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ABSTRACT

The inhibitory activities against the expression of inducible nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), and pro-inflammatory cytokines
dependent on  regulation of nuclear factor-kappa B(INF-xB) in
lipopolysaccharide (LPS)-stimulated RAW 264.7 cells using sulforaphene (0~
10 uM) were investigated. Sulforaphene significantly reduced NO production
induced by LPS in a concentration—dependent manner, and iNOS protein and
mRNA caused NO production was down-regulated by sulforaphene.
Interleukin (IL)-6 production and mRNA as pro-inflammatory mediator were
suppressed in a concentration—dependent manner by sulforaphene. However,
prostaglandin E; (PGE:) and pro-inflammatory cytokines including tumor
necrosis factor (TNF)-a and interleukin (IL)-18 was not inhibited by
sulforaphene.  Sulforaphene reduced NF-xB activity and inhibited
LPS-mediated inhibitory kappa b (Ikb)-a degradation in cytoplasm and
translocation of NF-xB into nucleus within 20 min. These results suggest
that sulforaphene could suppress inflammatory responses through the
inhibition of INOS and IL-6 pathway by regulating NF-xB in LPS-stimulated

macrophages.



1. INTRODUCTION

Radishes (Raphanus sativus L.) are the plant family of cruciferae, and roots
and leaves of radish have been globally used to treat cancer and other
diseases (1). Many studies on radish have demonstrated biological activities
including antimicrobial (2), antioxidant (3), antimutor (4), and antiproliferative
activities (5, 6). Those activities appear because radishes contain many
bioactive phytochemicals such as phenolic compounds, glucosinolates, and
various useful enzymes (1). Especially isothiocyanates being converted from

glucosinolates by endogenous myrosinase had anticancer activity (7).

Sulforaphene (4-methylsulfinyl-3-butenyl isothiocyanate, shown in Fig. 1), a
kind of isothiocyanates derived from glucoraphenin rich in radish, has been
known to increase Bax and decrease Bcl2 protein expression associated with
apoptosis in Lovo, HCT-116, and HT-29 human colon cancer cell lines (6, 8).
It also has been shown antiproliferative effects in human and murine
erythroleukemic cells (K562 and FL), human T-lymphoid cells (Jurkat and
H9), and human cervix carcinoma cells (HeLa and H3-T1-1) (9, 10).
Moreover, sulforaphene showed 1.3-1.5 times more potent activity than
sulforaphane in vitro antimutagenic activity in the TA100 strain of Salmonella

typhimurium (11).
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Fig. 1. The chemical structure of sulforaphene (4-methylsulfinyl-3-butenyl

isothiocyanate)

Inflammation is a major defense mechanism of the immune system against an
invading pathogen or harmful injury, but is known to be the cause of many
diseases (12-14). The intensity of inflammation response is important in
immune response. Immunodeficiency resulting from deficient inflammation
responses can lead to infection and cancer. In contrast, excessive
inflammation responses bring about diseases such as rheumatoid arthritis,

atherosclerosis, Crohn’s disease, diabetes, and Alzheimer’s disease (15).

Lipopolysaccharide (LPS) is a major constituent of gram-negative bacteria,
acts as endotoxins, and can induce activation of macrophage (16). The
macrophage is stimulated by LPS, which produces excessive inflammation
product such as nitric oxide (NO), prostaglandin E. (PGE:), and

pro-inflammatory cytokines (17-19).

NO 1is a free radical and is synthesized from L-arginine using molecular
oxygen and NADPH by NO synthases (NOSs) enzymes (20). iNOS among
NOSs is affected by simulation of LPS, which generates large amount of NO.
NO plays a variety of roles in host defense against tumor cells, biological

mediator as neurotransmitters, control of blood pressure, and wvasodilatation.



However, an excess level NO in cell can cause oxidative damage and

inflammatory disorders by generating reactive radical such as peroxynitrite

(21).

Prostaglandins (PGs) are generated by conversion of arachidonic acid by
cyclooxygenase (COX) enzymes. When inflammatory response occurs, COX-2
1s expressed, and PGE: is produced by COX-2. PGE; is an inflammatory
product and has been reported to create cancers of colon, lung, and breast

(22-24).

Pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-a),
interleukin (IL)-1B, and interleukin (IL)-6 plays an important role in
inflammation responses (25-27). Especially, IL-6 has been implicated in many
diseases including rheumatoid arthritis, atherosclerosis, multiple myeloma,

AIDS, sepsis and keloid (28).

Nuclear factor-kappa B (NF-kB) as a transcription factor remains inactivated
state that has bound with inhibitory kappa B-a (IxkB-a) in the cytoplasm of
cells. When Inhibitory kappa B kinase (IKK) acts on complex of NF-kB and
IxkB—a, IKK can induce phosphorylation, ubiquitination, and degradation of Ix
B-a in order. NF-kB is activated and translocated to the nucleus, and binds
to relevant DNA binding site on the promoter of inflammatory genes such as

iNOS, COX-2, TNF-a and ILs (29).

Recent study reported that sulforaphene inhibited COX-2 expression In
bladder cancer cells (30), but anti-inflammation mechanism of sulforaphene in
macrophage related to NF-kB as an important key of inflammation has not
been fully understood yet. Thus we investigated the inhibition effects on the

expression of INOS, COX-2, and pro-inflammatory cytokines dependent on



regulation of NF-xB in LPS-stimulated RAW 2647 cells by treating

sulforaphene.



2. MATERIALS AND METHODS

2.1. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
penicillin, and streptomycin were purchased from Gibco BRL (Grand Island,
NY, USA). LPS (Escherichia coli 0111:B4) was obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). Anti-iNOS antibody was purchased from
Calbiochem (San Diego, CA, USA). Anti-COX-2 antibody was acquired from
BD Transduction Laboratories (Lexington, KY, USA). Other primary
antibodies, secondary antibodies and sulforaphene were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Enhanced chemiluminescence
(ECL) was obtained from GE Healthcare (Buckinghamshire, UK). The PCR

primers were purchased from Bioneer (Seoul, Korea).

2.2. Cell culture

RAW 264.7 murine macrophage cell line was purchased from Korean Cell
Line Bank (Seoul, Korea). The cells were cultured in DMEM medium
containing 100 wunit/mL penicillin, 100 pg/mL streptomycin, and 10%
heat-inactivated FBS, and maintained at 37C in a humidified atmosphere of

5% COa.
2.3. Cell viability assay
Cell wviability was determined by WST-1 kit (Daeil Lab Service, Seoul,

Korea). RAW 264.7 cells were cultured in 96-well plates (2 x 10° cells/well)

for 24 hr, followed by the treatment with LPS (1 pg/mL) in the presence of



different concentrations (0~20 pM) of sulforaphene. After a 24 hr incubation,
5 pL of WST-1 solution was added to the medium and maintained at 37C
for 2 hr. The absorbance (BMG LABTECH, Durham, NC, USA) was

measured at 450 nm.

2.4. NO production assay

RAW 264.7 cells were plated in a 96-well plate (2 x 10° cells/well) and
incubated for 24 hr. Cultured cells were treated with LPS (1 pg/mL) in the
presence of different concentrations of sulforaphene (0~20 pM) and incubated
for 24 hr. 100 pL of the culture media was mixed with an equal volume of
Griess reagent (0.1% N-1-naphthylenediamine dihydrochloride, 2.5%
phosphoric acid, and 1% sulfanilamide). The absorbance was measured at 540

nm. A sodium nitrite was used as a standard (31).

2.5. PGE, production assay

RAW 264.7 cells were cultured in a 6-well plate at a density of 1 x 10°
cells/well for 24 hr. Different concentration of sulforaphene (0~10 pM) was
added to the medium and maintained for 1 hr. And then it was stimulated by
LPS (1 pg/mL) for 24 hr. The supernatant was collected and stored at -70C.
The level of PGE; in the culture media was quantitated by enzyme immuno

assay kit (GE healthcare, Buckinghamshire, UK).
2.6. Pro—inflammatory cytokines production assay
RAW 264.7 cells were cultured in a 6-well plate at a density of 1 x 10°

cells/well for 24 hr. Different concentration of sulforaphene (0~10 pM) was

added to the medium and maintained for 1 hr. And then it was stimulated by



LPS (1 pg/mL) for 24 hr. The supernatant was collected and stored at -70C.
The levels of TNF-a, IL-13, and IL-6 in the culture media were quantitated
by ELISA assay kit (ELISA, R&D System, Minneapolis, MN, USA).

2.7. Immunoblot analysis

RAW 2647 cells (1 x 10° cells/well) were incubated with different
concentrations of sulforaphene (0~10 pM) for 1 hr and stimulated with LPS
(1 pg/mL) for 20 min (NFx-B), 10~50 min (Ixb-a), or 24 hr (iNOS and
COX-2), respectively. The cells were washed twice with PBS and lysed with
1X RIPA Iysis buffer containing 1 mM PMSF, NasVO, and NaF, and 1 n
g/mL aprotinin, leupeptin, and pepstatin on ice for 1 hr, and then they were
centrifuged at 12,000 rpm for 20 min at 4°C. Cytoplasmic and nuclear proteins
were extracted using NE-PERTM nuclear and cytoplasmic extraction reagents
(Thermo Scientific, Rockford, IL, USA). The protein concentration was
determined using the Bio-Rad protein assay reagent (Bio-Rad Laboratories,
Hercules, CA, USA). Aliquots of the protein (30~40 pg) were separated by 8,
10, or 12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to poly vinylidene difluoride (PVDF) membranes
(Millipore Corporation, Bedford, MA, USA). The membrane was blocked with
5% skim milk powder in Tris buffered saline with 0.1% Tween 20 (TBS-T)
at room temperature for 1 hr. After overnight incubation at 4C with the
specific primary antibody, it was washed three times with TBS-T and
incubated for 2 hr with a peroxidase-conjugated secondary antibody at room
temperature. The immunoreactive bands were determined using enhanced
chemiluminescence (ECL) and quantitated by TotalLab Quant v13 program
(TotalLab Ltd., Newcastle upon Tyne, UK).



2.8. Total cellular RNA extraction and reverse transcription—polymerase chain

reaction (RT-PCR) assay

RAW 2647 cells were cultured in a 6-well plate for 24 hr and pretreated
with different concentrations of sulforaphene (0~10 uM) for 1 hr and then
stimulated with LPS (1 pg/mL) for 6 hr. Total cellular RNA was isolated
with a TRI reagent (Molecular Research Center, cincinnati, OH, USA). One
microgram of total RNA was reverse-transcribed using the ImProm-IITM
Reverse Transcription System (Promega Corp., Madison, WI, USA) with an
oligo dT-15 primer, as recommended by the supplier. The PCR assay was
then carried out aliquots of the cDNA preparation in order to detect mRNA
expression for iINOS, COX-2, TNF-a, IL-18, IL-6 and B-actin. The reactions
were conducted in a 25 ulL volume containing 1 pL. of Tag DNA polymerase,
0.2 mM dNTP, 10 reaction buffers, and 100 pmol of 5" and 3’ primers. The
cycle number was optimized to ensure product accumulation within the
extension range. B3-Actin was used as an internal control for normalizing the
RNA content of each sample. After amplification, portions of the PCR
reactions were electrophoresed on a 2% agarose gel and visualized under UV
irradiation after ethidium bromide staining. Relative band density was
determined by densitometry using image acquisition and analysis software
(LabWorks, UVP, Cambridge, UK). Twenty to 25 cycles were used for iNOS,
COX-2, TNF-qa, IL-183, IL-6 and B-actin.

2.9. Transient transfection and luciferase assay

RAW 264.7 cells were co-transfected with 1 mg of the NF-xB-promoted
luciferase reporter gene plasmid pGLA4.32[luc2P/NF-kB-RE/Hygro] (Promega,
Madison, WI, USA) and 04 mg of the Renilla luciferase reporter plasmid

pGLA.74[hRI[uc/TK] (Promega), which used as the internal standard, using



FuGENE 6 transfection reagent (Roche, Indianapolis, IN, USA). After 24 hr,
the cells were treated with LPS (500 ng/ml) and incubated for 24 hr in the
absence or presence of a sulforaphene. Luciferase activity in the cell lysate
was determined using the Dual-Luciferase Reporter Assay Kit (Promega).
The luciferase activity was normalized to the transfection efficiency, as
monitored by the FRenilla luciferase reporter plasmid expression vector. The
level of induced luciferase activity was determined as a ratio to the luciferase

activity of non-stimulated cells.

2.10. Statistical analysis

The data were expressed as means+*SD with three replications. The statistical

significance was tested using a multiple range test (Duncan’s test, SPSS Inc.,

Chicago, IL, USA). P<0.05 was considered to indicate statistical significance.



3. RESULTS AND DISCUSSION

3.1. Cytotoxicity of sulforaphene

The cytotoxicity of sulforaphene in RAW 2647 cells was determined at
different concentrations of 0~20 uM (Fig. 2). Sulforaphene had no effects on
the wviability of RAW 2647 cells at less than 10 pM. However at the
concentration of 20 uM, the cytotoxicity was 70%. Therefore the sulforaphene

concentration of 0~10 uM was selected for further experiments.

_10_
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Fig. 2. The wviability of LPS-stimulated RAW 2647 cells with different
concentration of sufloraphene. The values with different letters are

significantly different at p<0.05 by Duncan’s multiple range test.
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3.2. Inhibitory effect of sulforaphene on LPS-stimulated NO production

The inhibitory effect of sulforaphene on NO production as a result product of
inflammatory reaction was shown in Fig. 3. NO was produced by 20 uM in
LPS-treated RAW 2647 cells. Sulforaphene reduced NO levels in a
dose-dependent manner in LPS-stimulated RAW 264.7 cells. The inhibition
activity of sulforaphene against NO production was high as 91% compared to
curcumin (80%) and pyrrolidine dithiocarbamate (PDTC) (12%) as the positive
controls at the concentration of 10 pM. The 509 inhibition concentration
(ICs50) of sulforaphene against NO production was low as 0.6 uM compared to
sulforaphane (0.7 uM) which was well known as an active compound (32).
Sulforaphene is different from sulforaphane in terms of the chemical structure

where sulforaphene has a double bond in the alkyl chain.

_12_
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Fig. 3. Inhibitory effects of sulforaphene on NO production in LPS-stimulated
RAW 264.7 cells. Curcumin and pyrrolidine dithiocarbamate (PDTC) were
used as positive controls. The values with different letters are significantly

different at p<0.05 by Duncan’s multiple range test.

_13_



3.3. Inhibitory effect of sulforaphene on LPS-stimulated PGE; production

In inflammation processes, PGE: is involved in the classic signs of redness,
heat, swelling, and pain (33). To examine whether sulforaphene could
suppress PGE: production in LPS-stimulated macrophage, we measured PGE:
levels in the cultured media added with different concentrations of
sulforaphene (0~10 pM) in RAW 264.7 cells stimulated by LPS (1 ng/mL)
(Fig. 4). Sulforaphene did not inhibit PGE: production, whereas curcumin
(19%) and PDTC (6%) inhibited PGE; production induced by LPS. Meanwhile,
sulforaphane from broccoli showed inhibitory activity against PGE: production

with ICso value of 1.4 uM (32).

_14_
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Fig. 4. Inhibitory effects of sulforaphene on PGE: production in
LPS-stimulated RAW 264.7 cells. Curcumin and pyrrolidine dithiocarbamate
(PDTC) were used as positive controls. The values with different letters are

significantly different at p<0.05 by Duncan’s multiple range test.
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3.4. Inhibitory effect of sulforaphene on LPS-stimulated pro-inflammatory

cytokines production (TNF-a, IL-18, and IL-6)

LPS is endotoxin, activates the macrophage, and induces the secretion of
pro-inflammatory cytokines such as TNF-a, IL-1B, and IL-6. TNF-a is
released by stimulated cells and is an important mediator of shocklike
syndrome, and causes fever and hypotension. TNF-a induces the cells to
secrete IL-1B and IL-6, and IL-6 induces production of acute-phase proteins
(34). Inhibitory effect of sulforaphene on pro-inflammatory cytokines
production such as TNF-a, IL-18, and IL-6 in macrophage supernatant was
determined (Fig. 5). Sulforaphene did not inhibit TNF-a production (Fig.
5(A)) in this study. Meanwhile, sulforaphane from broccoli unlike sulforaphene
from radish inhibited TNF-a production with ICsy values of 7.8 uM (32).
Sulforaphene promoted the production of IL-18 at less than 5 uM, but
slightly decreased it at 10 pM (Fig. 5(B)). In case of IL-6, LPS treatment
increased the secretion of IL-6 by approximately 30 ng/mL (Fig. 5(C)).
However, sulforaphene down-regulated the secretion of IL-6 in a
concentration—dependent manner. In particular, IL-6 production in the culture
supernatant treated with 10 uM of sulforaphene was completely inhibited as

the same as the LPS-untreated group.

_16_
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Fig. 5. Inhibitory effects of sulforaphene on TNF-a (A), IL-18 (B), and IL-6
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3.5. Inhibitory effect of sulforaphene on LPS-stimulated iNOS and COX-2

protein expressions

In this study, we found that sulforaphene significantly inhibited LPS-induced
NO production, but didn’t inhibit PGE: production. NO and PGE: are produced
by INOS and COX-2 enzymes, respectively. Thus expressions of INOS and
COX-2 proteins were measured by western blotting whether the inhibitory
effect of sulforaphene on NO and PGE: production is caused by inhibition of
iNOS and COX-2 enzymatic activities (Fig. 6).

LPS treatment significantly induced iNOS protein expression compared to the
LPS-untreated, whereas sulforaphene effectively inhibited the expression of
INOS protein in a concentration-dependent manner. 1.25 nM of sulforaphene
lowered INOS protein by 88%, and 5-10 pM of sulforaphene completely
suppressed induction of iINOS protein. Curcumin also completely inhibited
INOS expression, and PDTC inhibited more than 52% at 10 uM of
concentration. It was reported that 15 pM of sulforaphane from broccoli

inhibited 61% of iNOS protein (32).

Meanwhile, sulforaphene did not inhibit COX-2 enzyme expression induced by

LPS treatment, whereas COX-2 enzyme was slightly inhibited by curcumin.

_19_
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3.6. Inhibitory effect of sulforaphene on LPS-stimulated mRNA expression

Pro-inflammatory mediators such as iNOS, COX-2, TNF-a, IL-18, and IL-6
mRNA is up-regulated by LPS treatment in RAW 264.7 cells. We
investigated the effect of sulforaphene on mRNA transcription (Fig. 7).
Sulforaphene dramatically reduced iINOS mRNA in a concentration-dependent
manner. In particular, sulforaphene inhibited iINOS mRNA by 65%, and
curcumin inhibited by 162 at 10 uM, but PDTC did not inhibit (Fig. 7(B)).
Meanwhile, COX-2 (Fig. 6(B)) and cytokines including TNF-a and IL-183
mRNA (Fig. 6(C)) was not inhibited by sulforaphene. Only IL-6 mRNA was
inhibited by sulforaphene (Fig. 6(C)). 10 uM of sulforaphene blocked roughly
50% of IL-6 mRNA generated by LPS treatment.

Therefore, the inhibition of sulforaphene on NO and IL-6 production resulted
from the inhibition of INOS and IL-6 mRNA transcription, respectively. In
addition, no inhibitory effects of the production of COX-2 and cytokines
including TNF-a and IL-18 in Fig. 4 and 5 coincided with the results of
mRNA expressions in Fig. 7. It was concluded that sulforaphene could
regulate inflammatory responses through the inhibition of iINOS and IL-6

pathway.
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3.7. Inhibitory effect of sulforaphene on NF-kB transcriptional activity

When NF-kB moved into nucleus, NF-xB binds to target DNA binding site
and causes transcription of genes encoding proteins associated with
inflammation. The NF-xB transcriptional activity was measured by luciferase
assay (Fig. 8). Treatment of LPS increased NF-xB activity by 20-fold.
Sulforaphene caused a dose-dependent inhibition of NF-xB transcriptional
activity. At the concentration of 10 uM, NF-xB activity was similar to
LPS-untreated. Curcumin and PDTC lowered NF-xB transcriptional activity

by 60 and 30%, respectively.
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3.8. Inhibitory effect of sulforaphene on degradation of Ikb—a and activation of

NF-xB

Producrion of NO and PGE; by iINOS and COX-2, and secretion of
pro-inflammatory cytokines are regulated by NF-xB pathway (25, 26). NF-kB
plays a crucial role in regulation of inflammation in LPS-stimulated
macrophage. NF-kB 1is activated and translocated to the nucleus when
phosphorylation and degradation of Ikb—a occur by LPS. Then NF-xB induces
gene related pro-inflammatory mediators (27). Thus suppression effects of
sulforaphene on degradation of Ixb-a and activation of NF-xB were evaluated
in LPS-stimulated RAW 264.7 cells. First, to confirm the degradation time of
Ixkb-a by LPS, Ikb-a expression was measured at 0~50 min depending on
exposure time of LPS in the presence or absence of sulforaphene (Fig. 9).
Sulforaphene inhibited degradation of Ixb-a at 0~50 min treated in this
study. However, the non-treated group with sulforaphene has initiated
degradation of Ixb-a within 10 min and completely degraded after 20 min.
Thus, Ikb—a and NF-xB proteins were measured in cytoplasm and nucleus,
respectively after 20 min treatment of LPS (Fig. 10). When LPS was not
treated, Ixb—a remained in cytoplasm. In the case of LPS treatment, on the
other hand, Ixb-a was not detected at 0-5 uM but exists slightly at 10 uM
of sulforaphene in cytoplasm. Meanwhile, NF-xB was translocated in nucleus
in the presence of LPS. Sulforaphene inhibited the translocation of NF-xB
into the nucleus in a concentration-dependent manner, and NF-xB did not
exist at 10 pM of sulforaphene in nucleus. These results suggest that
sulforaphene inhibits inflammatory processes via inhibition on degradation of I

kb—a within 20 min.

It was concluded that inhibitory effect of sulforaphene on production of iINOS

and IL-6 was regulated mainly by NF-kB in LPS-stimulated macrophages.
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Excessive NO produced by iNOS is a vascular permeability factor and brings
about mutagenesis, and tissue damage, tumor growth (35). IL-6 is also a
pro-inflammatory cytokine mostly synthesized by macrophages and causes
rheumatoid arthritis and atherosclerosis (36, 37). Thus, we suggest that
sulforaphene may be used to treat inflammatory disorders, rheumatoid arthritis

and atherosclerosis.
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Fig. 9. Inhibitory effects of sulforaphene on degradation of Ikb—a depending
on exposure time of LPS in RAW 2647 cells. The values with different

letters are significantly different at p<0.05 by Duncan’s multiple range test.
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