
Activation of peroxisome proliferator-activated
receptor-g by curcumin blocks the signaling pathways
for PDGF and EGF in hepatic stellate cells
Jianguo Lin and Anping Chen

During hepatic fibrogenesis, reduction in the abundance of peroxisome proliferator-activated receptor-g (PPARg) is
accompanied by activation of mitogenic signaling for platelet-derived growth factor (PDGF) and epidermal growth factor
(EGF) in hepatic stellate cells (HSCs), the major effector cells. We previously reported that curcumin, the yellow pigment in
curry, interrupted PDGF and EGF signaling, stimulated PPARg gene expression, and enhanced its activity, leading to
inhibition of cell proliferation of activated HSC in vitro and in vivo. The aim of this study was to elucidate the underlying
mechanisms. We hypothesized that the enhancement of PPARg activity by curcumin might result in the interruption of
PDGF and EGF signaling. Our experiments demonstrated that curcumin, with different treatment strategies, showed
different efficiencies in the inhibition of PDGF- or EGF-stimulated HSC proliferation. Further experiments observed that
curcumin dose dependently reduced gene expression of PDGF and EGF receptors (ie, PDGF-bR and EGFR), which required
PPARg activation. The activation of PPARg by its agonist suppressed pdgf-br and egfr expression in HSC. In addition,
curcumin reduced the phosphorylation levels of PDGF-bR and EGFR, as well as their downstream signaling cascades,
including ERK1/2 and JNK1/2. Moreover, activation of PPARg induced gene expression of glutamate–cysteine ligase,
the rate-limiting enzyme in de novo synthesis of the major intracellular antioxidant, glutathione. De novo synthesis of
glutathione was required for curcumin to suppress pdgf-br and egfr expression in activated HSCs. Our results collectively
demonstrated that enhancement of PPARg activity by curcumin interrupted PDGF and EGF signaling in activated HSCs
by reducing the phosphorylation levels of PDGF-bR and EGFR, and by suppressing the receptor gene expression.
These results provide novel insights into the mechanisms of curcumin in the inhibition of HSC activation and the
suppression of hepatic fibrogenesis.
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Hepatic stellate cells (HSCs) are recognized as the major
effector cells in the development of hepatic fibrosis.1,2 In
response to liver injury caused by virus, chemicals, auto-
immune reactions, or metabolic disorders, HSCs undergo
obvious phenotypic alterations from a state of quiescence to
activation.1,2 HSC activation is characterized by enhanced cell
proliferation, over-production of extracellular matrix (ECM),
and de novo synthesis of a-smooth muscle actin. This process
is coupled with the up-expression of receptors for platelet-
derived growth factor (PDGF)3 and epidermal growth factor
(EGF),4–6 as well as the dramatic down-expression of peroxi-
some proliferator-activated receptor-g (PPARg).7–9 The altera-
tion in PPARg activity plays an important role in HSC

activation.10,11 HSC proliferation is, in a receptor-dependent
manner, triggered by autocrine/paracrine activation of the
signaling for mitogenic growth factors, including PDGF and
EGF.4,12 Both PDGF-bR and EGF receptor (EGFR) contain
intrinsic tyrosine kinase activity. Upon binding to their
ligands, the receptors become phosphorylated at the tyrosine
residues, leading to activation of their downstream cascades,
including the extracellular signal-regulated kinase (ERK) and
the Jun N-terminal kinase (JNK).13,14

In the last decade, advances in the understanding of genes
promoting HSC activation have been impressive. There are,
however, few breakthroughs in the therapeutic interven-
tion of hepatic fibrogenesis. Therefore, research identifying

Received 04 January 2008; revised 07 February 2008; accepted 10 February 2008

Department of Pathology, School of Medicine, Saint Louis University, St Louis, MO, USA
Correspondence: Dr A Chen, PhD, Department of Pathology, School of Medicine, Saint Louis University, 1100 S. Grand Blvd, Edward A. Doisy Research Center, St Louis,
MO 63104, USA. E-mail: achen5@slu.edu

Laboratory Investigation (2008) 88, 529–540

& 2008 USCAP, Inc All rights reserved 0023-6837/08 $30.00

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 88 May 2008 529

http://dx.doi.org/10.1038/labinvest.2008.20
mailto:achen5@slu.edu
http://www.laboratoryinvestigation.org


antifibrogenic agents that are innocuous is of high priority
and is urgently needed. Most evolving antifibrogenic
therapies will be aimed at inhibiting HSC activation. The
antioxidant curcumin is the yellow pigment in the curry from
turmeric. It has received attention as a promising dietary
supplement for the treatment of hepatic fibrogenesis.11,15–22

We previously reported that curcumin interrupted PDGF and
EGF signaling, stimulated gene expression of PPARg, and
enhanced its activity, leading to inhibition of cell prolifera-
tion of activated HSCs in vitro.11,22 The aim of this study was
to elucidate the underlying mechanisms. We hypothesized
that enhancement of PPARg activity by curcumin might
result in interruption of the signaling pathways for PDGF
and EGF. Results in this report support our hypothesis and
provide novel insights into the mechanisms of curcumin
in the inhibition of HSC activation and the suppression of
hepatic fibrogenesis.

MATERIALS AND METHODS
Materials and Chemicals
Curcumin (purity494%) was purchased from Sigma (St Louis,
MO, USA) and dissolved in 100% ethanol. 15-Deoxy-D12,14-
prostaglandin J2 (PGJ2), a natural PPARg agonist, is the pro-
duct of Cayman Chemical Company (Ann Arbor, MI, USA).
PD98059 (an ERK inhibitor) and SP600125 (a JNK inhibitor)
were, respectively, purchased from Biomol Research Labs. Inc
(Plymouth Meeting, PA, USA) and Sigma, both of which were
dissolved in DMSO. PD68235, a specific PPARg antagonist,
was generously provided by Pfizer (Ann Arbor, MI, USA).
L-Buthionine-sulfoximine (BSO) and N-acetyl-L-cysteine
(NAC) were obtained from Sigma. Recombinant PDGF-BB and
EGF were purchased from Cell Sciences (Canton, MA, USA).

Isolation and Culture of HSCs
HSCs were isolated from male Spague–Dawley rats (200–
250 g) by the pronase–collagenase perfusion in situ prior to
density gradient centrifugation on an Opti-Prept gradient,
as previously described.23 Primary cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 20% fetal bovine serum (FBS). The passaged
cells were grown in DMEM with 10% of FBS. Semi-confluent
HSCs with 4–8 passages were used for the experiments.
In some of the experiments, cells were serum-starved for
24 h in DMEM with 0.5% of FBS before treatment.

Determination of Cell Proliferation
HSCs were serum-starved in DMEM with 0.5% of FBS for
24 h prior to addition of PDGF or EGF at the indicated doses,
in the presence or absence of curcumin (20 mM), for an addi-
tional 24 h. In another group, HSCs were pretreated with
curcumin (20 mM) for 24 h in DMEM with 0.5% of FBS prior
to addition of PDGF, or EGF, at the indicated doses for an
additional 24 h. Cell proliferation was determined either
by counting cell numbers using a computer-equipped cell
counter (Coulter Corporation, Miami, FL, USA), or using

the CellTiter 96s aqueous non-radioactive cell proliferation
assay kit (ie, MTS assays) purchased from Promega, accord-
ing to the manufacturer’s instructions. MTS assay is a colori-
metric method for determining the number of viable cells.
Each treatment was performed in triplicates and was repeated
for at least three times.

Western Blotting Analyses
Whole-cell extracts were prepared as described.23 Proteins
were separated by SDS-PAGE with 10% of resolving gel and
transferred to a PVDF membrane. The target proteins were
respectively recognized by primary antibodies against phos-
phorylated types of PDGF-bR, EGFR, ERK1/2, or JNK1/2
and the corresponding non-phosphorylated proteins, and
subsequently detected by horseradish peroxidase-conjugated
secondary antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Protein bands were visualized with a chemi-
luminescence reagent (Amersham Biosciences, Piscataway,
NJ, USA). In western blotting analyses, the densities of bands
were normalized with the internal invariable control, b-actin.

RNA Isolation and Real-time Polymerase Chain Reaction
Total RNA was extracted using TRI reagents (Sigma), follow-
ing the protocol provided by the manufacturer. Real-time
polymerase chain reaction (PCR) was carried out as previously
described.11 mRNA fold changes of target genes relative
to endogenous glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) control were calculated as suggested by Schmittgen
et al.24 The following primers were used for real-time PCR:
PDGF-bR: (F) 50-CTGCCACAGCATGATGAGGATTGA-30, (R)
50-GCCAGGATGGCTGAGATCACCAC; EGFR: (F) 50-GTGAC
CGTTTGGGAGTTGATGA-30, (R) 50-GGCTGAGGGAGGCGT
TCTC-30; GCLc: (F) 50-TGTGTGATGAGCCCAAGGAC-30, (R)
50-AGTTGGCTCGCATCATAGTTG-30; GCLm: (F) 50-CTGCT
AAACTGTTCATTGTAG-30, (R) 50-CTATGGGTTTTACCTGT
G-30; and GAPDH: (F) 50-GGCAAATTCAACGGCACAGT-30,
(R) 50-AGATGGTGATGGGCTTCCC-30.

Plasmids and Transient Transfection Assays
The pdgf-br promoter report plasmid, pPDGF-bR-Luc, was
a gift from Dr Keiko Funa (Ludwig Institute for Cancer
Research, Uppsala, Sweden). It contained a fragment
(1366 bp) of PDGF-bR gene promoter subcloned into the
luciferase expression vector pGL2 (basic).25 The egfr pro-
moter luciferase reporter plasmid contained a fragment
(1109 bp) of egfr promoter in a luciferase reporter plasmid.
It was a gift from Dr Alfred C Johnson (Laboratory of
Molecular Biology, NCI/NIH, Bethesda, MD, USA).26 The
cDNA-expressing plasmid, pPPARgcDNA, contained a full
fragment of cDNA encoding human PPARg (a gift from
Dr Reed Graves, Department of Medicine, University of
Chicago, Chicago, IL, USA). The plasmid pdn-ERK, or pdn-
JNK, contained a full length of cDNA fragment encoding the
dominant-negative form of ERK or JNK, respectively. Both
of them were previously described and used.27 The plasmid
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pa-ERK, or pa-JNK, contained a full length of cDNA
fragment encoding the constitutively active form of ERK,
or JNK, respectively.27,28 Transient transfection assays
were performed using Lipofectamines (Life Technologies)
following the protocol provided by the manufacturer. A total
of 3.5B4.5 mg of DNA were added to semi-confluent cells in
each well of six-well plastic plates. Transfection efficiency was
controlled by co-transfection of the b-galactosidase reporter
plasmid, pSV-b-gal (0.5 mg/well) (Promega). b-Galactosidase
activity was measured using an assay kit from Promega Corp.
Luciferase activities were expressed as relative unit after
normalization with b-galactosidase activity. Results were
combined from multiple independent experiments (nZ6)
and were presented as means±s.d.

Statistical Analysis
Differences between means were evaluated using an unpaired
two-sided Student’s t-test (Po0.05 was considered signi-
ficant). Where appropriate, comparisons of multiple treat-
ment conditions with control were analyzed by ANOVA with
Dunnett’s test for post hoc analysis.

RESULTS
Curcumin, with Different Treatment Strategies, showed
Different Efficiencies in the Inhibition of PDGF- or
EGF-Stimulated HSC Proliferation
PDGF and EGF have been identified as the most potent
stimuli for proliferation of HSCs.4,12 To evaluate the effect of
curcumin on the PDGF-, or EGF-stimulated cell prolifera-
tion, cultured HSCs were divided into three groups. In the
first two groups, HSCs were serum-starved in DMEM with
0.5% of FBS for 24 h prior to addition of PDGF or EGF at the

indicated doses in the simultaneous presence or absence of
curcumin (20 mM) for an additional 24 h. In the third group,
HSCs were pretreated with curcumin (20 mM) for 24 h in
DMEM with 0.5% of FBS prior to addition of PDGF, or EGF,
at the indicated doses for an additional 24 h. Cell prolifera-
tion was determined following these steps. As shown in
Figure 1, in MTS assays exogenous PDGF or EGF caused,
as expected, a dose-dependent increase in cell density (the
left first columns in each group). The stimulatory effects of
PDGF and EGF were diminished by curcumin (the middle
and right columns in each group). However, the extent of
diminution was obviously different when different strategies
were used. Compared with simultaneous treatment with
curcumin (the middle black columns), pretreatment with
curcumin (the right blank columns) potentiated its role in
the suppression of cell proliferation. For instance, compared
with treatment with only PDGF at 15 or 20 ng/ml, simulta-
neous treatment with curcumin (20 mM) inhibited PDGF-
stimulated cell proliferation by 10 or 19%, respectively
(Figure 1a). However, pretreatment with curcumin (20 mM)
potentiated the inhibitory effect on PDGF-stimulated cell
proliferation by 32 or 43%, respectively (Figure 1a). Similar
results were observed in EGF-stimulated cell proliferation
when different treatment strategies with curcumin were used
(Figure 1b). It bears notice that because experiments were
performed in serum-depleted medium, even stimulated with
PDGF or EGF, the rate of cell proliferation was relatively low,
compared with that of cells grown in DMEM with 10%
of FBS. Similar results were obtained using an alternative
approach, that is, counting cell numbers using a computer-
equipped cell counter (data not shown here). Taken together,
these results demonstrated that curcumin, with different

Figure 1 Curcumin, with different treatment strategies, showed different efficiencies in the inhibition of PDGF- or EGF-stimulated HSC proliferation.

Cultured HSCs were divided into three groups. In the first two groups, HSCs were serum-starved in DMEM with 0.5% of FBS for 24 h prior to addition

of PDGF (a) or EGF (b) at the indicated doses in the simultaneous presence (Curþ PDGF, or Curþ EGF) or absence (PDGF or EGF) of curcumin (20 mM)

for an additional 24 h. In the third group, HSCs were pretreated with curcumin (20 mM) for 24 h in DMEM with 0.5% of FBS prior to the addition of PDGF (a)

or EGF (b) at the indicated doses for an additional 24 h (Cur/PDGF, or Cur/EGF). Cell proliferation was determined by colorimetric MTS assays. Results

were expressed as fold changes in the number of viable cells, compared with the untreated control (the first columns on the left). Values were expressed

as means±s.d. (n¼ 3). *Po0.05 vs the untreated control (the first column on the left). yPo0.05 vs cells treated with PDGF or EGF only (the left first

column in the same group). zPo0.05 vs cells simultaneously treated with curcumin plus PDGF or EGF (Curþ PDGF, or Curþ EGF) (the middle column in

the same group).
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treatment strategies, showed different efficiencies in the
inhibition of PDGF- or EGF-stimulated HSC proliferation.
The intriguing observations urged us to investigate the
underlying mechanisms.

Curcumin Inhibited Gene Expression of PDGFbR and
EGFR in Activated HSCs In Vitro, which Might Require
Activation of PPARc
Because PDGF and EGF signaling is receptor-dependent, we
proposed that the different inhibitory efficacy of curcumin on
cell proliferation might result, at least partially, from sup-
pression of gene expression of their receptors in the case of
pretreatment. The effect of curcumin on gene expression of
PDGF-bR and EGFR in passaged HSCs was, therefore, eval-
uated. Pre-confluent HSCs in six-well culture plates were
transiently transfected with the pdgf-br promoter luciferase
reporter plasmid, pPDGF-bR-Luc, or the egfr promoter luci-
ferase reporter plasmid, pEGFR-Luc. After recovery, cells were
treated with curcumin at various concentrations as indicated
for 24 h. As shown in Figure 2a, in luciferase assays curcumin
caused a dose-dependent reduction in luciferase activity, sug-
gesting that curcumin might reduce the promoter activity of
PDGF-bR and EGFR genes in activated HSCs in vitro. To
confirm the result, passaged HSCs were treated with curcumin
at various concentrations as indicated for 24 h. Real-time
PCR (Figure 2b) and Western blotting analyses (Figure 2c)
demonstrated that curcumin significantly reduced the
mRNA levels and the protein abundance of PDGF-bR and
EGFR in a dose-dependent manner. These results demon-
strated that curcumin suppressed pdgf-br and egfr expression
in activated HSCs in vitro.

We previously reported that curcumin induced gene
expression of PPARg and enhanced its activity in cultured
HSCs,11 which was a prerequisite for curcumin to inhibit
HSC proliferation and to suppress gene expression of
ECM components.11,19 It was, therefore, plausible to further
postulate that inhibition of pdgf-br and egfr expression by
curcumin might be mediated by activation of PPARg. To test
the postulation, cultured HSCs were pretreated with or
without PD68235 (20 mM), a specific PPARg antagonist, for
1 h prior to addition of curcumin (20 mM) for an additional
24 h. Gene expression of PDGFbR and EGFR was assessed
by real-time PCR (Figure 2b) and Western blotting analyses
(Figure 2c). It was revealed that pre-exposure of HSCs
to PD68235 obviously diminished the inhibitory effect of
curcumin on pdgf-br and egfr expression in activated HSCs
in vitro, suggesting that activation of PPARg might be neces-
sary for curcumin to inhibit pdgf-br and egfr expression.

Activation of PPARc Suppressed pdgf-br and egfr
Expression in Activated HSCs In Vitro
Additional experiments were performed to verify the role of
PPARg in curcumin suppression of pdgf-br and egfr expres-
sion. HSCs in six-well culture plates were co-transfected with
a total of 4.5 mg of a DNA mixture per well, including 2 mg

of pPDGF-bR-Luc, or pEGFR-Luc, 0.5 mg of pSV-b-gal, and
2 mg of the PPARg cDNA expressing plasmid pPPARgcDNA
at various doses plus the empty vector pcDNA. The latter was
used to ensure equal amount of total DNA in transfection
assays. After recovery, cells were treated with or without
curcumin (20 mM) in media containing FBS (10%) for 24 h.
Luciferase activity assays in Figure 3 indicate that forced

Figure 2 Curcumin dose dependently suppressed gene expression of

PDGF-bR and EGFR in cultured HSCs, which might require activation of

PPARg. Cultured HSCs in DMEM with 10% of FBS were pretreated with

or without the PD68235 (20mM), a specific PPARg antagonist, for 1 h prior

to the addition of curcumin at the indicated concentrations for an

additional 24 h. (a) Luciferase assays of cells transfected with pPDGF-bR-Luc,
or pEGFR-Luc. Luciferase activities were expressed as relative units after

b-galactosidase normalization (n¼ 6). *Po0.05 vs the untreated control

(the corresponding first column on the left). The floating schema denoted

the pPDGF-bR-Luc, or pEGFR-Luc, luciferase reporter construct in use

and the application of curcumin to the system; (b) real-time PCR analyses

of the mRNA levels of PDGF-bR or EGFR. GAPDH was used as an invariant

control for calculating fold changes of target mRNA (n¼ 3). *Po0.05 vs

the untreated control (the corresponding first column on the left); zPo0.05

vs cells treated with curcumin at 20mM; (c) Western blotting analyses of

the protein abundance of PDGF-bR or EGFR. b-Actin was used as an

invariant control for equal loading. Representative result is shown

from three independent experiments.
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expression of exogenous PPARg cDNA dose dependently
reduced luciferase activity, indicating reduction in the pro-
moter activity of PDGF-bR and EGFR genes in cultured
HSCs. The inhibitory effect of exogenous PPARg cDNA was
abrogated by treatment of cells with the PPARg antagonist,
PD68235 (data not shown here). Prior experiments have
suggested that 10% FBS in the medium might contain
enough agonists to activate PPARg in HSCs.9,11,19,20

Additional experiments further confirmed that activation
of endogenous PPARg by its natural agonist, PGJ2, inhi-
bited pdgf-br and egfr promoter activity (Figure 4a), and
reduced the mRNA level (Figure 4b) and protein abundance
(Figure 4c) of PDGF-bR and EGFR in cultured HSCs. These
results demonstrated that activation of PPARg suppressed
pdgf-br and egfr expression in activated HSCs in vitro. Taken
together, our results implicated that inhibition of pdgf-br and
egfr expression by curcumin might be mediated by activation
of PPARg in activated HSCs in vitro.

Curcumin Reduced the Phosphorylation Levels of
PDGF-bR, EGFR, and of their Downstream
Inter-Mediators in HSCs
In addition to suppression of pdgf-br and egfr expression,
curcumin might have additional mechanisms to interrupt the
signaling pathways for PDGF and EGF in HSCs. Additional
experiments were conducted to evaluate the effects of cur-
cumin on the tyrosine phosphorylation of PDGF-bR, EGFR,

and their downstream cascades. Passaged HSCs were serum-
starved in serum-depleted DMEM with 0.5% of FBS for 24 h.
Cells were stimulated with FBS (10%) for various minutes,
as indicated, with or without pretreatment with curcumin
(20 mM) for 1 h. The phosphorylation levels of the target
proteins were evaluated by Western blotting analyses. It is
shown in Figure 5 that FBS rapidly stimulated tyrosine
phosphorylation of PDGF-bR and EGFR (well nos. 1, 3, 5, 7,
and 9), leading to enhanced phosphorylation of the down-
stream inter-mediators ERK1/2 and JNK1/2, which reached
their peaks within 10B20min (well nos. 3 and 5). Pre-
treatment of cells with curcumin apparently reduced the
phosphorylation levels of PDGF-bR, EGFR, ERK1/2, and
JNK1/2 (well nos. 2, 4, 6, 8, and 10), compared with their

Figure 3 Forced expression of PPARg reduced the promoter activity of

PDGF-bR and EGFR genes in passaged HSCs. HSCs in six-well culture plates

in DMEM with 10% of FBS were co-transfected with a total of 4.5 mg of

a DNA mixture per well, including 2 mg of pPDGF-bR-Luc or pEGFR-Luc,

0.5 mg of pSV-b-gal and 2 mg of pPPARgcDNA at various doses plus the

empty vector pcDNA. The latter was used to ensure equal amount of

total DNA in transfection assays. After recovery, cells were treated with or

without curcumin (20 mM) in media containing FBS (10%) for 24 h.

Luciferase activities were expressed as relative units after b-galactosidase
normalization (n¼ 6). *Po0.05 vs cells with no treatment (the first

columns on the left). The floating schema denoted the pPDGF-bR-Luc,
or pEGFR-Luc, luciferase reporter construct in use and the application

of the cDNA expressing plasmid pPPARgcDNA to the system.

Figure 4 The activation of PPARg by PGJ2 suppressed pdgf-br and egfr

expression in activated HSCs in vitro. Cultured HSCs in DMEM with 10%

of FBS were treated with curcumin (20mM) or PGJ2 at the indicated

concentrations for 24 h. (a) Luciferase assays of cells transfected with

pPDGF-bR-Luc, or pEGFR-Luc. Luciferase activities were expressed as

relative units after b-galactosidase normalization (n¼ 6). *Po0.05 vs the

untreated control (the corresponding 1st column on the left); (b) real-time

PCR analyses of the mRNA levels of PDGF-bR or EGFR. GAPDH was used as

an invariant control for calculating fold changes of target mRNA (n¼ 3).

*Po0.05 vs the un-treated control (the corresponding 1st column on the

left); (c) Western blotting analyses of the abundance of PDGF-bR or EGFR.

b-Actin was used as an invariant control for equal loading. Representative

result is shown from three independent experiments.
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corresponding counterparts (well nos. 1, 3, 5, 7, and 9).
These results demonstrated that in addition to suppression
of pdgf-br and egfr expression, curcumin interrupted the
signaling pathways for PDGF and EGF in HSCs by reducing
the phosphorylation levels of PDGF-bR, EGFR, and their
downstream inter-mediators.

Inhibition of ERK or JNK Activity Resulted in
Suppression of pdgf-br and egfr Expression in Activated
HSCs In Vitro
We assumed that inhibition of ERK and JNK activity by
curcumin could result in suppression of pdgf-br and egfr
expression in activated HSCs. Experiments were conducted
to test the assumption. First experiments were performed to
determine whether alteration of ERK or JNK activity could
reduce the promoter activity of PDGF-bR and EGFR genes in
activated HSCs. HSCs were co-transfected with pPDGF-bR-
Luc, or pEGFR-Luc, plus a cDNA expressing plasmid of
pa-ERK, pa-JNK, pdn-ERK, or pdn-JNK. The cDNA expres-
sing plasmid pa-ERK, or pa-JNK, contained a fragment
of cDNA encoding the constitutively active form of ERK
(a-ERK), or JNK (a-JNK), respectively.27,28 Similarly, the
cDNA expressing plasmid pdn-ERK, or pdn-JNK, contained
a fragment of cDNA encoding the dominant-negative form
of ERK (dn-ERK) or JNK (dn-JNK), respectively.27,28 A
total of 3.2 mg, or 4.5 mg, of plasmid DNA was used for

co-transfection of HSCs in each well of six-well culture plates.
It included 2mg of pPDGF-bR-Luc, or pEGFR-Luc, 0.5 mg
of pSV-gal, and 0.7 mg of pa-ERK or pa-JNK, or 2 mg of
pdn-ERK or pdn-JNK, plus the empty vector, pcDNA. The
latter was used to ensure the equal amount of total DNA in
co-transfection assays. After overnight recovery, cells were
serum-starved in DMEM for 24 h prior to stimulation with
FBS (10%) in the presence or absence of curcumin (20 mM)
for an additional 24 h. The effects of ERK or JNK activity on
pdgf-br and egfr promoter activity were evaluated by luci-
ferase assays. As shown in Figure 6a and c, compared with
the untreated control (the corresponding first column on
the left), activation of ERK, or JNK, by forced expression of
pa-ERK, or pa-JNK, markedly increased luciferase activity
(the second columns on the left). Curcumin significantly
reduced, as expected, luciferase activity (the third columns
on the left in Figure 6a and c). pa-ERK and pa-JNK dose
dependently abolished the inhibitory effect of curcumin
on luciferase activity (Figure 6a and c). In great contrast,
inhibition of ERK or JNK by pdn-ERK or pdn-JNK dose
dependently reduced luciferase activity (Figure 6b and d).
These results collectively suggested that alteration of ERK or
JNK activity regulated the promoter activity of PDGF-bR and
EGFR genes in activated HSCs in vitro.

Further experiments confirmed that inhibition of ERK, or
JNK, by the ERK inhibitor, PD98059, or the JNK inhibitor,
SP600125, mimicked the inhibitory effects of curcumin and
reduced promoter activity (Figure 7a and b), mRNA levels
(Figure 7c and d), and protein abundance (Figure 7e and f)
of PDGF-bR and EGFR in cultured HSCs, as demonstrated
by co-transfection assays, real-time PCR, and western blot-
ting analyses, respectively. Taken together, these results
supported the assumption that inhibition of ERK and JNK
activity by curcumin could result in suppression of pdgf-br
and egfr expression in activated HSCs.

De Novo Synthesis of GSH Played a Critical Role in
Curcumin Inhibition of pdgf-br and egfr Expression
in Activated HSCs
We have previously demonstrated that curcumin dose, and
time dependently attenuates oxidative stress in passaged
HSCs, as demonstrated by scavenging of reactive oxygen
species and reduction of lipid peroxidation.21 The anti-
oxidant property of curcumin mainly results from increasing
in the level of cellular glutathione (GSH) by induction of the
activity and gene expression of glutamate–cysteine ligase
(GCL), a rate-limiting enzyme in the synthesis of GSH,
in activated HSCs in vitro. De novo synthesis of GSH is a
prerequisite for curcumin to inhibit HSC activation.21 It was,
therefore, plausible to investigate the role of the enhanced
level of cellular GSH in the curcumin inhibition of pdgf-br
and egfr expression in activated HSCs. Passaged HSCs were
treated with curcumin (20 mM), or NAC (5mM), a precursor
of GSH by supplying cysteine,29 with or without the pre-
exposure to BSO (0.25mM), a specific inhibitor of GCL to

Figure 5 Curcumin reduced the phosphorylation levels of PDGF-bR,
EGFR, and downstream inter-mediators EKR and JNK in activated HSC

in vitro. Serum-starved HSCs in DMEM with 10% of FBS were pretreated

with or without curcumin at 20 mM for 30min prior to stimulation with

FBS (10%) for different lengths of time. Total protein extracts were prepared

for detecting the levels of phosphorylated PDGF-bR, EGFR, ERK, and JNK

by Western blotting analysis. Total PDGF-bR, EGFR, ERK, and JNK were

used as the corresponding internal controls. Representative result is

shown from three independent experiments.
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deplete cellular GSH,30 for 1 h. As shown in Figure 8a, in
luciferase assays NAC, like curcumin, significantly reduced
luciferase activity in HSCs transfected with pPDGF-bR-Luc,
or pEGFR-Luc. Pre-exposure of cells to BSO apparently
diminished this inhibitory effect (the last two columns on
the right side). This result suggested that de novo synthesis
of GSH might reduce pdgf-br and egfr promoter activity in
HSCs. Real-time PCR (Figure 8b) and Western blotting ana-
lyses (Figure 8c) further demonstrated that NAC, like curcu-
min, reduced the mRNA levels and the protein abundance of
PDGF-bR and EGFR in activated HSCs. Pretreatment of cells
with BSO abolished this inhibitory activity (the last two
columns and wells on the right side of Figure 8b and c). Taken
together, these results demonstrated that de novo synthesis of
GSH played a critical role in curcumin inhibition of pdgf-br
and egfr expression in activated HSCs in vitro.

Activation of PPARc Induced gclc and gclm Expression
in Activated HSCs In Vitro
We previously demonstrated that curcumin induced gene
expression of PPARg and enhanced its activity in HSCs.11

In addition, synthesis of GSH was required for curcumin
suppression of pdgf-br and egfr expression in activated HSCs

in vitro (Figure 8). To understand the underlying mechan-
isms, we assumed that the enhancement of PPARg activity by
curcumin might stimulate gene expression of the catalytic
(GCLc) and modifier (GCLm) subunits of GCL, which
could stimulate the synthesis of GSH and ultimately lead to
suppression of pdgf-br and egfr expression. To test this
assumption, passaged HSCs were pretreated with or without
PD68235 (20 mM), a specific PPARg antagonist, for 30min
prior to addition of curcumin (20 mM) for an additional 24 h.
As shown in Figure 9a, in Western blotting analyses, cur-
cumin enhanced, as expected, the abundance of GCLc and
GCLm in passaged HSCs (Zheng,21 no. 7416). Pretreatment
with the PPARg antagonist, PD68235, dramatically abrogated
the stimulatory effect, suggesting that the process might
require activation of PPARg. To verify the role of PPARg acti-
vation in the induction of gclc and gclm expression, pass-
aged HSCs were stimulated with the natural PPARg agonist,
PGJ2, at various concentrations for 24h. Results from real-time-
PCR (Figure 9b) and Western blotting analyses (Figure 9c)
confirmed that activation of PPARg by PGL2 induced gclc and
gclm expression in a dose-dependent manner. Taken together,
these results revealed that activation of PPARg induced gclc and
gclm expression in activated HSCs in vitro.

Figure 6 The alteration in ERK or JNK activity changed the promoter activity of PDGF-bR and EGFR genes in activated HSCs in vitro. HSCs in six-well plates i

n DMEM with 10% of FBS were co-tranfected with a fixed amount of a DNA mixture per well. It included 2 mg of pPDGF-bR-Luc (a and b), or pEGFR-Luc

(c and d), 0.5mg of pSV-b-gal and a plasmid expressing the active form of pa-ERK, or pa-JNK (a and c), or a plasmid expressing the dominant-negative

form of pdn-ERK or pdn-JNK (b and d), plus the empty vector pcDNA. The latter was used to ensure equal amount of total DNA in transfection assays.

The amount of DNA of pa-ERK, or pa-JNK, plus pcDNA was equalized to 0.7 mg (a and c). The amount of DNA of pdn-ERK, or pdn-JNK, plus pcDNA

was equalized to 2 mg (b and d). After overnight recovery, cells were serum-starved in DMEM with 0.5% DMEM for 24 h prior to the stimulation with FBS

(10%) in the presence or absence of curcumin (20 mM) for an additional 24 h. Luciferase activities were expressed as relative units after b-galactosidase
normalization (nZ6). *Po0.05 vs cells with no treatment (the corresponding first column on the left). zPo0.05 vs cells with curcumin only, without

co-transfected pa-cDNA (the corresponding third column on the left). The floating schema denotes the pPDGF-bR-Luc, or pEGFR-Luc, luciferase reporter

construct in use and the application of a cDNA expressing plasmid to the system.
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DISCUSSION
We previously proposed that there might exist an anta-
gonistic relationship between activation of the signaling
pathways for growth factors, including PDGF and EGF, and
activation of PPARg in HSC, that is, activation of the sig-
naling pathways for PDGF and EGF reduces the activity of
PPARg by suppressing PPARg gene expression during HSC
activation, whereas activation of PPARg results in interrup-
tion of the signaling pathways, leading to inhibition of HSC
activation.20,22 Our prior results supported the proposal and
demonstrated that activation of PDGF or EGF signaling
suppressed gene expression of PPARg in activated HSCs
in vitro. The current study was aimed at elucidating the effect
of PPARg activation on the PDGF or EGF signaling in HSC,
and at elucidating the underlying mechanisms. In this report,
we demonstrated that activation of PPARg by curcumin or its
agonist interrupted the PDGF or EGF signaling pathways by
reducing the phosphorylation levels of PDGF-bR and EGFR,

and suppressing pdgf-br and egfr expression. Further experi-
ments revealed that activation of PPARg induced expression
of GCL genes and stimulated synthesis of GSH, leading to
suppression of pdgf-br and egfr expression.

The tyrosine kinase receptors of EGFR and PDGFR have
received a great deal of attention as potential therapeutic
targets for treatment of hepatic fibrosis,31,32 as these receptors
have been shown to play key roles in hepatic fibrogenesis.3–6

As expected, exogenous PDGF and EGF stimulated cell proli-
feration of HSC in a dose-dependent manner, which was
diminished by curcumin (Figure 1). However, different
strategies of treatment with curcumin, that is, pretreatment
or simultaneous treatment, showed different inhibitory
efficiencies. Pretreatment with curcumin strengthened the
inhibitory effect on cell proliferation. This discrepancy in
the inhibitory efficiencies indicated that the inhibitory effect
of curcumin on PDGF- or EGF-stimulated cell proliferation
might not result from direct interactions between curcumin

Figure 7 The inhibition of ERK or JNK activity reduced pdgf-br and egfr expression in activated HSCs in vitro. Cultured HSCs in DMEM with 10% of FBS

were treated with curcumin (20mM), or the ERK inhibitor PD98059 (a, c, and e), or the JNK inhibitor SP600125 (b, d, and f), at the indicated doses for 24 h.

(a and b). Luciferase assays of cells transfected with pPDGF-bR-Luc, or pEGFR-Luc. Luciferase activities were expressed as relative units after b-galactosidase
normalization (n¼ 6). *Po0.05 vs the un-treated control (the corresponding first column on the left). The floating schema denotes the pPDGF-bR-Luc,
or pEGFR-Luc, luciferase reporter construct in use and the application of a kinase inhibitor to the system; (c and d) real-time PCR analyses of the mRNA

levels of PDGF-bR or EGFR. GAPDH was used as an invariant control for calculating fold changes of target mRNA (n¼ 3). *Po0.05 vs the untreated

control (the corresponding first column on the left); (e and f) Western blotting analyses of the abundance of PDGF-bR or EGFR. b-Actin was used as

an invariant control for equal loading. Representative result is shown from three independent experiments.
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and PDGF or EGF. Further experiments revealed that cur-
cumin reduced the abundance of PDGF-bR and EGFR in
activated HSCs after a 24-h treatment (Figures 2–4). In addi-
tion, curcumin significantly and rapidly reduced phosphory-
lation levels of PDGF-bR and EGFR (Figure 5), which
reached its peak within 10–20min. These observations could
partially explain the discrepancy in the inhibitory efficiencies.

The activation of PDGF and EGF signaling was receptor-
dependent. Simultaneous treatment with curcumin rapidly
interrupted PDGF and EGF signaling by blocking tyrosine
phosphorylation of PDGF-bR and EGFR. It was an instan-
taneous, but short-term, action. The interruption of PDGF
and EGF signaling by suppression of pdgf-br and egfr expres-
sion might require much longer time, such as several hours.
Therefore, PDGF and EGF could activate their signaling and
stimulate cell proliferation during the period of time after the
peak of the dephosphorylation of the receptors and before

Figure 8 The inhibition of de novo GSH synthesis eliminated the inhibitory

effect of curcumin on pdgf-br and egfr expression in activated HSCs

in vitro. HSCs in DMEM with 10% of FBS were treated for 24 h with curcumin

(20 mM) or NAC (5mM) with or without the pre-exposure to BSO (0.25mM)

for 1 h. Values were means±s.d. (nZ3). *Po0.05, vs cells with no

treatment (the corresponding first column on the left); zPo0.05, vs cells

treated with curcumin, or NAC, only (the corresponding second or the

third column on the left). (a) Luciferase assays of cells transfected with

pPDGF-bR-Luc, or pEGFR-Luc. Luciferase activities were expressed as

relative units after b-galactosidase normalization (n¼ 6). The floating

schema denotes the pPDGF-bR-Luc, or pEGFR-Luc, luciferase reporter

construct in use and the application of NAC or curcumin to the system;

(b) real-time PCR analyses of the mRNA levels of PDGF-bR, or EGFR. GAPDH
was used as an invariant control for calculating fold changes of target

mRNA (n¼ 3); (c) Western blotting analyses of the abundance of PDGF-bR,
or EGFR. b-Actin was used as an invariant control for equal loading.

Representative result is shown from three independent experiments.

Figure 9 The activation of PPARg induced gclc and gclm expression in

activated HSCs in vitro. (a) Cultured HSCs in DMEM with 10% of FBS were

pretreated with or without the PD68235 (20 mM), a specific PPARg
antagonist, for 1 h prior to the addition of curcumin at the indicated

concentrations for an additional 24 h. Western blotting analyses of GCLc

and GCLm. b-Actin was used as an invariant control for equal loading.

Representative was shown from three independent experiments. (b and c)

Cultured HSCs in DMEM with 10% of FBS were treated with curcumin

(20 mM) or PGJ2 at the indicated concentrations for 24 h. (b) Real-time

PCR analyses of the mRNA levels of GCLc and GCLm. GAPDH was used as

an invariant control for calculating fold changes of target mRNA (n¼ 3).

*Po0.05 vs the untreated control (the corresponding first column on

the left); (c) Western blotting analyses of the abundance of GCLc and

GCLm. b-Actin was used as an invariant control for equal loading.

Representative result is shown from three independent experiments.
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the significant reduction in the abundance of the receptors.
Therefore, in the case of simultaneous treatment with cur-
cumin plus PDGF or EGF, the stimulatory effects of PDGF
and EGF on cell proliferation were delayed and attenuated,
but still executed. In great contrast, pretreatment with cur-
cumin for 24 h resulted in significant reduction in the
abundance of PDGF-bR and EGFR. In this case, there might
not be enough PDGF-bR and EGFR for binding to PDGF
and EGF to initiate their signaling at the very beginning.
Therefore, pretreatment with curcumin could result in a
more efficient inhibitory effect on cell proliferation. It bears
notice that the serum-depleted medium was used in these
experiments to eliminate the influence of unidentified
mitogenic compounds present in serum or serum-derived
medium additives. In addition, serum rich media, for
example, media with 10% FBS, contain enough growth
factors, including PDGF and EGF, for stimulating cell
proliferation, which could interfere with and attenuate the
stimulatory effects of exogenous PDGF or EGF.33

Recent studies have demonstrated that pro-adipogenic
factors inhibit HSC activation.34 Adipocyte differentiation is
positively stimulated by PPARg,35,36 and negatively regulated
by PDGF and EGF.37,38 PPARg stimulated adipogenesis and
inhibited HSC activation.34–36 Adipogenic regulation might
be critical for HSCs to maintain and restore the quiescent
phenotypes.34 To determine the relationship between PPARg
activation and the growth factors in regulating adipogenesis,
it was previously demonstrated that PPARg transcriptional
activity was reduced by PDGF through phosphorylation of
PPARg by MAP kinases.39 We recently reported that PDGF
and EGF suppressed gene expression of PPARg in cultured
HSCs.22 The interruption of the PDGF and EGF signaling
pathways by curcumin stimulated gene expression of PPARg
in HSC in vitro.22 The inhibition of ERK and JNK activity
played a critical role in the induction of gene expression of
PPARg in HSCs.22 On the other hand, our preliminary results
suggested that activation of PPARg might, in turn, inhibit
ERK and JNK activity in cultured HSCs (data not shown
here). The current studies further evaluated the relationship
between PPARg activation and PDGF and EGF signaling in
activated HSCs in vitro. Our results indicated that activation
of PPARg interrupted PDGF and EGF signaling by reducing
the level of the phosphorylation of PDGF-bR and EGFR, and
by suppressing gene expression of the receptors. Our results
collectively demonstrated the existence of the antagonistic
relationship between activation of PPARg and stimulation of
PDGF and EGF signaling in HSCs.

Curcumin has been studied as a therapeutic or preventive
candidate because of its antioxidative and anti-inflammatory
properties.17,40 In phase I clinical studies, curcumin with
doses up to 3600–8000mg daily for 4 months did not result
in discernible toxicities, except mild nausea and diarrhea.41

The cytotoxicity of curcumin to cultured HSCs was pre-
viously evaluated.11 Based on results from LDH 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 mM was not toxic to cultured HSCs.
The working concentration of curcumin used in this study
was 20mM, which is in the range of concentrations used by
most of others. This concentration is much higher than those
observed in blood and/or tissues of human and animals.42,43

Systemic bioavailability of curcumin is relatively low.44

Curcumin concentrations in human plasma could reach up
to 2 mM after oral intake of very high amounts of curcumin.45

Although higher concentrations of curcumin in blood might
be possible, depending on the actual composition of food,46

most pharmacokinetic studies in humans point out that only
low micromolar levels of curcumin can be found in blood.
We recently observed that oral administration of curcumin at
200mg/kg body weight significantly reduced the levels of the
transcript and protein of PDGF-bR and EGFR in the liver,
inhibited HSC activation, and protected the liver from injury
caused by CCl4.

15 It bears emphasis that because the in vivo
system is multi-factorial, directly extrapolating in vitro condi-
tions and results, for example, effective concentrations, to the
in vivo system might be misleading.

Increasing evidence has demonstrated that oxidative stress
promotes HSC activation and collagen production and plays
an important role in the pathogenesis of liver fibrosis.47–49

Mammalian cells respond to oxidative stress through anti-
oxidant defense, which includes antioxidant enzymes and
non-enzyme molecules. GSH is the predominant low-
molecular-weight thiol and the most important non-enzyme
antioxidant. GSH effectively protects cells against damage
caused by oxidative stress, which might prevent diseases
associated with oxidative stress.50 We previously showed that
curcumin elevated the level of cellular GSH in cultured HSC
by increasing GCL activity through induction of expression
of the two subunits of GCL.21 We further demonstrated in
this report that blockade of the synthesis of GSH attenuated
the effects of curcumin on the suppression of pdgf-br and
egfr expression in HSCs (Figure 8). The process was mediated
by activation of PPARg through induction of gene expression
of GCL (Figure 9). Our results are consistent with other prior
observations. In many cell types, gene expression of PDGF-
bR and EGFR is associated with increase in oxidative stress,
which might represent pathophysiological determinants.51–53

Additional experiments are necessary to elucidate the under-
lying mechanisms by which oxidative stress regulates pdgf-br
and egfr expression in HSCs.

Based on prior and current observations, a simplified
model is proposed in Figure 10 to describe the mechanisms
by which the curcumin activation of PPARg interrupts PDGF
and EGF signaling. Curcumin rapidly interrupts PDGF-bR
and EGFR signaling in activated HSCs by reducing the
phosphorylation levels of PDGF-bR and EGFR, as well as of
their downstream signaling inter-mediators ERK and JNK.
This instant action causally stimulates gene expression22 and
activity of PPARg,39 which critically lead to attenuation of
oxidative stress by inducing gene expression of GCL and
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elevating the level of cellular GSH. The actions of curcumin,
including activation of PPARg and elevation of GSH contents,
collectively result in suppression of pdgf-br and egfr expres-
sion, leading to long-term interruption of PDGF-bR and
EGFR signaling, and inhibition of cell proliferation. In addi-
tion, interruption of signaling for PDGF and EGF antag-
onistically induces gene expression of PPARg.22 It bears
emphasis that the underlying mechanisms are certainly more
complex than what described here. It remains unclear what
factors are involved in the instant curcumin reduction of the
phosphorylation levels of PDGF-bR and EGFR, and what
transcription factors mediate suppression of pdgf-br and egfr
expression in HSC. In addition, our results do not exclude
possible involvement of any other mechanisms in the curcu-
min interruption of PDGF and EGF signaling. In summary,
these results support our original hypothesis that enhancement
of PPARg activity by curcumin might result in interruption of
the signaling pathways for PDGF and EGF. These results
provide novel insights into the mechanisms of curcumin in the
inhibition of cell proliferation and activation of HSCs.
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