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Curcumin eliminates the effect of advanced glycation end-
products (AGEs) on the divergent regulation of gene expression
of receptors of AGEs by interrupting leptin signaling
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Abstract

Nonalcoholic steatohepatitis (NASH) is a major risk factor for hepatic fibrogenesis. NASH is
often found in diabetic patients with hyperglycemia. Hyperglycemia induces non-enzymatic
glycation of proteins, yielding advanced glycation end-products (AGEs). Effects of AGEs are
mainly mediated by two categories of cytoplasmic membrane receptors. Receptor for AGEs
(RAGE) is associated with increased oxidative stress and inflammation, whereas AGE receptor-1
(AGE-R1) is involved in detoxification and clearance of AGEs. Activation of hepatic stellate cells
(HSC) is crucial to the development of hepatic fibrosis. We recently reported that AGEs
stimulated HSC activation likely by inhibiting gene expression of AGE-R1 and inducing gene
expression of RAGE in HSC, which were eliminated by the antioxidant curcumin. This study is to
test our hypothesis that curcumin eliminates the effects of AGEs on the divergent regulation of the
two receptors of AGEs in HSC by interrupting the AGEs-caused activation of leptin signaling,
leading to the inhibition of HSC activation. We observed herein that AGEs activated leptin
signaling by inducing gene expression of leptin and its receptor in HSC. Like AGEs, leptin
differentially regulated gene expression of RAGE and AGE-R1. Curcumin eliminated the effects
of AGEs in HSC by interrupting leptin signaling and activating transcription factor Nrf2, leading
to the elevation of cellular glutathione and the attenuation of oxidative stress. In conclusions,
curcumin eliminated the effects of AGEs on the divergent regulation of gene expression of RAGE
and AGE-R1 in HSC by interrupting the AGEs-caused activation of leptin signaling, leading to the
inhibition of HSC activation.
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INTRODUCTION

Nonalcoholic steatohepatitis (NASH) is a major risk factor for the development of hepatic
fibrosis (1). Major liver-related clinical consequences are minimized in NASH patients if
fibrogenesis can be halted (2, 3). NASH is often found in obese and diabetic patients with
hyperglycemia (4). Hyperglycemia induces non-enzymatic glycation of proteins, yielding
advanced glycation end-products (AGES) (5), which are accelerated by oxidative stress (6).
The liver is not only a site for clearing circulating AGEs, but also a target organ (7).
Elevated levels of serum AGEs are observed in patients with NASH (8). Effects of AGEs
are mediated by two categories of cytoplasmic membrane receptors. Receptor for AGEs
(RAGE) is associated with increased oxidative stress, cell growth, and inflammation (9),
The axis of AGE-RAGE-oxidative stress is involved in diabetic and cardiovascular
complications (10). AGE receptor-1 (AGE-R1) is involved in detoxification and clearance
of AGEs (11). In contrast to a dramatic increase in expression of RAGE in diabetic patients
with high levels of plasma AGEs (12, 13), the abundance of AGE-R1 is significantly
reduced in diabetic patients (14).

NASH is featured with fat accumulation and inflammation in the liver and accompanied
with abnormally elevated levels of plasma leptin, i.e. hyperleptinemia, (15, 16). Leptin, a 16
kD adipose-derived protein, is the product of an obese gene (ob) and is mainly responsible
for control of food uptake and regulation of energy balance (17). Binding of leptin induces
the activation of its receptors and downstream signaling cascades, including JAK,/STAT3
and PI3K (17). Leptin-deficient mice (ob/ob) fail to develop hepatic fibrosis during
steatohepatitis or in response to chronic toxic liver injury (18). However, the administration
of physiological levels of circulating leptin in ob/ob mice by injecting exogenous leptin
resumes liver fibrosis caused by dietary manipulations (18). On the other hand,
thioacetamide-induced liver fibrosis is almost completely diminished in leptin receptor-
deficient Zucker rats (19). These observations strongly imply that leptin might play a
permissive role in the development of hepatic fibrosis.

Hepatic stellate cells (HSC) are the primary source of extracellular matrix (ECM) during
hepatic fibrogenesis (20). Activation of quiescent HSC undergo profound phenotypic
changes, including enhanced cell proliferation, de novo expression of a-smooth muscle actin
(a-SMA), over-production of ECM and depletion of cellular lipids (20). Enormous evidence
has demonstrated that leptin induces HSC activation in vitro and in vivo (21-24). Although
NASH-related hepatic fibrosis is currently the target of significant scientific and clinical
interest in the world, very few breakthroughs have occurred in therapeutic intervention of
this disease (1). Research identifying novel, safe and effective anti-fibrotic agents is, thus, of
the highest priority (25). Most evolving anti-fibrotic therapies are aimed at inhibiting the
activation of HSC. No effective medicine is currently available for treatment of obesity- &
NASH-related hepatic fibrosis (26, 27). The antioxidant curcumin, an ingredient derived
from turmeric, is a promising dietary component for protection of the liver against
fibrogenic insults (28, 29). We and others have shown that curcumin inhibits the activation
of HSC in vitro (30-34) and protects the liver from fibrogenesis in vivo (28, 35-37).
Curcumin suppresses gene expression of leptin and its receptor and interrupts leptin
signaling in HSC (24).
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We recently reported that AGESs inhibited gene expression of AGE-R1 and induced gene
expression of RAGE in HSC, and stimulated HSC activation (38, 39). Curcumin eliminated
the effects of AGEs on the divergent regulation of gene expression of the receptors (38, 39).
Additional experiments are necessary to elucidate the underlying mechanisms. The aim of
this study was to test our hypothesis that curcumin eliminated the effects of AGEs on the
induction of gene expression of RAGE and the suppression of gene expression of AGE-R1
in HSC by interrupting AGEs-caused activation of leptin signaling, leading to the inhibition
of HSC activation. Culturing quiescent HSC on plastic plates causes spontaneous activation,
mimicking the process seen in vivo, which provides a good model for elucidating underlying
mechanisms of HSC activation and studying the potential therapeutic intervention of the
process.

MATERIALS AND METHODS

Materials and chemicals

AGESs was generated as we previously described (38, 39). The AGE concentration was
determined by measuring AGE-specific fluorescence with excitation at 360nm and
emissions at 440 nm. The fluorescence of the BSA control was used as a base line, which
was at least 70 fold less than that of the AGE-BSA sample. No contamination with insulin-
like growth factor-1 and/or endotoxin was detected. Curcumin (purity > 94%), recombinant
leptin, the JAK; inhibitor AG490, the PI3K inhibitor LY294002, N-acetyl-cysteine (NAC),
L-buthioninesulfoximine (BSO) were purchased from Sigma, Inc. (Saint Louis, MO).

HSC isolation and cell culture

Male Sprague Dawley rats (200-250 g), C57BL/6J mice (20-40 g) and leptin deficient mice
(ob/ob) with C57BL/6J background (20-40 g) were purchased from the Harlan Laboratories,
Inc. (Indianapolis, IN). They were housed in a temperature-controlled animal facility with a
12-h light, 12-h dark cycle and allowed free access to regular chew and water ad libitum.
HSC were isolated by the pronase-collagenase perfusion in situ before density gradient
centrifugation, as we previously described (24). The animal protocol for the use of rats or
mice was approved by Institutional Animal Care and Use Committee of Saint Louis
University. [It is noteworthy that all of experiments in this report used HSC from rats,
except experiments using ob/ob, in which HSC were respectively isolated from leptin
deficient (Lept ) mice and from wild-type (Lept **) mice.] Primary HSC were cultured in
Dulbecco’s modification of Eagle’s medium (DMEM) supplemented with 20% of fetal
bovine serum (FBS). HSC were passaged in DMEM with 10% of FBS. Semi-confluent HSC
with 4 to 9 passages were used for experiments in this report. In some experiments, cells
were cultured in serum-depleted media for 24 h before treatment, which rendered HSC more
sensitive to exogenous leptin or AGEs. Cells were subsequently treated and cultured in
serum-depleted media, which excluded the interference from other factors in FBS.

Cell growth assays

Cell growth was determined by using the CellTiter 96 aqueous nonradioactive cell
proliferation assay kit (MTS assays) (Promega, Madison, WI), following the protocol
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provided by the manufacturer. Each group was carried out in triplicates and repeated for at
least three times. Results were expressed as fold changes in the density of viable cells.

Immuno-precipitation (IP) and Western blotting analyses

Whole cell extracts were prepared from semi-confluent passaged HSC after treatment.
Protein concentrations were determined by using the BCA Protein Assay kit according to the
protocol provided by the manufacturer (Pierce, Rockford, IL). IP, electrophoresis,
transblotting, and immuno-detection were conducted as previously described (24). Primary
antibodies against leptin (sc-843), Ob-R (sc-8325), RAGE (sc-5563), AGE-R1 (sc-25558),
phospho-JAK; (sc-16566-R), JAK> (sc-294), phospho-STAT3 (sc-8059), STAT3 (sc-482),
phospho-PI3K (sc-12929-R), PI3K (sc-423), Nrf2 (sc-13032), and horseradish peroxidase-
conjugated secondary antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Antibody against B-actin was purchased from Sigma-Aldrich, Inc. (Saint
Louis, MO). B-actin was used as an internal control for equal loading. Representatives were
presented from three independent experiments. The commercial antibodies for detecting
RAGE and AGE-R1 recognized the proteins from both rat and mouse. [Results from
Western blotting analyses were representatives from at least three independent experiments.]

RNA isolation and real-time PCR

Preparation of total RNA and real-time PCR assays using SYBR green were carried out as
we previously described (24). Total RNA was treated with deoxyribonuclease | before the
synthesis of the first strand of cDNA. mRNA levels were expressed as fold changes after
normalization with endogenous glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as
suggested by Schmittgen et al (40). Real-time PCR primers for leptin, Ob-Rb, and GAPDH
were previously described (24). [The primer sequences for measuring RAGE and AGE-R1
mMRNA were shared by the genes from both rats and mice:]

RAGE: 5-GAA TCC TCC CCA ATG GTT CA-3 (F)
5-GCC CGA CAC CGG AAA GT-3' (R).

AGE-R1: 5-GCT CTG ATATCG GTG ACC CT-3 (F)
5-TCG TAG TTG TGG TGGTCG AT-3 (R).

Plasmids and transient transfection assays

The Nrf2 trans-activity luciferase reporter plasmid p8xARE-luc, which contained 8 copies
of antioxidant response elements (ARE), was a gift from Dr. Roland Wolf (41). The
luciferase reporter plasmid pRAGE-luc, containing a fragment (-2168 bp) of the mouse
RAGE gene promoter, was previously described (39). The luciferase reporter plasmid
pAGE-R1-luc with a fragment (-3838 bp) of the mouse AGE-R1 gene promoter was
previously described (38). The cDNA expression plasmid pNrf2, or pdn-Nrf2, respectively
contained a full length of wild-type Nrf2 cDNA, or dominant negative (dn) Nrf2 cDNA,
subcloned in a cDNA expression plasmid (42). Both of the plasmids were generously
provided by Dr. Raekil Park (42). The cDNA expression plasmids pwt-STAT3 and pdn-
STAT3 were kindly provided by Dr. Gerhard Miiller-Newen (43). pwt-STAT3 contains a
full length of wild-type STAT3 cDNA subcloned in the expression plasmid pcDNA 5FRT.
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However, in pdn-STATS3, a nucleotide “A” was mutated to “T” in STAT3 cDNA, leading to
the substitution of tyrosine 705 to phenylalanine and to the generation of dominant negative
(dn) STAT3 (43). Semi-confluent HSC in six-well cell culture plates were transiently
transfected using the Lipofectamine reagent (Invitrogen Corp. Carlsbad, CA), as we
previously described (24). In experiments of transient transfection, 2 g of luciferase
reporter plasmid DNA and 0.5 g of the p-galactosidase activity reporter plasmid pSV-§-gal
(Promega, Madison, WI, USA) were used in each well of a 6-well plate. Each sample was in
triplicate in every experiment. Transfection efficiency was normalized by co-transfection of
pSV-p-gal (Promega, Madison, WI). B-galactosidase activities were measured by using a
chemiluminescence assay kit (Tropix, Bedford, MA). Luciferase activities were measured
by the luciferase assay system from Promega (Madison, WI, USA), using an automated
luminometer (Turner Designs, Inc., Sunnyvale, CA, USA). Luciferase activities were
presented in arbitrary units after normalization with p-galactosidase activities based on per
microgram of proteins.

Immuno-fluorescent staining

HSC were seeded in the slide-flasks. After treatment, cells were fixed with 4%
paraformaldahyde for 10 minutes and washed in 1xPBS for 5 minutes, then blocked in a
solution containing 5% normal goat serum, 1% FBS, and 0.05% TX100 in PBS, for 30
minutes. Cells on slides were incubated in primary rabbit polyclonal antibodies against Nrf2
(1:50) at 4° C for overnight. After wash with PBS for 15 minutes for 3 times, cells were
incubated with goat anti-rabbit secondary antibodies (1:500) conjugated with green-
fluorescent Alexa Fluor® 488 dye (A11008, Invitrogen, CA, USA) at room temperature for
1 h. After wash in PBS, the slides were finally mounted with mounting solution containing
4’-6-Diamidino-2-phenylindole (DAPI) in PBS for nuclei staining and evaluated under a
fluorescent microscope (Leico DM4000B microscope, North Central Instruments, Plymouth,
MN). An oil lens (100x) was used when photos were taken. Images were merged using
Image J software. [Views from immuno-staining were representatives from at least three
independent experiments.]

Analyses of the activity of glutamate-cysteine ligase (GCL)

GCL activities were determined at 25°C spectrophotometrically using a coupled assay with
pyruvate kinase and lactate dehydrogenase as we described previously (34).

Determination of cellular glutathione (GSH)

The levels of cellular GSH and GSSG in HSC were, respectively, determined by using the
enzyme immune assay kit GSH-400 (Cayman, Ann Arbor, MI), following the protocol
provided by the manufacturer, as we described previously (34).

Statistical analysis

Differences between means were evaluated using an unpaired two-sided Student’s t test
(P<0.05 was considered as significant). Where appropriate, comparisons of multiple
treatment conditions with controls were analyzed by ANOVA with the Dunnett’s test for
post hoc analysis. [It is noteworthy that results from real-time PCR were combined from
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three repeats and statistically analyzed (n=3). Results from luciferase activity assays were
from at least six repeats (n=6).]

RESULTS

AGEs dose-dependently induced gene expression of leptin and leptin receptor in activated
HSC in vitro

We recently reported that AGEs stimulated HSC activation, likely by inhibiting gene
expression of AGE-R1 and inducing gene expression of RAGE in HSC (38, 39). In addition,
the activation of HSC induced gene expression of leptin and activated its signaling, which,
in turn, accelerated the activation of HSC (21, 24, 44, 45). We, therefore, assumed that the
effects of AGEs on the divergent regulation of the expression of the two receptor genes in
HSC might be mediated by inducing gene expression of leptin and activating its signal
transduction pathways, leading to the activation of HSC. To test the assumption, we started
by evaluating the effect of AGEs on gene expression of leptin and its receptor Ob-Rb.
Serum-starved HSC were treated with AGEs at indicated doses (0-200 pg/ml) in serum-
depleted media for 24 h. The subsequent culture in serum-depleted media excluded the
interference from factors in FBS. Total RNA or whole cell extracts were prepared for real-
time PCR or Western blotting analyses. As shown in Fig. 1A, AGEs dose-dependently
enhanced the mRNA level of leptin and Ob-Rb in passaged HSC. Further experiments by IP
and Western blotting analyses revealed that AGEs elevated the protein abundance of leptin
and Ob-R in the cells. The results collectively demonstrated that AGEs dose-dependently
stimulated gene expression of leptin and its receptor Ob-R in HSC in vitro.

Leptin dose-dependently and differentially regulated gene expression of RAGE and AGE-
R1 in activated HSC in vitro

To determine the role of leptin in regulating gene expression of RAGE and AGE-R1 in
HSC, serum-starved cells were treated with leptin at different doses (0-150 ng/ml) in serum-
depleted media for 24 h. Total RNA or whole cell extracts were prepared. As shown in Fig.
2A, compared with untreated control (the corresponding 15t column), leptin dose-
dependently and differentially altered the mRNA levels of RAGE and AGE-R1 in HSC by
elevating the mRNA level of RAGE and reducing the mRNA content of AGE-R1 (the
corresponding 2™ to 6 columns). Additional Western blotting analyses assured the
observation and indicated that leptin increased the protein abundance of RAGE and reduced
the content of AGE-R1 in HSC in a dose dependent manner (Fig. 2B). Taken together, these
data demonstrated that leptin dose-dependently and differentially regulated gene expression
of RAGE and AGE-R1 in activated HSC in vitro.

Leptin deficient HSC were irresponsive to AGEs in cell growth and in the regulation of
gene expression of RAGE and AGE-R1, which were dose-dependently restored by
exogenous leptin
We recently showed that AGEs dose-dependently induced the activation of HSC by
stimulating cell growth and the expression of pro-fibrogenic genes (38). We assumed that
leptin might mediate the stimulatory effects of AGEs. To test the assumption, HSC were
isolated from wild-type mice or from leptin deficient (ob/ob) mice. After serum-starvation in
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serum depleted media for 24 h, both genotypes of passaged mouse HSC were respectively
pretreated with AGEs at indicated concentrations (0-100 pg/ml) for 1 h with or without the
addition of exogenous recombinant leptin at indicated concentrations for additional 24 h.
Cell growth was determined by using MTS assays. As shown in Figure 3A, AGEs showed
no effect on cell growth in ob/ob HSC (the 15t to 4™ columns). In great contrast, in the
presence of exogenous leptin (20 ng/ml), AGEs caused a dose-dependent increase in cell
growth of the ob/ob HSC (the 5% to 8t columns). Further experiments in Fig. 3B showed
that AGEs caused, as expected, an increase in cell growth of HSC from wild-type mice (the
15t to 41 of the white columns), but not HSC from ob/ob mice (the 15t to 4t of the black
columns). However, exogenous leptin facilitated the stimulatory role of AGEs at 100 pg/ml
and caused a dose-dependent increase in both genotypes of HSC (the 5% to 8t of the
columns). Nevertheless, the stimulatory effect of leptin on cell growth in ob/ob HSC was
significantly weaker (black columns), compared with that in wild-type HSC (white
columns). Taken together, the results indicated that leptin was a necessary factor and played
a critical role in the process of the AGEs-caused cell growth of HSC in vitro.

To explore the underlying mechanisms, we presumed that leptin critically mediated the
effect of AGEs on the divergent regulation of gene expression of RAGE and AGE-R1 in
HSC. To test the presumption, serum-starved leptin deficient HSC were treated with AGEs
at indicated concentrations (0-100 pg/ml) with or without exogenous leptin (20 ng/ml) for
24 h. Whole cell extracts were prepared. As shown in Fig. 3C by Western blotting analyses,
AGESs had no apparent impact on the abundance of RAGE or AGE-R1 in ob/ob HSC (the 1%
to 4 wells). However, in the present of exogenous leptin at 20 ng/ml, AGEs significantly
reduced the level of AGE-R1 and increased the abundance of RAGE in a dose dependent
manner in ob/ob HSC (the 5t to 8t wells), suggesting the necessity of leptin in the process.
It is noteworthy that unlike rat RAGE, mouse RAGE always shows two bands detected by
antibodies used in this report. It has been reported that RAGE has variant splicing products
in mammals (46). Taken together, these results indicated that leptin was necessary for AGEs
to stimulate cell growth and mediated the impact of AGEs on the divergent regulation of
gene expression of RAGE and AGE-R1 in HSC.

Inhibition of the activation of JAK,/STAT3 or PI3K/AKT abrogated the impacts of AGEs or
leptin on the divergent regulation of gene expression of RAGE and AGE-R1 in HSC

Prior studies have shown that JAK,/STAT3 and PI3K/AKT are the major intermediators in
signal transduction cascades activated by leptin (47, 48). To explore the role of leptin
signaling pathways in the impact of AGEs on the divergent regulation of gene expression of
RAGE and AGE-R1, serum-starved HSC were pretreated with AG490 (20 uM), a specific
JAKS inhibitor, or LY294002 (20 uM), a selective inhibitor of PI3BK/AKT, for 1 h prior to
the addition of leptin (100 ng/ml) or AGEs (100 pg/ml) for additional 24 h. Total RNA or
whole cell extracts were prepared for real-time PCR or Western blotting analyses. As shown
in Fig. 4A and 4B, compared with the untreated control (the corresponding 15t column or
well), leptin as well as AGEs, as expected, elevated the levels of RAGE transcript and
protein and reduced the contents of AGE-R1 mRNA and protein (the corresponding 2" or
4t columns or wells). It was noteworthy that the differential effects of leptin or AGEs were
abrogated by the JAKj inhibitor AG490 (the corresponding 3" or 5t columns or wells).
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Similarly, the inhibition of PI3BK/AKT by LY294002 (LY) also eliminated the effects of
leptin or AGESs on the divergent regulation of gene expression of RAGE and AGE-R1 (Fig.
4C and D).

[To eliminate potential false effects from the chemical inhibitors used in the experiments,
additional experiments were conducted. HSC were co-transfected with the rage or age-ri1
promoter luciferase reporter plasmid pRAGE-luc or pAGE-R1-luc (38, 39) and a cDNA
expression plasmid pdn-STAT3 or pwt-STAT3 (43). The plasmids pdn-STAT3 and pwt-
STATS3, respectively, encode dominant negative STAT3 and wild-type STAT3 (43). A total
of 4.0 ug of a DNA mixture was added to each well of cells in 6-well culture plates,
including 2 pg of pPRAGE-luc or pAGE-R1-luc, 0.5 pg of pSV-B-gal and 1.5 pug of pdn-
STATS3, or pwt-STATS3, at various 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
serum-starved for 4 hr prior to the treatment with or without AGEs (100 pg/ml) in serum-
depleted media for additional 24 hr. As shown in Fig. 4E by luciferase activity assays,
forced expression of dominant negative STAT3 dose-dependently attenuated the effects of
AGEs on divergently regulating the promoter activity of RAGE and AGE-R1 genes in HSC
(the 2" to 6™ columns, compared with the corresponding 15t column). In contrast, forced
expression of wild-type STATS3 slightly, but not significantly, enhanced the effects of AGEs
on the divergent regulation of the promoter activity of RAGE and AGE-R1 genes (the 7t
column, compared with the corresponding 2" column). Forced expression of dominant
negative STAT3 or wild-type STAT3, without AGEs, had no apparent impact on the
promoter activity of the two genes in the cells (the 8t or 9" column, compared with the
corresponding 15t column).] These results collectively indicated that the activation of JAK/
STAT3 and PI3K/AKT played a vital role in the effects of AGEs or leptin on the divergent
regulation of gene expression of RAGE and AGE-R1 in HSC.

AGEs activated JAKo/STAT3 and PI3K/AKT in HSC, leading to the divergent regulation of
RAGE and AGE-R1, which was interrupted by curcumin

We recently reported that the antioxidant curcumin eliminated the effect of AGEs on
stimulating HSC activation by inducing gene expression of AGE-R1 and inhibiting gene
expression of RAGE in HSC (38, 39). The underlying mechanisms remain largely to be
defined. We presumed that AGEs activated leptin signaling and the activation of JAK,/
STAT3 and PIBK/AKT in HSC, leading to the divergent regulation of RAGE and AGE-R1,
and that curcumin eliminated these effects of AGEs by interrupting the activation of JAK,/
STAT3 and PI3K/AKT. To begin to test the presumption, passaged HSC were treated with
the JAK inhibitor AG490 at different doses (0-20 uM) for 24 h. Whole cell extracts were
prepared for Western blotting analyses. As shown in Fig. 5A, the inhibition of JAK; by
AG490 reduced the abundance of RAGE, meanwhile increased the content of AGE-R1 in a
dose-dependent manner. The results confirmed and highlighted the vital role of the
activation of JAKo/STAT3, PI3K/AKT in the divergent regulation of gene expression of
RAGE and AGE-R1 in HSC. To test our presumption, serum-starved HSC were pretreated
with curcumin at different concentrations (0—30 uM) for 1 h before the treatment with or
without AGEs (100 pg/ml) for additional 30 minutes. Pilot experiments indicated that AGEs
rapidly activated its signaling in HSC and reached its peak within 20 to 30 min (unpublished
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observations). Whole cell extracts were prepared for Western blotting analyses. As shown in
Fig. 5B, C & D, compared with the untreated control (the corresponding 15t wells), AGEs
elevated the levels of phosphorylation of JAK, (5B), STAT3 (5C) and PI3K (5D) (the
corresponding 2"d wells), which were eliminated by curcumin in a dose-dependent manner
(the corresponding 3" to 6! wells). These results supported our presumption and
demonstrated that curcumin abolished the role of AGEs in the activation of JAK,/STAT3
and PI3K/AKT, which might lead to the elimination of the effect of AGEs on the divergent
regulation of RAGE and AGE-R1 in HSC.

Curcumin eliminated the impacts of leptin on differentially regulating gene expression of
RAGE and AGE-R1

To explore the role of curcumin in the interruption of the AGEs-activated leptin signaling
and the elimination of the AGEs-caused divergent regulation of RAGE and AGE-R1, HSC
were transfected with the rage or age-r1 promoter luciferase reporter plasmid pRAGE-luc or
pAGE-R1-luc. Each of the plasmid contained a fragment of the gene promoter of RAGE or
AGE-R1 subcloned in a luciferase reporter plasmid (38, 39). After overnight recovery, cells
were serum-starved for 4 h and subsequently pretreated with curcumin (0-30 pM) for 1 h
prior to the treatment with or without leptin (100 ng/ml) in serum-depleted media for
additional 24 h. Luciferase activity assays were conducted. As shown in Fig. 6A, compared
with the untreated control (the corresponding 15t column), leptin significantly increased the
luciferase activity in cells transfected with pRAGE-luc (the 2" black column) and reduced
the luciferase activity in cells transfected with pAGE-R1-luc (the 2"d white column).
Curcumin dose-dependently eliminated the divergent effects of leptin (the corresponding 37
to 61 columns). To further explore the observations, serum-starved HSC were similarly
pretreated with curcumin (0-30 uM) for 1 h prior to the treatment with or without leptin
(100 ng/ml) in serum-depleted media for additional 24 h. Total RNA or whole cell extracts
were prepared. Results from real-time PCR (Fig. 6B) and Western blotting analyses (Fig.
6C) substantiated the above observation at the levels of transcript and protein. These results
indicated that curcumin eliminated the impacts of leptin on differentially regulating gene
expression of RAGE and AGE-R1 in HSC. In summary, results in Fig. 4, 5and 6
collectively supported our presumptions and revealed that the activation of leptin signaling
and the JAK,/STATS3, PI3K/AKT signal pathway played a critical role in the AGEs-caused
divergent regulation of RAGE and AGE-R1 in HSC. Curcumin inhibited the activation of
JAK,/STAT3 and PI3K/AKT and eliminated the effects of AGEs, or leptin, on the divergent
regulation of the expression of the genes in HSC.

Like leptin, AGEs inhibited the activation of Nrf2 in HSC, which was abolished by curcumin

We previously reported that leptin induced oxidative stress in HSC, which was dose-
dependently attenuated by curcumin (24). However, the underlying mechanisms remain
largely elusive. Activation of the transcription factor NF-E2 p45-related factor 2 (Nrf2) is
initiated by phosphorylation of Nrf2, leading to its translocation to the nucleus where it
binds to antioxidant/electrophile responsive elements (ARE) in the promoter of target genes
(49, 50). We postulated that the AGEs-caused activation of leptin signaling stimulated
oxidative stress, and that curcumin attenuated the stimulatory effect by inducing the
activation of Nrf2, leading to the elimination of the effect of AGEs on the divergent
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regulation of gene expression of RAGE and AGE-R1. To test the postulation, first of all, we
needed to determine if AGEs or leptin could inhibit the activation of Nrf2 in HSC, and
whether curcumin could eliminate the inhibitory effect. Serum-starved HSC were pretreated
with curcumin (20 uM) for 1 h prior to the addition of leptin (100 ng/ml) or AGEs (100
ug/ml) for additional 24 h. Immuno-fluorescent stain was used to determine the location of
Nrf2 in the cells. As demonstrated in Fig. 7A, Nrf2 was evenly distributed in both of the
cytoplasm and nuclei in the untreated control HSC. Like leptin, the treatment with AGESs
resulted in the accumulation of Nrf2 in the cytoplasm of HSC, indicating the inhibition of
Nrf2 activation. It was of interest to observe that the pretreatment with curcumin eliminated
the impact of leptin or AGEs and induced the translocation of Nrf2 into nuclei. These
observations suggested that like leptin, AGEs inhibited Nrf2 activation in HSC, which was
eliminated by curcumin.

To further evaluate the impact of AGEs or leptin with or without curcumin on the activation
of Nrf2 in HSC, HSC were transfected with the Nrf2 trans-activity luciferase reporter
plasmid p8XARE-luc, which contained 8 copies of ARE subcloned in a luciferase reporter
plasmid (41). After overnight recovery, cells were serum-starved for 4 h and subsequently
pretreated with curcumin at different doses (0-30 uM) for 1 h prior to the addition of AGEs
(100 pg/ml), or leptin (100 ng/ml), for additional 24 h. As shown in Fig. 7B and in
Supplementary 1 by luciferase activity assays, AGEs, like leptin, significantly reduced
luciferase activities in the cells (the corresponding 2"d columns). However, the pretreatment
with curcumin dose-dependently abrogated the inhibitory effect of AGEs (or leptin), and
increased luciferase activities (the corresponding 3" to 51 columns). [(Results for leptin
treatment were presented in Supplementary 1.)] Taken together, these results indicated that
like leptin, AGEs inhibited the activation of Nrf2 in HSC, which was abrogated by
curcumin.

Forced expression of Nrf2, or dn-Nrf2, cDNA showed opposite impacts on the regulation of
the promoter activities of RAGE and AGE-R1 genes in HSC

To further test our aforesaid postulation and to elucidate the role of Nrf2 in the AGEs-
caused divergent regulation of gene expression of RAGE and AGE-R1, passaged HSC were
co-transfected with the plasmid pRAGE-luc, or pAGE-R1-luc, plus the cDNA expression
plasmid pNrf2 or pdn-Nrf2. The plasmids pNrf2 and pdn-Nrf2, respectively, contained a full
length of wild-type Nrf2 cDNA, or dominant negative (dn) Nrf2 cDNA, subcloned in a
cDNA expression plasmid (42). After overnight recovery, cells were serum-starved for 4 h
and subsequently treated with or without AGEs (100 pg/ml), or curcumin (20 uM) for
additional 24 h. Luciferase activity assays were conducted in the cells. As shown in Fig. 8A,
AGEs, as expected, significantly activated the rage promoter demonstrated by elevating the
luciferase activity in cells with pRAGE-luc, and inhibited the age-r1 promoter shown by
reducing the luciferase activity in cells with pAGE-R1-luc (the corresponding 2" columns).
It was of interest to observe that forced expression of Nrf2 cDNA dose-dependently
diminished the effect of AGEs on the divergent regulation of the promoter activity of RAGE
and AGE-R1 genes (the corresponding 3" to 71" columns).
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On the other hand in Fig. 8B, in contrast to AGEs, curcumin, as expected, significantly
reduced the luciferase activity in cells with pPRAGE-luc and increased the luciferase activity
in cells with pAGE-R1-luc (the corresponding 2" columns). Forced expression of dn-Nrf2
cDNA, which prevented Nrf2 from activation, dose-dependently diminished the differential
effects of curcumin on the promoter activity of RAGE and AGE-R1 genes (the
corresponding 3" to 7t columns). Taken together, these results demonstrated that forced
expression of Nrf2 or dn-Nrf2 cDNA showed opposite impacts and differentially regulated
the promoter activities of RAGE and AGE-R1 genes in HSC. In summary, the results in Fig.
7 and 8 collectively indicated that the activation of Nrf2 had differential impacts on the
promoter activity of RAGE and AGE-R1 genes. AGEs, as well as leptin, inhibited the
activation of Nrf2 and ARE, leading to the divergent regulation of the promoter activity of
RAGE and AGE-R1 genes in HSC, which were eliminated by curcumin.

AGEs decreased the abundance of GCL and its activity in HSC, leading to the reduction in
the content of cellular GSH, which was eliminated by curcumin

Glutamate-cysteine ligase (GCL) is a key rate-limiting enzyme in de novo synthesis of
glutathione (GSH), a main non-protein thiol (51). GSH reacts with reactive oxygen species
(ROS) or functions as a cofactor of antioxidant enzymes, leading to the attenuation of
oxidative stress. During that process, GSH is converted to its oxidized form (GSSG). The
ratio of GSH/GSSG is regarded as a sensitive indicator of oxidant stress (52, 53). A higher
ratio of GSH/GSSH indicates a lower level of oxidant stress. The enzyme of GCL is a
heterodimer with a large catalytic subunit (GCLc, ~73 kDa) and a small modifier subunit
(GCLm, ~30 kDa), which are encoded by different genes and dissociated under reducing
conditions (54, 55). ARE were found in the gene promoters of both GCL subunits (56, 57).
The activation of Nrf2 plays a critical role in regulation of gene expression of GCL subunits
(58).

Since our earlier results suggested that AGEs inhibited the activation of Nrf2 in HSC, it was,
therefore, plausible to explore the impact of AGEs on the expression of GCL and its activity,
and further determine the level of GSH and the ratio of GSH/GSSG in HSC. Passaged HSC
were treated with AGEs at indicated concentrations for 24 h. Whole cell extracts were
prepared respectively for Western blotting analyses of GCL subunits and for GCL activity
assays. As shown in Fig. 9A and B, AGEs dose-dependently reduced the abundance of
GCLc and GCLm, as well as the activity of GCL in HSC. To further explore the impact of
AGEs on oxidative stress in HSC, and elucidate the role of curcumin in eliminating the
effect of AGEs and in attenuating the AGEs-caused oxidative stress, HSC were treated with
or without AGEs (100 pg/ml) in the presence of curcumin at indicated doses for 24 h. As
shown in Fig. 9C and D, compared with the untreated control (the corresponding 15t
column), AGEs significantly increased cellular oxidative stress demonstrated by reducing
the level of cellular GSH (9C) and the ratio of GSH/GSSG in HSC (9D) (the corresponding
2"d columns). Curcumin dose-dependently eliminated the inhibitory effect of AGEs. Taken
together, these results indicated that AGEs elevated oxidative stress by reducing the
abundance of GCL subunits and its enzymatic activity in HSC. The latter was attenuated by
curcumin.
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The inhibition of the activity of GCL abolished the role of NAC and curcumin, and
mimicked the effects of AGEs on the divergent regulation of gene expression of RAGE and
AGE-R1in HSC

Further experiments were necessary to determine if GSH played a critical role in the AGEs-
caused divergent regulation of RAGE and AGE-R1 in HSC. Serum-starved HSC were
divided into two groups. In one group, cells were stimulated with AGEs (100 ug/ml), or
AGEs plus curcumin (Cur) (20 pM), or NAC (5 mM), in serum-depleted media for 24 h.
Control cells received no treatment. In the other group, cells were pretreated with BSO (0.25
mM) for 1 h before the addition of AGEs (100 ug/ml), or AGEs plus curcumin (20 uM), or
NAC (5 mM), in serum-free media for additional 24 h. Total RNA or whole cells extracts
were respectively prepared for real-time PCR or Western blotting analyses. As shown in Fig.
10, compared to the untreated control (the corresponding 15t column or well), AGEs, as
expected, significantly induced gene expression of RAGE and reduced gene expression of
AGE-R1 (the corresponding 2" columns and wells). Mimicking curcumin (the
corresponding 3" columns and wells), NAC apparently eliminated the effect of AGEs on
the divergent regulation of the expression of the two genes (the corresponding 4™ columns
and wells). It was of interest to observe that the depletion of cellular GSH by the GCL
inhibitor BSO abolished the roles of curcumin and NAC in the elimination of the effects of
AGEs (the corresponding 6! and 7t columns and wells). Taken together, these results
indicated that the inhibition of the activity of GCL and depletion of cellular GSH by BSO
abolished the role of NAC and curcumin, and mimicked the effects of AGEs on the
divergent regulation of gene expression of RAGE and AGE-R1 in HSC, suggesting the
critical role of GSH in the process.

DISCUSSION

We recently reported that AGEs stimulated HSC activation likely by inducing gene
expression of RAGE and suppressing gene expression of AGE-R1, which were abrogated by
curcumin (38, 39). However, the underlying mechanisms remained to be defined. In this
report, we demonstrated that AGEs induced gene expression of leptin, activated its signaling
and elevated cellular oxidative stress in HSC, leading to the divergent regulation of gene
expression of RAGE and AGE-R1. Curcumin eliminated the effects of AGEs by interrupting
leptin signaling, activating Nrf2 and elevating the level of cellular GSH.

AGEs are non-enzymatic adducts of proteins, lipids, and nucleic acids which form in a time-
dependent manner in a pro-oxidant environment (5). A great deal of AGEs is formed
endogenously due to hyperglycemia, hyperlipidemia and oxidative stress in diabetic patients
(59). AGEs are accumulated in tissues and circulation during liver fibrogenesis (59). In
addition, high-fat diets are another major resource of blood AGEs (59). It bears indication
that AGEs used in this report were generated in vitro system. It remains unknown to what
extent these AGEs could represent “native” AGEs created in vivo system. Although AGEs
generated in vivo could be detected in AGEs formed in vitro, the extent of AGE
modifications formed in vitro might be unlikely as high as those generated in vivo (60).

There is an inverse correlation between the dietary AGE content and the ratio of AGE-R1 to
RAGE, leading to the increase in oxidative stress, organ damage and the short of life span
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(61). AGEs interact with cells through specific receptors (62). Among them, AGE-R1 is a
scavenger receptor (11). RAGE down-regulates cellular defense mechanisms. Studies have
implicated that AGEs act as causal factors in the vascular complications of diabetes (61),
and that RAGE contributes, at least in part, to the development of diabetic complications (5).
The role of AGEs and RAGE has being implied in the development of NASH-associated
hepatic fibrosis (63). On the other hand, AGE-R1 acts as a negative regulator of the
inflammatory response to AGEs (11). Blockade of AGEs-RAGE signaling attenuates
acetaminophen-induced hepatotoxicity in mice (64). It has been suggested that inhibition of
AGE formation, blockade of the AGE-RAGE interaction, and suppression of RAGE
expression or its downstream pathways may be novel therapeutic strategies for the treatment
of AGEs-caused complications (65). Our results revealed that curcumin showed a novel
mechanism to diminish the deleterious effects of AGEs and protect HSC from activation by
suppressing gene expression of RAGE and inducing gene expression of AGE-R1.

Our results suggested that the activation of key intermediators JAK,/STAT3 and PI3K
induced by leptin or AGEs played a critical role in the AGEs-caused divergent regulation of
gene expression of RAGE and AGE-R1 (Fig. 4). However, the rapid activation of JAK,/
STAT3 and PI3K within 30 min by AGEs in Fig. 5B-D was unlikely induced by leptin
produced by HSC. It has been reported that binding AGEs to RAGE induces sustained post-
receptor signaling, including activation of p21'3S, MAP kinases, and the NF-xB pathway (5).
Whether AGE-R1 could transduce signals from AGEs remains elusive. It is plausible to
assume that the interaction of AGEs and RAGE could rapidly activate JAKo/STAT3 and
PI3K, which initiates an instant action for the induction of gene expression of leptin and its
receptor, and the subsequent activation of leptin signaling, ultimately leading to the
divergent regulation of gene expression of RAGE and AGE-RL1. [This assumption is
supported by our observation. The knockdown of RAGE by RAGE shRNA diminished the
stimulant effect of AGEs on the activation of HSC in vitro, suggesting a critical role for the
induction of rage expression in the process (39). Additional experiments using RAGE
shRNA are necessary to further test the assumption, which are being conducted in our lab.]

[The leptin receptor Ob-R is a member of the class | cytokine receptor family. Alternative
splicing of Ob-R gene results in at least six transcripts designated Ob-Ra through Ob-Rf
(66). Among them, Ob-Rb contains the longest intracellular domain, which is crucial for
leptin signaling. Ob-Ra, Ob-Rc and Ob-Rd contain only short cytoplasmic domains. Ob-Rd
is only found in mice, while Ob-Rf only exists in rats. In human, expression of Ob-Ra, Ob-
Rb and Ob-Rc mRNA has been reported (67). We have shown that curcumin dose-
dependently reduces the steady-state levels of mRNA of leptin and different isoforms of Ob-
Rs, including Ob-Ra, Ob-Rb, and Ob-Re, in rat HSC in vitro (24). Similar results were also
observed in mice (data not published). Ob-Rb was the target in this report (Fig. 1A) by using
primers which only hybridized with the region of DNA encoding the intracellular domain.
However, we could not exclude the possibility in our report that different receptor isoforms
may play different roles in the biology of leptin.]

Although underlying mechanisms remain incompletely understood, accumulating evidence
has indicated that oxidative stress plays critical roles in the activation of HSC (20, 68).
Oxidative stress is a deleterious imbalance between the production and removal of free
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radicals, including reactive oxygen species. They are generated from aerobic cells by
inflammation and aerobic metabolism (52, 53). Reducing oxidative stress in mammalian
cells is through several antioxidant systems, including enzymes and non-enzymatic
molecules. Among them, GSH is the main non-protein thiol. The GSH/GSSG ratio is
regarded as a sensitive indicator of oxidant stress (52, 53). The interaction between AGEs
and RAGE generates oxidative stress and subsequently evokes vascular inflammation,
thereby playing a central role in diabetic complications (69). In this study, we demonstrated
that, similar to curcumin, the elevation of the level of cellular GSH by NAC eliminated the
effect of AGEs on the divergent regulation of RAGE and AGE-R1. These results also
highlighted the critical role of elevated oxidative stress in the AGEs-caused divergent
regulation of the expression of RAGE and AGE-R1 genes, which, in turn, further induced
oxidative stress in a manner of positive feedback and accelerated the activation of HSC.

[We previously demonstrated that curcumin dose-dependently increased the activity of GCL
in passaged HSC by inducing gene expression of both subunits of GCL (34). However, the
underlying mechanisms were elusive. In this report, we observed that curcumin stimulated
the nuclear translocation of Nrf2 and elevated its transcriptional activity in HSC (Fig. 7).]
The transcription factor Nrf2 normally forms a complex with the cytoskeleton-associated
protein Keapl in cytoplasm (49, 70). Keapl and Nrf2 constitute a crucial cellular sensor for
oxidative stress (49, 70). ARE is often found in the promoter of many genes and confers a
general transcriptional sensitivity to oxidative stress (50). Nrf2 is essential for the ARE-
mediated induction of gene expression of anti-oxidative stress proteins/enzymes. Our results
in this report suggested that in responding to AGEs, the inactivation of Nrf2 resulted in the
suppression of gene expression of GCL subunits in HSC. The underlying mechanisms are
under investigation. [Studies have shown that leptin activates several downstream molecules
involved in key pathways related to cell survival such as JAK,, STAT3, PI3K, MAP
kinases, AMP-activated protein kinase (AMPK), CDK5 and GSK3p (71). Binding AGEs to
RAGE induces sustained post-receptor signaling, including activation of p21"S, MAP
kinases, and the NF-xB pathway (5).] Our preliminary data suggested that AMPK might be
a key regulator in the regulation of Nrf2 activation (data not presented here). Our
observations are consistent with prior reports. Phosphorylation of AMPK induces the
activation of AMPK (72), and in turn, promotes the phosphorylation of Nrf2, which triggers
the translocation of Nrf2 from the cytoplasm into the nucleus, leading to its binding to ARE
and the induction of expression of target genes (50). After computer-aided analyses, no
consensus ARE was found in the promoters of rodent RAGE or AGE-R1 genes (data not
shown here). It suggested that Nrf2 might be indirectly involved in the divergent regulation
of the expression of RAGE and AGE-R1. Although beyond the scope of the current project,
additional experiments are ongoing in our lab.

Based on our observations, a simplified model is proposed to explain the mechanism of
AGEs in the divergent regulation of gene expression of RAGE and AGE-R1 in HSC, which
is eliminated by curcumin (Fig. 11). The interaction of AGEs with RAGE induces gene
expressions of leptin and its receptor. The activation of leptin signaling suppresses the
activity of Nrf2 and gene expression of GCL and its activity, leading to the reduction in
cellular GSH and the elevation of oxidative stress. The latter facilitates the divergent
regulation of gene expression of RAGE and AGE-R1. The elevated abundance of RAGE
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shows a positive feedback mechanism and, in turn, enhances the interaction with AGEs and
the subsequent events, collectively leading to the activation of HSC. Curcumin interrupts
leptin signaling and blocks the occurrences of the subsequent events, resulting in the
elimination of the effects of AGEs and the inhibition of HSC activation. It bears emphasis
that this model does not exclude any other mechanisms involved in the effects of AGEs. In
addition, we should not simply conclude that the protective roles of curcumin solely result
from these mechanisms studied in this report. No single unequivocal mechanism accounts
for all of versatile roles of curcumin against HSC activation. Our results provide novel
mechanisms by which curcumin eliminates the effects of AGEs on the divergent regulation
of gene expression of RAGE and AGE-R1 in HSC in vitro. Additional experiments are
necessary to explore its role in protection of the liver from hepatic fibrogenesis facilitated by
hyperglycemia-associated AGES in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AGEs dose-dependently induced gene expression of leptin and itsreceptor Ob-R in
activated HSC in vitro

Serum-starved HSC were treated with AGEs as indicated. Total RNA or whole cell extracts
were prepared. A. Real-time PCR analyses of leptin and Ob-Rb mRNA. Values were
expressed as mRNA fold changes (means + SD) (n= 3). *P<0.05 vs. the untreated control
(the corresponding 15t column). B. Western blotting analyses of immune-precipitated leptin
and Ob-R. Nonspecifically recognized heavy chain was used as an invariant control for
equal loading. Representatives were presented from three independent experiments.
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Figure 2. Leptin dose-dependently and differentially regulated gene expression of RAGE and

AGE-R1in activated HSC in vitro

Serum-starved HSC were treated with leptin (100 ng/ml) as indicated. Total RNA or whole
cell extracts were prepared. A. Real-time PCR analyses of RAGE and AGE-R1 mRNA.
Values were expressed as mRNA fold changes (means + SD) (h= 3). *P<0.05 vs. the
untreated control (the corresponding 15t column). B. Western blotting analyses of RAGE and
AGE-RL1. $-actin was used as an invariant control for equal loading. Representatives were

presented from three independent experiments.
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Figure 3. Leptin-deficient HSC wereirresponsiveto AGEsin cell growth and in theregulation of
gene expression of RAGE and AGE-R1, which were dose-dependently restored by exogenous

leptin
[HSC were isolated from wild-type mice or from leptin deficient (ob/ob) mice.] After

serum-starvation in serum depleted media for 24 h, passaged mouse HSC were pretreated
with AGEs at indicated concentrations for 1 h with or without the addition of exogenous
recombinant leptin at indicated concentrations for additional 24 h. A & B. Cell growth was
determined by colorimetric MTS assays. Results were expressed as fold changes in cell
density. Values were expressed as means + SD (n=3). *P<0.05 vs. the untreated control (the
corresponding 15t column). C. Western blotting analyses of RAGE and AGE-R1. B-actin
was used as an invariant control for equal loading. Representatives were presented from
three independent experiments.
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Figure 4. Inhibition of the activation of JAKo/STAT3 or PI3K/AKT abrogated theimpacts of
AGEsor leptin on the diver gent regulation of gene expression of RAGE and AGE-R1in HSC

Serum-starved HSC were pretreated with AG490 (20 uM), a specific JAK inhibitor, or
LY294002 (20 uM), a selective inhibitor of PI3K/AKT, for 1 h prior to the addition of leptin
(100 ng/ml) or AGEs (100 pg/ml) for additional 24 h. Total RNA or whole cell extracts were
prepared for real-time PCR or Western blotting analyses of RAGE or AGE-R1. A & B.
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Cells were treated with AG490 and analyzed by real-time PCR (A), or Western blotting
analyses (B); C & D. Cells were treated with LY294002 (LY) and analyzed by real-time
PCR (C), or Western blotting analyses (D). Values in A & C were expressed as mMRNA fold
changes (means = SD) (n=3). *P<0.05 vs. the untreated control (the corresponding 15t
column); $P<0.05 vs. the cells treated with leptin only (the corresponding 2" column);
§P<0.05 vs. the cells treated with AGES only (the corresponding 51 column). f-actin was
used as an invariant control in Western blotting analyses for equal loading. Representatives
were presented from three independent experiments. [E. Luciferase activity assays of HSC
co-transfected with the rage or age-r1 promoter luciferase reporter plasmid pRAGE-luc or
pAGE-R1-luc and a cDNA expression plasmid pdn-STAT3 or pwt-STATS3, followed by the
treatment with or without AGEs (100 pg/ml) for 24 h. The plasmids pdn-STAT3 and pwit-
STATS3, respectively, encode dominant negative STAT3 and wild-type STAT3. Luciferase
activities were expressed as relative units after normalization with B-galactosidase activities
(means + SD, n=6). *P<0.05 vs. the untreated control (the corresponding 15t column);
1P<0.05 vs. the cells only transfected with pRAGE-luc or pAGE-R1-luc, without pdn-
STATS3 or pwt-STAT3 (the corresponding 2" column).]
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Figure5. AGEsactivated JAK o/STAT3 and PI3K/AKT in HSC, likely leading to the diver gent
regulation of RAGE and AGE-R1, which wasinterrupted by curcumin

A. Western blotting analyses of RAGE and AGE-R1 in passaged HSC treated with AG490
at indicated concentrations for 24 h. -actin was used as an invariant control for equal
loading. Representatives were presented from three independent experiments. B, C & D.
Serum-starved HSC were pretreated with curcumin (Cur) at indicated concentrations (0-30
uM) for 1 h before the treatment with or without AGEs (100 pg/ml) for additional 30
minutes. Whole cell extracts were prepared for Western blotting analyses of phosphorylated
JAK; (p-JAK5) (B), phosphorylated STAT3 (p-STAT3) (C) and phosphorylated PI3K (p-
PI3K) (D). Representatives were presented from three independent experiments.
Corresponding total proteins were used as internal invariant controls for equal loading.
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Figure 6. Curcumin eliminated the impacts of leptin on differentially regulating gene expression
of RAGE and AGE-R1

Serum-starved HSC were treated with or without leptin (100 ng/ml) in the presence of
curcumin (Cur) at indicated concentrations in serum-depleted DMEM for 24 h. *P<0.05 vs.
the untreated control (the corresponding 15t column); $P<0.05 vs. the cells treated with
leptin only (the corresponding 2™ column). A. Luciferase activity assays of cells transiently
transfected with the plasmid pRAGE-luc or pAGE-R1-luc. Luciferase activities were
expressed as relative units after normalization with p-galactosidase activities (means + SD,
n=6). The inset denoted the luciferase reporter plasmids in use and the application of leptin
with or without Cur to the system; B. Real-time PCR analyses of RAGE and AGE-R1
mMRNA. Values were expressed as mRNA fold changes (means £ SD) (n= 3); C. Western
blotting analyses of RAGE and AGE-R1. $-actin was used as an invariant control for equal
loading. Representatives were presented from three independent experiments.
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Figure 7. AGEs, likeleptin, inhibited the activation of Nrf2 in HSC, which was abolished by
curcumin

A. Serum-starved HSC were pretreated with curcumin (Cur) (20 uM) for 1 h prior to the
addition of leptin (100 ng/ml) or AGEs (100 pg/ml) for additional 24 h. Control cells
received no treatment. Cells were fixed with 4% paraformaldahyde for the subsequent
immuno-stain of Nrf2. An oil lens (100x) was used. [Views from immuno-staining were
representatives from at least three independent experiments.] B. HSC were transiently
transfected with the plasmid p8XARE-luc. After recovery, cells were treated with or without
AGEsS (100 pg/ml) in the presence of curcumin at indicated concentrations in serum-
depleted DMEM for 24 h. Luciferase activity assays were conducted. Luciferase activities
were expressed as relative units after normalization with f-galactosidase activities (means £
SD, n>6). *P<0.05 vs. the untreated control cells (the corresponding 15t column). $P<0.05
vs. the cells treated with AGEs only (the 2" column). The inset denoted the plasmid
p8XARE-luc in use and the application of AGEs plus curcumin (Cur) to the system.
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Figure 8. Forced expression of Nrf2, or dn-Nrf2, cDNA showed opposite impacts on the
regulation of the promoter activities of RAGE and AGE-R1 genesin HSC

Passaged cells were co-transfected with the luciferase report plasmid pRAGE-luc (A), or
pAGE-R1-luc (B), and the cDNA expression plasmid pNrf2 (A), or pdn-Nrf2 cDNA (B), at
various doses plus the empty vector pcDNA. The latter was used to ensure equal amount of
total DNA in the co-transfection. After recovery, cells were serum-starved for 4 h and
treated with or without AGEs (100 pg/ml) (A), or curcumin (Cur) (20 pM) (B), in serum-
depleted DMEM for 24 h. Luciferase activities were analyzed and expressed as relative units
after normalization with -galactosidase activities (means = SD, n=6). *P<0.05 vs. the
untreated control cells (the corresponding 15t column). $P<0.05 vs. the cells treated with
AGEs (A), or curcumin only, (the corresponding 2" column) (B). The insets denoted the
co-transfection of HSC with a luciferase reporter plasmid plus a cDNA expression plasmid
in the system.
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Figure 9. AGEs decreased the abundance of GCL and itsactivity in HSC, leading to the
reduction in the content of cellular GSH, which was eliminated by curcumin

A & B. Passaged HSC were treated with AGEs at indicated concentrations for 24 h. Whole
cell extracts were prepared respectively for Western blotting analyses of GCL subunits (A),
or for GCL activity assays (B). f-actin was used in Western blotting analyses as an invariant
control for equal loading. Representatives were presented from three independent
experiments. GCL activities were shown as nmol/ug protein (mean £ SD, n=3). *P<0.05 vs.
the untreated control cells (the 15t column). C & D. HSC were treated with or without AGEs
(100 pg/ml) in the presence of curcumin (Cur) at indicated doses for 24 h. Cell extracts were
prepared for assays. *P<0.05 vs. the untreated control (the 15t column); 1P<0.05 vs. cells
treated with AGEs only (the 2" column). (C). Determination of cellular GSH contents.
GSH contents were shown as nmol/ug protein (mean + SD, n=3). (D). Determination of the
ratio of GSH to GSSG (mean + SD, n=3).
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Figure 10. Theinhibition of the activity of GCL by BSO abolished therole of NAC and
curcumin, and mimicked the effects of AGEs on the diver gent regulation of gene expression of
RAGE and AGE-R1in HSC

Serum-starved HSC were divided into two groups. In one group, cells were stimulated with
AGEs (100 pg/ml), or AGEs plus curcumin (Cur) (20 uM), or NAC (5 mM), in serum-
depleted media for 24 h. Control cells received no treatment. In the other group, cells were
pretreated with BSO (0.25 mM) for 1 h before the addition of AGEs (100 ug/ml), or AGEs
plus curcumin (20 uM), or NAC (5 mM), in serum-free media for additional 24 h. Total
RNA or whole cell extracts were prepared. A, Real-time PCR analyses of RAGE and AGE-
R1 mRNA. Values were expressed as mRNA fold changes (means + SD) (n= 3). *P<0.05
vs. the untreated control (the corresponding 15t column); $P<0.05 vs. cells treated with
AGEs only (the corresponding 2" column); §P<0.05, vs. cells treated with AGEs plus
curcumin, or NAC, (the corresponding 39 or 41" column, respectively). B, Western blotting
analyses of RAGE and AGE-R1. B-actin was used as an invariant control for equal loading.
Representatives were presented from three independent experiments.
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Figure 11. A simplified model of the mechanism of AGEsin the divergent regulation of gene
expression of RAGE and AGE-R1 in HSC, which iseliminated by curcumin

The interaction of AGEs with RAGE induces gene expressions of leptin and its receptor,
leading to the activation of leptin signaling, including JAK; and PI3K. The latter suppresses
the activity of Nrf2 and gene expression of GCL and its activity, leading to the reduction in
cellular GSH and the elevation of oxidative stress. The latter facilitates the divergent
regulation of gene expression of RAGE and AGE-R1. The elevated abundance of RAGE
shows a positive feedback mechanism and, in turn, enhances its interaction with AGEs and
the subsequent events, collectively leading to the activation of HSC. Curcumin interrupts
leptin signaling and blocks the occurrences of the subsequent events, resulting in the
elimination of the effects of AGEs and the inhibition of HSC activation. “1” or “|” indicates
the effects of AGEs. “I-” represents the inhibitory role of curcumin in the process.
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