the SR-BI exon 1 are shown as
arrowheads. The relative positions of probe A used for Southern blot analysis, primers (short arrows) used
for PCR screening, and endonuclease sites for BamHI and Xbal are indicated. Xbal-restricted fragments for
each allele are depicted by double-headed arrows. Cre-mediated deletion of the SR-BIflox allele to generate
the SR-BI-KO allele was achieved by transfection of the Cre recombinase cDNA in SR-Blfox+ ES cells.
SR-BI*- ES cells were then used to generate SR-BI-KO mice. Mice with hepatic SR-BI deficiency were
generated by interbreeding of SR-Blfoxifiox mice with Alb-Cre mice, which express the Cre recombinase in
hepatocytes. (B) Southern blot analysis of Xbal-digested ES cell genomic DNA using probe A. (C) PCR
analysis of tail and liver genomic DNA using a mix of SRBI.f4, SRBI.r4, and SRBI.r5 primers. Primer pair
SRBI.f4 and SRBI.r4 discriminates for the presence or absence of the 5'-loxP sequence upstream SR-BI
exon 1. The sizes of the PCR products for the WT and SR-BI floxed alleles are 391 bp and 427 bp, respec-
tively. Primer pair SRBI.f4 and SRBI.r5 identifies the SR-BI-KO allele (288 bp).

lipoproteins enriched in FC
most probably accounted for
increased atherosclerosis in
hypomSR-BI-KOer mice. How-
ever, whereas hypomSR-BI-
KO'"ver and SR-BI/~ mice exhib-
ited similar atherogenic lipid lev-
els and lipoprotein-cholesterol
distribution, the latter developed
1.5-fold more arterial lesions,
supporting the proposal that
expression of SR-BI in peripheral

include not only HDL and oxidized LDL, but also anionic phos-
pholipids, apoptotic cells, and the acute-phase protein serum
amyloid A, all of which are relevant to atherogenesis. In addition
to its capacity to facilitate selective cellular HDL-CE uptake,
other tissue-specific mechanisms underlying the antiathero-
genic properties of SR-BI may include: (a) activation of eNOS,
and thus production of antiatherogenic nitric oxide in the vas-
cular endothelium (2, 20); (b) contribution to the first step of
RCT by mediation of cellular free cholesterol (FC) efflux from
peripheral tissues, including macrophages (21-23); (c) induction
of apoptosis in damaged endothelial cells (24); (d) recognition
and phagocytosis of apoptotic cells by macrophages (25); and (e)
cellular uptake of lipoprotein-associated a-tocopherol, thereby
contributing to increased antioxidant bioavailability in cells of
the arterial wall (26, 27).
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tissues may fulfill an atheropro-
tective function.

Results
Generation of conditional SR-BI-deficient and SR-BI"/~ mice. Condi-
tional targeting of the mouse SR-BI gene was achieved by flank-
ing exon 1 with Cre recombinase loxP sites following homologous
recombination in 129/Sv ES cells (Figure 1A). The SR-BI floxed
region includes 85 bp of untranslated sequence, the entire cod-
ing region of the first exon, and approximately 3.5 kb of intron 1.
SR-BI exon 1 was previously deleted in mice and resulted in a null
allele (10). Thus, Cre-mediated deletion of SR-BI floxed exon 1 was
appropriate for achieving SR-Bl inactivation. Several ES cell clones
that were found to be correctly targeted by PCR and Southern blot
analysis and that contained a floxed SR-BI allele (SR-BI"*/* ES
clones) were transfected with a vector encoding for the Cre recom-
binase in order to generate ES clones with an SR-BI-null allele
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Figure 2

Levels of SR-BI expression. (A) For each SR-BI genotype, total protein extracts were prepared from the indicated tissues and loaded onto
SDS-PAGE, followed by immunoblotting with an anti-SR-BI antibody (or with an anti—SR-BII antibody for liver extracts) directed against the
C-terminal domain of the protein. WAT, white adipose tissue; BMD-M, BM-derived macrophages. (B) Relative SR-BI mRNA levels. Total RNAs
extracted from tissues were pooled (4—8 mice per group), reverse-transcribed, and subjected to real-time PCR quantification. Values (mean + SD)
represent the amount of SR-BI mRNA relative to that measured in control mice, which was set arbitrarily to 1. Data for BM-derived macrophages
were generated from 1 representative RNA preparation for each SR-BI genotype. *P < 0.05 compared with controls.

(SR-BI*/~ ES clones) (Figure 1B). SR-BI*/* mice were crossed with
Alb-Cre transgenic mice (29), which express the Cre transgene
under the albumin promoter for liver-specific expression, in order
to generate SR-BI**/*/Cre progeny. These animals were then back-
crossed for 6 generations against C57BL/6] mice and subsequently
interbred to yield SR-BI'/*, SR-BI"/*/Cre, SR-BIf**/fox and SR-BIfle~/flox/
Cre mice. The Alb-Cre transgene was systematically maintained in
a hemizygous state throughout the study. SR-BI/~ mice used in
this study were also backcrossed on the C57BL/6] genetic back-
ground for 6 generations.

Alb-Cre transgenic mice have been previously described to pro-
vide complete and specific Cre-mediated recombination of floxed
genes in adult hepatocytes (29, 30). PCR analysis of tail genomic
DNA of SR-BI**/flx/Cre mice showed the presence of only floxed
alleles, whereas both floxed (to a minor degree) and knockout
alleles were detected by PCR amplification of liver genomic DNA
preparation (Figure 1C). We attribute the presence of the PCR
product corresponding to the floxed allele in PCR amplifica-
tions from liver DNA of SR-BIf**/flox/Cre mice to genomic DNA
from nonhepatic cells, including endothelial and Kupffer cells,
that are naturally present in liver tissue. In SR-BI7~ mice, only the
KO allele was amplified by PCR from both tail and liver tissues
(Figure 1C). Western blot analysis of liver extracts of SR-BIfox/flox/
Cre mice showed essentially undetectable levels of SR-BI protein. In
addition, the C-terminal variant of SR-BI, the SR-BII isoform, was
not detectable in liver extracts (Figure 2A). qRT-PCR analysis dem-

The Journal of Clinical Investigation

http://www.jci.org

onstrated a decrease in SR-BI mRNA in the liver of SR-BIfo/flox/Cre
mice to levels corresponding to 1% of those measured in SR-BI*/*
mice (Figure 2B). No significant SR-BI signal was revealed by
immunoblotting or by qRT-PCR upon analysis of tissues prepared
from SR-BI~ mice (Figure 2). Immunoblotting also clearly dem-
onstrated that SR-BI expression was decreased significantly in the
livers of SR-BIf**/flex mice as compared with controls (Figure 2A).
This decrement in SR-BI expression was confirmed by qRT-PCR
analysis (-88% versus controls; Figure 2B). Analyses of other tis-
sues confirmed that the expression of SR-BI was decreased in both
SR-BIfox/flox and SR-BIf**/flox/Cre mice in a similar manner, but to
a different degree as a function of the tissue analyzed (Figure 2).
These results therefore suggested that loxP targeting led to an
attenuation of SR-BI mRNA and protein levels, thereby generat-
ing an hypomorphic SR-BI allele (hypomSR-BI allele). SR-BIfox/flox
mice were consequently termed hypomSR-BI throughout this
study. SR-BI"¥/flex/Cre mice, which displayed a similar pattern of
attenuated SR-BI expression in peripheral tissues compared with
hypomSR-BI mice (Figure 2) but which were deficient for SR-BI
in hepatocytes, were termed hypomSR-BI-KO"Wer mice. Although
we did not determine the origin of the reduced expression of the
floxed SR-BI allele, the loxP site located in the 5'-UTR region of the
SR-BI gene introduces a hairpin structure in the transcribed RNA
that could explain attenuated downstream gene expression. How-
ever, we cannot exclude the possibility that expression of SR-BI
may be influenced by the neomycin cassette.
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Table 1
Plasma lipid levels in mice fed a chow diet

Genotype Sex n  TC(mg/dl) FC (mg/dl)

Controls F 20 72+10 17 +4 23+3
M 16 90 £12 26+3 292

hypomSR-BI F 11 135+ 20F 34 +4A 26 + 48
M 10 175334 56+ 9A 32+5

hypomSR-BI-KQ'ver  F 12 168 £ 224 62 + 8A 37 +6A
M 11 194 £ 27~ 87 +12F 45+ 5A

SR-BI~ F 10 137 £+ 13AC 53+ 8AD 39+ OAE
M 8 156 £ 5AF 87 +4AE 55+ 3AC

Plasma TC, FC, and TG levels were measured in 2-month-old female (F) and male (M)
mice fed a chow diet. Data represent mean + SD. AP < 0.001 versus control mice. BP < 0.04
versus control mice. °P < 0.002 versus hypomSR-BI-KO'"er mice. PP < 0.03 versus hypom-
SR-BI-KO'"er mice. ENot statistically different from values for hypomSR-BI-KO'ver mice.

It has been previously reported that matings of heterozygous
or homozygous SR-BI-KO males with SR-BI-KO female mice are
nonproductive due to female sterility (16). Moreover, intercrosses
of SR-BI*/~ mice on a mixed C57BL6/129 background result in the
transmission of the SR-BI-KO allele in a non-Mendelian ratio,
with a low frequency for the production of SR-BI/~ mice (10). Gen-
eration of homozygous SR-BI-KO mice on a pure C57BL/6 back-
ground has equally been reported to be difficult (31). We observed
similar results with our SR-BI-KO mouse line, as female SR-BI/~
mice were sterile, and we could not generate SR-BI-KO mice in a
C57BL/6 background following the mating of SR-BI*/~ female and
male mice fed a normal chow diet. Fertility in SR-BI-KO females
was restored and SR-BI-KO pups were obtained from heterozygous
breeding pairs when animals were fed a chow diet supplemented
with the lipid-lowering drug probucol (0.5%), as previously report-
ed (21, 31). The frequency of the genotypes derived from mating
of SR-BI**/* and SR-BI"*/*/Cre mice fed a normal chow diet was
close to that expected for Mendelian inheritance (SR-BI*/*, 16%;
SR-BI*/*/Cre, 11%; SR-BIfo~/*, 24%; SR-BI?**/*/Cre, 30%; SR-BIo~/flox
[hypomSR-BI|, 10%; and SR-BI**/fx/Cre [hypomSR-BI-KOer], 9%;
n =210). Additionally, hypomSR-BI-KO'"er female mice produced
normal progeny without diet supplementation with probucol.
These observations indicate that extrahepatic expression of SR-BI,
most likely in ovaries or in developing oocytes (16, 28, 31), is
required for female fertility in mice.

SR-BI dose—dependent effect on plasma cholesterol levels. Plasma lipids
were analyzed in mice on a chow diet at 2 months of age. As report-
ed previously, targeted inactivation (SR-BI/-), hemizygous expres-
sion (SR-BI'/"), or attenuated expression of SR-BI in mice results
in a gene dose-dependent increase in plasma levels of HDL-C

Figure 3

Impact of changes in SR-BI expression on plasma lipoprotein choles-
terol profiles. (A) Fasting plasma samples (pooled plasma from 6—10
mice) from 2-month-old female mice fed a chow diet were fractionated
by size-exclusion chromatography. TC was measured in each frac-
tion to determine lipoprotein cholesterol profiles. Approximate elution
volumes for particles in the size ranges of VLDL, LDL, and HDL are
indicated. (B) Electrophoretic mobilities of plasma lipoproteins. Plasma
samples (10 ul) were subjected to agarose gel electrophoresis and
lipoproteins revealed by Sudan black staining. o, pre-f, and {3 posi-
tions corresponding to migrations of HDL, VLDL, and LDL particles,
respectively, are indicated.
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(10, 11). Thus, significantly reduced expression of
SR-BI in hypomSR-BI mice, and in particular in the
liver, resulted in a marked increase in plasma total
cholesterol (TC) concentrations in both males and

74 + 24 females (Table 1). Indeed, TC levels in these mice
69+18 were increased to the same order of magnitude
73+19 as those in SR-BI7~ mice, the latter being almost
8535 2-fold higher compared with the levels in controls.
86+ 26 This 2-fold increase in plasma TC levels was simi-
77+40 lar to that reported in an SR-BI-KO mouse line
;g i ggE described earlier (10, 15). Plasma TC concentrations

in hypomSR-BI-KO!*" mice tended to be higher.
Interestingly, the 2-fold elevation of plasma TC lev-
els in hypomSR-BI mice was associated with a cor-
responding 2-fold increase in FC, whereas plasma
FC levels were increased more than 3-fold in both
SR-BI"/- and hypomSR-BI-KO'"**r mice (Table 1). As a
consequence, both SR-BI/~ and hypomSR-BI-KOliver
lines exhibited a high plasma FC/TC ratio; by contrast, this ratio
was either moderately increased or similar in hypomSR-BI females
and males, respectively, compared with controls (Table 1). These
data clearly demonstrate that hepatic SR-BI deficiency results in
a specific accumulation of FC in plasma. As shown in Figure 2,
and as previously reported (10), changes in plasma cholesterol lev-
els reflected a marked elevation of HDL-C in SR-BI7~ mice with
abnormally large HDL particles. A similar lipoprotein cholesterol
profile was observed in hypomSR-BI-KO"¢" mice, particularly with
respect to the cholesterol content of large HDL particles. apoE was
more abundant in these particles as compared with HDL of normal
size (data not shown), as previously reported for large HDL present
in SR-BI7/~ mice (10). Analysis of the cholesterol elution profile of
plasma from hypomSR-BI mice also revealed elevation in HDL-C
levels, as expected, although large HDL particles appeared consis-
tently more heterogeneous in size as compared with those appar-
ent in both SR-BI/~ and hypomSR-BI-KO!"er profiles (Figure 3A).
Lipoprotein cholesterol distribution was similar in male and
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Table 2
Plasma lipid levels in female mice fed the atherogenic HFC diet

research article

such as SREBP1, SREBP2, LXR, FXR, and LRH-1
(data not shown). However, we confirmed an
increase in hepatic mRNA levels for the ABCG sub-

Genotype n TC (mg/dl)  FC (mg/dl) FC/TC (%) TG (mg/dl) family member ABCG1 in SR-BI/~ mice (15) (1.9-fold
Controls 20 160 + 38 51 +15 32+5 27 +6 increase versus controls; P < 0.0001). An increase
hypomSR-BI 1 374 £ 977 183 £ 614 48 + 8A 33+10 of similar magnitude was observed in the livers of
hypomSR-BI-KOfver 12 1119 +252A  839+224~A  75+10F 60 +21A hypomSR-BI-KO!"er mice (1.7-fold versus controls;
SR-BI- 10 969 + 15148 707 £128A8 73+ 8A8 48 + 8B P <0.001) but not in that of hypomSR-BI animals.

Plasma TC, FC, and TG levels were measured in female mice after feeding an HFC diet
for 11 weeks. Data represent mean + SD. AP < 0.001 versus control mice. BNot statisti-

cally different from hypomSR-BI-KO'ver mice.

female groups. Interestingly, analysis of electrophoretic mobilities
revealed that larger HDL particles in hypomSR-BI, hypomSR-BI-
KO'ver and SR-BI7/~ mice displayed slightly lower electronega-
tivity compared with the normal-sized HDL present in control
mice, potentially reflecting differences in apolipoprotein content
(Figure 3B). Finally, no differences in plasma triglyceride (TG) lev-
els were observed among SR-BI genotypes (Table 1).

SR-BI dose—dependent effect on cholesterol homeostasis in liver. As
reported previously (15), the hepatic content of FC and esterified
cholesterol in SR-BI"/~ mice did not differ from those in controls.
Similar results were also observed for both hypomSR-BI and
hypomSR-BI-KO'!*" mice. In addition, no significant difference
was observed among SR-BI genotypes in hepatic mRNA levels
of LDL-r, ABCA1, apoB-100, SR-BI-interacting scaffold protein
PDZK1, and transcriptional regulators of hepaticlipid metabolism,

VLDL
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Interestingly, both SR-BI7~ and hypomSR-BI-
KOlver mice exhibited a 1.5-fold elevation (P < 0.001
vs controls) in hepatic mRNA levels for the macro-
phage marker F4/80, while no change could be
detected in liver RNA prepared from hypomSR-BI
mice. Taken together, these observations suggest that elevated
ABCG1 expression in livers of SR-BI/~ and hypomSR-BI-KO!ver
mice may result from increased numbers and/or activation of
resident hepatic macrophages.

SR-BI dose—dependent effect on the development of atherosclerosis. To
evaluate the impact of general knockdown expression of SR-BI
on atherosclerosis susceptibility and, in addition, to assess the
potential supplementary effect triggered by complete deletion of
hepatic SR-BI in this context, the various mouse lines were fed a
high-fat, high-cholesterol, and cholic acid-containing (HFC) diet
for 11 weeks. This diet resulted in an elevation in plasma TC (>2-
fold) and a decrease in TG levels (>2.5-fold) of similar magnitude
in hypomSR-BI and control mice (Tables 1 and 2). Plasma TC
levels were significantly raised in both hypomSR-BI-KO!r and
SR-BI”/~ mice, mostly as a consequence of elevated concentrations

—e— Controls
—0O— hypomSR-BI

—24— hypomSR-BI-KO'er
—a— SR-BI-

Migrating
position

a -. = -HDL

Albumin
. ¥ & apoAlV
- —

Controls

Figure 4

hypomSR-BI

hypomSR-BI-KO'ver

Analysis of the distribution of plasma lipoprotein cholesterol in female mice fed an atherogenic diet. (A) Lipoprotein cholesterol profiles. Fasting
plasma samples were prepared from female mice fed an atherogenic (HFC) diet for 11 weeks. For each genotype, plasma samples from indi-
vidual mice were pooled and loaded on Superose 6 columns, and cholesterol was measured in collected fractions. (B) Electrophoretic mobilities
of plasma lipoproteins. Plasma samples (10 ul) were subjected to agarose gel electrophoresis and lipoproteins revealed by Sudan black staining.
(C) Apolipoprotein composition of lipoprotein fractions. Lipoproteins were first isolated from pooled plasmas (n = 5-10) by ultracentrifugation at a
density of 1.21 g/ml and then fractionated by size-exclusion chromatography. Collected fractions were pooled as indicated in A (I, Il, I, and 1V),
concentrated, and subjected (20—-30 ug protein loaded per lane) to SDS-PAGE on gradient gels. Proteins were visualized by Coomassie blue
staining. Bands corresponding to apoAl, apoE, and apoAlV, as confirmed by immunoblotting (data not shown), are indicated.
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Figure 5

Quantification of atherosclerosis and inflammation in mice fed the atherogenic HFC diet. (A) Degree of atherosclerosis in the aortic root area.
Lipid deposits were visualized by oil red O staining of aortic root sections. Each symbol represents the mean lesion area in a single mouse. The
horizontal bar indicates the mean value for the group. Statistically significant differences between groups are indicated. (B) Quantification of
lipid lesions in the aortic arch and thoracic aorta of hypomSR-BI-KO'ver and SR-B/-- mice. Each symbol represents the percentage of the aorta
stained for lipid with Sudan 1V in a single mouse. The horizontal bar indicates the mean value for each group. Statistically significant differences
between the 2 groups are indicated. No lipid staining could be detected in controls and in hypomSR-BI mice. (C) Increased monocyte/macro-
phage accumulation in atherosclerotic lesions of SR-BI/-- mice as compared with hypomSR-BI-KO'ver mice. Aortic atherosclerotic lesions were
immunostained for monocyte/macrophage CD68 antigen (upper panels; nuclei are visualized in blue with DAPI staining) and subsequently
processed for lipid staining with oil red O (lower panels). (D) The surface ratio of CD68* staining to oil red O—positive staining was calculated
for both groups. Values represent the mean + SD of 6 size-matched lesions analyzed per group. (E) IL-6 plasma levels in HFC diet—fed mice.
#P < 0.03 compared with controls; *P < 0.05 compared with hypomSR-BI mice; 1P < 0.05 compared with hypomSR-BI-KO'ver mice. NS, not
statistically different compared with values for controls.

of plasma FC. Indeed, the plasma FC/TC ratio was increased 2-fold
as compared with the chow-fed condition in both lines and was 1.5-
and 2.3-fold greater relative to that observed in hypomSR-BI and

(Figure 4A). As seen under normal chow diet feeding (Figure 3B),
large HDL particles present in HFC diet-fed hypomSR-BI mice
exhibited a lower electronegativity on agarose gels as compared

control female mice fed the atherogenic diet, respectively. Plasma
TG levels were equally elevated in both HFC diet-fed hypomSR-
BI-KO'“r and SR-BI/~ mice as compared with controls. Important-
ly, plasma TC, FC, and TG concentrations, as well as the FC/TC
ratio, were not statistically different between hypomSR-BI-KO'iver
and SR-BI/~ mice after the atherogenic diet (Table 2). Analysis of
plasma lipoprotein cholesterol profiles revealed that the amount
of cholesterol associated with VLDL-sized particles was similarly
increased in both control and hypomSR-BI mice when fed the HFC
diet. However, higher levels of plasma TC in hypomSR-BI mice as
compared with controls was primarily due to greater amounts
of cholesterol associated with both large and normal-sized HDL
2772
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with normal HDL (Figure 4B). Lipoprotein cholesterol profiles
of hypomSR-BI-KO'"er and SR-BI/~ mice fed the HFC diet were
similar, cholesterol being mainly associated with VLDL-sized
particles. Analysis of these particles from both lines revealed that
they exhibited similar characteristics, as they migrated to the pre-f§
position in agarose gels (Figure 4B) and were rich in apoE and, to
a lesser extent, in apoAIV (Figure 4C). The FC/TC ratios in these
particles were also similar (73% and 78% for hypomSR-BI-KOiver
and SR-BI”~ mice, respectively) and reflected those measured in
the plasma of both lines (Table 2). By comparison, FC/TC ratios
in isolated VLDL-sized particles from hypomSR-BI and control
mice were 34% and 21%, respectively. To further characterize the
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apoE-rich VLDL-sized particles migrating to the pre-f position
present in the plasma of both HFC diet-fed hypomSR-BI-KOiver
and SR-BI7~ mice, we compared their capacity to induce cholester-
ol loading in the murine macrophage RAW cell line. The increase
in cellular esterified cholesterol and FC content following incuba-
tion of RAW cells with these particles was similar for both mouse
lines (see Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI26893DS1). Finally, analy-
sis of the lipoprotein cholesterol profiles of hypomSR-BI-KO/ver
and SR-BI"/~ mice fed the HFC diet also revealed that HDL-C levels
were markedly reduced in both lines as compared with that pres-
ent in hypomSR-BI mice; such reduction occurred primarily in
normal-sized HDL (Figure 4A). This observation was confirmed
by agarose gel analysis (Figure 4B). In addition, SDS-PAGE analy-
sis of lipoproteins showed significantly increased amounts of both
apoE and apoAIV in the protein moieties of HDL particles in both
hypomSR-BI-KOWer and SR-BI/~ mice (Figure 4C).

SR-BI knockdown expression in hypomSR-BI mice led to a
2.5-fold (P < 0.03) increase in mean atherosclerotic lesion area as
compared with that in wild-type mice (12 x 103 + 10 x 103 um? and
30 x 103+ 22 x 103 wm?, respectively; Figure SA). A further 13-fold
increase in the size of lipid lesions (389 x 103 + 112 x 10° um?) was
observed in hypomSR-BI-KO"er mice, thus confirming the athero-
protective role of hepatic SR-BI expression, as previously reported
(6, 17), but equally emphasizing its importance. Finally, analysis
of SR-BI/~ mice revealed increased susceptibility to atherosclerotic
lesion development as compared with hypomSR-BI-KO"r animals,
with a mean lesion area of 579 + 89 x 103 um?2 (1.5-fold increase
compared with hypomSR-BI-KO!"er mice; P < 0.003; Figure SA).
These findings were confirmed by lesion size quantification with
en face analysis of thoracic and abdominal aortas (Figure 5B). Lipid
lesions covered an average of 4.5% = 2.8% and 13.3% = 7.7% of the
total aortic surface analyzed in hypomSR-BI-KO!er and SR-BI"/~
mice, respectively; this difference was statistically significant (-66%
in hypomSR-BI-KOer versus SR-BI/~ mice; P < 0.01).

To examine the cellular content of aortic root lesions, and in par-
ticular macrophage abundance, we stained selected sections adjacent
to size-matched lesions of hypomSR-BI-KO'"¢r and SR-BI/~ mice (as
determined by oil red O staining) for CD68 antigen and then further
processed them for oil red O lipid staining (Figure SC). Surprisingly,
the average surface ratio of CD68" staining to lipid-positive staining
was statistically significantly lower (-40%) in hypomSR-BI-KOver
mice than in SR-BI7/~ mice (0.4 = 0.1 vs. 0.7 + 0.1, respectively;
P=0.0005) (Figure 5D). These data suggested an increased accumu-
lation of macrophages, reflecting increased vascular inflammation in
lesions of SR-BI/~ mice as compared with hypomSR-BI-KO!*r mice.
Concomitantly, plasma concentrations of the proinflammatory
cytokine IL-6 were elevated to a greater degree in SR-BI/~ mice than
in hypomSR-BI-KO'"*" mice fed the HFC diet (Figure SE). Indeed,
IL-6 plasma levels were increased 10.8- and 6.6-fold in SR-BI"/~
and hypomSR-BI-KO!r mice, respectively, as compared with con-
trol mice. HypomSR-BI mice also displayed a trend toward higher
IL-6 levels (1.8-fold increase versus controls); however, such concen-
trations were not statistically different from those in controls.

Discussion

Our present investigations have revealed that whereas marked
reduction in the expression of SR-BI in hypomSR-BI mice was asso-
ciated with increased diet-induced atherosclerosis, complete hepat-
ic SR-BI deficiency in hypomSR-BI-KO! " mice strongly impacted

The Journal of Clinical Investigation

http://www.jci.org

research article

lipoprotein cholesterol distribution and massively accelerated ath-
erosclerosis. Furthermore, comparison of hypomSR-BI-KO!*¢r mice
and SR-BI7~ mice demonstrated that, in a similar atherogenic lipo-
protein environment, residual peripheral SR-BI expression contrib-
uted to significant atheroprotection in hypomSR-BI-KO!ver mice.
These data suggest that whereas the major atheroprotective role of
hepatic SR-BI is tightly associated with its impact on plasma lipo-
protein cholesterol levels, peripheral SR-BI expression may protect
against atherosclerosis through mechanisms that are independent
of changes in plasma lipid parameters.

Diet-induced atherogenesis in SR-BI*~ mice (15) or mice with
attenuated expression of SR-BI (32) revealed either no difference
or a 2- to 3-fold increase in atherosclerosis development as com-
pared with their respective SR-BI-expressing controls. In contrast,
complete deficiency of SR-BI in mice was consistently associated
with a major increase in atherosclerosis development (15, 21). This
observation is consistent with the modest (2.5-fold) and significant
increases (48-fold) in atherosclerosis that we observed in hypom-
SR-BI and SR-BI”~ mice, respectively, as compared with controls.
Residual SR-BI expression in mice may therefore ensure partial to
complete atheroprotection. In contrast, the marked increase in ath-
erosclerotic lesion size in hypomSR-BI-KO!"¢" mice, as compared
with hypomSR-BI and control mice, further confirms the criti-
cal role of hepatic SR-BI in atherogenesis (6, 17, 18), albeit under
conditions of reduced expression of SR-BI in peripheral tissues, as
in this study. Comparison of plasma lipoprotein cholesterol pro-
files indicates that such protection probably involves the contri-
bution of hepatic SR-BI to the prevention of the accumulation of
atherogenic plasma lipoproteins of VLDL size rich in FC. The specif-
ic increase in plasma FC/TC ratio observed in hypomSR-BI-KO'iver
and SR-BI~ mice fed a chow diet suggests that hepatic SR-Bl is a
key determinant in maintaining plasma cholesterol homeostasis,
most likely through its contribution to the delivery of HDL-CE
(33, 34) and/or of HDL-FC (8) to the liver. Expression of SR-BI,
albeit at low levels, in livers of hypomSR-BI mice may have ensured
such activities. Interestingly, PDZK1-deficient mice, which display
a profound reduction in hepatic SR-BI protein expression (~95%),
possess elevated HDL-C plasma concentrations but do not exhibit
high plasma FC/TC ratios (28). Residual expression of SR-BI and/
or expression of the SR-BII isoform in the livers of PDZK1-KO mice
may explain phenotypic similarities of the PDZK1-deficient mice
to our hypomSR-BI mouse line. Accumulation of VLDL-sized lipo-
proteins in HFC diet-fed hypomSR-BI-KO"r and SR-BI/~ mice
may also result from other activities attributed to SR-BIL Indeed,
in vivo studies implicate SR-BI in the removal of apoB-containing
lipoproteins from the circulation (7, 35) and in postprandial chylo-
micron metabolism (36). Interestingly, however, we observed that
these VLDL-sized lipoproteins contained primarily apoE rather
than apoB100/B48. Whether such factors may contribute to the
atherogenic plasma lipoprotein profile present in HFC diet-fed
hypomSR-BI-KO!*r and SR-BI"/~ mice has yet to be determined.

Strikingly, hypomSR-BI-KO!r mice displayed less extensive ath-
erosclerosis than SR-BI'/~ mice, despite the fact that the 2 mouse
models exhibited similar plasma lipid levels, lipoprotein choles-
terol distribution, and apolipoprotein composition. Moreover,
VLDL-sized lipoproteins isolated from these models induced
cholesterol loading of macrophage RAW cells to a similar degree.
Thus, differences in the extent of atherosclerosis between the mod-
els appeared to reflect a plasma lipoprotein/cholesterol-indepen-
dent mechanism. Reduced CD68 immunostaining in the plaques
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of hypomSR-BI-KO'"™r mice may indicate attenuated vascular
inflammation in this model, suggesting that extrahepatic SR-BI
may exert antioxidant or/and antiinflammatory activities that
attenuate atherosclerosis progression. Such activities may depend
on the contribution of SR-BI to the uptake or metabolism of spe-
cific components transported by lipoproteins, such as the cellular
antioxidant a-tocopherol (26, 27) or the proinflammatory protein
serum amyloid A (37), both of which may actively participate in
atherogenesis (38, 39). Alternatively, in vivo evidence for a role of
macrophage SR-BI expression in atherosclerosis has also been sug-
gested by BM transplantation studies in mice (21-23). However,
SR-BI in BM-derived cells could exert pro- or antiatherogenic activi-
ties depending on the specific stage of atherosclerosis development
(23). Although these studies are not fully conclusive, as cell types
other than macrophages may be derived from BM cells in vascu-
lar lesions (e.g., smooth muscle cells and endothelial cells; ref. 40),
in vitro studies suggest that macrophage SR-BI could participate
in atherogenesis via a spectrum of activities. Thus, SR-BI could be
implicated in the clearance of apoptotic cells (25) or of atherogenic
oxidized lipoproteins (41), activities that may contribute to preven-
tion of the accumulation of inflammatory material in the arterial
wall. SR-BI may also stimulate macrophage cholesterol efflux (23,
42) and thereby prevent foam cell formation. In this regard, it is
noteworthy that production of the inflammatory cytokine IL-6 is
induced in macrophages as a consequence of cellular FC loading
(43). Although plasma FC levels were dramatically and similarly
increased in both HFC diet-fed hypomSR-BI-KO"r and SR-BI"/~
mice, IL-6 plasma levels were elevated to a greater extent in the
latter. Determining whether complete absence of SR-BI in macro-
phages of SR-BI/~ mice resulted in perturbation of cholesterol flux
in lesion macrophages, which in turn contributed to higher IL-6 lev-
els in these mice as compared with those measured in hypomSR-BI-
KO'iver mice, will be an important goal for future investigation.

In conclusion, this study not only further documents the
involvement of hepatic and extrahepatic SR-BI expression in vivo
in cholesterol homeostasis, but also provides new insight into
the relationship between SR-BI and atherosclerosis susceptibility.
Further experimentation using the SR-BI conditional-KO mouse
model (hypomSR-BI mice) to define the relative contribution of
SR-BI expressed by arterial wall cells, including endothelial cells
and macrophages, to atherosclerotic lesion development may,
however, be limited due to reduced expression of SR-BI in all tis-
sues in this model. However, the significant difference between
hypomSR-BI-KO'"er and SR-BI/~ mice in atherosclerosis devel-
opment at similar plasma lipid levels suggests that such mouse
models may nonetheless represent a valuable tool with which to
evaluate potential tissue-specific effects of SR-BIL.

Methods
Generation of SR-BI conditional KO and SR-BI”/~ mouse models. The left homol-
ogy arm of the targeting vector was generated by PCR amplification
using SRBLf1 5'“TGAAGGTGGTCTTCAAGAGCAGTCCT-3' and SRBI.
rl S'-ACCTACACGGGGATCACGTTC-3' located 1.2 kb upstream and
3.5 kb downstream of SR-BI exon 1, respectively (Figure 1). A loxP sequence,
S5'-GCAACTTCGTATAGCATACATTATACGAAGTTAT-3' (the outer 2
underlined bases were modified from the original loxP sequence in order
to destabilize the JoxP hairpin structure), was then introduced at position
-85 bp (relative to the initiation translation codon). The left arm cassette
containing the loxP site was then cloned into the pPN2T vector to yield
the pPN2T-Larm plasmid. The right homology arm was PCR amplified
2774
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using an approximately 8-kb SR-BI/BamHI fragment cloned in pBlue-
script as template and the following primer pair: SRBI/Xhol.loxP.f2 primer
5'-GCCGctcgagATAACTTCGTATAGCATACATTATACGAAGTTATGA-
CAGTTTTCAGAGCTCAGGG-3' (complementary sequence adjacent to
the SRBLrl primer sequence in intron 1), containing an introduced 5’
restriction site for Xhol (lowercase letters) and a 5'-loxP sequence (under-
lined), and M13 reverse primer 5'-CAGGAAACAGCTATGACC-3'". The
resulting PCR product was then subcloned into the pPN2T-Larm plasmid
to yield the final vector pPN2T-floxSRBI.

Mouse ES cells (129/Sv]; GoGermline; Genome Systems Inc.) were electro-
porated with 20-40 ug of pPN2T-floxSRBI construct and plated onto neo-
mycin-resistant mouse embryonic fibroblast feeder layers. Selective medium
was applied 2 days later. Individual clones were isolated after 10-12 days,
expanded, and screened by Southern blot analysis of Xbal-digested DNA
using probe A (Figure 1). Several targeted clones containing an SR-BI allele
with a floxed exon 1 (SR-BI"*¥/* ES) were further transfected with pBS185 Cre
plasmid (Invitrogen) modified to contain the hygromycin B resistance gene
and subsequently selected in hygromycin B-containing medium. Cre-medi-
ated deletion of exon 1 of the floxed SR-BI allele in hygromycin B-resistant
ES clones (SR-BI/~ ES) was confirmed by PCR and Southern blot analysis.
SR-BI"/*ES and derived SR-BI/~ ES clones were injected into C57BL/6 blas-
tocysts, and chimeric offspring were bred to C57BL/6 mice to test for germ-
line transmission of the floxed SR-Bl allele or the exon 1-deleted SR-Bl allele,
respectively. SR-BI"** and SR-BI/~ mouse lines selected for the study were
derived from the same ES clone (i.e., one SR-BI"»/* ES clone and a derived
SR-BI'/~ ES clone). Alb-Cre transgenic mice (29) were bred with mice carrying
the SR-BI floxed allele to obtain animals with liver-specific deficiency of the
SR-BI gene. SR-BI/~ mice were generated by breeding heterozygous or homo-
zygous animals fed a chow diet containing 0.5% probucol (Sigma-Aldrich).
See Supplemental Methods for more detailed information on generation of
the mouse models. The animals were housed in a conventional animal facil-
ity ona 6 am to 6 pm dark/light cycle. They were weaned at 21 days and fed
ad libitum a normal mouse chow diet (RM1; Dietex France). For the high-fat
diet experiment, 2-month-old female mice were switched to a diet consisting
of 1.25% cholesterol, 0.5% cholic acid, and 20% fat for 11 weeks. All animal
procedures were performed at the Central Animal Facility of the Medical
Faculty of La Pitié Hospital with approval from the Direction Départemen-
tale des Services Vétérinaires, Paris, France, under strict compliance with
European Community Regulations.

Plasma and tissue analyses. Blood samples were collected in Microvette tubes
(Sarstedt) before and after the high-fat diet following an overnight fast by
retro-orbital bleeding using heparinized microhematocrit tubes. Plasma
samples were stored frozen at -80°C. TC (Roche Diagnostics), FC (Wako),
and TG (bioMérieux) concentrations were measured by enzymatic colori-
metric assays. IL-6 plasma concentrations were measured with the Proteo-
Plex mouse cytokine kit (Novagen; EMD Biosciences). Plasma lipoproteins
were fractionated by gel filtration on 2 Superose 6 (Amersham Biosciences)
columns connected in series using a BioLogic DuoFlow Chromatography
System (Bio-Rad). For apolipoprotein analysis by SDS-PAGE, plasmas were
first ultracentrifuged (100,000 g for 5.5 hours at 15°C in a fixed-angle rotor
in a TL100 ultracentrifuge [Beckman Coulter]) at a density of 1.21 g/ml.
Lipoproteins in the supernatant were then fractionated by gel filtration on
Superose 6 columns and collected into 4 fractions (I-IV). These fractions
were concentrated on a Microcon YM-30 centrifugal filter unit (Millipore)
and samples electrophoresed on 4%-18% SDS-polyacrylamide gels under
reducing conditions. To determine cholesterol content in liver, total lipids
were extracted from frozen livers (~30 mg) using the Folch extraction pro-
cedure (44). Cholesterol concentration was determined with a commercial
enzymatic assay (Roche Diagnostics). Electrophoretic mobility of mouse
lipoproteins was assessed on HYDRAGEL 7 LIPO + Lp(a) gels (Sebia).
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Immunoblot analysis. Mice were sacrificed by cervical dislocation. Organs
were collected, rinsed in ice-cold PBS, and snap-frozen in liquid nitrogen.
Frozen tissue specimens were disrupted and homogenized with a rotor-
stator homogenizer in ice-cold PBS containing 1% Triton and a protease
inhibitor cocktail (Complete Mini protease inhibitor tablets; Roche Diag-
nostics). Samples were centrifuged at 10,000 g for 15 minutes at 4°C and
protein content determined in the supernatant with the bicinchoninic acid
assay reagent (Pierce). Equal amounts of protein extracts were separated
by electrophoresis on 8% SDS-polyacrylamide gels under reducing condi-
tions and then blotted onto a Hybond-C super nitrocellulose membrane
(Amersham Biosciences). SR-BI and SR-BII proteins were detected using
a rabbit polyclonal antibody raised against a peptide corresponding to
amino acids 496-509 of the murine SR-BI sequence (45) and a specific
anti-SR-BII rabbit polyclonal antibody (NB 400-102; Novus Biologicals),
respectively. Primary antibodies were detected using a peroxidase-conju-
gated anti-rabbit antibody and revealed by chemiluminescence (ECL Plus
reagent; Amersham Biosciences).

Analysis of gene expression by gRT-PCR. RNAs were prepared from frozen
tissue specimens using TRIZOL reagent (Invitrogen) and further purified
with a NucleoSpin RNA II kit (Macherey-Nagel). cDNA preparation and
quantitative PCR analysis were performed as previously described (45). The
specific primers used are described in Supplemental Table 1.

Analysis of atherosclerotic plaques. Mice were sacrificed under isoflurane
anesthesia and perfused with ice-cold PBS. Hearts were collected and fixed
(Accustain 10% formalin solution [Sigma-Aldrich] supplemented with
2 mM EDTA and 20 uM butylated hydroxytoluene at pH 7.4) for 30 min-
utes followed by overnight incubation in phosphate-buffered 20% sucrose
solution at 4°C; hearts were subsequently embedded in Tissue-Tek OCT
compound (Sakura). The entire aortas were fixed, cleaned of adipose and
connective tissues, opened longitudinally, and pinned out on a wax sur-

face. Atherosclerotic lesions were quantified both on pinned-open aortas
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by Sudan IV staining (thoracic and abdominal part of the aorta) and on
serial cross-sections (10 wm) through the aortic root by oil red O staining
as previously described (46).

Immunobistochemistry. Ten-micrometer aortic root cryosections were
air dried and fixed in formalin (10%) for 30 minutes. Sections were then
blocked for 60 minutes with 3% BSA in PBS and then incubated with anti-
CD68 antibody or control antibodies (1:300 dilution in PBS with 20 mM
glycine; Serotec) overnight at 4°C. After washing, a goat anti-rat Ig biotinyl-
ated secondary antibody (1:300 dilution; BD Biosciences — Pharmingen)
was added, followed by streptavidin-horseradish peroxidase. The signal
was enhanced using the tyramide signal amplification (TSA) kit (NEL 702;
PerkinElmer), and the sections were counterstained for nuclei with DAPI
(Molecular Probes; Invitrogen).

Statistics. The statistical significance of the differences between groups
was evaluated using 2-tailed Student’s ¢ test for unpaired comparisons.
P <0.05 was considered significant. Values are expressed as mean + SD.
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