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vascular disease ( 1, 2 ). This protective effect of HDL is 
largely ascribed to the role of this lipoprotein in reverse 
cholesterol transport (RCT), a process comprising the 
movement of excess cholesterol from the periphery back 
to the liver for subsequent secretion into the bile ( 3, 4 ). 
Within the plasma compartment, substantial remodeling 
of HDL particles occurs. A factor exerting a major impact 
in this regard is endothelial lipase (EL). 

 EL has recently been identifi ed as a member of the tri-
acylglycerol lipase gene family. It is expressed in endothe-
lial cells as well as in macrophages and hepatocytes ( 5, 6 ). 
Remarkably, EL possesses merely phospholipase activity 
( 7 ). EL expression is upregulated in vitro by proinfl amma-
tory stimuli ( 8, 9 ), and EL plasma levels correlate with the 
levels of proinfl ammatory cytokines in human populations 
( 10, 11 ). In experimental animals, both overexpression ( 5, 
12 ) as well as loss-of-function models ( 13–15 ) have estab-
lished EL to be a negative regulator of plasma HDL choles-
terol levels by increasing HDL catabolism. Moreover, 
accumulating evidence points to a comparable role of EL 
in human HDL metabolism ( 15–17 ). 

 Consistent with the role of HDL in RCT, HDL is thought 
to represent a preferred source of sterols that are subse-
quently secreted into the bile ( 3, 4, 18, 19 ). Currently, no 
data are available regarding the effect of an acute decrease 
of plasma HDL cholesterol levels on biliary sterol excre-
tion caused by a single physiologically relevant stimulus. 
This study aimed to test the hypothesis that an acute, sub-
stantial decrease of plasma HDL cholesterol levels by EL 
overexpression impacts liver cholesterol metabolism and 
biliary cholesterol secretion. Our data demonstrate that in 
wild-type mice, virtual elimination of HDL cholesterol by 
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terol determination in the supernatant as described above. 
Pooled plasma samples were subjected to fast protein liquid chro-
matography (FPLC) gel fi ltration using a superose 6 column (GE 
Healthcare, Uppsala, Sweden) as described ( 22 ). Individual frac-
tions were assayed for cholesterol concentrations as described 
above. 

 Analysis of liver lipid composition 
 Liver lipids were extracted following homogenization accord-

ing to the method of Bligh and Dyer as described ( 23 ). Total and 
free cholesterol, phospholipids, and triglycerides in the liver 
were then determined as previously described ( 23, 24 ). 

 Analysis of gene expression by real-time quantitative PCR 
 Total RNA from mouse livers was extracted using TriReagent 

(Sigma, St. Louis, MO) and quantifi ed using a NanoDrop ND-
1000 UV-Vis spectrophotometer (NanoDrop Technologies, 
Wilmington, DE). cDNA synthesis was performed from 1  � g of 
total RNA using reagents from Applied Biosystems (Darmstadt, 
Germany). Real-time quantitative PCR was carried out on an Ap-
plied Biosystems 7700 sequence detector with the default settings 
( 23 ). Primers and probes were designed with the Primer Express 
Software (Applied Biosystems) and synthesized by Eurogentec 
(Seraing, Belgium). mRNA expression levels presented were cal-
culated relative to the housekeeping gene cyclophilin and fur-
ther normalized to the relative expression level of the respective 
controls ( 23 ). 

 Western blot analysis of endothelial lipase expression 
 Livers were disrupted by sonication on ice in phosphate-buffered 

saline containing Complete TM  protease inhibitors (Roche, 
Mannheim, Germany) followed by the addition of Triton X-100 
to a fi nal concentration of 1%. Plasma membranes of primary 
hepatocytes were isolated as previously described ( 23 ). Protein 
concentrations were determinend with the bicinchoninic acid 
(BCA) assay (Pierce Biotechnology, Inc., Rockford, IL). In the 
case of plasma, 0.25µl of mouse plasma was loaded per lane. Pro-
teins were separated by SDS-PAGE and blotted onto nitrocellu-
lose (GE Healthcare Bio-Sciences Corp., Piscataway, NJ). 
Polyclonal rabbit anti-human EL antibodies cross-reacting with 
endogenous mouse EL (Novus Biologicals, Littleton, CO) were 
used to detect protein expression followed by the appropriate 
secondary antibody. 

 Bile collection and assessment of biliary excretion of 
cholesterol, phospholipids, and bile acids 

 Bile was collected by cannulation of the gallbladder under 
hypnorm (fentanyl/fl uanisone; 1 ml/kg) and diazepam (10 mg/
kg) anesthesia using a humidifi ed incubator to maintain body 
temperature ( 23 ). Bile was collected for 30 min, and production 
was determined gravimetrically ( 23 ). Biliary bile salt, cholesterol, 
and phospholipid concentrations were determined, and the re-
spective biliary excretion rates calculated as described previously 
( 23, 24 ). 

 Fecal sterol analysis 
 Mice were housed in groups, and feces were collected over a 

period of 24 h and separated from the bedding. Fecal samples 
were lyophilized and weighed. Aliquots thereof were used for de-
termination of neutral and acidic sterol content by gas liquid 
chromatography as described ( 23 ). 

 Statistical analysis 
 Statistical analysis was performed using the statistical package 

for social sciences (SPSS, SPSS Inc., Chicago, IL). Data are pre-

EL overexpression results in hepatic cholesterol accumu-
lation but not in increased biliary cholesterol secretion. In 
scavenger receptor class B type I (SR-BI) knockout mice 
and SR-BI overexpressing mice, EL decreased plasma HDL 
cholesterol and increased hepatic cholesterol content. 
However, the rate of biliary cholesterol secretion de-
pended on the hepatic SR-BI expression level, indicating 
that, at least under these conditions, SR-BI is involved in 
control of biliary cholesterol secretion independent of 
ABCG5/G8. 

 EXPERIMENTAL PROCEDURES 

 Animals 
 C57BL/6J mice were obtained from Charles River (Sulzfeld, 

Germany). SR-BI knockout mice were obtained from Jackson 
(Bar Harbor, ME) and backcrossed to the C57BL/6J genetic 
background for a total of eight generations. The animals were 
caged in animal rooms with alternating 12-h periods of light 
(from 7:30 AM to 7:30 PM) and dark (from 7:30 PM to 7:30 AM), 
with ad libitum access to water and mouse chow diet (Arie Blok, 
Woerden, The Netherlands). Animal experiments were per-
formed in conformity with PHS policy and in accordance with 
the national laws. All protocols were approved by the responsible 
ethics committee of the University of Groningen. 

 Generation of recombinant adenoviruses 
 The human EL cDNA was amplifi ed from HepG2 cells (ATCC 

via LGC Promochem, Teddington, UK) by PCR using specifi c 
primers according to the human EL sequence (NM_006033, 
GenBank) and subcloned into pcDNA3.1 (Invitrogen, Carlsbad, 
CA,). Recombinant adenovirus (AdhEL) was generated using the 
Adeno-X kit (Clontech, Mountain View, CA) according to the 
manufacturers instructions. An empty adenovirus (AdNull) was 
used as control. In pilot experiments we ensured that the control 
adenovirus AdNull did not signifi cantly impact on plasma HDL 
levels or hepatic cholesterol content compared with saline receiv-
ing control mice (see supplementary  Fig. I ). Generation of the 
murine SR-BI expressing adenovirus AdSR-BI as well as the empty 
control adenovirus AdNull has been described previously ( 20 ). 
Recombinant adenoviruses were amplifi ed and purifi ed as de-
scribed ( 21 ). For in vivo studies using EL overexpression alone, 
mice were injected with 1 × 10 11  particles/mouse of either AdhEL 
or the control virus AdNull. For in vivo experiments to explore 
the effects of SR-BI as well as EL overexpression, mice were in-
jected with a total of 2 × 10 11  particles/mouse consisting of 1 × 
10 11  particles of AdSR-BI with the addition of 1 × 10 11  particles of 
either AdhEL or the control virus AdNull. The experiments de-
scribed were carried out on day 5 following injection of the re-
combinant adenoviruses. On day 5 the vast majority of expression 
of human EL was in the liver; little expression was detectable in 
muscle, spleen, and adrenals; and expression was almost absent 
in other organs (see supplementary  Fig. II ). 

 Plasma lipid and lipoprotein analysis 
 Mice were bled from the retro-orbital plexus after a 4-h fast 

using heparinized capillary tubes. Aliquots of plasma were stored 
at  � 80°C until analysis, and commercially available reagents were 
used to measure plasma total cholesterol (Roche Diagnostics, Ba-
sel, Switzerland), triglycerides, and phospholipids (Wako Pure 
Chemical Industries, Neuss, Germany). HDL cholesterol was as-
sessed by precipitating apoB-containing lipoproteins using 0.36% 
phosphotungstic acid (Sigma, St. Louis, MO) followed by choles-
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were also signifi cantly lower in AdhEL injected mice com-
pared with AdNull injected controls (17 ± 11 versus 171 ± 
40 mg/dl, respectively;  P  < 0.001). In addition, plasma trig-
lycerides were decreased in response to EL overexpression 
compared with control mice (12 ± 5 versus 51 ± 10 mg/dl, 
respectively;  P  < 0.05). 

 Since SR-BI is involved in HDL cholesterol selective up-
take at the basolateral membrane of the hepatocyte ( 25 ), 
we further explored the role of SR-BI by overexpressing 
EL in SR-BI knockout mice as well as overexpressing EL 
together with SR-BI in wild-type mice. In SR-BI knockout 
mice, EL overexpression resulted in a 71% decrease in 
plasma HDL cholesterol levels (52 ± 5 versus 182 ± 6 mg/
dl, respectively;  P  < 0.001). Plasma phospholipids (102 ± 4 
versus 267 ± 6 mg/dl, respectively;  P  < 0.001) and triglycer-
ides (64 ± 7 versus 124 ± 12 mg/dl, respectively;  P  < 0.001) 
were also lower in response to EL overexpression. 

 Next, we addressed the effects of EL overexpression in 
wild-type mice receiving AdhEL or AdNull together with 
AdSR-BI. Also under these conditions EL overexpression 

sented as means ± SEM. Statistical analysis was performed using 
the Mann-Whitney U-test to compare different groups. Statistical 
signifi cance for all comparisons was assigned at  P  < 0.05. 

 RESULTS 

 Hepatic EL expression results in substantially decreased 
plasma HDL cholesterol levels 

 At day 5 following injection of the hEL adenovirus, he-
patic mRNA expression of EL (  Fig. 1A  )  as well as protein 
expression of EL in total liver and on plasma membranes 
of hepatocytes was markedly increased, while plasma levels 
of EL remained unchanged ( Fig. 1B ). In parallel, plasma 
total cholesterol levels were signifi cantly lower in wild-type 
AdhEL-injected mice compared with controls (11 ± 2 ver-
sus 75 ± 3 mg/dl, respectively;  P  < 0.001) ( Fig. 1C ). FPLC 
analysis revealed that this drop in total cholesterol was 
mainly due to the virtual absence of HDL cholesterol in 
plasma of AdhEL-injected mice ( Fig. 1D ). Consistent with 
a role of EL as a phospholipase, plasma phospholipids 

  Fig. 1.  Effect of hepatic EL overexpression on plasma cholesterol levels in C57BL/6 mice. A: Hepatic 
mRNA expression of EL determined by quantitative real-time PCR. B: Western blot analysis of total hepatic 
EL protein levels, EL protein associated with plasma membranes of isolated primary hepatocytes, and EL in 
mouse plasma on day 5 after injection of the respective adenoviruses. C: Plasma total cholesterol levels on 
day 5 after injection of either AdhEL or the control adenovirus AdNull. D: FPLC cholesterol profi les on day 
5 after injection of either AdhEL (diamonds) or the control adenovirus AdNull (circles). Pooled plasma 
samples were subjected to gel fi ltration using a Superose 6 column, and cholesterol levels in each fraction 
were determined. The relative elution positions of the different lipoprotein subclasses are indicated. All 
measurements were performed as described under Experimental Procedures. Data in (A) and (C) are pre-
sented as means ± SEM; * indicates statistically signifi cant differences between groups ( P  < 0.001) as assessed 
by Mann-Whitney U-test; n = 6–7 mice for each group. AdhEL, recombinant adenovirus; AdNull; empty ad-
enovirus; EL, endothelial lipase.   
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  Fig. 2.  Hepatic cholesterol levels in response to hepatic EL expression in wild-type mice (A), SR-BI knock-
out mice (B) and mice with hepatic SR-BI overexpression (C). On day 5 following injection of the respective 
mouse models with either an adenovirus expressing human EL (AdhEL) or an empty control adenovirus 
(AdNull), livers were homogenized, lipids were extracted and total cholesterol (TC) was determined as de-
scribed under Experimental Procedures. Data are presented as means ± SEM. * indicates statistically signifi -
cant differences between groups (at least  P  < 0.05) as assessed by Mann-Whitney U-test. n = 4-7 mice per 
group. AdhEL, recombinant adenovirus; AdNull; empty adenovirus; EL, endothelial lipase; SR-BI, scavenger 
receptor class B type I.   

resulted in a signifi cant decrease in plasma HDL choles-
terol levels (8 ± 1 versus 14 ± 2 mg/dl, respectively;  P  < 
0.01), while plasma phospholipids (21 ± 4 versus 25 ± 5 
mg/dl, respectively, NS) and triglycerides (14 ± 3 versus 18 ± 
4 mg/dl, respectively; NS) did not change. 

 EL expression increases hepatic cholesterol content 
independent of hepatic SR-BI expression levels 

 Body weight and liver weight were virtually identical 
when comparing mice injected with AdhEL with AdNull-
receiving controls in all experiments performed. None of 
the given signifi cances or conclusions drawn changed 
when liver lipid data were expressed per gram of tissue 
instead of whole liver. 

 In wild-type mice, hepatic total cholesterol content in-
creased by 61% in response to EL overexpression (19.4 ± 
2.8 versus 12.1 ± 1.3 µmol/liver, respectively;  P  < 0.05) 
(  Fig. 2A  ).  Particularly, the hepatic free cholesterol content 
was almost doubled in EL overexpressing mice (8.3 ± 1.7 
versus 4.4 ± 0.8 µmol/liver, respectively;  P  < 0.05), while 
the hepatic cholesterol ester content was slightly increased 
(8.7 ± 0.7 versus 7.0 ± 0.3 µmol/liver, respectively;  P  < 
0.05). Hepatic triglyceride content as well as phospholipid 
content did not differ signifi cantly between AdhEL and 
AdNull injected wild-type mice. 

 In SR-BI knockout mice, hepatic total cholesterol con-
tent increased signifi cantly by 32% in response to EL over-
expression (16.8 ± 1.3 versus 12.7 ± 0.8 µmol/liver, 
respectively;  P  < 0.05) ( Fig. 2B ), while hepatic free choles-
terol (8.3 ± 1.3 versus 6.1 ± 0.7 µmol/liver, respectively, 
NS) as well as cholesterol ester content (8.5 ± 1.0 versus 6.6 ± 
0.9 µmol/liver, respectively, NS) were higher in AdhEL 
injected mice, however, not signifi cantly. Hepatic triglyc-
eride content as well as phospholipid content remained 
unchanged. 

 In mice receiving AdSR-BI together with AdhEL or Ad-
Null, hepatic total cholesterol content was already higher 
due to hepatic SR-BI overexpression ( P  < 0.001 compared 
with wild-type AdNull injected mice) and increased even 
more in response to EL overexpression (24.4 ± 1.8 versus 

17.2 ± 2.1 µmol/liver, respectively;  P  < 0.05) ( Fig. 2C ). He-
patic free cholesterol content was signifi cantly increased 
in mice receiving AdEL (13.2 ± 2.1 versus 7.8 ± 1.6 µmol/
liver, respectively;  P  < 0.05), while cholesterol ester con-
tent (11.2 ± 2.9 versus 9.4 ± 2.3 µmol/liver, respectively, 
NS) increased, however, not signifi cantly. Hepatic triglyc-
eride content as well as phospholipid content remained 
unchanged. 

 EL modifi cation of the HDL particle results in increased 
selective uptake via SR-BI and in increased holoparticle 
uptake independent of SR-BI in primary mouse 
hepatocytes in vitro 

 To further investigate the underlying mechanism of in-
creased hepatic cholesterol content in response to EL over-
expression in all experimental models used, a series of in 
vitro studies using primary mouse hepatocytes was per-
formed. In wild-type hepatocytes infected with AdNull (i.e., 
expressing endogenous SR-BI), EL modifi cation of the 
HDL particle resulted in increased uptake of  125 I-TC-
labeled HDL apolipoproteins (15.6 ± 0.6 versus 31.9 ± 3.5%; 
 P  < 0.01) and, to an even further extent, increased uptake 
of  3 H-cholesteryl linoleyl ether, suggesting increased up-
take of cholesteryl esters (28.5 ± 2.8 versus 58.6 ± 6.2%;  P  < 
0.01) leading to an increased net selective uptake (12.9 ± 
2.3 versus 26.6 ± 3.2%;  P  < 0.05) (  Figs. 3A , 3B ).  SR-BI over-
expression in wild-type hepatocytes increased  3 H-choles-
teryl linoleyl ether uptake from control HDL (52.7 ± 3.4%; 
 P  < 0.01) without affecting  125 I-TC-labeled apolipoprotein 
uptake (19.9 ± 0.8%, NS), resulting in increased selective 
uptake (32.8 ± 2.7%;  P  < 0.05) ( Figs. 3A, 3B ). In addition, 
SR-BI overexpression in hepatocytes did not affect  125 I-TC-
labeled HDL protein uptake from EL-modifi ed HDL (31.8 ± 
3.0%, NS), but  3 H-cholesteryl linoleyl ether uptake in-
creased even further (79.6 ± 2.7%;  P  < 0.01), resulting in 
even higher selective uptake (47.7 ± 0.7%;  P  < 0.01) ( Figs. 
3A, 3B ). These data indicate that EL modifi cation of HDL 
increases selective uptake as well as holoparticle uptake. 

 In hepatocytes from SR-BI knockout mice lacking en-
dogenous SR-BI expression, no selective uptake from con-
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spectively, NS) ( Fig. 4A ). Consistent with the unaffected 
biliary secretion rates, EL overexpression had no effect 
on fecal bile salt content or fecal neutral sterol content 
(  Table 1  ).  

 In SR-BI knockout mice, there was no difference be-
tween AdhEL and AdNull injected mice regarding the bil-
iary secretion rates of bile acids (501 ± 32 versus 508 ± 60 
nmol/min/100g BW, respectively, NS) and phospholipids 
(35 ± 3 versus 32 ± 3 nmol/min/100g BW, respectively, 
NS) ( Fig. 4B ). Consistent with previous reports ( 27 ), the 
biliary secretion of cholesterol was lower in Adnull injected 
SR-BI knockout mice compared with AdNull injected wild-
type mice ( P  < 0.001); however, was not different between 
SR-BI knockout mice overexpressing EL and SR-BI knock-
out controls (2.49 ± 0.26 versus 2.76 ± 0.21 nmol/min/100g 
BW, respectively, NS) ( Fig. 4B ). In addition, EL overex-
pression had no effect on fecal bile salt content or fecal 
neutral sterol content ( Table 1 ). 

 In mice injected with AdSR-BI together with AdhEL or 
AdNull, hepatic EL overexpression did not impact on the 
biliary secretion rates of bile acids (495 ± 62 versus 463 ± 
84 nmol/min/100g BW, respectively, NS) and phospho-
lipids (56 ± 6 versus 54 ± 4 nmol/min/100g BW, respec-
tively, NS) ( Fig. 4C ). As seen in the models with normal or 
absent hepatic SR-BI expression, the biliary secretion of 
cholesterol also remained unchanged in response to EL 
overexpression (8.2 ± 0.7 versus 8.6 ± 0.8 nmol/min/100g 
BW, respectively) ( Fig. 4C ). In addition, EL overexpres-
sion did not increase fecal bile salt or neutral sterol con-
tent ( Table 1 ). 

 Hepatic gene expression profi le in response to EL 
overexpression is consistent with increased cholesterol 
uptake and content 

 In wild-type mice overexpressing EL, hepatic mRNA ex-
pression of HMG-CoA reductase was decreased by 49% 

trol HDL was discernible, indicating that all selective 
uptake by hepatocytes is mediated through SR-BI. How-
ever, uptake of  125 I-TC-labeled apolipoproteins (13.1 ± 0.8 
versus 24.6 ± 1.6%;  P  < 0.01) as well as  3 H-cholesteryl 
linoleyl ether (14.3 ± 1.2 versus 26.6 ± 4.0%;  P  < 0.01) from 
EL-modifi ed HDL was increased compared with control 
HDL, substantiating the notion that EL modifi cation in-
creases the affi nity of the HDL particle for holoparticle 
uptake ( Fig. 3A ). To explore whether LRP-1 is involved in 
this uptake process, SR-BI knockout hepatocytes were in 
addition to AdNull infected with a receptor-associated 
protein (RAP) expressing adenovirus (AdRAP) ( 26 ). RAP 
is inhibiting ligand binding to receptors from the LDLR 
family. However, RAP expression had no impact on the 
HDL holoparticle uptake of either control or EL-modifi ed 
HDL, indicating that LRP-1 might not be involved in this 
process ( Fig. 3A and B ). 

 Biliary cholesterol secretion and fecal sterol excretion 
remain unchanged in response to EL expression 

 As biliary sterols are supposedly derived to a major part 
from HDL cholesterol ( 4, 18 ), we next investigated 
whether the dramatic decrease in plasma HDL cholesterol 
levels as well as the increased hepatic cholesterol content 
in response to EL overexpression would translate into al-
tered biliary sterol secretion rates. Bile fl ow remained un-
changed in response to EL overexpression compared with 
AdNull-injected controls in all respective experiments. In 
wild-type mice, there was no difference between AdhEL 
and AdNull injected mice regarding the biliary secretion 
rates of bile acids (680 ± 163 versus 637 ± 194 nmol/
min/100g BW, respectively, NS) and phospholipids (47.7 ± 
7.6 versus 43.1 ± 1.1 nmol/min/100g BW, respectively, 
NS) (  Fig. 4A  ).  Also the biliary secretion of cholesterol did 
not differ between mice overexpressing EL and controls 
(4.77 ± 0.56 versus 4.60 ± 0.33 nmol/min/100g BW, re-

  Fig. 3.  EL modifi cation of the HDL particle enhances 
selective as well as holoparticle uptake in primary hepa-
tocytes in vitro. HDL was isolated from AdNull (con) or 
AdhEL (EL) injected C57BL/6 mice as indicated and 
double labeled in the apolipoprotein ( 125 I) as well as 
cholesteryl ester ( 3 H) moieties as detailed in Experi-
mental Procedures. Labeled HDL preparations were 
incubated with primary hepatocytes from either wild-
type C57BL/6 (wild-type) or SR-BI knockout (SR-BI 
ko) mice infected with the indicated adenoviral con-
structs. Then (A) uptake of  125 I-TC-labeled HDL apoli-
poproteins and  3 H-cholesteryl linoleyl ether from HDL 
was determined separately, and from these data (B) se-
lective uptake was calculated. Data are presented as 
means ± SEM; * indicates statistically signifi cant differ-
ences between HDL isolated from AdNull versus Ad-
hEL injected mice;  #  indicates statistically signifi cant 
differences between uptake of HDL  3 H-cholesteryl lino-
leyl ether and  125 I-TC-labeled HDL apolipoproteins 
(each at least  P  < 0.05); n = 4 wells for each respective 
experimental condition. AdhEL, recombinant adenovi-
rus; AdNull, empty adenovirus; EL, endothelial lipase; 
SR-BI, scavenger receptor class B type I.   
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(BSEP), ABCB11, multidrug resistance protein 2 (MDR2), 
ABCB4, or SR-BI ( Table 2 ). These data are in line with the 
unchanged biliary secretion rates of cholesterol, bile acids, 
and phospholipids. 

 Comparable to the data obtained in wild-type mice, he-
patic EL overexpression in SR-BI knockout mice resulted 
in decreased hepatic mRNA expression of HMG-CoA re-
ductase (1.00 ± 0.07 versus 0.56 ± 0.06;  P  < 0.01) and the 
LDLR (1.00 ± 0.09 versus 0.67 ± 0.05;  P  < 0.01) ( Table 2 ). 
In addition, expression of SREBP2 was signifi cantly lower 
in mice injected with AdhEL (1.00 ± 0.05 versus 0.62 ± 

(1.00 ± 0.05 versus 0.51 ± 0.08, respectively;  P  < 0.01) and 
expression of the LDLR was reduced by 30% (1.00 ± 0.07 
versus 0.70 ± 0.07, respectively;  P  = 0.01) compared with 
control virus-injected mice (  Table 2  ).  Consistent with 
these changes, expression of sterol-regulatory element 
binding protein 2 (SREBP2) was signifi cantly lower in 
mice injected with AdhEL (1.00 ± 0.04 versus 0.73 ± 0.06, 
respectively;  P  < 0.01) ( Table 2 ). On the other hand, com-
pared with controls, increasing EL expression had no sig-
nifi cant effect on the hepatic mRNA expression of the 
transport proteins ABCG5, ABCG8, bile salt export pump 

  Fig. 4.  Biliary lipid secretion rates in response to hepatic EL expression in wild-type mice (A), SR-BI knock-
out mice (B) and mice with hepatic SR-BI overexpression (C). On day 5 following injection of the respective 
mouse models with either an adenovirus expressing human EL (AdhEL) or an empty control adenovirus 
(AdNull), bile was collected continuously and biliary output rates of bile acids (BA), phospholipids (PL), 
and cholesterol (TC) were determined as described under Experimental Procedures. Data are presented as 
means ± SEM; n = 4–6 mice for each group. SR-BI, scavenger receptor class B type I.   

 TABLE 1. Fecal bile acid and neutral sterol content in response to EL overexpression 

C57BL/6 SR-BI knockout C57BL/6 + AdSR-BI

AdNull AdhEL AdNull AdhEL AdNull AdhEL

Bile acids (µmol/g) 2.6 ± 0.3 2.5 ± 0.3 2.3 ± 0.7 1.8 ± 0.5 4.2 ± 0.6 4.0 ± 0.5
Neutral sterols 

(µmol/g)
3.9 ± 0.4 4.0 ± 0.3 2.7 ± 0.4 2.9 ± 0.3 7.4 ± 0.8 6.7 ± 0.9

Mice of the indicated genotypes administered the respective adenoviruses were group-housed, feces were 
collected over a period of 24 h and separated from the bedding. Fecal samples were lyophilized and weighed. 
Aliquots were used to determine neutral and acidic sterol content by gas liquid chromatography as detailed in 
Experimental Procedures. Values are means ± SEM; n = 3–5 groups of mice for each condition. AdhEL, recombinant 
adenovirus; AdNull; empty adenovirus; SR-BI, scavenger receptor class B type I.
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 DISCUSSION 

 This study demonstrates that an acute decrease in HDL 
cholesterol by a single physiologically relevant stimulus 
(i.e., the action of the phospholipase EL) results in he-
patic cholesterol accumulation while biliary cholesterol 
secretion remains unchanged. Our results further indicate 
that under these conditions, the hepatic SR-BI expression 
level is a determinant of biliary cholesterol secretion inde-
pendent of ABCG5/G8. 

 EL has been identifi ed as a negative regulator of plasma 
HDL cholesterol levels in a number of studies employing 
overexpression ( 5, 12 ), gene knockout ( 14, 15 ), and anti-
body-mediated inhibition of EL activity ( 13 ). HDL parti-
cles are substrates for EL in in vitro assays ( 7, 28, 29 ). In 
vivo, EL overexpression has been shown to increase the 
catabolic rate of HDL apolipoproteins as the underlying 
metabolic mechanism of decreased HDL cholesterol 
plasma levels ( 12 ). Analogous to other lipases, also for EL 
a nonlipolytic ligand function has been demonstrated that 
might represent an alternative mechanistic basis contrib-
uting to the results obtained in our study. However, the 
liganding function of EL might be less relevant for the in 
vivo effect of EL on HDL metabolism compared with the 
lipolytic activity of EL ( 30 ). Therefore, as a working model, 
EL-mediated hydrolysis of HDL phospholipids has been 
proposed to result in destabilization of the HDL particle, 
followed by shedding of poorly lipidated apoA-I molecules 
that are then more rapidly cleared by the kidneys ( 9 ). Our 
present study confi rms and extends these observations by 
showing that, besides uniformly mediating decreased 
plasma HDL cholesterol levels in all models used, hepatic 
EL expression also results in a net increase in hepatic cho-
lesterol content by enhancing HDL selective as well as ho-
loparticle uptake. A likely candidate system to mediate 
HDL holoparticle uptake in the absence of SR-BI is the 
recently described complex containing the ectopic  � -chain 
of ATP synthase ( 31 ). This enzyme generates extracellular 
ADP upon HDL binding, which then activates the nucle-
otide receptor P2Y13 resulting in clathrin-dependent HDL 

0.06;  P  < 0.01) ( Table 2 ). In contrast to the changes in 
hepatic mRNA expression in wild-type mice, increasing EL 
expression in SR-BI knockout mice resulted in decreased 
mRNA levels of ABCG5 (1.00 ± 0.12 versus 0.55 ± 0.03;  P  < 
0.01) and ABCG8 (1.00 ± 0.15 versus 0.50 ± 0.06;  P  < 0.01) 
( Table 2 ). BSEP and MDR2 expression remained un-
changed ( Table 2 ). 

 As seen in mice with normal or absent SR-BI expression, 
hepatic EL expression resulted also in mice overexpress-
ing SR-BI in decreased hepatic mRNA levels of HMG-CoA 
reductase (1.00 ± 0.06 versus 0.64 ± 0.07;  P  < 0.01) and 
LDLR (1.00 ± 0.06 versus 0.63 ± 0.06;  P  < 0.01) ( Table 2 ). 
In addition, expression of SREBP2 was signifi cantly lower 
in mice injected with AdhEL (1.00 ± 0.04 versus 0.76 ± 
0.05;  P  < 0.01) ( Table 2 ). 

 Injection of AdhEL together with AdSR-BI resulted in a 
signifi cant decrease in hepatic mRNA levels of ABCG5 
(1.00 ± 0.08 versus 0.74 ± 0.07;  P  < 0.05), while ABCG8 
expression was also lower, however, not signifi cantly (1.00 ± 
0.10 versus 0.76 ± 0.11, NS) ( Table 2 ). BSEP, MDR2, and 
SR-BI expression remained essentially unaffected by EL 
overexpression ( Table 2 ). 

 Biliary cholesterol secretion in mice with altered hepatic 
expression levels of EL and SR-BI occurs independent of 
ABCG5 expression 

   Figure 5   summarizes the effects of EL related to hepatic 
SR-BI and ABCG5 expression. Independent of the hepatic 
SR-BI expression state (knockout, wild-type, or overexpres-
sion), EL expression increases hepatic cholesterol content 
( Fig. 5A ).  Biliary cholesterol secretion independent of bile 
acid secretion (chol/BA ratio) increases with increasing 
hepatic SR-BI expression. However, EL expression and the 
EL-mediated increase in hepatic cholesterol content do 
not have an additional effect on biliary cholesterol secre-
tion over the SR-BI-mediated effect ( Fig. 5B ). Interest-
ingly, in this experimental setting, bile acid–corrected 
biliary cholesterol secretion is not correlated with the he-
patic expression levels of ABCG5 ( Fig. 5C ) and ABCG8 
(data not shown). 

 TABLE 2. Hepatic mRNA expression levels measured by quantitative real-time PCR in response to 
EL overexpression 

C57BL/6 SR-BI knockout C57BL/6 + AdSR-BI

AdNull AdhEL AdNull AdhEL AdNull AdhEL

HMG-CoAR 1.00 ± 0.05 0.51 ± 0.08 a 1.00 ± 0.07 0.56 ± 0.06 a 1.00 ± 0.06 0.64 ± 0.07 a 

LDLR 1.00 ± 0.07 0.70 ± 0.07 a 1.00 ± 0.09 0.67 ± 0.05 a 1.00 ± 0.06 0.63 ± 0.06 a 
SREBP-2 1.00 ± 0.04 0.73 ± 0.06 a 1.00 ± 0.05 0.62 ± 0.06 a 1.00 ± 0.04 0.76 ± 0.05 a 
ABCG5 1.00 ± 0.13 0.78 ± 0.16 1.00 ± 0.12 0.55 ± 0.03 a 1.00 ± 0.08 0.74 ± 0.07 a 
ABCG8 1.00 ± 0.09 0.72 ± 0.11 1.00 ± 0.15 0.50 ± 0.06 a 1.00 ± 0.10 0.76 ± 0.11
LXR � 1.00 ± 0.10 0.91 ± 0.12 1.00 ± 0.09 0.93 ± 0.08 1.00 ± 0.12 0.86 ± 0.13
BSEP 1.00 ± 0.09 0.70 ± 0.10 1.00 ± 0.10 0.86 ± 0.11 1.00 ± 0.12 0.96 ± 0.11
MDR2 1.00 ± 0.11 0.84 ± 0.10 1.00 ± 0.09 0.91 ± 0.10 1.00 ± 0.09 0.92 ± 0.10
SR-BI 1.00 ± 0.11 0.82 ± 0.10 nd nd 1.00 ± 0.14 0.99 ± 0.12

Livers of mice with the indicated genotypes administered the respective adenoviruses were harvested on day 5 
following adenovirus injection and snap-frozen in liquid nitrogen. mRNA expression levels were determined by 
real-time quantitative PCR as described in Experimental Procedures. Values are means ± SEM. Within each set of 
experiments, gene expression levels are related to the respective AdNull-injected controls. nd, not detectable. 
AdhEL, recombinant adenovirus; AdNull; empty adenovirus; EL, endothelial lipase; SR-BI, scavenger receptor class 
B type I; SREBP, sterol-regulatory element binding protein.

 a  Signifi cantly different from AdNull injected controls (at least  P  < 0.05).
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holoparticle endocytosis ( 32 ). However, independent of 
the underlying mechanism, biliary cholesterol secretion is 
apparently unaffected by an acute infl ux of HDL-derived 
cholesterol. 

 Interestingly, in the three models with different hepatic 
SR-BI expression used, the EL-mediated increase in he-
patic cholesterol content did not affect the gene expres-
sion levels of the heterodimer ABCG5/G8. ABCG5/G8 
are LXR target genes and were recently identifi ed to play 
a key role in biliary cholesterol secretion ( 33 ). In ABCG5/
G8 knockout mice, biliary cholesterol secretion is severely 
reduced ( 34, 35 ), whereas it is signifi cantly increased in 
response to ABCG5/G8 overexpression in hepatocytes 
( 36 ). The lack of an increase in mRNA levels of these key 
proteins mediating biliary cholesterol secretion in our 
models is consistent with the physiological data we ob-
tained. However, ABCG5/G8–independent biliary choles-
terol secretion pathways have been suggested to occur. 
While ABCG5 knockout mice have residual cholesterol se-
cretion that is subject to stimulation ( 37 ), correlation stud-
ies in different mouse models ( 38 ) as well as in humans 
( 39 ) indicated that biliary cholesterol secretion might be 
independent from the expression of ABCG5/G8 within 
liver. In addition, a recent study demonstrated that in AT-
P8B1-defi cient mice increased biliary cholesterol secretion 
is independent from the expression of ABCG8 ( 40 ). 

 Interestingly, in our study hepatic ABCG5/G8 expres-
sion did not correlate with biliary cholesterol secretion, 
and hepatic mRNA levels of the LXR target gene ABCG5/
G8 even decreased in response to EL, which remarkably 
occurred in the face of an increased hepatic cholesterol 
content. These data indicate that HDL-derived cholesterol 
might be partitioned into an intrahepatic pool not acces-
sible toward LXR cholesterol sensing. On the other hand, 
the increase in hepatic cholesterol content mediated by 
EL was refl ected by a decreased expression of SREBP2, 
which is conceivably also the underlying basis for a signifi -
cantly lower expression of HMG-CoA reductase as well as 
the LDLR ( 41 ). These changes are predicted to translate 
into reduced cholesterol uptake via the LDL pathway and 
reduced endogenous cholesterol synthesis, adaptive mech-
anisms to adjust for the increase in hepatic cholesterol. 
Taken together, our data suggest that within the hepato-
cyte, distinct cholesterol pools exist for HDL-derived cho-
lesterol destined for storage and direct secretion into bile. 
The storage pool is apparently differentially accessible to-
ward cholesterol-sensing mechanisms of the hepatocyte, 
recognized by the SREBP2/SCAP/INSIG system (how-
ever, not by LXR). SR-BI might play a major role in direct-
ing cholesterol toward biliary secretion. Thus far studies 
tracing the cellular fate of HDL cholesterol taken up via 
SR-BI have largely focused on HDL-associated free sterols. 
These studies established that in polarized cells, uptake of 
free sterols via SR-BI and their respective transport to the 
bile canaliculus occurs in a rapid, nonvesicular, and largely 
energy-independent manner ( 42, 43 ). However, the bulk 
of HDL cholesterol enters the cell via SR-BI as cholesteryl 
ester, and it has been acknowledged as a limitation to the 
above-mentioned studies that there might be fundamental 

  Fig. 5.  Biliary cholesterol secretion follows the hepatic SR-BI expres-
sion level independent of EL or ABCG5 expression. A: The effect of 
EL overexpression on the hepatic cholesterol content dependent on 
the hepatic SR-BI expression level. B: The effect of EL overexpression 
on bile salt-independent biliary cholesterol secretion (chol/BA ratio) 
dependent on the hepatic SR-BI expression level. For these graphs a 
logarithmic scale was chosen, the hepatic SR-BI expression in the 
SR-BI knockout mice was assigned the value 0.001, and expression in 
wild-type mice was set to 1. C: Correlation between hepatic ABCG5 
mRNA expression and bile salt-independent biliary cholesterol secre-
tion (chol/BA ratio) including all mice investigated in this study (Ad-
Null as well as AdhEL injected). Squares represent SR-BI knockout 
mice, diamonds wild-type mice, and circles mice with hepatic SR-BI 
overexpression. For this graph, the hepatic ABCG5 expression of wild-
type mice injected with the control adenovirus AdNull was set to 1, 
and mRNA expression in the other groups was expressed relative to 
this value. AdhEL, recombinant adenovirus; EL, endothelial lipase; 
AdNull; empty adenovirus; SR-BI, scavenger receptor class B type I.   
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rates are independent of ABCG5/G8 and depend instead 
on the hepatic expression level of SR-BI. These data indi-
cate an important role for hepatocyte SR-BI in directing 
cholesterol toward biliary secretion and stress the rele-
vance of SR-BI in RCT.  
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