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ABSTRACT: Scavenger receptor class B type I (SR-BI) is
primarily responsible for the selective uptake of cholesteryl
esters (CE) of high-density lipoprotein (HDL) by the liver and
other tissues. In the present study, we show that SR-BI-
deficient (scarb1−/−) mice are resistant to diet-induced obesity,
hepatic lipid deposition, and glucose intolerance after 24 weeks
of being fed a western-type diet. No differences in energy
expenditure or mitochondrial function could account for the
observed phenotype. Kinetic and gene expression analyses
suggested reduced de novo fatty acid synthesis in scarb1−/−

mice. Furthermore, adenosine monophosphate-activated pro-
tein kinase (AMPK)-stimulated hepatic FFA catabolism was reduced in these mice, leaving direct dietary lipid uptake from
plasma as the major modulator of hepatic lipid content. Analysis of the apolipoprotein composition of plasma lipoproteins
revealed a significant accumulation of apolipoprotein E (ApoE)-containing HDL and TG-rich lipoproteins in scarb1−/− mice that
correlated with reduced plasma LpL activity. Our data suggest that scarb1−/− mice fed a western-type diet for 24 weeks
accumulate CE- and ApoE-rich HDL of abnormal density and size. The elevated HDL-ApoE levels inhibit plasma LpL activity,
blocking the clearance of triglyceride-rich lipoproteins and preventing the shuttling of dietary lipids to the liver.

Scavenger receptor class B member I (SR-BI) is an 82 kDa
cell-surface glycoprotein that belongs to the CD36

superfamily along with mammalian scavenger receptor CD36
and lysosomal membrane protein 2.1 SR-BI is widely expressed,
including tissues such as adrenal and gonad and cells such as
macrophages and endothelial cells (primarily in the liver),2,3

where it mediates the binding to very-low-density lipoproteins
(VLDL), intermediate-density lipoproteins (LDL), and high-
density lipoproteins (HDL).2,4 The main function of SR-BI is
the selective uptake of cholesteryl esters (CE) from HDL, thus
reducing its size.5−8 Additional studies suggest that SR-BI in
macrophages binds oxidized LDL (oxLDL), forming foam
cells,9 although some studies support that this binding is not as
efficient as the binding of oxLDL to CD36.10 In terms of the
effects of SR-BI on mouse physiology, overexpression of SR-BI
in the liver of SR-BI-deficient (scarb1−/−) animals by
adenovirus-mediated gene transfer results in decreased plasma
HDL cholesterol (HDL-C) and apolipoprotein A-I (ApoA-I)
levels,11 whereas liver-specific SR-BI transgenic mice (SR-BI-
Tg) display reduced plasma apolipoprotein A-II (ApoA-II) and
B (ApoB) levels.12 On the other hand, ubiquitous deletion of
scarb1 correlates with high levels of total plasma cholesterol and
increased cholesterol in HDL fractions.13 In agreement with the
important role of SR-BI in reverse cholesterol transport (RCT),
scarb1−/− mice challenged with high-fat diet for 20 weeks

develop aortic lesions, confirming the antiatherogenic function
of SR-BI.14

Nonalcoholic fatty liver disease (NAFLD) is a chronic
disease characterized by fat accumulation in hepatocytes of
people who consume little or no alcohol. It has been proposed
to be the hepatic component of metabolic syndrome15,16 since
recent data indicate that, in patients with metabolic syndrome,
hyperinsulinemia induces a series of hepatic disturbances, such
as increased hepatic de novo lipogenesis, impaired inhibition of
adipose tissue lipolysis, and increased efflux of free fatty acids
from adipose tissue to the liver, setting the stage for the
development of NAFLD.17 NAFLD shows increased prevalence
worldwide that correlates closely with the obesity epidemic
(70−80% of obese patients have the disease).18 Epidemio-
logical data indicate that 20% of the general population suffer
from NAFLD worldwide, which is further increased to 70% in
patients with type 2 diabetes mellitus.19

Recent data suggested that the coexistence of low levels and/
or dysfunctional HDL with NAFLD in metabolic syndrome
may not be a mere coincidence; rather, it underpins a strong
causative relationship between these two conditions.20,21 In the
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present study, we sought to investigate the biochemical
mechanisms mediating the effects of SR-BI on plasma ApoE
levels and dietary lipid deposition to the liver. Our data indicate
that deficiency in SR-BI results in diet-induced accumulation of
apolipoprotein E (ApoE)-rich lipoproteins and a reduction of
LpL activity in plasma that ultimately attenuates clearance of all
TG-rich lipoproteins and the shuttling of dietary lipids from the
intestine to the liver.

■ MATERIALS AND METHODS
Animals. Scarb1+/− mice13 were back-crossed in our animal

facility for nine generations to C57BL/6 mice to ensure that
their genetic background is similar to that of the control group.
Breeding heterozygote scarb1+/− mice gave rise to scarb1−/−

mice that were identified by PCR genotyping according to
Jackson Laboratories’ protocol (Figure S1, Supporting In-
formation). Wild-type C57BL/6 littermates were used as
controls. Unless otherwise indicated, for each study, female
mice 10−12 weeks old were caged individually (one mouse per
cage) and were allowed unrestricted access to food and water
under a 12 h light/dark cycle (7.00 am to 6.59 pm light).
Groups of mice were formed in which average cholesterol,
triglycerides (TG), and glucose levels and starting body weights
were ensured to be similar. Mice were fed the standard western-
type diet (Mucedola SRL, Milano, Italy)20,21 for the indicated
periods. At the end of each experiment, mice were sacrificed,
and plasma and tissue samples were collected for histological
and biochemical analyses. All animal studies were conducted
according to EU guidelines for the Protection and Welfare of
Animals. The estimated sample size was determined based on
the desired power of statistical analysis, using an online
statistical tool (http://www.stat.ubc.ca/~rollin/stats/ssize/n2.
html). The work was authorized by the Laboratory Animal
Center committee of The University of Patras Medical School
and the Veterinary Authority of the Prefecture of Western
Greece.
Mouse Genotyping. Mouse genotyping was performed by

PCR analysis of genomic DNA isolated from tail biopsies
according to Jackson Laboratories’ protocol. PCR products
were analyzed on an 1.5% agarose−TAE gel, and the 100 bp
DNA ladder (cat. no. N3231L, New England Biolabs, Ipswich,
MA, USA) was used to confirm the size of DNA bands (Figure
S1, Supporting Information).
Determination of Body Weight and Daily Food

Consumption. At the indicated time-points during the course
of the experiments, six mice in each group were briefly
anesthetized using isofluorane, and their body weight was
determined by a Mettler precision microscale. At the same time
points, food intake was assessed during a 7 day period to ensure
reliable measurements, as described previously.22,23 Food intake
was then expressed as the average of all measurements for each
group during the entire duration of the experiment and is
reported as the mean ± standard error of the mean.
Determination of Postprandial Triglyceride Kinetics

Following Oral Administration of Olive Oil. Groups of six
scarb1−/− and C57BL/6 mice were used. Determination of the
postprandial TG kinetics was performed by oral (gavage)
administration of 300 μL of extra virgin olive oil, as described
previously.24 Values are expressed in mg/dL ± standard error
of the mean.
Rate of Hepatic VLDL-Triglyceride Secretion. The rate

of hepatic VLDL-triglyceride (VLDL-TG) secretion was
measured as described previously.21,25,26

Fasting Glucose Determination, GTT, and IST. Fasting
plasma levels were determined after a 16 h fasting period
(starting at 7.00 pm) using a Bayer Contour glucometer (Bayer,
Germany). Glucose tolerance test (GTT) and insulin sensitivity
test (IST) were performed as described previously23 using
doses of 2 g of dextrose per kilogram of body weight and 1 U of
humulin per kilogram of body weight, respectively. Groups of
six scarb1−/− and C57BL/6 mice were studied.

Insulin Quantification by ELISA. Plasma insulin levels
during GTT were evaluated by ELISA (rat/mouse insulin
ELISA kit, cat. no. EZRMI-13K, Merck, USA) according to the
manufacturer’s instructions. Groups of six scarb1−/− and
C57BL/6 mice were studied.

Indirect Calorimetry Studies. Indirect calorimetry studies
were performed using the Phenomaster small animal color-
imetry system (TSE Systems, Germany), as described
previously.20,27 Six scarb1−/− and seven C57BL/6 mice were
analyzed per group.

Plasma Lipid Determination. Following a 16 h fasting
period (starting at 7.00 pm), plasma samples were isolated from
the experimental mice via tail vein. Total plasma cholesterol
and plasma TG levels were measured as described previously.28

Groups of six scarb1−/− and C57BL/6 mice were studied.
Fractionation of Plasma Lipoproteins by Density

Gradient Ultracentrifugation. For the determination of
total plasma cholesterol, plasma TG, free cholesterol, and CE in
various plasma lipoproteins, 0.5 mL of pools of plasma from six
scarb1−/− and six C57BL/6 mice was fractionated by density
gradient ultracentrifugation (UCF), as described previously.28

Measurement of Total Hepatic TG Content. Total
hepatic TG determination was performed as described
previously.24 Groups of six scarb1−/− and C57BL/6 mice
were studied. Results are expressed as milligrams of TG per
gram of tissue ± standard error of the mean.

Histological Analysis of Tissue Samples. Conventional
hematoxylin−eosin (H&E) and reticulin histological stainings
of hepatic sections were performed as described previously.20,21

Groups of six scarb1−/− and C57BL/6 mice were studied.
Isolation of Pure Mitochondria. Mitochondria from

brown adipose tissue (BAT) were isolated from three
scarb1−/− and three C57BL/6 mice as described previously.29

The protein concentration of each mitochondrial sample was
determined using the detergent-compatible protein assay kit
(Bio-Rad Laboratories, cat. no. 500-0006).

Western Blot Analysis. Western blot analysis of ApoA-I
and ApoE in UCF lipoprotein fractions was performed as
described previously28 using a goat anti-human ApoA-I
antibody (Biodesign International, cat. no. K45252G) and
goat anti-human ApoE antibody (Biodesign International, cat.
no. K74190G), respectively, as the primary and a rabbit anti-
goat antibody (Santa Cruz, cat. no. sc-2768) as the secondary.
For western blot analysis of total adenosine monophosphate-
activated protein kinase (AMPK) levels in liver lysates from
scarb1−/− and C57BL/6 mice, a rabbit anti-mouse AMPK
antibody was used (Cell Signaling, cat. no. 2532), whereas
AMPK phosphorylation at Thr172 was estimated using a rabbit
anti-mouse P(Thr172) antibody (Cell Signaling, cat. no. 2535).
Western blotting analysis of murine cytochrome c (CytC),
uncoupling protein 1 (Ucp1), and cytochrome c oxidase
subunit 4 (COx4) was performed using primary rabbit anti-
mouse IgG antibodies (cat. no. 4272, Cell Signaling, Danvers,
MA; cat. no. GTX10983, Acris, Herford, Germany; cat. no.
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Ab165056, AbCam, Cambridge, UK, respectively) as described

previously.27

Real-Time PCR Analysis of Gene Expression. Real-Time

PCR for apoe, fatty acid synthase ( fasn), peroxisome

proliferator-activated receptor gamma (ppargamma), diacylgly-

cerol acyltransferase isoform 1 (dgat1), low-density lipoprotein

receptor (ldlr), low-density lipoprotein receptor-related protein

1(lrp1), and 40S ribosomal protein S18 (rps18) (a house-

Table 1. Statistical Results Following Two-Way Repeated Measures ANOVA of Our Results

time genotype timea−genotype interaction

figure F DF p F DF p F DF p

2Aa 33.37 2.015 <0.001b 0.9 1 0.371 3.26 2.015 0.064
2B 48.01 4 <0.001b 28.92 1 0.006c 16.01 4 <0.001d

2Ca 25.01 1.536 <0.001b 10.59 1 0.012c 1.41 1.536 0.273
2D 10.87 4 <0.001b 0.78 1 0.444 0.90 4 0.497
2E 4.23 4 0.023b 11.37 1 0.043c 3.59 4 0.038d

4A 3.77 2 0.070 54.59 1 0.002c 2.92 2 0.112
4B 168.40 2 <0.001b 35.72 1 0.001c 29.71 2 <0.001d

4C 4.51 6 0.002b 16.78 1 0.009c 0.90 6 0.506
aMauchly’s sphericity test was significant at the 0.05 level; therefore, the Greenhouse−Geisser degrees of freedom adjustment was performed. bThe
curves differ significantly from the horizontal. cThe curves of the two genotypes are significantly different. dThe observed difference between
genotypes is not identical at all time points.

Figure 1. Histological analyses of liver sections from C57BL/5 and scarb1−/− mice fed a western-type diet for 24 weeks. (A, B) Representative
pictures of H&E-stained hepatic sections from C57BL/6 (A) or scarb1−/− (B) mice. (C, D) Representative pictures of extracellular reticulin-stained
hepatic sections from C57BL/6 (C) or scarb1−/− (D) mice. All pictures in panels A−D were taken under an original magnification of 20×. (E)
Average surface area of lipid-loaded cells in the livers of scarb1−/− (■) and C57BL/6 (□) mice. (F) Biochemical determination of hepatic TG
content of scarb1−/− (■) and C57BL/6 (□) mice. (G) Biochemical determination of hepatic cholesterol content of scarb1−/− (■) and C57BL/6
(□) mice. (H) Body weight changes as a function of time in scarb1−/− (●) and C57BL/6 (○) mice during the course of the experiment. (I) Average
food consumption of scarb1−/− (●) and C57BL/6 (○) mice during the course of the experiment.
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keeping gene) was performed as described previously.27 The
primers used for mc2r analysis were as follows: forward: 5′-
TCT TAA GCC TCG TGG CAG TT-3′, reverse: 5′-GCT
ATG GTA TTG CAG GGC AT-3′. The primers used for
pparalpha analysis were as follows: forward: 5′-TAT TCG
GCT GAA GCT GGT GTA C-3′, reverse: 5′-CTG GCA TTT
GTT CCG GTT CT-3′. The primers used for pgc1a analysis
were as follows: forward: 5′-GGA TTG AAG TGG TGT AGC
GAC-3′, reverse: 5′-GCT CAT TGT TGT ACT GGT TGG A-
3′. Groups of six scarb1−/− and C57BL/6 mice were studied.
Ectopic Expression of LpL by Adenovirus-Mediated

Gene Transfer in SR-BI-Deficient Mice. Two groups of five
scarb1−/− mice each were formed and fed a western-type diet
for 10 weeks. At the end of this period, one group received
intravenously, via the tail vein, 5 × 108 pfu of a human LpL-
expressing adenovirus (AdLpL),30,31 and the second group
received 5 × 108 pfu of a control adenovirus, AdGFP. Three
days following infection, blood samples were collected and
plasma was isolated for triglyceride determination. To verify the

activity of LpL in vivo, ApoE−/− mice infected with 2 × 109 pfu
of ApoE2-expressing adenovirus (AdGFP-E2) were coinfected
with either 5 × 108 pfu of Ad-LpL or 5 × 108 pfu of the empty
AdGFP adenovirus. Three days following infection, plasma
triglyceride levels were determined as described previously.32

The Ad-LpL adenovirus was a kind gift of Dr. Silvia
Santamarina-Fojo,30,31 and the AdGFP and AdGFP-E2
adenoviruses have been described previously.32

Statistical Analysis. Data are reported as the mean ±
estimated standard error of the mean. * indicates p < 0.05, **
indicates p < 0.005, and n indicates the number of animals
tested in each experiment. Comparison of data from two
groups of mice was performed using Student’s t test. Analysis of
metabolic data was performed by ANCOVA, a statistical test
that, in our case, evaluates whether population means of EE
(our dependent variable) differ between mice of different
genotype (our independent variable) while statistically
controlling for the effects of body weight on EE (our covariate).
The F value is the ratio of variability between groups (which, in

Figure 2. Effects of SR-BI deficiency on glucose tolerance (A, B), insulin sensitivity (C, D), and plasma insulin levels during GTT (E) in scarb1−/−

and C57BL/5 mice fed a western-type diet for 24 weeks. Data in all panels are reported as the mean ± standard error of the mean. * indicates p <
0.05. In panels A−D, AUG is expressed in mg/dL/min, and in panel E, in ng/mL/min.
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our case, relates to genotype differences) divided by the
variability within group (which, in our case, relates to body
weight differences) and is a measure of the difference in EE
between groups. The higher the F value, the higher the
difference between groups when corrected for body weight; the
p value indicates the statistical significance of the observed
differences. In cases where we studied a dependent variable
when the same subject was measured multiple times under a
number of different conditions, we performed a two-way
repeated measures ANOVA. The results of this analysis are
shown in Table 1. All statistical tests were performed using
SPSS software (IBM SPSS Statistics for Windows, version
22.0).

■ RESULTS

Effects of SR-BI Deficiency on Mouse Metabolic
Phenotype. Hematoxylin and eosin (H&E) staining of liver
sections revealed that control C57BL/6 mice exhibited
remarkable steatosis of the macrovesicular type, characterized
by excessive diffuse accumulation of lipids within hepatocytes
(Figure 1A). In contrast, mice deficient in SR-BI did not show
any significant distortion of liver microscopic morphology or
hepatic accumulation of lipids (Figure 1B). In agreement with
these data, staining of hepatic sections with reticulin showed

that NAFLD was much more progressed and resulted in a
significant disruption of the normal architecture of the liver
extracellular reticulin fibrils in C57BL/6 mice fed a western-
type diet for 24 weeks (Figure 1C), whereas scarb1−/− mice did
not show any significant distortion of hepatic tissue architecture
(Figure 1D). Statistical analysis following histomorphometric
evaluation of the H&E sections confirmed that the number of
lipid droplets within hepatocytes was significantly reduced in
the scarb1−/− mice as compared to that in C57BL/6 mice (p =
0.00414) (Figure 1E).
Biochemical measurement of total hepatic TG and

cholesterol content showed that the observed steatosis of
C57BL/6 mice was due to excess accumulation of TG rather
than cholesterol (Figure 1F,G). Specifically, C57BL/6 mice had
a hepatic TG content of 142 ± 1 mg per gram of hepatic tissue
and a cholesterol content of only 18 ± 3 mg per gram of
hepatic tissue (Figure 2F,G), whereas scarb1−/− mice had a
significantly lower TG content of 50 ± 5 mg per gram of
hepatic tissue (p = 0.0020 compared to C57BL/6 mice) and a
cholesterol content of 26 ± 1 mg per gram of hepatic tissue (p
= 0.0546 compared to C57BL/6 mice) (Figure 2F,G).
Mice deficient in SR-BI were also resistant to body weight

gain. Although both mouse strains had a similar body weight
(22.7 ± 0.9 g for C57BL/6 vs 22.0 ± 0.7 g for scarb1−/−) and

Figure 3.Metabolic analyses of scarb1−/− and C57BL/6 mice. (A−C) Linear regression plots of energy expenditure (J/h) versus mouse body weight
(g) during a full day period of 24 h (12 h light/12 dark) (A), 12 h light (B), and 12 h dark (C). For each panel, ANCOVA analysis was performed,
and the F and p values are indicated. (D, E) Representative western blot analysis for CytC, UcP1, and COx4 (D) and semiquantitative determination
of UcP1 and CytC levels (E) in mitochondrial extracts from BAT of C57BL/6 (lanes 1−3) and scarb1−/− mice (lanes 4−6) fed a western-type diet
for 24 weeks. In panel D, representative western blot data were produced from the same blot probed with the indicated antibodies. Mitochondrial
protein recovery was determined by rehybridization of the membrane with the COx4 antibody. In the bar graph of panel E, all values were
normalized to the signal for COx4. All data are expressed as the mean ratio of the arbitrary units of UcP1 and CytC over the arbitrary units of COx4.
(F, G) Representative western blot analysis for COx4 in total BAT lysates (F) and a semiquantitative determination of COx4 levels normalized for β-
tubulin (G). All values represent the mean ± SEM; * indicates p < 0.05.
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lean body mass (19.6 ± 0.8 g for C57BL/6 vs 19.2 ± 1.0 g for
scarb1−/−) at the beginning of the experiment, significant
differences appeared when mice were fed a western-type diet.
As expected,23 C57BL/6 mice showed a progressive increase in
body weight during the course of the experiment (Figure 1H),
reaching 29.7 ± 1.7 g at week 24 (p < 0.05). In contrast,
scarb1−/− mice appeared to be resistant to diet-induced obesity
(Figure 1H), reaching 24.0 ± 1.1 g (p = 0.27) at week 24,
although they exhibited increased food intake (5.4 ± 0.3 g/day/
mouse for scarb1−/− vs 3.8 ± 0.2 g/day/mouse for C57BL/6, p
= 0.0005) (Figure 1I).

GTT indicated that only scarb1−/− mice maintained their
normal ability to respond to intraperitoneal glucose admin-
istration at week 24 of the experiment. Specifically, at week 0,
scarb1−/− mice showed a better response to intraperitoneal
administration of glucose (AUCscarb1

−/− = 22 694 ± 2685 mg/
dL/min vs AUCC57BL/6 = 29 409 ± 3644 mg/dL/min, p = 0.03)
(Figure 2A). Similarly, at week 24, scarb1−/−mice maintained
normal fasting glucose levels of 59 ± 4 mg/dL and displayed a
far better response to intraperitoneal glucose administration
than C57BL/6 mice (AUCscarb1

−/− = 15 298 ± 1482 mg/dL/min
vs AUCC57BL/6 = 36 968 ± 4883 mg/dL/min, p = 0.002)

Figure 4. Biochemical parameters of scarb1−/− and C57BL/5 mice fed a western-type diet for 24 weeks. (A, B) Plasma cholesterol and triglyceride
levels of scarb1−/− (●) and C57BL/6 (○) mice during the course of the experiment. (C) Representative analysis of the rate of postprandial TG
clearance in scarb1−/− (●) and C57BL/6 (○) mice at week 24 of the experiment. AUC is expressed in mg/dL/min. (D) Representative analysis of
the rate of hepatic VLDL-TG secretion in scarb1−/− (●) and C57BL/6 (○) mice at week 24 of the experiment. (E) Relative gene expression levels
of apoe, dgat-1, fasn, ldlr, lrp1, mc2r, pgc1a, pparalpha, and ppargamma in the liver from scarb1−/− (■) and C57BL/6 (□) mice at week 24 of the
experiment. (F) Representative western blots for AMPK, phospho(Thr172)-AMPK, and β-actin (as an internal control) in hepatic extracts of
scarb1−/− (■) (lanes 7−12) and C57BL/6 (□) mice (lanes 1−6) isolated at week 24 of the experiment. Data were produced from the same blot
probed with the indicated antibodies. Protein recovery from liver extracts was determined by rehybridization of the membrane with the β-actin
antibody. The bar graph is the semiquantitative analysis of the western blot data normalized for β-actin. Bars represent the mean ratio of the arbitrary
units of AMPK and phospho(Thr172)-AMPK over the arbitrary units of β-actin. All values represent the mean ± SEM; * indicates p < 0.05, and **
indicates p < 0.005.
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(Figure 2B), which also had elevated fasting plasma glucose of
105 ± 19 mg/dL (p = 0.039 compared to week 0). The better
response of scarb1−/− mice to glucose was also confirmed using
two-way repeated measures ANOVA, as summarized in Table
1.
Scarb1−/− mice also had a higher sensitivity to exogenous

insulin at both weeks 0 (AUCscarb1
−/− = 2831 ± 487 mg/dL/min

vs AUCC57BL/6 = 4590 ± 349 mg/dL/min, p = 0.02) (Figure
2C) and 24 (AUCscarb1

−/− = 3480 ± 383 mg/dL/min vs
AUCC57BL/6 = 5168 ± 325 mg/dL/min, p = 0.01) (Figure 2D).
The better response of scarb1−/− mice to insulin was also
confirmed using a two-way repeated measures ANOVA, as
shown in Table 1. Measurement of plasma insulin levels during
GTT indicated that scarb1−/− mice require significantly lower
plasma insulin levels to produce an improved response during
GTT (AUCscarb1

−/− = 71 ± 2 ng/mL/min vs AUCC57BL/6 = 251
± 5 ng/mL/min, p = 0.01) (Figure 2E). Two-way repeated

measures ANOVA confirmed that scarb1−/− mice secreted
significantly less insulin than C57BL/6 mice during GTT
(Table 1).

Deficiency in SR-BI Has No Apparent Effect on Energy
Expenditure and Mitochondrial Function. In an effort to
determine whether differences in EE may be a causal factor for
the phenotypic differences between the two mouse groups,
indirect calorimetry analysis was performed. We chose to
characterize our mice at the beginning of the experiment (week
0) on the basis of the recommendations of Tschop and co-
workers33 that such metabolic phenotyping should be ideally
performed at week 0 of the experiment, when body weight and
lean body mass are similar between groups of mice. Average EE
was 1881 ± 80 J/h for scarb1−/− mice and 2122 ± 85 J/h for
C57BL/6 mice (p = 0.066). ANCOVA analysis indicated that,
when controlled for body weight, scarb1−/− and C57BL/6
mouse groups exhibit similar EE (F = 0.228, p = 0.603; n = 6

Figure 5. Lipid and apolipoprotein levels in scarb1−/− and C57BL/5 mice fed a western type diet. (A−D) Cholesterol (A), CE (B), free cholesterol
(C), and TG (D) content of the various lipoprotein fractions following UCF purification of lipoproteins from scarb1−/− (●) and C57BL/6 (○) mice
fed a western-type diet for 24 weeks. The position of the different lipoproteins is indicated. (E) Representative western blots for ApoE and ApoA-I in
UCF lipoprotein fractions from scarb1−/− and C57BL/6 mice fed a western-type diet for 24 weeks. The position of the different lipoproteins is
indicated. (F) Plasma TG levels of scarb1−/− mice fed a western-type diet for 10 weeks and then treated for 3 days with a human LpL-expressing
adenovirus, AdLpL, or control adenovirus, AdGFP. As a control, to verify the expression of LpL following adenovirus infection, ApoE−/− mice were
also treated with AdLpL in the presence or absence of AdGFP-E2 adenovirus.
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for scarb1−/− and n = 7 for control C57BL/6 mice) (Figure
3A). Similarly, no significant difference was determined in the
average RER between the two groups (0.862 ± 0.05 for
scarb1−/− and 0.882 ± 0.047 for C57BL/6, p = 0.735),
consistent with the fact that animals in both groups consumed
the same diet and similar types of fuel as energy. Separate
ANCOVA analysis of the EE values collected during the 12h
light cycle (7.00 am to 6.59 pm, F = 0.955, p = 0.352; n = 6 for
scarb1−/− and n = 7 for control C57BL/6 mice) (Figure 3B)
and the 12 h dark cycle (7.00 pm to 6.59 am, F = 0.319, p =
0.585; n = 6 for scarb1−/− and n = 7 for control C57BL/6 mice)
(Figure 3C) indicated that in both cycles there was no
difference between scarb1−/− and C57BL/6 mice, further
suggesting that there are no variations in physical activity
between the two mouse groups.
Western blot analysis of mitochondrial lysates from brown

adipose tissue (BAT) showed reduced CytC levels in scarb1−/−

mice, suggesting reduced mitochondrial oxidative phosphor-
ylation function (Figure 3D,E). Similarly, reduced uncoupling
of substrate oxidative phosphorylation from respiration was
observed between strains of mice, as measured by the levels of
expression of UcP1 (Figure 3D,E). UcP1 and CytC levels were
normalized to COx4 levels, an internal loading standard for
mitochondrial protein (Figure 3E). No increase in the number
of mitochondria in BAT of scarb1−/− mice was found, as
indicated by the level of COx4 in total lysates (Figure 3F,G)
Effects of SR-BI Deficiency on Plasma Lipid Levels and

Lipoprotein Metabolism Kinetics. Scarb1−/− mice showed a
significant increase in their plasma cholesterol and TG at the
end of the study. Specifically, at week 24, their plasma
cholesterol was 345.6 ± 52.1 mg/dL, compared to the initial
levels of 184.7 ± 11.4 mg/dL at week 0 (Figure 4A). Similarly,
their plasma TG was 152.3 ± 26.3 mg/dL, compared to 63.9 ±
8.6 mg/dL at week 0 (p = 0.00001) (Figure 4B). In contrast,
C57BL/6 mice on a high-fat diet for 24 weeks had slightly
increased fasting cholesterol levels of 70 ± 5.5 mg/dL, as
compared to their starting levels of 60.7 ± 4.1 mg/dL at week 0
(p = 0.0059) (Figure 4A), whereas their plasma TG remained
normal (59.7 ± 3.9 mg/dL at week 24 vs 8.7 ± 1.2 mg/dL at
week 0) (Figure 4B). Two-way repeated measures ANOVA
analysis confirmed the differences between scarb1−/− and
C57BL/6 mice (Table 1).
We next investigated whether differences in the rates of

postprandial TG clearance could account for the observed
differences in liver lipid content. As shown in Figure 4C,
scarb1−/− mice displayed much slower kinetics of postprandial
TG clearance (AUCscarb1

−/− = 58 831 ± 8602 mg/dL/min vs
AUCC57BL/6 = 22 134 ± 5101, p = 0.01) (Figure 4C).
Another mechanism that could explain the observed

phenotypic differences is the rate of secretion of hepatic
VLDL-TG into circulation. We found that scarb1−/− mice had a
secretion rate of 4.56 ± 0.41 mg/dL/min, compared to 12.52 ±
1.33 mg/dL/min for C57BL/6 mice (p = 0.0161) (Figure 4D).
In an effort to determine if de novo biogenesis of FFA and

TG is a factor in the observed phenotypic differences between
the two strains of mice, we measured the mRNA levels of key
lipogenic enzymes, fasn, dgat1, and ppargamma, by RT-PCR as
well as apoe, ldlr, and lrp1. No differences were found in the
relative expression of fasn, dgat1, ppargamma, apoe, and lrp1
between strains of mice (Figure 4E). Only ldlr gene expression
was increased in scarb1−/− mice. In addition, western blot
analysis of hepatic extracts showed that SR-BI deficiency is
associated with reduced AMPK activity, as indicated by the

ratio of phosphorylated at Thr172 AMPK (phospho-AMPK)
versus total AMPK present in the livers of scarb1−/− mice
(Figure 4F). Similarly, fatty acid oxidation does not appear to
be affected between strains of mice, as indicated by the lack of
difference in the expression levels of pparalpha and pgc1a
(Figure 4E). In an effort to identify any potential involvement
of melanocortin receptor 2 (MC2R) in the observed
phenotype, we also analyzed mc2r hepatic mRNA levels. No
differences were observed between scarb1−/− and C57BL/6
mice (Figure 4E).

Deficiency in SR-BI Results in Accumulation of ApoE-
Containing TG-Rich Lipoproteins and Inhibition of
Lipoprotein Lipase. Since scarb1−/− mice display impaired
postprandial TG clearance, we next sought to investigate if the
effects of SR-BI deficiency on hepatic TG deposition are due to
its function as a modulator of apolipoprotein and lipoprotein
metabolism in plasma. To this effect, we determined total
cholesterol, TG, free cholesterol, and CE in the different
lipoprotein fractions. This analysis revealed significant differ-
ences in the cholesterol and TG lipoprotein profiles of
scarb1−/− and C57BL/6 mice fed a western-type diet for 24
weeks (Figure 5A,D). Notably, scarb1−/− mice had significantly
higher levels of TG-rich chylomicrons, VLDL, IDL, and LDL in
their plasma (Figure 5D). Another striking difference was that
in scarb1−/− mice cholesterol was significantly elevated in all
lipoprotein fractions, although it was primarily accumulated in
lipid-rich large α-HDL particles (Figure 5A). Most of the
cholesterol was esterified (Figure 5B), with only small amounts
of free cholesterol present mainly in HDL and, to a lesser
extent, LDL fractions (Figure 5C).
Determination of ApoE and ApoA-I by western blotting in

various lipoprotein fractions revealed that in scarb1−/− mice fed
a western-type diet for 24 weeks there was a significant
accumulation of ApoE in TG-rich lipoproteins (chylomicrons/
VLDL/IDL) and in LDL (Figure 5E). The presence of
increased levels of ApoE correlated with elevated TG levels in
these fractions (Figure 5D). In addition to ApoE, scarb1−/−

mice also exhibited increased ApoA-I accumulation mainly in
HDL (Figure 5E) and a shift of ApoA-I toward lighter HDL
fractions, whereas substantial amounts of ApoA-I were also
found in LDL fractions. No effect on apoe expression was
observed between scarb1−/− and C57BL/6 mice (Figure 4E),
suggesting that the increase in plasma ApoE protein levels in
scarb1−/− mice is not a result of increased hepatic gene
expression.
We have shown previously that ApoE overexpression results

in combined dyslipidemia (hypercholesterolemia and hyper-
triglyceridemia) and that overexpression of LpL by adenovirus-
mediated gene transfer ameliorates dyslipidemia and corrects
the plasma lipoprotein profile.34 Given that ApoE is a potent
inhibitor of plasma LpL activity35,36 and that inhibition of LpL
is well-known to prevent an increase in hepatic triglyceride and
development of NAFLD,37−39 we next hypothesized that
elevated plasma ApoE levels in scarb1−/− mice may correlate
with limited plasma LpL activity. If this was the case, then
overexpression of LpL would lift the block on lipolysis, allowing
plasma triglycerides to be effectively cleared. To test this
hypothesis, we overexpressed LpL by adenovirus-mediated lpl
gene transfer as a means to overcome the presumed inhibitory
effect of ApoE on LpL, as done previously.40 Indeed, scarb1−/−

mice fed a western-type diet for 10 weeks received either 5 ×
108 pfu of an adenovirus expressing human LpL (Ad-LpL)32 or
5 × 108 pfu of an empty AdGFP adenovirus, as a control. As
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shown in Figure 5F, LpL overexpression resulted in a
substantial reduction in plasma TG levels in these mice 3
days following infection, confirming our hypothesis. As a
control, to verify the activity of LpL in vivo, ApoE-deficient
mice infected with 2 × 109 pfu of an ApoE2-expressing
adenovirus (AdGFP-E2) were coinfected with either 5 × 108

pfu of Ad-LpL or 5 × 108 pfu of the empty AdGFP adenovirus.
As expected, plasma triglyceride levels of mice expressing
ApoE2 were significantly increased on day 3 following
infection, whereas mice expressing both ApoE2 and LpL had
normal plasma triglyceride levels, as shown previously,32

confirming the in vivo activity of LpL.

■ DISCUSSION
In the present study, we found that scarb1−/− mice are resistant
to hepatic lipid deposition even though they consume more
food than WT mice (Figure 1I) and efficiently clear
postprandial TG, albeit at a reduced rate (Figure 4C). It has
been shown previously that deficiency in SR-BI does not affect
intestinal lipid absorption,41 suggesting that differences in
intestinal uptake of dietary lipids between strains of mice may
not be a factor in the observed phenotype. Similarly, the
reduced hepatic lipid deposition in scarb1−/− mice could not be
attributed to increased mitochondrial metabolic activity in BAT
(Figure 3D,E). In a further effort to explain the resistance of
scarb1−/− mice to hepatic lipid deposition, we measured by
indirect calorimetry whole-animal EE, which reflects the
composite activity of all metabolic tissues of the mouse (Figure
3A−C). Again, this analysis did not reveal any significant
differences in the EE between the two strains of mice. Similarly,
our gene expression analysis indicated reduced hepatic FFA
synthesis in mice lacking SR-BI (Figure 4E). The reduced
activation of AMPK, as shown by the relative amount of
phospho-AMPK present in the livers of scarb1−/− mice (Figure
4F), suggested that AMPK-activated hepatic FFA catabolism
may not explain the observed phenotype either. Indeed, fatty
acid oxidation does not appear to be affected between strains of
mice, as indicated by the lack of difference in the expression
levels of pparalpha and pgc1a (Figure 4E). Taken together,
these data suggest that hepatic FFA and TG metabolism cannot
account for the observed phenotype in scarb1−/− mice, leaving
direct dietary lipid uptake from plasma as the major
contributor. Therefore, we next investigated if the effects of
SR-BI deficiency on hepatic TG deposition are due to its
function as a modulator of apolipoprotein and lipoprotein
metabolism in plasma.
Previous reports in the literature showed that the hyper-

cholesterolemia of scarb1−/− mice fed a chow diet is primarily
due to accumulation of HDL-C (mainly CE) in circulation
because of its impaired clearance.42 This was confirmed in our
study by the elevated ApoA-I, total cholesterol, and CE levels in
HDL fractions (Figure 5E). However, we also found that the
lack of functional SR-BI resulted in a substantial accumulation
of cholesterol and ApoE in chylomicrons/VLDL/IDL and LDL
following feeding a western-type diet for 24 weeks (Figure 5E).
A similar but lower accumulation of ApoE has been previously
seen in scarb1−/− mice fed a chow diet.13 Of note, our data
indicate a significant accumulation of ApoE not only in TG-rich
lipoproteins but also in large HDL fractions. Similarly, ApoA-I
accumulates in LDL fractions, in addition to HDL fractions
(Figure 5E). Since under normal conditions (a) LDL contains
no ApoA-I, (b) HDL contains a small amount of ApoE, and (c)
ApoA-I is present solely in HDL, the observed ApoA-I and

ApoE lipoprotein distribution in scarb1−/− mice suggests the
existence of very large CE-rich HDL particles that float in the
LDL fraction (Figure 5).
Under normal conditions, steady-state plasma ApoE levels in

WT mice remain very low due to the efficient clearance of
ApoE-containing lipoproteins by Ldlr. In addition, it is well-
established that hepatic VLDL-TG secretion is proportional to
hepatic ApoE synthesis.43−46 Since scarb1−/− mice displayed a
reduced rate of hepatic VLDL-TG secretion (Figure 4D) and
similar apoe gene expression levels compared to those in
C57BL/6 mice (Figure 4E), the increase in steady-state plasma
ApoE levels in these mice must be due to impaired clearance of
ApoE-containing TG-rich lipoproteins, as seen previously.40

Indeed, analysis of the kinetics of postprandial TG clearance
showed that the lack of SR-BI may significantly delay the
clearance of TG-rich lipoproteins from plasma (Figure 4C).
The impaired clearance of ApoE-containing TG-rich lip-
oproteins observed in scarb1−/− mice could be due to either
reduced ldlr and/or lrp1 expression or inefficient LpL-mediated
lipolysis of TG-rich lipoproteins in circulation that prevent their
efficient binding to these ApoE receptors.
Our data show that Ldlr expression is increased in scarb1−/−

mice fed a western-type diet for 24 weeks, whereas lrp1
expression remains unchanged (Figure 4E), leaving inefficient
lipolysis as the sole possibility for the increased levels of ApoE-
containing TG-rich lipoproteins in scarb1−/− mice. Our data,
indeed, confirm that LpL activity is a limiting step in the
observed hypertriglyceridemia. LpL activity is important not
only for the production of lipoprotein remnants but also for the
release of free fatty acids that eventually will be converted to
triglycerides in the liver and peripheral tissues. This is a key
mechanistic observation in our study since reduced plasma LpL
correlates with significantly impaired dietary triglyceride
deposition to the liver.37−39 Since the natural tropism of the
adenovirus used in the study is the liver, it is possible that the
LpL expressed following adenovirus infection could also act
intracellularly within liver cells. However, the profound
reduction in plasma triglyceride levels observed in scarb1−/−

mice infected with AdLpL further confirms the activity of
ectopic LpL in circulation.
A previous in vitro study suggested that LpL may act as a

bridging molecule that promotes the selective uptake of
cholesterylesters from both LDL and HDL independently of
SR-BI expression and LpL enzymatic activity.47 However, more
recent in vivo work by Hu et al.48 showed that in the absence of
Lrpl, Ldlr, and Vldlr, hepatic uptake of triglyceride-rich
lipoproteins in mice is regulated by LpL activity, is independent
of the bridging function of LpL, and involves SR-BI. In the
absence of these three ApoE receptors, blocking SR-BI ablated
the hepatic clearance of triglyceride-rich lipoproteins that was
normally promoted by LpL activity. On the basis of this work,
the apparent clearance of triglyceride-rich lipoproteins that we
observed in scarb1−/− mice infected with AdLpL (Figure 5F) is
due to increased plasma LpL lipolytic activity and not to the
previously proposed indirect role of LpL as a bridging molecule.
In the present study, we were not able to observe any
significant difference in hepatic lipid content between AdLpL-
infected and AdGFP-infected scarb1−/− mice (data not shown),
a finding that was expected due to the short duration of
adenovirus-mediated LpL expression.
Obviously, the inability of the liver in scarb1−/− mice to

uptake HDL lipids from circulation is a key contributor to the
observed hepatic phenotype of these mice and likely is related
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to their resistance to hyperglycemia. Scarb1−/− mice on a chow
diet have elevated ACTH levels,49,50 and recent data indicate
that expression of mc2r in white adipose tissue plays a
significant lipolytic role.51 However, analysis of hepatic mc2r
expression levels did not reveal any significant differences
between scarb1−/− and C57BL/6 mice (Figure 4E). Therefore,
a highly likely scenario supported by our data is that, following
feeding a high-fat diet for 24 weeks, the gradually accumulating
HDL-ApoE ultimately results in insufficient LpL activity in
circulation, possibly due to LpL inhibition by ApoE.35,36 This
results in elevated plasma TG levels due to impaired lipolysis
and subsequent Ldlr-mediated clearance of ApoE-containing
TG-rich lipoproteins, despite a compensatory increase in
hepatic ldlr expression, possibly in a fashion similar to statins.
Eventually, this leads to inhibition of dietary lipid shuttling to
the liver and prevention of diet-induced NAFLD development
(Figure 6).
HDL is a heterogeneous mixture of lipoprotein particles that

differ in size, shape, lipid, and apoprotein composition,52 and
variations in apolipoprotein and lipid content of these particles
set the basis for the functional heterogeneity of HDL.53−55 In
the present study, we show that lack of SR-BI, the final
molecular partner of plasma HDL’s metabolic pathway,
prevents the development and severity of hepatic lipid
deposition and associated glucose intolerance. Combining this
observation with our previously published work in apoa1−/−

and lcat−/− mice,20,21 it appears that select protein components
of HDL’s metabolic pathway have distinct and even opposing
effects on hepatic lipid deposition. Our findings further suggest
that a change of function of HDL-related proteins, rather than

HDL-C levels, may be crucial for defining susceptibility to
NAFLD.
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Figure 6. Schematic representation of the proposed effects of SR-BI deficiency on postprandial lipoprotein metabolism and hepatic lipid deposition.
In wild-type (WT) mice (upper panel), normal SR-BI activity results in physiological plasma ApoE levels and LpL activity. However, feeding
scarb1−/− mice a high-fat diet for 24 weeks (lower panel) results in the gradual accumulation of HDL-ApoE that ultimately results in insufficient LpL
activity in circulation. In response, plasma TG levels increase and subsequent Ldlr-mediated clearance of ApoE-containing TG-rich lipoproteins is
impaired, despite a compensatory increase in hepatic Ldlr expression. Eventually, this leads to inhibition of dietary lipid shuttling to the liver and
prevention of diet-induced NAFLD development. WTD, western-type diet; CM, chylomicrons; CMR, chylomicron remnants; H, HDL; LpL,
lipoprotein lipase; FFA, free fatty acids; CE, cholesteryl esters.
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■ ABBREVIATIONS

Ad, adenovirus; AdGFP, recombinant attenuated adenovirus
expressing green fluorescent protein; AdGFP-E2, recombinant
attenuated adenovirus expressing the human ApoE2 isoform
and GFP under the independent control of separate CMV
promoters; AdLpL, recombinant attenuated adenovirus ex-
pressing human lipoprotein lipase; ApoA-I, apolipoprotein A-I;
ApoA-II, apolipoprotein A-II; ApoB, apolipoprotein B; ApoE,
apolipoprotein E; ApoE2, human apolipoprotein E isoform 2;
ApoE−/−, ApoE deficient; AUC, area under the curve; CE,
cholesteryl esters; CMV, cytomegalovirus; dgat1, diacylglycerol
acyltransferase isoform 1 gene; EE, energy expenditure; GFP,
green fluorescent protein; GTT, glucose tolerance test; HDL-
C, HDL cholesterol; IDL, intermediate density lipoprotein;
IST, insulin sensitivity test; LDL, low-density lipoprotein; LpL,
lipoprotein lipase; MOI, multiplicity of infection; mc2r,
melanocortin receptor 2 gene; NAFLD, nonalcoholic fatty
liver disease; oxLDL, oxidized LDL; pfu, plaque-forming unit;
pgc1a, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha gene; pparalpha, peroxisome proliferator-
activated receptor alpha gene; ppargamma, peroxisome
proliferator-activated receptor gamma gene; RCT, reverse
cholesterol transport; rps18, 40S ribosomal protein S18 gene;
scarb1, scavenger receptor class B member I gene; scarb1−/−,
SR-BI-deficient animals; SR-BI, scavenger receptor class B
member I; SR-BI-Tg, SR-BI transgenic mice; TG, triglycerides;
UCF, density gradient ultracentrifugation; VLDL, very low
density lipoprotein; WT, wild type
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