Scavenger receptor Bl facilitates hepatic very low
density lipoprotein production in mice
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Abstract Scavenger receptor BI (SR-BI) is a selective up-
take receptor for HDL cholesterol but is also involved in
the catabolism of apolipoprotein (apo)B-containing lipo-
proteins. However, plasma levels of apoB-containing lipo-
proteins increase following hepatic SR-BI overexpression,
suggesting that SR-BI not solely mediates their catabolism.
We therefore tested the hypothesis that hepatic SR-BI im-
pacts on VLDL production. On day 7 following adenovirus
(Ad)-mediated overexpression of SR-BI, VLDL-triglyceride
and VLDL-apoB production rates were significantly in-
creased (P < 0.001), whereas VLDL production was signifi-
cantly lower in SR-BI knockout mice compared with controls
(P < 0.05). In mice injected with AdSR-BI, hepatic choles-
terol content increased (P < 0.001), microsomal triglyceride
transfer protein activity was higher (P < 0.01) and expres-
sion of sterol-regulatory element binding protein (SREBP)2
and its target genes was decreased (P < 0.01). Conversely, in
SR-BI knockout mice, microsomal triglyceride transfer pro-
tein activity was lower and expression of SREBP2 target
genes was increased (P < 0.01). Finally, we demonstrate in
vitro in isolated primary hepatocytes as well as in vivo that
cholesterol derived from HDL and taken up via SR-BI into
the liver can be resecreted within VLDL.Ell These data indi-
cate that hepatic SR-BI expression is linked to VLDL pro-
duction, and within liver, a metabolic shunt might exist that
delivers HDL cholesterol, at least in part, to a pool from
which cholesterol is mobilized for VLDL production. These
results might have implications for HDL-based therapies
against atherosclerotic cardiovascular disease, especially
with SR-BI as target.—Wiersma, H., N. Nijstad, T. Gautier, J.
Igbal, F. Kuipers, M. M. Hussain, and U. J. F. Tietge. Scaven-
ger receptor BI facilitates hepatic very low density lipopro-
tein production in mice. J. Lipid Res. 2010. 51: 544-553.
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The scavenger receptor BI (SR-BI) is well characterized
for its ability to mediate selective uptake of cholesteryl ester
from HDL particles into cells (1, 2). Consistent with this
role, SR-BI expression is highest in the liver and in ste-
roidogenic tissues (1). Recently, SR-BI has also been impli-
cated in the catabolism of apolipoprotein (apo)B-containing
lipoproteins such as chylomicrons and 3-VLDLs by hepa-
tocytes (3-6). However, the first study demonstrating
that adenovirus-mediated SR-BI overexpression increases
the HDL catabolic rate indicated that plasma levels of
apoB-containing lipoproteins actually increased signifi-
cantly over time, whereas HDL levels remained low (7).
Interestingly, hepatic LDL receptor (LDLR) expression
was unchanged in this study during the course of the
experiment (7). These data suggest, in our view, the pos-
sibility that SR-BI might be involved in hepatic choles-
terol secretion.

Therefore, we hypothesized that SR-BI might facilitate
hepatic VLDL production, providing a potential link be-
tween the HDL and the apoB-containing lipoprotein cho-
lesterol pathways. Our data demonstrate that hepatic
VLDL-triglyceride as well as VLDL-apoB production
in vivo are decreased in SR-BI knockout mice and in-
creased following SR-BI overexpression. The results of our
study further indicate that HDL-derived cholesterol is to a
certain extent resecreted by hepatocytes as a component
of VLDL particles in a process dependent on SR-BI
expression.

Abbreviations: apo, apolipoprotein; ER, endoplasmic reticulum;
FPLC, fast protein liquid chromatography; LDLR, LDL receptor; MTP,
microsomal triglyceride transfer protein; PC, phosphatidylcholine; SR-
BI, scavenger receptor BI; SREBP, sterol-regulatory element binding
protem TG, triglyceride.
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EXPERIMENTAL PROCEDURES

Animals

SR-BI knockout mice were obtained from the Jackson Labora-
tories (Bar Harbor, ME) and backcrossed to the C57BL/6] ge-
netic background for a total of eight generations. C57BL/6]
control mice were purchased from Charles River (Sulzfeld, Ger-
many). The animals were kept in animal rooms with alternating
12 h periods of light (from 7:00 AM to 7:00 PM) and dark (from
7:00 PM to 7:00 AM), with ad libitum access to water and mouse
chow diet (Abdiets, Woerden, The Netherlands). Animal experi-
ments were performed in accordance with national laws. All pro-
tocols were approved by the responsible ethics committees of the
University of Groningen and the Landesamt fir Gesundheit,
Erndhrung, und technische Sicherheit Berlin.

Generation of recombinant adenoviruses

Generation of the murine SR-BI expressing adenovirus AdSR-
BI as well as of the empty control adenovirus AdNull has been
described (7). Recombinant adenoviruses were amplified and
purified as reported previously (8). Most in vivo experiments de-
scribed were carried out using a dose of 1 x 10E11 particles of
each of these adenoviruses per mouse. In additional experiments,
we determined the response of hepatic VLDL production to in-
creasing dosages of the AdSR-BI adenovirus (1 x 10E10, 3 x
10E10, 1 x 10E11), whereby the total dose of adenovirus that
each mouse received was kept constant at 1 x 10E11 particles/
mouse by the addition of the control adenovirus AdNull. Please
note that the use of AASR-BI did not result in an altered proin-
flammatory response by the liver as assessed by hepatic interleukin-
1B, interleukin-6, and tumor necrosis factor-o mRNA expression
(data not shown).

Plasma lipid and lipoprotein analysis

Mice were bled from the retroorbital plexus after a 4 h fast
using heparinized capillary tubes. Aliquots of plasma were stored
at —20°C until analysis. Plasma total cholesterol, triglycerides,
and phospholipids were measured enzymatically using commer-
cially available reagents (Wako Pure Chemical Industries, Neuss,
Germany). Pooled plasma samples were subjected to fast protein
liquid chromatography (FPLC) gel filtration using a superose 6
column (GE Healthcare, Uppsala, Sweden) as described (9). In-
dividual fractions were assayed for cholesterol concentrations as
indicated above.

Determination of hepatic triglyceride and apoB secretion

Fasted mice were allowed to eat fatfree food for 2 h and then
injected intraperitoneally with Poloxamer 407 (P-407) (1,000
mg/kg body weight) as a 75 mg/ml solution in saline as previ-
ously described (10, 11). Blood samples were drawn into heparin-
ized tubes at 0, 30, and 180 min after injection, plasma was
separated and assayed for triglycerides as described above. He-
patic triglyceride production rates were calculated from the slope
of the curve and expressed as mg/kg/h assuming the plasma vol-
ume to be 3.5% of the body weight. The measurement of hepatic
VLDL apoB secretion was carried out by endogenous labeling
using S methionine (PerkinElmer, Waltham, MA), essentially as
described (12) with the exception that 500 pCi of *S-methionine
were mixed with the P-407 solution and administered intraperito-
neally as detailed above. Briefly, blood samples were drawn at 5
min and 180 min following tracer injection. VLDLs were recov-
ered by ultracentrifugation (d < 1.006 g/ml) using a TLA120
rotor in a TLX ultracentrifuge (Beckman, Fullerton, CA) and
VLDL proteins were separated by linear gradient SDS PAGE (3—
20%). ApoB48 and apoB100 bands were identified by autoradi-

ography, the respective bands were cut out of the gel, rehydrated,
and following incubation with Solvable (Packard, Meriden, CT)
for 3 h at 50°C, counts were determined by scintillation counting
(Beckman L.S6500). The apoB counts were corrected for the in-

jected dose of tracer in each mouse assessed as the plasma counts

at 5 min after tracer injection. Therefore, individual counts in
apoB were divided by the ratio of the respective 5 min plasma
count and the highest 5 min plasma count in the experiment.

HDL isolation and labeling

Human HDL isolated by sequential ultracentrifugation (density:
1.063 < d < 1.21) was prepared from pooled plasma of healthy
donors and labeled with 3H{holesteryl ester (PerkinElmer) essen-
tially as described (13), and 1 million dpm of the ’H- cholesteryl
ester-HDL were injected via the tail vein into mice that had been
given P-407 i.p. 30 min before as detailed above. Blood was drawn 4
h later by heart puncture, VLDL was isolated from 200 pl of plasma
as described above, and counts within VLDL were determined by
scintillation counting (Beckman LS6500, Palo Alto, CA).

Analysis of nascent VLDL composition

VLDL (d < 1.006) was isolated from 200 pl of plasma from
each mouse obtained 180 min after P-407 injection as described
(14). Enzymatic methods were used to quantitate total choles-
terol, free cholesterol, triglycerides, and phospholipids as de-
tailed above. The bicinchoninic acid method (Pierce, Rockford,
IL) was used to quantitate protein.

MTP activity assay

Assessment of microsomal triglyceride transfer protein (MTP)
activity in mouse livers was performed using a fluorigenic assay
essentially as described (15, 16). Briefly, to prepare microsomes,
mouse liver pieces were washed with PBS, homogenized in 50
mM Tris-Cl, pH 7.4, 5 mM EDTA, 250 mM sucrose, and 0.02%
sodium azide using a Polytron homogenizer, and centrifuged
(10,900 rpm, 30 min, 4°C; Beckman microcentrifuge). Superna-
tants were adjusted to pH 5.1 with concentrated HCI, mixed in
the cold for 30 min, and centrifuged (13,000 rpm, 30 min, 4°C;
Beckman microcentrifuge). Pellets were resuspended in 1 mM
Tris-Cl, pH 7.6, 1 mM EGTA, and 1 mM MgCl,, vortexed, incu-
bated for 30 min at 4°C, and ultracentrifuged (50,000 rpm, 4°C,
1 h; SW55 Tirotor). Supernatants were used for protein determi-
nation and MTP activity measurements in a reaction mixture
(100 pl) containing 3 pl of donor vesicles [1.2 nmol of phospha-
tidylcholine (PC) and 100 pmol of fluorescent lipids], 3 pl of ac-
ceptor vesicles (7.2 nmol of PC) in 10 mM Tris, pH 7.4, 0.1%
BSA, and 150 mM NaCl buffer. To determine the percentage of
lipid transfer, fluorescence values obtained from control assays
containing no MTP source (blanks) were subtracted from sample
values and then divided by the total fluorescence present in the
vesicles reduced by blanks.

Analysis of gene expression by real-time quantitative PCR

Total RNA from mouse livers was isolated using trizol (Invitro-
gen), and quantified with a NanoDrop ND-100 UV-Vis spectro-
photometer. cDNA synthesis was performed from 1 pg of total
RNA using reagents from Applied Biosystems (Darmstadt, Ger-
many). Real-time quantitative PCR was carried out on an ABI-
Prism 7700 (Applied Biosystems) sequence detector with the
default settings. PCR primers and fluorogenic probes were de-
signed with the Primer Express Software (Applied Biosystems)
and synthesized by Eurogentec (Seraing, Belgium). mRNA ex-
pression levels presented were calculated relative to the average
of the housekeeping gene cyclophilin and further normalized to
the relative expression level of the respective controls (9).
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Western blotting

Western blots for SR-BI were essentially performed as previ-
ously described using a commercially available goat anti-mouse
SR-BI first antibody (Novus Biologicals, Littleton, CO) (17). Sam-
ples to detect nuclear Srebp2 were prepared as follows: livers
were homogenized in homogenization buffer containing Com-
plete (Roche, Basel, Switzerland) protease inhibitor cocktail, 10
mM EGTA, 10 mM EDTA, 0.25 M sucrose, 2 mM MgCl,, 20 mM
Tris-HCI (pH 7.4) and centrifuged for 5 min at 2,500 g at 4°C.
Supernatants were aspirated, pellets were dissolved in homogeni-
zation buffer followed by centrifugation for 5 min at 1,000 g at
4°C. The supernatant was aspirated and pellets were dissolved for
60 min at 4°C in buffer containing 1 mM EGTA, 1 mM EDTA, 1.5
mM MgCly, 0.42 M NaCl, 2.5% v/v glycerol, 20 mM Hepes-KOH,
pH 7.6. The nuclear suspension was then centrifuged for 30 min
at 100,000 gat 4°C using an ultracentrifuge. The supernatant was
used for Western blots. Equal amounts of protein were resolved
by SDS-PAGE. Srebp2 was detected using a commercially avail-
able antibody from Abcam (Cambridge, UK).

Analysis of liver lipid composition

To determine contents of cholesterol, phospholipids, and
triglycerides in the liver, liver tissue was homogenized as de-
scribed (9), and triglycerides, free cholesterol, and total choles-
terol were measured using commercial kits (Roche Diagnostics
and Wako Chemicals, Neuss, Germany) after extracting lipids
according to Bligh and Dyer and redissolving the lipids in water
containing 2% Triton X-100. Phospholipid content of the liver
was determined after lipid extraction essentially as described

9).

Isolation of primary mouse hepatocytes and
pulse-chase experiments

C57BL/6 mice were injected with the control adenovirus
AdNull or the SR-BI expressing adenovirus AdSR-BI. SR-BI
knockout mice were administered AdNull. On day 3 following
injection with the respective adenoviruses, mice were anesthe-
tized by the ip injection of hypnorm (fentanyl/fluanisone, 1 ml/
kg) and diazepam (10 mg/kg), livers were perfused, and hepato-
cytes isolated essentially as previously described (18). Viability of
isolated hepatocytes was >85% as determined by the trypan blue
exclusion method. Hepatocytes were resuspended in Williams E
medium containing 10% FBS/1% antibiotics, plated in 12-well
plates precoated with collagen, and allowed to attach for 4 h.
Following a wash with PBS, new medium was added and the cells
were kept overnight before the described exg)eriments were car-
ried out. HDL was isolated and labeled with "H-cholesteryl ester
as detailed above. Labeled HDL was added to the hepatocytes in
Williams E medium without FBS containing either 0.25 mM BSA
alone or 1 mM oleate complexed to 0.25 mM BSA, freshly pre-
pared by sonication. Cells were pulsed for 1 h with labeled HDL
then the medium was removed, cells were washed three times
with PBS and followed by a 3 h chase in Williams E medium con-
taining either 0.25 mM BSA alone or 1 mM oleate/0.25 mM BSA
as indicated. At the end of this period, an aliquot of the medium
was used to precipitate apoB-containing lipoproteins with 0.36%
phosphotungstic acid (Sigma, St. Louis, MO) after adding unla-
beled human LDL at a cholesterol concentration of 2 mg/ml as
a carrier to improve precipitation efficacy. Cellular H-cholesterol
content was determined by liquid scintillation counting fol-
lowing extraction of cellular lipids in isopropanol. Aliquots of
medium as well as of the precipitates representing secreted apoB-
containing lipoproteins were also subjected to liquid scintillation
counting. Counts obtained from precipitates were expressed as a
percentage of the total counts taken up by the cells during the 1 h
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pulse period, i.e., the sum of counts within the medium at the
end of the chase and counts recovered from cells.

Statistical analysis

Statistical analyses were performed using the statistical pack-
age for social sciences (SPSS, SPSS Inc., Chicago, IL). Data are
presented as means + SEM. Statistical differences between two
groups were assessed with either an independent samples or,
where appropriate, a paired samples Student’s #test. To compare
more than two groups, ANOVA followed by a Bonferroni post
test was used. Statistical significance for all comparisons was as-
signed at P<0.05.

RESULTS

SR-BI expression impacts on plasma lipid and
lipoprotein levels

To assess the effect of SR-BI on plasma lipid levels, wild-
type mice injected with either an empty control adenovi-
rus (AdNull) or a SR-Bl-expressing adenovirus (AdSR-BI)
as well as SR-BI knockout mice were investigated. To allow
better comparability between the groups, the SR-BI knock-
out mice were also injected with the control virus AdNull.
As summarized in Fig. 1A, injection with AASR-BI resulted
in a more than 12-fold increase in hepatic SR-BI mRNA
expression on day 3 compared with AdNull injected con-
trols (12.43 = 0.95 vs. 1.00 + 0.11, P < 0.001) that subse-
quently decreased on day 7 (4.99 £ 0.38, P < 0.001), but
was still significantly elevated on day 14 (3.17 £ 0.41, P<
0.001). As shown in Fig. 1B, the time course of hepatic SR-
BI protein expression in response to adenovirus-mediated
overexpression largely followed the mRNA expression
pattern.

In SR-BI knockout mice, plasma total cholesterol (199 +
10 vs. 133 + 3 mg/dl, Fig. 1C, P < 0.01) was significantly
elevated compared with wild-type mice whereas triglycer-
ide levels were not different (96 + 10 vs. 82 + 5 mg/dl, Fig.
1D, n.s., not significant). FPLC analysis revealed an in-
crease in HDL cholesterol as well as a slight increase in
VLDL cholesterol levels in SR-BI knockout mice (Fig. 2A)
consistent with previously published data (5, 6). On day 3
after AASR-BI injection, plasma total cholesterol (12 + 2
mg/dl, Fig. 1C) as well as triglyceride levels (20 = 1 mg/dl,
Fig. 1D) were significantly decreased (each P< 0.001). Al-
though hepatic SR-BI expression showed a constant de-
cline from day 3 to day 14, plasma total cholesterol and
triglyceride levels did not follow this trend. On day 7,
plasma total cholesterol (86 = 8 mg/dl, Fig. 1C) and tri-
glycerides (114 + 6 mg/dl, Fig. 1D) increased significantly
compared with day 3 values (P < 0.01). However, this was
followed by a decrease on day 14 [cholesterol: 73 + 6 mg/
dl, triglycerides: 84 + 5 mg/dl (P< 0.05 compared with day
7), Fig. 1C, D]. FPLC analysis revealed a striking increase
in levels of apoB-containing lipoproteins on day 7 com-
pared with day 3 and day 14 (Fig. 2B). These results led us
to hypothesize that SR-BI might be involved in VLDL pro-
duction in addition to functioning as an uptake receptor
for cholesterol (3-6). Further experiments therefore fo-
cused on exploring the metabolic effects of SR-BI using
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Fig. 1. Plasma lipid levels in SR-BI knockout mice, wild-type con-

trols and on different days after adenovirus-mediated SR-BI overex-
pression. A: Hepatic SR-BI mRNA expression levels determined by
real-time quantitative PCR as detailed in Experimental Procedures.
B: Hepatic SR-BI protein expression assessed by Western blot as
described in Experimental Procedures. C: Plasma total cholesterol
(TC) levels, (D) plasma triglyceride (TG) levels. n = 6-8, except for
plasma TG levels (n = 12), data are presented as means + SEM.
* indicates statistically significant differences compared with wild-
type controls (at least P< 0.05) as assessed by ANOVA followed by
posttest analysis and * indicates statistically significant differences
between day 7 and day 14 values.

adenovirus-mediated overexpression on day 7 after AdSR-
BI injection as well as SR-BI knockout mice.

Hepatic SR-BI expression promotes VLDL triglyceride
and apoB production

Because the finding of increased levels of apoB-contain-
ing lipoproteins on day 7 after AASR-BI administration in
the presence of high levels of hepatic SR-BI expression
cannot be explained by SR-BI increasing the catabolic rate
of VLDL, we first determined hepatic VLDL production
rates. In mice overexpressing SR-BI, hepatic VLDL triglyc-
eride production rates were significantly increased com-
pared with controls (143 + 2 vs. 108 + 2 mg/kg/h, P <
0.001, Fig. 3A). In addition, the production of VLDL
apoB48 (1760 + 121 vs. 1028 + 81 cpm, P< 0.001, Fig. 3B)
as well as apoB100 (905 + 75 vs. 642 + 44 cpm, P< 0.05, Fig.
3B) were significantly higher in AdSR-BI injected mice.
Complementing these results in SR-BI overexpressing
mice, VLDL triglyceride production rates in SR-BI knock-

outs were significantly lower than in wild-type controls
(106 = 6 vs. 120 + 3 mg/kg/h, P< 0.05, Fig. 3C). Also, pro-
duction of VLDL apoB48 (1178 + 70 vs. 897 + 78 cpm, P<
0.05, Fig. 3D) was significantly lower in SR-BI knockouts
whereas apoB100 showed a trend toward a decrease (707 =
57 vs. 535 + 44 cpm, P=0.052, Fig. 3D). These data indi-
cate that SR-BI expression is positively related to hepatic
VLDL-triglyceride as well as VLDL apoB production.

In addition, we performed a dose-response experiment
to investigate the metabolic effects of increasing dosages of
AdSR-BI. Compared with control adenovirus injected mice,
administration of AdSR-BI increased hepatic SR-BI mRNA
levels on day 7 after injection significantly in all three
groups, namely, mice given 1 x 10E10 (1.00 £ 0.06 vs. 2.27 +
0.21, P< 0.01, Fig. 4A), 3 x 10E10 (4.68 + 0.36, P < 0.001,
Fig. 4A) and 1 x 10E11 (6.95 + 0.94, P<0.001, Fig. 4A) par-
ticles/mouse of the adenovirus. On day 3 and day 7 after
adenovirus administration, plasma total (day 3: —4%, day
7: +5%) and HDL cholesterol levels (day 3: —3%, day
7: +2%) were unaffected in mice given 1 x 10E10 particles
AdSR-BI; however, hepatic VLDL-triglyceride (TG) pro-
duction rates were already significantly increased compared
with AdNull-injected controls (120 +4vs. 93 + 11 mg/kg/h,
P < 0.05, Fig. 4B). In mice receiving 3 x 10E10 particles of
AdSR-BI, on day 3, plasmalevels of total cholesterol (—31%)
and HDL cholesterol (—28%) were decreased, whereas on
day 7, total cholesterol was not different from controls and
HDL cholesterol was still lower (=11%). In this group, he-
patic VLDL-TG production was even higher (134 + 6 mg/
kg/h, P < 0.01 compared with AdNull, Fig. 4B). Mice
administered 1 x 10E11 particles of AASR-BI confirmed
our previous findings with decreased plasma total (day
3: —90%, day 7: —31%) as well as HDL cholesterol levels
(day 3: —82%, day 7: —68%) on day 3 and day 7. In these
mice, hepatic VLDL-TG production rates were highest (144 +
11 mg/kg/h, P<0.01 compared with AdNull, Fig. 4B).

Next, we determined the composition of nascent VLDL
particles secreted by the liver within the different experi-
mental groups. As summarized in Table 1, VLDL composi-
tion did not change in response to SR-BI overexpression
(1 x 10E11 particles/mouse) indicating that under these
conditions more VLDL particles of the same size are secreted
by the liver. In VLDL from SR-BI knockout mice, the rela-
tive contents of free cholesterol (P < 0.05, Table 1) as well
as cholesterol ester (P < 0.05, Table 1) were significantly
increased compared with wild-type controls. However, the
contents of phospholipids and triglycerides were not signifi-
cantly different pointing toward unchanged size of VLDL
secreted by the liver also in SR-BI knockout animals.

Hepatic SR-BI expression influences liver
cholesterol content

Relative liver weight increased significantly in response
to hepatic SR-BI overexpression (P < 0.001, Table 2),
whereas SR-BI knockout mice exhibited a tendency toward
lower liver weight. SR-BI overexpression resulted in a sig-
nificant increase in hepatic total as well as free cholesterol
content (each P < 0.001). Phospholipids remained un-
changed, but hepatic triglyceride content was higher in
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groups of mice and cholesterol content within each fraction was measured as detailed in Experimental Procedures.

AdSR-BI injected mice (P < 0.05). However, in SR-BI
knockout mice hepatic total and free cholesterol contents
were also significantly increased (P < 0.05), in agreement
with previously published data (19). In the SR-BI knock-
out model, liver phospholipids and triglycerides did not
change compared with wild-type controls.

SR-BI expression alters hepatic gene expression and
MTP activity

Hepatic gene expression levels in the different models
investigated are given in Table 3. The expression of MTP
and apoE did not change in response to altered SR-BI ex-
pression. Hepatic expression of SREBPI1c as well as FAS
was unchanged in mice injected with AdSR-BI; however,
both genes were significantly increased in SR-BI knockout
mice compared with controls (P< 0.01, Table 3). Interest-
ingly, there was a consistent change in the expression of
SREBP2 and its target genes HMG-CoA reductase and
LDLR. The mRNA expression of all three genes was de-
creased in response to SR-BI overexpression (P < 0.01,
Table 3), as was the level of nuclear SREBP2 (Fig. 5),
indicating alterations in endoplasmic reticulum (ER) cho-
lesterol content dependent on SR-BI expression. On the
other hand, expression of SREBP2, HMG-CoA reductase,
and LDLR was significantly increased in SR-BI knockout
mice (P<0.01, Table 3).

Because MTP plays a central role in VLDL production,
we also assessed hepatic MTP activity in the different groups
of mice in addition to measuring mRNA expression. SR-BI
overexpression resulted in increased MTP activity (1094 +
45 vs. 821 + 59%transfer/mg/h, P< 0.01, Fig. 6A), whereas
MTP activity was decreased in the SR-BI knockout mice
(376 + 30 vs. 626 + 94%transfer/mg/h, P < 0.05, Fig. 6B)
each compared with the respective control groups.

SR-BI facilitates the hepatic resecretion of HDL-derived
cholesterol within VLDL

Because SR-BI mediates the selective uptake of HDL
cholesteryl ester, and liver cholesterol content as well as
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hepatic VLDL production were increased in response to
SR-BI overexpression, we hypothesized that under these
circumstances HDIL-derived cholesterol might be rese-
creted within VLDL. To test this hypothesis, HDL labeled
with f%H-cholestelryl ester was injected into mice in which
VLDL catabolism was blocked with P-407. P-407 has been
previously demonstrated to not affect the integrity of the
HDL particle in contrast to tyloxapol (10). Using this ap-
proach, we were able to recover HDL-derived cholesteryl
ester within VLDL of wild-type mice, and hepatic overex-
pression of SR-BI resulted in significantly increased recov-
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Fig. 3. SR-BI expression is associated with altered hepatic VLDL
production. A: Hepatic VLDL-TG production rates and (B) hepatic
VLDL-apoB production rates in wild-type mice on day 7 following
injection with either AdSR-BI or the control adenovirus AdNull. C:
Hepatic VLDL-TG production rates and (D) hepatic VLDL-apoB
production rates in SR-BI knockout mice and wild-type controls.
VLDL production was measured using P-407 to block VLDL catab-
olism as described in methods; n = 5-6, data are presented as
means + SEM. * indicates statistically significant differences com-
pared with the respective controls (at least P < 0.05) as assessed by
Student’s ttest.
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cles/mouse by the addition of control adenovirus AdNull. A: He-
patic SR-BI mRNA expression levels determined by quantitative
real-time PCR. B: Hepatic VLDL-TG production rates assessed with
P-407 to block VLDL catabolism as detailed in Experimental Proce-
dures; n = 5-6 mice/group, data are presented as means + SEM. *
indicates statistically significant differences compared with AdNull
injected controls (at least P< 0.05) as assessed by Student’s +test.

ery (954 £ 67 vs. 1441 + 174 cpm /200 pl, P< 0.05, Fig. 7A).In
contrast, HDIL-derived cholesteryl ester was almost absent
within VLDL of SR-BI knockout mice compared with con-
trols (1253 + 49 vs. 148 + 13 cpm /200 pl, P< 0.001, Fig. 7B).

To further substantiate these observations, pulse-chase
experiments were carried out in primary hepatocytes iso-
lated from wild-type and SR-BI knockout mice each
injected with the control adenovirus AdNull as well as from
wild-type mice following injection with AdSR-BI. Because
the SR-BI expression status impacts on the cellular uptake
of HDL cholesteryl ester, counts within VLDL were nor-
malized for the total counts recovered from the respective
well. Under basal conditions without oleate added, hepa-
tocytes from SR-BI knockout mice secreted significantly
less labeled cholesterol within VLDL compared with wild-

TABLE 1. Composition of nascent VLDL particles secreted by the
liver in mice on the C57BL/6 genetic background with different
hepatic SR-BI expression

Increased Expression Decreased Expression

AdNull AdSR-BI C57BL/6  SR-BI ko

Triglycerides (%) 624+24 627+14 63.7+21 61.4+1.9

Free cholesterol (%) 3.6+0.7 29+0.8 35+04 63+09°
Cholesteryl ester (%) 49+08 51+1.0 45+06 79=1.0°
Phospholipids (%) 185+1.3 198+19 188+1.7 15.7+0.9
Protein (%) 106+09 96+06 9.6+0.5 88=+0.5

Values are means + SEM. }
Significantly different from the respective control group: * at least
P<0.05.

type control hepatocytes (1.8 + 0.1 vs. 3.4+ 0.5%, P< 0.05,
Fig. 8A). On the other hand, significantly higher counts
were recovered within VLDL from hepatocytes isolated
from wild-type mice injected with AASR-BI compared with
wild-type control cells (5.1 +0.1%, P< 0.05, Fig. 8A). When
the experiment was performed with oleate present, HDL-
derived labeled cholesterol within VLDL did not increase
significantly in SR-BI knockout hepatocytes (2.5 + 0.4%,
Fig. 8B), whereas recovered counts within VLDL were in-
creased by 72% in wild-type hepatocytes (5.9 + 0.3%, P <
0.05 compared with SR-BI knockout hepatocytes as well as
to conditions without oleate, Fig. 8B). SR-BI overexpres-
sion resulted, under these conditions, in an even further
increase in HDL-derived counts within VLDL by 94%
(9.9 £1.3%, P< 0.05 compared with wild-type hepatocytes
as well as to conditions without oleate, Fig. 8B). Taken to-
gether, these data indicate that in liver, a metabolic shunt
might exist between the HDL catabolic and the VLDL se-
cretion pathways and suggest that SR-BI might represent a
central link within this process.

DISCUSSION

The results of this study demonstrate that SR-BI expres-
sion affects hepatic VLDL production with decreased
VLDL-TG as well as VLDL-apoB production in SR-BI
knockout mice and increased VLDL production in re-
sponse to adenoviral SR-BI overexpression. Our data fur-
ther indicate that HDL-derived cholesterol taken up via
SR-BI can be packaged into VLDL particles and secreted
by the liver, thereby pointing toward a potential intrahe-
patic metabolic shunt between HDL and apoB-containing
lipoproteins.

SR-BI is well characterized as a receptor mediating the
selective uptake of cholesteryl ester from HDL into cells
(1, 2). It has also been established by in vitro as well as in
vivo studies that SR-BI and its human ortholog Cla-1 can
bind apoB-containing lipoproteins and mediate their in-
ternalization (3-6, 20). This property of SR-BI might de-
pendon the physiological contextashepatic overexpression
of SR-BI in hapoB transgenic mice (21) or attenuated ex-
pression in LDLR knockout (22) mice did not affect the
LDL catabolic rate. As suggested by one study using apoE-
deficient mice, apoE is required for the cellular uptake of
apoB-containing lipoproteins by SR-BI (23). In contrast,
hepatic SR-BI overexpression in fibrate-treated apoE
knockout mice decreased plasma apoB levels significantly
by more than 40% and reversed fibrate-induced hypercho-
lesterolemia (24).

To our knowledge, this is the first report implicating SR-
BI in hepatic VLDL production. However, circumstantial
evidence has been provided by previous studies. In the im-
portant first demonstration that SR-BI increases the cata-
bolic rate of HDL and enhances cholesterol uptake in vivo
in mice, FPLC profiles indicated that, after a lag phase, on
days 7, 10, and 14 following injection of AdSR-BI, levels of
apoB-containing lipoproteins increased substantially (7).
This observation would argue against a sole effect of SR-BI
on the catabolism of apoB-containing lipoproteins. There-
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TABLE 2.

Liver weight and liver lipid composition in mice on the C57BL/6 genetic background with different

hepatic SR-BI expression

Increased Expression

Decreased Expression

AdNull AdSR-BI C57BL/6 SR-BI ko
Liver weight (% of bw) 4.48 +0.21 6.27 +0.18° 4.42+0.19 4.15+0.38
Total cholesterol (pmol/g) 6.26 = 0.18 8.07 + 0.61° 5.90+0.18 6.49 + 0.19°
Free cholesterol (pmol/g) 4.48 +0.33 6.02 + 0.56° 4.26 +0.10 4.65 +0.14°
Phospholipids (pmol/g) 34.2+2.4 354+5.3 322+1.2 33.7+0.8
Triglycerides (pmol/g) 12.0+8.0 272+ 3.8 83+15 9.2x21

Values are means + SEM.

In the experiments involving the use of recombinant adenovirus livers were analyzed on day 7 following virus
administration. Significantly different from the respective control group: S at least P< 0.05.

fore, we directly measured hepatic VLDL production rates
in SR-BI knockout as well as SR-BI overexpressing mice
and found these to be positively related to the SR-BI ex-
pression level. In the previous study, hepatic LDLR mRNA
expression was reported to be unchanged in response to
SR-BI overexpression (7). This is in contrast to our results
that SREBP2 as well as its target gene LDLR are signifi-
cantly decreased following injection of AdSR-BI, in line
with increased hepatic cholesterol content. Interestingly,
hepatic VLDL production rates in the context of altered
hepatic SR-BI expression were measured in only one other
earlier study using SR-BI knockout mice (6). This report
revealed a clear trend toward a 30% decrease in VLDL-TG
production in SR-BI knockout mice (6) that, however, did
not reach statistical significance. These studies used tylox-
apol as a means of blocking endogenous VLDL catabolism,
whereas we employed P-407 in our present study. In our
hands, the experimental variability is considerably lower
with the use of P-407 than with tyloxapol, which might pro-
vide an explanation for the previously reported findings
not turning out significant.

In general, the effect of SR-BI on VLDL production
should not be regarded as an exclusive denominator of
steady-state plasma VLDL cholesterol levels as these de-
pend on factors influencing the production rate as well as
the catabolic rate. However, as we observed significant
and congruent results on SR-BI facilitating hepatic VLDL
production, both in the knockout mouse and in a dose-
dependent fashion under conditions of hepatic SR-BI
overexpression, we believe that this property of SR-BI has
physiological relevance. Although in chow-fed SR-BI trans-

genic mice with life-long metabolic adaptations, plasma
levels of cholesterol within apoB-containing lipoproteins
are lower, indicating the catabolism effect of SR-BI over-
weighing the effect on production rate (25-27), altering
the metabolic context in SR-BI transgenic models reveals
effects of SR-BI overexpression that are consistent with in-
creased production of apoB-containing lipoproteins.
Feeding a Western-type diet to SR-BI transgenic mice was
associated with increased plasma levels of apoB-containing
lipoproteins (25, 27). In addition, SR-BI transgenic mice
on the human apoB-transgenic background fed an athero-
genic diet also displayed increased levels of apoB-containing
lipoproteins, which, interestingly, translated in this model
into increased atherogenesis (28). Other available studies
in the literature that achieved SR-BI overexpression using
a recombinant adenovirus all investigated earlier time
points, namely day 3 or day 5 after adenovirus injection,
and observed on these days very similar steady-state plasma
lipoprotein effects as seen in our present report (4, 21, 29,
30), mostly no or minor effects on VLDL cholesterol. The
only other study looking at time points later than day 5,
however, revealed plasma lipid and lipoprotein data simi-
lar to our study, namely increased apoB-containing lipo-
proteins on day 7 and later (7). Of note, however, none of
the previous studies discussed in this paragraph measured
hepatic VLDL production rates.

Gene expression analysis in SR-BI knockout as well as in
SR-BI overexpressing mice demonstrated that the SR-BI
expression level is inversely related to the expression of
SREBP2 and its target genes LDLR and HMG-CoA re-
ductase. These results are in agreement with previous in

TABLE 3. Hepatic gene expression levels in mice on the C57BL/6 genetic background with different
hepatic SR-BI expression
Increased Expression Decreased Expression
AdNull AdSR-BI C57BL/6 SR-BI ko
MTP 1.00 £ 0.13 0.97 +0.08 1.00 = 0.09 1.09 +0.10
apoE 1.00 £ 0.12 0.73 + 0.05 1.00 £ 0.02 0.92+0.03
FAS 1.00 £ 0.22 0.75+0.08 1.00 £ 0.24 1.64 +0.22°
SREBP2 1.00 £ 0.12 0.62 + 0.10% 1.00 £ 0.08 1.39 + 0.09%
LDLR 1.00 £ 0.07 0.59 + 0.05° 1.00 + 0.06 1.59 +0.16°
HMG-CoAR 1.00 +0.16 0.51 = 0.09° 1.00 +0.14 1.83 + 0.08%
SREBP1c 1.00 £ 0.18 1.08 +0.12 1.00 £ 0.21 2.54 +0.32°

Values are means + SEM.

Significantly different from the respective control group: S at least P< 0.05.
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AdNull AdSR-BI AdNull AdSR-BI

Fig. 5. Nuclear levels of SREBP2 protein are decreased in re-
sponse to SR-BI overexpression. Western blots for nuclear SREBP2
were performed as detailed in Experimental Procedures using liv-
ers from mice injected with either AdNull or AASR-BI as indicated
(day 7 after adenovirus administration).

vitro findings that SR-BI delivers HDL cholesterol to an in-
tracellular regulatory pool (31). Because SREBP2 has been
established as a sensitive sensor for the ER cholesterol con-
tent (32), these results indicate that SR-BI-mediated choles-
terol uptake results in increased ER cholesterol content,
whereas the absence of SR-BI leads to a depletion in ER
cholesterol. Because this relative depletion in the SR-BI
knockout mice results in increased HMG-CoA reductase-
driven hepatic cholesterol synthesis, such an adaptive meta-
bolic response would also explain the slight but significant
increase in hepatic cholesterol content that we and others
previously (19) observed. Cholesterol used for VLDL secre-
tion is also thought to be derived from the ER (33), which
then conceivably might represent the point where the two
pathways, HDL-derived cholesterol taken up and choles-
terol secreted within VLDL, merge. Therefore, in our view,
increased VLDL production in response to SR-BI overex-
pression might not be a direct intrinsic effect of SR-BI but
might rather represent a cholesterol-driven process.
HDL-based therapies for atherosclerotic cardiovascular
disease are emerging and SR-BI is among the prime can-
didates as a therapeutic target (34-37). Studies have
suggested that especially hepatic SR-BI expression is
anti-atherogenic, increases reverse cholesterol transport
(38), and results in reduced atherosclerotic lesion forma-
tion in most models (25, 28, 39, 40). Hepatic SR-BI expres-
sion is also associated with increased biliary cholesterol
content (7) as well as secretion rates (17). However, the
results of our present study add a cautionary note suggest-
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Fig. 6. Hepatic MTP activity depending on the hepatic SR-BI ex-
pression level. A: Livers from wild-type mice analyzed on day 7 fol-
lowing injection with either AdSR-BI or the control adenovirus
AdNull. B: Livers from SR-BI knockout mice and wild-type controls;
n = 6-7, data are presented as means + SEM. * indicates statistically
significant differences compared with the respective controls (at
least P< 0.05) as assessed by Student’s ttest.
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Fig. 7. HDL-derived cholesterol is resecreted by the liver within
VLDL particles. A: Wild-type mice investigated on day 7 following
injection with either AASR-BI or the control adenovirus AdNull. B:
SR-BI knockout mice and wild-type controls. Mice were injected
with 3H-cholestelryl ester labeled HDL under conditions of block-
ing VLDL catabolism with P-407 as outlined in Experimental Pro-
cedures. Recovered counts (cpm) 4 h after injection with labeled
HDL are given; n = 5-6. Data are presented as means + SEM. * in-
dicates statistically significant differences compared with the re-
spective controls (at least P< 0.05) as assessed by Student’s «test.

ing that there might be limits to metabolic pathways and
also that a beneficial player might exert potential negative
effects such as increased hepatic VLDL production under
certain metabolic conditions.

In summary, our results demonstrate that in addition to
its established role in increasing the catabolism of apoB-
containing lipoproteins, hepatic SR-BI expression is also
linked to increased VLDL production. Our data further
indicate that within the liver, a metabolic shunt might ex-
istwith HDL cholesterol entering, at least in part, the same
pool from which cholesterol is recruited for VLDL pro-
duction. However, the relative balance between catabolism
and production determines the net effect of SR-BI on
plasma levels of triglycerides and cholesterol within apoB-

>
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Fig. 8. HDL-derived cholesterol is resecreted within VLDL parti-
cles by isolated primary hepatocytes. Isolated primary hepatocytes
from SR-BI knockout and wild-type mice receiving the respective
adenoviruses as indicated were incubated for 1 h with *H-choles-
teryl ester labeled HDL followed by a chase for 3 h either in the
presence of (A) 0.25 mM albumin or (B) 1 mM oleate complexed
to 0.25 mM albumin. Counts recovered within secreted apoB-
containing lipoproteins were determined following precipitation
as detailed in Experimental Procedures. Recovered counts from
the precipitate are expressed as percentage of total counts present
in each well at the end of the experiment. n = 4, data are presented
as means = SEM. * indicates statistically significant differences com-
pared with AdNull infected wild-type hepatocytes (P < 0.05) and #
indicates statistically significant differences compared with the re-
spective groups from experiments performed without the addition
of oleate.
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containing lipoproteins. These results might have implica-
tions when considering HDL-based therapies against
atherosclerotic cardiovascular disease, especially with SR-
BI as target

We are grateful to Dr. Karen Kozarsky (GlaxoSmithKline, King
of Prussia, PA) for providing the SR-BI expressing adenovirus
used in this study.
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