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Purpose. Accumulating evidence from epidemiologic and clinical studies indicates that chronic
inflammatory disorders harbor an increased risk of cancer development. Curcumin (CUR) has been
strongly linked to the anti-inflammatory effect. On the other hand, isothiocyanates such as sulforaphane
(SFN) and phenethyl isothiocyanate (PEITC) are strong phase-II detoxifying/antioxidant enzymes
inducer. Therefore it is interesting to see if combination of these drugs can inhibit inflammation with
higher combined efficacies.
Methods.Weused nitric oxide (NO) assay to assess the synergism of the different combinations of CUR, SFN
and PEITC. The inflammatory markers, e.g. iNOS, COX-2, prostaglandin E2 (PGE2), tumor necrosis factor
(TNF) and interleukin-1 (IL-1) levels were determined using RT-PCR, Western blot and ELISA assays.
Results. We report that combination of PEITC + SFN or CUR + SFN has a synergistic effect in down-
regulating inflammation markers like TNF, IL-1, NO, PGE2. The synergism is probably due to the
synergistic induction of phase II/antioxidant enzymes including heme-oxygenase1 (HO-1) and NAD(P)
H:quinone oxidoreductase 1 (NQO-1).
Conclusions. Our data suggest that CUR + SFN and PEITC + SFN combinations could be more effective
than used alone in preventing inflammation and possibly its associated diseases including cancer.
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INTRODUCTION

It is now widely accepted that inflammation is a critical
component of tumor progression. Many cancers, e.g. epithe-
lial skin cancer and colorectal cancer, arise from chronic
inflammation and sites of infection (1,2). Inflammatory
reagents such as 12-O-tetradecanoylphorbol 13-acetate
(TPA) are required for the formation of chemically-induced
mouse skin tumors (2). Similarly, chronic inflammation
induced by dextran sodium sulfate (DSS) is required for the
azoxymethane (AOM)-induced tumor. All these data and
models suggest that inflammation is indispensable for tumor
formation and progression (2).

Numerous studies have shown that tumor sites often
harbor infiltrated inflammatory cells (3). Chemokines are
responsible for directing the local accumulation of inflamma-
tory cells into the infected sites. Thus far, research on
inflammation-associated cancer development has focused on
cytokines and chemokines as well as their downstream targets
(4). Several recent studies have identified nuclear factor-κB

(NF-κB) as a key modulator in driving inflammation to
cancers (4). NF-κB activation in tumor-associated leukocytes,
especially macrophages, contributes towards tumorigenesis
by upregulating tumor-promoting proinflammatory proteins
(6). One of the key molecules mediating the inflammatory
processes in tumor promotion is tumor necrosis factor alpha
(TNFα) (5). Recent pre-clinical cancer models have provided
critical evidence to support the link between chronic, low
level TNFα exposure and the acquisition of pro-malignant
phenotype (i.e., increased growth, invasion and metastasis)
(5). Inflammatory cytokines including interleukin-1 (IL-1)
and 6 (IL-6) (7) also serve as autocrine and paracrine growth
factors for several cancers. In addition, overproduction of
both nitric oxide (NO) and prostaglandins (PGE2) has been
associated with numerous pathological conditions including
chronic inflammation and cancer (8).

Anti-inflammatory therapeutic approaches are now con-
sidered to be important in preventing cancer initiation and
development (1). Numerous studies have shown that phyto-
chemical constituents prevent tumor formation by up-
regulating Nrf2, phase II genes, inducing cell cycle arrest
and triggering apoptosis. The anti-inflammatory properties of
these constituents are also explored. It has been shown that
lipopolysaccharides (LPS) induced nitrite and prostaglandin
E2 (PGE2) synthesis in Raw 264.7 cells was attenuated by
phenethyl isothiocyanate (PEITC) in a concentration-dependent
manner and the reduction in both iNOS and COX-2
expression were associated with the inactivation of NF-κB
and stabilization of IκB-α (8). Curcumin (CUR) is the main
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constituent of the spice turmeric, used in diet and in
traditional medicine across the Indian subcontinent. Anti-
inflammatory properties of CUR have been well docu-
mented. It has long been known that CUR inhibits induction
of nitric oxide synthase (NOS) in vitro (LPS-activated
macrophages) (10) and in-vivo (11). Several mechanisms
have been suggested. CUR binds at submicromolar affinity
to the myeloid differentiation protein 2 (MD-2), which is the
LPS-binding component of the endotoxin surface receptor
complex MD-2/TLR4 (Toll-like receptor 4), targeting MD-2
in the inhibition of response to LPS (9). In addition, CUR
inhibits LPS-induced MAPK activation and the translocation
of NF-κB p65 (12). These data show that CUR effectively

targets the LPS-TLR-MAPK-NF-κB pathway and inhibits
inflammatory cytokines expression. Sulforaphane (SFN) is best
known as a potent phase II gene/protein inducer. Induction of
phase II proteins promotes oxidant scavenging and decreases
oxidative stress. The inflammation inhibitory effect of SFN has
been proven in cardiovascular system (13) and skin (14).
Induction of phase II genes protects the cells from UV-induced
oxidative stress and inflammation. This protective effect can be
used as a means of reducing cancer incidence.

In this study, we investigate whether the combination of
PEITC, SFN and CUR would produce synergistic effect in
the inhibition of LPS-induced inflammation in RAW 264.7
cells. We found that PEITC + SFN and CUR + SFN
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Fig. 1. A Dose-dependent inhibition of LPS-induced NO by PEITC, Curcumin and SFN. RAW 264.7 cells were treated with 0.1, 1,5,10, 25,
50 μM PEITC, Curcumin and SFN before LPS treatment. 24 h after treatment, nitric oxide assays were performed on the medium. Data points
are representative of three independent experiments. B Isobologram analyses of synergy between combinations of CUR + SFN and PEITC +
SFN. Several combinations were analyzed for synergy by the method of isobologram analysis as described elsewhere (15,16) and were
confirmed as synergistic. Data points are described by concentrations (in μM) as reflected on x- and y-axes respectively, and are representative
of three independent experiments. The corresponding combination indices (CI) are smaller than 1, which confirmed the synergy between the
combinations. C Cytotoxicity of CUR, PEITC, SFN and their combinations. RAW 264.7 cells were seeded on a 96-well plate cultured in 100 μl
medium. Each well was treated with compounds and 20 μl MTS/PMS solution was added 24 h after treatment. Cell viability was measured as
absorbance at 490 nm. Each data is the average of 3 replicates.
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synergistically inhibit LPS-induced inflammation by down-
regulating a whole spectrum of inflammatory markers includ-
ing TNFα, iNOS, NO, COX-2, PGE2 and IL-1.

MATERIALS AND METHOD

Cell Culture and Reagents

RAW 264.7 cells were obtained from American Type
Culture Collection (ATCC). The cells were maintained in
Deagle minimum essential medium (DMEM) with 10% fetal
bovine serum (FBS), 2.2 g/L sodium bicarbonate, 100 U/mL
penicillin and 100 μg streptomycin. Phenethyl isothiocyanate
(PEITC), curcumin (CUR) and sulphoraphane (SFN) were
obtained from Sigma (St Louis, MO). iNOS, COX-2 anti-
bodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). TNFα, IL-1, PGE2 ELISA kits were
purchased from Calbiochem Technology (San Diego, CA).

Transient Transfection of Nrf2

Dominant negative Nrf2 DNA (Nrf2-M4) construct,
encoding Nrf2 peptide (amino acids 401–589) that contains
DNA binding domain but lacks transactivation domain, was
generated in our laboratory. RAW 264.7 cells were plated
into six-well plates and transfected with the GeneJuice
(Novagen) and Nrf2-M4 according to the manufacturer’s
instruction. After transfection, cells were cultured for an
additional 24 h and harvested for analysis.

Western Blotting Analysis

RAW 264.7 cells in six-well plates were washed with ice-
cold PBS and lysed with 200 μl of whole cell lyses buffer
(10 mM Tris–HCl, pH 7.9, 250 mM NaCl, 30 mM sodium
pyrophosphate, 50 mM sodium fluoride, 0.5% Triton X-100,

10% glycerol, 1 mM proteinase inhibitor mixture, 1 mM
phenylmethylsulfonyl fluoride, 100 mM Na3VO4, 5 mM
ZnCl2, 2 mM indole acetic acid). The cell lysates were
centrifuged at 12,000 g for 10 min at 4°C. The protein
concentrations of the supernatants of the whole cell lysate
were determined using a Bio-Rad protein assay kit. An equal
amount of protein (20 μg) was then resolved on a 10% SDS-
polyacrylamide gel and transferred to PVDF membrane using
semi-dry transfer system. The membrane was blocked in 5%
non-fat milk for 1 h at room temperature and then incubated
overnight at 4°C with a primary antibody specifically recog-
nizing iNOS and COX-2. After incubation with the primary
antibody, the membrane was washed with TBST (20 mM
Tris–HCl, 8 g/L NaCl, 0.1% Tween 20, pH 7.6) three
times, then incubated in horseradish peroxidase-conjugat-
ed secondary antibody (1:5,000 dilution) for 45 min at
room temperature followed by an additional three washes
with TBST. Detection was performed using ECL reagents
(Bio-Rad).

RT-PCR and PCR

Total RNA from mouse RAW 264.7 cells were isolated
by Trizol (Invitrogen, Carlsbad, CA). Total RNA samples
were converted to single-stranded cDNA by the Superscript
First-Strand Synthesis System III (Invitrogen). The resulting
cDNA was amplified by the PCR supermix kit (Invitrogen).
PCR conditions are as follows: 94°C for 10 min followed by
20 cycles of denaturation at 94°C for 30 s, annealing at 55°C
for 30 s, extension at 72°C for 1 min, and a final extension at
72°C for 10 min. The 5’ and 3’ primers used for amplifying
iNOS were GTGGTGACAAAGCACATTTGG and GGC
TGGACTTTTCACTCTGC, COX2 were TCCTCCTG
GAACATGGACTC and TGATGGTGGCTGTTTTGGTA,
TNF were: ACGGCATGGATCTCAAAGAC and
GGTCACTGTCCCAGCATCTT, IL-1 were GAGTGTGG
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Fig. 2. A Dose-dependent inhibition of LPS-induced iNOS expression by Curcumin, PEITC and SFN.
RAW 264.7 cells were pre-treated with PEITC, Curcumin and SFN before LPS treatment. 24 h after
treatment, iNOS expression was detected by western blotting. Blots are representative of three independent
experiments. B iNOS expression with the combinations of CUR + SFN and PEITC + SFN. The proteins
were immunoblotted using iNOS antibody as indicated using actin as the control. Blots are representative of
three independent experiments.
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ATCCCAAGCAAT and CTCAGTGCAGGCTATGG
ACCA, HO-1 were AAGAGGCTAAGACCGCCTTC and
GTCGTCGTCAGTCAACATGG and NQO1 were CAGA
TCCTGGAAGGATGGAA and AAGTTAGTCC
CTCGGCCATT. PCR products were resolved on 1% aga-
rose gels and visualized under UV lamps.

Nitric Oxide Assay

Nitric oxides secreted by RAW 264.7 cells were mea-
sured by Griess reagent (Promega). A nitric oxide standard
curve (0.1M sodium nitrite in water, diluting to 100, 50, 25,
12.5, 6.25, 3.13, 1.56 and 0 μM) was prepared. 50 μl of the
samples to be measured were pipetted into a 96-well plate.
Using a multichannel pipette, 50 μl sulfanilamide (1%
sulfanilamide in 5% phosphoric acid) solution was added
to each sample and the mixture was incubated for 10 min
at room temperature protected from light. Following that,
50 μl NED (0.1% N-1-napthylethylenediamine dihydro-
chloride in water) solution was added to all the wells and

the mixture was incubated for 10 min at room tempera-
ture protected from light. Purple color started to appear
and the absorbance was measured at a wavelength
between 520–550 nm.

TNFα, IL-1 and PGE2 ELISA Assay

TNFα, IL-1 and PGE2 assays ware performed according
to the protocols of manufacturers. For the TNF ELISA assay,
50 μl of incubation buffer was first added to all the wells.
Next, 50 μl standard diluent buffer and 50 μl of sample were
added to each well. 50 μl biotin conjugate was added
afterwards, mixed well and the reaction was incubated for
90 min at room temperature. The wells were then aspirated
and washed thoroughly 4 times. 100 μl streptavidin-HRP
working solution was then added and incubated for 45 min at
room temperature. The reaction was stopped by adding
100 μl stop solution and the reaction was read at 450 nm.
IL-1 and PGE2 ELISA assay was performed similarly
according to the standard protocols provided by Calbiochem.
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Fig. 3. A Dose-dependent inhibition of LPS-induced COX-2 expression by Curcumin, PEITC and SFN.
RAW 264.7 cells were pre-treated with PEITC, Curcumin and SFN before LPS treatment. 24 h after
treatment, COX-2 expression was detected by Western blotting. Blots are representative of three
independent experiments. B COX-2 expression with the combinations of CUR + SFN and PEITC + SFN.
The proteins were immunoblotted using COX-2 antibody as indicated using actin as the control. Blots are
representative of three independent experiments. C PGE2 concentration in the medium with the
combinations of CUR + SFN and PEITC + SFN. The experiments were repeated twice with duplicates.
Student’s t-test was used to compare the means between control groups and treated groups *p<0.05.
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MTS Assay

RAW 264.7 cells were seeded on a 96-well plate cultured
in 100 μl medium. Each well was treated with compounds and
20 μl MTS/PMS solution (Promega) was added 24 h after
treatment. The plate was incubated for 1 h at 37°C in a
humidified, 5% CO2 atmosphere. The absorbance at 490 nm
was then recorded using an ELISA plate reader.

RESULTS

PEITC + SFN and CUR + SFN Synergistically Inhibit NO
Expression of LPS-Stimulated RAW 264.7 Cells

Nitric oxide (NO) assays were performed to determine
the IC80 of PEITC, CUR and SFN on their inhibition of NO
release of RAW 264.7 cells upon LPS (1 μg/mL) stimulation
(Fig. 1a). The IC80 of PEITC is 5 μM, CUR is 5 μM and SFN
is 1 μM, indicating their potency of inhibition of NO
expression is: SFN>PEITC = CUR. Isobologram analysis
was performed as described previously (15,16). Briefly, 1/2, 1/
4, 1/8 of the IC80 of PEITC + SFN and CUR + SFN were
tested in combination, i.e. (2.5 μM PEITC + 0.5 μM SFN,
1.25 μM PEITC + 0.25 μM SFN, 0.625 μM PEITC + 0.125 μM
SFN). We found that at lower doses, combination of PEITC +
SFN (1.25 μM/0.25 μM, combination index (CI) <1) or CUR +
SFN (0.625 μM/0.125 μM, CI<1) produced better inhibition
effect of NO production than the compound was used alone
(Fig. 1b). The synergistic effect was not only observed in IC80,
but it was also observed in IC50 and IC90 (CI ranging from 0.2
to 0.8) (data not shown). In addition, using MTS assays, we

showed that combination of compounds did not result in
higher toxicity (Fig. 1c).

PEITC + SFN and CUR + SFN Synergistically Inhibit iNOS
Expression

RAW 264.7 cells were treated with increasing concen-
tration of CUR, PEITC and SFN and LPS-induced iNOS
expression was inhibited dose-dependently (Fig. 2a). Next,
RAW cells were treated with 5 μM PEITC, 5 μM CUR, 1 μM
SFN and in combination (2 μM PEITC + 0.4 μM SFN or
2 μM CUR + 0.4 μM SFN). Consistent with NO assays, SFN
alone inhibited the expression of iNOS better than PEITC or
CUR. In addition, when combined with PEITC or CUR at
low doses, the reduction was even more pronounced than
SFN alone (Fig. 2b).

PEITC + SFN and CUR + SFN Synergistically Inhibit COX-2
Expression and PGE2

Apart from iNOS, another inflammatory gene COX-2
was investigated and similar observation was found. CUR,
PEITC and SFN dose-dependently inhibited LPS-induced
COX-2 expression (Fig. 3a). CUR (5 μM) or PEITC (5 μM)
alone did not cause substantial reduction in COX-2 expres-
sion, but CUR (2 μM) + SFN (0.4 μM) strongly inhibited the
COX-2 expression up to 50% (Fig. 3b). PEITC (2 μM) in
combination with SFN (0.4 μM) showed additive effect in the
inhibition rather than synergistic (Fig. 3b). Since there is
synergistic effect of CUR + SFN and PEITC + SFN in
inhibition of COX-2 expression, we expect the downstream
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Fig. 4. A TNFα expression with the combinations of CUR + SFN and PEITC + SFN. TNFα assays are
representative of three independent experiments with replicates. Student’s t-test was used to compare the
means between the control groups and treated groups *p<0.01 B IL-1 concentration in the medium with the
combinations of CUR + SFN and PEITC + SFN. The experiments were repeated twice with duplicates.
Student’s t-test was used to compare the means between control groups and treated groups *p<0.05.
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inflammatory signaling molecule PGE2 to be synergistically
inhibited as well. Indeed, the PEITC + SFN combination
showed synergistic effect while CUR + SFN showed additive
effect in downregulation of PGE2 production (Fig. 3c).

PEITC + SFN and CUR + SFN Synergistically Inhibit TNFα
and IL-1

Extensive studies have been conducted and concluded
that cytokines like TNFα and IL-1 are the major products of
inflammatory cells and contribute to the progression of cancer.
We showed that CUR (5 μM) or PEITC (5 μM) alone did not
produce any significant effect but CUR (2 μM) + SFN (0.4 μM)
and PEITC (2 μM) + SFN (0.4 μM) could suppress TNF
release up to 40% and 60% (Fig. 4a). This again confirms the
synergistic effect of CUR + SFN in inhibiting inflammation.
On the other hand, the individual drug’s inhibition effect on
IL-1 is limited. Nonetheless, CUR + SFN significantly
inhibited IL-1 release to up to 20% (Fig. 4b).

PEITC + SFN and CUR + SFN Do Not Synergistically
Inhibit Inflammatory mRNA Expression, but Phase II Genes
are Synergistically Induced

Analysis of mRNA expression showed SFN alone
inhibited iNOS, COX2, TNF, IL-1 mRNA expression, and
combinations did not produce better effect than SFN alone
(Fig. 5a). On the other hand, SFN alone did not induce HO-1
and NQO-1 mRNA to a great extent. However, PEITC +
SFN and CUR + SFN combinations synergistically induced
HO-1 and NQO-1 mRNA (Fig. 5b). Transfection with
dominant negative Nrf2 knock-down the HO-1 protein
expression by 40% in RAW 264.7 cells (Fig. 5c). Transfection
with dominant negative Nrf2 resulted to an increase in iNOS
and COX-2 protein expression at 24 h but an increase in their
mRNA at 6 h was not observed (Fig. 5c). Applying
antioxidant glutathione (GSH) to the cells 6 h after LPS
treatment significantly attenuated iNOS protein expression
(Fig. 5d).
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Fig. 5. A mRNA expression level of inflammatory genes with the combinations of CUR + SFN and PEITC + SFN. mRNAwere extracted 6 h
after treatments. GADPH, iNOS, COX-2, TNF and IL-1 mRNA levels were measured. Results are representative of three independent
experiments. B mRNA expression level of phase II genes with the combinations of CUR + SFN and PEITC + SFN. mRNAwere extracted 6 h
after treatments and HO-1 and NQO1 mRNA levels were measured. Results are representative of three independent experiments. C iNOS,
COX-2 mRNA and protein in wild type and dominant negative Nrf2-RAW 264.7 cells. RAW 264.7 cells were treated with empty vector
(control), LPS and LPS + dominant negative Nrf2 (dn–Nrf2). iNOS, COX-2, TNF and IL-1 mRNA were extracted at 6 h after treatment. In
addition, HO-1, iNOS and COX-2 proteins were extracted at 24 h after LPS treatment. The experiments were repeated twice with duplicates.
The relative expression ratio were shown as well. D Antioxidant effect in downregulation of iNOS protein. 1 μM glutathione (GSH) was added
6 h after LPS treatment and iNOS protein was blotted 24 h later. The experiments were repeated twice with duplicates.
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DISCUSSION

Chou et al. reported that “The use of multiple drugs may
target multiple targets, multiple subpopulations, or multiple
diseases simultaneously. The use of multiple drugs with
different mechanisms or modes of action may also direct the
effect against single target or a disease and treat it more
effectively. The possible favorable outcomes for synergism
include 1) increasing the efficacy of the therapeutic effect, 2)
decreasing the dosage but increasing or maintaining the same
efficacy to avoid toxicity, 3) minimizing or slowing down the
development of drug resistance, and 4) providing selective
synergism against target (or efficacy synergism)” (15). In fact,
drug combinations have been widely used and become the
choice for treating cancer, immunosuppressant and cardio-
vascular diseases (15). Our lab has recently showed that there
is a synergistic effect of a combination of sulforaphane and
(−) Epigallocatechin-3-gallate in HT-29 transfected with AP-1
(16). Our in vivo studies showed that SFN and dibenzoyl-
methane (DBM) combination are potent regimen for chemo-
prevention of gastrointestinal cancer (17).

Several studies have shown that CUR can activate Nrf2-
ARE signaling pathways leading to induction of phase II and
antioxidant enzymes such as (glutathione-S transferase) GST
and heme-oxygenase1 (HO-1) (18,19). SFN, on the other

hand significantly inhibited NF-κB transcriptional activity,
nuclear transloction of p65, and gene expression of NF-κB-
regulated genes in human prostate PC-3 C4 cells stably
transfected with NF-κB-luciferase reporter gene (20).

Our aim in the current study is to determine if the use of
multiple drugs with different mechanisms or modes of action
can treat inflammation more effectively. Our data clearly
shows that CUR + SFN or PEITC + SFN combinations
effectively and synergistically inhibited inflammation induced
by LPS in RAW 264.7 cells as evidence by the decrease in
iNOS, COX-2 protein expression and NO, PGE2, TNFα and
IL-1 production in the medium. Generally, PEITC + SFN or
CUR + SFN works better than alone even at a lower dose.
The whole spectrum of inflammatory markers was inhibited
only when the drugs are administered together. Our data
showed that SFN was most effective in inhibiting iNOS
protein expression and CUR most effective in inducing Nrf-
2 genes such as HO-1 and NQO-1. CUR + SFN showed most
synergistic effect (PEITC + SFN to a lesser extent) in
reducing iNOS and its related product NO. This combination
almost abrogated the iNOS enzyme expression completely in
LPS-stimulated RAW 264.7 cells and a very high inhibitory
effect of NO release was observed even at a combination of
very low doses. This could be very significant in inhibiting
inflammation and possibly cancer as NO is the major product
in cells that results in oxidative stress and cause damage to
lipid, DNA and proteins in the cell.

Cytokines contributes to the microenvironment at the
cancer sites. It is believed that TNFα, IL-1, IL-6 act as
autocrine and paracrine signals, binding to receptors of cells
and trigger the uncontrolled proliferation of the cells (21).
Cytokines are one of the reasons why infiltrated macrophages
could cause cancer in the infected sites. High level of
cytokines is released into the environment, initiates and
promotes tumorigenesis (22). Our results showed that the
combinations of drugs synergistically inhibited TNFα and IL-
1 production in the medium.

To gain further information about the mechanism of
synergistic effect of CUR + SFN, we measured the mRNA
level of the inflammatory markers and phase II genes. Our
results showed that PEITC had a moderate effect on reducing
the inflammatory gene transcription and CUR had no effect
at all. In contrast, induction of Nrf2 regulated genes HO-1
and NQO1 by SFN was minimal, PEITC had moderate effect
and CUR had a very strong induction effect. A few studies
have suggested that phase II genes expression is essential in
reducing inflammation (23,24). Therefore, it is possible that
CUR + SFN inhibit inflammation by two distinct pathways,
namely induction of phase II genes and inhibition of
inflammatory genes. Surprisingly, CUR + SFN did not
synergistically reduce inflammatory genes (TNFα, iNOS,
COX-2 mRNA) compared to when they were used alone
(Fig. 5a). Rather, the effect seems to be additive. In contrast,
the synergistic effect is obvious for phase II genes HO-1 and
NQO-1 (Fig. 5b). We next investigated why the combinations
reduced iNOS, COX-2 synergistically at the protein level but
not at mRNA level. Our results provide a possible mecha-
nism for the synergistic effect shown in protein level. Raw
264.7 cells transfected with dominant-negative Nrf2 knock-
down the inducible HO-1 level by LPS. We found that iNOS,
COX-2 mRNA at 6 h after LPS treatment was not higher in
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HO-1 knock-down RAW 264.7 cells than in the wild type.
However at 24 h after LPS treatment, the iNOS and COX-2
protein expression is higher in HO-1 knockdown RAW 264.7
cells (Fig. 5c). This suggests that the expression of HO-1 is
crucial in preventing LPS-induced iNOS and COX-2 protein
expression. It is suggested that HO-1 can increase the anti-
oxidant status by the formation of the very strong antioxidant
bilirubin (25,26) and that a higher cellular antioxidant level
can prevent LPS or TNFα induced inflammation (27). In fact,
our result showed that addition of glutathione (GSH) 6 h
after LPS treatment reduced iNOS and COX-2 protein
expression (Fig. 5d). Taken all these together, we conclude
that CUR + SFN synergistically up-regulated HO-1, leading
to a higher cellular antioxidant capacity and therefore
reduced iNOS and COX-2 protein expression and their
related inflammatory molecules. In conclusion, our study
shows that utilizing two different pathways regulating inflam-
mation, we could achieve a better regimen to target
inflammation and its related diseases.

ACKNOWLEDGEMENT

We thank all the members in Dr. Tony Kong’s lab for
their helpful discussion and preparation of this manuscript.
This work was supported in part by National Institute of
Health Grant R01 CA-073674–07.

REFERENCES

1. L. M. Coussens, and Z. Werb. Inflammation and cancer. Nature.
420(6917):860–7 (2002).

2. M. M. Muller. Inflammation in epithelial skin tumours: old
stories and new ideas. Eur. J. Cancer. 42(6):735–44 (2006).
doi:10.1016/j.ejca.2006.01.014.

3. B. J. Rollins. Inflammatory chemokines in cancer growth and
progression. Eur. J. Cancer. 42(6):760–7 (2006). doi:10.1016/j.
ejca.2006.01.002.

4. H. Lu, W. Ouyang, and C. Huang. Inflammation, a key event in
cancer development. Mol. Cancer Res. 4(4):221–33 (2006).
doi:10.1158/1541–7786.MCR-05–0261.

5. P. Szlosarek, K. A. Charles, and F. R. Balkwill. Tumour necrosis
factor-alpha as a tumour promoter. Eur. J. Cancer. 42(6):745–50
(2006). doi:10.1016/j.ejca.2006.01.012.

6. Q. Li, S. Withoff, and I. M. Verma. Inflammation-associated
cancer: NF-kappaB is the lynchpin. Trends. Immunol. 26(6):318–
25 (2005). doi:10.1016/j.it.2005.04.003.

7. L. S. Angelo, and R. Kurzrock. Vascular endothelial growth factor
and its relationship to inflammatory mediators. Clin. Cancer Res.
13(10):2825–30 (2007). doi:10.1158/1078–0432.CCR-06–2416.

8. P. Rose, Y. K. Won, C. N. Ong, and M. Whiteman. Beta-
phenylethyl and 8-methylsulphinyloctyl isothiocyanates, constit-
uents of watercress, suppress LPS induced production of nitric
oxide and prostaglandin E2 in RAW 264.7 macrophages. Nitric.
Oxide. 12(4):237–43 (2005). doi:10.1016/j.niox.2005.03.001.

9. H. Gradisar, M. M. Keber, P. Pristovsek, and R. Jerala. MD-2 as
the target of curcumin in the inhibition of response to LPS. J.
Leukoc. Biol. 82(4):968–74 (2007). doi:10.1189/jlb.1206727.

10. I. Brouet, and H. Ohshima. Curcumin, an anti-tumour promoter
and anti-inflammatory agent, inhibits induction of nitric oxide
synthase in activated macrophages. Biochem. Biophys. Res.
Commun. 206(2):533–40 (1995). doi:10.1006/bbrc.1995.1076.

11. M. M. Chan, H. I. Huang, M. R. Fenton, and D. Fong. In vivo
inhibition of nitric oxide synthase gene expression by curcumin, a
cancer preventive natural product with anti-inflammatory prop-
erties. Biochem. Pharmacol. 55(12):1955–62 (1998).

12. G. Y. Kim, K. H. Kim, S. H. Lee, M. S. Yoon, H. J. Lee, D. O.
Moon, C. M. Lee, S. C. Ahn, Y. C. Park, and Y. M. Park.

Curcumin inhibits immunostimulatory function of dendritic cells:
MAPKs and translocation of NF-kappa B as potential targets. J.
Immunol. 174(12):8116–8124 (2005).

13. L. Wu, M. H. Noyan Ashraf, M. Facci, R. Wang, P. G. Paterson,
A. Ferrie, and B. H. Juurlink. Dietary approach to attenuate
oxidative stress, hypertension, and inflammation in the cardio-
vascular system. Proc. Natl. Acad. Sci. USA. 101(18):7094–9
(2004). doi:10.1073/pnas.0402004101.

14. P. Talalay, J. W. Fahey, Z. R. Healy, S. L. Wehage, A. L.
Benedict, C. Min, and A. T. Dinkova-Kostova. Sulforaphane
mobilizes cellular defenses that protect skin against damage by
UV radiation. Proc. Natl. Acad. Sci. USA. 104(44):17500–17505
(2007). doi:10.1073/pnas.0708710104.

15. T. C. Chou. Theoretical basis, experimental design, and comput-
erized simulation of synergism and antagonism in drug combi-
nation studies. Pharmacol. Rev. 58(3):621–81 (2006). doi:10.1124/
pr.58.3.10.

16. S. Nair, V. Hebbar, G. Shen, A. Gopalakrishnan, T. O. Khor, S.
Yu, C. Xu, and A. N. Kong. Synergistic Effects of a Combination
of Dietary Factors Sulforaphane and (−) Epigallocatechin-3-
gallate in HT-29 AP-1 Human Colon Carcinoma Cells. Pharm.
Res. 25(2):387–99 (2008). doi:10.1007/s11095–007–9364–7.

17. G. Shen, T. O. Khor, R. Hu, S. Yu, S. Nair, C. T. Ho, B. S. Reddy,
M. T. Huang, H. L. Newmark, and A. N. Kong. Chemo-
prevention of familial adenomatous polyposis by natural dietary
compounds sulforaphane and dibenzoylmethane alone and in
combination in ApcMin/ + mouse. Cancer Res. 67(20):9937–44
(2007). doi:10.1158/0008–5472.CAN-07–1112.

18. G. Shen, C. Xu, R. Hu, M. R. Jain, A. Gopalkrishnan, S. Nair, M. T.
Huang, J. Y. Chan, and A. N. Kong. Modulation of nuclear factor
E2-related factor 2-mediated gene expression inmice liver and small
intestine by cancer chemopreventive agent curcumin. Mol. Cancer
Ther. 5(1):39–51 (2006). doi:10.1158/1535–7163.MCT-05–0293.

19. E. Balogun, M. Hoque, P. Gong, E. Killeen, C. J. Green, R.
Foresti, J. Alam, and R. Motterlini. Curcumin activates the haem
oxygenase-1 gene via regulation of Nrf2 and the antioxidant-
responsive element. Biochem. J. 371(Pt 3):887–895 (2003).
doi:10.1042/BJ20021619.

20. C. Xu, G. Shen, C. Chen, C. Gélinas, and A. N. Kong.
Suppression of NF-kappaB and NF-kappaB-regulated gene
expression by sulforaphane and PEITC through IkappaBalpha,
IKK pathway in human prostate cancer PC-3 cells. Oncogene. 24
(28):4486–95 (2005). doi:10.1038/sj.onc.1208656.

21. E. Lázár-Molnár, H. Hegyesi, S. Tóth, and A. Falus. Autocrine
and paracrine regulation by cytokines and growth factors in
melanoma. Cytokine. 12(6):547–54 (2000). doi:10.1006/
cyto.1999.0614.

22. W. W. Lin, and M. Karin. A cytokine-mediated link between
innate immunity, inflammation, and cancer. J. Clin. Invest. 117
(5):1175–83 (2007). doi:10.1172/JCI31537.

23. N. Li, J. Alam, M. I. Venkatesan, A. Eiguren-Fernandez, D.
Schmitz, E. Di Stefano, N. Slaughter, E. Killeen, X. Wang, A.
Huang, M. Wang, A. H. Miguel, A. Cho, C. Sioutas, and A. E.
Nel. Nrf2 is a key transcription factor that regulates antioxidant
defense in macrophages and epithelial cells: protecting against
the proinflammatory and oxidizing effects of diesel exhaust
chemicals. J. Immunol. 173(5):3467–81 (2004).

24. X. L. Chen, and C. Kunsch. Induction of cytoprotective genes
through Nrf2/antioxidant response element pathway: a new
therapeutic approach for the treatment of inflammatory diseases.
Curr. Pharm. Des. 10(8):879–91 (2004). doi:10.2174/
1381612043452901.

25. C. C. Lin, X. M. Liu, K. Peyton, H. Wang, W. C. Yang, S. J. Lin,
and W. Durante. Far infrared therapy inhibits vascular endothe-
lial inflammation via the induction of heme oxygenase-1.
Arterioscler. Thromb. Vasc. Biol. 28(4):739–45 (2008).
doi:10.1161/ATVBAHA.107.160085.

26. W. W. Wang, D. L. Smith, and S. D. Zucker. Bilirubin inhibits
iNOS expression and NO production in response to endotoxin in
rats. Hepatology. 40(2):424–33 (2004). doi:10.1002/hep.20334.

27. R. K. Thimmulappa, H. Lee, T. Rangasamy, S. P. Reddy, M.
Yamamoto, T. W. Kensler, and S. Biswal. Nrf2 is a critical
regulator of the innate immune response and survival during
experimental sepsis. J. Clin. Invest. 116(4):984–95 (2006).
doi:10.1172/JCI25790.

231PEITC and SFN or CUR and SFN in Inflammation Inhibition

http://dx.doi.org/10.1016/j.ejca.2006.01.014
http://dx.doi.org/10.1016/j.ejca.2006.01.002
http://dx.doi.org/10.1016/j.ejca.2006.01.002
http://dx.doi.org/10.1158/1541�7786.MCR-05�0261
http://dx.doi.org/10.1016/j.ejca.2006.01.012
http://dx.doi.org/10.1016/j.it.2005.04.003
http://dx.doi.org/10.1158/1078�0432.CCR-06�2416
http://dx.doi.org/10.1016/j.niox.2005.03.001
http://dx.doi.org/10.1189/jlb.1206727
http://dx.doi.org/10.1006/bbrc.1995.1076
http://dx.doi.org/10.1073/pnas.0402004101
http://dx.doi.org/10.1073/pnas.0708710104
http://dx.doi.org/10.1124/pr.58.3.10
http://dx.doi.org/10.1124/pr.58.3.10
http://dx.doi.org/10.1007/s11095�007�9364�7
http://dx.doi.org/10.1158/0008�5472.CAN-07�1112
http://dx.doi.org/10.1158/1535�7163.MCT-05�0293
http://dx.doi.org/10.1042/BJ20021619
http://dx.doi.org/10.1038/sj.onc.1208656
http://dx.doi.org/10.1006/cyto.1999.0614
http://dx.doi.org/10.1006/cyto.1999.0614
http://dx.doi.org/10.1172/JCI31537
http://dx.doi.org/10.2174/1381612043452901
http://dx.doi.org/10.2174/1381612043452901
http://dx.doi.org/10.1161/ATVBAHA.107.160085
http://dx.doi.org/10.1002/hep.20334
http://dx.doi.org/10.1172/JCI25790

	Synergistic...
	Abstract
	INTRODUCTION
	MATERIALS AND METHOD
	Cell Culture and Reagents
	Transient Transfection of Nrf2
	Western Blotting Analysis
	RT-PCR and PCR
	Nitric Oxide Assay
	TNFα, IL-1 and PGE2 ELISA Assay
	MTS Assay

	RESULTS
	PEITC + SFN and CUR + SFN Synergistically Inhibit NO Expression of LPS-Stimulated RAW 264.7 Cells
	PEITC + SFN and CUR + SFN Synergistically Inhibit iNOS Expression
	PEITC + SFN and CUR + SFN Synergistically Inhibit COX-2 Expression and PGE2
	PEITC + SFN and CUR + SFN Synergistically Inhibit TNFα and IL-1
	PEITC + SFN and CUR + SFN Do Not Synergistically Inhibit Inflammatory mRNA Expression, but Phase II Genes are Synergistically Induced

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


