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Xu, Jianye, Yumei Fu, and Anping Chen. Activation of
peroxisome proliferator-activated receptor-� contributes to
the inhibitory effects of curcumin on rat hepatic stellate cell
growth. Am J Physiol Gastrointest Liver Physiol 285:
G20–G30, 2003. First published March 26, 2003; 10.1152/
ajpgi.00474.2002.—Hepatic fibrogenesis occurs as a wound-
healing process after many forms of chronic liver injury.
Hepatic fibrosis ultimately leads to cirrhosis if not treated
effectively. During liver injury, quiescent hepatic stellate
cells (HSC), the most relevant cell type, become active and
proliferative. Oxidative stress is a major and critical factor
for HSC activation. Activation of peroxisome proliferator-
activated receptor-� (PPAR-�) inhibits the proliferation of
nonadipocytes. The level of PPAR-� is dramatically dimin-
ished along with activation of HSC. Curcumin, the yellow
pigment in curry, is a potent antioxidant. The aims of this
study were to evaluate the effect of curcumin on HSC prolif-
eration and to begin elucidating underlying mechanisms. It
was hypothesized that curcumin might inhibit the prolifera-
tion of activated HSC by inducing PPAR-� gene expression
and reviving PPAR-� activation. Our results indicated that
curcumin significantly inhibited the proliferation of activated
HSC and induced apoptosis in vitro. We demonstrated, for
the first time, that curcumin dramatically induced the gene
expression of PPAR-� and activated PPAR-� in activated
HSC. Blocking its trans-activating activity by a PPAR-�
antagonist markedly abrogated the effects of curcumin on
inhibition of cell proliferation. Our results provide a novel
insight into mechanisms underlying the inhibition of acti-
vated HSC growth by curcumin. The characteristics of cur-
cumin, including antioxidant potential, reduction of acti-
vated HSC growth, and no adverse health effects, make it a
potential antifibrotic candidate for prevention and treatment
of hepatic fibrosis.

apoptosis; antioxidants; fibrogenesis

HEPATIC FIBROGENESIS OCCURS as a wound-healing process
after many forms of chronic liver injury, including
virus infection, autoimmune liver diseases, and sus-
tained alcohol abuse (3). Hepatic fibrosis eventually
results in cirrhosis if not treated effectively. Hepatic
stellate cells (HSC), previously termed fat- or vitamin
A-storing cells or Ito cells, are the most relevant cell
type for the development of liver fibrosis (17). During
liver injury, regardless of etiology, HSC become active

and trans-differentiate into myofibroblast-like cells
characterized by an increase in cell proliferation, loss
of vitamin A-storing capability, expression of �-smooth
muscle actin (�-SMA), and overproduction of extracel-
lular matrix (ECM). Many researchers, from the ther-
apeutic perspective, have focused their attention on
searching for novel agents with inhibitory effects on
HSC proliferation and activation to prevent hepatic
fibrogenesis.

Although underlying mechanisms remain incom-
pletely understood, it is widely accepted that oxidative
stress plays crucial roles in HSC activation during liver
injury (17, 31, 48). Oxidative stress is formed by an
excessive production of reactive oxygen species, which
are generated endogenously by all aerobic cells as
byproducts of a number of metabolic reactions (16).
Oxidative stress has been implicated in many human
diseases such as cancer, cardiovascular diseases, and
aging (reviewed by Halliwell; Ref. 22). Studies have
shown that oxidative stress stimulates HSC entry into
S phase, nuclear factor (NF)-�B activation, and gene
expression (31). The antioxidant vitamin E inhibits the
activation of HSC (31) and represses iron-induced rat
hepatic fibrogenesis (41). The predominant mechanism
of antioxidant protective action is to destroy free radi-
cals. The therapeutic efficacy of current well-known
antioxidants, including superoxide dismutase, vitamin
E, and ascorbic acid, in treatment of human hepatic
fibrosis is, however, generally unimpressive (23). Many
polyphenolic compounds in plants, including those
found in vegetables, fruits, wine, and tea, exhibit an-
tioxidant activities and are beneficial to human health.

The polyphenol compound curcumin is the main yel-
low pigment of a popular spice, turmeric, and is widely
used as a food colorant. Turmeric is the major ingredi-
ent in curry. Besides its dietary use, turmeric has been
used in Chinese herbal medicine for skin and gut
diseases and wound healing. Curcumin is a potent
antioxidant (44). It has shown its ability to inhibit lipid
peroxidation (42, 47), nitric oxide synthetase activity
(4), production of reactive oxygen species (28), protein
kinase C activity (32), and NF-�B activity (46). Cur-
cumin has received attention as a promising dietary
supplement for cancer prevention (44) and liver protec-
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tion (11). A recent study indicated that dietary admin-
istration of curcumin improved both acute and sub-
acute rat liver injury caused by carbon tetrachloride
(39). The protective mechanisms of curcumin remain
poorly addressed.

The peroxisome proliferator-activated receptors
(PPARs) belong to the superfamily of nuclear receptors
(21). PPAR forms heterodimers with the retinoid X
receptor and binds to specific response elements to
induce transcription in response to a variety of endog-
enous and exogenous ligands, including fatty acids,
arachidonic acid metabolites, and synthetic drugs, as
reviewed by Forman et al. (15). Of the PPAR isoforms,
PPAR-� is the most widely studied (1). Previous stud-
ies indicated that expression of PPAR-� inhibited
PDGF-induced proliferation and migration of vascular
smooth muscle cells (18). Three recent studies indepen-
dently demonstrated that the level of PPAR-� and its
trans-activating activity were diminished during HSC
activation in vitro, whereas NF-�B and activator pro-
tein-1 (AP-1) activities were increased (19, 33, 36).
PPAR-� ligands inhibited cell proliferation and colla-
gen-�1(I) expression in primary HSC (3–4 days) (36).
The dramatic reduction in the abundance of PPAR-�
results in a significant decline in response to exogenous
PPAR-� ligands in activated HSC (19, 33, 36). These
findings implied a potential therapeutic value of
PPAR-� ligands in treatment of liver fibrosis if the
expression of PPAR-� can be induced in activated HSC.

The aims of this study were to evaluate effects of
curcumin on culture-activated HSC growth and to be-
gin exploring the underlying mechanisms. Our results
indicated that curcumin significantly inhibited cell
proliferation and induced apoptosis of activated HSC
in vitro. In addition, we demonstrated, for the first
time, that curcumin dramatically induced the expres-
sion of PPAR-� at levels of transcription and transla-
tion as well as revived PPAR-� trans-activating activ-
ity in activated HSC. Furthermore, activation of
PPAR-� by curcumin resulted in inhibition of tran-
scription factor NF-�B trans-activating activity. Block-
ing PPAR-� activation by a specific PPAR-� antagonist
caused a marked reduction in inhibition of activated
HSC proliferation. Together, our results have indi-
cated that PPAR-� activation by curcumin plays criti-
cal and significant roles in inhibition of activated HSC
growth in vitro.

MATERIALS AND METHODS

Isolation and culture of HSC. HSC were isolated from male
Sprague-Dawley rats (�200 g) as previously described (7).
Cells were cultured in DMEM supplemented with 10% FBS.
HSC aged at passages 4–8 were used for experiments. Cur-
cumin (purity � 94%) was purchased from Sigma (St. Louis,
MO). PD-68235 is a specific PPAR-� antagonist (5), kindly
provided by Pfizer (Ann Arbor, MI). 15-deoxy-�12,14-prosta-
glandin J2 (PGJ2) was purchased from BIOMOL Research
Labs (Plymouth Meeting, PA).

Lactate dehydrogenase release assays. Lactate dehydroge-
nase (LDH) assays were performed as recently described (9).
In brief, preconfluent HSC were treated with curcumin at the
indicated concentrations for 24 h. LDH in conditioned media

was determined as medium LDH. LDH in cell lysates was
analyzed as cellular LDH. LDH in DMEM with 10% FBS was
defined as contamination arising from FBS and subtracted
from medium and cellular LDH. LDH activities were deter-
mined by an LDH assay kit (Sigma). Results were shown as
percentage of total LDH, i.e., medium LDH%/(medium
LDH � cellular LDH).

Determination of cell growth. Semiconfluent HSC (5.5 �
104) grown in DMEM containing 10% FBS were treated with
curcumin at the indicated concentrations for the indicated
times. After cells were washed, cell growth was determined
by attached cell numbers counted by a computer-equipped
cell counter (Coulter, Miami, FL). Each treatment was given
in triplicate. The experiment was repeated at least three
times.

[3H]thymidine incorporation assays. The assay was per-
formed as recently described (9). Briefly, semiconfluent HSC
(5.5 � 104) grown in DMEM containing 10% FBS were
treated with curcumin at the indicated concentrations for
24 h and subsequently pulsed for 4 h with methyl-[3H]thy-
midine (1 	Ci/ml) (Amersham Life Science, Arlington
Heights, IL). Whole lysates were mixed with the scintillation
fluid Soluscint O (National Diagnostics, Highland Park, NJ)
and were counted by a liquid scintillation analyzer. Results
were expressed as counts per minute from triplicate experi-
ments.

Bromodeoxyuridine staining. Preconfluent HSC in slide
flasks were incubated in DMEM with 10% FBS with or
without curcumin at 30 	M for the indicated times. Two
hours before cells were harvested, bromodeoxyuridine
(BrdU) was added at a final concentration of 25 	g/ml. Cells
were fixed and stained by using a BrdU-staining kit from
Zymed, following the protocol provided by the manufacturer.

Detection of apoptotic HSC by TUNEL. Preconfluent HSC
cultured in DMEM with 10% FBS in slide flasks were treated
with or without curcumin (30 	M) for the indicated times.
Cells were washed three times with cold PBS before fixation.
Apoptotic HSC were detected by the DeadEnd Colorimetric
TUNEL System (Promega), following the protocol provided
by the manufacturer.

Caspase-3 activity assays. Caspase-3 activities were mea-
sured by using a kit purchased from Promega and by follow-
ing the protocol provided by the manufacturer. Briefly, semi-
confluent HSC were treated with curcumin (30 	M) for the
indicated times. Cell lysates were incubated with the sub-
strate DEVD-p-nitroanilide (pNA) at 37°C for 60–90 min.
Results of the reaction were read by a spectrophotometer at
405 nm. The level of caspase enzymatic activity in the cell
lysates is directly proportional to the color reaction. A stan-
dard calibration curve of pNA was established by a series
dilution of pNA solution provided with the kit. Each treat-
ment was performed at least three times.

Western blotting analysis. Whole cell extracts were pre-
pared from preconfluent HSC. SDS-PAGE with 10% resolv-
ing gel was used to separate proteins (25 	g/well). Separated
proteins were detected by using primary antibodies and
horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA). Protein bands
were visualized by utilizing chemiluminescence reagent
(Kirkegaard & Perry Laboratories, Gaithersburg, MD).

Plasmids and transient transfection. The NF-�B reporter
plasmid pNF-�B-Luc was purchased from Clontech Labora-
tories (Palo Alto, CA). The PPAR-� reporter plasmid pPPRE-
TK-Luc contains three copies of the PPAR-�-response ele-
ments from acyl-CoA oxidase gene linked to the herpes virus
thymidine kinase promoter (
105/�51) and luciferase vec-
tor, which was a gift from Dr. Kevin J. McCarthy (Louisiana

G21CURCUMIN INDUCES EXPRESSION AND ACTIVATION OF PPAR-�

AJP-Gastrointest Liver Physiol • VOL 285 • JULY 2003 • www.ajpgi.org

 by 10.220.33.4 on S
eptem

ber 15, 2016
http://ajpgi.physiology.org/

D
ow

nloaded from
 

http://ajpgi.physiology.org/


State University Health Sciences Center in Shreveport).
Semiconfluent HSC in six-well plastic plates were tran-
siently transfected using the LipofectAMINE reagent (Life
Technologies, Grand Island, NY). Each sample (3 	g/well)
treatment had three repeats in each experiment. Luciferase
assays were performed as previously described (8). Transfec-
tion efficiency was determined by cotransfection of a �-galac-
tosidase reporter, pSV-�-gal (0.5 	g/well; Promega). �-Galac-
tosidase activities were measured by a chemiluminescence
assay kit (Tropix, Bedford, MA) according to the manufactur-
er’s instructions. Results were combined from three indepen-
dent experiments.

Electrophoretic mobility shift assay. Electrophoretic mobil-
ity shift assay (EMSA) was performed as previously de-
scribed (8). The integrity of nuclear extracts was tested by
EMSA with a 32P-labeled specificity protein-1 (SP-1) consen-
sus probe, resulting in distinct SP-1 shifts from all extracts
(data not shown). The NF-�B probe containing consensus
NF-�B binding sites was purchased from Santa Cruz Bio-
technology.

RNA isolation and real-time PCR. Total RNA was isolated
by TRI-Reagent (Sigma), following the protocol provided by
the manufacturer. Real-time PCR was carried out as recently
described (9). mRNA fold changes in target genes relative to
the endogenous GAPDH control were calculated as suggested
by Schmittgen et al. (45). Primers used in real-time PCR
were: collagen-�1(I) forward 5�-CCT CAA GGG CTC CAA
CGA G-3�, reverse 5�-TCA ATC ACT GTC TTG CCC CA-3�;
�-SMA forward 5�-CCG ACC GAA TGC AGA AGG A-3�,
reverse 5�-ACA GAG TAT TTG CGC TCC GGA-3�; fibronec-
tin forward 5�-TGT CAC CCA CCA CCT TGA-3�, reverse
5�-CTG ATT GTT CTT CAG TGC GA-3�; PPAR-� forward
5�-ATT CTG GCC CAC CAA CTT CGG-3�, reverse 5�-TGG
AAG CCT GAT GCT TTA TCC CCA-3�; bcl-2 forward 5�-ATG
GGG TGA ACT GGG GGA TTG-3�, reverse 5�-TTC CGA ATT
TGT TTG GGG CAG GTC-3�; GAPDH forward 5�-GGC AAA
TTC AAC GGC ACA GT-3�, reverse 5�-AGA TGG TGA TGG
GCT TCC C-3�.

Statistical analysis. Differences between means were eval-
uated using an unpaired two-sided Student’s t-test (P � 0.05
was considered significant). Where appropriate, comparisons
of multiple treatment conditions with controls were analyzed
by ANOVA with the Dunnett’s test for post hoc analysis.

RESULTS

Curcumin causes a dose-dependent inhibition of pas-
saged HSC growth. To evaluate the effect of curcumin
on HSC growth, preconfluent HSC grown in DMEM
with 10% FBS were treated with curcumin at the
indicated concentrations for 24 h. Cell growth was
determined by cell numbers. As shown in Fig. 1, com-
pared with control, curcumin caused a significant dose-
dependent reduction in cell numbers by 43, 47, 59, and
63% at 20, 30, 40, and 50 	m, respectively. Curcumin
toxicity to passaged HSC was carefully studied by
examining LDH release and trypan blue exclusion as-
says. As shown in Table 1, curcumin, compared with
control, made no significant difference in LDH release
at concentrations up to 100 	M. Trypan blue exclusion
assays demonstrated that, compared with no treat-
ment (control), curcumin caused no significant increase
in trypan blue-stained cells up to 200 	M (data not
shown). On the basis of these observations and a rapid
recovery of cell proliferation after withdrawal of cur-

cumin (data not shown), it was concluded that cur-
cumin up to 100 	M was not toxic to cultured HSC.
Curcumin at 30 	M was chosen for the following ex-
periments.

Curcumin inhibits the proliferation of passaged
HSC. To begin elucidating mechanisms underlying the
inhibition of cultured HSC growth by curcumin, we
hypothesized that this antioxidant might reduce HSC
proliferation and/or induce HSC apoptosis. To test this
hypothesis, cell proliferation was assessed by analyz-
ing the incorporation of methyl-[3H]thymidine or BrdU
into chromosomal DNA. Passaged HSC were treated
with or without curcumin for 24 h at the indicated
concentrations and pulsed with methyl-[3H]thymidine
or BrdU for 4 or 2 h, respectively. As shown in Fig. 2A,
compared with control (0 	M), curcumin at 30, 50, and
100 	M significantly reduced [3H]thymidine incorpora-
tion by 45.7, 50.6, and 52.9%, respectively, suggesting
that curcumin, in a dose-dependent manner, inhibited
DNA synthesis and cell proliferation. These results
were confirmed by BrdU staining of cultured HSC (Fig.
2B). Western blotting analyses were carried out to
further evaluate the effect of curcumin on the expres-
sion of proteins related to the cell cycle. As shown in
Fig. 3, curcumin, in a time-dependent manner, mark-
edly reduced the abundance of cell cycle-stimulating
proteins, including cyclin D1, D2, and E. In addition,
this polyphenol enhanced the levels of cell cycle inhib-
itory proteins, including p21WAF1/Cip1 and p27Kip1. To-
gether, these results indicated that curcumin inhibited
cell proliferation of activated HSC.

Curcumin induces apoptosis in activated HSC. Addi-
tional experiments were performed to evaluate the
effect of curcumin on HSC survival. Passaged HSC,
treated with curcumin, were stained by TUNEL. As
shown in Fig. 4A, curcumin increased the number of
TUNEL-stained cells in a time-dependent manner,

Fig. 1. Curcumin results in a dose-dependent inhibition of passaged
hepatic stellate cell (HSC) growth. Preconfluent HSC grown in
DMEM with 10% FBS were treated with curcumin at the indicated
concentrations for 24 h. After cells were washed, cell growth was
determined by attached cell numbers counted by a computer-
equipped cell counter. Values are means 
 SD of %inhibition caused
by curcumin compared with cells with no curcumin (0 	M); n � 6;
*P � 0.05 vs. cells with no curcumin treatment.
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suggesting an increase in apoptotic cells. Caspase-3 is
an executive enzyme for cell apoptosis. Caspase-3 ac-
tivity assays demonstrated that curcumin, compared
with control, significantly increased the enzyme activ-
ity by 6.2-fold after 24 h of treatment (Fig. 4B). Real-
time PCR further showed that curcumin reduced the
mRNA level of Bcl-2, an antiapoptotic protein, by 82%
after 24 h of treatment (Fig. 4C). Together, these re-
sults demonstrated that curcumin induced time-depen-
dent apoptosis in activated HSC.

Curcumin reduces mRNA levels of collagen-�1(I), fi-
bronectin, and �-SMA in passaged HSC. As mentioned
earlier, HSC activation is characterized by expression
of �-SMA and overproduction of ECM components,
including collagen-�1(I) and fibronectin. Further exper-
iments were to evaluate the effect of curcumin on the
expression of ECM and �-SMA. Passaged HSC were
treated with curcumin (30 	M) for the indicated times.
Total RNA was prepared for real-time PCR assays.
Endogenous GAPDH was used as an internal control.
As shown in Fig. 5, curcumin, in a time-dependent
manner, reduced the steady-state levels of mRNA of
collagen-�1(I), fibronectin, and �-SMA in passaged
HSC.

Curcumin induces the expression of PPAR-� and ac-
tivates its trans-activating activity in HSC. Additional
studies were focused on elucidating the mechanisms by
which the antioxidant curcumin inhibited cell prolifer-
ation of activated HSC. Inhibition of cell growth and
proliferation by activation of PPAR-� has been re-
ported in several cell types (20, 30). Recent studies
have shown that PPAR-� is highly expressed in quies-
cent HSC in normal livers (19, 33, 36). However, its

abundance and its trans-activating activity are dimin-
ished during HSC activation (19, 33, 36). PPAR-� li-
gands inhibit HSC proliferation and collagen-�1(I) ex-
pression in vitro (36). The antioxidants troglitazone
and �-tocopherol induce the expression of PPAR-� in
nonadipose tissues and cell lines (12, 14, 40). These
results prompted us to hypothesize that the antioxi-
dant curcumin might induce the expression of PPAR-�
in activated HSC in vitro and that activation of
PPAR-� might contribute to the growth-inhibitory ef-
fect of curcumin on activated HSC. To test the hypoth-
eses, initial experiments were designed to determine
the capability of curcumin in inducing the expression of
PPAR-� and in activating its trans-activating activity
in activated HSC in vitro. Passaged HSC were treated
with curcumin at 30 	M for the indicated times. Total
RNA or protein extracts were prepared from the cells.
As demonstrated by real-time PCR in Fig. 6A, com-
pared with no treatment (0 h), curcumin significantly
enhanced the abundance of PPAR-� mRNA by 145,
210, and 390% in passaged HSC after the treatment for
8, 16, and 24 h, respectively. Western blotting analyses
confirmed the role of curcumin in increasing the pro-
tein level of PPAR-� in passaged HSC (Fig. 6B). These
results collectively demonstrated that curcumin in-
duced the expression of PPAR-� in activated HSC.

Further experiments were to verify the effect of cur-
cumin on stimulating the trans-activating activity of
PPAR-�. Passaged HSC were transfected with the
PPAR-� reporter plasmid pPPRE-TK-Luc, containing
three copies of PPAR-� response elements inserted into
a luciferase reporter vector. After recovery, cells were
treated with various concentrations of curcumin or

Table 1. Lactate dehydrogenase release in cultured HSC treated with curcumin

Curcumin, 	M

0 10 20 30 50 100 500 1000

%total LDH 5.29
0.78 4.8
0.36 4.68
0.73 4.36
0.46 4.37
0.76 5.82
0.57 22.8
2.26 21.9
3.12

Values are means 
 SD; n � 3. Lactate dehydrogenase (LDH) release was calculated as medium LDH/(medium LDH � cellular LDH).

Fig. 2. Curcumin significantly reduces the incor-
poration of [3H]thymidine and bromodeoxyuri-
dine (BrdU) into cultured HSC cDNA. Passaged
HSC were treated with curcumin at the indicated
concentrations for 24 h. Methyl-[3H]thymidine (1
	Ci/ml) or BrdU (25 	g/ml) was added to the
media 4 or 2 h, respectively, before harvesting
(see MATERIALS AND METHODS for details). A: de-
termination of [3H]thymidine incorporation into
cDNA of cultured HSC. Results (means 
 SD)
were expressed as counts per minute (cpm) from
triplicate experiments expressed as %reduction
in cpm caused by curcumin compared with cells
with no curcumin (0 	M). *P � 0.05 vs. cells
without curcumin treatment. B: representative
of BrdU-stained HSC after curcumin treatment
for the indicated times. Pictures were taken from
random fields of vision (original magnification,
�100).
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PGJ2, a natural PPAR-� ligand. As shown in Fig. 6C,
compared with control (0 	M), curcumin at 20, 30, and
50 	M caused dose-dependent, significant increases in
luciferase activity by 210, 450, and 510%, respectively.
PGJ2 alone at 5 and 10 	M, however, led to relatively
smaller increases in luciferase activity by 150 and
190%, respectively, suggesting that PGJ2 might only
activate endogenous PPAR-� expressed at a relatively
low level in activated HSC. PGJ2 does not induce
PPAR-� gene expression in activated HSC (data not
shown). Further transfection analyses demonstrated
that pretreatment of the transfected cells with PD-

68235 (20 	M), a specific PPAR-� antagonist (5), ap-
parently blocked the increase in luciferase activity
induced by curcumin (30 	M), whereas PD-68235 itself
had no significant effect on luciferase activity (Fig. 6D).
In addition, compared with cells treated with curcumin
or PGJ2 alone, cells treated with both curcumin and
PGJ2 showed a further significant increase in lucif-
erase activity, which was completely abolished by PD-
68235 pretreatment (Fig. 6D). Together, these results
demonstrated that curcumin induced the expression of
PPAR-� and activated its trans-activating activity in
activated HSC. It is presumed that PPAR-� ligands
exist in the media with 10% FBS (34).

Fig. 3. Curcumin alters the expression of cell cycle-related proteins
in activated HSC. Whole cell protein extracts were prepared from
preconfluent HSC treated with or without curcumin (30 	M) for the
indicated times. SDS-PAGE with 10% resolving gel was used to
separate proteins (25 	g/lane). Cell cycle-related proteins were de-
tected by using primary antibodies and horseradish peroxidase-
conjugated secondary antibodies. Each result was representative of 3
independent Western blotting analyses. �-Actin was used as an
internal control for equal protein loading.

Fig. 4. Curcumin induces HSC apoptosis. Preconflu-
ent HSC were treated with or without curcumin at
30 	M for the indicated times. A: representative
TUNEL-stained cells (original magnification, �100).
B: caspase-3 activities of cells treated with cur-
cumin. Values are %increase in caspase-3 activity
caused by curcumin compared with cells with no
curcumin (0 h); n � 6. *P � 0.05 vs. cells without
curcumin treatment. C: determination of bcl-2
mRNA fold changes by real-time PCR. GAPDH was
used as an internal control. Values are %reduction
in bcl-2 mRNA fold changes caused by curcumin
compared with cells with no curcumin (0 h); n � 3.
*P � 0.05 vs. cells without curcumin treatment.

Fig. 5. Curcumin reduces mRNA levels of collagen-�1(I), fibronectin,
and �-smooth muscle actin (�-SMA). Passaged HSC were treated
with curcumin at 30 	M for the indicated times. The steady-state
mRNA levels of collagen-�1(I), fibronectin, and �-SMA in cells were
determined by real-time PCR. mRNA fold changes were calculated
by using GAPDH as an internal control (see MATERIALS AND METHODS
for details). Values are means 
 SD from 3 independent experi-
ments. *P � 0.05 vs. cells without curcumin treatment (0 h).
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Activation of PPAR-� plays a critical role in inhibi-
tion of NF-�B activity by curcumin. Transcription fac-
tor NF-�B has been described as a primary regulator
and mediator of oxidative stress. Although the causal
relationship remains unknown, previous studies dem-
onstrated that activation and survival of HSC were
closely associated with the activation of NF-�B (24, 31,
43). It was, therefore, of interest to elucidate the effect
of the antioxidant curcumin on NF-�B activity in HSC.
Passaged HSC were treated with curcumin at 30 	M
for the indicated times. Nuclear extracts were pre-
pared for EMSA using a 32P-labeled probe containing
consensus NF-�B binding sites. As shown in Fig. 7A,
compared with no treatment (lane 3), curcumin caused
an apparent reduction in the density of the protein-
DNA complex in a time-dependent pattern (lanes 1 and
2). Fiftyfold excess of the unlabeled probe competi-
tively caused a marked, if not complete, reduction in
the binding band (lane 4), suggesting the specificity of
the protein binding to the probe. Anti-p50 antibodies,
but not normal rabbit IgG (data not shown), resulted in
a significant supershift and abolished the NF-�B bind-
ing band (lane 5). This result illustrated that curcumin
reduced NF-�B DNA binding activity in passaged HSC.
Further experiments were carried out to evaluate ef-
fects of curcumin on NF-�B trans-activating activity.

HSC were transfected with the NF-�B reporter plas-
mid pNF-�B-Luc and were treated with or without
curcumin at indicated concentrations (Fig. 7B). Lucif-
erase assays demonstrated that curcumin, in a dose-
dependent manner, significantly reduced luciferase ac-
tivities, indicating that curcumin inhibited NF-�B
trans-activating activity in cultured HSC. Previous
studies have demonstrated an association between ac-
tivation of PPAR-� and inhibition of NF-�B (10, 26, 50).
It is plausible to evaluate roles of PPAR-� activated by
curcumin in inhibition of NF-�B in activated HSC. As
demonstrated in Fig. 7C, pretreatment of cells with the
specific PPAR-� antagonist PD-68235 abolished, in a
dose-dependent manner, the effect of curcumin (30
	M) on inhibition of NF-�B trans-activating activity.
PD-68235 itself increased, although not significantly,
luciferase activities at both 5 and 20 	M, which might
result from blockade of endogenous PPAR-� activation
by the antagonist. Together, these results demon-
strated that the antioxidant curcumin inhibited NF-�B
activities mediated by activation of PPAR-� in acti-
vated HSC.

Blocking the activation of PPAR-� abrogates the
growth-inhibitory effect of curcumin on HSC. Addi-
tional experiments were carried out to examine our
hypothesis that inhibition of activated HSC growth by

Fig. 6. Curcumin induces the expression of peroxisome proliferator-activated receptor-� (PPAR-�) and activates its trans-activating activity
in passaged HSC. Passaged HSC were treated with curcumin for indicated times. Samples were prepared for total RNA extraction or protein
extraction. A: determination of PPAR-� mRNA fold changes by real-time PCR. GAPDH was used as an internal control. Values are %increase
in PPAR-� mRNA fold changes induced by curcumin compared with cells with no curcumin (0 h); n � 3. *P � 0.05 vs. cells without curcumin
treatment. B: representative blot of 3 independent Western blotting analyses of PPAR-�. �-Actin was used as an internal control for equal
protein loading. C: semiconfluent HSC were transfected with the PPAR-� reporter plasmid pPPRE-TK-Luc. Cells were then treated with
curcumin or 15-deoxy-�12,14-prostaglandin J2 (PGJ2) at the indicated concentrations for 36 h. Luciferase activities were expressed as relative
units after �-galactosidase normalization; n � 6. *P � 0.05 vs. cells without curcumin treatment (0 	M); †P � 0.05 vs. cells without PGJ2

treatment (0 	M). D: HSC, transfected with pPPRE-TK-Luc, were pretreated with or without PD-68235 (20 	M) for 30 min before the
addition of curcumin (30 	M) plus or minus PGJ2 (5 	M) for an additional 36 h. Luciferase activities were expressed as relative units after
�-galactosidase normalization; n � 6. †P � 0.05 vs. cells with no treatment. *P � 0.05 vs. cells treated with curcumin. **P � 0.05 vs. cells
treated with curcumin and PGJ2.

G25CURCUMIN INDUCES EXPRESSION AND ACTIVATION OF PPAR-�

AJP-Gastrointest Liver Physiol • VOL 285 • JULY 2003 • www.ajpgi.org

 by 10.220.33.4 on S
eptem

ber 15, 2016
http://ajpgi.physiology.org/

D
ow

nloaded from
 

http://ajpgi.physiology.org/


curcumin might be mediated by activation of PPAR-�.
Semiconfluent HSC were pretreated with or without
the specific PPAR-� antagonist PD-68235 at the indi-
cated concentrations for 30 min before the addition of
curcumin (30 	M) for an additional 24 h. Cells or cell
extracts were prepared for determination of cell num-
bers or Western blotting analyses, respectively. As

demonstrated in Fig. 8A, curcumin significantly re-
duced cell numbers, as expected. PD-68235 itself at 10
or 20 	M had no detectable effect on cell numbers.
Pretreatment of cells with PD-68235 apparently abro-
gated the inhibitory effect of curcumin on cell numbers,
indicating that blocking the activation of PPAR-� by
PD-68235 abolished the growth-inhibitory effect of cur-

Fig. 7. Activation of PPAR-� plays a critical role in inhibition of NF-�B trans-activating activity by curcumin. A:
electrophoretic mobility shift assay (EMSA) of the inhibitory effect of curcumin on NF-�B DNA binding activity
using a 32P-labeled NF-�B binding probe. Nuclear proteins were prepared from cultured HSC treated with (lanes
1, 2, 4, and 5) or without curcumin (30 	M) (lane 3) for the indicated times. Fiftyfold excess of the unlabeled probe
was used for the competition assay (compt.; lane 4). Anti-p50 antibodies (�-p50) were used for the supershift assay
(lane 5). A representative of 3 independent EMSA is shown. B: luciferase assays of the effect of curcumin on NF-�B
trans-activating activity. After overnight recovery, HSC, transfected with pNF-�B-Luc, were treated with or
without curcumin at the indicated concentrations for 36 h. Luciferase activities were expressed as relative units
after �-galactosidase normalization; n � 6. *P � 0.05 vs. cells without curcumin (0 	M). C: analyses of effects of
PPAR-� activation on NF-�B inhibited by curcumin. HSC, transfected with pNF-�B-Luc, were pretreated with or
without PD-68235 (5 or 20 	M) for 30 min before addition of curcumin (30 	M) for an additional 36 h. Luciferase
activities were expressed as relative units after �-galactosidase normalization; n � 6. *P � 0.05 vs. cells without
curcumin. **P � 0.05 vs. cells with 30 	M curcumin only.

Fig. 8. Blocking the activation of PPAR-�
apparently abrogates the growth-inhibitory
effect of curcumin on activated HSC. Precon-
fluent HSC were pretreated with or without
PD-68235 (10 or 20 	M) for 30 min before
addition of curcumin (30 	M) for an addi-
tional 24 h. Cells and cell extracts were
prepared for determination of cell numbers
and Western blotting analyses, respectively.
A: determination of cell numbers; n � 6.
*P � 0.05 vs. cells with no treatment; †P �
0.05 vs. cells treated with curcumin only. B:
representative blot of 3 independent West-
ern blotting analyses. �-Actin was used as
an internal control for equal protein loading.
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cumin on activated HSC proliferation. We have dem-
onstrated that curcumin altered the expression of pro-
teins related to the cell cycle (Fig. 3). Further experi-
ments were aimed at the role of PPAR-� activated by
curcumin in the expression of cell cycle-related pro-
teins (Fig. 8B). Compared with control (lane 1), West-
ern blotting analyses confirmed that curcumin reduced
the protein levels of cyclin D1 and cyclin E (lane 2).
PD-68235 alone at either 10 or 20 	M had no evident
effect on the protein levels (lanes 3 and 4). However,
PD-68235 pretreatment dramatically abolished the
role of curcumin in reducing the protein levels of cyclin
D1 and cyclin E (lanes 5 and 6). Similarly, PD-68235
abrogated the role of curcumin in increasing the pro-
tein level of p21WAF1/Cip1 (lanes 5 and 6), a cell cycle-
inhibitory protein. These results implied that PPAR-�
activation might be involved in the inhibitory effect of
curcumin on cell growth by alteration of levels of pro-
teins involved in cell cycles.

Troglitazone further enhances the curcumin effect on
inhibition of activated HSC. We have observed that,
compared with either curcumin or PGJ2 alone, the
combination of curcumin and PGJ2 resulted in a fur-
ther increase in luciferase activity in HSC transfected
with pPPRE-TK-Luc (Fig. 6D). We assumed that the
PPAR-� ligand might take advantage of the increase in
the abundance of PPAR-� induced by curcumin and
further stimulate the receptor trans-activating activ-
ity. To study this assumption, passaged HSC were
pretreated with curcumin at the indicated concentra-
tions for 24 h to increase the abundance of PPAR-�.
Cells were subsequently treated with or without tro-
glitazone (10 	M), a synthetic PPAR-� ligand, for an
additional 24 h. As shown in Fig. 9, without curcumin
pretreatment, troglitazone itself did not significantly

reduce cell numbers. In contrast, with curcumin pre-
treatment at 10 or 30 	M, in addition to the inhibition
by curcumin, troglitazone caused a further significant
reduction in cell numbers by 27.5 or 36.4%, respec-
tively. MTS assay (Promega), a colorimetric method for
determining the number of viable cells, obtained a
similar result. These results demonstrated that trogli-
tazone further enhanced the curcumin effect on inhi-
bition of activated HSC and implied that troglitazone
might take advantage of the increase in the level of
PPAR-� induced by curcumin to further inhibit the
proliferation of activated HSC.

DISCUSSION

In this study, we demonstrated that the antioxidant
curcumin significantly inhibited cell growth and sup-
pressed the expression of collagen-�1(I), fibronectin,
and �-SMA genes in passaged HSC. In addition, cur-
cumin induced the expression of PPAR-� and revived
its trans-activating activity in activated HSC in vitro,
which was found to be mainly responsible for the ef-
fects of the antioxidant on inhibition of HSC prolifera-
tion and cell growth.

Previous studies have suggested that D-type cyclins
might play critical roles in cell cycle progression, espe-
cially at the early G0/G1 phase (25, 38). Inhibition of
cyclin D1 expression by microinjection of anti-cyclin D1

antibodies or antisense cyclin D1 cDNA prevented cells
from entering S phase (2). In this study, we observed
that curcumin significantly altered the expression of
proteins related to the cell cycle in activated HSC. This
antioxidant markedly reduced the abundance of cell
cycle-stimulating proteins, including cyclin D1, D2, and
E. In addition, this polyphenol increased the protein
levels of cell cycle-inhibitory proteins, including
p21WAF1/Cip1 and p27Kip1, in passaged HSC. A recent
study demonstrated that cyclin D1, D2, and E played a
key role in the transition of the HSC cell cycle from G1

to S phase (29). Interestingly, blockade of PPAR-�
activation by the antagonist PD-68235 dramatically, if
not completely, abrogated the ability of curcumin to
alter the expression of cell cycle-related proteins, sug-
gesting that alteration of the expression of cell cycle-
related proteins by curcumin might be mediated by
PPAR-�. This result was consistent with a previous
observation that PPAR-� activated by either natural
(PGJ2 and PGD2) or synthetic ligands (BRL-49653 and
troglitazone) selectively inhibited the expression of cy-
clin D1 gene mediated by AP-1 (49).

We had previously demonstrated that curcumin
blocked JNK activation and inhibited AP-1 activity in
passaged HSC (7). We recently observed that another
antioxidant (
)-epigallocatechin-3-gallate (EGCG), a
major and active component in green tea extracts, also
inhibited passaged HSC proliferation and altered the
expression of proteins related to the cell cycle (9).
Further experiments are necessary to elucidate the
mechanisms by which antioxidants regulate the ex-
pression of cell cycle-related proteins.

Fig. 9. Troglitazone (TRO) further enhances the inhibitory effect of
curcumin on activated HSC growth in vitro. Passaged HSC were
pretreated with curcumin at the indicated concentrations for 24 h,
with or without the addition of TRO (10 	M) for an additional 24 h.
Cell numbers were determined. Values are means 
 SD of %reduc-
tion in cell numbers by curcumin together with TRO compared with
the same group of cells with curcumin only; n � 6. *P � 0.05 vs. cells
with no treatment. †P � 0.05 vs. cells treated with the same dose of
curcumin.
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The reduction of levels of PPAR-� is coupled with the
activation of HSC (19, 33, 36), implying a role of
PPAR-� in inhibiting the activation of HSC. In this
study, we demonstrated, for the first time, that the
antioxidant curcumin induced the expression of
PPAR-� and revived the activation of its trans-activat-
ing activity in activated HSC in vitro. Induction of
PPAR-� expression is not unique to curcumin. Recent
studies showed a unique capability of troglitazone
among thiazolidinediones of inducing the expression of
PPAR-� in nonadipose tissues and cell lines (12, 40).
The unique antioxidant �-tocopherol moiety in the
chemical structure of troglitazone was assumed to be
responsible for it (13, 27). Further studies demon-
strated that �-tocopherol was also able to induce
PPAR-� expression (14). We recently observed that the
antioxidant EGCG in green tea extracts also induced
the expression of PPAR-� in activated HSC (Chen and
Zhang, unpublished observations). The mechanisms by
which antioxidants induce PPAR-� gene expression in
activated HSC remain poorly understood.

Activation of PPAR-� by curcumin makes a signifi-
cant contribution to the inhibitory effect of the antiox-
idant on activated HSC growth. Blocking PPAR-� ac-
tivation by PD-68235 significantly, if not completely,
abolished the inhibitory effects of curcumin on cell
growth. PPAR-� has shown its ability to inhibit cell
growth and to regulate gene expression in several cell
types, including HSC (19, 20, 30, 33, 36). The PPAR-�
ligands troglitazone and PGJ2 significantly decreased
PDGF-induced proliferation in activated human HSC
and inhibited �-SMA expression during HSC activa-
tion (19). Our preliminary results suggested that acti-
vation of PPAR-� might be involved in inhibition of the
expression of the �-SMA gene, but not the collagen-
�1(I) and fibronectin genes, by curcumin in activated
HSC (Xu and Chen, unpublished data). It is presumed
that PPAR-� ligands existing in media with 10% FBS
initiate the activation of PPAR-� induced by curcumin
in activated HSC. This assumption is supported by a
recent observation that platelet-derived lysophospha-
tidic acid in serum is a transcellular PPAR-� agonist
(34). The effect of curcumin on production of endoge-
nous PPAR-� ligand(s) is completely unknown.

NF-�B has been described as a primary regulator
and mediator of oxidative stress. It has been implicated
in cell proliferation, cell cycle regulation, and apoptosis
(35). Although the causal relationship remains un-
known, previous studies demonstrated that activation
and survival of HSC were closely associated with acti-
vation of NF-�B (24, 31, 43). It was suggested that
inhibition of NF-�B activation might be a potential
strategy for prevention and/or treatment of hepatic
fibrogenesis (24). In the present studies, we demon-
strated that the antioxidant curcumin reduced NF-�B
activity in cultured HSC. Previous studies have shown
that activation of PPAR-� resulted in inhibition of
NF-�B activity (10, 26, 50). Experiments in this study
demonstrated that the PPAR-� antagonist PD-68235
abrogated the inhibitory effect of curcumin on NF-�B
trans-activating activity. These results suggested, for

the first time, that the inhibitory effect of curcumin on
NF-�B activity in activated HSC might be mediated by
PPAR-� activation, which provided a novel insight into
the mechanism of the inhibitory effects of curcumin on
NF-�B activity. Further studies are necessary to eval-
uate whether it is unique in activated HSC. It remains
incompletely understood how PPAR-� activation could
result in inhibition of NF-�B. It was previously re-
ported that PPAR-� agonists, including Wy-14643, clo-
fibrate, carbaprostacyclin, and ciglitazone, inhibited
NF-�B activity by prevention of I�B from phosphory-
lation and subsequent degradation in cytokine-stimu-
lated mesangial cells (6). A recent study showed that
overexpression of the coactivator p300 restored NF-�B
trans-activating activity suppressed by a PPAR-� li-
gand (37), implying that PPAR-� might interfere with
NF-�B trans-activating activity via coactivator compe-
tition. Additional studies are necessary to elucidate the
causal relationship among NF-�B activities, PPAR-�
activation, and the expression of genes regulated by
curcumin.

In summary, our results demonstrated that the an-
tioxidant curcumin inhibited the growth of passaged
HSC by reducing cell proliferation and inducing apop-
tosis. In addition, the polyphenol suppressed the acti-
vation of passaged HSC demonstrated by repressing
the activity of NF-�B and reducing mRNA levels of
collagen-�1(I) and fibronectin, as well as �-SMA. Fur-
thermore, we reported, for the first time, that curcumin
dramatically induced the expression of PPAR-� and
revived its trans-activating activity in activated HSC
in vitro. Activation of PPAR-� contributed to the inhib-
itory effect of curcumin on activated HSC proliferation.
It should be emphasized that the results in this study
were generated from cultured HSC and that they
might not necessarily and comprehensively reflect
facts in quiescent HSC in vivo. Further experiments,
beyond the scope of this study, are required to eluci-
date the underlying mechanisms of PPAR-� in inhibi-
tion of HSC proliferation. Our results in this study
provided a novel insight into mechanisms of inhibition
of activated HSC proliferation by antioxidants, includ-
ing curcumin. The characteristics of curcumin, includ-
ing antioxidant potential, inhibition of activated HSC
proliferation, induction of apoptosis, activation of
PPAR-�, as well as the long history of dietary consump-
tion of curry without adverse health effects, make it a
potential antifibrotic candidate for treatment and pre-
vention of hepatic fibrogenesis.

This work was supported by Grant DK-47995 from the National
Institute of Diabetes and Digestive and Kidney Diseases (A. Chen)
and by seeding funds to A. Chen from the Department of Pathology,
Louisiana State University Health Sciences Center in Shreveport.

REFERENCES

1. Auwerx J. PPARgamma, the ultimate thrifty gene. Diabetolo-
gia 42: 1033–1049, 1999.

2. Baldin V, Lukas J, Marcote MJ, Pagano M, and Draetta G.
Cyclin D1 is a nuclear protein required for cell cycle progression
in G1. Genes Dev 7: 812–821, 1993.

3. Bissell DM. Hepatic fibrosis as wound repair: a progress report.
J Gastroenterol 33: 295–302, 1998.

G28 CURCUMIN INDUCES EXPRESSION AND ACTIVATION OF PPAR-�

AJP-Gastrointest Liver Physiol • VOL 285 • JULY 2003 • www.ajpgi.org

 by 10.220.33.4 on S
eptem

ber 15, 2016
http://ajpgi.physiology.org/

D
ow

nloaded from
 

http://ajpgi.physiology.org/


4. Brouet I and Ohshima H. Curcumin, an anti-tumour promoter
and anti-inflammatory agent, inhibits induction of nitric oxide
synthase in activated macrophages. Biochem Biophys Res Com-
mun 206: 533–540, 1995.

5. Camp HS, Chaudhry A, and Leff T. A novel potent antagonist
of peroxisome proliferator-activated receptor gamma blocks adi-
pocyte differentiation but does not revert the phenotype of
terminally differentiated adipocytes. Endocrinology 142: 3207–
3213, 2001.

6. Cernuda-Morollon E, Rodriguez-Pascual F, Klatt P, La-
mas S, and Perez-Sala D. PPAR agonists amplify iNOS expres-
sion while inhibiting NF-kappaB: implications for mesangial cell
activation by cytokines. J Am Soc Nephrol 13: 2223–2231, 2002.

7. Chen A and Davis BH. UV irradiation activates JNK and
increases alphaI(I) collagen gene expression in rat hepatic stel-
late cells. J Biol Chem 274: 158–164, 1999.

8. Chen A, Davis BH, Bissonnette M, Scaglione-Sewell B, and
Brasitus TA. 1,25-Dihydroxyvitamin D(3) stimulates activator
protein-1-dependent caco-2 cell differentiation. J Biol Chem 274:
35505–35513, 1999.

9. Chen A, Zhang L, Xu J, and Tang Jun. The antioxidant
(-)-epigallocatechin-3-gallate inhibits activated hepatic stellate
cell growth and suppresses acetaldehyde-induced gene expres-
sion. Biochem J 368: 695–704, 2002.

10. Chen GG, Lee JF, Wang SH, Chan UP, Ip PC, and Lau WY.
Apoptosis induced by activation of peroxisome-proliferator acti-
vated receptor-gamma is associated with Bcl-2 and NF-kappaB
in human colon cancer. Life Sci 70: 2631–2646, 2002.

11. Chuang SE, Cheng AL, Lin JK, and Kuo ML. Inhibition by
curcumin of diethylnitrosamine-induced hepatic hyperplasia, in-
flammation, cellular gene products and cell-cycle-related pro-
teins in rats. Food Chem Toxicol 38: 991–995, 2000.

12. Davies GF, Khandelwal RL, and Roesler WJ. Troglitazone
induces expression of PPARgamma in liver. Mol Cell Biol Res
Commun 2: 202–208, 1999.

13. Davies GF, Khandelwal RL, Wu L, Juurlink BH, and
Roesler WJ. Inhibition of phosphoenolpyruvate carboxykinase
(PEPCK) gene expression by troglitazone: a peroxisome prolif-
erator-activated receptor-gamma (PPARgamma)-independent,
antioxidant-related mechanism. Biochem Pharmacol 62: 1071–
1079, 2001.

14. Davies GF, McFie PJ, Khandelwal RL, and Roesler WJ.
Unique ability of troglitazone to up-regulate peroxisome prolif-
erator-activated receptor-gamma expression in hepatocytes.
J Pharmacol Exp Ther 300: 72–77, 2002.

15. Forman BM, Chen J, and Evans RM. The peroxisome prolif-
erator-activated receptors: ligands and activators. Ann NY Acad
Sci 804: 266–275, 1996.

16. Fridovich I. The biology of oxygen radicals. Science 201: 875–
880, 1978.

17. Friedman SL. Molecular regulation of hepatic fibrosis, an inte-
grated cellular response to tissue injury. J Biol Chem 275:
2247–2250, 2000.

18. Fu M, Zhu X, Wang Q, Zhang J, Song Q, Zheng H, Ogawa W,
Du J, and Chen YE. Platelet-derived growth factor promotes
the expression of peroxisome proliferator-activated receptor
gamma in vascular smooth muscle cells by a phosphatidylinosi-
tol 3-kinase/Akt signaling pathway. Circ Res 89: 1058–1064,
2001.

19. Galli A, Crabb D, Price D, Ceni E, Salzano R, Surrenti C,
and Casini A. Peroxisome proliferator-activated receptor
gamma transcriptional regulation is involved in platelet-derived
growth factor-induced proliferation of human hepatic stellate
cells. Hepatology 31: 101–108, 2000.

20. Graf K, Xi XP, Hsueh WA, and Law RE. Troglitazone inhibits
angiotensin II-induced DNA synthesis and migration in vascular
smooth muscle cells. FEBS Lett 400: 119–121, 1997.

21. Green S and Wahli W. Peroxisome proliferator-activated re-
ceptors: finding the orphan a home. Mol Cell Endocrinol 100:
149–153, 1994.

22. Halliwell B. Antioxidants and human disease: a general intro-
duction. Nutr Rev 55: S44–S52, 1997.

23. Halliwell B. Drug antioxidant effects. A basis for drug selec-
tion? Drugs 42: 569–605, 1991.

24. Hellerbrand C, Jobin C, Iimuro Y, Licato L, Sartor RB,
and Brenner DA. Inhibition of NFkappaB in activated rat
hepatic stellate cells by proteasome inhibitors and an IkappaB
super-repressor. Hepatology 27: 1285–1295, 1998.

25. Hunter T and Pines J. Cyclins and cancer. II: Cyclin D and
CDK inhibitors come of age. Cell 79: 573–582, 1994.

26. Inoue I, Itoh F, Aoyagi S, Tazawa S, Kusama H, Akahane
M, Mastunaga T, Hayashi K, Awata T, Komoda T, and
Katayama S. Fibrate and statin synergistically increase the
transcriptional activities of PPARalpha/RXRalpha and decrease
the transactivation of NFkappaB. Biochem Biophys Res Com-
mun 290: 131–139, 2002.

27. Inoue I, Katayama S, Takahashi K, Negishi K, Miyazaki T,
Sonoda M, and Komoda T. Troglitazone has a scavenging
effect on reactive oxygen species. Biochem Biophys Res Commun
235: 113–116, 1997.

28. Joe B and Lokesh BR. Role of capsaicin, curcumin and dietary
n-3 fatty acids in lowering the generation of reactive oxygen
species in rat peritoneal macrophages. Biochim Biophys Acta
1224: 255–263, 1994.

29. Kawada N, Ikeda K, Seki S, and Kuroki T. Expression of
cyclins D1, D2 and E correlates with proliferation of rat stellate
cells in culture. J Hepatol 30: 1057–1064, 1999.

30. Law RE, Meehan WP, Xi XP, Graf K, Wuthrich DA, Coats
W, Faxon D, and Hsueh WA. Troglitazone inhibits vascular
smooth muscle cell growth and intimal hyperplasia. J Clin
Invest 98: 1897–1905, 1996.

31. Lee KS, Buck M, Houglum K, and Chojkier M. Activation of
hepatic stellate cells by TGF alpha and collagen type I is medi-
ated by oxidative stress through c-myb expression. J Clin Invest
96: 2461–2468, 1995.

32. Liu JY, Lin SJ, and Lin JK. Inhibitory effects of curcumin on
protein kinase C activity induced by 12-O-tetradecanoyl-phor-
bol-13-acetate in NIH 3T3 cells. Carcinogenesis 14: 857–861,
1993.

33. Marra F, Efsen E, Romanelli RG, Caligiuri A, Pastacaldi S,
Batignani G, Bonacchi A, Caporale R, Laffi G, Pinzani M,
and Gentilini P. Ligands of peroxisome proliferator-activated
receptor gamma modulate profibrogenic and proinflammatory
actions in hepatic stellate cells. Gastroenterology 119: 466–478,
2000.

34. McIntyre TM, Pontsler AV, Silva AR, St Hilaire A, Xu Y,
Hinshaw JC, Zimmerman GA, Hama K, Aoki J, Arai H, and
Prestwich GD. Identification of an intracellular receptor for
lysophosphatidic acid (LPA): LPA is a transcellular PPAR-
gamma agonist. Proc Natl Acad Sci USA 100: 131–136, 2003.

35. Mercurio F and Manning AM. NF-kappaB as a primary
regulator of the stress response. Oncogene 18: 6163–6171, 1999.

36. Miyahara T, Schrum L, Rippe R, Xiong S, Yee HF Jr,
Motomura K, Anania FA, Willson TM, and Tsukamoto H.
Peroxisome proliferator-activated receptors and hepatic stellate
cell activation. J Biol Chem 275: 35715–35722, 2000.

37. Nakamuta M, Enjoji M, Uchimura K, Ohta S, Sugimoto R,
Kotoh K, Kato M, Irie T, Muta T, and Nawata H. Bisphenol
a diglycidyl ether (BADGE) suppresses tumor necrosis factor-
alpha production as a PPARgamma agonist in the murine mac-
rophage-like cell line, RAW 264.7. Cell Biol Int 26: 235–241,
2002.

38. Nasmyth K. Viewpoint: putting the cell cycle in order. Science
274: 1643–1645, 1996.

39. Park EJ, Jeon CH, Ko G, Kim J, and Sohn DH. Protective
effect of curcumin in rat liver injury induced by carbon tetra-
chloride. J Pharm Pharmacol 52: 437–440, 2000.

40. Park KS, Ciaraldi TP, Lindgren K, Abrams-Carter L, Mu-
daliar S, Nikoulina SE, Tufari SR, Veerkamp JH, Vidal-
Puig A, and Henry RR. Troglitazone effects on gene expression
in human skeletal muscle of type II diabetes involve up-regula-
tion of peroxisome proliferator-activated receptor-gamma. J Clin
Endocrinol Metab 83: 2830–2835, 1998.

41. Pietrangelo A, Gualdi R, Casalgrandi G, Montosi G, and
Ventura E. Molecular and cellular aspects of iron-induced he-
patic cirrhosis in rodents. J Clin Invest 95: 1824–1831, 1995.

G29CURCUMIN INDUCES EXPRESSION AND ACTIVATION OF PPAR-�

AJP-Gastrointest Liver Physiol • VOL 285 • JULY 2003 • www.ajpgi.org

 by 10.220.33.4 on S
eptem

ber 15, 2016
http://ajpgi.physiology.org/

D
ow

nloaded from
 

http://ajpgi.physiology.org/


42. Rajakumar DV and Rao MN. Antioxidant properties of dehy-
drozingerone and curcumin in rat brain homogenates. Mol Cell
Biochem 140: 73–79, 1994.

43. Rippe RA, Schrum LW, Stefanovic B, Solis-Herruzo JA,
and Brenner DA. NF-kappaB inhibits expression of the
alpha1(I) collagen gene. DNA Cell Biol 18: 751–761, 1999.

44. Ruby AJ, Kuttan G, Babu KD, Rajasekharan KN, and
Kuttan R. Anti-tumour and antioxidant activity of natural
curcuminoids. Cancer Lett 94: 79–83, 1995.

45. Schmittgen TD, Zakrajsek BA, Mills AG, Gorn V, Singer
MJ, and Reed MW. Quantitative reverse transcription-poly-
merase chain reaction to study mRNA decay: comparison of
endpoint and real-time methods. Anal Biochem 285: 194–204,
2000.

46. Singh S and Aggarwal BB. Activation of transcription factor
NF-kappa B is suppressed by curcumin (diferuloylmethane).

J Biol Chem 270: 24995–25000, 1995. [Corrigendum. J Biol
Chem 270: December 15, 1995, p. 30235B–30235.]

47. Sreejayan and Rao MN. Curcuminoids as potent inhibitors of
lipid peroxidation. J Pharm Pharmacol 46: 1013–1016, 1994.

48. Tsukamoto H. Oxidative stress, antioxidants, and alcoholic
liver fibrogenesis. Alcohol 10: 465–467, 1993.

49. Wang C, Fu M, D’Amico M, Albanese C, Zhou JN, Brownlee
M, Lisanti MP, Chatterjee VK, Lazar MA, and Pestell RG.
Inhibition of cellular proliferation through IkappaB kinase-inde-
pendent and peroxisome proliferator-activated receptor gamma-
dependent repression of cyclin D1. Mol Cell Biol 21: 3057–3070,
2001.

50. Zelvyte I, Dominaitiene R, Crisby M, and Janciauskiene S.
Modulation of inflammatory mediators and PPARgamma and
NFkappaB expression by pravastatin in response to lipoproteins
in human monocytes in vitro. Pharmacol Res 45: 147–154, 2002.

G30 CURCUMIN INDUCES EXPRESSION AND ACTIVATION OF PPAR-�

AJP-Gastrointest Liver Physiol • VOL 285 • JULY 2003 • www.ajpgi.org

 by 10.220.33.4 on S
eptem

ber 15, 2016
http://ajpgi.physiology.org/

D
ow

nloaded from
 

http://ajpgi.physiology.org/

