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Abstract
Diabetes is featured by elevated levels of blood glucose, i.e. hyperglycemia, which might be a risk
factor for hepatic fibrogenesis in patients with non-alcoholic steatohepatitis. Hepatic stellate cells
(HSCs) are the major effectors during hepatic fibrogenesis. This study was designed to evaluate
impacts of high levels of glucose on HSC activation, assess roles of the phytochemical curcumin
in attenuating the glucose impacts, and elucidate underlying mechanisms. In this report, levels of
intracellular glucose were measured. Contents and gene expression of glucose transporter-2
(GLUT2) in cell fractions were examined. Levels of cellular glutathione and oxidative stress were
analyzed. We observed that high levels of glucose induced cell proliferation, type I collagen
production and expression of genes relevant to HSC activation, and elevated intracellular glucose
levels in cultured HSCs. Curcumin eliminated the stimulatory impacts. Curcumin abrogated the
membrane translocation of GLUT2 by interrupting the p38 MAPK signaling pathway. In addition,
curcumin suppressed glut2 expression by stimulating the activity of peroxisome proliferator-
activated receptor-gamma (PPARγ) and de novo synthesis of glutathione. In conclusion,
hyperglycemia stimulated HSC activation in vitro by increasing intracellular glucose, which was
eliminated by curcumin by blocking the membrane translocation of GLUT2 and suppressing glut2
expression. The latter was mediated by activating PPARγ and attenuating oxidative stress. Our
results presented evidence to impacts of hyperglycemia on stimulating HSC activation and hepatic
fibrogenesis, and provided novel insights into the mechanisms by which curcumin eliminated the
hyperglycemia-caused HSC activation and potential therapeutic strategies for treatment of
diabetes-associated hepatic fibrogenesis.
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INTRODUCTION
Diabetes mellitus (DM) is featured by elevated levels of blood glucose, i.e. hyperglycemia.
Almost 6% of the world’s adult population lives with diabetes [1]. The total number of
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people with diabetes worldwide has been projected to rise from 171 million in 2000 to 366
million in 2030, an increase by 213% [1]. Type 2 diabetes mellitus (T2DM) represents over
80% of all diabetics and is dramatically increasing in incidence because of changes in
human behavior and increased body mass index. The liver, together with skeletal muscle and
adipose tissue, is one of the principal organs involved in glucose metabolism. Non-alcoholic
fatty liver disease (NAFLD) is the hepatic manifestation of metabolic syndrome [2]. Non-
alcoholic steatohepatitis (NASH) is an advanced form of NAFLD. They are often associated
with obesity, insulin resistance and T2DM. NAFLD is estimated to affect about 20–30% of
the population in U. S. [2]. Approximately 15–40% of NASH patients develop hepatic
fibrosis [2]. T2DM- & NASH-associated hepatic fibrosis currently is the object of
significant scientific and clinical interest, and is to remain so in the future years. The
correlation of hyperglycemia with the presence of liver fibrosis in NASH patients has been
clinically described [3]. T2DM could be a predictor of worsening hepatic fibrosis.
Hyperglycemia is suggested as a harmful prognostic factor in the evolution of NASH
towards fibrosis. However, little attention has been paid to impacts of hyperglycemia on
HSC activation and on NASH-associated hepatic fibrogenesis.

Glucose transport across the plasma membranes of mammalian cells is carried out by two
distinct processes: facilitative transport, mediated by a family of facilitative glucose
transporters (GLUT); and sodium-dependent transport, mediated by the Na+/glucose
cotransporters (SGLT). GLUT are important for maintaining glucose metabolism
homeostasis and are molecular targets of anti-diabetic drugs [4]. Thus far, 13 functional
facilitative GLUT isoforms have been cloned, characterized, 12 of which were designated as
GLUT1 GLUT12 [5]. The glucose transporters GLUT1 to GLUT5 have been extensively
studied. GLUT1 has been ubiquitously detected in cells and tissues. Because of the
ubiquitous distribution and cellular localization, GLUT1 is considered to be the primary
transporter responsible for basal glucose uptake [5]. In the liver, glucose transporter-2
(GLUT2) and glucose transporter-4 (GLUT4) are the major GLUT responsible for glucose
transportation into hepatocytes [6,7]. Due to its low affinity and high capacity, GLUT2
transports glucose in a large range of physiological concentrations of glucose, whereas
GLUT4 action is extensively regulated by insulin-activated phosphoinositide 3-kinases
(PI3K) [6,7]. In the liver, GLUT2 is translocated from the cytoplasm to the plasma
membrane in response to high levels of plasma glucose and is the primary carrier to
transport plasma glucose into hepatocytes [6,7]. An abnormally high level of intracellular
glucose could be a deleterious factor to impair cellular functions and to cause problems in
some types of cells [8].

Hepatic stellate cells (HSCs) are the most relevant cell type for the development of hepatic
fibrosis [9,10]. During liver injury, quiescent HSCs become proliferative and fibrogenic
[9,10]. This process of HSC activation is coupled with the activation of signaling pathways
for pro-mitogenic platelet-derived growth factor-beta (PDGF-β) [11] and pro-fibrogenic
transforming growth factor-beta (TGF-β) [12], as well as the depletion of peroxisome
proliferator activated receptor-gamma (PPARγ) [13–15]. HSC activation is stimulated by
elevated oxidative stress and inflammation [9]. It is important to note that culturing
quiescent HSCs 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 for studying possible therapeutic intervention of the process [9,10]. It has
been shown that high levels of glucose stimulate expression of connective tissue growth
factor (CTGF), one of the downstream effectors of TGF-β1, in HSCs [16] and induce
oxidative stress [17].

In the last two decades, advances in the understanding of genes promoting HSC activation
were notable. However, few effective medicines are available for treatment and/or
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prevention of T2DM- & NASH-associated hepatic fibrosis [18]. It is, therefore, of high
priority to identify innocuous anti-fibrotic agents. Curcumin, the yellow pigment in curry
from turmeric, is one of the best-studied natural compounds [19]. Studies have demonstrated
the beneficial effects of curcumin on the prevalence of diabetic pathogenesis [20,21].
Curcumin has recently received attention as a promising dietary supplement for liver
protection [22]. We previously reported that curcumin inhibited HSC activation by
inhibiting cell proliferation, inducing apoptosis and attenuating oxidative stress in vitro and
in vivo [23–26]. In addition, curcumin dramatically induced expression of endogenous
PPARγ gene and its activity in activated HSCs, which was required for curcumin to inhibit
HSC activation [23–26].

This study was designed to evaluate impacts of high levels of glucose on the activation of
HSCs, to assess roles of the phytochemical curcumin in attenuating the glucose impacts, and
to elucidate underlying mechanisms. Results in this report supported our initial hypothesis
that hyperglycemia stimulated HSC activation in vitro by elevating the level of intracellular
glucose, which could be eliminated by curcumin by blocking the hyperglycemia-induced
membrane translocation of GLUT2 and suppressing gene expression of GLUT2 in HSCs.

MATERIALS AND METHODS
Materials

Curcumin (purity>94%), D(+)-Glucose, N-acetyl-cysteine (NAC), L-Buthionine-
sulfoximine (BSO) and 15-deoxy-Δ12,14-prostaglandin J2 (PGJ2) were purchased from
Sigma (St. Louis, MO). Primary antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA), unless otherwise noted. Rosiglitazone (BRL 49653), purchased from
Cayman Chemical (Ann Arbor, MI), was dissolved in DMSO in stocking solution at 100
mM.

HSC isolation and cell culture
Male Sprague Dawley rats (200–250 g), purchased from the Harlan Laboratories, Inc.
(Indianapolis, IN), were housed in a temperature-controlled animal facility (23°C) with a 12-
h light, 12-h 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 [24]. The animal protocol for the use of rats was
approved by Institutional Animal Care and Use Committee of Saint Louis University.
Freshly-isolated primary HSCs were cultured in Dulbecco’s modi ed Eagle’s medium
(DMEM), containing glucose at 100 mg/dl, supplemented with 20% of fetal bovine serum
(FBS). Cells were cultured and passaged in DMEM with 10% of FBS and 100 mg/dl of
glucose, prior to the exposure to a high level of glucose, such as a final concentration at 450
mg/dl, for an indicated period of time. Semi-confluent HSCs at 60–70% confluence with
four to eight passages were used for experiments in this report. Immortalized human
hepatocytes (IHH) were kindly provided by Dr. Ratna Ray (Department of Pathology, St.
Louis University) [27]. IHH were cultured and passaged in DMEM supplemented with
glucose at 450 mg/dl and 10% of FBS, in which the high level of glucose is necessary.
Otherwise, IHH would not grow well and be dying. In some of experiments, passaged HSCs
were serum-starved in serum-depleted DMEM for 24 hr, which made HSCs more sensitive
to the subsequent stimulation with glucose. These cells were then cultured in serum-depleted
media containing glucose at indicated concentrations with or without treatment. The culture
in serum-depleted media excluded the interference from other factors in FBS [28,29].
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Determination of cell proliferation in vitro
Cell growth was determined by using the CellTiter 96 aqueous nonradioactive cell
proliferation assay kit (MTS assays) (Promega, Madison, WI), following the protocol
provided by the manufacturer. Each group was carried out in triplicates and repeated for at
least three times. Results were expressed as percentage changes in the density of viable
cells.

Determination of intracellular glucose levels
Intracellular glucose concentrations were determined by using a glucose assay kit from
BioVision (Mountain View, CA), following the manufacturer’s instruction. Final
concentrations of intracellular glucose were expressed as nmol /mg protein.

Preparation of cellular membrane protein extracts
The preparation of cellular membrane fraction was performed as described previously [30].
In brief, after washing three times with PBS, HSCs were lysed with Buffer A [Tris, pH 8.0,
50 mM; dithiothreitol, 0.5 mM; NP-40, 0.1% (v/v); protease inhibitors
(phenylmethylsulfonyl fluoride, 1 mM; leupeptin, 5 μg/ml; and aprotinin, 5 μg/ml) and
phosphatase inhibitors (NaF, 10 mM and Na3VO4, 1 mM)]. The lysates were then
centrifuged at 1000 ×g for 10 minutes at 4ºC. Pellets were re-suspended in NP-40 free
Buffer A in ice for another 10 minutes with occasional vortex and re-centrifuged 1000 ×g
for 10 minutes at 4ºC. The pellets were re-suspended in Buffer A and stood in ice for 1hr
with occasional vortex and centrifuged at 16,000 ×g for 20 minutes at 4ºC. The supernatant
was collected as the plasma membrane fraction and stored at −80ºC until use. The
supernatants from the first and second spins at 1000 xg were combined and spun at 16,000
×g for 20 minutes at 4ºC. The resultant supernatant was collected and used as the cytosol
fraction.

Western blotting analyses
Whole cell extracts were prepared as we previously described [24]. Protein concentrations
were determined using the BCA Protein Assay Kit according to the manufacturer’s
instruction (Pierce, Rockford, IL). SDS-PAGE, trans-blotting and subsequent immuno-
detection were conducted as we previously described [24]. β-actin was used in most of
experiments as an internal invariable control for equal loading. Levels of target protein
bands were densitometrically 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 (n = 3).

Real-time polymerase chain reactions (PCR)
Total RNA extraction and real-time PCR were carried out as we previously described [24].
Total RNA was treated with DNase I prior to 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.
[31]. The PCR primers for GLUT2 were: (F) 5′-GTG TGA GGA TGA GCT GCC TAA
A-3′; (R) 5′-TTC GAG TTA AGA GGG AGC GC-3′. Other primers were described in our
previous studies [23].

Plasmids and transient transfection assays
The glut2 promoter luciferase reporter plasmid pGluT2-Luc was a gift from Dr. Yong-ho
Ahn (Institute of Genetic Sciences, Yonsei University College of Medicine, Seoul, Korea)
[32]. It contained a DNA fragment spanning from −732 to +189 bp of the rat glut2 promoter
region subcloned into the luciferase expression vector pGL3-Basic [32]. Transient
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transfection assays were performed using the LipofectAMINE® reagent (Invitrogen,
Carlsbad, CA), as we previously described [24]. Results were combined from multiple
independent experiments (n≥6).

Analyses of levels of cellular reactive oxygen species (ROS)
Levels of ROS in HSCs were determined by analyzing dichlorofluorescein (DCF)
fluorescence, as described previously [26]. The DCF fluorescence units were normalized to
the DNA fluorescence of Hoechst 33342 (10 μM, Molecular Probes Inc., Eugene, OR),
which stained the nuclei of living cells. Results were presented as fold changes compared
with those in HSCs cultured in media with glucose at 100 mg/dl.

Analyses of lipid peroxidation (LPO)
LPO assays were performed by using the Lipid Hydroperoxide Assay Kit from Cayman
Chemical (Ann Arbor, MI), following the protocol provided by the manufacturer. 13-
HpODE (13-hydroperoxy- octadecadienoic acid) was used as a standard.

Determination of the levels of cellular glutathione
Levels of reduced glutathione (GSH) and oxidized glutathione (GSSG) were determined by
using the Enzyme Immune Assay Kit GSH-400® (Cayman Chemical, Ann Arbor, MI), as
we previously described [23,26]. Concentrations of total GSH were calculated according to
the equation in the protocol.

Analyses of the activity of glutamate-cysteine ligase (GCL)
GCL activities were spectrophotometrically determined using a coupled assay with pyruvate
kinase and lactate dehydrogenase, as we previously described [23,26].

Statistical Analysis
Differences between means were evaluated using an unpaired two-sided Student’s t-test
(p<0.05 was considered significant). Where appropriate, comparisons of multiple treatment
conditions with control were analyzed by ANOVA with Dunnetts’s test for post hoc
analysis.

RESULTS
Hyperglycemia stimulated cell growth and expression of genes relevant to HSC activation
in cultured HSCs

To assess impacts of hyperglycemia on HSC activation, we evaluated, first of all, the impact
of high levels of glucose on stimulating HSC proliferation, a feature of activated HSCs.
Glucose provides calories to cells, but it does not necessarily stimulate proliferation of cells,
including neurons and quiescent HSCs. Passaged HSCs at 60–70% confluence were cultured
in DMEM containing glucose at various concentrations for 24 hr. Cell growth was
determined by MTS assays. As shown in Fig. 1A, compared with glucose at a normal
concentration, i.e. 100 mg/dl, in the media, high levels of glucose, i.e. 250, 450, 600 mg/dl,
stimulated the proliferation of HSCs in a dose-dependent manner.

We next investigated the impact of high levels of glucose on inducing the production of type
I collagen and expression of alpha-smooth muscle actin (α-SMA), two unique markers of
activated HSCs. Whole cell extracts were prepared from HSCs with the aforementioned
treatment. Western blotting analyses demonstrated that compared with glucose at 100 mg/dl,
high levels of glucose at 450 and 600 mg/dl significantly increased the abundance of αI(I)
procollagen and α-SMA in cultured HSCs (Fig. 1B). In addition, glucose at both levels in

Lin and Chen Page 5

Mol Cell Endocrinol. Author manuscript; available in PMC 2012 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



media enhanced the contents of pro-mitogenic PDGF-βR, cyclin D1 and anti-apoptotic
Bcl-2, while reducing the abundance of pro-apoptotic Bax (Fig. 1B). Furthermore, the high
levels of glucose elevated the contents of proteins relevant to pro-fibrogenesis, including
type I and II TGF-β receptors (Tβ-RI/II) and CTGF (Fig. 1B). Glucose at 450 mg/dl in
DMEM was chosen as hyperglycemia in most of the following experiments. Taken together,
these results suggested that high levels of glucose dose-dependently stimulated the
activation of HSCs in vitro by inducing cell proliferation and type I collagen production and
altering expression of key genes relevant to the activation of HSCs.

Curcumin eliminated the stimulatory impacts of hyperglycemia on HSC activation by
reducing cell proliferation and suppressing expression of genes relevant to HSC activation

We previously reported that curcumin inhibited HSC activation by reducing cell
proliferation and suppressing gene expression of extracellular matrix components in vitro
and in vivo [23–25]. We, therefore, postulated that HSC activation induced by
hyperglycemia in vitro could be inhibited by curcumin. To test the postulation, HSCs were
cultured in media containing glucose at 100 or 450 mg/dl with or without the curcumin
treatment (0–30 μM) for 24 hr. Cell growth was determined by MTS assays. As showed in
Fig. 2A, compared with glucose at 100 mg/dl in the media, glucose at 450 mg/dl was
verified to induce the proliferation of HSCs in vitro. Curcumin eliminated the stimulatory
impact of hyperglycemia and reduced hyperglycemia-induced HSC proliferation in a dose-
dependent manner. Further experiments were conducted to validate the observation. Total
RNA and whole cell extracts were prepared from HSCs with the aforementioned treatment.
Real-time PCR (Fig. 2B) and Western blotting analyses (Fig. 2C) confirmed that curcumin
dose-dependently attenuated the impacts of hyperglycemia on elevating the mRNA and
protein levels of genes relevant to cell growth, including PDGF-βR, cyclin D1 and Bcl-2. In
addition, curcumin diminished the impacts of hyperglycemia on stimulating expression of
αI(I) collagen and α-SMA, as well as pro-fibrogenic genes, including Tβ-RI/II and CTGF, in
HSCs in vitro. Taken together, our results indicated that curcumin apparently eliminated the
impacts of glucose on the induction of HSC activation by reducing cell proliferation and
suppressing expression of genes relevant to HSC activation.

Hyperglycemia caused dose- and time-dependent biphasic increases in the level of
intracellular glucose in cultured HSCs, which were abrogated by curcumin

To explore the mechanisms by which hyperglycemia stimulated HSC activation and
curcumin eliminated the stimulatory impacts, we postulated that hyperglycemia elevated the
level of intracellular glucose in HSCs, which was abrogated by curcumin. To test the
postulation, HSCs were cultured in media with glucose at 100 mg/dl, or with glucose at 250,
450 or 600 mg/dl for 24 hr. As shown in Fig. 3A, glucose dose-dependently increased the
level of intracellular glucose in cultured HSCs.

To further test our postulation, passaged HSCs were pretreated with or without curcumin at
20 μM for 1 hr prior to the stimulation with glucose at 450 mg/dl for an indicated period of
time (0–24 hr). The pretreatment of curcumin was used to prevent any instance action of
hyperglycemia. Results in Fig. 3B showed that hyperglycemia caused time-dependent and
biphasic increases in the level of intracellular glucose in cultured HSCs. The first phase
occurred within the first 30 minutes after the exposure to the high level of glucose and
reached its plateau. The second phase started 3 hr later after the exposure to the high level of
glucose. The presence of curcumin apparently eliminated the hyperglycemia-caused
biphasic increases in the level of intracellular glucose in cultured HSCs. Curcumin had no
apparent impact on reducing the level of intracellular glucose when HSCs were cultured in
normoglycemic media, i.e. glucose at 100 mg/dl (data not shown). Additional experiments
in Fig. 3C verified the inhibitory role of curcumin and demonstrated that curcumin dose-
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dependently abrogated the stimulatory impact of hyperglycemia on elevating the level of
intracellular glucose in cultured HSCs. However, it was of interest to observe that curcumin
had no such impact on the level of intracellular glucose elevated by glucose in immortalized
human hepatocytes (IHH) when IHH were in media with glucose at 450 mg/dl (Fig. 3C),
suggesting that curcumin might show differential roles in regulating the level of intracellular
glucose, depending on cell types. Our results collectively demonstrated that hyperglycemia
caused dose-dependent and time-dependent biphasic increases in the level of intracellular
glucose in cultured HSCs, which was abrogated by curcumin.

To start to elucidate the underlying mechanisms, we assumed that the early and first action
of hyperglycemia in increasing the level of intracellular glucose resulted from stimulation of
rapid translocation of GLUT2 from the cytoplasm to the cell membrane. The second action
of hyperglycemia was caused by inducing gene expression of GLUT2. We also presumed
that curcumin eliminated both actions of hyperglycemia in activated HSC respectively by
blocking the membrane translocation of GLUT2 and suppressing gene expression of
GLUT2.

Curcumin suppressed the impact of hyperglycemia on inducing the rapid membrane
translocation of GLUT2 in cultured HSCs by quickly blocking the p38 MAPK signaling
pathway

To test the above assumptions, we first evaluated the impact of hyperglycemia on
stimulating the membrane translocation of GLUT2 and the role of curcumin in blocking the
process, and further elucidated the underlying mechanisms. Passaged HSCs were serum-
starved in serum-depleted DMEM for 24 hr, which made HSCs more sensitive to the
subsequent stimulation with glucose. Serum-starved HSCs were pretreated with curcumin
(0–20 μM) for 1 hr prior to the exposure to a final concentration of glucose at 450 mg/dl in
serum-depleted media for another 1 hr. Serum-starvation and subsequent culture in serum-
depleted media excluded potential influence of factors in serum on the membrane
translocation of GLUT2. Protein extracts respectively from whole cells, membrane and
cytosol were prepared from these cells. Western blotting analyses in Fig. 4A demonstrated
that, compared with glucose at 100 mg/dl in the media (the corresponding 1st lane), glucose
at 450 mg/dl dramatically increased the abundance of membrane GLUT2 (m-GLUT2) and
reduced the content of cytoplasmic GLUT2 (c-GLUT2) (the corresponding 2nd lane).
Further experiments indicated that curcumin dose-dependently eliminated the impact of
hyperglycemia on elevating the abundance of m-GLUT2, and increased the abundance of c-
GLUT2 (the corresponding 2nd - 5th lanes). There was no apparent change in the level of
total GLUT2 (t-GLUT2). Because it was a short-term treatment within a total of 2 hr, no
apparent alterations in gene expression occurred. These results supported our initial
assumption and suggested that curcumin abrogated the early action of hyperglycemia in
elevating the level of intracellular glucose in cultured HSCs by quickly blocking the
membrane translocation of GLUT2.

Prior other studies have indicated the role of the p38 MAPK signaling pathway in regulating
intestinal fructose transport mediated by GLUT2 [33]. We, therefore, postulated that
hyperglycemia, e.g. glucose at 450 mg/dl, might rapidly activate the p38 MAPK signaling
pathway in HSCs, leading to the swift translocation of GLUT2 from the cytoplasm to the
plasma membrane, and that curcumin might block the rapid GLUT2 membrane translocation
by quickly interrupting the hyperglycemia-activated p38 signaling pathway. To test our
postulation, serum-starved HSCs were pretreated with curcumin (0–30 μM) for 1 hr prior to
the stimulation with or without glucose at a final concentration of 450 mg/dl in serum-
depleted media for additional 30 minutes. The subsequent culture in the serum-depleted
media excluded the influence of factors in serum on activating the p38 signaling pathway.
Our pilot experiments revealed that glucose at 450 mg/dl activated the p38 signaling
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pathway and reached its peak within 20 to 30 minutes (data not shown here). Western
blotting analyses in Fig. 4B demonstrated that compared with glucose at 100 mg/dl in the
media (the 1st lane), glucose at 450 mg/dl significantly increased the level of phosphorylated
p38 by approximately 50% (the 2nd lane), which was dose-dependently diminished by
curcumin (the 2nd - 5th lanes). These results supported our assumption and suggested that
hyperglycemia could rapidly activate the p38 MAPK signaling pathway in cultured HSCs,
which might be quickly blocked by curcumin.

To further test our assumption, serum-starved HSC were pretreated with the p38 inhibitor
SB202190 at various concentrations for 1 hr prior to the stimulation with glucose 450 mg/dl
for additional 30 minutes. Protein extracts from fractions of whole cells, membrane and
cytosol were respectively prepared. As shown in Fig. 4C by Western blotting analyses,
SB202190 dose-dependently eliminated the impact of hyperglycemia on the stimulation of
the GLUT2 membrane translocation, demonstrated by reducing the abundance of m-GLUT2
and increasing the level of c-GLUT2. SB202190 had no apparent impact on the level of t-
GLUT2 in the cells during the short-term treatment. These results indicated that the
blockade of the p38 signaling pathway by SB202190, like curcumin, dose-dependently
eliminated the impact of hyperglycemia on inducing the rapid membrane translocation of
GLUT2. However, the ERK inhibitor PD98059 did not show a similar role in blocking the
glucose-induced membrane translocation of GLUT2 in activated HSCs (data not shown
here). Taken together, these results supported our assumption and indicated that curcumin
abrogated the impact of hyperglycemia on inducing the rapid membrane translocation of
GLUT2 in activated HSCs in vitro by quickly blocking the p38 MAPK signaling pathway,
likely leading to the abrogation of the early action of hyperglycemia in elevating the level of
intracellular glucose.

Curcumin eliminated the stimulatory impact of hyperglycemia on inducing gene
expression of GLUT2 in cultured HSCs

To further explore the underlying mechanism observed in Fig. 3B, we assumed that
curcumin suppressed gene expression of GLUT2 in HSCs, leading to the elimination of the
second action of hyperglycemia in elevating the level of intracellular glucose. To test the
assumption, HSCs were transfected with the glut2 promoter luciferase reporter plasmid
pGluT2-Luc, which contained a DNA fragment of the rat glut2 promoter region in the
luciferase expression vector pGL3-Basic [32]. After overnight recovery, cells were
stimulated with glucose at indicated doses in the presence of curcumin at 0–30 μM for 24 hr.
Luciferase activity assays in Fig. 5A demonstrated that compared with glucose at 100 mg/dl
(the 1st column), glucose dose-dependently increased luciferase activities in the cells (the 1st

- 3rd columns). Curcumin dose-dependently eliminated the stimulatory impact of glucose
(the 3rd - 6th columns), suggesting that curcumin suppressed the hyperglycemia-induced
glut2 promoter activity in cultured HSCs.

To further evaluate the impact of hyperglycemia on inducing glut2 expression and the role
of curcumin in eliminating the impact, HSCs were stimulated with glucose at 100 or 450
mg/dl with or without curcumin (0–30 μM) for 24 hr. Real-time PCR assays and Western
blotting analyses verified that compared with glucose at 100 mg/dl (the 1st column in Fig.
5B and the 1st lane in Fig. 5C), glucose at 450 mg/dl significantly increased the levels of
mRNA and protein of GLUT2 (the 2nd column in Fig. 5B and the 2nd lane in Fig. 5C),
which were diminished by curcumin in a dose-dependent manner (the 2nd - 5th columns and
lanes). The major difference between Fig. 4A and 5C was the duration of the curcumin
treatment. Cells in Fig. 4A were treated with curcumin (20 μM) for a total of 2 hr, which
was not long enough to show apparent changes in the transcription and translation of
GLUT2 gene. However, cells in Fig. 5C were treated with curcumin (20 μM) for 24 hr,
which was long enough to cause changes in glut2 expression. Taken together, these results
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indicated that hyperglycemia induced gene expression of GLUT2 in activated HSCs in vitro,
which was eliminated by curcumin, likely leading to the abrogation of the hyperglycemia-
caused second phasic increase in the level of intracellular glucose.

The activation of PPARγ played a critical role for curcumin to eliminate the impact of
hyperglycemia on inducing gene expression of GLUT2 in activated HSCs in vitro

We previously demonstrated that curcumin induced gene expression of endogenous PPARγ
and its activity in activated HSCs in vitro and in vivo [23,24], which was required for
curcumin to inhibit HSC activation [24,25]. To explore the mechanisms by which curcumin
inhibited glut2 expression in HSCs, we assumed that the activation of PPARγ might mediate
the inhibitory role of curcumin in regulating the glut2 expression in HSCs. To test the
assumption, HSCs were transfected with the plasmid pGluT2-Luc. After recovery, cells
were pretreated with or without the PPARγ antagonist PD68235 (20 μM) for 1 hr prior to the
stimulation with glucose at 450 mg/dl plus or minus curcumin (20 μM) for additional 24 hr.
Luciferase activity assays in Fig. 6A showed that compared with glucose at 450 mg/dl alone
(the 1st column), the addition of curcumin dramatically reduced the luciferase activity (the
2nd column), indicting that curcumin significantly reduced, as expected, the promoter
activity of GLUT2 gene. It was of interest to observe that the inhibitory role of curcumin
was significantly abrogated by the pretreatment with the PPARγ antagonist PD68235 (the
4th column). The PPARγ antagonist itself had no apparent impact on the luciferase activity
(the 3rd column). To verify the observation, whole cell extracts from passaged HSCs with
the aforementioned treatment were analyzed by Western blotting analyses. As shown in Fig.
6B, compared with glucose at 450 mg/dl (the 1st lane), curcumin dramatically reduced, as
expected, the abundance of GLUT2 in the cells (the 2nd lane). The pretreatment with the
PPARγ antagonist PD68235 apparently diminished the role of curcumin in reducing the
abundance of GLUT2 (the 4th lane).

To further test our above assumption, HSCs were transfected with pGluT2-Luc. After
recovery, cells were serum-starved for 4 hr before the subsequent treatment. Cells were then
pretreated with the synthesized PPARγ agonist rosiglitazone, or the natural PPARγ agonist
PGJ2, at indicated doses for 1 hr prior to the exposure to glucose at 450 mg/dl in serum-
depleted media for additional 24 hr. The culture in serum-depleted media excluded the
interference from other potential PPARγ agonists in serum [24,25]. Luciferase activity
assays in Fig. 6C demonstrated that the activation of PPARγ by rosiglitazone or PGJ2 dose-
dependently reduced luciferase activities in the cells, suggesting an inhibitory effect of the
activation of PPARγ on the glut2 promoter activity. Further Western blotting analyses of
whole cell extracts from cells with the aforementioned treatment validated the suggestion
and indicated that the activation of PPARγ by rosiglitazone or PGJ2 reduced the abundance
of total GLUT2 in HSCs in a dose-dependent manner (Fig. 6D). Taken together, our results
demonstrated that the activation of PPARγ played a critical role for curcumin to eliminate
the impact of hyperglycemia on inducing gene expression of GLUT2 in activated HSCs in
vitro.

Hyperglycemia induced oxidative stress in HSCs by elevating the level of ROS and LPO,
which was attenuated by curcumin, possibly by increasing the contents of GSH

Studies have shown that hyperglycemia induces oxidative stress in diabetic complications
[34]. Oxidative stress induces HSC activation and hepatic fibrogenesis [9,10]. Among the
non-enzymatic molecules in mammalian cells, glutathione (GSH) is the most abundant thiol
antioxidant [35]. To further elucidate the mechanisms by which curcumin eliminated the
impact of hyperglycemia on the induction of HSC activation, we postulated that
hyperglycemia might induce oxidative stress in HSCs, which could be attenuated by
curcumin by increasing the level of cellular GSH. To test the postulation, HSCs were
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cultured in DMEM with glucose at 100 mg/dl, or at 450 mg/dl in the presence of curcumin
(0–30 μM) for 24 hr. Levels of reactive oxygen species (ROS) and lipid peroxides (LPO) in
the cells were determined. As shown in Fig. 7A and B, compared with glucose at 100 mg/dl
(the corresponding 1st column), glucose at 450 mg/dl significantly increased the levels of
ROS and LPO in cultured HSCs (the corresponding 2nd column). The stimulatory impact of
glucose at 450 mg/dl was apparently diminished by curcumin in a dose-dependent manner
(the corresponding 2nd - 5th columns). These results collectively demonstrated that
hyperglycemia induced oxidative stress in cultured HSCs, which was attenuated by
curcumin.

To further test our above postulation, the level of cellular GSH and the ratio of reduced GSH
versus oxidized GSH (GSSG), the index for oxidative stress, were analyzed in HSCs with
the aforementioned treatment. As shown in Fig. 7C and D, compared with glucose at 100
mg/dl (the corresponding 1st column), glucose at 450 mg/dl apparently reduced the level of
GSH and the ratio of GSH/GSSG (the corresponding 2nd column). Curcumin dose-
dependently eliminated the inhibitory impacts and increased the level of cellular GSH and
the ratio of GSH/GSSG in cultured HSCs (the 2nd - 5th columns). Taken together, these
results supported our initial postulation and demonstrated that hyperglycemia induced
oxidative stress in HSCs by increasing the level of ROS and LPO, which was attenuated by
curcumin, likely by increasing the level of cellular GSH.

Curcumin eliminated the impact of hyperglycemia on reducing the level of GSH in cultured
HSCs by elevating the abundance of GCL subunits and increasing the activity of GCL

Glutamate cysteine ligase (GCL) is the rate-limiting enzyme in de novo syntheses of GSH
[35], and is composed of a large catalytic subunit (GCLc, ~73 kD) and a small modulatory
subunit (GCLm, ~30 kD) [36]. To answer the question how curcumin eliminated the impact
of hyperglycemia on reducing the level of cellular GSH, we assumed that curcumin
abrogated the inhibitory impact of hyperglycemia by inducing gene expression of GCL in
HSCs. To test the assumption, HSCs were cultured in media with glucose at 100 mg/dl, or
450 mg/dl plus or minus curcumin (0–30 μM) for 24 hr. As demonstrated in Fig. 8A by
Western blotting analyses, compared with glucose at 100 mg/dl (the 1st lane), glucose at 450
mg/dl significantly reduced the abundance of GCLm and GCLc in HSCs (the corresponding
2nd lane). Curcumin attenuated the inhibitory impact of hyperglycemia and dose-
dependently increased the contents of GCLc and GCLm (the corresponding 2nd - 5th lanes).
To verify the observation, additional GCL activity assays were performed using HSCs with
the aforesaid treatment and culture conditions (Fig. 8B). Compared with glucose at 100 mg/
dl (the 1st column), glucose at 450 mg/dl dramatically reduced the activity of GCL (the 2nd

column), which was dose-dependently abrogated by curcumin (the 2nd - 5th columns). Taken
together, these results suggested that curcumin eliminated the impact of hyperglycemia on
reducing the level of GSH in cultured HSCs by elevating the abundance of GCL subunits
and increasing the activity of GCL.

de novo synthesis of GSH played a pivotal role for curcumin to inhibit the hyperglycemia-
induced gene expression of GLUT2 in activated HSCs in vitro

Additional experiments were carried out to answer the question whether the elevated level of
GSH played a critical role for curcumin to inhibit the hyperglycemia-induced gene
expression of GLUT2 in activated HSCs in vitro. In the following experiments, cellular
GSH contents were altered by two well-known manipulators of GSH synthesis. N-acetyl-
cysteine (NAC) is a precursor of GSH, increasing GSH contents by supplying cysteine [37].
L-buthionine-sulfoximine (BSO) is a specific inhibitor of GCL, depleting cellular GSH [38].
Cultured HSCs were transfected with the glut2 promoter luciferase reporter plasmid
pGluT2-Luc. After recovery, HSCs were cultured in media with glucose at 450 mg/dl and
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divided into two groups. One was treated with or without curcumin (20 μM), or NAC (5
mM), for 24 hr. The other group was pretreated with BSO (0.25 mM) for 1 hr prior to the
treatment with curcumin (20 μM), or NAC (5 mM), for additional 24 hr. Luciferase activity
assays in Fig. 9A demonstrated that compared with the no treatment control (the 1st

column), NAC (the 3rd column), mimicking curcumin (the 2nd column), significantly
reduced the luciferase activity. 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),
suggesting a critical role of de novo synthesis of GSH in the inhibition of the glut2 promoter
activity by curcumin, as well as by NAC. These observations were verified by Western
blotting analyses in cultured HSCs with the aforesaid treatment (Fig. 9B). NAC (the 3rd

lane), like curcumin (the 2nd lane), significantly reduced the abundance of total GLUT2 in
HSCs. BSO apparently eliminated the inhibitory effect of both NAC and curcumin on the
abundance of GLUT2 (the last two lanes). Taken together, these results indicated that de
novo synthesis of GSH played a pivotal role for curcumin to inhibit the hyperglycemia-
induced gene expression of GLUT2 in activated HSCs in vitro.

DISCUSSION
To start to define the impact of hyperglycemia on stimulating hepatic fibrogenesis, we
evaluated the impact of high levels of glucose on HSC activation in vitro. Prior studies
indicated that no significant differences in cell proliferation were observed between HSCs
cultured in media with glucose at 100 mg/dl and with mannitol at 600 mg/dl, suggesting that
the high osmolarity itself had no influence on stimulating cell proliferation in rat HSCs [17].
The present study demonstrated, as summarized in Fig. 10, that hyperglycemia, e.g. glucose
at 450 mg/dl, induced HSC activation in vitro, which might be caused by elevating the level
of intracellular glucose. The latter process took two-steps. The first step occurred within 30
minutes after the exposure of cells to glucose at 450 mg/dl. The second step happened 3 hr
later. The early event might mainly result from the glucose-stimulated membrane
translocation of GLUT2 from the cytoplasm, while the later event was suggested to be the
consequence of the glucose-induced gene expression of GLUT2. Curcumin quickly blocked
the membrane translocation of GLUT2 by interrupting the p38 MAPK signaling pathway
and subsequently suppressed gene expression of GLUT2 by stimulating PPARγ activity and
attenuating oxidative stress, collectively leading to the elimination of the two-step actions of
hyperglycemia in elevating the level of intracellular glucose and to the inhibition of HSC
activation in vitro.

The toxicity of curcumin to cultured HSCs was previously evaluated [24]. 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 μM was not toxic to cultured HSCs. Curcumin at 20 μM was used in most of our
in vitro experiments. The systemic bioavailability of curcumin is relatively low [39].
Curcumin concentrations in human plasma can reach up to 2 μM following oral intake of a
large amount of curcumin [40]. In addition, we are cognizant that the concentration of
glucose at 450 mg/dl used in most of our in vitro experiments might not be often found in
vivo conditions. However, these concentrations are often used in vitro experiments [17,41–
44]. One of explanations why in vitro experiments use a higher level of curcumin or glucose
than those observed in vivo is that in vitro experiments often use one type of cells, which is a
uni-factorial system. However, an in vivo system is usually multi-factorial. It has been
shown that liver metabolism is regulated by intercellular communications [45]. Curcumin or
hyperglycemia might simultaneously have impacts on several types of cells, among which
they cross-talk, interact and show synergistic impacts. Cells might be, therefore, less
sensitive to stimuli in an in vitro system than in an in vivo system. It is noteworthy that
because the in vivo system is multi-factorial, directly extrapolating in vitro conditions and
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results, e.g. effective concentrations, to the in vivo system, or vice versa, might be
misleading.

Our results suggested that curcumin might exert dual-functions in reducing the level of
intracellular glucose in HSCs in vitro. Curcumin eliminated the rapid action of extracellular
glucose by quickly interrupting the hyperglycemia-activated p38 signaling pathway, leading
to the blockade of the membrane translocation of GLUT2 (Fig. 4A & B). Curcumin, as an
inhibitor of the phosphoinositide 5-kinase PIKfyve, was also reported to inhibit insulin-
induced GLUT4 translocation and glucose transport into 3T3-L1 adipocytes [46]. In
addition to the quick and short-term action, curcumin also showed a slow but long-lasting
action by suppressing gene expression of GLUT2 in cultured HSCs (Fig. 5), which was
mediated by the activation of PPARγ (Fig. 6). We formerly reported that curcumin restored
gene expression of PPARγ in activated HSCs in vitro and in vivo [23,24]. The curcumin-
induced expression of PPARγ is likely activated by its agonists present in media or in blood,
leading to the inhibition of HSC activation. The activation of PPARγ was required for
curcumin to inhibit HSC activation [24,25]. It bears emphasis that in addition to other
beneficial effects, because of its role in restoring gene expression of PPARγ in activated
HSCs, curcumin could not be simply replaced by PPARγ agonists, which, though, showed
inhibitory impacts on HSC activation [14,47]. PPARγ has displayed a critical role in the
development of T2DM and in the treatment of this disease. Patients with a dominant-
negative mutation in PPARγ gene were associated with severe insulin resistance and
diabetes [48]. Adipose-specific PPARγ knockout caused insulin resistance in the adipose
tissue and liver [49]. PPARγ agonists had effects on promoting insulin sensitization and
improving dyslipidemia in patients with T2DM [50].

A critical concern was raised during conducting the experiments in this report whether
curcumin would block the transport of plasma glucose into hepatocytes and/or muscle cells.
If true, curcumin would deteriorate hyperglycemia and diabetes. We conducted additional
experiments to evaluate the role of curcumin in altering the level of glucose in hepatocytes.
Curcumin was observed to have no impact on the hyperglycemia-caused increase in the
level of intracellular glucose in hepatocytes (Fig. 3C). This result was supported by a recent
report that curcumin facilitated the maintenance of the level of pancreatic GLUT2 in STZ-
treated animals [51]. Curcumin showed distinct roles in regulating expression of genes
depending on cell types. Curcumin induced gene expression of LDL receptor (LDLR) in
hepatoma cell line HepG2 [52], which might result in an increase in the endocytosis of
plasma LDL by hepatocytes and a reduction in the level of plasma LDL. However, curcumin
suppressed gene expression of LDLR in cultured HSCs [53], which attenuated the
stimulatory effect of LDL on the activation of HSCs. Our results suggested that curcumin
inhibited GLUT2 gene expression in HSCs mediated by activating PPARγ. However,
PPARγ induced, instead, GLUT2 gene expression in rat pancreatic insulinoma beta-cells
[54], in cultured primary hepatocytes and in human epithelial hepatoma cell line Alexander
cells [55]. Although beyond the scope of this report, it is of interest to explore the
underlying mechanisms by which curcumin shows distinct roles in different cell types,
including HSCs and hepatocytes.

The level of intracellular glucose is mainly determined by glucose-supplying and glucose-
consuming. In the liver, extracellular glucose could be rapidly transported into cells by the
major transporter GLUT2 [6]. On the other hand, intracellular glucose could be swiftly
converted to glucose-6-phosphate (G-6-P) catalyzed by hexokinase [56]. The experiments in
this report focused on the effects of curcumin on glucose-supplying factors. Additional
experiments are necessary to evaluate effects of curcumin on glucose-consuming factors,
including on the conversion of glucose to G-6-P in activated HSCs, which might also
contribute to the curcumin-caused reduction in the level of intracellular glucose in HSCs. It
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bears emphasis that our results in this report do not exclude any other mechanisms of
curcumin in the inhibition of the hyperglycemia-induced activation of HSCs. Our results in
this study present evidence to the impacts of hyperglycemia on stimulating hepatic
fibrogenesis. In addition, our results provide novel insights into the roles of curcumin and its
underlying mechanisms in the inhibition of hyperglycemia-induced HSC activation and its
implications in the therapeutic intervention of hyperglycemia-associated hepatic
fibrogenesis.
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α-SMA alpha-smooth muscle actin

BSO L-buthionine sulfoximine

CTGF connective tissue growth factor

DMEM Dulbecco’s modified Eagle’s medium
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GAPDH glyceraldehyde-3-phosphate dehydrogenase

GCL glutamate-cysteine ligase

GLUT2 glucose transporter-2

GSH glutathione

HSCs hepatic stellate cells

LPO Lipid peroxidation

NASH non-alcoholic steatohepatitis

NAC N-acetylcysteine

PDGF-βR platelet-derived growth factor-beta receptor

PPARγ peroxisome proliferator-activated receptor-gamma

ROS reactive oxygen species

TGF-βR transforming growth factor-beta receptor
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Figure 1. Hyperglycemia stimulated cell growth and expression of genes relevant to HSC
activation in cultured HSCs
Passaged HSCs were cultured in DMEM with glucose at indicated concentrations for 24 hr.
(A). Cell proliferation was assessed by colorimetric MTS assays. Results were expressed as
percentage changes in the density of viable cells, compared with cells grown in media with
glucose at 100 mg/dl (the 1st column). Values were expressed as means ± S. D. (n ≥3).
*p<0.05 vs the control cells grown in media with glucose at 100 mg/dl. (B). Western
blotting analyses of the abundance of proteins related to cell growth or fibrogenesis. β-actin
was used as an invariant control for equal loading. Representative results were shown from
three independent experiments. Italic numbers beneath blots were fold changes (means ±
S.D.) in the densities of the bands compared with the control grown in media with glucose at
100 mg/dl in the blot (n=3), after normalization with the internal invariable control.
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Figure 2. Curcumin eliminated the stimulatory impacts of hyperglycemia on HSC activation by
reducing cell proliferation and suppressing expression of genes relevant to HSC activation
Passaged HSCs were cultured in media with glucose at 100 mg/dl, or 450 mg/dl in the
presence of curcumin (0–30 μM) for 24 hr. Values were expressed as means ± S. D. (n 3).
*p<0.05 vs the control with glucose at 100 mg/dl, ‡p<0.05 vs cells cultured in media with
450 mg/dl of glucose alone. (A). Cell proliferation was assessed by colorimetric MTS
assays. Results were expressed as percentage changes in the density of viable cells,
compared with cells grown in media with glucose at 100 mg/dl. (B). Real-time PCR
analyses of the mRNA levels of genes relevant to HSC activation. Results were expressed as
fold changes (means ± S.D.), compared with cells grown in media with glucose at 100 mg/dl
(n=3). (C). Western blotting analyses of the abundance of proteins related to cell growth, or
fibrogenesis. β-actin was used as an invariant control for equal loading. Representative
results were shown from three independent experiments. Italic numbers beneath blots were
fold changes (means ± S.D.) in the densities of the bands compared with the control with
glucose at 100 mg/dl in the blot (n=3), after normalization with the internal invariable
control.
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Figure 3. Hyperglycemia caused dose- and time-dependent biphasic increases in the level of
intracellular glucose in cultured HSCs, which were abrogated by curcumin
Passaged HSCs were cultured in DMEM with glucose at indicated concentrations in the
presence or absence of curcumin for different hours. Levels of intracellular glucose were
determined. Values were expressed as means ± S. D. (n ≥3). *p<0.05 vs the control in the 1st

column, or point. ‡p <0.05 vs cells cultured in media with glucose at 450 mg/dl alone. (A).
Analyses of levels of intracellular glucose in HSCs exposed to glucose at various doses for
24 hr; (B). Analyses of levels of intracellular glucose in HSCs exposed to glucose at 450
mg/dl with or without curcumin at 20 μM for 0–24 hr; (C). Analyses of levels of
intracellular glucose in HSCs or in immortalized human hepatocytes (IHH) exposed to
glucose at 100 mg/dl, or 450 mg/dl with curcumin (0–30 μM) for 24 hr.
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Figure 4. Curcumin suppressed the impact of hyperglycemia on rapidly inducing the membrane
translocation of GLUT2 in cultured HSCs, likely by quickly blocking the p38 MAPK signaling
pathway
A & B. Serum-starved HSCs were pretreated with curcumin at indicated concentrations for
1 hr prior to the exposure to glucose (450 mg/dl) in serum-depleted media for additional 1 hr
(A), or 30 minutes (B). Whole cell, membrane and cytosol protein extracts were respectively
prepared. Contents of total GLUT2 (t-GLUT2), membrane GLUT2 (m-GLUT2) and
cytoplasmic GLUT2 (c-GLUT2) (A), or phosphorylated p38 (p-p38) in whole cell extracts
(B), were analyzed by Western blotting analyses. β-actin (A), or total p38 (B), was used as
an invariant control for equal loading. Representatives were shown from three independent
experiments. Italic numbers beneath blots were fold changes (means ± S.D.) in the densities
of the bands compared with the control with glucose at 100 mg/dl in the blot (n=3), after
normalization with the internal invariable control.
C. Serum-starved HSCs were pretreated with the p38 inhibitor SB202190 at various doses
for 1 hr prior to the exposure to glucose (450 mg/dl) in serum-depleted media for an
additional 1 hr. The abundance of t-GLUT2, m-GLUT2 and c-GLUT2 was analyzed by
Western blotting analyses. β-actin was used as an invariant control for equal loading. Italic
numbers beneath blots were fold changes (means ± S.D.) in the densities of the bands
compared with the no treatment control (the corresponding 1st lane) in the blot (n=3), after
normalization with the internal invariable control.
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Figure 5. Curcumin eliminated the stimulatory impact of hyperglycemia on inducing gene
expression of GLUT2 in cultured HSCs
Passaged HSCs were cultured in media with glucose at indicated concentrations in the
presence or absence of curcumin (0–30 μM) for 24 hr. *p<0.05 vs cells in glucose at 100
mg/dl. ‡p<0.05 vs cells cultured in media with glucose at 450 mg/dl alone. (A). Luciferase
activity assays of cells transfected with the glut2 promoter luciferase reporter plasmid
pGluT2-Luc (n=6). The inset denoted the pGluT2-Luc construct in use and the application
of curcumin to the system. (B). Real-time PCR analyses of mRNA levels of GLUT2 in the
cells. Results were expressed as fold changes (means ± S.D.), compared with cells grown in
media with glucose at 100 mg/dl (n=3). (C). Western blotting analyses of the abundance of
total GLUT2. β-actin was used as an invariant control for equal loading. Representatives
were shown from three independent experiments. Italic numbers beneath blots were fold
changes (means ± S.D.) in the densities of the bands compared with the control with glucose
at 100 mg/dl in the blot (n=3), after normalization with the internal invariable control.

Lin and Chen Page 21

Mol Cell Endocrinol. Author manuscript; available in PMC 2012 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. The activation of PPARγ played a critical role for curcumin to eliminate the impact of
hyperglycemia on inducing gene expression of GLUT2 in activated HSCs in vitro
A & B. Passaged HSCs were pretreated with or without the PPARγ antagonist PD68235 (20
μM) for 1 hr prior to the stimulation with glucose (450 mg/dl) plus or minus curcumin
(20μM) for additional 24 hr. (A). Luciferase activity assays of cells transfected with the
plasmid pGlut2-Luc. The inset denoted the pGluT2-Luc construct in use and the application
of curcumin plus or minus PD68235 (PD) to the system. *p<0.05 vs cells stimulated with
glucose at 450 mg/dl alone. ‡p<0.05 vs cells treated with both glucose and curcumin. (B).
Western blotting analyses of the abundance of GLUT2. β-actin was used as an invariant
control for equal loading. Representatives were shown from three independent experiments.
Italic numbers were fold changes (means ± S.D.) in densities of the bands compared with
the control with glucose at 450 mg/dl alone (the 1st lane) after normalization (n=3).
C & D. Serum-starved HSCs were pretreated with the natural PPARγ agonist PGJ2 or
synthesized PPARγ agonist rosiglitazone at indicated doses for 1 hr prior to the exposure to
glucose (450 mg/dl) in serum-depleted DMEM for 24 hr. (C). Luciferase activity assays of
cells transfected with pGluT2-Luc. The inset denoted the pGluT2-Luc construct in use and
the application of PGJ2 or rosiglitazone to the system. *p<0.05 vs cells stimulated with
glucose at 450 mg/dl alone. (D). Western blotting analyses of the abundance of GLUT2. β-
actin was used as an invariant control for equal loading. Representative results were shown
from three independent experiments. Italic numbers were fold changes (means ± S.D.) in
densities of the bands compared with the control stimulated with glucose at 450 mg/dl alone
(the corresponding 1st lane) after normalization (n=3).
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Figure 7. Hyperglycemia induced oxidative stress in HSCs by elevating the level of ROS and
LPO, which was attenuated by curcumin, likely by increasing the contents of GSH
Passaged HSCs were cultured in media with glucose at 100 mg/dl, or 450 mg/dl in the
presence of curcumin (0–30 μM) for 24 hr. Levels of intracellular ROS (A), LPO (B) and
GSH (C), as well as the ratio of GSH/GSSG (D) were analyzed. Values were represented as
means ± S. D. (n=6). *p<0.05 vs cells cultured in media with glucose at 100 mg/dl. ‡p<0.05
vs cells stimulated with glucose at 450 mg/dl alone.
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Figure 8. Curcumin eliminated the impact of hyperglycemia on reducing the level of GSH in
cultured HSCs by elevating the abundance of GCL subunits and increasing the activity of GCL
Passaged HSCs were cultured in media with glucose at 100 mg/dl, or 450 mg/dl in the
presence of curcumin (0–30 μM) for 24 hr. (A). Western blotting analyses of the abundance
of GCLc and GCLm in the cells. β-actin was used as an invariant control for equal loading.
Representatives were shown from three independent experiments. Italic numbers were fold
changes (means ± S. D) in densities of the bands compared with cells grown in media with
glucose at 100 mg/dl (the corresponding 1st lane) after normalization (n=3). (B). Analyses of
the activity of GCL in the cells. Values were represented as means ± S. D. (n=6). *p<0.05 vs
cells cultured in media with glucose at 100 mg/dl. ‡p<0.05 vs cells stimulated with glucose
at 450 mg/dl alone.
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Figure 9. de novo synthesis of GSH played a pivotal role for curcumin to inhibit the
hyperglycemia-induced gene expression of GLUT2 in activated HSCs in vitro
Passaged HSCs were stimulated with glucose at 450 mg/dl and divided into two groups. One
was treated with or without curcumin (20 μM), or NAC (5 mM), for 24 hr. The other group
was pretreated with BSO (0.25 mM) for 1 hr prior to the treatment with curcumin (20 μM),
or NAC (5 mM), for additional 24 hr. (A). Luciferase activity assays of cells transfected
with pGluT2-Luc. The inset denoted the pGluT2-Luc construct in use and the application of
curcumin or NAC to the system. *p<0.05 vs cells stimulated with glucose at 450 mg/dl
alone. ‡p<0.05 vs cells treated with glucose plus curcumin or NAC. (B). Western blotting
analyses of the abundance of GLUT2. Representatives were shown from three independent
experiments. Italic numbers were fold changes (means ± S. D) in densities of the bands
compared with the control with no treatment (the 1st lane) after normalization (n=3).
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Figure 10. A schematic diagram of the role of curcumin in inhibiting hyperglycemia-caused HSC
activation
Hyperglycemia elevates the level of intracellular glucose, leading to the activation of HSCs.
Curcumin eliminates the stimulatory effects of hyperglycemia by blocking the membrane
translocation of GLUT2 and suppressing expression of GLUT2 gene. The latter is mediated
by activating PPARγ and attenuating oxidative stress.
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