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Abstract

Many cancer chemopreventive agents have been associated with lower cancer risk by suppressing
nuclear factor-xB (NF-xB) signaling pathways, which subsequently leads to attenuated pro-
inflammatory mediators and activities. Of the natural compounds, the isothiocyanates (ITCs) found
in cruciferous vegetables have received particular attention because of their potential anti-cancer
effects. However, limited studies regarding the influence of ITCs structure on NF-«xB transactivation
and anti-inflammatory action are reported. In the present study, the anti-inflammatory potential of
ten structurally divergent synthetic ITCs were evaluated in HT-29-N9 human colon cancer cells and
RAW 264.7 murine macrophages. The effect of ITCs on the basal transcriptional activation of NF-
kB and the inflammatory response to bacterial lipopolysaccharide (LPS) were assessed. The synthetic
ITC analogs suppressed NF-kB-mediated pro-inflammatory gene transcription. Among the ITC
analogs, tetrahydrofurfuryl isothiocyanate, methyl-3-isothiocyanatopropionate, 3-morpholinopropy!|
isothiocyanate and 3,4-methyelendioxybenzyl isothiocyanate showed stronger NF-«B inhibition as
compared to the parent compound, phenylethyl isothiocyanate (PEITC). Molecular analysis revealed
that several of the pro-inflammatory mediators and cytokines (iNOS, COX-2, IL-13, IL-6 and TNF-
a ,) were reduced by ITCs, and correlated with the downregulation of NF-«xB signaling pathways.
Immunoblotting showed that ITCs suppressed LPS-induced phosphorylation and degradation of
IxBa and decreased nuclear translocation of p65. In parallel, ITCs suppressed the phosphorylation
of 1kB kinase o./p (IKKa. /B ). Taken together, our findings provide the possibility that synthetic ITC
analogs might have promising cancer chemopreventive potential, based on their stronger anti-NF-
kB and anti-inflammatory activities, than the natural ITCs.
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1. Introduction

During the last several decades, numerous studies continue to support the promise that dietary
intake of cruciferous vegetables, such as broccoli, cauliflower, watercress, cabbage, Brussels
sprouts and other phytochemicals, could be protective against the risk of various types of
malignancies [1-4]. The cancer protective effects against chemical-induced carcinogenesis as
well as genetically derived tumor models by these cruciferous vegetables are attributed to
naturally occurring isothiocyanates (ITCs) [5-8]. Phenylethyl isothiocyanate (PEITC) is one
of the best-studied members of the ITC class of compounds that has gained much attention due
to its wide-ranging biological functions in vivo and in vitro, particularly cancer
chemopreventive activity [6,9-11]. Indeed, modulation of xenobiotic metabolizing enzyme
system and inhibition of cancer cell proliferation via apoptosis induction have been described
[1,12-14]. Recently, PEITC has been shown to have promising anti-inflammatory properties
through attenuation of the ubiquitous nuclear factor-xB (NF-«B) signaling pathway [15,16].

It is well demonstrated that large amounts of the pro-inflammatory mediators, such as nitric
oxide (NO) and prostaglandin E, (PGE)), as well as the pro-inflammatory cytokines, such as
interleukin-1p (IL-1p ) and interleukin-6 (IL-6), and tumor necrotic factor-a (TNF-a ), are
released at sites of inflammation during chronic inflammation [17], a hallmark phenomenon
that is involved in numerous pathological diseases including the development of neoplasms.
It is clearly evident that both NO and PGE, have been implicated in cell proliferation,
invasiveness, angiogenesis, inflammation, immune surveillance and modulation of apoptosis
[18-23]. Thus, inhibition of NO and PGE; production has been proposed to be a useful
approach for the treatment of various inflammatory diseases as well as potential
chemoprevention strategy [18,24,25].

Key pro-inflammatory stimuli including mitogens, cytokines, UV irradiation and bacterial
lipopolysaccharide (LPS) [26,27] modulate their effects by inducing the activation of
transcription factor NF-«B. In the absence of stimuli, in most cells, NF-«B is associated with
inhibitor proteins, 1kBs and sequestered in the cytosol. Exposure to stimuli lead to the activation
of the upstream IxB kinase complexes (IKKSs), resulting in rapid phosphorylation and
proteolytic degradation of IxB to releases NF-xB, which then translocates to the nucleus where
itregulates gene transcription [26]. NF-«xB activates a number of rapid response genes involved
in the inflammatory response including iNOS, COX-2, IL-1B , IL-6 and TNF-a. . Production
of pro-inflammatory mediators and cytokines by these NF-xB response genes may reflect the
degree of inflammation and has been suggested to be a measure to assess the effect of
chemopreventive agents on the inflammatory process [28].

In the present study, different analogs of phenylethyl isothiocyanate (PEITC), on the basal
transcriptional activity of NF-kB in HT-29-N9 human colon cancer cells that were stabilized
with luciferase reporter gene and the anti-inflammatory properties of ITCs in RAW 264.7
murine macrophages stimulated with bacterial LPS were examined. Several key parameters
associated with LPS-induced inflammation including NO and PGE; production, iNOS and
COX-2 mRNA and protein expression, IL-1f , IL-6 and TNF-a. mRNA expression, as well as
molecular markers of NF-«B signaling pathways were explored. The results presented in the
current investigation showed that synthetic ITCs could suppress NF-«kB transactivation. More
interestingly, some compounds have inhibitory activities stronger than the parent compound,
PEITC. In addition, treatment of LPS-stimulated RAW 264.7 cells with ITCs decreased nitrite
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and PGE, production in a dose-dependent manner and these reductions are mediated at the
transcription level. Finally, we also found that ITCs exhibited their anti-inflammatory activity
via suppression of 1kB kinase o /p (IKKa. /B ) phosphorylation, IxBa phosphorylation and
subsequent p65 NF-xB nuclear translocation.

2. Materials and methods

2.1. Cells and reagents

The HT-29-N9 human colon cancer cells stably transfected with NF-xB-luciferase (Luc)
reporter plasmid constructs were generated in our laboratory as previously described [15]. This
reporter plasmid has two copies of the kB promoter containing the NF-xB-binding site which
were fused to Luc gene. HT-29-N9 cells were maintained in MEM medium supplemented with
10% FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin at 37°C in humidified incubator
with 5% CO». The RAW 264.7 cells were obtained from American Type Culture Collections
(ATCC, Manassas, VA) and cultured at 37°C in 5% CO, in DMEM medium supplemented
with 10% FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin.

ITC compounds used in this study were purchased from Lancaster Synthesis Inc. (Windham,
NH). PEITC and lipopolysaccharide (LPS) derived from E. coli serotype 055:B5 were
purchased from Sigma Chemicals Co. (St. Louis, MO). Luciferase assay system and CellTiter
96® aqueous non-radioactive cell proliferation assay were from Promega (Madison, WI).
Antibodies specific for detection of COX-2 (catalog no. sc-1745), iNOS (catalog no. sc-650),
IxBa (catalog no. sc-847), lamin A (catalog no. sc-20680), B-actin (catalog no. sc-1616) and
GADPH (catalog no. sc-25778) were from Santa Cruz Biotechnologies Inc. (Santa Cruz, CA).
Antibodies against IKKa (catalog no. 2682), IKKp (catalog no. 2684), phospho-IKKa. /3
(catalog no. 2681), p65 (catalog no. 3034) and phospho-1xBa (catalog no. 9241) were from
Cell Signaling Technology (Beverly, MA). TRIzol and SuperScript 111 first-strand cDNA
synthesis system were purchased from Invitrogen (Carlsbad, CA). The prostaglandin E, EIA
kit (catalog no. 514010) was obtained from Cayman Chemical Company (Ann Arbor, .Ml).

2.2. Cell viability test by MTS assay

Cells were allowed to grow up to 70% confluence before treatment with the indicated
concentrations of isothiocyanate compounds. Control cells were supplemented with media
containing 0.1% ethanol (vehicle control) for 24 h. Following treatment, cell viability was
determined by using the CellTiter 96® aqueous non-radioactive cell proliferation (MTS) assay
according to the manufacturer’s instructions. Briefly, cells were treated with combined solution
of a tetrazolium compound, MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium, inner salt], and an electron
coupling reagent, phenazine methosulfate (PMS), for additional 2 h at 37°C. The absorbance
of the formazan product at 490 nm was measured directly with a uQuant Biomolecular
Spectrophotometer from Bio-Tek Instruments Inc. (Winooski, VT).

2.3. Luciferase reporter assay

HT-29-N9 cells were cultured in 6-well plates until 70% confluent followed by treatment with
ITCs for 24 h. The NF-xB-luciferase activity was measured using a luciferase assay system
according to the manufacturer’s instructions. Briefly, after treatment, cells were washed twice
with ice-cold phosphate-buffered saline (PBS) (pH 7.4) and lysed by adding 400 ul of 1x
reporter lysis buffer (Promega). After centrifugation at 12,000 g for 15 s at room temperature,
10 ul-aliquot of supernatant was analyzed for luciferase activity by reading with a SIRIUS
luminometer (Berthold Detection System, Germany). Normalization of the luciferase activity
was done based on the protein concentration, which determined by using BCA protein assay
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kit from Pierce Biotechnology (Rockford, IL). The luciferase activity was then expressed as
fold of induction over the activity of control vehicle-treated cells (0.1% ethanol).

2.4. Measurement of nitrite concentration

RAW 264.7 cells were cultured in 48-well plates until 70% confluent and then were induced
with 1 ug/ml of LPS in the presence or absence of selected ITCs at various concentrations (0.1
10 uM). After 24 h treatment, supernatant of spent cell culture media were analyzed for nitrite
(NOy") by the Griess reaction [29]. Briefly, an equal volume of Griess reagent (1%
sulfanilamide/0.1% naphtylethyenediamine dihydrochloride in 2.5% H3PO,4) was mixed with
cell culture supernatants and color development was assessed at A=550nm with a p Quant
Biomolecular Spectrophotometer from Bio-Tek Instruments Inc. (Winooski, VT). Fresh
culture medium was used as the blank in all experiments. The amount of nitrite in the samples
was calculated from a sodium nitrite standard curve (0-100 uM) freshly prepared in deionized
water.

2.5. Measurement of prostaglandin E, concentration

RAW 264.7 cells were cultured in 48-well plates and treated with 1 pg/ml of LPS in the
presence or absence of selected isothiocyanates at various concentrations (0.5-10 pM) for 24
h. Following treatment, PGE, concentrations in the culture medium were quantified by using
the prostaglandin E; EIA kit according to the manufacturer’s instructions.

2.6. Protein extraction

To prepare whole-cell lysis extracts, RAW 264.7 cells were cultured in 6-well plates and then
treated with 1 ug/ml of LPS in the presence or absence of 5 and 10 uM concentrations selected
isothiocyanates. Following 12 h treatment, cells were harvested, washed twice with ice-cold
PBS (pH 7.4), and gently lysed with 1x cell lysis buffer (Cell Signaling Technologies, Beverly,
MA). Cell lysates were then centrifuged at 10,000 g for 10 min at 4°C. Supernatants were
collected and protein concentrations determined using BCA protein assay Kit.

To prepare cytosol and nuclear extracts, RAW 264.7 cells were cultured in 6-well plates and
then treated with 1 pg/ml of LPS in the presence or absence of 10 uM concentrations selected
isothiocyanates. Following 30 minute treatment, cells were, washed twice with ice-cold PBS
(pH 7.4), and harvested by using NE-PER nuclear and cytoplasmic extraction reagents
according to the manufacturer’s instructions (Pierce Biotechnology, Rockford, IL).

2.7. Immunoblotting

15 g of protein samples were subjected to 10% SDS-polyacrylamide gel electrophoresis and
the resolved proteins were then transferred to polyvinylidene difluoride (P\VDF) membranes
(Immobilon-P, Millipore, Bedford, MA) using a semi-dry transfer system (Fisher Scientific,
Pittsburgh, PA). The nonspecific binding of antibodies were blocked by 5% nonfat dried milk
in PBST buffer (0.1% Tween 20 in PBS). Immunodetection of COX-2, iNOS, p65, phospho-
IxBa, | k Ba, B-actin, GAPDH and lamin A proteins was carried out using respective primary
antibodies (1:1,000 in 3% nonfat dried milk in PBST buffer) and horseradish peroxidase (HRP)
conjugated secondary antibodies (1:3,000 in 3% nonfat dried milk in PBST buffer). The
immunocomplexes were determined by using the enhanced chemiluminescent system for
detecting HRP on immunoblots (Amersham Pharmacia, Piscataway, NJ) and the bands were
visualized and quantified by BioRad ChemiDoc XRS system (Hercules, CA). The protein
bands were quantified by densitometry and represented as the protein: g-actin, protein: GAPDH
or protein: lamin A ratio as and when applicable.
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2.8. RNA isolation and reverse transcriptase polymerase chain reaction (RT-PCR) assay

RAW 264.7 cells were treated as described above under Western blot analysis. After 6 h
treatment, total RNA was isolated by using a method of TRIzol extraction according to the
manufacturer’s instructions. RNA integrity was examined by formaldehyde agarose gel
electrophoresis and concentrations were determined by UV spectrophotometry (DU 530 Life
Science UV/Visible Spectrophotometer, Fullerton, CA). From each sample, 2 pg of total RNA
was then reverse transcribed to single-stranded cDNA by the SuperScript I11 first-strand cDNA
synthesis system. Then PCR analyses were performed on the aliquots of the cDNA preparations
to detect COX-2, iNOS, TNF-a, IL-1p, IL-6, and GAPDH (as an internal standard) gene
expression using a DNA Engine Dyad® (Waltham, MA). The PCR primers and conditions
used in this study were described previously by Khor et al. (2006) [30]. After amplification,
PCR products were electrophoresed on 2% agarose gels and visualized using ethidium bromide
staining and UV irradiation. The mRNA expression of COX-2, iNOS, TNF-a, IL-1B , IL-6
were quantified by densitometry and represented as the mMRNA: GAPDH ratio for each RNA
as and when applicable.

2.9. Statistical analyses

The results were presented as means + standard deviation (S.D.). Data were analyzed by One-
way ANOVA followed by a Student’s t test to determine statistical differences between groups
using SigmasStat software version 3.11 (Systat Software, Inc., San Jose, CA). The statistical
significance of mean differences was based on a p value of < 0.05. Experiments were repeated
at least three times.

3. Results

3.1. Suppression of the basal NF-kB transcriptional activity in HT-29-N9 human colon cancer
cells by isothiocyanates

The chemical structures of ten structurally divergent synthetic ITCs used in this study are
presented in Fig. 1. The cytotoxicity of these ITC analogs in HT-29-N9 cells was initially
determined using the MTS assay. It is apparent that none of the tested compounds was cytotoxic
at the concentrations tested (data not shown). Next, to examine the structural influence of these
ITCs on the basal transcriptional activity of NF-kB, the HT-29-N9 human colon cancer cell
line [15], which is stably transfected with NF-kB-luciferase reporter construct, was used as a
screening model. Cells were treated with the indicated concentrations of ITCs for 24 h, then
the effect of ITC analogs on the NF-kB-luciferase activity was compared.

Based on the concentration-dependent modulatory effects of these compounds on the basal
NF-«kB-luciferase activity, they were classified into three groups; 1) strong NF-kB inhibitors
(the maximum inhibitory effect >70% at highest concentration tested), 2) moderate NF-xB
inhibitors (maximum inhibitory effect between ~50-65%) and 3) no inhibition effect (Fig. 2,
upper panel, middle panel and lower panel, respectively). As shown in Fig. 2, ITC-10 (ICsg =
3.58 £2.30 uM), ITC-5 (IC59=8.03 £ 1.03 puM) and ITC-4 (IC5g = 8.05 £ 1.70 uM) are strong
NF-«kB inhibitors. In addition, ITC-8 is also classified as a strong inhibitor because of its high
maximum inhibitory effect (1IC5p = 16.20 + 6.18 pM and 73% maximum inhibitory effect
obtained at the highest concentration tested). However, ITC-1 (IC59 =15.36 £4.04 uM), ITC-2
(IC5p = 18.85 + 4.04 uM), ITC-3 (IC5p = 22.99 £ 5.21 uM) and a positive control PEITC
(IC5 = 21.24 + 6.24 uM) showed moderate inhibitory effects over the same concentration
range, whereas ITC-6, ITC-7 and ITC-9 could not inhibit the NF-xB transcriptional activity in
HT-29-N9 cells. Interestingly, at higher concentrations, ITC-6 and ITC-9 showed increase in
the NF-xB-Luc activity. To address whether inhibitory effects of ITCs on NF-kB-
transcriptional activity can be translated into anti-inflammatory actions of these compounds,
we selected ITC-1, ITC-8 and ITC-9 as representative of each group for further investigation.
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ITC-8 was chosen instead of ITC-10 as the candidate to represent the strong NF-«B inhibitor
because, at higher concentration (>15 uM), ITC-10 was found to have significant toxicity in
in vitro [31]. Moreover, ITC-8 was found to have the highest maximum induction activity on
the antioxidant response-element (ARE)-mediated luciferase activity among the compounds
studied [31].

3.2. Inhibition of nitrite production, expression of INOS mRNA and protein in LPS-stimulated
RAW 264.7 murine macrophages by isothiocyanates

We next examined whether the suppression effect of ITCs on NF-kB-transcriptional activity
is translated into inhibition of the pro-inflammatory enzyme iNOS activity. We used LPS-
stimulated RAW 264.7 cells [32] as a model system and quantified nitrite concentration as a
measure of NO production catalyzed by iNOS enzyme. Effect of LPS in enhancing the NO
production in RAW264.7 cells was time-dependent (data not shown). At 24 h, LPS (1 pg/ml)
significantly induced accumulation of nitrite in culture media, with levels reaching 26.35 +
0.48 uM as compared to control cells 1.13 £ 0.53 pM (~23-fold higher). As shown in Fig. 3A,
treatment of PEITC, ITC-1 or ITC-8 inhibited LPS-induced NO production in a dose-
dependent manner (1Csq values were 1.28 £ 0.41, 2.03 + 0.73, 2.57 £ 0.99 pM, respectively)
and the maximum inhibitory effect, at 10 uM, was >75%. Interestingly, at the higher
concentration, 1TC-9 showed modest suppression effect on LPS-induced NO production (23%
inhibition on LPS-induced NO production) as compared to minimal inhibition of NF-kB-Luc
activity in HT-29-N9 cells described above. Since the cytotoxic effect was not observed in
RAW 264.7 cells after ITCs treatment (data not shown), this result implied that ITCs inhibited
nitrite release without causing cell death.

Because nitrite formation was significantly suppressed by ITCs, a reduction in the de novo
protein synthesis could possibly be involved in the inhibition of iNOS activity, thus we next
examined the effect of ITCs on the expression level of iNOS protein. As determined by using
immunoblotting, LPS increased iNOS protein expression when compared to un-stimulated
control cells in a time-dependent pattern (data not shown). Importanly, at 12 h, 10 uM of
PEITC, ITC-1 or ITC-8 completely abolished the LPS-stimulated iNOS protein expression
(Fig. 3B). Parallel to the results obtained from nitrite measurements, these inhibitory effects
of the ITCs were dose-dependent. Interestingly, ITC-9 could also decrease the LPS-stimulated
iNOS protein expression to a certain degree.

Since the expression of INOS is regulated at the level of transcription, RT-PCR was performed
to study the effect of ITCs on iINOS mRNA expression. The response of INOS mRNA to LPS
stimulation was observed at 6 h after treatment. Consistent with the NO production and iNOS
protein expression, the INOS mRNA expression was decreased with increasing concentration
of ITCs, however the alteration of INOS mRNA level by ITC-9 was not observed. These results
indicated that the reductions in the expression of iINOS protein and mRNA contributed to the
inhibitory effect of ITCs on LPS-induced NO production (with the exception of ITC-9).

3.3. Inhibition of Prostaglandin E, (PGE)) production, expression of COX-2 mRNA and
protein in LPS-stimulated RAW 264.7 cells by isothiocyanates

To examine whether ITCs could affect LPS-stimulated PGE, synthesis, a measure of pro-
inflammatory enzyme COX-2 activity, RAW 264.7 cells were treated under the same condition
as described above in Fig. 3A and the concentrations of PGE; in culture media were measured
as described in Materials and methods. LPS stimulation (1 pg/ml; 24 h) yielded a high amount
of PGE; biosynthesis with levels reaching 14,596 + 200 pg/ml as compared to cells in quiescent
state 258 + 57 pg/ml (~57-fold higher). The significant suppression observed in cells treated
with 10uM of ITC-1, ITC-8 or PEITC was 62%, 63%, 59%, respectively (Fig. 4A). These ITCs
also showed dose-dependent reduction of PGE; biosynthesis as compared to the vehicle control
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(not shown). The ICsq values in suppressing LPS-stimulated PGE; synthesis of ITC-1, ITC-8
and PEITC were 8.71 £ 2.36, 7.68 + 1.52, 5.27 = 1.07 pM, respectively. At the same
concentration range, 1TC-9 did not have any suppression effect on LPS-induced PGE,
production. The inhibitory actions of ITCs were not caused by their cytotoxicity since the
concentration that inhibits PGE, production does not affect cell viability.

Since ITC-1, ITC-8 and PEITC were shown to effectively suppress LPS-induced PGE,
synthesis, their effects on LPS-induced COX-2 protein and mRNA expression were further
investigated. As shown in Fig. 4B-C, these ITCs dose-dependently suppressed COX-2
expression at both protein and mRNA level. Although, ITC-9 had modest suppression effect
on LPS-induced COX-2 protein expression, however, it did not change the level of LPS-
induced COX-2 mRNA expression drastically. Given that these ITCs significantly inhibited
LPS-induced PGE; production and COX-2 mRNA/protein expression, it may suggest that the
inhibition of ITCs on PGE; production could be mainly through transcriptional mechanisms.

3.4. Suppression effects of isothiocyanates on the mRNA expression of pro-inflammatory
cytokine IL-1B, IL-6 and TNF-a in LPS-stimulated RAW 264.7 cells

As described above, ITCs potently inhibited LPS-induced production of pro-inflammatory
enzyme iNOS and COX-2. We further investigated their effects on LPS-induced pro-
inflammatory cytokine IL-1f , IL-6 and TNF-a expression by RT-PCR. In response to LPS,
the expression of IL-1p , IL-6 and TNF-o was markedly upregulated and treatment with ITCs
significantly inhibited their induction by LPS (with the exception of ITC-9, Fig. 5). Comparing
the effect of ITCs on cytokine mRNA expression, we observed a similar pattern of inhibitory
effects of ITCs on LPS-induced iNOS and COX-2 expression. These data suggested that ITCs
may elicit their overall anti-inflammatory effects through the same transcription factor or
pathway including NF-x B that regulates the transcription levels of these pro-inflammatory
enzymes and cytokines.

3.5. Suppression of phosphorylation of Ik B kinase a /B (IKK a /), phosphorylation and
degradation of IkBa protein, and nuclear translocation of p65 in LPS-stimulated RAW 264.7
cells by isothiocyanates

To further investigate the molecular mechanism involved in ITC-mediated inhibitions of iNOS,
COX-2, IL-1B, IL-6 and TNF-a transcription as described above, we next focused on the NF-
kB signaling pathway, which is known to be responsible for the transactivation of these genes.
One of the major mechanisms involving the transcriptional activation of NF-xB is through the
phosphorylation of IxB kinase a. /B (IKKa /B ) and subsequent phosphorylation of 1kxBa. protein,
allowing the release of p65 NF-«xB and its translocation to the nucleus. As shown in Fig. 6, the
increased phosphorylation of 1kBa occurred concomitantly with its decreased degradation after
treatment with LPS (1 ug/ml) in the positive control (Fig. 6A). Treatments with ITCs decreased
both the LPS-induced phosphorylation and degradation of | « Ba protein marginally.
Furthermore, the p65 nuclear translocation was notably observed after LPS stimulation (Fig.
6B). Consistently, treatment with ITCs significantly attenuated LPS-induced p65 nuclear
translocation, except for ITC-9, which is classified as a non-NF-xB inhibitor (Fig. 6B). In
addition, our data affirmed that LPS-induced phosphorylation of IkxBa was mediated through
the activation of the upstream I«B kinase complexes (IKKs). In parallel with the inhibitory
effect of ITCs on LPS-induced phosphorylation and degradation of 1kBa protein, ITCs caused
aslight down-modulation of phosphorylated IKKa /B complexes (Fig. 6C). These data confirm
that stimulation of NF-xB pathway would be required for LPS-induced pro-inflammatory
mediators release and ITCs could selectively suppress this IKKa /B-mediated phosphorylation
of IkBa and NF-kB pathway leading to down-modulation of inflammatory response. However,
it is worth noticing that NF-xB pathway may be only one pathway among several modified by
ITCs because phosphorylation of IKKa /p is also regulated by other upstream factors such as
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MAPKSs pathways, including ERK, JNK and p38 and we did found the upregulation of these
kinases after LPS stimulation (30 minute treatment). Yet, these ITCs did not alter the
phosphorylation levels of these kinases, suggesting that ITCs could modulate the
phosphorylation level of IKKa /B through other upstream factors or pathways.

4. Discussion

As various agents are able to activate NF-xB and inhibition of NF-«xB activity was found to be
beneficial in cancer prevention and treatment, the current study was conducted to screen
structurally divergent PEITC analogs for potential anti-inflammatory activity. In most cells,
NF-«xB is sequestered in the cytosol, associated with inhibitor proteins, 1kBs, however, NF-
kB is constitutively activated in many cancers such as human breast, colon and ovarian
carcinoma [33]. Recently, our group have found that ITC such as sulforaphane and PEITC
suppress the high basal activity of NF-xB in human prostate cancer PC-3 cells [34], therefore,
we were motivated to further investigate ability of various ITCs in suppressing NF-xB as it
was shown that inhibition of NF-kB activity in carcinoma cell lines could dramatically reduce
cell growth and metastatic properties in vivo [35,36] and also enhanced the anti-tumor therapy
of a chemo-resistant tumor in vivo [37]. Given the important roles of NF-kB in carcinogenesis,
transformation, apoptosis, and chemoprevention, the construct was done in the cells to
elucidate the chemopreventive mechanisms of these compounds in modulating NF-xB.

The in vitro and in vivo cancer chemopreventive potential of the naturally occurring ITCs have
gained increasing popularity recently [1-4,38]. Among these, PEITC, one of the most
extensively studied members, has been shown to possess a great ability to modulate the activity
of xenobiotic metabolizing enzymes and induce apoptosis in cancer cells [13,14,39,40].
Recently, its anti-inflammatory activity has been suggested to be an alternative protective
mechanism against carcinogenesis [15,41]. In the current investigation, we found that several
structurally divergent synthetic ITCs have superior NF-xB inhibition and anti-inflammatory
actions compared to the well-known PEITC.

Transcription factor NF-«kB plays a critical role in several signal transduction pathways
involved in various cancers as well as chronic inflammatory diseases [17]. Activation of NF-
kB can protect cancer cells from apoptotic stimuli, apparently through the induction of survival
genes. Hence, agents that are able to inhibit NF-«xB transcriptional regulation and modulate the
inflammatory response may have therapeutic use and chemopreventive value. Recently, there
is a growing interest amongst researchers in targeting NF-«xB signaling pathway in the fight
against carcinogenesis [42—-44]. Considering limited studies concerning the structure-activity
relationship of ITCs on NF-kB transactivation, we examined the effect of structurally divergent
synthetic ITCs on the basal transcriptional activity of NF-xB. In our current study, based on
the degree of NF-xB-Luc inhibitory effect, ITCs were classified into three groups. Of these,
tetrahydrofurfuryl isothiocyanate (ITC-4), methyl-3-isothiocyanatopropionate (ITC-5), 3-
morpholinopropyl isothiocyanate (ITC-8) and 3,4-methyelendioxybenzyl isothiocyanate
(ITC-10) are the strongest NF-«B inhibitors, more potent than PEITC. These data suggested
that some of the synthetic analogs of PEITC with wide range of functional groups could inhibit
NF-«xB transactivation, while the best candidate with such inhibitory activity found to be the
one maintaining its aromatic ring, ITC-10 (6.2-fold increased as compared to PEITC).
However, the aromatic ring is not essential for this inhibitory activity, as observed in ITC-3.
Though there is a heterocyclic furan ring to take the place of the aromatic dioxybenzyl group
in ITC-10, ITC-3 has a poorer activity as compared to PEITC. Moreover, when there is a
tetrahydrofurfuryl replacement in ITC-3, forming a non-aromatic compound, 1TC-4, the
inhibitory NF-«kB transactivation activity was somehow regained, and interestingly, ITC-4 has
2.6-fold increased potency as compared to PEITC. The fact that ITC-5 and ITC-8 also
possessed strong inhibitory activity and being classified as strong NF-xB inhibitors, again
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suggested that the aromaticity is not essential for the inhibitory activity. Moreover, such
aromaticity could drastically reduce the activity, as observed in ITC-9 when a benzoic moiety
is connected directly to the isothiocyanate N=C=S group, ITC-9 was found to be one of the
poorest NF-«kB inhibitors. At this juncture, our collective data indicated that various synthetic
ITCs with different functional groups have different degrees of NF-«B inhibitory activity. We
have also identified that among the tested analogs, ITC-4, ITC-5, ITC-8 and ITC-10 were found
to have stronger NF-«B inhibitory activity (2.6 to 6.2-fold increase) as compared to their parent
naturally occurring compound, PEITC. Such finding suggests that the putative receptor site
interacting with ITCs, could be relatively nonspecific and is able to interact with structurally
diverse ITCs.

To have therapeutic use and chemopreventive value, the inhibition of NF-xB activity of ITCs
needs to be translated into anti-inflammatory actions. Overproduction of NO and PGE», a
hallmark of inflammation, in a RAW 264.7 murine macrophage model [32], has been used as
target mediators to determine the anti-inflammatory action of ITCs. In agreement with the
results obtained from NF-xB-luciferase activity assay, we observed that the overall inhibitory
effects of ITCs (ITC-1, ITC-8 and PEITC) on NF-kB-transcriptional activity were well-
correlated to their anti-inflammatory effects assessed by the above markers, suggesting that
HT-29-N9 could be used as a model for screening NF-«B inhibitors.

We had found that the suppressive effect of ITCs on LPS-induced production of NO and
PGE, was mediated at the transcription level. In addition, pro-inflammatory cytokine TNF-
a, IL-1B and IL-6 mRNA expression stimulated by LPS treatment was attenuated by ITCs.
These data are in agreement to that previously found for PEITC [16,45]. Noticeably, these
cytokines are critical molecules in immune responses and inflammatory networking in
carcinogenesis, suggesting this inhibitory effect of ITCs can be a partial molecular basis for
their anti-inflammatory and chemopreventive properties.

Focusing on NF-«B signaling pathway, a critical step in LPS-induced NF-kB nuclear
accumulation and transcriptional activity is its dissociation from 1xB protein. Exposure to
stimuli leads to the activation of the upstream IkB kinase complexes (IKKs), resulting in rapid
phosphorylation and proteolytic degradation of 1B protein, which makes free NF-xB
translocate to the nucleus where it regulates gene transcription [26]. Consistently, we found
that ITCs inhibited LPS-induced IKKa /B phosphorylation, IkBa phosphorylation and
degradation and subsequently, decrease LPS-induced p65 nuclear accumulation. It is clearly
evident that ITCs inhibited NF-«xB transactivation via stabilization of 1xBa and lower p65
nuclear translocation. Since ITC analogs could decrease phosphorylation of 1xB kinase
complexes (IKKs), therefore, the upstream factors such as MAPKSs pathways, including ERK,
JNK and p38, may be a target of these ITCs to impair NF-«xB signaling. Surprisingly, our results
showed that ITCs did not alter these MAPKSs pathways (not shown). Therefore future study
exploring the upstream targets of these 1TCs is needed.

Inflammatory responses are mediated by several transcription factors and cellular signaling
events. In addition to NF-kB, another early transcription factor AP1, which regulates
expression of a number of proinflammatory genes either alone or by coupling with NF-xB
[46], may also be involved in anti-inflammatory activity of ITCs. We have recently reported
that the ITCs activate the Nrf2/ARE signaling pathway [31], leading to the upregulation of
anti-oxidative stress/cellular defense enzymes such as heme oxygenase 1 (HO-1). Interestingly,
our present results showed that there is a "general trend" of correlation between ITC induction
of HO-1 and NF-«kB signaling. It is possible that there is a “cross-talk” between Nrf2/ARE and
NF-«xB signaling pathways in response to inflammation. In addition, HO-1 induction by
synthetic chalcone has been reported to suppress the inflammatory response to LPS [47],
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therefore, induction of HO-1 by these ITCs could be partially contributing to the overall anti-
inflammatory properties of ITCs.

In conclusion, our data indicate that the inhibitory effect of synthetic ITC analogs on NF-xB-
mediated pro-inflammatory gene transcription is quite specific and depends on the chemical
structure. A subtle change in the ITC structure can have a significant impact on its inhibitory
effect. Amongst the ITCs, tetrahydrofuran (ITC-4), isothiocyanatopropionate (ITC-5),
morpholine (ITC-8) and methylenedioxybenzene (ITC-10) functional groups are suggested to
have superior NF-«B inhibition than others. These ITC analogs strongly inhibit the generation
of NO and PGE; in LPS-stimulated RAW 264.7 cells via interruption of the NF-xB pathway.
Moreover, they also suppress the expression of pro-inflammatory cytokines TNF-a., IL-1f and
IL-6. Our findings suggest the synthetic ITC analogs may have superior chemopreventive
effects than natural ITCs and also have therapeutic use as anti-inflammatory agents.
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Fig. 1.

Chemical structures of isothiocyanates used in the current study.
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Fig. 2.

Concentration-dependent inhibition of NF-xB-luciferase activity in HT-29-N9 cells by
isothiocyanates. Cells were treated with various concentrations of different isothiocyanates for
24 h and lysates of the cells were measured for luciferase activity. Each column and bar
represents the mean £ S.D. of three independent assays. *Significant difference from control
(0.1% ethanol) at P < 0.05.
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Fig. 3.

Inhibition of nitric oxide production in LPS-activated RAW 264.7 cells by isothiocyanates (A).
Cells were treated with LPS (1 pug/ml) for 24 h in the presence of different concentrations of
PEITC or ITC-1 or ITC-8 or ITC-9. The culture supernatants were subsequently analyzed for
nitrite production. The data were percentage of control values (LPS-stimulated cells in the
absence of ITCs). Each point represents the mean £ S.D. of three independent assays.
*Significant difference from control (0.1% ethanol) at P < 0.05. Suppression of iNOS protein
(B) and mRNA (C) expression by ITCs. The protein expression of iNOS and GAPDH was
monitored after 12 h treatment with vehicle control (0.1% ethanol) or LPS (1 ug/ml) or
combination of LPS/PEITC or LPS/ITC-1 or LPS/ITC-8 or LPS/ITC-9 using immunoblotting.
The mRNA expression of iINOS and GAPDH was quantified by RT-PCR analysis after 6 h
incubation. Cells were treated as described in (B).
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Fig. 4.

Inhibition of PGE, production in LPS-activated RAW 264.7 cells by isothiocyanates (A).
PGE, concentrations were determined using the prostaglandin E, EIA kit. Each column and

bar represents the mean + S.D. of three independent assays. *Significant difference from
control (0.1% ethanol) at P < 0.05. Suppression of COX-2 protein (B) and mRNA (C)
expression by isothiocyanates. Cells were treated as previously described (Fig. 3B-C).
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Fig. 5.
Suppression of IL-1f , IL-6 and TNF-a. mRNA expression by isothiocyanates in LPS-activated
RAW 264.7 cells. Cells were treated as described in Fig. 3c.
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Effects of isothiocyanates on | k Ba and phosphorylated-I1kBa protein (A), p65 localization
(B) and IKKa , IKKp and phosphorylated-1KKa. /B protein (C) in LPS-activated RAW 264.7
cells. The level of protein expression was monitored after 30 min treatment using
immunoblotting. *The two bands that are located at the central of the lanes were included in

the quantification.
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