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Abstract

Low-density lipoprotein receptor—related protein 1 (LRP1) binds to apolipoprotein E and serves as a receptor for remnant lipoproteins in
the liver, thus playing an important role in clearing these atherogenic particles. In this study, we investigated the effect of atorvastatin, a
hydroxymethylglutaryl-coenzyme A reductase inhibitor, on hepatic LRP1 expression. We used HepG2 and Hep3B cells for in vitro study,
and Otsuka Long-Evans Tokushima fatty and Sprague-Dawley rats for in vivo study. We used relatively high pharmacologic dose of
atorvastatin in this study (in vitro, 0.5 umol/L in culture media, for 48 hours; in vivo, 20 mg/[kg d], for 6 weeks). Atorvastatin increased
LRP1 and low-density lipoprotein (LDL) receptor expression in HepG2 and Hep3B cells and induced hepatic LRP1 and LDL receptor
expression in chow diet-fed Sprague-Dawley rats and high-fat diet—fed Otsuka Long-Evans Tokushima fatty rats. Atorvastatin decreased
intracellular sterol level and increased the amount of the nuclear form of sterol response element-binding protein—2 (SREBP-2) in both
HepG2 and Hep3B cells as well as in two animal models. Treatment of HepG2 cells with LDL increased intracellular sterol level and reduced
LRP1, LDL receptor, and SREBP-2. When SREBP-2 in HepG2 cells was knocked down by small interfering RNA, the induction of LRP1
expression by atorvastatin did not take place. In conclusion, up-regulation of hepatic LRP1 might be a novel mechanism by which statin
treatment decreases remnant lipoproteins. In addition, SREBP-2 acts as a mediator of atorvastatin-induced up-regulation of hepatic LRP1.
Future studies using standard doses of atorvastatin in humans are needed to elucidate clinical relevance of these findings.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Low-density lipoprotein receptor—related protein 1
(LRP1), a member of the low-density lipoprotein (LDL)
receptor gene family, is a multifunctional scavenger and
signaling receptor [1]. This cell surface glycoprotein binds to
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apolipoprotein E and serves as a receptor for chylomicron
remnants in the liver [2]. Furthermore, LRP1 plays an
important role in the clearance of remnant of triglyceride-rich
lipoproteins such as chylomicron remnant or very low-
density lipoprotein remnant [3,4]. Recent research has
focused on these remnant lipoproteins as atherogenic
particles and an independent risk factor of cardiovascular
disease or stroke [5-7]. Remnant lipoproteins have been
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reported to be associated with inflammation, endothelial
dysfunction, formation of foam cells, and proliferation of
vascular smooth muscle cells (VSMCs) [8-11]. In addition,
type 2 diabetes mellitus (T2DM) patients have high levels of
remnant lipoproteins [12-14].
Hydroxymethylglutaryl-coenzyme A (HMG-CoA)
reductase inhibitors, or “statins,” inhibit cellular cholesterol
biosynthesis and result in increased activity of the LDL
receptors and enhanced clearance of lipoproteins containing
apolipoprotein B [15,16]. Early use of statins is recom-
mended by current guidelines for cardiovascular risk
prevention in T2DM [17]. These agents have also been
reported to reduce remnant-like particle cholesterol (RLP-C)
in patients with T2DM or hypercholesterolemia [18-24].
Considering the adverse effects of remnant lipoproteins on
cardiovascular disease especially in diabetic status, under-
standing the effect of widely used antihyperlipidemic drugs
on hepatic LRP1 expression and the regulatory mechanism of
this scavenger receptor in the liver might provide important
clues to help lower the risk of cardiovascular disease. In
this study, we investigated the effect of atorvastatin, one of
the HMG-CoA reductase inhibitors, on hepatic LRPI
expression in animal models and also investigated a possible
mechanism of hepatic LRP1 expression involving the
regulation of sterol regulatory element binding protein—2
(SREBP-2) in response to intracellular cholesterol level. This
is the first study to investigate the regulation of LRP1
expression in the liver and hepatocyte-derived cell line.

2. Materials and methods

2.1. Cell culture

The HepG2 cells and Hep3B cells were cultured in
modified Eagle medium containing 10% fetal bovine serum,
penicillin (100 IU/mL), and streptomycin (100 mg/mL) at
37°C in 5% CO,/95% air. Atorvastatin (200 mmol/L;
Yuhan, Corp, Seoul, Korea) was prepared in ethanol at
—20 °C. A stock solution of LDL (Sigma-Aldrich, St Louis,
MO) was prepared in tertiary distilled water at 5 mg/mL and
stored at —4 °C. HepG2 cells and Hep3B cells were treated
with different concentrations of atorvastatin (0, 0.1, 0.5, 1,
10, and 50 umol/L in culture media) or LDL (0, 40, and
200 pg/mL in culture media) for 48 hours by adding the
stock solution directly to the culture media. The final
concentration of ethanol in the culture media was adjusted to
0.2% (vol/vol).

2.2. Small interfering RNA transfections

Small interfering RNA (siRNA) targeting SREBP-2
(siSREBP-2) and scrambled RNA (siCTRL) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). The
sequence information is protected by the provider. Each
siRNA was transfected into HepG2 cells using lipofectamine
2000 (Invitrogen, Carlsbad, CA). After an overnight

transfection, the cells were treated with atorvastatin
(0.5 umol/L in culture media) for 48 hours, respectively.
We determined siRNA silencing efficiency by a quantitative
real-time reverse transcriptase polymerase chain reaction
(RT-PCR) of SREBP-2 messenger RNA (mRNA) in
siSREBP-2- and siCTRL-transfected HepG2 cells.

2.3. Animals, diet, and treatment

Twenty-week-old Otsuka Long-Evans Tokushima fatty
(OLETF) rats (Otsuka Pharmaceutical, Tokushima, Japan)
and Sprague-Dawley (SD) rats (Central Laboratory Animal,
Seoul, Korea) were maintained at ambient temperature
(22°C + 1°C) on 12-hour light-dark cycles with free access to
water and diet. The OLETF rats were fed a high-fat diet
containing 40% lard oil (Wellga, Seoul, Korea) and were
randomly divided into 2 groups at 20 weeks of age. The rats
in the control group (n = 10) were untreated and killed at 26
weeks of age; the rats in the atorvastatin group (n = 10) were
treated with atorvastatin (Lipitor, Pfizer Korea; 20 mg/[kg d]
dissolved in 1 mL of drinking water) by oral administration
with a 10-mL syringe for 6 weeks from 20 weeks of age and
were killed at 26 weeks of age. The SD rats were fed a
normal chow diet and were randomly divided into 2 groups
in the same manner as OLETF rats at 9 weeks of age. The SD
rats were killed at 15 weeks of age. The animals were
euthanized at the end of a dark cycle after overnight fasting
for tissue sampling. Blood was collected by cardiac
puncture; and the livers were isolated, immediately freeze-
clamped in liquid nitrogen, and stored at —80 °C until
analysis. All procedures were approved by the Institutional
Animal Care and Use Committee at the Yonsei University
College of Medicine.

2.4. Oral glucose tolerance test

An oral glucose tolerance test (OGTT) was performed in
OLETF rats after administering 20% glucose solution
(2 g/kg) followed by an overnight fast. Blood samples
were obtained by tail snipping at the indicated time, and
blood glucose levels were measured with a glucose analyzer
(Accu-Check; Roche Diagnostics, Basel, Switzerland).

2.5. Immunofluorescent staining analysis

Rat livers were fixed in 10% formaldehyde and embedded
in paraffin. The paraffin sections were cut and deparaffinized
using xylene and ethanol. After a 30-minute incubation in
5% bovine serum albumin for blocking, samples were
incubated with anti-LRP1 antibody (rabbit monoclonal
immunoglobulin [Ig] G, Santa Cruz Biotechnology) for
1 hour at room temperature and then overnight at 4°C. After
the primary antibody reaction, samples were incubated with
fluorescein isothiocyanate—tagged goat anti-rabbit IgG
(Santa Cruz Biotechnology) for 40 minutes at room
temperature and were mounted with antifading universal
mounting solution (Santa Cruz Biotechnology).
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2.6. RNA and complementary DNA preparation

Total RNA was isolated from rat liver tissue and
hepatocyte-derived cells using Trizol reagent (Invitrogen)
and quantified by nanodrop (ND-1000; DM Science, Seoul,
Korea). Following RNA extraction, 4 uL. RNA was treated
with 1 unit DNase I to remove all contaminating genomic
DNA. DNase-treated RNA was subsequently used for
complementary DNA (cDNA) synthesis using MMLV
reverse transcriptase (Promega, Madison, WI): 1 uL oligo
dT primer was added to 4 uL. RNA with 5x MMLYV reaction
buffer, 2.5 mmol/L each dNTP, 1 unit RNasin ribonuclease
inhibitor, and MMLV reverse transcriptase (200 units).
Complementary DNA was stored at —20 °C.

2.7. Quantitative RT-PCR

Real-time quantitative RT-PCR analysis of various genes
was performed with an ABI 7500 instrument and software
(Applied Biosystems, Foster City, CA). All Tagman assays
were performed with inventoried primers and probes (Applied
Biosystems): f-actin (Hs99999903_m1, R700667669_ml),
SREBP-2 (Hs01081778_m1, R701502638_m1), LRP1
(Hs00233856_m1, R701503964 gl), and LDL receptor
(Hs00181192_m1, Rn00598438). The PCRs were carried
out in triplicate in a final volume of 20 uL according to the
manufacturer’s protocol. For each assay, a standard curve was
obtained by analyzing a dilution series of pooled cDNA sam-
ples for the relevant gene. Data were analyzed with Sequence
Detector 1.7 software (Applied Biosystems) B-Actin was used
as the internal standard to control for variability, and the results
were expressed as a ratio of the gene expression relative to that
of B-actin.

2.8. Immunoblot analysis

Aliquots of cell lysates (Thermo Scientific, Waltham, MA)
and tissue homogenates were denatured under reducing
conditions (1.75% sodium dodecyl sulfate, 15 mmol/L
2-mercaptoethanol; 5 minutes at 100°C), then subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and immunoblot analyses. To detect LRP1, nitrocellulose
membranes were incubated with anti-LRP1 antibody (rabbit
monoclonal IgG; Epitomics, Burlingame, CA) (1:1500,
overnight at 4°C) and then with goat anti-rabbit IgG
conjugated to horseradish peroxidase (1:5000, Santa Cruz
Biotechnology) for 1 hour. Immunolabeling was detected with
the ECL Western Blotting Analysis System (Thermo Scien-
tific). The LRP immunoreactivity was normalized to total
protein as determined by Bradford assay (Sigma-Aldrich). The
LDL receptor was detected with anti-LDL receptor antibody
(rabbit polyclonal IgG, 1:1000; Abcam, Cambridge, United
Kingdom) and a goat anti-rabbit IgG secondary antibody
conjugated to horseradish peroxidase (1:5000, Santa Cruz
Biotechnology). The nuclear form of SREBP-2 was detected
with anti-SREBP-2 antibody (rabbit polyclonal IgG, 1:1000,
Santa Cruz Biotechnology) and a goat anti-rabbit IgG

secondary antibody conjugated to horseradish peroxidase
(1:5000, Santa Cruz Biotechnology). f-Actin immunoreactiv-
ity, detected with monoclonal anti—f-actin antibody (1:5000,
Sigma-Aldrich) and a goat anti-mouse IgG secondary antibody
conjugated to horseradish peroxidase (1:5000, Santa Cruz
Biotechnology), was used as a loading control.

2.9. Intracellular sterol assay

Intracellular sterol was extracted in 200 mg of liver tissue
or hepatocyte-derived cells. Total cholesterol was deter-
mined by enzymatic methods (Roche Diagnostics).

2.10. Statistical analysis

All statistical analyses were performed with SPSS software
(version 15.0; SPSS, Chicago, IL). Values were expressed as the
mean + SD. Statistical comparison between groups was
performed using the Student # test or 1-way analysis of variance.
Data with a P value < .05 were considered significant.

3. Results

3.1. Atorvastatin treatment increased LRPI and LDL
receptor expression in HepG2 and Hep3B cells

To find out the optimal dose of atorvastatin, we treated
increasing concentrations of atorvastatin on HepG2 cells.
Although we detected up-regulation of LRP1 expression in
0.1 umol/L of atorvastatin (Figure S1), we treated 0.5 and
10 umol/L of atorvastatin for clear data. HepG2 cells are
widely used in the studies to investigate the lipid metabolism in
hepatocyte, and we also used Hep3B cells to obtain both exact
and generalized results. Atorvastatin treatment increased LRP1
mRNA and protein expression in HepG2 cells (control vs 0.5
umol/L atorvastatin, mRNA, 1.00 = 0.16 vs 2.47 + 0.34
arbitrary units [AU], P = .004; protein, 1.00 £ 0.26 vs 2.27 £
0.33 AU, P =.013) and Hep3B cells (control vs 0.5 umol/L
atorvastatin, mRNA, 1.00+0.08 vs 1.52+0.21 AU, P =.025;
protein, 1.00 = 0.18 vs 1.65 + 0.19 AU, P = .018) (Fig. 1).
Atorvastatin induced LDL receptor expression in HepG2 cells
(control vs 0.5 umol/L atorvastatin, mRNA, P = .003; protein,
P =.006) and Hep3B cells (control vs 0.5 umol/L atorvastatin,
mRNA, P =.01; protein, P = .008) (Fig. 1).

3.2. Atorvastatin treatment increased hepatic LRP1 and
LDL receptor expression in SD rats as well as OLETF rats

We administrated atorvastatin (20 mg/[kg d], for 6 weeks)
to chow diet-fed SD rats and high-fat diet—fed OLETF rats.
We used OLETF rats as the T2DM animal model and used
SD rats to investigate the effect of atorvastatin on the normal
metabolic status. Atorvastatin increased hepatic LRP1
expression in OLETF rats (control vs atorvastatin, mRNA
1.00 £ 0.23 vs 2.91 + 0.42 AU, P = .001; protein, mRNA
1.00£0.11 vs 1.98 +0.18 AU, P=.001) and SD rats (control
vs atorvastatin, mRNA 1.00 = 0.11 vs 1.54 £ 0.10 AU, P =
.003; protein, 1.00+£0.09 vs 1.58 £0.12 AU, P=.001) (Fig. 2).
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Fig. 1. Effect of atorvastatin on LRP1 and LDL receptor expression in hepatocyte-derived cell lines. HepG2 and Hep3B cells were incubated with different
concentrations of atorvastatin (0, 0.5, and 10 umol/L in culture media) for 48 hours. A, Real-time PCR quantification of LRP1 and LDL receptor mRNA in
HepG2 cells. B and C, Western blot analysis of LRP1 (B-chain) and LDL receptor in HepG2 cells. D, Real-time PCR quantification of LRP1 and LDL receptor
mRNA in Hep3B cells. E and F, Western blot analysis of LRP1 (f-chain) and LDL receptor in Hep3B cells. Results were normalized by f-actin mRNA or protein
level and are expressed as ratio relative to controls. Data are mean + SD. *P < .05 vs control. LDLr indicates low-density lipoprotein receptor.

LDL receptor was also induced by atorvastatin treatment in
OLETF rats (mRNA, P <6 .001; protein, P = .001) and SD
rats (mRNA, P = .015; protein, P = .006) (Fig. 2).
Immunofluorescent staining of OLETF rat liver also showed
increased LRP1 expression following atorvastatin treatment

(Fig. 3).

3.3. Atorvastatin reduced intracellular cholesterol and
increased the nuclear form of SREBP-2 in hepatocyte-
derived cell lines and rat liver

We evaluated the effect of atorvastatin on intracellular
cholesterol level and the expression of the nuclear form of
SREBP-2. In HepG2 cells, atorvastatin reduced intracellular
cholesterol level (control vs 0.5 umol/L atorvastatin, 100.0 £+
2.9 vs 87.1 £ 7.6 AU, P = .015) and increased mRNA
expression and protein abundance of the nuclear form of
SREBP-2 (control vs 0.5 umol/L atorvastatin, mRNA, P <
.001; protein, P = .001) (Fig. 4A-D). Atorvastatin also
decreased intracellular cholesterol level (control vs 0.5

umol/L atorvastatin, 100.0 + 4.6 vs 87.0 = 7.5 AU, P =
.011) and increased the expression of the nuclear form of
SREBP-2 in Hep3B cells (control vs 0.5 umol/L atorvasta-
tin, mRNA, P < .001; protein, P = .001) (Fig. 4E-H).

In the livers of OLETF rats, the hepatic cholesterol level was
reduced by atorvastatin treatment (control vs atorvastatin,
100.0 £ 10.0 vs 63.4 £ 6.0 AU, P = .011) (Fig. 5A). As
expected, atorvastatin treatment increased SREBP-2 mRNA
expression (P =.003) as well as the level of the nuclear form of
SREBP-2 (P =.001) (Fig. 5B-D). Atorvastatin treatment in SD
rats showed the same result as in OLETF rats (control vs
atorvastatin, cholesterol, 100.0+9.6 vs 74.8 £ 6.7 AU, P=.001;
SREBP-2, mRNA, P < .001; protein, P = .008) (Fig. 5E-H).

3.4. LDL increased intracellular cholesterol level and
reduced SREBP-2, LRPI, and LDL receptor expressions
in HepG?2 cells

To test the effect of increased intracellular cholesterol
level on LRP1 expression in HepG2 cells, we treated HepG2
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Fig. 2. Effect of atorvastatin on LRP1 and LDL receptor expression in the livers of OLETF and SD rats. Rats were fed with or without atorvastatin (20 mg/[kg d]
for 6 weeks) in drinking water. A, Real-time PCR quantification of LRP1 and LDL receptor mRNA in liver samples of OLETF rats. B and C, Western blot
analysis of LRP1 (f-chain) and LDL receptor in liver samples of OLETF rats. D, Real-time PCR quantification of LRP1 and LDL receptor mRNA in liver
samples of SD rats. E and F, Western blot analysis of LRP1 (-chain) and LDL receptor in liver samples of SD rats. Results were normalized by B-actin mRNA or
protein level and are expressed as ratio relative to controls. Data are mean + SD. *P < .05 vs control.

cells with different concentrations of LDL (40 and 200 ug/
mL in culture media). High-dose LDL treatment increased
intracellular cholesterol level in HepG2 cells (control vs
200 ug/mL LDL, 100.0 £2.7 vs 119.3 £ 3.8 AU, P = .038)
(Fig. 6A). The SREBP-2 mRNA expression was not affected
by treatment with 40 ug/mL LDL, but 200 ug/mL LDL

-

reduced SREBP-2 mRNA expression (P <.001) and the level
ofthe nuclear form of SREBP-2 protein (P <.001) (Fig. 6B, C
and F). Interestingly, mRNA expression and protein
abundance of LRP1 and LDL receptor were affected in a
similar manner. Low-density lipoprotein treatment decreased
LDL receptor and LRP1 expression in HepG2 cells (control

Fig. 3. Immunofluorescence staining using LRP1 (o chain)-specific antibody in OLETF rat. A, The liver of an OLETF rat without atorvastatin treatment. B, The
Liver of an OLETF rat with atorvastatin treatment (20 mg/[kg d], for 6 weeks). The LRP1 (o chain) showed light green color in the picture. Fluorescein
isothiocyanate—tagged secondary antibody was used for detection of LRP1. Bars represent 2.0 mm.
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incubated with different concentrations of LDL (0, 40, and 200 pg/mL in culture media) for 48 hours. A, Enzyme-linked immunosorbent assay quantification of
intracellular cholesterol. Cholesterol level was normalized by cellular protein. B, Real-time PCR quantification of SREBP-2 mRNA. C and F, Western blot
analysis of SREBP-2. D, Real-time PCR quantification of LRP1 and LDL receptor mRNA. E and F, Western blot analysis of LRP1 and LDL receptor. Results
were normalized by S-actin mRNA or protein level and are expressed as ratio relative to controls. Data are mean + SD. *P < .05 vs control.

vs 200 pg/mL LDL, LDL receptor, mRNA, P < .001;
protein, P <.001; LRP1, mRNA, 1.00 = 0.09 vs 0.40 £+ 0.03
AU, P =.001; protein, 1.00 £ 0.11 vs 0.61 = 0.06 AU, P =
.011) (Fig. 6D-F).

3.5. siRNA targeting SREBP-2 prevents atorvastatin-
induced LRPI up-regulation in HepG?2 cells

We transfected HepG2 cells with siCTRL and siSREBP-2
to investigate the role of SREBP-2 in LRP1 regulation. The
gene silencing effect of siSREBP-2 is shown in Fig. 7, and
the transfection efficiency determined by real-time RT-PCR
of SREBP-2 was 74.8% =+ 8.3%. HepG2 cells transfected
with siCTRL showed increased LRP1 expression following
atorvastatin treatment. However, atorvastatin had a much
smaller effect on the expression of LRP1 in HepG2 cells
. transfected with siSREBP-2 (Fig. 7).

siCTRL siSREBP-2

Atorvastatin 0.5 UM - + - +

*-:‘-

SREBP-2 (69 kDa) —>

LRP| (85 kDa) —> -a

4. Discussion
Bacin > WS GHED G
In HepG2 cells, atorvastatin decreases intracellular
cholesterol and increases levels of SREBP-2 protein [25].

Fig. 7. Effect of SREBP-2 knockdown by siRNA on LRP1 expression in
HepG2 cells treated with atorvastatin. HepG2 cells were transfected with
scrambled RNA or siRNA targeting SREBP-2 and treated with atorvastatin
(0.5 pumol/L in culture media). Western blot analyses of SREBP-2 and LRP1
were performed.

In our study, atorvastatin reduced the intracellular choles-
terol level and up-regulated the nuclear form of SREBP-2 in
HepG2 and Hep3B cells. In addition, LRP1 was up-
regulated by atorvastatin treatment in these hepatocyte-
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derived cell lines. We confirmed our results in vivo using 2
animal models. We administered atorvastatin for 6 weeks to
OLETF rats and SD rats. The OLETF rats were diagnosed
with diabetes by OGTT (Figure S2). The hepatic intracellular
cholesterol level was reduced, and the nuclear form of
SREBP-2 was increased by atorvastatin in both animal
models. Atorvastatin treatment also increased hepatic LRP1
expression in the rats. These results suggest that induction of
LRP1 by atorvastatin is observed not only in specific cell
lines but also in the liver of an animal model. Some studies
reported that HMG-CoA reductase inhibitor has no signif-
icant effect on hepatic LRP1 expression [26,27]. In those
studies, rosuvastatin (20 mg/kg for 2 weeks) or lovastatin
(0.2% [wt/wt] in diet for 1 week) was administered to SD rats
or C57BL/6 mice, respectively. In our study, we maintained
atorvastatin treatment for 6 weeks. Because there is no
difference in daily dose of medication, there is a possibility
that the difference in treatment duration made this discrep-
ancy and that long-term treatment of HMG-CoA reductase
inhibitor is required to have an effect on hepatic LRP1
expression in vivo. We also measured LDL receptor
expression in the cell lines and animal models as a kind of
positive control because hepatic LDL receptor is known to
be induced by HMG-CoA reductase inhibitors via SREBP-2
[27]. As expected, LDL receptor expression was increased
by atorvastatin both in hepatocyte-derived cell lines and in
the livers of animal models. Altogether, hepatic LRP1 and
LDL receptor expression showed similar response to
atorvastatin treatment. Although we did not measure the
level of RLP-C in rat blood, HMG-CoA reductase inhibitors
including atorvastatin have been shown to reduce plasma
RLP-C in several clinical studies [18-24]. The known
mechanism of remnant lipoprotein reduction by HMG-CoA
reductase inhibitors involves up-regulation of the hepatic LDL
receptor via SREBP-2 and decreased hepatic secretion of
apolipoprotein B—containing lipoproteins. In this study, we
suggest a possible novel mechanism through which atorvas-
tatin reduces plasma remnant lipoproteins; in this model,
hepatic LRP1 is also up-regulated by atorvastatin and may
function to clear remnant lipoproteins. Considering that the
hepatic LDL receptors and LRP1 are both major contributors to
the clearance of remnant lipoproteins (accounting for approx-
imately 80% of the clearance in mice) [28], up-regulation of
LRP1 and the LDL receptor by atorvastatin might explain
almost all of the reduction in remnant lipoproteins.

To elucidate the mechanism through which atorvastatin
induces hepatic LRP1 expression, we focused on the change
in intracellular cholesterol level and the induction of SREBP-
2 by atorvastatin treatment. We investigated LRP1 expres-
sion in HepG2 cells treated with LDL to evaluate the
expression of LRP1 under conditions of increased intracel-
lular cholesterol levels. As expected, LDL treatment of
HepG2 cells increased the intracellular cholesterol level and
decreased the expression of the nuclear form of SREBP-2. In
addition, LRP1 mRNA and protein expressions were
decreased by LDL treatment. These results suggest that

hepatic LRP1 expression is negatively associated with
intracellular cholesterol level and positively associated
with expression of SREBP-2, as shown for LDL receptors.
However, our results are opposite to those of studies
investigating the regulation of LRP1 expression in other
cell types. The LDL receptor has a sterol regulatory element
(SRE) in its promoter region; therefore, high intracellular
cholesterol reduces transcription of the LDL receptor gene
via down-regulation of SREBP-2 [27]. However, a previous
study showed that the promoter region of LRPI contains no
SRE and that the expression of LRP1 is not regulated by the
intracellular cholesterol level in mouse fibroblast and
macrophage-derived cell lines [29]. Subsequently, the SRE
site was found in an unusually long 5’—untranslated region
(UTR) of LRPI, rather than in its promoter region [30].
Llorente-Cortés et al [31-33] have investigated the regulation
of LRPI in VSMCs and macrophages. They revealed that
high LDL concentration and cellular accumulation of
cholesteryl ester increases LRP1 expression in VSMCs and
indicated a possible involvement of SREBP-2 [31]. In
addition, they showed that SREBP-2 bound to the SRE
sequence located in the 5’-UTR of LRPI [32] and negatively
regulated LRP1 expression in human macrophages [33]. In
our study, however, LRP1 expression in HepG2 cells was
negatively associated with intracellular cholesterol and
positively associated with SREBP-2 expression. These
results suggest a possibility that, at least in hepatocytes,
unlike extrahepatic tissues, LRP1 is regulated by intracellu-
lar cholesterol level via SREBP-2 and that SREBP2 acts as a
key activator of LRP/ transcription.

Although we showed that LRP1 expression is positively
associated with SREBP-2, our results do not mean that
SREBP-2 directly up-regulates LRP1 expression. To
examine the role of SREBP-2 in hepatic LRP1 regulation,
we treated atorvastatin on HepG2 cells transfected with
siRNA targeting SREBP-2. Expression of SREBP-2 and
LRP1 was increased by atorvastatin in HepG2 cells trans-
fected with siCTRL, but LRP1 up-regulation by atorvastatin
was weak in HepG2 cells transfected with siSREBP-2. These
results support our hypothesis that SREBP-2 is an activator
of LRP] transcription in hepatocyte. Although it is clear that
SREBP-2 affects the regulation of hepatic LRP1 expression,
we cannot fully explain the mechanism of LRP1 up-
regulation by atorvastatin because SREBP-2 gene silencing
did not completely prevent the induction of LRP1 by
atorvastatin. Although we did not examine whether SREBP-
2 binds to the SRE sequence in 5’-UTR of LRP! in HepG2
cells, we did demonstrate that SREBP-2 plays a pivotal role
in inducing LRP1 expression in HepG2 cells by silencing the
SREBP-2 gene with siRNA. The reason for this discrepancy
in LRP1 regulation according to cell type is unclear, but our
results suggest that the action of SREBP-2 on the LRP! gene
in hepatocytes differs from that in extrahepatic tissue such as
VSMCs or macrophages.

Further investigation is needed to understand the
differences in LRP1 regulation between the liver and
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extrahepatic tissue. Investigating whether SREBP-2 binds to
the SRE sequence in the 5-UTR of the LRP1 gene in
hepatocyte-derived cell lines and the effects of atorvastatin
on LRP1 expression in extrahepatic tissue such as VSMCs,
macrophages, or adipocytes would be interesting subjects.
Determining the binding site of SREBP-2 in the LRP1 gene
responsible for activating transcription and identifying any
cofactors or liver-enriched factors required for SREBP-2—
induced LRP]! transcription might help us understand this
discrepancy. In addition, considering the effect of SREBP-2
on LRP1 expression in extrahepatic tissue, HMG-CoA
reductase inhibitors are expected to reduce LRP1 expression
by up-regulating SREBP-2 in VSMCs or macrophages.
Interestingly, in macrophages or VSMCs, LRP1 has been
reported to be a key receptor for intracellular cholesterol
accumulation and progression of atherosclerosis [31,33,34].
However, in the liver, LRPI is one of the major receptors
that clear atherogenic particles, together with the LDL
receptor [28]. In light of this, our results suggest that HMG-
CoA reductase inhibitors might have “dual” antiatherogenic
effects by increasing the expression of LRP1 and the LDL
receptor in the liver and decreasing the expression of LRP1
in VSMCs or macrophages.

This study also includes some important clinical issues.
Recently, Laatsch et al [35] reported that insulin stimulated
the translocation of hepatic LRP1 to the plasma membrane
and increased hepatic uptake of LRP1-specific ligands. They
also demonstrated insulin-inducible LRP1 ligand uptake was
abolished in leptin-deficient obese mice (ob/ob) [35]. Our
results in a diabetic animal model suggest that HMG-CoA
reductase inhibitors might overcome this decreased response
of hepatic LRP1 in insulin-resistant conditions and also
support the use of statin drugs in diabetic patients. In
addition, hepatic LRP1 has not been reported as degraded by
proprotein convertase subtilisin kexin type 9, which is also
regulated by SREBP-2 and degrades hepatic LDL receptors
[36,37]. Therefore, we can expect additional antiatherogenic
effects of high-dose statin treatment despite the limited effect
of high-dose statin treatment on lowering plasma LDL due to
co-upregulation of hepatic LDL receptor and proprotein
convertase subtilisin kexin type 9 by statin drugs.

The limitation of this study is that the dose of atorvastatin
was not a physiologic dose. We treated relatively high
pharmacologic dose of atorvastatin for in vitro and in vivo
studies. Further studies are needed to confirm our results as
well as suggested mechanism using physiologic doses of
HMG-CoA reductase inhibitors in humans. Nevertheless,
the doses of the present study have been generally used in
the studies investigating the effect of atorvastatin. In
addition, hepatic SREBP-2 is believed to be increased by
statin drugs in humans; and therefore, hepatic LRP1 expres-
sion could be increased by a standard dose of atorvastatin in
humans according to our suggested mechanism including
SREBP-2 regulation.

In conclusion, atorvastatin increased LRP1 expression in
2 hepatocyte-derived cell lines and in the liver of 2 animal

models, This up-regulation of hepatic LRP1 might be a novel
mechanism through which HMG-CoA reductase inhibitors
clear circulating remnant lipoproteins. In addition, intracel-
lular cholesterol level and SREBP-2 expression were
associated with LRP1 expression in hepatocyte-derived cell
lines; and SREBP-2 gene silencing using siRNA showed that
SREBP-2 might act as an activator of the transcription of the
hepatic LRPI gene.

Supplementary materials related to this article can be
foundonline at doi:10.1016/j.metabol.2010.08.013.

Acknowledgment

This work was supported by a National Research
Foundation grant funded by the Korea government
(MEST) (2009-0091380).

References

[1] Herz J, Strickland DK. LRP: a multifunctional scavenger and signaling
receptor. J Clin Invest 2001;108:779-84.

[2] Beisiegel U, Weber W, IThrke G, et al. The LDL-receptor—related
protein, LRP, is an apolipoprotein E—binding protein. Nature 1989;
341:162-4.

[3] Rohlmann A, Gotthardt M, Hammer RE, et al. Inducible inactivation of
hepatic LRP gene by cre-mediated recombination confirms role of LRP
in clearance of chylomicron remnants. J Clin Invest 1998;101:689-95.

[4] Willnow TE, Sheng Z, Ishibashi S, et al. Inhibition of hepatic
chylomicron remnant uptake by gene transfer of a receptor antagonist.
Science 1994;264:1471-4.

[5] Hiki M, Shimada K, Ohmura H, et al. Serum levels of remnant
lipoprotein cholesterol and oxidized low-density lipoprotein in patients
with coronary artery disease. J Cardiol 2009;53:108-16.

[6] Nakamura T, Obata JE, Takano H, et al. High serum levels of remnant
lipoproteins predict ischemic stroke in patients with metabolic
syndrome and mild carotid atherosclerosis. Atherosclerosis 2009;
202:234-40.

[7] Nakajima K, Nakajima Y, Takeichi S, et al. Plasma remnant-like
lipoprotein particles or LDL-C as major pathologic factors in sudden
cardiac death cases. Atherosclerosis 2008;198:237-46.

[8] FujiokaY, Ishikawa Y. Remnant lipoproteins as strong key particles to
atherogenesis. J Atheroscler Thromb 2009;16:145-54.

[9] Liu L, Wen T, Zheng XY, et al. Remnant-like particles accelerate
endothelial progenitor cells senescence and induce cellular dysfunction
via an oxidative mechanism. Atherosclerosis 2009;202:405-14.

[10] Zheng XY, Liu L. Remnant-like lipoprotein particles impair
endothelial function: direct and indirect effects on nitric oxide
synthase. J Lipid Res 2007;48:1673-80.

[11] Nakajima K, Nakano T, Tanaka A. The oxidative modification
hypothesis of atherosclerosis: the comparison of atherogenic effects on
oxidized LDL and remnant lipoproteins in plasma. Clin Chim Acta
2006;367:36-47.

[12] Watanabe N, Taniguchi T, Taketoh H, et al. Elevated remnant-like
lipoprotein particles in impaired glucose tolerance and type 2 diabetic
patients. Diabetes Care 1999;22:152-6.

[13] Schaefer EJ, McNamara JR, Shah PK, et al. Elevated remnant-like
particle cholesterol and triglyceride levels in diabetic men and women
in the Framingham Offspring Study. Diabetes Care 2002;25:989-94.

[14] Hirany S, O’Byme D, Devaraj S, et al. Remnant-like particle-
cholesterol concentrations in patients with type 2 diabetes mellitus and
end-stage renal disease. Clin Chem 2000;46:667-72.

[15] Brown MS, Goldstein JL. A receptor-mediated pathway for cholesterol
homeostasis. Science 1986;232:34-47.


http://dx.doi.org/10.1016/j.metabol.2010.08.013

940 J.H. Moon et al. / Metabolism Clinical and Experimental 60 (2011) 930-940

[16] Brown MS, Goldstein JL. The SREBP pathway: regulation of
cholesterol metabolism by proteolysis of a membrane-bound tran-
scription factor. Cell 1997;89:331-40.

[17] Standards of medical care in diabetes—2009. Diabetes Care 2009;32
(Suppl 1):S13-S61.

[18] Otokozawa S, Ai M, Van Himbergen T, et al. Effects of
intensive atorvastatin and rosuvastatin treatment on apolipoprotein
B-48 and remnant lipoprotein cholesterol levels. Atherosclerosis 2009;
205:197-201.

[19] Tkewaki K, Terao Y, Ozasa H, et al. Effects of atorvastatin on nuclear
magnetic resonance—defined lipoprotein subclasses and inflammatory
markers in patients with hypercholesterolemia. J Atheroscler Thromb
2009;16:51-6.

[20] Schaefer EJ, McNamara JR, Tayler T, et al. Comparisons of effects of
statins (atorvastatin, fluvastatin, lovastatin, pravastatin, and simvasta-
tin) on fasting and postprandial lipoproteins in patients with coronary
heart disease versus control subjects. Am J Cardiol 2004;93:31-9.

[21] de Sauvage Nolting PR, Twickler MB, Dallinga-Thie GM, et al.
Elevated remnant-like particles in heterozygous familial hypercho-
lesterolemia and response to statin therapy. Circulation 2002;106:
788-92.

[22] Kazama H, Usui S, Okazaki M, et al. Effects of bezafibrate and
pravastatin on remnant-like lipoprotein particles and lipoprotein
subclasses in type 2 diabetes. Diabetes Res Clin Pract 2003;59:181-9.

[23] Sone H, Takahashi A, Shimano H, et al. HMG-CoA reductase inhibitor
decreases small dense low-density lipoprotein and remnant-like
particle cholesterol in patients with type-2 diabetes. Life Sci 2002;
71:2403-12.

[24] Stein DT, Devaraj S, Balis D, et al. Effect of statin therapy on remnant
lipoprotein cholesterol levels in patients with combined hyperlipid-
emia. Arterioscler Thromb Vasc Biol 2001;21:2026-31.

[25] Scharnagl H, Schinker R, Gierens H, et al. Effect of atorvastatin,
simvastatin, and lovastatin on the metabolism of cholesterol and tria-
cylglycerides in HepG2 cells. Biochem Pharmacol 2001;62:1545-55.

[26] Kim S, Kim CH, Vaziri ND. Upregulation of hepatic LDL receptor—
related protein in nephrotic syndrome: response to statin therapy. Am J
Physiol Endocrinol Metab 2005;288:E813-7.

[27] Rashid S, Curtis DE, Garuti R, et al. Decreased plasma cholesterol and
hypersensitivity to statins in mice lacking Pcsk9. Proc Natl Acad Sci
U S A 2005;102:5374-9.

[28] Cooper AD. Hepatic uptake of chylomicron remnants. J Lipid Res
1997;38:2173-92.

[29] Kutt H, Herz J, Stanley KK. Structure of the low-density lipoprotein
receptor—related protein (LRP) promoter. Biochim Biophys Acta 1989;
1009:229-36.

[30] Gaeta BA, Borthwick I, Stanley KK. The 5'-flanking region of the
alpha 2MR/LRP gene contains an enhancer-like cluster of Sp1 binding
sites. Biochim Biophys Acta 1994;1219:307-13.

[31] Llorente-Cortes V, Otero-Vinas M, Sanchez S, et al. Low-density
lipoprotein upregulates low-density lipoprotein receptor—related pro-
tein expression in vascular smooth muscle cells: possible involvement
of sterol regulatory element binding protein-2—dependent mechanism.
Circulation 2002;106:3104-10.

[32] Llorente-Cortes V, Costales P, Bernues J, et al. Sterol regulatory
element-binding protein—2 negatively regulates low density
lipoprotein receptor—related protein transcription. J Mol Biol 2006;
359:950-60.

[33] Llorente-Cortes V, Royo T, Otero-Vinas M, et al. Sterol regulatory
element binding proteins downregulate LDL receptor—related protein
(LRP1) expression and LRP1-mediated aggregated LDL uptake by
human macrophages. Cardiovasc Res 2007;74:526-36.

[34] Llorente-Cortes V, Badimon L. LDL receptor—related protein and the
vascular wall: implications for atherothrombosis. Arterioscler Thromb
Vasc Biol 2005;25:497-504.

[35] Laatsch A, Merkel M, Talmud PJ, et al. Insulin stimulates hepatic low
density lipoprotein receptor—related protein 1 (LRPI) to increase
postprandial lipoprotein clearance. Atherosclerosis 2009;204:105-11.

[36] Benjannet S, Rhainds D, Essalmani R, et al. NARC-1/PCSK9 and its
natural mutants: zymogen cleavage and effects on the low density
lipoprotein (LDL) receptor and LDL cholesterol. J Biol Chem 2004;
279:48865-75.

[37] Jeong HJ, Lee HS, Kim KS, et al. Sterol-dependent regulation of
proprotein convertase subtilisin/kexin type 9 expression by sterol-
regulatory element binding protein—2. J Lipid Res 2008;49:399-409.



	Up-regulation of hepatic low-density lipoprotein receptor–related �protein 1: a possible novel mechanism of antiatherogenic...
	Introduction
	Materials and methods
	Cell culture
	Small interfering RNA transfections
	Animals, diet, and treatment
	Oral glucose tolerance test
	Immunofluorescent staining analysis
	RNA and complementary DNA preparation
	Quantitative RT-PCR
	Immunoblot analysis
	Intracellular sterol assay
	Statistical analysis

	Results
	Atorvastatin treatment increased LRP1 and LDL �receptor expression in HepG2 and Hep3B cells
	Atorvastatin treatment increased hepatic LRP1 and �LDL receptor expression in SD rats as well as OLETF rats
	Atorvastatin reduced intracellular cholesterol and �increased the nuclear form of SREBP-2 in hepatocyte-�derived cell lines...
	LDL increased intracellular cholesterol level and �reduced SREBP-2, LRP1, and LDL receptor expressions �in HepG2 cells
	siRNA targeting SREBP-2 prevents atorvastatin-�induced LRP1 up-regulation in HepG2 cells

	Discussion
	Acknowledgment
	References


