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BACKGROUND AND PURPOSE

Diabetes is characterized by hyperglycaemia, which facilitates the formation of advanced glycation end-products (AGEs). Type 2
diabetes mellitus is commonly accompanied by non-alcoholic steatohepatitis, which could lead to hepatic fibrosis. Receptor for
AGEs (RAGE) mediates effects of AGEs and is associated with increased oxidative stress, cell growth and inflammation. The
phytochemical curcumin inhibits the activation of hepatic stellate cells (HSCs), the major effectors during hepatic fibrogenesis.
The aim of this study was to explore the underlying mechanisms of curcumin in the elimination of the stimulating effects of AGEs
on the activation of HSCs. We hypothesize that curcumin eliminates the effects of AGEs by suppressing gene expression of RAGE.

EXPERIMENTAL APPROACH
Gene promoter activities were evaluated by transient transfection assays. The expression of rage was silenced by short hairpin
RNA. Gene expression was analysed by real-time PCR and Western blots. Oxidative stress was evaluated.

KEY RESULTS

AGEs induced rage expression in cultured HSCs, which played a critical role in the AGEs-induced activation of HSCs. Curcumin
at 20 uM eliminated the AGE effects, which required the activation of PPARy. In addition, curcumin attenuated AGEs-induced
oxidative stress in HSCs by elevating the activity of glutamate-cysteine ligase and by stimulating de novo synthesis of
glutathione, leading to the suppression of gene expression of RAGE.

CONCLUSION AND IMPLICATIONS
Curcumin suppressed gene expression of RAGE by elevating the activity of PPARy and attenuating oxidative stress, leading to
the elimination of the AGE effects on the activation of HSCs.

LINKED ARTICLE
This article is commented on by Stefanska, pp. 2209-2211 of this issue. To view this commentary visit http://dx.doi.org/
10.1111/j.1476-5381.2012.01959.x

Abbreviations

AGEs, advanced glycation end-products; BSO, L-buthionine-sulfoximine; DMEM, Dulbecco’s modified Eagle’s Medium;
FBS, fetal bovine serum; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; GCL, glutamate-cysteine ligase; GSH,
glutathione; HSCs, hepatic stellate cells; LPO, lipid peroxidation; NAC, N-acetyl-L-cysteine; NASH, non-alcohol
steatohepatitis; PDGF-B, platelet-derived growth factor-B; PGJ,, deoxy-A'>'*-prostaglandin J,; RAGE, receptor for AGEs;
ROS, reactive oxygen species; shRNA, short or small hairpin RNA; T2DM, type 2 diabetes mellitus

2212 British Journal of Pharmacology (2012) 166 2212-2227 © 2012 The Authors
British Journal of Pharmacology © 2012 The British Pharmacological Society


mailto:achen5@slu.edu
http://dx.doi.org/10.1111/j.1476-5381.2012.01959.x
http://dx.doi.org/10.1111/j.1476-5381.2012.01959.x

Curcumin inhibits gene expression of RAGE in HSCs

Introduction

Elevated levels of blood glucose (i.e. hyperglycaemia) are a
feature of diabetes. Non-alcoholic fatty liver disease (NAFLD)
refers to a wide spectrum of liver damage, ranging from
simple steatosis to non-alcoholic steatohepatitis (NASH),
advanced fibrosis and cirrhosis. Accumulating evidence has
suggested that NAFLD/NASH patients are more likely to have
impaired glucose metabolism, including insulin resistance
and elevated levels of blood glucose (Hatziagelaki et al.,
2012), as reviewed by Leclercq (2010). Approximately
15-40% NASH patients progress into hepatic fibrosis (Clark,
20006). Studies have demonstrated that hyperglycaemia is a
key factor in the initiation and induction of renal fibrogenesis
in in vitro and in vivo models with diabetic nephropathy (Lam
et al., 2003; Chen et al., 2004). However, the role and under-
lying mechanisms of hyperglycaemia in the induction of
hepatic fibrogenesis remain largely to be defined.

Exposure of cells to excess glucose induces inflammation
and other pathological disorders, but the underlying mecha-
nisms remain to be established. Most current hypotheses are
based on the formation of advanced glycation end-products
(AGEs), which are the non-enzymatic results of a chain of
non-oxidative and oxidative reactions of excessive sugars
with proteins and/or lipids (Bierhaus et al., 2005). AGEs
deposit in tissues, causing cellular dysfunctions and even
organ failures, such as cardiovascular diseases, neuropathy
and blindness. The impairments caused by AGEs are largely
associated with the interaction of AGEs and their receptors
mediating many signalling transduction pathways and pro-
inflammatory responses. Receptor for AGEs (RAGE) is a
member of the immunoglobulin superfamily of cell surface
molecules and is associated with increased oxidative stress,
cell growth and inflammation (Schmidt et al., 2000). A dra-
matic increase in the abundance of RAGE was observed in
diabetic patients with high levels of blood AGEs (Brett et al.,
1993; Tanji et al., 2000). The interaction of AGEs and RAGE
may stimulate the activation of a diverse array of signalling
cascades, including MAPKs, Jak/STAT, PI3K and members of
the Rho GTPase signalling pathway (Ramasamy et al., 2009).
The interaction of AGEs—-RAGE mediates the development of
many chronic diseases, including diabetic complications,
which was confirmed in studies with RAGE”- mice (Bierhaus
et al., 2005). Pharmacological blockade of RAGE actions or
genetic deletion of RAGE imparts significant protection in
murine models of diabetes (Ramasamy et al., 2009). RAGE is,
therefore, a promising therapeutic target for the development
of diabetic complications (Ramasamy et al., 2009).

Hepatic fibrosis is excessive accumulation of extracellular
matrix proteins including type I collagen in the liver (Bataller
and Brenner, 2005; Friedman, 2008). Hepatic stellate cells
(HSCs) are the central mediators and major effectors during
hepatic fibrogenesis. In response to hepatic injury, quiescent
HSCs undergo a process of activation, rendering them becom-
ing highly proliferative and fibrogenic cells (Bataller and
Brenner, 2005; Friedman, 2008). The process of activation is
coupled with the induction of oxidative stress and down-
regulation of PPARy (Tsukamoto et al., 2006; Friedman, 2008).
It has been reported that RAGE is up-regulated in cultured
HSCs (Fehrenbach et al., 2001), and AGEs induce cell prolif-
eration of HSCs (Iwamoto et al., 2008). It is noteworthy that

culturing quiescent HSCs on plastic plates causes spontane-
ous activation, mimicking the process seen in vivo, which
provides a good model for elucidating underlying mecha-
nisms of HSC activation and studying potential therapeutic
intervention of the process (Friedman, 2008).

Few effective medicines are available for combating
T2DM- and NASH-associated hepatic fibrosis (Calamita and
Portincasa, 2007; Federico et al., 2008). It is, thus, of high
priority to identify innocuous anti-fibrotic agents. Most
evolving anti-fibrogenic therapies are aimed at inhibiting
HSC activation. We and others have shown that curcumin,
the yellow pigment in curry from turmeric, inhibits HSC
activation in vitro (Xu et al., 2003; Zheng and Chen 2004;
2006; 2007; Zheng et al., 2007) and protects the liver from
fibrogenesis in vivo (Park et al., 2000; Nanji et al., 2003; Fu
et al., 2008). We recently reported that curcumin attenuated
the effect of leptin on elevating glucose levels in HSCs by
blocking translocation of glucose transporter-4 and increas-
ing glucokinase (Tang and Chen, 2010). Curcumin has
received attention as a promising dietary component in the
protection of the liver against fibrogenic insults (O’Connell
and Rushworth, 2008). In addition, we recently observed that
AGE:s stimulated the activation of HSCs in vitro by inducing
cell proliferation and stimulating expression of genes rel-
evant to HSC activation, which were dramatically eliminated
by curcumin (Lin etal., 2012). However, the underlying
mechanisms remain undefined.

The aims of this study were to evaluate the effect of AGEs
on regulating gene expression of RAGE in HSCs, the effect of
RAGE on the activation of HSCs and the role of curcumin in
eliminating the AGE effects, and to further explore the under-
lying mechanisms. Results from this study support our origi-
nal hypothesis that one of mechanisms of AGEs in the
stimulation of HSC activation is to induce gene expression of
RAGE. Curcumin eliminated the effects of AGEs and sup-
pressed gene expression of RAGE in HSCs by elevating the
activity of PPARy and attenuating oxidative stress.

Methods

AGE preparation and chemicals

AGEs-BSA was prepared following the protocol described by
others (Makita et al., 1992). In brief, 50 mg-mL™" of BSA (USB
Corp., Cleveland, OH) and 0.5 M of glucose (Sigma-Aldrich
Corp. St. Louis, MO) were dissolved in 0.2 M of sodium phos-
phate buffer (pH 7.4). A BSA control and a glucose control
were respectively prepared by dissolving BSA (50 mg-mL™)
alone, or glucose (0.5 M) alone, in sodium phosphate buffer
(pH 7.4) (0.2 M). After sterilization with sterile Acrodisc®
syringe filters, the solutions were incubated in the dark at
37°C for 60 days. Unbound materials were removed by exten-
sive dialysis against PBS. The concentration of AGEs was
determined as described previously by measuring AGEs-
specific fluorescence with excitation at 360 nm and emissions
at 440 nm (Monnier et al., 1984; Wrobel et al., 1997). The
fluorescence of the BSA control was used as a base line. The
fluorescence of qualified AGEs-BSA used in our experiments
must be at least 70-fold higher than that of the BSA control.
The quality and eligibility of AGEs were evaluated and con-
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firmed as suggested previously (Miele et al., 2003). No con-
tamination with insulin-like growth factor-1 and/or
endotoxin was detected. L-Buthionine-sulfoximine (BSO),
N-acetyl-L-cysteine (NAC) and curcumin (purity > 94%) were
purchased from Sigma (St. Louis, MO). PD68235, a specific
PPARy antagonist, was kindly provided by Pfizer (Ann Arbor,
MI) (Camp etal., 2001). 15-deoxy-A'*'-prostaglandin J,
(PGJ,) and rosiglitazone (BRL 49653), purchased from
Cayman Chemical (Ann Arbor, MI), were dissolved in dime-
thyl sulfoxide (100 mM). Primary antibodies were purchased
from Santa Cruz Biotech. Inc. (Santa Cruz, CA), unless oth-
erwise noted, and were as previously described (Lin efal.,
2009).

Isolation and culture of HSCs

Male Sprague-Dawley rats (200-250 g), or C57B/L6 mice at 4
weeks, purchased from the Harlan Laboratories, Inc. (Indiana-
polis, IN), were housed in a temperature-controlled animal
facility (23°C) with a 12:12 h light-dark cycle and allowed
free access to regular chew and water ad libitum. HSCs were
isolated by the pronase-collagenase perfusion in situ before
density gradient centrifugation, as we previously described
(Xu et al., 2003). All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (McGrath et al., 2010).The animal
protocol for the use of rats was approved by Institutional
Animal Care and Use Committee of Saint Louis University.
Freshly isolated HSCs were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 20% of fetal
bovine serum (FBS). Cells were passaged in DMEM with 10%
of FBS. Semi-confluent HSCs with four to nine passages were
used in experiments. In some of experiments, cells were cul-
tured in serum-depleted DMEM for 24 h before treatment,
which rendered HSCs more sensitive to exogenous stimuli
(Lin et al., 2009). Cells were subsequently treated and cul-
tured in serum-depleted media, which excluded the interfer-
ence from other factors in FBS.

Western blotting analyses

Preparation of whole cell extracts, SDS-PAGE, transblotting
and subsequent immunoreactions were conducted as we pre-
viously described (Xu et al., 2003). B-Tubulin was used as an
invariant control for equal loading. Densities of bands in
Western blotting analyses were normalized with the internal
invariable control. Levels of target protein bands were den-
sitometrically determined by using Quantity One® 4.4.1
(Bio-Rad, Hercules, CA). Variations in the density were
expressed as fold changes compared with the control in the
blot.

RNA extraction and real-time PCR

Total RNA was treated with DNase I before the synthesis of
the first strand of cDNA. Real-time PCR were performed as we
previously described using SYBR Green Supermix (Xu et al.,
2003). mRNA levels are expressed as fold changes after nor-
malization with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), as described by Schmittgen et al. (2000). The fol-
lowing primers were used in real-time PCR.
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RAGE: (F) 5-GAA TCC TCC CCA ATG GTT CA-3/,
(R) 5-GCC CGA CAC CGG AAA GT-3%

GClc: (F) 5-TGT GTG ATG AGC CCA AGG AC-3,
(R) 5’- AGT TGG CTC GCA TCA TAG TTG-3;

GCLm: (F) 5-CTG CTA AAC TGT TCA TTG TAG-3’,

(R) 5-CTA TGG GTT TTA CCT GTG-3/;
(F) 5-GGC AAA TTC AAC GGC ACA GT-3’,
(R) 5’-AGA TGG TGA TGG GCT TCC C-3".

GAPDH:

Plasmids and transient transfection assays
The luciferase reporter plasmid pRAGE-Luc was generated by
subcloning a fragment (~2168 bp) of the mouse rage gene
promoter at the Nhel and HindlIIIl sites of the pGL3-basic
vector. The fragment was from mouse genomic DNA by PCR
using the following primers: forward, 5-ATT GCT AGC GGG
TCA GAT ATA CAG TCC-3’ and reverse, 5-ATT AAGCTT CCA
TCT CCC ATC TCG TTC TGT C-3’. The luciferase report
plasmids pPDGEF-BR-Luc and pTGEFB-RII-Luc were gifts,
respectively, from Dr Keiko Funa (Ballagi et al., 1995) and
Seong-Jin Kim (Bae et al., 1995). pPDGF-BR-Luc contained a
fragment (1366 bp) of the gene promoter of platelet-derived
growth factor-f receptor (PDGEF-B receptor) (Ballagi efal.,
1995). pTGFB-RII-Luc had a fragment (1670 bp) of the gene
promoter of type II TGFB receptor. The cDNA expression
plasmid pRAGE, containing a full-length of rage cDNA in the
plasmid pcDNA3, was kindly provided by Dr Ann Marie
Schmidt (Kislinger et al., 1999).

For co-transfection, semi-confluent HSCs in six-well cell
culture plates were transiently transfected with a total of
3-4.5 pg DNA per well, using the LipofectAMINE® reagent
(Invitrogen Corp., Carlsbad, CA), as we previously described
(Xu etal., 2003). Each sample was in triplicate in every
experiment. Transfection efficiency was normalized by
co-transfection of the B-galactosidase reporter plasmid pSV-f3-
gal (0.5 pg-per well) (Promega Corporation, Madison, WI,
USA). B-Galactosidase activities were measured by using
a chemiluminescence assay kit (Tropix, Bedford, MA). Luci-
ferase activities were expressed as relative unit after normali-
zation with B-galactosidase activities ug' protein. Results
were combined from at least three independent experiments.

Knockdown of RAGE by short hairpin
RNA (shRNA)

The RNAi sequence targeting mouse rage mRNA was selected
using online RNAi design program from Thermo Fisher Sci-
entific, Dharmacon RNAi Technologies (Lafayette, CO). The
sequence of RAGE shRNA was 5-GCT AGA ATG GAA ACT
GAA CA-3’. Construction of shRNA expression cassettes and
subsequent cloning in the lentiviral vector pFLRu were con-
ducted as described (Feng et al., 2010; Fraley et al., 2010).
Briefly, the hU6 promoter (f1) was obtained by PCR using
pBShU6-1 as a template and the primers of (F) 5’-ACA GAA
TTC TAG AAC CCC AGT GGA AAG ACG CGC AG-3’ and (R)
5-GGT GTT TCG TCC TIT CCA CAA G-3'. The hairpin-
containing fragment (f2) was obtained by PCR using the
primers of (F) 5-GTG GAA AGG ACG AAA CAC C GC TAG
AAT GGA AAC TGA ACA TTC AAG AGA tgttca and (R)
5-TCC AGC TCG AGA AAA A GC TAG AAT GGA AACTGA
ACA TCT CTT GAA tgttca. Overlapping PCR were carried out
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by using the hU6 forward primer, the respective shRNA
reverse primer and mixed fragments of f1 and f2 as templates.
The PCR products were purified, cut with Xbal/Xhol and
subcloned into the lentiviral vector pFLRu. A construct tar-
geting a firefly luciferase shRNA was also similarly created and
used as a non-specific ShRNA control. The sequence of shRNA
for the firefly luciferase (i.e. Luc shRNA) was 5-GCT TAC GCT
GAG TAC TTC GA-3".

To generate lentiviruses, sub-confluent Lenti-X™ 293T
Cells, a lentiviral packaging cell line (Clontech Laboratories,
Inc.. Mountain View, CA), were co-transfected with the
pFLRu derived vectors and a mixture (8:1) of lentiviral pack-
aging plasmids pHR8.2AR and pCMV-VSVG. Media were
refreshed for virus production 24 h after transfection. Media
containing viruses were collected and filtered with syringe
filters (0.45 um) in the following day. After mixing the virus-
containing media with an equal volume of fresh media, the
mixture was added to HSCs in 70-80% confluence. Protamine
sulfate was added to a final concentration of 10 ug-mL™". After
overnight incubation, viral transduced cells were selected
for three days in fresh media containing puromycin at
15 pg-mL™, which was determined by a killing curve of non-
transduced HSCs generated in pilot experiments. The knock-
down efficiency of RAGE by RAGE shRNA was determined by
Western blotting analyses.

Determination of levels of intracellular
reactive oxygen species (ROS)

Levels of ROS in HSC were determined by analysing dichlo-
rofluorescein fluorescence (DCF), as described previously
(Zheng et al., 2007).

Analyses of lipid peroxidation (LPO)

LPO assays were performed by using the Lipid Hydroperoxide
Assay Kit purchased from Cayman Chemical (Zheng et al.,
2007).

Glutathione assays

Levels of reduced glutathione (GSH) and oxidized glu-
tathione (GSSG) were determined by using the enzyme
immune assay kit GSH-400® (Cayman Chemical) (Zheng
et al., 2007).

Analyses of activities of glutamate-cysteine
ligase (GCL)

Activities of GCL were spectrophotometrically determined
using a coupled assay with pyruvate kinase and lactate dehy-
drogenase, as we previously described (Zheng et al., 2007).

Statistical analyses and nomenclatures
Differences between means were evaluated using Student’s
unpaired two-sided test (P <0.05 was considered as signifi-
cant). Nomenclatures used in this manuscript were checked
to conform to British Journal of Pharmacology’s Guide to
Receptors and Channels (Alexander et al., 2011).

Results

AGEs dose-dependently induced gene
expression of RAGE in HSCs in vitro

To evaluate the effect of AGEs on gene expression of RAGE,
passaged HSCs were transfected with the rage promoter luci-
ferase reporter plasmid pRAGE-Luc. After overnight recovery,
HSCs were deprived of serum for 4 h before the treatment
with AGEs at different concentrations in serum-free media for
an additional 24 h. Serum-deprivation rendered HSCs more
sensitive to exogenous stimuli (Lin ef al., 2009). The subse-
quent treatment in serum-free media excluded the influence
from factors in sera. Luciferase activity assays in Figure 1A
indicated that AGEs caused a dose-dependent increase in
luciferase activities, suggesting that AGEs stimulated the rage
promoter activity of in HSCs in vitro. To confirm the obser-
vations, serum-deprived HSCs were treated with AGEs at dif-
ferent concentrations in serum-free media for 24 h. Real-time
PCR (Figure 1B) and Western blotting analyses (Figure 1C)
demonstrated that AGEs elevated the mRNA level and the
protein abundance of AGE receptors in a dose-dependent
manner. These results collectively indicated that AGEs
induced gene expression of AGE receptors in HSCs in vitro.

Curcumin abolished the effect of AGEs on
inducing gene expression of RAGE in HSCs

in vitro

Curcumin has been shown to affect the regulation of expres-
sion of genes relevant to the activation of HSCs in vitro and
in vivo (Xu etal., 2003; Zheng and Chen, 2004; 2006; Fu
etal., 2008). To evaluate the effect of curcumin on the
expression of RAGE, passaged HSCs were treated with curcu-
min at various concentrations in DMEM with 10% FBS for
24 h. Western blotting analyses indicated that curcumin by
itself reduced the abundance of RAGE in HSCs in a dose-
dependent manner (Figure 2A). To further determine the role
of curcumin in the attenuation of the effects of AGEs on the
activation of HSCs, passaged HSCs were transfected with the
rage promoter luciferase reporter plasmid pRAGE-Luc. After
recovery, cells were deprived of serum for 4 h before treat-
ment with AGEs at 100 ug-mL™ in the presence of curcumin
at indicated concentrations in serum-free media for an addi-
tional 24 h. Luciferase activity assays in Figure 2B indicated
that AGEs increased, as expected, the luciferase activity
(second column), which was diminished by curcumin in a
dose-dependent manner (third to fifth columns). These
observations suggest that curcumin eliminated the effect of
AGEs on stimulating the rage promoter activity in HSCs in
vitro. To verify the observations, serum-deprived HSCs were
treated with AGE at 100 ug-mL™ plus curcumin at different
concentrations in serum-depleted media for 24 h. Real-time
PCR (Figure 2C) and Western blotting analyses (Figure 2D)
demonstrated that curcumin eliminated the effect of AGEs
and dose-dependently reduced the mRNA level and the
protein abundance of RAGE in HSCs (the corresponding
third to fifth columns or lanes). These results collectively
demonstrated that curcumin dose-dependently abolished the
effect of AGEs on inducing gene expression of RAGE in HSCs
in vitro.
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Figure 1

AGEs dose-dependently induced gene expression of RAGE in HSCs in
vitro. (A) HSCs were transfected with the rage promoter luciferase
reporter plasmid pRAGE-Luc. After overnight recovery, cells were
serum-deprived for 4 h before the treatment with AGEs at different
doses in serum-depleted media for an additional 24 h. Luciferase
activity assays were conducted (n=6). *P < 0.05, versus untreated
control cells (first column). The floating inset denotes the pRAGE-Luc
construct in use and the application of AGEs to the system. (B and C)
HSCs were serum-deprived in serum-free DMEM for 24 h prior to the
stimulation with AGEs at different doses in serum-depleted media for
an additional 24 h. Total RNA and whole cell lysates were prepared.
(B) Real- time PCR analyses. Values were presented as mRNA fold
changes (mean = SD, n = 3). *P < 0.05, versus the untreated control
(first column). (C) Western blotting analyses. Representatives were
from three independent experiments. B-Tubulin was used as an
internal control for equal loading. Italic numbers beneath the upper
blot were fold changes (mean = SD) in the densities of the bands
compared with the untreated control in the blot (n = 3), after nor-
malization with the internal invariable control.
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Forced expression of exogenous RAGE
diminished the role of curcumin in the
inhibition of the promoter activity of genes
critically relevant to HSC activation

Previous studies have shown that the process of HSC acti-
vation is coupled with the expression of PDGF-B receptors
and type II TGFP receptors, whose signalling pathways
played critical roles in stimulating HSC activation (Fried-
man, 2008). To evaluate the role of RAGE in the AGEs-
induced activation of HSCs, passaged HSCs in six-well plates
were co-transfected with a total of 4.5 pg of DNA mixture
per well, including 2 ug of the PDGF-B receptor promoter
luciferase reporter plasmid pPDGF-BR-Luc or the TGEFp-
receptor II promoter luciferase reporter plasmid pTGFB-RII-
Luc, 0.5 ug of pSV-B-gal and 2 pg of the cDNA expression
plasmid pRAGE at various doses plus the empty vector
pcDNA. The latter was used to ensure an equal amount of
total DNA in transfection assays. After overnight recovery,
cells were serum-deprived for 4 h before the treatment with
or without (w/wt) AGEs (100 ug-mL™) in the presence or
absence of curcumin (20 uM) in serum-depleted media for
an additional 24 h. Results from luciferase activity assays,
illustrated in Figure 3, demonstrated that, compared with
the untreated control (the corresponding first column),
AGEs significantly increased the luciferase activity in cells
transfected with pPDGF-BR-Luc or pTGEFB-RII-Luc (the cor-
responding second column), confirming the role of AGEs in
stimulating the promoter activity of PDGF-B receptor and
TGFB-receptorll genes in cultured HSCs. In further studies it
was observed that curcumin (20 uM) significantly elimi-
nated the stimulating role of AGEs and reduced luciferase
activities in the cells (the corresponding third column). It
was of interest to observe that forced expression of exog-
enous RAGE attenuated the inhibitory effect of curcumin
and dose-dependently increased luciferase activities in HSCs
(the corresponding fourth to sixth columns). These results
indicate that forced expression of exogenous RAGE dose-
dependently diminishes the role of curcumin (20 uM) in the
inhibition of the promoter activity of genes critically rel-
evant to HSC activation.

The knockdown of RAGE by RAGE shRNA
dramatically diminished the stimulant effects
of AGEs, suggesting a critical role of the
induction of gene expression of RAGE in the
AGEs-induced activation of HSCs in vitro

To verify the role of RAGE in mediating the stimulating
effects of AGEs on the activation of HSCs, gene expression of
RAGE in mouse HSCs was silenced by shRNA. Pilot experi-
ments of Western blotting analyses in Figure 4A demon-
strated that compared with that in HSCs without
transduction (no shRNA) (first lane), the abundance of RAGE
in cells transduced with lentiviruses containing a non-specific
shRNA targeting a firefly luciferase (Luc sShRNA) (second lane)
showed no apparent difference. In great contrast, compared
with that in the two control HSCs (first and second lanes), the
abundance of RAGE was significantly reduced in HSCs
transduced with shRNA targeting RAGE (RAGE shRNA) by
more than 95% (third lane). These results indicate that gene
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Figure 2

Curcumin abolished the effect of AGEs on inducing gene expression of RAGE in HSCs in vitro. (A). Passaged HSCs were treated with curcumin at
various concentrations in DMEM with 10% FBS for 24 h. The abundance of RAGE in cells was analysed by Western blotting. Representatives were
from three independent experiments. B-Tubulin was used as an internal control for equal loading. /talic numbers beneath the upper blot were fold
changes (mean = SD) in the densities of the bands compared with the untreated control in the blot (n = 3), after normalization with the internal
invariable control. (B) HSCs were transfected with the rage promoter luciferase reporter plasmid pRAGE-Luc. After overnight recovery and
following serum deprivation for 4 h, the cells were treated w/wt AGEs (100 ug-mL™") in the presence of curcumin at indicated concentrations in
serum-depleted media for an additional 24 h. Luciferase activity assays were conducted (n=6). *P < 0.05, versus untreated control cells (first
column). **P < 0.05, versus cells treated with AGEs only (second column). The floating inset denoted the pRAGE-Luc construct in use and the
application of AGEs w/wt curcumin to the system. (C and D) Serum-deprived HSCs were treated w/wt AGEs (100 pug-mL™") in the presence of
curcumin at indicated concentrations in serum-depleted media for 24 h. Total RNA and whole cell lysates were prepared. (C) Real-time PCR
analyses. Values were presented as mRNA fold changes (mean * s. d., n = 3). *P < 0.05, versus untreated control cells (first column); **P < 0.05,
versus cells treated with AGEs only (second column). (D) Western blotting analyses. Representatives were from three independent experiments.
B-Tubulin was used as an internal control for equal loading. /talic numbers beneath the upper blot were fold changes (mean = SD) in the densities
of the bands compared with the untreated control in the blot (n = 3), after normalization with the internal invariable control.

expression of RAGE in passaged HSCs was efficiently and

significantly silenced by RAGE shRNA. The activation of PPARy eliminatgd the effect
In further experiments, gene expression of RAGE in Of AGEs on inducing gene expression Of
mouse HSCs was silenced by RAGE shRNA, or by Luc shRNA RAGE in HSCs in vitro
as a non-specific ShRNA control. After selection with puro- Our previous studies indicated that curcumin induced gene
mycin, viral transduced HSCs were treated w/wt AGEs at expression of PPARy and enhanced its activity in cultured
100 ug-mL™" in serum-depleted media for 24 h. The abun- HSCs, which was a prerequisite for curcumin to inhibit HSC
dance of proteins critically relevant to, or associated with, the activation in vitro (Xu et al., 2003; Zheng and Chen, 2004). It
activation of HSCs was analysed by Western blotting analyses was, therefore, plausible to postulate that the inhibition of
(Figure 4B). Compared with untreated HSCs transduced with gene expression of RAGE by curcumin might be mediated by
no shRNA (first lane), or with the Luc shRNA (third lane), the stimulation of PPARy activity. To test this hypothesis,
HSCs treated with AGEs in the second or fourth lane showed serum-deprived HSCs were treated with AGEs at 100 pg-mL™
significantly higher levels of ol(I) procollagen, o-SMA, in the presence or absence of PGJ,, a natural PPARy agonist, or
PDGF-B receptors and TGEFf- receptor II. It was of interest to rosiglitazone, a synthetic PPARy agonist, at various doses in
observe that there was no significant difference in the abun- serum-depleted media for 24 h. Real-time PCR (Figure SA)
dance of the proteins in HSCs treated with or without AGEs and Western blotting analysis (Figure 5B) showed that the
in HSCs transduced with RAGE shRNA (fifth and sixth lanes). PPARy agonists, mimicking curcumin observed in Figure 2B
These results indicate that the knockdown of RAGE by RAGE and C, dose-dependently reduced the mRNA levels and the
shRNA dramatically diminished the stimulating effects of protein abundance of RAGE, which was induced by AGEs.
AGEs, suggesting a critical role for the induction of the gene These results support our hypothesis and suggest that the
expression of RAGE in the AGEs-induced activation of HSCs activation of PPARy eliminated the effect of AGEs on inducing
in vitro. gene expression of RAGE in HSCs in vitro.
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Forced expression of exogenous RAGE diminished the role of curcu-
min in the inhibition of the promoter activity of genes critically
relevant to HSC activation. Passaged HSCs in six-well plates were
co-transfected with a total of 4.5 ug of a DNA mixture per well,
including 2 pg of the PDGF-BR promoter luciferase reporter plasmid
pPDGF-BR-Luc, or the TGFB-RII promoter luciferase reporter plasmid
pTGFB-RIl-Luc, 0.5 ug of pSV-B-gal and 2 pg of the cDNA expression
plasmid pRAGE at various doses plus the empty vector pcDNA. The
latter was used to ensure an equal amount of total DNA in transfec-
tion assays. After recovery, cells were serum-deprived for 4 h before
the treatment w/wt AGEs (100 ug-mL™) in the presence or absence
of curcumin (20 uM) in serum-depleted media for an additional
24 h. Luciferase activity assays were conducted (n=6). *P <0.05,
versus untreated control cells (the corresponding first column);
§P < 0.05, versus cells treated with AGEs only (the corresponding
second column); £P < 0.05, versus control cells treated with AGEs
plus curcumin (the corresponding third column). The floating inset
denoted the plasmids pPDGF-BR-Luc, or pTGFB-RII-Luc, and pRAGE
in use for co-transfection.

The activation of PPARy played a critical role
in he suppression by curcumin of the gene
expression of RAGE in HSCs

To further test our hypothesis, HSCs were transfected with
the plasmid pRAGE-Luc. After recovery, cells were deprived of
serum for 4 h before the treatment w/wt AGEs (100 pg-mL™)
in the presence or absence of curcumin (20 uM) and PD68235
(20 uM), a specific PPARy antagonist, in serum-depleted
media with PGJ, (5 uM) for an additional 24 h. The exog-
enous PPARy agonist PGJ, was added because there was no
PPARy agonist in serum-depleted media. Luciferase activity
assays in Figure 6A showed that compared with the untreated
control (first column), AGEs significantly increased, as
expected, the luciferase activity (second column), which was
markedly diminished by curcumin (third column). Com-
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Figure 4

The knockdown of RAGE by RAGE shRNA diminished the stimulant
effect of AGEs, suggesting a critical role for the induction of gene
expression of RAGE in the AGEs-induced activation of HSCs in vitro.
Passaged mouse HSCs were transduced w/wt lentiviruses containing
RAGE shRNA or Luc shRNA as a non-specific ShRNA control. After
selection with puromycin, viral transduced HSCs were treated w/wt
AGEs at 100 ug-mL™" in serum-depleted media for 24 h. Whole cell
lysates were prepared for Western blotting analyses. [talic numbers
beneath the upper blot were fold changes (mean = SD) in the den-
sities of the bands compared with the untreated control in the blot
(n=3), after normalization with the internal invariable control. Rep-
resentatives were from three independent experiments. B-Tubulin
was used as an internal control for equal loading. (A) Determination
of the knockdown efficiency of shRNA targeting RAGE. (B) Evaluation
of the effect of AGEs on the abundance of proteins critically relevant
to, or associated with, the activation of HSCs after knockdown of
RAGE.

pared with the cells treated with curcumin plus AGEs (third
column), the presence of the PPARy antagonist PD68235 sup-
pressed the inhibitory role of curcumin and significantly
increased the luciferase activity (the last column). This result
indicates that the blockade of PPARy activation reduces the
inhibitory effect of curcumin on rage promoter activity in
cultured HSCs. This result was confirmed in HSCs with the
aforesaid treatment by real-time PCR (Figure 6B) and Western
blotting analyses (Figure 6C). It was demonstrated that the
inhibition of PPARy activation by the PPARy antagonist
PD68235 eliminated the inhibitory role of curcumin and
significantly increased the levels of mRNA and protein of
RAGE (Figure 6B and C). Taken together, the results demon-
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The activation of PPARy eliminated the effect of AGEs on inducing gene expression of RAGE in HSCs in vitro. Serum-deprived HSCs were treated
with AGEs (100 pug-mL™") in the presence or absence of PG, or rosiglitazone at various doses in serum-depleted media for 24 h. Total RNA and
whole cell lysates were prepared for evaluating gene expression of RAGE. (A) Real-time PCR analyses. Values are presented as mRNA fold changes
(mean = SD, n = 3). *P < 0.05, versus untreated control cells (the corresponding first column); £P < 0.05, versus cells treated with AGEs only (the
corresponding second column); (B) Western blotting analyses. Representatives were from three independent experiments. 3-Tubulin was used as
an internal control for equal loading. /talic numbers beneath blots were fold changes (mean = SD) in the densities of the bands compared with
the untreated control in the blot (n = 3), after normalization with the internal invariable control.

strate that the activation of PPARy plays a critical role in the
suppression of the gene expression of RAGE in HSCs induced
by curcumin (20 uM).

However, it is noteworthy that compared with AGEs plus
curcumin (third column or lane in Figure 6B and C), the
addition of PD68235 to the system to inhibit the activity of
PPARy did not completely eliminate the inhibitory effect of
curcumin on the expression of RAGE (fifth column or lane in
Figure 6B and C). This observation suggested that other
PPARy-independent mechanism(s) might be involved in the
process. Further experiments were designed to explore the
additional mechanism(s).

AGEs induced oxidative stress in cultured

HSCs, which was attenuated by curcumin

AGEs are well known to induce oxidative stress (Sahin et al.,
2008; Yamagishi and Matsui, 2010). Curcumin is a potent
antioxidant (Ruby et al., 19935). To further explore the under-
lying mechanisms by which curcumin eliminated the stimu-
lating effects of AGEs on the activation of HSCs and inhibited
gene expression of RAGE in HSCs, we further presumed that
curcumin attenuated the AGEs-induced oxidative stress,
leading to the inhibition of gene expression of RAGE. To test
this presumption, serum-deprived HSCs were treated with
AGEs in the presence or absence of curcumin at indicated
doses in serum-depleted media for 24 h. As shown in
Figure 7A and B, AGEs dose-dependently elevated, as
expected, levels of cellular ROS and LPO (the corresponding
first to fourth columns). Compared with cells treated with
AGEs at 100 ug-mL™ (the corresponding third column), cur-
cumin diminished the stimulant effects of AGEs on the levels
of cellular ROS and LPO in a dose-dependent manner (the
corresponding fifth to seventh columns). These observations
were verified by analyses of the level of cellular GSH
(Figure 7C), a most abundant and effective thiol antioxidant
in eukaryotic cells (Wu et al., 2004), and by determining the

ratio of reduced GSH to oxidative GSH (GSSG) (Figure 7D), a
sensitive indicator of oxidative stress in cells (Fridovich,
1978). Taken together, these results indicate that AGEs induce
oxidative stress in cultured HSCs, which was attenuated by
curcumin, at least partially, by increasing the level of intrac-
ellular GSH and improving the ratio of GSH/GSSG.

AGEs dose-dependently reduced GCL activity
and inhibited expression of GCL genes in
HSCs in vitro, which were eliminated

by curcumin

De novo synthesis of GSH is mainly regulated by GCL, a
rate-limiting enzyme in the process of GSH synthesis. To
elucidate the mechanism by which curcumin eliminated the
inhibitory effect of AGEs on the level of cellular GSH, serum-
deprived HSCs were treated with AGEs in the presence or
absence of curcumin at indicated doses in serum-depleted
media for 24 h. As demonstrated in Figure 8A by GCL activity
assays, compared with the untreated control (first column),
AGEs dose-dependently reduced the activity of GCL (second
to fourth columns), whereas curcumin diminished the inhibi-
tory effect and increased the activity of GCL in a dose-
dependent manner (fifth to seventh columns). In addition,
real-time PCR and Western blotting analyses were conducted
in HSCs with the aforesaid treatment to elucidate the effect of
AGEs w/wt curcumin on the gene expression of GCL, com-
posed of a catalytic subunit GCLc and a modifier subunit
GCLm. It was observed that AGEs dose-dependently reduced
the mRNA levels (Figure 8B) and the protein abundance
(Figure 8C) of GCLc and GCLm, which were suppressed by
curcumin (the corresponding fifth to seventh columns or
lanes). Taken together, these results indicate that AGEs
reduced the GCL activity by inhibiting gene expressions of
GCL in HSCs in vitro, which were suppressed by curcumin in
dose-dependent manner.
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De novo synthesis of GSH played a pivotal
role in the suppression of AGEs-induced gene
expression O]J) RAGE in HSCs by curcumin

in vitro

Additional experiments were conducted to verify the role of
the synthesis of GSH and the attenuation of oxidative stress
in the curcumin-induced suppression of AGEs-induced gene
expression of RAGE in HSCs. In the following experiments,
cellular GSH contents were altered by two well-known
manipulators of GSH synthesis. NAC is a precursor of GSH,
increasing GSH contents by supplying cysteine (Cotgreave,
1997). BSO is a specific inhibitor of GCL, depleting cellular
GSH (Anderson and Luo, 1998). Serum-deprived HSCs were
divided into two groups. One was treated w/wt AGEs
(100 ug-mL™) in the presence of curcumin (20 uM), or NAC
(5 mM), in serum-depleted media for 24 h. The other group
was pretreated with BSO (0.25 mM) for 1 h before the treat-
ment w/wt AGEs (100 ug-mL™) in the presence of curcumin
(20 uM), or NAC (5 mM), in serum-depleted media for 24 h.
Real-time PCR (Figure 9A) and Western blotting analyses

2220 British Journal of Pharmacology (2012) 166 2212-2227

Figure 6

The activation of PPARy played a critical role in the ability of curcumin
to suppress gene expression of RAGE in HSCs. (A) HSCs were trans-
fected with the plasmid pRAGE-Luc. After overnight recovery, cells
were serum-deprived for 4 h before the treatment w/wt AGEs
(100 ug-mL™") in the presence or absence of curcumin (20 uM) and
PD68235 (PD) (20 uM), a specific PPARy antagonist, in serum-
depleted media with PGJ, (5 uM) for an additional 24 h. Luciferase
activity assays were conducted (n=6). *P < 0.05, versus untreated
control cells (first column); **P < 0.05, versus cells treated with AGEs
only (second column); P < 0.05, versus cells treated with curcumin
and AGEs (third column). The floating inset denoted the pRAGE-Luc
construct in use and the application of AGEs and curcumin w/wt
PD68235 to the system. (B and C) After pretreatment w/wt PD68235
at 20 uM for 1 h, serum-deprived HSCs were treated w/wt AGEs
(100 ug-mL™") in the presence or absence of curcumin (20 uM) in
serum-depleted media with PGJ, (5 uM) for an additional 24 h. (B)
Real-time PCR analyses. Values are presented as mRNA fold changes
(mean = SD, n= 3). *P < 0.05, versus untreated control cells (first
column); **P < 0.05, versus cells treated with AGEs only (second
column); P < 0.05, versus cells treated with curcumin and AGEs
(third column). (C) Western blotting analyses. Representatives are
from three independent experiments. B-Tubulin was used as an
internal control for equal loading. /talic numbers beneath the upper
blot were fold changes (mean * SD) in the densities of the bands
compared with the untreated control in the blot (n = 3), after nor-
malization with the internal invariable control.

<
<

(Figure 9B) demonstrated that compared with the no treat-
ment control (first column and lane), AGEs elevated, as
expected, the mRNA level and the protein abundance of
RAGE in the cells (second column and lane). NAC (fourth
column and lane), mimicking curcumin (third column and
lane), significantly eliminated the stimulant effect of AGEs.
The inhibition of GSH synthesis by the pre-exposure to BSO
apparently abolished the inhibitory effect of both NAC and
curcumin (the last two columns and lanes), suggesting a
critical role of de novo synthesis of GSH in the suppression of
the AGEs-induced gene expression of RAGE in HSCs by cur-
cumin, as well as by NAC. Taken together, these results indi-
cate that de novo synthesis of GSH plays a pivotal role in the
suppression of AGEs-induced gene expression of RAGE in
HSCs by curcumin (20 uM) in vitro.

Discussion

Factors associated with T2DM, including hyperglycaemia,
hyperinsulinaemia, hyperleptinaemia and hypercholestero-
lemia, have been implicated in stimulating HSC activation
and hepatic fibrogenesis (Kang and Chen, 2009¢; Lin et al.,
2009; Tang et al., 2009; Lin and Chen, 2011). It is unlikely
that any single factor is solely responsible for T2DM- and
NASH-associated hepatic pathogenesis. Few breakthroughs
occur in therapeutic intervention of the disease. Establishing
causal mechanisms is an important and first step to identify
innocuous anti-fibrotic agents (Wells, 2009). Most evolving
anti-fibrotic therapies are aimed at inhibiting HSC activation.
We have shown that curcumin eliminates the effects of
hypercholesterolaemia (Kang and Chen, 2009a,b,c), hyperin-
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AGEs induced oxidative stress in cultured HSCs, which was attenuated by curcumin. Serum-deprived HSCs were treated with AGEs at indicated
doses in the presence or absence of curcumin at various concentrations in serum-depleted media for 24 h. Levels of intracellular ROS (A), LPO (B),
total GSH (C) and the ratio of GSH/GSSG (D) were determined. Values are expressed as mean = SD (n = 3). *P < 0.05, versus untreated control
cells (the corresponding first column); P < 0.05, versus cells treated with AGEs at 100 pg-mL™" (the corresponding third column).

sulinaemia (Lin et al., 2009), hyperleptinaemia (Tang et al.,
2009) and hyperglycaemia (Lin and Chen, 2011) on inducing
HSC activation in vitro. Our recent studies demonstrated that
AGEs stimulated HSC activation by stimulating cell prolifera-
tion and inducing expression of genes closely relevant to HSC
activation (Lin ef al., 2012). Our present study focused on
exploring the underlying mechanisms. We observed in this
report that the AGEs-induced stimulation of HSC activation
was associated with an increase in gene expression of RAGE,
which played a critical role in the process. The phytochemical
curcumin eliminated the stimulating effects of AGEs and
inhibited the gene expression of RAGE by attenuating oxida-
tive stress and stimulating the activity of PPARy. It should be
emphasized that the current study focused on the effects of
AGEs and curcumin on regulating gene expression of RAGE
in HSCs. However, our results do not exclude the roles of
AGEs and curcumin in regulating gene expression of AGE
clearance receptors, including AGE receptor-1 (Lu etal.,
2004). For the AGE preparation used for these experiments, a
carrier protein (i.e. BSA), was incubated with glucose. The
result is a crude mixture of different AGE structures. We are
cognizant that it is not known to what extent AGEs created in
vitro could represent ‘native’ AGEs generated in vivo.
Although AGE adducts generated in vivo were detected in
AGEs formed in vitro (Horiuchi et al., 1991; Makita et al.,
1992), the extent of AGE modifications formed in vitro are
unlikely to be as high as those generated in vivo.

PPARy is one of the nuclear receptor proteins that func-
tion as transcription factors regulating expression of genes
(Michalik et al., 2006). Transcriptional regulation by PPARy
requires heterodimerization with retinoid X receptor (RXR).
When activated by a ligand, the dimer modulates transcrip-

tion via binding to a specific DNA sequence element, called
peroxisome proliferator response element (PPRE), in the pro-
moter of target genes (Michalik et al., 2006). Endogenous
PPARy is highly expressed in quiescent HSC and is function-
ally active (Galli et al., 2000; Marra et al., 2000; Miyahara
et al., 2000). During the process of HSC activation, the abun-
dance of PPARy is markedly reduced. However, PPARy was still
detectable in activated HSCs in vitro by Western blotting
analyses and responded to the agonist PGJ, (Xu et al., 2003;
Zheng and Chen, 2006). Our previous studies showed that
curcumin dramatically induced gene expression of endog-
enous PPARy and elevated its activity in cultured HSCs, which
was required for curcumin to inhibit HSC activation (Xu
etal., 2003; Zheng and Chen, 2004). No results have sug-
gested curcumin to be an agonist of PPARy or RXR. To evalu-
ate the role of the activation of PPARy, the agonist PGJ, or
rosiglitazone was shown to significantly inhibit gene expres-
sion of RAGE in HSCs in vitro. In addition, the blockade of
PPARy activation by its specific antagonist PD68235 appar-
ently eliminated the ability of curcumin to inhibit gene
expression of RAGE in cultured HSCs. These results collec-
tively demonstrate that the induction of PPARy activation
plays a critical role in the curcumin-induced inhibition of
gene expression of RAGE in HSCs. Our observations were
consistent with previous reports that the activation of PPARy
suppressed gene expression of RAGE in other cells (Yamagishi
et al., 2008a; Ihm et al., 2010; Matsui et al., 2010; Zhang et al.,
2010). However, a brief computer-aided search did not find a
consensus sequence of a PPARy DNA binding site (i.e. the
peroxisome proliferator response element) in the proximal
promoter (~2000 bp) of murine rage gene. Preliminary results
from promoter deletion assays and site-directed mutagenesis
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Figure 8

AGEs dose-dependently reduced GCL activity and inhibited expres-
sion of GCL genes in HSCs in vitro, which were eliminated by curcu-
min. Serum-deprived HSCs were treated with AGEs at indicated
doses in the presence or absence of curcumin at various concentra-
tions in serum-depleted media for 24 h. *P < 0.05, versus untreated
control cells (the corresponding first column); P < 0.05, versus cells
treated with AGEs at 100 pg-mL™" (the corresponding third column).
(A) Analyses of GCL activities. Values are expressed as mean * SD
(n = 6). (B) Real-time PCR analyses. Values are presented as mRNA
fold changes (mean = SD, n = 3). (C) Western blotting analyses.
Representatives were from three independent experiments.
B-Tubulin was used as an internal control for equal loading. ltalic
numbers beneath blots were fold changes (mean = SD) in the den-
sities of the bands compared with the untreated control in the blot
(n = 3), after normalization with the internal invariable control.

suggested that a putative NF-xB binding site and a putative
TCF/LEF1 binding site in the promoter might have synergistic
effects on regulating the rage promoter activity in HSCs. A
role for NF-kB in regulating rage expression has been demon-
strated in human cells (Tanaka et al., 2000). AGEs activate
NF-xB (Tanaka et al., 2000). TCF and LEF-1 are transcription
factors and bind to a TCF/LEF1 site to provide a docking
position for the transcription factor B-catenin. Upon activa-
tion of the canonical Wnt signalling pathway, B-catenin

2222 British Journal of Pharmacology (2012) 166 2212-2227

translocates to the nucleus to promote the transcription of
target genes (Brantjes et al., 2002). We observed the activation
of Wnt signalling in HSCs treated with AGEs (data not
shown). Curcumin interrupted Wnt signalling and reduced
the level of nuclear B-catenin in HSCs (Kang and Chen,
2009a). The activation of PPARy inhibited the NF-«xB activity
(Chen and Zheng, 2008) and interrupted Wnt signalling
(Kang and Chen, 2009a) in HSCs. We previously showed that
curcumin enhanced the frans-activity of PPARy in HSCs,
which was required for curcumin to inhibit HSC activation
(Xu etal., 2003; Zheng and Chen, 2004). It is plausible to
assume that curcumin attenuates the effects of AGEs by
inducing gene expression of PPARy and enhancing its activity.
The latter leads to the inhibition of NF-xB activity and the
blockade of the Wnt signalling pathway, which collectively
suppress gene expression of RAGE in HSCs. Further experi-
ments are ongoing in our lab to test this assumption. Our
results do not exclude possible effects of AGEs w/wt curcumin
on the stability of RAGE mRNA or protein, or on any post-
translational regulation.

Oxidative stress is a mediator in the AGEs-induced gene
expression of RAGE (Yamagishi and Matsui, 2010). Oxidative
stress is defined as the imbalance between the production and
the elimination of free radicals and reactive metabolites. The
imbalance leads to injury of important biomolecules and cells
and to negative effects on the whole organism. GSH is the
most abundant thiol antioxidant in cells. It reacts with ROS
or functions as a cofactor of antioxidant enzymes, leading to
the protection of functions of redox-sensitive molecules,
including enzymes and transcription factors (Wu et al., 2004).
Oxidative stress plays a critical role in HSC activation and in
hepatic fibrogenesis, regardless of aetiology (Di Sario et al.,
2007; De Minicis and Brenner, 2008). It is well-known that
AGEs induce oxidative stress and show a negative relation-
ship with the level of GSH in patients (Sahin et al., 2008;
Yamagishi and Matsui, 2010). Curcumin is anti-proliferative
and a potent antioxidant (O’Connell and Rushworth, 2008).
Its antioxidant capacity is 100-fold stronger than that of
vitamin E/C (Ruby et al., 1995). We have shown that oxida-
tive stress negatively regulates gene expression of PPARy in
HSCs (Zheng et al., 2007). On the other hand, the induction
of PPARy activity attenuates oxidative stress in cultured HSCs
(Lin and Chen, 2008), and de novo synthesis of GSH is a
prerequisite for curcumin to inhibit HSC activation (Zheng
et al., 2007). In this report, we demonstrated that curcumin
elevated the level of cellular GSH and attenuated the AGEs-
induced oxidative stress by inducing the expression of GCL
genes, which was a prerequisite for curcumin to inhibit gene
expression of RAGE. Our observations are supported by those
from previous studies (Yamagishi, 2009; Yamagishi and
Matsui, 2010). The blockade of AGE-RAGE-oxidative stress
system has been proposed to be a novel therapeutic strategy
for diabetic complications (Yamagishi et al., 2008b).

The interaction of AGEs with RAGE has been shown to
activate multiple cellular signalling cascades in cells, includ-
ing ERK, JNK, p38 and NF-«B, etc (Cortizo et al., 2003; Dukic-
Stefanovic etal., 2003; Shanmugam efal., 2003). The
activation of the signalling cascades might facilitate the
induction of oxidative stress and the inhibition of PPARy gene
expression in HSCs. We previously showed that curcumin
interrupted MAPK signalling cascades and inhibited NF-xB
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De novo synthesis of GSH played a pivotal role in the ability of curcumin to suppress the AGEs-induced gene expression of RAGE in HSCs in vitro.
Serum-deprived HSCs were divided into two groups. One was treated w/wt AGEs (100 ug-mL™") in the presence of curcumin (20 uM), or NAC
(5 mM), in serum-depleted media for 24 h. The other group was pretreated with BSO (0.25 mM) for 1 h before the treatment w/wt AGEs
(100 ug-mL") in the presence of curcumin (20 uM), or NAC (5 mM), in serum-depleted media for 24 h. (A) Real-time PCR analyses. Values were
presented as mRNA fold changes (mean * SD, n = 3). *P < 0.05, versus untreated control cells (first column); **P < 0.05, versus cells treated with
AGEs only (second column); P < 0.05, versus cells treated with AGEs plus curcumin or NAC (third and fourth column respectively). (B) Western
blotting analyses. Representatives were from three independent experiments. 3-Tubulin was used as an internal control for equal loading. Italic
numbers beneath the upper blot were fold changes (mean = SD) in the densities of the bands compared with the untreated control in the blot

(n=3), after normalization with the internal invariable control.

activity in HSCs in vitro (Xu et al., 2003; Zhou et al., 2007; Lin
and Chen, 2008). In the current report, we observed that
curcumin suppressed gene expression of RAGE, which might
lead to further interruption of its downstream signalling cas-
cades and to the inhibition of HSC activation. Curcumin
showed unique mechanisms in attenuating oxidative stress
by inducing expression of GCL genes and elevating the level
of cellular GSH. Studies have suggested curcumin to be an
innocuous and dietary supplemental anti-fibrotic candidate
for the treatment and/or the prevention of T2DM- and NASH-
associated hepatic fibrosis (O’Connell and Rushworth, 2008).

The toxicity of curcumin was previously evaluated in cul-
tured HSCs (Xu et al., 2003). Based on results from lactate
dehydrogenase release assays, trypan blue exclusion assays
and a rapid recovery of cell proliferation after withdrawal of
curcumin, it was concluded that curcumin up to 100 uM was
not toxic to cultured HSCs. Curcumin at 20 uM was used in
most of our in vitro experiments. The systemic bioavailability
of curcumin is relatively low (Sharma et al., 2001). Curcumin
concentrations in human plasma can reach up to 2 uM fol-
lowing oral intake of very high amounts of curcumin (Garcea
etal., 2004). Few reports could be found regarding serum
levels of the AGE-proteins in human populations with or
without diabetes. Among these limited studies, the levels of
serum AGEs in human were contradictory (Schiel et al., 2003;
Basta etal., 2006; Butscheid etal., 2007; Scharnagl etal.,
2007; Ghanem et al., 2011). AGEs at 100 pg-mL™" were used in
most of the experiments in this project. The same dose of
human glycated albumin was also used to examine its effects
on insulin signalling in L6 skeletal muscle cells (Miele et al.,
2003). The concentration of AGEs used in our experiments
was determined by measuring AGEs-specific fluorescence
with excitation at 360 nm and emissions at 440 nm (Monnier
etal.,, 1984; Wrobel etal., 1997). N-Carboxymethyl-lysine
(CML) was a major AGE among them (Monnier et al., 1984;

Wrobel etal., 1997). The level of CML was previously
observed to be higher in diabetic patients than non-diabetic
controls (Basta et al., 2006). It is noteworthy that because the
in vivo system is multifactorial, directly extrapolating in vitro
conditions and results (e.g. effective concentrations), to the in
vivo system, or vice versa, might be misleading.

Curcumin is naturally occurring yellow-orange pigment.
The maximum absorption spectrum of curcumin in aqueous
buffer is located at 425 nm (Kunwar et al., 2006). Curcumin
in aqueous buffer shows weak fluorescence at 550 nm
(Kunwar et al., 2006). Whereas the absorption spectrum of
curcumin is red-shifted, the fluorescence spectrum of curcu-
min is blue-shifted in the presence of BSA (Barik et al., 2003).
Therefore, curcumin probably has the ability to bind to some
proteins, including BSA, probably at the hydrophobic cavities
inside the protein (Barik et al., 2003). In our experience, cell
extracts showed a little yellowish colour, if cells were treated
with curcumin at 20 uM for less than 2 h (e.g. experiments
for studying the effect of curcumin on the level of protein
phosphorylation; not presented in this report). However, cell
extracts showed no apparent variation in colour if cells were
treated with curcumin (20 uM) for 24 h, such as in most of
our experiments used to evaluate levels of proteins by
Western blotting analyses. In our ROS-DCF assays, fluores-
cence was excited at 480 nm and detected for emission at
530 nm. SYBR Green I bound to DNA for real-time PCR
assays. The resulting DNA-dye complex absorbed blue light
(Amax =497 nm) and emitted green light (Am.x =520 nm).
Protein concentration was detected at the absorption of
570 nm using BCA reagents. Because of the photophysical
properties of curcumin, when possible, a proper control with
curcumin was used in our assays to eliminate potential pho-
tophysical interference from curcumin. In addition, internal
controls, including B-tubulin for Western blotting analyses
and GAPDH for real-time PCR assays, were used for equal
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Figure 10

A simplified mechanistic model of AGEs in the induction of gene
expression of RAGE, leading to the activation of HSCs, which is
attenuated by curcumin. AGEs induces gene expression of RAGE in
HSCs, which facilitates HSC activation. Curcumin eliminates the
effects of AGEs probably by attenuating oxidative stress, inducing
gene expression of PPARy and stimulating its trans-activity. ‘T’ or *J/
indicates the effects of AGEs.

loading and normalization. It was, thus, concluded that the
treatment with curcumin did not significantly interfere with
our assays and results.

A simplified model is proposed (Figure 10) to demonstrate
the effects of AGEs on the induction of gene expression of
RAGE and the stimulation of HSC activation, as well as the
role of curcumin in the attenuation of the stimulating effects
of AGEs. It is suggested that the underlying mechanisms of
curcumin in the elimination of the stimulant effects of AGEs
are, at least partially, mediated by attenuating oxidative
stress, inducing gene expression of PPARy and stimulating its
trans-activity. Our results in this report provide a novel
insight into mechanisms by which curcumin inhibits the
AGE-induced activation of HSCs. Additional experiments are
necessary to verify these in vitro observations in vivo and
further evaluate the role of curcumin as an anti-fibrotic agent
for the therapeutic treatment of T2DM- and NASH-associated
hepatic fibrogenesis.
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