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 Niemann-Pick type C (NPC) disease is an inherited au-
tosomal recessive cholesterol-storage disorder that involves 
mutations in  Npc1  or  Npc2  and results in progressive neu-
rological impairment, hepatosplenomegaly, and hepatic 
dysfunction ( 1 ). NPC1 and NPC2 proteins bind LDL-
derived free cholesterol in late endosomes/lysosomes ( 2 ) 
and promote its transport to other organelles, including 
mitochondria, trans-Golgi, endoplasmic reticulum (ER), 
and plasma membrane. Since NPC1-defi cient cells (fi bro-
blasts and macrophages) fail to deliver LDL-derived free 
cholesterol to mitochondria and ER ( 3 ), they have im-
paired synthesis of endogenous liver X receptor (LXR) 
ligands, such as 25-hydroxycholesterol (25-OHC) and 27-
hydroxycholesterol (27-OHC), and LXR target genes are 
downregulated ( 4–6 ). In contrast, sterol response element 
binding protein (SREBP)-dependent pathways remain 
activated because the cleavage of SREBP protein is not 
suppressed by cholesterol loading ( 4, 5 ). While NPC1 
defi ciency has a major impact on intracellular cholesterol 
metabolism, its consequences on plasma cholesterol distri-
bution are less clear. Recent work reported that NPC pa-
tients show reduced plasma HDL-C and LDL-C levels and 
increased plasma triglycerides ( 7–10 ). In contrast,  Npc1  � / �    
mice fed a chow diet exhibited increased plasma total cho-
lesterol, mainly in HDL ( 11–13 ). Increases in VLDL and 
LDL cholesterol were observed in  Npc1  � / �    mice after high-
cholesterol feeding and in the LDL receptor ( Ldlr ) +/ �   
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ing protein (SREBP) target genes. We observed that 
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plasma cholesterol mainly due to increased VLDL, refl ect-
ing decreased clearance. Although nuclear SREBP-2 and 
 Ldlr  mRNA levels were increased in  Apoe  � / �  Npc1  � / �    liver, 
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marked induction of proprotein convertase subtilisin/kexin 
type 9 ( Pcsk9)  and inducible degrader of the LDL-R ( Idol) , 
both known to promote proteolytic degradation of LDL-R. 
While  Pcsk9  is known to be an SREBP-2 target, marked up-
regulation of IDOL in  Apoe  � / �  Npc1  � / �    liver was unexpected. 
However, several other LXR target genes also increased in 
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synthesis.   In conclusion, we demonstrate that NPC1 
defi ciency has a major impact on VLDL metabolism in 
 Apoe  � / �    mice through modulation of hepatic LDL-R protein 
levels. In contrast to modest induction of hepatic IDOL with 
synthetic LXR ligands, a striking upregulation of IDOL in 
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LXR ligands in regulation of hepatic IDOL.  —Ishibashi, 
M., D. Masson, M. Westerterp, N. Wang, S. Sayers, R. Li, 
C. L. Welch, and A. R. Tall.  Reduced VLDL clearance in 
 Apoe �   � / �   � Npc1  �  � / �   �   mice is associated with increased 
 Pcsk9  and  Idol  expression and decreased hepatic LDL-recep-
tor levels.  J. Lipid Res.  2010.  51:  2655–2663.   

 Supplementary key words liver • Niemann-Pick disease • receptor • 
lipoprotein • atherosclerosis • nuclear receptor 

 This work was supported by National Institutes of Health Grant HL-22682 
(A.R.T.) and by the postdoctoral fellowship 09POST2110109 from the American 
Heart Association (M.W.). Its contents are solely the responsibility of the authors 
and do not necessarily represent the offi cial views of the National Institutes of 
Health or other granting agencies. 

 Manuscript received 13 February 2010 and in revised form 18 June 2010. 

  Published, JLR Papers in Press, June 18, 2010  
  DOI 10.1194/jlr.M006163  

 Reduced VLDL clearance in  Apoe  � / �  Npc1  � / �    mice is 
associated with increased  Pcsk9  and  Idol  expression 
and decreased hepatic LDL-receptor levels 

  Minako   Ishibashi ,  1, *   David   Masson ,  †    Marit   Westerterp , *   Nan   Wang , *   Scott   Sayers , *   Rong   Li , *  
 Carrie L.   Welch , *  and  Alan R.   Tall  *  

 Division of Molecular Medicine,* Department of Medicine,  Columbia University , New York,  NY ; and 
INSERM, †  Centre de Recherche-UMR866, Faculté de Médecine, Institut Fédératif de Recherche 
Santé-STIC,  Université de Bourgogne , Dijon,  France  

 Abbreviations: 25-OHC, 25-hydroxycholesterol; 27-OHC, 27-
hydroxycholesterol; apo, apolipoprotein; CE, cholesteryl ester; ER, 
endoplasmic reticulum; FCR, fractional catabolic rate; FPLC, fast 
performance liquid chromatography; HL, hepatic lipase; IDOL, induc-
ible degrader of LDL-R; LDL-R, LDL receptor; LRP1, LDL receptor-
related protein 1; LPL, lipoprotein lipase; LXR, liver     X receptor; NPC1, 
Niemann-Pick type C1; PCSK9, proprotein convertase subtilisin/kexin 
type 9; SR-BI, scavenger receptor class B, type I; SREBP, sterol regulatory 
element-binding protein; TG, triglyceride. 

  1  To whom correspondence should be addressed.  
   e-mail: ishibashiminako@gmail.com 

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2656 Journal of Lipid Research Volume 51, 2010

 TABLE 1. Basic characteristics of  Apoe  � / �    and  Apoe  � / �  Npc1  � / �    mice fed chow diet at 7 weeks of age 

Characteristic

 Apoe  � / �    Apoe  � / �  Npc1  � / �   

Male Female Male Female

Body weight (g) 24.8 ± 1.2 21.2 ± 1.1 17.9 ± 0.6 16.3 ± 0.8
Liver weight (g) 1.42 ± 0.1 1.19 ± 0.1 1.11 ± 0.1 1.02 ± 0.1
Liver weight / body weight 5.72 ± 0.1 5.58 ± 0.3 6.47 ± 0.4  a  6.25 ± 0.1  a  
Liver
 Cholesterol (mg/g liver) 4.87 ± 0.58 10.15 ± 1.32  b  
 Triglyceride (mg/g liver) 44.21 ± 4.1 7.45 ± 2.6  b  
Plasma
 Total cholesterol (mg/dl) 548.1 ± 45.2 570.2 ± 40.0 1198.7 ± 68.3  b  1234.0 ± 39.3  b  
 Triglyceride (mg/dl) 260.5 ± 38.0 140.3 ± 25.5 158.1 ± 23.2  a  98.3 ± 16.4  a  
 HDL-cholesterol mg/dl) 58.0 ± 7.0 59.4 ± 9.7 149.8 ± 17.6  b  160.2 ± 13.7  b  
 Phospholipid (mg/dl) 644.1 ± 32.1 632.7 ± 29.8
 Glucose (mg/dl) 228.5 ± 26.5 180.0 ± 18.5

apo, apolipoprotein.
  a  P  < 0.05 versus  Apoe  � / �   .
  b  P  < 0.01 versus  Apoe  � / �   .

 VLDL-cholesteryl ether turnover study 
 [ 3 H]cholesteryl ether (CE)-VLDL was generated as previously 

described ( 15, 16 ). Briefl y, VLDL (d < 1.006 g/ml) was isolated 
from 1 ml plasma from  Apoe  � / �    or  Apoe  � / �  Npc1  � / �    mice by ultra-
centrifugation. One hundred µCi of cholesteryl hexadecyl ether 
(cholesteryl-[ 1, 2, 3 H (N)]palmityl ether) (40–60 Ci/mmol; Perkin 
Elmer) was added to the lipoprotein solution.  Apoe  � / �    and 
 Apoe  � / �  Npc1  � / �    mice (n = 4) were injected with [ 3 H]CE-VLDL (8 × 
10 5  dpm) via the tail vein. After injection, blood was taken from the 
tail vein at different time points for determination of radioactivity. 
The fractional catabolic rates (FCR) were calculated from the 
decay curves of [ 3 H]CE radioactivity in plasma by fi tting the data to 
a biexponential equation according to the method of Matthews. 
The production rates were calculated by multiplying the FCR by 
the plasma cholesterol pool and dividing by the body weight. 

 Isolation of mouse peritoneal macrophages 
 Peritoneal macrophages were harvested from  Apoe  � / �    and 

 Apoe  � / �  Npc1  � / �    mice three days after intraperitoneal injection of 
thioglycollate. Macrophages were incubated in full medium con-
taining DMEM (25 mM glucose), 10% FBS, and 1% penicillin/
streptomycin/glutamine. One h later, nonadherent cells were 
removed, and adherent cells consisting of macrophages were 
used for the experiment as described in the fi gure legends. 

 Real-time RT-PCR analysis 
 Liver and peritoneal macrophages were homogenized and to-

tal RNA was isolated using the RNeasy mini kit (Qiagen). Total 
RNA was treated with Turbo DNase (Ambion) and reverse tran-
scribed with Superscript III (Invitrogen). Real-time RT-PCR was 
performed with SYBR green PCR core reagents (Applied Biosys-
tems). mRNA expression levels were normalized to the 36B4 
housekeeping gene. 

 Western blotting analysis 
 Total proteins and nuclear extracts (AY2002 nuclear extrac-

tion kit; Panomics) from mouse liver were separated (30 µg of 
protein/sample) by SDS-PAGE and transferred onto nitrocellu-
lose membranes (Bio-Rad). Blots were probed separately with 
specifi c antibodies. Following incubation with horseradish per-
oxidase-conjugated secondary antibodies, proteins were visual-
ized with Amersham ECL advanced western blotting detection 
kit (GE Healthcare) on X-ray fi lm. Primary antibodies were 
the following: LDL receptor-related protein (LRP1) (LifeSpan 
Biosciences); LDL-R, IDOL, SREBP-1, and Lamin A (Abcam); 

heterozygous genetic background ( 12, 13 ). We previously 
reported that  Apolipoprotein e  ( Apoe ),  Npc1  defi cient 
( Apoe  � / �  Npc1  � / �   ) mice fed a chow diet for 12 weeks exhib-
ited accelerated atherosclerosis in proximal aortas as well 
as an elevation of plasma total cholesterol ( 14 ). We re-
cently found that these mice had increased VLDL levels in 
a Balb/c genetic background. The current study was un-
dertaken to investigate the mechanism underlying the in-
crease of VLDL and IDL/LDL cholesterol concentrations 
in  Apoe  � / �  Npc1  � / �    mice. 

 MATERIALS AND METHODS 

 Mice 
  Apoe tm1Unc  /J,  Npc1 m1N/+  /J ( Apoe  � / �  Npc1 +/ �   ) and  Npc1 m1N/+  /J 

( Npc1 +/ �   ) mice on the BALB/cNctr background were housed at 
the Columbia University Medical Center according to the cur-
rent National Institutes of Health guidelines. All procedures were 
approved by the Institutional Animal Care and Use Committee. 
 Apoe  � / �  Npc1 +/ �    and  Npc1 +/ �    mice were intercrossed, respectively, 
to generate  Apoe  � / �    and  Apoe  � / �  Npc1  � / �    mice, and  Wt  and 
 Npc1  � / �    mice. 

 Plasma and hepatic lipid measurement 
 Chow-fed 7-week-old mice were fasted for 5 h and eutha-

nized. Blood and liver were collected. Plasma was separated by 
centrifugation and stored at  � 80°C until analyzed. Total plasma 
cholesterol, phospholipid, HDL cholesterol, and liver choles-
terol were measured with Wako enzymatic kits. Plasma and liver 
triglycerides (TG) were measured with Infi nity kits (Thermo 
Scientifi c). 

 Plasma lipid profi le analysis by FPLC 
and ultracentrifugation 

 100 µl of pooled plasma from 5 h fasted mice (n = 10) was used 
for fast performance liquid chromatography (FPLC) analysis us-
ing a Superose 6 column (GE Healthcare). Cholesterol and TG 
levels of FPLC fractions were measured using the commercial kits 
described above. VLDL (d < 1.006 g/ml) was isolated by sequen-
tial density ultracentrifugation of plasma using a TLA 100 rotor 
(Beckmann Coulter Inc.). VLDL was separated using SDS-PAGE 
and visualized by 0.05% Coomassie Brilliant Blue staining (Sigma-
Aldrich). 
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for multiple comparisons.  P  < 0.05 was considered the threshold 
for signifi cance. 

 RESULTS 

 Total plasma cholesterol levels are signifi cantly higher 
in  Apoe  � / �  Npc1  � / �    mice compared with  Apoe  � / �    controls 
due to an increase in the VLDL fraction 

 Plasma total cholesterol concentrations were 2-fold 
higher in  Apoe  � / �  Npc1  � / �    mice compared with  Apoe  � / �    
mice (  Table 1  ).  The increase in total cholesterol was more 
prominent in  Apoe  � / �  Npc1  � / �    mice in the BALB/cNctr 
congenic background (current study) than in the 75% 
C57BL/6, 25% BALB mixed background (see Ref.  14 ). 

scavenger receptor class B, type I (SR-BI) (Novus); hepatic lipase 
(HL) (Santa Cruz);  � -actin (Sigma-Aldrich); SREBP-2 (Pharmin-
gen); and PCSK9 (kind gift from Dr. Jan L. Breslow at The Rocke-
feller University). IDOL-positive control is cell lysate from 
HEK293T cells transfected IDOL/Mylip overexpressing plasmid 
(Novus). IDOL-negative control is cell lysate from HEK293T cells 
transfected control plasmid. 

 Lipoprotein lipase activity 
 Lipoprotein lipase (LPL) activity in plasma was measured with 

a commercial kit according to the manufacturer’s instructions 
(Roar). 

 Statistical analysis 
 Data are shown as mean ± SEM. Statistical analysis of differ-

ences was determined by ANOVA using Bonferroni correction 

  Fig.   1.  Plasma lipoprotein profi les in  Apoe  � / �    and  Apoe  � / �  Npc1  � / �    mice.   A and B: Pooled plasma (100 µl) was 
used for FPLC analysis (n = 10/group). Distribution of cholesterol (A) and TG (B) among distinct lipoprotein 
particles. C: Concentration of cholesterol and TG in VLDL separated by ultracentrifugation. D: Concentration 
of cholesterol and TG corrected for protein in VLDL separated by ultracentrifugation (n = 4/group). * P  < 0.05, 
** P  < 0.01 versus  Apoe  � / �   . E: VLDL isolated by ultracentrifugation was resolved by SDS-PAGE and visualized by 
Coomassie Blue staining. Each lane represents an individual mouse (n = 4/group). apo, apolipoprotein; FPLC, 
fast performance liquid chromatography; NPC1, Niemann-Pick type C1; TG, triglyceride.   
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  Fig.   2.  VLDL-CE clearance. VLDL was isolated from plasma of 
 Apoe  � / �    and  Apoe  � / �  Npc1  � / �    mice and radiolabeled. [ 3 H]CE-VLDL 
was injected in  Apoe  � / �    and  Apoe  � / �  Npc1  � / �    mice, and the clear-
ance of [ 3 H]CE-VLDL was measured. Values are the fraction of the 
injected dose remaining at each time point. The curves were fi tted 
using a biexponential equation. Similar results were obtained from 
two independent experiments. n = 4/group. * P  < 0.05, ** P  < 0.01 
versus  Apoe  � / �    for the same time point. apo, apolipoprotein; NPC1, 
Niemann-Pick type C1.   

 LDL-R protein is decreased in  Apoe  � / �  Npc1  � / �    liver 
despite increased mRNA levels 

 In the liver, remnant lipoproteins are taken up mainly 
via the LDL-R pathway, and to a lesser extent, via LRP1, 
heparin sulfate proteoglycans, and SR-BI ( 18, 19 ). LDL-R 
and LRP1 mRNA expression were signifi cantly increased 
in  Apoe  � / �  Npc1  � / �    liver, whereas SR-BI mRNA levels were 
unchanged ( Fig. 3D ). SR-BI protein levels were increased 
signifi cantly in  Apoe  � / �  Npc1  � / �    liver while LRP1 levels were 
similar between the two groups ( Fig. 3E ). Strikingly, despite 
the increased mRNA levels, LDL-R protein levels were sig-
nifi cantly decreased in  Apoe  � / �  Npc1  � / �    livers, suggesting 
that LDL-R expression is regulated posttranscriptionally. 
Therefore, we determined expression levels of PCSK9 and 
IDOL, which have recently been identifi ed as modulators 
of LDL-R protein degradation ( 20, 21 ). PCSK9 and IDOL 
mRNA levels as well as protein levels were signifi cantly in-
creased in  Apoe  � / �  Npc1  � / �    liver ( Fig. 3F, G ). These results 
suggested that increased PCSK9 and IDOL levels dimin-
ished LDL-R protein levels and were responsible for the 
impaired VLDL-CE clearance in  Apoe  � / �  Npc1  � / �    mice. 

 In contrast to the fi ndings in  Apoe  � / �  Npc1  � / �    mice, 
 Npc1  � / �    mouse fed a chow diet at 7 weeks of age (  Fig. 4A , 
B )  showed no change in LXR- � , SREBP-2, LDL-R, or IDOL 
gene expression in liver, while PCSK9 gene expression was 
reduced in  Npc1  � / �    liver compared with  Wt  liver. LDL-R 
and PCSK9 protein levels were similar between groups, 
and IDOL was decreased in  Npc1  � / �    liver. The difference 
in the results between  Npc1  � / �    and  Apoe  � / �  Npc1  � / �    mice 
suggests that hypercholesterolemia induced by  Apoe  defi -
ciency in  Npc1  � / �    mice has a key role in determining 
changes in expression of PCSK9, IDOL, and LDL-R. 

 NPC1 defi ciency induces SREBP-2-dependent and 
LXR-activated genes and attenuates the SREBP-1c 
pathway 

 LDL-R and PCSK9 expression are regulated transcription-
ally by SREBP-1a and -2 ( 22–24 ), while IDOL was recently 
reported to be an LXR target gene ( 20 ). Therefore, we evalu-
ated the activity of SREBP and LXR pathways in  Apoe  � / �  Npc1  � / �    

FPLC analysis showed substantial increases of cholesterol 
in all lipoprotein fractions in  Apoe  � / �  Npc1  � / �    mice, but 
the most prominent increase was observed in fractions 
10–17 corresponding to VLDL (  Fig. 1A , C ).  In contrast, 
plasma TG concentration and TG in VLDL fractions were 
reduced in  Apoe  � / �  Npc1  � / �    mice ( Table 1  and  Fig. 1B, C ). 
The cholesterol content of VLDL corrected for protein 
was similar in both groups of mice, but the concentration 
of TG was signifi cantly decreased in  Apoe  � / �  Npc1  � / �    mice 
( Fig. 1D ). In VLDL separated from plasma by ultracentri-
fugation, both apoB100 and apoB48 levels were markedly 
increased in  Apoe  � / �  Npc1  � / �    mice, and apoB48 was pre-
dominant in both strains ( Fig. 1E ). The ratio of apoB100/
apoB48 was 3.6 in  Apoe  � / �  Npc1  � / �    mice compared with 
1.4 in  Apoe  � / �    mice, showing a predominant increase 
in apoB100. These results suggest that VLDL and chylo-
micron remnants depleted in TG are increased in 
 Apoe  � / �  Npc1  � / �    mice. 

 Cholesterol production is increased and clearance of 
VLDL-CE is decreased in  Apoe  � / �  Npc1  � / �    mice compared 
with  Apoe  � / �    controls 

 To identify the mechanism responsible for the in-
creased plasma VLDL cholesterol concentration in 
 Apoe  � / �  Npc1  � / �    mice, we analyzed the VLDL-CE clear-
ance and production. We analyzed VLDL-CE clearance 
by injecting VLDL labeled with [ 3 H]cholesteryl ether 
into  Apoe  � / �    and  Apoe  � / �  Npc1  � / �    mice. As shown in   Fig. 
2  ,  the decay in plasma radioactivity was signifi cantly 
slower in  Apoe  � / �  Npc1  � / �    mice compared with  Apoe  � / �    
mice, suggesting decreased clearance of VLDL-CE. 
 Apoe  � / �  Npc1  � / �    mice showed a signifi cantly decreased 
VLDL-CE catabolism with an FCR of 3.61 ± 0.08 pools/d 
versus 5.73 ± 0.63 pools/d in  Apoe  � / �    mice group ( P  < 
0.05). Based on pool size and FCR, the calculated CE 
production rate in  Apoe  � / �  Npc1  � / �    mice (152 ± 3.3 
mmol/g body weight/day) was signifi cantly increased 
compared with  Apoe  � / �    mice (110 ± 12 mmol/g body 
weight/day) ( P  < 0.05). Subsequent studies focused on 
potential mechanisms accounting for the reduction in 
VLDL-CE clearance. 

 Hepatic LPL, HL, and apoC expression levels are not 
different between  Apoe  � / �    and  Apoe  � / �  Npc1  � / �    mice 

 LPL and HL can hydrolyze TG in chylomicrons and 
VLDL, and they act as structural cofactors facilitating 
cellular uptake of whole lipoprotein particles and selec-
tive CE uptake ( 15, 17 ). LPL mRNA expression was dra-
matically increased, but plasma LPL activity was only 
slightly increased in  Apoe  � / �  Npc1  � / �    mice compared 
with  Apoe  � / �    mice (  Fig. 3A , B ).  HL mRNA expression 
and protein levels in liver were not different between 
the groups ( Fig. 3A, C ). These results suggested that 
LPL and HL were not involved in the accumulation of 
VLDL-CE in the plasma of  Apoe  � / �  Npc1  � / �    mice. Simi-
larly, hepatic mRNA levels of ApoCs and ApoA2, known 
modulators of plasma VLDL metabolism, were un-
changed in  Apoe  � / �  Npc1  � / �    mice compared with  Apoe  � / �    
mice ( Fig. 3A ). 
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was signifi cantly decreased in  Apoe  � / �  Npc1  � / �    liver. Since 
SREBP-1c is a key lipogenic transcription factor, these results 
are consistent with the observed decrease of hepatic TG in 
 Apoe  � / �  Npc1  � / �    mice ( Table 1 ). On the other hand, SREBP-2 

liver. The relative amount of SREBP-1c mRNA was not 
changed, whereas SREBP-1a mRNA was signifi cantly in-
creased in  Apoe  � / �  Npc1  � / �    liver compared with  Apoe  � / �    con-
trols (  Fig. 5A  ).  As shown in  Fig. 5B , nuclear SREBP-1 protein 

  Fig.   3.  Hepatic LDL-R protein level is reduced in liver from  Apoe  � / �  Npc1  � / �    mice compared with  Apoe  � / �    
controls.   A: Analysis of hepatic mRNA expression of various genes by real-time RT-PCR. B: Plasma LPL activ-
ity. C: Western blot analysis of HL and  � -actin in liver and quantifi cation by densitometric analysis. D: Analy-
sis of hepatic mRNA expression of various genes by real-time RT-PCR. E: Western blot analysis of LDL-R, 
SR-BI, LRP1, and  � -actin in liver and quantifi cation by densitometric analysis. F: Analysis of hepatic mRNA 
expression of PCSK9 and IDOL by real-time RT-PCR. G: Western blot analysis of PCSK9, IDOL, and  � -actin 
in liver, and quantifi cation by densitometric analysis. Similar results were obtained from two independent 
experiments (n = 4/group). * P  < 0.05, ** P  < 0.01 versus  Apoe  � / �   . apo, apolipoprotein; HL, hepatic lipase; 
IDOL, inducible degrader of LDL-R; LDL-R, LDL receptor; LPL, lipoprotein lipase; LRP1, LDL receptor-
related protein 1; NPC1, Niemann-Pick type C1; PCSK9, proprotein convertase subtilisin/kexin type 9; 
SR-BI, scavenger receptor class B, type I.   
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mRNA and nuclear protein levels were dramatically 
increased in  Apoe  � / �  Npc1  � / �    liver ( Fig. 5A, B ). Accordingly, 
all SREBP-2 target genes, such as HMG-CoA synthase and 
HMG-CoA reductase, were also signifi cantly increased in 
 Apoe  � / �  Npc1  � / �    liver ( Fig. 5A ). These results indicate that 
SREBP-2 activation is responsible for the increased PCSK9 
and LDL-R mRNA levels. LXR � , ABCA1, and ABCG1 were 
slightly reduced or unchanged in  Apoe  � / �  Npc1  � / �    liver com-
pared with  Apoe  � / �    controls ( Fig. 5C ). However, potential 
LXR-target genes in liver were upregulated in  Apoe  � / �  Npc1  � / �    
liver, including ABCG8, LPL, and IDOL ( Fig. 3A, F and Fig. 
5C ). In contrast,  Apoe  � / �  Npc1  � / �    macrophages showed no 
signifi cant change of LXR target genes (ABCA1, ABCG1, 
and IDOL) in the basal state and, as previously observed, 
failed to induce LXR targets in response to acetylated LDL 
loading ( Fig. 5D ). 

 DISCUSSION 

 In the current study, we have shown that  Apoe  � / �  Npc1  � / �    
mice exhibited elevated cholesterol levels but reduced TG 
levels in both plasma and liver compared with  Apoe  � / �    con-

  Fig.   4.  Hepatic LDL-R, PCSK9, and IDOL protein level in  Wt  and 
 Npc1  � / �    mice.   A: Analysis of hepatic mRNA expression of LDL-R, 
PCSK9, and IDOL by real-time RT-PCR. B: Western blot analysis of 
LDL-R, PCSK9, IDOL, and  � -actin in liver, and quantifi cation by 
densitometric analysis. Similar results were obtained from two inde-
pendent experiments (n = 3/group). “P” means positive control. “N” 
means negative control. * P  < 0.05, ** P  < 0.01 versus  Wt    (wild type). 
IDOL, inducible degrader of LDL-R; LDL-R, LDL receptor; PCSK9, 
proprotein convertase subtilisin/kexin type 9; AU, arbitrary unit.   

trols. Plasma cholesterol was mainly increased in the 
VLDL/IDL fractions that were depleted of TG, suggesting 
remnant accumulation. The accumulation of plasma 
VLDL cholesterol in  Apoe  � / �  Npc1  � / �    mice was partly a re-
sult of impaired clearance, likely due to a reduction of 
hepatic LDL-R protein. While an increase in VLDL-CE 
production rate was also suggested by the turnover study, 
this could refl ect a decrease in LDL-R protein and in-
creased conversion of slowly cleared, large VLDL into 
smaller particles ( 25, 26 ). mRNA and protein levels of 
PCSK9 and IDOL, two factors known to promote LDL-R 
degradation, were elevated. Thus, elevated plasma choles-
terol levels in  Apoe  � / �  Npc1  � / �    mice are likely due to post-
transcriptional downregulation of LDL-R protein. 

 The increase in nuclear SREBP-2 observed in hepato-
cytes of  Apoe  � / �  Npc1  � / �    is consistent with previous studies 
in fi broblasts and macrophages ( 27, 28 ) and likely ac-
counts for the increase in  Srebf2  expression ( Fig. 5A, B ) as 
SREBP2 targets the promoter of its own gene. While 
SREBP-2 activation in  Apoe  � / �  Npc1  � / �    livers is also likely to 
explain the increase of PCSK9 levels, the mechanisms that 
account for IDOL induction are less clear. IDOL/Mylip/
MGC11702 has been previously reported to be induced in 
livers of SREBP-1a transgenic mice ( 29 ). Although SREBP-
1a mRNA was induced in  Apoe  � / �  Npc1  � / �    livers, nuclear 
SREBP-1 was reduced, and nuclear SREBP-2 was increased. 
In contrast to fi ndings in SREBP1 transgenic mice, IDOL 
expression was not increased in liver of SREBP-2 trans-
genic mice ( 25 ), making it unlikely that IDOL was induced 
by SREBP-2 in our model. 

 IDOL is known to be a target of LXRs ( 20 ). IDOL ex-
pression could be increased due to the formation of en-
dogenous LXR ligands in the liver. As a result of increased 
SREBP-2 gene induction, cholesterol synthesis is likely in-
creased in  Npc1 -defi cient hepatocytes, as refl ected in the 
marked increase in HMG-CoA reductase and HMG-CoA 
synthase mRNAs ( Fig. 4A ). It has been previously reported 
that increased endogenous cholesterol synthesis is associ-
ated with LXR activation through increased formation of 
endogenous LXR ligands ( 30 ). For example, 24, 25-epoxy-
cholesterol, an intermediate in cholesterol biosynthesis, is 
a strong LXR activator ( 31 ). Levels of cell-associated oxy-
sterols in  Npc1  � / �    macrophages were uniformly elevated, 
even among enzymatically generated side-chain oxysterols 
24-OHC, 25-OHC, and 27-OHC ( 6 ). We observed that 
LXR target genes, such as LPL, IDOL, and ABCG8, were 
induced in the liver of NPC1-defi cient mice, suggesting 
that some LXR target genes are induced. However, ex-
pression of other LXR targets, such as ABCA1, ABCG1 
and SREBP-1c, was unchanged or even suppressed in 
 Apoe  � / �  Npc1  � / �    liver. Increases in 24, 25-epoxycholesterol 
have been shown to inhibit the activation of SREBP1c, re-
fl ecting induction of Insig-2 ( 32 ) and consistent with the 
changes in the NPC1-defi cient livers. In most reports, 
ABCA1 mRNA is not markedly increased in the liver fol-
lowing LXR activation ( 33, 34 ), likely refl ecting use of an 
alternative upstream exon in which the promoter lacks a 
functional LXRE ( 35 ). Hepatic ABCG1 expression is pre-
dominantly in Kupffer and endothelial cells rather than 
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while other LXR targets, such as ABCG8 and IDOL, are 
induced in our model. 

 It is interesting to note that potent synthetic LXR ago-
nists caused only a modest induction of IDOL expression 
in liver, in contrast to macrophages ( 20 ). It is possible that 

hepatocytes ( 36 ). Finally, recent studies have shown that a 
suppressor microRNA, which targets the mRNA and pro-
tein of ABCA1 and ABCG1, is embedded in the  Srebf2  gene 
induced in our model ( 37 ). These considerations may ex-
plain why ABCA1 and ABCG1 mRNAs are not increased, 

  Fig.   5.  SREBP-2 processing is increased in liver from  Apoe  � / �  Npc1  � / �    mice compared with  Apoe  � / �    con-
trols .  A: Analysis of hepatic mRNA expression of various genes by real-time RT-PCR. B: Western blot analysis 
of nuclear proteins n-SREBP-1 and -2 and Lamin A, and quantifi cation by densitometric analysis. C: Analysis 
of hepatic mRNA expression of various genes by real-time RT-PCR. D: Analysis of indicated mRNA expres-
sion in peritoneal macrophages by real-time RT-PCR. Peritoneal macrophages were incubated in condi-
tioned medium with or without acetylated LDL (50  � g/ml) for 24 h. Similar results were obtained from two 
independent experiments (n = 4/group). * P  < 0.05, ** P  < 0.01 versus  Apoe  � / �   . apo, apolipoprotein; LXR, 
liver     X receptor; SREBP, sterol regulatory element-binding protein.   
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there are promoter-specifi c effects of endogenous LXR 
ligands that account for the induction of IDOL in 
 Apoe  � / �  Npc1  � / �    mice. While further studies will be needed 
to clarify the underlying mechanism of IDOL induction in 
liver, our fi ndings suggest that marked changes in hepatic 
IDOL expression could represent an important regulatory 
mechanism that in turn infl uences cellular levels of LDL-R 
and circulating levels of atherogenic lipoproteins. 

 NPC patients show reduced plasma total cholesterol, 
LDL-C, and HDL-C, and increased TG compared with 
healthy controls ( 9, 10 ). These lipoprotein changes are 
different from those seen in mice ( 11–13, 27 ). This differ-
ence could be explained by the many differences between 
human and mouse lipoprotein metabolism. For example, 
mice lack the cholesteryl ester transfer protein (CETP), 
and reduced HDL and LDL cholesterol in humans could 
in part refl ect increased transfer to VLDL mediated by 
CETP. 

 In summary, our study provides new insights into the 
mechanisms linking intracellular cholesterol transport 
and systemic cholesterol metabolism mediated by IDOL 
and PCSK9. Our fi ndings add to the clear evidence for 
SREBP regulation in  Npc1  � / �    liver. Although  Npc1  � / �    cells 
fail to produce oxysterol LXR ligands from exogenous 
cholesterol sources ( 4–6 ), our results suggest that alterna-
tive endogenous synthetic pathways could activate LXR 
and induce IDOL expression in liver. It is notable that 
even though SREBP1c may not be induced by activation of 
LXRs via 24,25 epoxycholesterol ( 30 ), induction of IDOL 
could lead to increases in plasma LDL, detracting from 
the usefulness of therapeutic approaches aimed at in-
creases in 24,25 epoxycholesterol ( 32 ).  
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