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Curcumin suppresses expression of low-density
lipoprotein (LDL) receptor, leading to the inhibition
of LDL-induced activation of hepatic stellate cells
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Background and purpose: Obesity is often accompanied by hypercholesterolemia characterized by elevated levels of plasma
low-density lipoprotein (LDL) and associated with non-alcoholic steatohepatitis, which could progress to hepatic fibrosis. Hepatic
stellate cells (HSCs) are the major effectors of hepatic fibrogenesis. This study aims to clarify effects of LDL on activation
of HSC, to evaluate roles of curcumin in suppressing these effects and to further elucidate the underlying molecular
mechanisms.

Experimental approaches: HSCs were prepared from rats and cell proliferation was measured by cell proliferation assays (MTS
assays). Transient transfection assays were performed to evaluate gene promoter activities. Real-time polymerase chain reaction
and Western blotting were used to analyse the expression of genes.

Key results: LDL stimulated HSC activation in vitro, which was attenuated by curcumin. Curcumin reduced the abundance of
LDL receptor (LDLR) in activated HSCs, decreasing cellular cholesterol. Curcumin-dependent activation of peroxisome
proliferator-activated receptor-y (PPARY) differentially regulated the expression of the transcription factors, sterol regulatory
element-binding proteins (SREBPs), in activated HSCs, resulting in the suppression of LDLR gene expression.

Conclusions and implications: Curcumin suppressed LDLR gene expression in activated HSCs in vitro by activating PPARy and
differentially regulating gene expression of SREBPs, reducing cellular cholesterol and attenuating the stimulatory effects of LDL
on HSC activation. These results provide novel insights into the roles and mechanisms of curcumin in the inhibition of
LDL-induced HSC activation. This curcumin, a constituent of turmeric, may be useful in preventing hypercholesterolemia-
associated hepatic fibrogenesis.
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related to obesity in the United States (O’Brien and Dixon,
2002). Obesity is often accompanied by hypercholesterolemia

Introduction

Obesity is an increasingly serious public health problem in
the United States. Approximately 300,000 deaths per year are
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characterized by elevated levels of plasma low-density lipo-
protein (LDL), non-alcoholic steatohepatitis (NASH) is an
advanced form of non-alcoholic fatty liver disease (NAFLD)
and is commonly found in patients with obesity and/or type
2 diabetes. The estimated prevalence of NAFLD in the general
population ranges from 6 to 14% (Clark, 2006). Approxi-
mately 15-40% of NASH patients develop hepatic
fibrosis. However, the roles of hypercholesterolemia in
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NASH-associated hepatic fibrosis are largely undefined
(Neuschwander-Tetri, 2001; Clark, 2006; Cave et al., 2007).

Plasma cholesterol circulates as a constituent of lipopro-
teins, among which is LDL. Plasma LDL enters cells via
endocytosis mediated by the cell-surface LDL receptor
(LDLR), and cholesterol is subsequently released from lipo-
proteins (Goldstein et al., 2006). The LDLR is a glycoprotein
that plays a critical role in the homeostatic control of blood
cholesterol by mediating the removal of cholesterol-
containing lipoprotein particles from circulation (Goldstein
et al., 2006). The liver contains about 70% of total LDLR,
most of which are in hepatocytes, making the liver the major
organ responsible for the turnover of LDL in the circulation
(Bilheimer etal., 1984). Lipid homeostasis is tightly con-
trolled, via biosynthesis and cellular uptake, by a group of
proteins regulated by the transcription factors sterol regula-
tory element-binding proteins (SREBPs) (Osborne, 2000),
which are encoded by two genes, srebp-1 and srebp-2 (Brown
and Goldstein, 1997). SREBP-2 predominantly regulates sterol
metabolism and SREBP-1 controls fatty acid (FA) biosynthe-
sis. SREBPs are synthesized as inactive, membrane-bound pre-
cursors and are proteolytically activated when cellular sterol
concentration is low. The active SREBPs are subsequently
transported into the nucleus and bind to sterol regulatory
elements (SREs) in promoter regions of target genes, facilitat-
ing transcription of the target genes, including Idlr (Brown
and Goldstein, 1997).

Hepatic fibrogenesis is a pathophysiological process caused
by chronic liver injury, regardless of etiology. Hepatic stellate
cells (HSCs), previously called fat- or vitamin A-storing cells,
lipocytes or Ifo cells, are the effector cells in hepatic fibrogen-
esis (Kisseleva and Brenner, 2006; Friedman, 2008). HSCs are
quiescent and non-proliferative in the normal liver. Upon
liver injury, quiescent HSCs become activated, characterized
by enhanced cell growth and overproduction of extracellular
matrix (ECM) components. Culturing quiescent HSCs on
plastic plates induces spontaneous activation, mimicking the
process seen in vivo, which provides a good model for eluci-
dating underlying mechanisms of HSC activation and for
studying possible therapeutic interventions in the process
(Kisseleva and Brenner, 2006; Friedman, 2008).

Accumulating evidence has indicated the hypocholester-
olemic properties of curcumin, the yellow pigment in curry
from turmeric, in animal models (Ramirez-Tortosa et al.,
1999; Zhang et al., 1999; Asai and Miyazawa, 2001; Kapoor
et al., 2002; Arafa, 2005). Curcumin attenuates diet-induced
hypercholesterolemia (Arafa, 2005) by increasing the rate of
cholesterol catabolism (Babu and Srinivasan, 1997), increas-
ing fecal excretion (Rao et al., 1970) and inducing changes in
the expression of genes involved in cholesterol homeostasis
(Peschel et al., 2007). In addition, curcumin inhibits LDL oxi-
dation (Ramirez-Tortosa et al., 1999). We have demonstrated
that curcumin inhibits HSC activation by reducing cell
proliferation, inducing apoptosis and suppressing gene
expression of ECM components in HSCs in vitro (Xu
et al., 2003; Zheng and Chen, 2004; 2006). Further studies
reveal that curcumin induces gene expression of peroxisome
proliferator-activated receptor-y (PPARy) (Xu etal., 2003),
interrupting signalling cascades for platelet-derived growth
factor (PDGF) (Zhou et al., 2007), epidermal growth factor
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(EGF) (Zhou et al., 2007) and transforming growth factor-beta
(TGF-B) (Zheng and Chen, 2004; 2006), and attenuating oxi-
dative stress in activated HSCs (Zheng et al., 2007). This phy-
tochemical protects the liver from injury and fibrogenesis in
animal models (Park et al., 2000; Nanji et al., 2003; Fu et al.,
2008).

It remains largely unknown whether elevated levels of LDL
make a direct contribution to HSC activation and hepatic
fibrogenesis in NASH patients. The current study aimed to
clarify effects of LDL on activation of HSC, to evaluate roles of
curcumin in attenuating these effects and to further elucidate
underlying molecular mechanisms. Results from this study
supported our hypothesis that LDL stimulated the activation
of HSC, which could be attenuated by curcumin by suppress-
ing gene expression of LDLR. Our results provide novel
insights into the roles and mechanisms of curcumin in the
inhibition of LDL-induced HSC activation and its possible use
for therapeutic interventions in hypercholesterolemia-
associated hepatic fibrogenesis.

Methods

Isolation and culture of rat HSCs

Rat HSCs were isolated from male Sprague-Dawley rats (200-
250 g) as described previously (Xu et al., 2003). Passaged HSCs
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v-v') of fetal bovine serum (FBS).
Cultured HSCs were used at Passage 4~9. In some experi-
ments, cells were cultured in serum-depleted DMEM, contain-
ing 0.5% (v-v') of FBS, for 24 h prior to treatment. The
process of serum-starvation made HSCs more sensitive to
stimuli, including exogenous LDL.

Evaluation of cell proliferation in vitro. Semi-confluent, serum-
starved HSC were stimulated with exogenous LDL at indi-
cated concentrations with or without curcumin at indicated
doses for 24 h. Cell proliferation assays were conducted
by using the CellTiter 96 aqueous non-radioactive cell
proliferation assay kit (MTS assays) purchased from Promega
(Madison, W1, USA) following the protocol provided by the
manufacturer. Each group had triplicates. Experiments were
repeated three times. The MTS assay is a colorimetric
method for determining the number of viable cells.

Quantitation of intracellular cholesterol, fatty acids (FA) and trig-
lyceride (TG). Contents of intracellular cholesterol, FA and
TG were, respectively, determined by using the cholesterol
quantitation kit (Catalogue no. K603-100), the free FA quan-
tification kit (Catalogue no. K612-100) and the TG quantifi-
cation kit (Catalogue no. K622-100) from Biovision, Inc.
(Mountain View, CA, USA), following the protocols provided
by the manufacturer. Cellular cholesterol or FA were extracted
from cell lysates by chloroform and dried under a stream of
nitrogen to remove chloroform. The whole process was con-
ducted on ice. For all assays, one portion of the lysates was
used for determining protein concentrations. Contents of
cholesterol, FA and TG were measured spectrophotometrically
at 570 nm. Protein concentrations were determined by using
the BCA™ Protein Assay Kit according to the protocol pro-
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vided by the manufacturer (Pierce, Rockford, IL, USA). The
values of intracellular cholesterol were calculated as ug cho-
lesterol (mg-cellular protein)™, whereas the concentrations of
FA and TG were calculated as nmol (mg-cellular protein)™.

Plasmids and transient transfection assays

The SREBP trans-activation activity luciferase reporter plasmid
(p6 x SRE-Luc) was a gift from Dr. Andrew J. Brown (Wong
et al., 2006). The LDLR promoter luciferase reporter plasmids
pLDLR-Luc, containing a fragment (1500 or 211 bp) of the IdIr
promoter, were gifts from Dr. Dayami Lopez (Lopez and Ness,
2006). The luciferase reporter plasmids pLDLR-(wt)-Luc and
pLDLR-(m)-Luc respectively contained a 335 bp fragment of
the IdIr promoter with or without site-directed mutagenesis at
SRE (Castoreno etal., 2005). They were purchased from
Addgene Inc. (Cambridge, MA, USA). The luciferase reporter
plasmids pSREBP-1-Luc with a 2600 bp length of the srebp-1
promoter was Kkindly provided by Dr. Hitoshi Shimano
(Amemiya-Kudo et al., 2000). The luciferase reporter plasmid
PSREBP-2-Luc with a 4316 bp length of the srebp-2 promoter
was kindly provided by Dr. Timothy Osborne (Shin and
Osborne, 2003). The cDNA expression plasmids pSREBP-1 and
pdn-SREBP-1 were purchased from Addgene Inc. pSREBP-1
contained a full fragment of wild-type SREBP-1 cDNA,
whereas pdn-SREBP-1 contained a dominant negative
SREBP-1 cDNA. The PPARy cDNA expression plasmid pPPARy,
containing a full size of PPARy cDNA, was a gift from Dr. Reed
Graves (Department of Medicine, the University of Chicago).
The PPARy promoter luciferase reporter plasmid p PPARy-Luc
contained the 5’-flanking region (-2776 bp) of the PPARy gene
promoter (Fajas ef al., 1999). The PPARYy trans-activation activ-
ity reporter plasmid pPPRE-TK-Luc contained three copies of
the PPARy response elements from acyl-CoA oxidase gene
linked to the herpes virus thymidine kinase promoter (-105/
+51) and a luciferase vector, which was a gift from Dr. Kevin
J. McCarthy (Louisiana State University Health Sciences
Center in Shreveport). Transient transfection of semi-
confluent HSCs in six-well plates was performed using the
Lipofect AMINE® reagent (Invitrogen Corp. Carlsbad, CA,
USA), as we previously described (Xu et al., 2003). Each con-
dition was assayed in triplicate in every experiment and each
experiment was repeated at least three times. Luciferase assays
were conducted as previously described (Xu etal., 2003).
Transfection efficiency was determined by co-transfection of
the B-galactosidase reporter plasmid pSV-B-gal (Promega).
B-galactosidase assays were performed using an assay kit from
Promega Corp., according to the manufacturer’s instruction.
Luciferase activities were expressed as relative units after
normalization with B-galactosidase activities. Results were
combined from at least three independent experiments.

Preparation of nuclear protein extracts

Nuclear extracts were prepared as we previously described
(Chen and Davis, 1999). In brief, after washing twice with
phosphate-buffered saline, cells were evenly re-suspended
in Buffer A [10 mmol-L! 4-(2-hydroxyethyl)-1- pipera-
zineethanesulfonic acid (HEPES)-KOH pH 7.9, 1.5 mmol-L™
MgCl,, 10 mmol-L™" KCI, 1 mmol-L"! dithiothreitol (DTT),
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1 mmol-L! phenylmethylsulphonyl fluoride (PMSF)]. After
incubation on ice for 10 min, cells were mixed by vortex for
30s and centrifuged at 8500x g for 10s. Pellets were
re-suspended in Buffer C (20 mmol-L™' HEPES-KOH pH 7.9,
25% glycerol, 420 mmol-L' NaCl, 1.5 mmol-L"" MgCl,,
0.2 mmol-L'! ethylenediaminetetraacetic acid, 1 mmol-L™
DTT and 1 mmol-L' PMSF) and incubated in ice for 15 min
before vortexing. The lysates were centrifuged at 8500x g at
4°C for 2 min, and the resulting supernatants were taken as
nuclear protein extracts, and stored at —80°C until use.

Western blotting analyses

Whole cell lysates were prepared using radio-
immunoprecipitation analysis buffer supplemented with pro-
tease inhibitors. Protein samples were separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis,
and electro-blotted onto polyvinylidene fluoride membranes.
Target proteins were detected by primary antibodies and sec-
ondary antibodies conjugated with horseradish peroxidase.
Antibodies used in Western blotting analyses were presented
in Table 1. B-actin was used as an invariant control for equal
loading. Protein bands were visualized by using chemilumi-
nescence reagent (Amersham, Piscataway, NJ, USA). Densities
of bands in Western blotting analyses were normalized with
the internal invariable control B-actin. Levels of target protein
bands were densitometrically determined by using Quantity
One® 4.4.1 (Bio-Rad, Foster City, CA, USA). Variations in the
density were expressed as fold changes compared with the
control in the blot.

RNA isolation and real-time polymerase chain reaction

(real-time PCR)

Total RNA was extracted by using TRI-Reagent® (Sigma, St.
Louis, MO, USA), following the protocol provided by the

Table 1 Antibodies use for Western blotting analyses
Company Description Catalog
number

Santa Cruz Biotech. Inc. Rabbit a-PDGF-BR antibody sc-432
Rabbit o-TB-RIl antibody sc-400
Rabbit o-TB-RI antibody sc-399
Rabbit o-p27 antibody sc-528
Rabbit o-Bax antibody 5c-493
Rabbit o-SREBP-1 antibody 5c-898
Goat o-CTGF antibody sc-14939
Goat o-Pro-al(l)col antibody sc-25974
Bovine a-goat-lgG-HRP sc-2350
Goat o-mouse-IgG-HRP sc-2005
Goat o-rabbit-IlgG-HRP Sc-2004

Cayman Chemical Rabbit o-SREBP-2 antibody 10007663

Company

Abcam Inc. Chicken o-LDLR antibody ab14056
Goat a-chicken-lgY-HRP ab6877

Sigma Company Mouse a-alpha-SMA A2547

monoclonal antibody

Rabbit o-B-actin antibody A2066

HRP, horseradish peroxidase; IgG, immunoglobulin G; LDLR, low-density lipo-
protein receptor; SREBP, sterol regulatory element-binding protein; PDGF,
platelet-derived growth factor; SMA, smooth muscle actin.



Table 2 Primers for real-time PCR

Genes Primers

o-SMA (F) 5"-CCG ACC GAA TGC AGA AGG-3’
(R) 5’-ACA GAG TAT TTG CGC TCC GGA-3’
(F) 5"-CCT CAA GGG CTC CAA CGA G-3

(R) 5”-TCA ATC ACT GTC TTG CCC CA-3’

al(l) collagen

CTGF (F) 5-TGTGTG ATG AGC CCA AGG AC-3'

(R) 5-AGT TGG CTC GCA TCA TAG TTG-3’
PDGF-BR (F) 5"-ATC CTC ATC ATG CTG TGG CAG-3’;

(R) 5-GCC AAG ATG GCT GAG ATC ACC AC-3’
TB-RI (F) 5’-ATC CAT GAA GAC TAT CAG TTG CCT-3’;

(R) 5-CAT TTT GAT GCC TTC CTG TTG GCT-3’
TB-RII (F) 5-TGT GCT CCT GTA ACA CAG AG-3’;

(R) 5-GAT CTT GAC AGC CAC GGT CT-3/
LDLR (F) 5'-CAG ACC CAG AGC CAT CGT AGT G-3’

(R) 5-GTC ACC AGA GAG TAG ATG TCT AC-3
SREBP-1 (F) 5”-TGC CCT AAG GGT CAA AAC CA-3'

(R) 5-TGG CGG GCA CTA CTT AGG AA-3’
SREBP-2 (F) 5’-GCT GCA GAT CCC GCA GTA C-3/

(R) 5-GGT GGA TGA GGG AGA GAA GGT-3'
GAPDH (F) 5-GGC AAA TTC AAC GGC ACA GT-3'

(R) 5-AGA TGG TGATGG GCT TCC C-3/

o-SMA, o-smooth muscle actin; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; HRP, horseradish peroxidase; IgG, immunoglobulin G; LDLR, low-
density lipoprotein receptor; SREBP, sterol regulatory element-binding protein;
PDGF-BR, platelet-derived growth factor- receptor; TB-RI, type I transforming
growth factor-f receptor; TR-RII, type Il transforming growth factor-p receptor.

manufacturer. Real-time PCR was carried out using SYBR
Green as we described previously (Chen et al., 2002; Yumei
et al., 2006). mRNA fold changes of target genes relative to
the endogenous glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) control were calculated as suggested by Schmittgen
et al. (Schmittgen et al., 2000). Real-time PCR primers were
shown in Table 2.

Statistical analyses

Differences between means were evaluated by an unpaired
two-sided Student’s t-test (P < 0.05 considered as significant).
Where appropriate, comparisons of multiple treatment con-
ditions with controls were analyzed by analysis of variance
with Dunnett’s test for post hoc analysis.

Materials. The PPARy antagonist PD68235 was provided by
Pfizer (Ann Arbor, MI, USA). Curcumin (purity >94%) and
15-deoxy-A'>"-prostaglandin J, (15d-PGJ,) were purchased
from Sigma (St. Louis, MO, USA). The authentic human
plasma LDL (7.57 mg-mL™) was purchased from Athens
Research & Technology, Inc (Athens, GE, USA) and used
before expiration date. The presence of endotoxin in LDL was
<0.1 units-mL™, as measured by Limulus Amoebocyte lysate
assay kit (Whittaker M.A. Bioproducts, Walkersville, MD,
USA).

Results

LDL stimulated activation of HSCs in vitro

To evaluate the role of LDL in HSC activation, passaged rat
HSCs were serum-starved for 24 h in DMEM with 0.5% of FBS
prior to the addition of exogenous LDL at various concentra-
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tions (0-200 ug-mL™) for an additional 24 h. Serum-
starvation made HSCs more sensitive to stimuli, including
exogenous LDL. Cell proliferation was analyzed by MTS
assays. As shown in Figure 1A, exogenous LDL dose-
dependently increased the density of viable HSCs in culture.
For instance, LDL at 100 ug-mL™ increased the cell density by
64%, suggesting an increase in cell proliferation, confirmed
by cell counts (data not shown). Total RNA and whole cell
proteins were, respectively, prepared from the LDL-treated
HSCs for real-time PCR and Western blotting analyses. As
shown in Figure 1B, exogenous LDL dose-dependently
increased the levels of mRNA of al(I) collagen and o-SMA, the
markers of activated HSCs, as well as other genes closely
relevant to HSC activation, including pro-mitogenic PDGF-3
receptor (PDGF-BR), and pro-fibrogenic type I and type II
TGF-B receptors (TB-RI and TB-RII) and connective tissue
growth factor (CTGF). Western blotting analyses verified that
LDL elevated the abundance of the protein product of these
genes (Figure 1C). Taken together, these results collectively
demonstrated that LDL stimulated the activation of HSC
in vitro by stimulating cell proliferation and inducing the
production of type I collagen, as well as expression of genes
closely relevant to HSC activation.

Curcumin attenuated the stimulatory effects of LDL on
expression of genes related to HSC activation

Curcumin inhibits the activation of HSCs both in vitro and
in vivo (Shishodia et al., 2005; Fu et al., 2008; O’Connell and
Rushworth, 2008) and we therefore assumed that curcumin
might inhibit LDL-induced HSC activation. To test our
assumption, serum-starved HSCs were stimulated with or
without LDL (100 ug-mL™) in the presence of curcumin at
various concentrations (0-30 umol-L'') for 24 h. MTS
assays revealed that curcumin dose-dependently reduced
the increased proliferation induced by exogenous LDL
(Figure 2A). Further experiments were then performed to
evaluate the effect of curcumin on expression of genes closely
related to HSC activation. Results from real-time PCR
(Figure 2B) and Western blotting analyses (Figure 2C) demon-
strated that curcumin dose-dependently reduced the levels of
transcripts and proteins of genes, including aI(I) collagen and
o-SMA, pro-fibrogenic CTGF, TB-RI and TB-RII, as well as pro-
mitogenic PDGF-BR. In addition, curcumin significantly
increased the contents of the cyclin-dependent kinase inhibi-
tor p27%P! and pro-apoptotic protein Bax. These results col-
lectively indicated that curcumin attenuated the stimulatory
effects of LDL on the activation of HSC in vitro by reducing
cell proliferation and suppressing expression of genes related
to HSC activation.

Curcumin reduced cellular cholesterol and increased cellular FA
and TG in cultured HSCs

To understand the mechanism by which curcumin attenuated
HSC activation stimulated by LDL, experiments were con-
ducted to measure the effect of curcumin on intracellular
cholesterol and on lipogenesis in HSCs. Cultured HSCs were
divided into two groups. One group was treated with cur-
cumin at indicated concentrations in DMEM with FBS (10%)
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Figure 1 Low-density lipoprotein (LDL) stimulated HSC activation. Semi-confluent hepatic stellate cells (HSCs) were serum-starved for 24 h,
followed by the addition of LDL at various concentrations as indicated for another 24 h. (A) MTS assays of cell proliferation. Results were
expressed as cell density (%), compared with the untreated control [means = standard deviation (SD)] (n = 3). *P < 0.05 versus cells with no
treatment. (B) Real-time PCR analyses of the steady state levels of mMRNA of genes relevant to HSC activation. The levels of target mMRNAs were
normalized with glyceraldehyde-3-phosphate dehydrogenase mRNA and were presented as mean = SD (n = 3). *P < 0.05, compared with the
untreated corresponding control (the first columns on the left side). (C) Western blotting analyses of proteins relevant to HSC activation. B-actin
was used as an internal control for equal protein loading. Representative results from one of three independent experiments. o-SMA, a-smooth
muscle actin; CTGF, connective tissue growth factor; PDGF-R, platelet-derived growth factor-3 receptor.
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Figure 2 Curcumin attenuated the stimulatory effects of low-density lipoprotein (LDL) on hepatic stellate cell (HSC) activation. Serum-starved
HSC were stimulated with or without exogenous LDL (100 pg-mL™") in the presence of curcumin as shown for 24 h. (A) MTS assays of cell
proliferation. Results were expressed as cell density (%), compared with the untreated control [means = standard deviation (SD)] (n = 3). *P
< 0.05 versus cells with no treatment. £P < 0.05 versus cells treated with exogenous LDL only. (B) Real-time PCR analyses of the steady state
levels of mMRNA of genes relevant to HSC activation. The levels of target mRNAs were normalized with glyceraldehyde-3-phosphate
dehydrogenase mRNA and were presented as mean = SD (n = 3). *P < 0.05, compared to the untreated corresponding control. P < 0.05
versus the cells treated with exogenous LDL only. (C) Western blotting analyses of proteins relevant to HSC activation. B-actin was used as an
internal control for equal protein loading. Representative results from one of three independent experiments. o-SMA, o-smooth muscle actin;

CTGF, connective tissue growth factor; PDGF-BR, platelet-derived growth factor- receptor.
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for 24 h. The other group was serum-starved for 24 h. Cells
were then treated with or without exogenous LDL
(100 ug-mL™") and curcumin at indicated concentrations in
serum-depleted media (0.5% FBS) for another 24 h. Cell
extracts were prepared for quantitating cellular cholesterol, FA
and TG. As shown in Figure 3A, curcumin dose-dependently
reduced intracellular cholesterol in cultured HSCs (left panel).
On the other hand, compared to the untreated control, exog-
enous LDL at 100 pg-mL™" significantly increased intracellular
cholesterol in cultured HSCs (right panel), and in these cells,
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Figure 3 Curcumin significantly reduced intracellular cholesterol
and increased the levels of fatty acids and triglyceride (TG) in cultured
hepatic stellate cells (HSCs). Cultured HSCs were divided into two
groups. One group was treated with curcumin as shown in Dulbec-
co’s modified Eagle’s medium (DMEM) with fetal bovine serum (FBS)
(10%) for 24 h. The other group was serum-starved for 24 h. Cells
were then treated with or without exogenous low-density lipoprotein
(LDL) (100 pg-mL™") and curcumin at indicated concentrations in
serum-depleted DMEM containing 0.5% FBS for another 24 h. Cell
extracts were prepared as stated in ‘Methods’ for quantitating cellular
cholesterol, fatty acids and TG. Each treatment had triplicates. Experi-
ments were repeated three times. *P < 0.05 versus the untreated
control. £P < 0.05 versus the cells treated with exogenous LDL only.
Experiments were repeated three times. Results were expressed as
mean * standard deviatin (n = 3). (A) Quantitation of cellular cho-
lesterol. Cholesterol concentrations were expressed as pg per mg
cellular proteins. (B) Determination of cellular fatty acids. Levels of
fatty acids were presented as nmol-mg™ protein. (C) Quantitation of
cellular TG. Levels of TG were presented as nmol-mg™" protein.
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curcumin reversed the stimulation by exogenous LDL and
dose-dependently reduced intracellular cholesterol (right
panel).

Curcumin also dose-dependently increased the levels of
cellular FA and TG in HSCs cultured with 10% FBS (left panel
in Figure 3B,C respectively). In the other group of cells (0.5%
FBS; right panels in Figure 3B,C), compared with the
untreated control, LDL reduced the levels of cellular FA
(Figure 3B) and TG (Figure 3C) in HSCs. Curcumin dose-
dependently reversed the inhibitory effects of LDL and
elevated the levels of FA (Figure 3B) and TG (Figure 3C). Taken
together, these results demonstrated that curcumin reduced
intracellular cholesterol and increased cellular FA and TG in
cultured HSCs. These results were further investigated to
analyse the underlying mechanisms.

Curcumin suppressed gene expression of LDLR in activated HSCs
in vitro

Plasma LDL is delivered into cells through endocytosis medi-
ated by cell-surface LDLR and cholesterol is subsequently
released from LDL within cells (Brown and Goldstein, 1986;
Goldstein et al., 2006). It is, therefore, possible that curcumin
might reduce cellular cholesterol by suppressing gene expres-
sion of LDLR in HSCs. To test this hypothesis, HSCs were
transiently transfected with the Idlr promoter luciferase
reporter pLDLR-Luc, which contained a 5’-flanking fragment
of the LDLR gene promoter (1.5 kb) (Lopez and Ness, 2006).
After overnight recovery from transfection, cells were treated
with curcumin at different doses (0-30 umol-L™") for 24 h.
Luciferase assays revealed (Figure 4A) that curcumin dose-
dependently reduced luciferase activities, indicating that cur-
cumin suppressed the Idlr promoter activity in activated HSCs
in vitro. To verify this inhibitory effect of curcumin on Idir
expression, HSCs were treated with curcumin at various con-
centrations (0-30 umol-L!) for 24 h. Total RNA and whole
cell proteins were, respectively, prepared from these cells for
real-time PCR and Western blotting analyses. It was observed
that curcumin reduced the steady state mRNA levels
(Figure 4B) and the protein abundance (Figure 4C) of LDLR in
HSCs. Taken together, these results demonstrated that cur-
cumin dose-dependently suppressed gene expression of LDLR
in activated HSCs in vitro, leading to reduced intracellular
cholesterol in HSCs treated with LDL.

The SRE within the Idlr promoter is the cis-response element
responsible for suppression by curcumin of the promoter activity
of LDLR gene in HSCs

To elucidate molecular mechanisms of curcumin in the sup-
pression of Idlr expression in activated HSCs, we, first of all,
carried out promoter deletion analyses of LDLR gene to local-
ize curcumin response element(s) in the Idir promoter. HSCs
were transfected with Idlr promoter luciferase reporter plas-
mids with various lengths of 5’-flanking promoter regions of
LDLR gene (i.e. —1500, -335 and -211bp respectively).
Luciferase assays indicated (Figure 5A) that the deletion of the
promoter region between —1500 and —335 bp caused a signifi-
cant increase in luciferase activity, suggesting the existence of
a cis-repressor binding element(s) in this region. In contrast,
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Figure 4 Curcumin dose-dependently suppressed gene expression
of low-density lipoprotein (LDL) receptor in activated HSC in vitro.
Semi-confluent hepatic stellate cells (HSCs) were treated with cur-
cumin as shown for 24 h. (A) Luciferase assays of cells transiently
transfected with the Idlr promoter luciferase reporter pLDLR-Luc.
Luciferase activities were expressed as relative units after
B-galactosidase normalization [means = standard deviation (SD);
n = 6]. *P < 0.05 versus cells with no treatment. The inset denoted
the pLDLR-Luc construct in use and the application of curcumin to
the system; (B) Real-time PCR analyses of the steady-state levels of
LDLR mRNA. Glyceraldehyde-3-phosphate dehydrogenase was used
as an invariant control for calculating mRNA fold changes. Values
were expressed as means £ SD (n = 3). *P < 0.05 versus the
untreated control; (C) Western blotting analyses of the abundance
of LDLR. B-actin was used as an invariant control for equal loading.
Representative results from one of three independent experiments.
Italic numbers beneath the blot were fold changes in the densities
of the bands compared to the control without treatment in the
blot (mean values; n = 3), after normalization with the internal
invariable control B-actin. Because of the limited space, standard
deviations were not presented. LDLR, low-density lipoprotein
receptor.

deletion of the fragment from -335 to —-211 bp in the Idir
promoter resulted in a dramatic reduction in luciferase activ-
ity, which was at the same level in cells transfected with the
empty control vector pGL3-basic (Figure 5). This result indi-
cated that this promoter region might be responsible for the
basal transcription of Idlr in HSCs. A critical cis-activator
binding element(s) might exist within this fragment.

Prior studies revealed a binding site for SREBPs, that is,
sterol regulatory element (SRE) (ATCACCCCAC), within the
promoter region (-335 and -211 bp) of the LDLR gene (Cas-
toreno etal.,, 2005). SREBPs are adipogenic transcription
factors that control the metabolism of cellular cholesterol and
FAs in animal cells (Briggs et al., 1993; Castoreno et al., 2005).
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Figure 5 Localization of the curcumin response element(s) in the /dIr
promoter. Semi-confluent hepatic stellate cells (HSCs) in six-well plates
were transiently transfected with luciferase reporter plasmids. After
recovery, cells were treated with or without curcumin as shown for
24 h. Luciferase assays were performed. Luciferase activities were
expressed as relative units after B-galactosidase normalization (means
+ SD; n = 6). The insets denoted the pLDLR-Luc constructs in use and
the application of curcumin to the system. (A) Luciferase assays of cells
transfected with the /dir promoter luciferase reporter pLDLR-Luc with
various lengths of the 5’-flanking promoter region of the /dir promoter.
*P < 0.05 versus cells transfected with pLDLR-Luc with the —1500 bp
promoter region (p-1500-Luc); £P < 0.05 versus cells transfected with
pLDLR-Luc with the -335bp promoter region (p-335-Luc). (B)
Luciferase assays of cells transfected with pLDLR-wt-Luc or pLDLR-mut-
Luc, containing wild-type sterol regulatory element (SRE) or mutated
SRE respectively. *P < 0.05 versus cells without curcumin treatment.

We, therefore, assumed that the suppression of Idir expression
induced by curcumin might be mediated by the cis-SRE in the
promoter of LDLR gene in activated HSCs. To test this
assumption, HSCs were, respectively, transfected with the Idir
promoter luciferase reporter plasmids pLDLR-wt-Luc, or
pLDLR-mut-Luc, containing the 335 bp fragment of the IdiIr
promoter with or without site-directed mutagenesis at the
SRE. After transfection, cells were treated with various doses of
curcumin as indicated for 24 h. Luciferase assays (Figure 5B)
demonstrated that cells transfected with the plasmid pLDLR-
wt-Luc with the wild-type SRE responded to curcumin and
showed a significant reduction in luciferase activities in a
dose-dependent manner. However, cells transfected with the
plasmid pLDLR-mut-Luc with the mutated SRE showed
luciferase activities at very low levels, which did not respond
to curcumin. These results collectively suggested that the SRE
within the promoter region between —355 and -211 bp might
be responsible for the basic transcription activity of the Idir
promoter and be the cis-response element mediating the sup-
pression by curcumin of the promoter activity of LDLR gene
in HSCs.
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Figure 6 Curcumin reduced the trans-activation activity of sterol
regulatory element-binding protein (SREBP) in activated hepatic stel-
late cells (HSCs). Semi-confluent HSCs were transiently transfected
with the SREBP activity luciferase reporter plasmid p6x-SRE-Luc, con-
taining six repeats of SRE (ATCACCCCAC) derived from the /dir pro-
moter. After recovery, cells were treated with curcumin as shown for
24 h. Luciferase assays were performed. Luciferase activities were
expressed as relative units after B-galactosidase normalization (means
+ standard deviation; n = 6). *P < 0.05 versus cells with no treat-
ment. The inset denoted the p6x-SRE-Luc construct in use and the
application of curcumin to the system.

Curcumin reduced the trans-activation activity of SREBPs in
activated HSCs

To further elucidate molecular mechanisms of curcumin in
the suppression of Idir expression in activated HSCs and to
clarify the roles of the transcription factors SREBPs in the
process, HSCs were transfected with the SREBP trans-
activation activity luciferase reporter plasmid p6x-SRE-Luc, in
which six repeats of SRE (ATCACCCCAC) derived from the
Idlr promoter were subcloned in the luciferase reporter vector
pGL3-TK (Briggs et al., 1993; Wong et al., 2006). After over-
night recovery, cells were treated with curcumin at various
concentrations (0-30 umol-L") for 24 h. Luciferase assays
(Figure 6) demonstrated that curcumin dose-dependently
reduced luciferase activities. This result demonstrated that
curcumin reduced the trans-activation activity of SREBPs
in activated HSCs in vitro. Additional experiments were
performed to explore the underlying mechanisms.

Curcumin differentially regulated gene expression of SREBPs

in HSCs

There are two SREBP genes, that is, srebp-1 and srebp-2, and
three major proteins, SREBP-la, SREBP-1c and SREBP-2
(Brown and Goldstein, 1997). When synthesized, SREBPs are
membrane-bound proteins. SREBP-1a and SREBP-1c are pro-
duced from srebp-1 gene by use of two different promoters.
Once activated, SREBPs are subsequently relocated into nuclei
(Brown and Goldstein, 1997). To elucidate mechanisms by
which curcumin reduced the trans-activation activity of
SREBPs, semi-confluent HSCs were transfected with the
luciferase reporter plasmid pSREBP-1-Luc, or pSREBP-2-Luc,
containing a fragment of the 5’-flanking promoter region of
srebp-1 or srebp-2 respectively. After overnight recovery, cells
were treated with curcumin at indicated concentrations for an
additional 24 h. Luciferase assays (Figure 7A) demonstrated
that curcumin differentially and dose-dependently altered
luciferase activities in these cells. Curcumin increased
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Figure 7 Curcumin differentially regulated gene expression of sterol
regulatory element-binding proteins (SREBPs) in hepatic stellate cells
(HSCs). Semi-confluent HSC were treated with curcumin as shown for
24 h. (A) Luciferase assays of cells transfected with the luciferase
reporter plasmid pSREBP-1-Luc, or pSREBP-2-Luc, containing a frag-
ment of the 5’-flanking promoter region of srebp-1 or srebp-2 respec-
tively. Luciferase activities were expressed as relative units after
B-galactosidase normalization [means =+ standard deviation (SD); n =
6]. *P < 0.05 versus cells with no treatment. The inset denoted the
pSREBP-1-Luc and pSREBP-2-Luc constructs in use and the applica-
tion of curcumin to the system. (B) Real-time PCR analyses of the
steady-state mRNA levels of SREBPs. GAPDH was used as an invariant
control for calculating mRNA fold changes. Values were expressed as
means * SD (n = 3). *P < 0.05 versus the untreated control (the first
columns on the left). (C) Western blotting analyses of the abundance
of SREBPs. B-actin was used as an invariant control for equal loading.
Representative results from one of three independent experiments.
Italic numbers beneath the blots are fold changes in the densities of
the bands compared to the control without treatment in the blot
(mean; n = 3), after normalization with the internal invariable control
B-actin. Because of the limited space, standard deviations were not
presented.

luciferase activities in cells transfected with pSREBP-1-Luc but
reduced luciferase activities in cells transfected with pSREBP-
2-Luc. These results suggested that curcumin differentially
regulated the gene promoter activities of the two SREBPs in
activated HSCs in vitro. To confirm these observations, HSCs
were treated with curcumin at various concentrations
(0-30 umol-L'") for 24 h. Total RNA and nuclear proteins
were, respectively, prepared from these cells. Real-time PCR in
Figure 7B indicated that curcumin dose-dependently
increased the steady state levels of SREBP-1 mRNA, while
reducing SREBP-2 mRNA. SREBP-1c and SREBP-2 are predomi-
nant SREBP proteins in the liver (Brown and Goldstein, 1997;
Shimomura et al., 1997; Horton et al., 2002), and SREBP-1c is
10-fold more abundant than SREBP-1a (Brown and Goldstein,
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1997; Shimomura et al., 1997; Horton et al., 2002). We, there-
fore, focused on SREBP-1c and SREBP-2, not SREBP-1a.
Western blotting analyses in Figure 7C confirmed that cur-
cumin dose-dependently increased the abundance of nuclear
SREBP-1c, and reduced that of nuclear SREBP-2. These results
collectively demonstrated that curcumin differentially regu-
lated gene expression of SREBPs in activated HSCs in vitro, that
is, stimulating srebp-1 expression and suppressing srebp-2
expression.

Differential regulation of gene expression of SREBPs induced by
curcumin might be mediated by PPARy

Activation of PPARy plays a crucial role in the suppression of
HSC activation and hepatic fibrogenesis (Galli et al., 2000;
Marra et al., 2000; Miyahara et al., 2000). We previously dem-
onstrated that curcumin induced gene expression of endog-
enous PPARy and stimulated its activity, which was a
prerequisite for curcumin to inhibit HSC activation (Xu et al.,
2003; Zheng and Chen, 2004; Fu et al., 2008). We hypoth-
esized that the activation of PPARy by curcumin might
mediate the differential regulation of SREBPs in activated
HSCs. To test the hypothesis, HSCs were pretreated with the
PPARy antagonist PD68235 (20 umol-L™) for 30 min prior to
the addition of curcumin (20 umol-L™) for an additional 24 h.
Whole cell proteins were prepared for Western blotting analy-
ses of SREBPs. Compared with the controls, curcumin, as
expected, increased the abundance of SREBP-1 and reduced
the content of SREBP-2 (Figure 8). Blockade of PPARy by PPARy
antagonist PD68235 attenuated the effects of curcumin on
the levels of SREBPs in activated HSCs, suggesting an involve-
ment of PPARy in this process.

To confirm the role of PPARyin the differential regulation of
SREBPs gene expression, HSCs were co-transfected with the
PPARy cDNA expression plasmid pPPARy plus pSREBP-1-Luc,
or pSREBP-2-Luc. The latter luciferase reporter plasmids,
respectively, contained the 5’-flanking fragment of the srebp-1
or srebp-2 promoter (Amemiya-Kudo et al., 2000; Shin and
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Figure 8 Activation of peroxisome proliferator-activated receptor-y
(PPARYy) is required for curcumin to differentially regulate gene
expression of sterol regulatory element-binding proteins (SREBPs) in
activated hepatic stellate cells (HSCs) in vitro. Passaged HSC were
pretreated with the PPARy antagonist PD68235 (20 umol-L™") for
30 min prior to the addition of curcumin (20 pmol-L™") for an addi-
tional 24 h. Whole cell proteins were prepared for Western blotting
analyses of SREBPs. B-actin was used as an invariant control for equal
loading. Representative results from one of three independent experi-
ments. Italic numbers beneath the blots were fold changes in the
densities of the bands compared to the control without treatment in
the blot (mean; n = 3), after normalization with the internal invariable
control B-actin. Because of the limited space, standard deviations
were not presented. PD, PD68235.
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Osborne, 2003). A total of 3.8 ug of plasmid DNA per well was
used for co-transfection of HSCs in six-well culture plates. It
included 2 ug of pSREBP-1-Luc, or pSREBP-2-Luc, 0.8 ug of
pSV-B-gal and 1.0 ug of the PPARy cDNA expression plasmid at
indicated doses plus the empty vector pcDNA. The latter was
used to ensure an equal amount of total DNA in transfection
assays. After recovery, cells were cultured for 24 h. Prior
experiments have suggested that 10% of FBS in the medium
contains enough agonists to activate PPARy in HSCs (Miya-
hara et al., 2000; Xu et al., 2003; Zheng and Chen, 2004).
Results from luciferase assays in Figure 9A demonstrated that
the activation of PPARy by forced expression of PPARy cDNA
dose-dependently and differentially altered luciferase activi-
ties in these cells; that is, increasing luciferase activities in
cells transfected with pSREBP-1-Luc, and reducing luciferase
activities in cells transfected with pSREBP-2-Luc. These results
indicated that activation of PPARy differentially regulated the
promoter activity of SREBP-1 and SREBP-2 genes in activated
HSCs in vitro.

To further evaluate the role of PPARy in the differential
regulation of SREBPs gene expression and its impact on Idir
expression, HSCs were treated with the endogenous PPARy
agonist 15d-PGJ, (0-15 umol-L™?) for 24 h. Total mRNA and
whole cell extracts were prepared. As shown by real-time PCR
(Figure 9B) and Western blotting analyses (Figure 9C), 15d-
PGJ, differentially regulated gene expression of the two
SREBPs in a dose-dependent manner, that is, increasing
srebp-1 expression and reducing srebp-2 expression, at levels of
transcripts and proteins. In addition, PG]J, significantly sup-
pressed Idlr expression in the cells. Taken together, these
results revealed that the activation of PPARy differentially
regulated gene expression of the two SREBPs in activated
HSCs in vitro, leading to suppression of Idlr expression.

Forced expression of SREBP-1 stimulated the ppary promoter
activity and increased the trans-activation activity of PPARy in
cultured HSCs

Curcumin-induced inhibition of srebp-2 expression resulted
in the suppression of LDLR gene expression (Figures 4-6), as
its expression is mainly regulated by SREBP-2 (Castoreno
etal., 2005). Additional experiments were performed to
understand the role of curcumin in the stimulation of srebp-1
expression. We hypothesized that the induction of srebp-1
expression by curcumin might facilitate gene expression of
PPARy in activated HSCs. To test the hypothesis, semi-
confluent passaged HSCs were co-transfected with the PPARy
promoter luciferase reporter plasmid pPPARy-Luc and the
cDNA expression plasmid pSREBP-1, or pdn-SREBP-1.
pSREBP-1 contained a full fragment of wild-type SREBP-1
cDNA, whereas pdn-SREBP-1 encoded a dominant negative
SREBP-1. A total of 3.8 ug of plasmid DNA per well was used
for co-transfection of HSCs in six-well culture plates, includ-
ing 2 ug of pPPARy-Luc, 0.8 ug of pSV-p-gal and 1.0 ug of
PSREBP-1, or pdn-SREBP-1, plus the empty vector pcDNA. The
latter was used to ensure the equal amount of total DNA in
co-transtection assays. Cells were treated with or without cur-
cumin at 20 umol-L™ for 24 h. As shown in Figure 10A by
luciferase assays, compared with the control, forced expres-
sion of pSREBP-1 dose-dependently increased luciferase activi-



PPARY cDNA
A (« e
z 6000 [ pSREBP-A-Lus
2 Il pSREBP-2-Luc
S 4000
[}
g
£ 2000 .
3
0 4
PPARy 0 0.1 0.3 0.5 1.0 (ng)
pcDNA 10 09 07 05 0 (ug)
B 257 [ sreBP-1
, | 7 sreBP-2 *
M LDLR * M

mRNA fold changes

.

15 (umol-L~")

e e s == | SREBP1c
1 1.15 1.6 1.8 2.1

1 0.8 0.5 0.35 0.3
-

1 0.75 0.5 0.3 0.25

’i — — — -‘ B-actin

PGJ, 0 2 5 10 15 (pmol-L™)

Figure 9 Activation of peroxisome proliferator-activated receptor-y
(PPARY) differentially regulated gene expression of sterol regulatory
element-binding proteins (SREBPs) and low-density lipoprotein
receptor (LDLR) in cultured hepatic stellate cells (HSCs). (A). Semi-
confluent HSC in six-well plates were co-transfected with the cDNA
expression plasmid pPPARy plus the luciferase reporter plasmid
pSREBP-1-Luc, or pSREBP-2-Luc, containing a fragment of the
5’-flanking promoter region of srebp-1 or srebp-2 respectively. After
recovery, cells were cultured for 24 h. Luciferase activities were
expressed as relative units after 3-galactosidase normalization [means
+ standard deviation (SD); n = 6]; (B). Real-time PCR analyses of the
steady-state mRNA levels of SREBPs and LDLR in HSC treated with the
PPARy agonist 15d-PGJ, (0-15 pumol-L™") for 24 h. GAPDH was used as
an invariant control for calculating mRNA fold changes. Values were
expressed as means = SD (n = 3). *P < 0.05 versus the untreated
control (the first columns on the left); (C). Western blotting analyses
of the abundance of SREBPs and LDLR in HSC treated with 15d-PGJ,
(0-15 pumol-L™") for 24 h. B-actin was used as an invariant control for
equal loading. Representative results from one of three independent
experiments. Italic numbers beneath the blots were fold changes in
the densities of the bands compared with the control without treat-
ment in the blot (mean; n = 3), after normalization with the internal
invariable control B-actin. Because of the limited space, standard
deviations are not presented.

ties. In contrast, forced expression of dominant negative
SREBP-1 (dn-SREBP-1) dramatically reduced luciferase activity.
Compared with the untreated control, curcumin significantly
increased luciferase activity, and this increase was signifi-
cantly inhibited by dn-SREBP-1 (the last column on the right
side). These results collectively suggested that SREBP-1 might
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Figure 10 Forced expression of sterol regulatory element-binding
protein-1 (SREBP-1) stimulated the ppary promoter activity and
increased the trans-activation activity of peroxisome proliferator-
activated receptor-y (PPARY) in cultured hepatic stellate cells (HSCs).
Semi-confluent HSC in 6-well plates were co-transfected with a
luciferase reporter plasmid and the cDNA expression plasmid
pSREBP-1, or pdn-SREBP-1, at indicated doses. pSREBP-1 contained a
full fragment of wild-type pSREBP-1 cDNA, whereas pdn-SREBP-1
contained a full length of dominant negative pSREBP-1 cDNA. Cells
were treated with or without curcumin at 20 umol-L™' for 24 h.
Luciferase activities were expressed as relative units after
B-galactosidase normalization (means = SD; n = 6). *P < 0.05 versus
the control cells **P < 0.05 versus the cells treated with curcumin. (A).
Luciferase assays of cells co-transfected with the ppary promoter
luciferase reporter plasmid pPPARy-Luc plus pSREBP-1, or pdn-
SREBP-1, at indicated doses; (B). Luciferase assays of cells
co-transfected with the PPARy trans-activity luciferase reporter
plasmid pPPRE-Luc, containing three copies of the PPARy response
elements (PPRE), plus pSREBP-1, or pdn-SREBP-1, at indicated doses.

stimulate the promoter activity of PPARy gene in HSCs and
thus facilitating curcumin-induced gene expression of PPARy
in activated HSCs.

To verify the role of SREBP-1 in stimulating PPARy activity,
passaged HSCs were co-transfected with the plasmid pPPRE-
Luc and pSREBP-1, or pdn-SREBP-1. The plasmid pPPRE-Luc
was a PPARYy trans-activation activity reporter plasmid, which
contained three copies of the PPARy response elements from
acyl-CoA oxidase gene linked to the herpes virus thymidine
kinase promoter (—-105/+51) and a luciferase vector (Xu et al.,
2003; Zheng and Chen, 2007). As shown in Figure 10B
by luciferase assays, forced expression of pSREBP-1
dose-dependently increased luciferase activities, whereas
dn-SREBP-1 dramatically reduced luciferase activity (the last
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column on the right side), suggesting that forced expression
of SREBP-1 stimulated the PPARy trans-activation activity in
HSCs. Taken together, these data demonstrated the role of
SREBP-1 in the stimulation of the ppary promoter activity and
the trans-activation activity of PPARy in cultured HSCs.

Discussion

In this study, we observed that LDL dose-dependently stimu-
lated the activation of HSCs in vitro. Curcumin suppressed
expression of the LDLR gene by activating PPARy and differ-
entially regulating gene expression of SREBP-1 and SREBP-2,
leading to the reduction in the level of intracellular choles-
terol and to the attenuation of the stimulatory effects of LDL
on HSC activation.

In mammals, LDLR mediate the turnover of LDL and the
elimination of plasma LDL. The liver contains about 70% of
total LDLR present in the body and is the major organ respon-
sible for the turnover of LDL in circulation (Bilheimer et al.,
1984). Accordingly, apparent changes in the abundance of
LDLR in the liver will lead to alterations in the level of plasma
LDL. Intriguingly, several lines of evidence have showed that
curcumin displays differential regulatory effects on Idir
expression based on cell types. Curcumin induces Idlr expres-
sion in Xenopus laevis oocytes (Fan et al., 2005), in bovine
vascular smooth muscle cells (Liu and Hong, 2006), and in
mouse macrophages (Fan et al., 2005). Particularly, curcumin
dramatically induces gene expression of LDLR in the human
hepatoma cell line HepG2 (Peschel et al., 2007), which might,
at least partially, explain the hypocholesterolemic roles of
curcumin in increasing endocytosis of plasma LDL by
hepatocytes and in reducing plasma cholesterol. Additional
experiments are ongoing in our laboratory to explore the
underlying mechanisms by which curcumin distinctly regu-
lates IdIr expression in different cell types, including HSCs and
hepatocytes.

The level of intracellular cholesterol is mainly determined
by biosynthesis, influx, catabolism and efflux of cholesterol in
cells. The mechanisms of cholesterol biosynthesis are only
partially understood (Espenshade and Hughes, 2007).
SREBP-2 governs the genes involving cholesterol biosynthesis
and LDL uptake (Yeh et al., 2004). Among them are the genes
for LDLR and HMG-CoA reductase. The former scavenges
circulating LDL from the bloodstream, whereas HMG-CoA
reductase leads to an increase of endogenous production of
cholesterol (Brown and Goldstein, 1997). In this report, we
focused on the effects of curcumin on LDLR. We demon-
strated that curcumin inhibited SREBP-2 gene expression and
reduced its activity, which led to the suppression of IdiIr
expression and the reduction of the uptake of extracellular
LDL. As MG-CoA reductase is a target gene of SREBP-2, it is
plausible to deduce that curcumin might also reduce biosyn-
thesis of cholesterol in HSCs by suppressing the gene expres-
sion of HMG-CoA reductase. Curcumin has been shown to
increase the rate of cholesterol catabolism (Babu and Srini-
vasan, 1997). In addition, we should not exclude a possible
impact of curcumin on cholesterol efflux, which is promoted
by apolipoprotein (apo) A-I and high-density lipoproteins
(HDL) (Rothblat and Phillips, 1982). Curcumin has been
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shown to elevate the levels of plasma apo A-I and HDL in vivo
(Yasni etal.,, 1993; Jang etal., 2008). Taken together, the
reduction in cellular cholesterol in cultured HSCs induced by
curcumin might result from the collective effects of the phy-
tochemical on cholesterol biosynthesis, influx, catabolism
and efflux, including suppressing Ildlr expression, leading to
the reduction in the uptake of extracellular LDL into HSCs.

Our results also indicated that curcumin increased the
levels of cellular FA and TG in cultured HSCs. These changes
might result from the curcumin-induced activation of PPARy
and SREBP-1 in activated HSCs, which regulate expression of
genes involved in lipid synthesis (Sharma and Staels, 2007).
These results might raise a concern whether curcumin and
its stimulation of PPARy activity would exacerbate the state
of hepatic steatosis in vivo. Hepatocytes are the major cells
for fat accumulation during steatosis. Few results are avail-
able from direct studies of curcumin in biosynthesis of cel-
lular FA and TG in hepatocytes. It has been, however,
demonstrated that curcumin protects the liver from injury
and apparently improves the state of hepatic steatosis with a
significant reduction in the number of macro- and microve-
sicular steatosis in hepatocytes in the rat model with hepatic
fibrosis induced by CCl, (Park et al., 2000; Fu et al., 2008).
The underlying mechanisms remain largely elusive. HSCs
were previously called fat-storing cells, which might reflect
one of the major functions of quiescent HSCs in the normal
liver. On the other hand, HSCs constitute only 5-8% of the
total liver cell populations in the normal liver (Friedman,
2008). Therefore, the overall effect of the curcumin-
increased synthesis of FA and TG in HSCs on hepatic
steatosis might be negligible.

Our results indicated that curcumin differentially regulated
gene expression of SREBPs, that is, up-regulating SREBP-1 and
suppressing SREBP-2. SREBP-1 and SREBP-2 play related, but
distinct, roles in regulation of cholesterol homeostasis (Brown
and Goldstein, 1997; Horton et al., 2002). Although SREBP-1
and SREBP-2 both have a similar protein domain structure
and consensus binding sequences (Brown and Goldstein,
1997), they show different preference in regulating expression
of target genes. SREBP-1¢, the predominant SREBP-1 isoform
in adult liver, preferentially activates genes required for FA
synthesis, such as ATP citrate lyase (Sato et al., 2000; Moon
et al., 2001) and long chain fatty acyl elongase (Moon et al.,
2001), whereas SREBP-2 preferentially activates Idlr expression
and various genes required for cholesterol biosynthesis (Cas-
toreno et al., 2005). For example, in SREBP-1c knockout and
transgenic mice, there is no significant change in Idlr expres-
sion (Brown and Goldstein, 1997; Horton etal., 2002).
However, in SREBP-2 transgenic mice, Idir expression is sig-
nificantly elevated (Brown and Goldstein, 1997; Horton et al.,
2002). Germline deletion of SREBP-2 leads to 100% lethality
at a later stage of embryonic development (Brown and Gold-
stein, 1997; Horton et al., 2002). Idlr Expression is mainly
regulated by SREBP-2 (Castoreno et al., 2005), and the six
repeats of SRE (ATCACCCCAC) in the plasmid p6x-SRE-Luc
were originally derived from the Idlr promoter (Briggs et al.,
1993; Wong et al., 2006). It is, therefore, not difficult to under-
stand why curcumin significantly reduced luciferase activities
in HSCs transfected with p6x-SRE-Luc. It is also plausible
to assume that the curcumin-caused suppression of Idir



expression was likely to be mediated by inhibiting srebp-2
expression.

Our results suggested that the differential effect of curcumin
might be mediated by activating PPARyin HSCs. Activation of
PPARy might have distinct roles in regulation of SREBP-1 gene
expression in different cell types. For instance, we observed
that the activation of PPARy induced gene expression of
SREBP-1 in cultured HSCs. However, a recent report indicated
that pioglitazone, an antidiabetic agent and a ligand of PPARy,
activated c-Met, induced lipid retrieval, down-regulated
SREBP-1c level and suppressed TG biosynthesis in the liver,
suggesting that the activation of PPARy might serve as a
potentially useful method of attenuating hepatic steatosis
(Tomita et al., 2004). Additional experiments are necessary to
elucidate molecular mechanisms underlying the PPARy-
mediated differential regulation of gene expression of SREBPs
in activated HSCs.

Recent studies have indicated the importance of the activa-
tion of another nuclear receptor, the farnesoid X receptor
(FXR), and its crosstalk with PPARy in inhibiting HSC activa-
tion and protecting against liver fibrogenesis (Fiorucci et al.,
2005). FXR is a ligand-activated transcription factor that regu-
lates cholesterol and FA metabolism and functions as an
endogenous sensor for bile acids (Forman et al., 1995). FXR
deficiency has been found to be a risk factor for NASH devel-
opment (Kong et al., 2009). The process of HSC activation has
little impact on the level of FXR mRNA (Fiorucci et al., 2005).
However, FXR ligands up-regulate PPARy mRNA in HSCs and
in rodent models of liver fibrosis. Simultaneous activation of
FXR and PPARy additively reduces the levels of al(I) collagen
in cultured HSCs (Fiorucci et al., 2005). Accumulating evi-
dence has suggested that activation of FXR may be beneficial
in treatment of liver fibrosis (Fiorucci et al., 2004). It would be
of interest to evaluate the effects of curcumin on FXR activity
and its cross-talk with PPARy in HSCs, which may contribute
to the curcumin-induced inhibition of LDL-induced HSC
activation.

Curcumin inhibits HSC activation by targeting multiple
signalling pathways and utilizing several mechanisms (Xu
et al., 2003; Zheng and Chen, 2004; 2006; 2007; Zheng et al.,
2007; Zhou et al., 2007). Based on our results, we propose a
simplified model of how curcumin inhibits LDL-induced HSC
activation (Figure 11). Extracellular LDL is transported into
HSCs by LDLR-mediated endocytosis, leading to the stimula-
tion of HSC activation. Curcumin induces gene expression of
PPARy, resulting in the distinct regulation of gene expression
of SREBPs, that is, up-regulating srebp-1 expression and down-
regulating srebp-2 expression. The down-regulation of
SREBP-2 suppresses the gene expression of LDLR, leading to
the reduction in endocytosis of plasma LDL and in the level of
cellular cholesterol in HSCs. The up-regulation of SREBP-1
provides a positive feedback loop and facilitates, in turn, gene
expression of PPARy. These actions of curcumin collectively
attenuate the stimulatory effects of LDL on the activation of
HSCs. We would emphasize that our results and the proposed
model do not exclude other mechanisms of curcumin in the
inhibition of LDL-induced activation of HSCs. Our results in
this study present evidence for the stimulatory role of hyper-
cholesterolemia in hepatic fibrogenesis. In addition, our
results provide novel insights into the effect of curcumin
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Figure 11 A simplified model for curcumin to inhibit low-density
lipoprotein (LDL)-induced hepatic stellate cell (HSC) activation. Extra-
cellular LDL is transported into HSC by LDL receptor (LDLR)-mediated
endocytosis, leading to the stimulation of HSC activation. Curcumin
induces gene expression of peroxisome proliferator-activated
receptor-y (PPARY), resulting in the distinct regulation of gene expres-
sion of sterol regulatory element-binding proteins (SREBPs), that is,
up-regulating srebp-1 expression and down-regulating srebp-2
expression. The down-regulation of SREBP-2 suppresses gene expres-
sion of LDLR, leading to the reduction in endocytosis of plasma LDL
and in the level of cellular cholesterol in HSC. The up-regulation of
SREBP-1 provides a positive feedback loop and facilitates, in turn,
gene expression of PPARy. These actions of curcumin collectively
attenuate the stimulatory effects of LDL on the activation of HSC.

and its underlying mechanisms in the inhibition of LDL-
induced HSC activation and its involvement in therapeutic
interventions in hypercholesterolemia-associated hepatic
fibrogenesis.
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