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ABSTRACT

Sulforaphane (SFN) is a natural isothiocyanate that is present in cruciferous vegetables such
as broccoli and cabbage. Previous studies have shown that SFN is effective in preventing
carcinogenesis induced by carcinogens in rodents, which is related in part to its potent anti-
inflammation properties. In the present study, we compared the anti-inflammatory effect of
SFN on LPS-stimulated inflammation in primary peritoneal macrophages derived from Nrf2
(+/+) and Nrf2 (—/—) mice. Pretreatment of SFN in Nrf2 (+/+) primary peritoneal macrophages
potently inhibited LPS-stimulated mRNA expression, protein expression and production of
TNF-«, IL-1B, COX-2 and iNOS. HO-1 expression was significantly augmented in LPS-
stimulated Nrf2 (+/+) primary peritoneal macrophages by SFN. Interestingly, the anti-
inflammatory effect was attenuated in Nrf2 (—/—) primary peritoneal macrophages. We
concluded that SFN exerts its anti-inflammatory activity mainly via activation of Nrf2 in
mouse peritoneal macrophages.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Sulforaphane (SFN) [l-isothiocyanato-4-(methylsulfinyl)-

regulation of LPS-stimulated inducible nitric oxide synthase
(INOS), COX-2 and TNF-a expression in Raw macrophages due
to inhibition on DNA binding of NF-«B [7].

butane], an isothiocyanate, is a chemopreventive photoche-
mical which is a potent inducer of phase Il enzyme involved in
the detoxification of xenobiotics [1-3]. The chemopreventive
effect of sulforaphane has been attributed to induction of
phase II detoxification enzymes and induction of apoptosis
[1,3-6]. In addition, Heiss et al. reported that sulforaphane
possesses anti-inflammatory activity, resulting in down-

Since Rudolf Virchow noted leucocytes in neoplastic
tissues and made a connection between inflammation and
cancer, substantial evidence demonstrates that chronic
inflammation may be a key predisposing factor to cancer.
Inflammation could be triggered by an environmental insult
such as microbial/viral infection or chemical/toxin irritation.
Driven by a cascade of cytokines and chemokines interaction,
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inflammatory cells such as neutrophils, macrophages and
lymphocytes will infiltrate the wounded tissue [8]. Inflamma-
tory cytokines and chemokines have the potential to stimulate
tumor-cell proliferation and survival. In addition, reactive
oxygen or nitrogen species produced by activated inflamma-
tory cells cause mutations in tumor suppressor genes and
modification of proteins involved in essential cellular pro-
cesses including apoptosis, DNA repair and cell cycle
checkpoint [9].

Of particular interest from studies in our laboratory where
observations demonstrating that increased susceptibility of
Nrf2 deficient mice to DSS-induced colitis was associated with
decreased expression of antioxidant/phase II detoxifying
enzymes with concomitant increase of pro-inflammatory
cytokines/biomarkers [10]. Transcription factor NF-E2 related
factor 2 (Nrf2) was demonstrated to regulate the induction of
genes encoding antioxidant proteins and phase 2 detoxifying.
Such findings delineated the significance of Nrf2 in protecting
intestinal integrity upon inflammatory stimuli. Findings in our
lab indicated that SEN treatments resulted in decreased levels
of pro-inflammatory mediators prostaglandin E2 or leuko-
triene B4 in intestinal polyps or apparently normal mucosa in
ApcMin/+ mice model [1]. We hypothesized that Nrf2
deficiency would attenuate anti-inflammatory effect of sul-
foraphane in macrophages.

In the current study, we used the peritoneal macrophages
derived from Nrf2 (+/+) and Nrf2 (—/-) mice, which can be
challenged with bacterial lipopolysaccharides (LPS) to mimic a
state of infection and inflammation to delineate anti-inflam-
matory properties of sulforaphane. Sulforaphane significantly
suppressed the LPS-induced inflammation in Nrf2 (+/+) mouse
peritoneal macrophages but not in Nrf2 (—/-) peritoneal
macrophages, indicating that Nrf2 is a key modulator in anti-
inflammatory action of sulforaphane.

2. Materials and methods
2.1.  Animal, cell culture and reagents

Nrf2 (—/—) mice (C57BL/SV129) have been described previously
[13]. Nrf2 (—/—) mice were backcrossed with C57BL/6] wild-type
mice (The Jackson Laboratory, Bar Harbor, ME). To confirm the
genotype from each animal, DNA was extracted from the tail
and analyzed by PCR using the following primers: 3'-primer, 5'-
GGAATGGAAAATAGCTCCTGCC-3; 5-primer, 5-GCCTGA-
GAGCTGTAGGCCC-3'; lacZ primer, 5-GGGTTTTCCCAGTCAC-
GAC-3'. Nrf2 (—/—) and Nrf2 (+/+) mice exhibited one band at
200 and 300 bp, respectively. The second generations (F2) of
male Nrf2 knockout mice were used in this study. Age-
matched male C57BL/6] mice were purchased from The
Jackson Laboratory. 9-12-week-old mice were used and
housed at Rutgers Animal Facility and maintained under 12-
h light/dark cycles.

Thioglycolate broth-elicited peritoneal macrophages were
prepared as previously described [11] and cultured in RPMI
1640 medium containing 1-glutamine, penicillin, streptomy-
cin, and 5% FBS. The macrophages were cultured in RPMI 1640
at 37 °C in an atmosphere of 5% CO, and then treated with
stimuli for the indicated times as described. Sulforaphane was

obtained from Sigma (St. Louis, MO). Thioglycolate broth was
obtained from Edge Biologicals (Memphis, TN). iNOS, COX-2
antibodies were purchased from Cayman Chemical (Ann
Arbor, MI) and HO-1 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). PGE2 ELISA kits was
acquired from Calbiochem Technology (San Diego, CA). TNF-q,
IL-1B ELISA kits were obtained from Biosource (Camarillo, CA).

2.2. Western blotting analysis

After treatment, peritoneal macrophages in six-well plates were
washed with ice-cold PBS and lysed with 200 pl of whole cell
lyses buffer (10 mM Tris-HCl, pH 7.9, 250 mM NacCl, 30 mM
sodium pyrophosphate, 50 mM sodium fluoride, 0.5% Triton X-
100, 10% glycerol, 1 mM proteinase inhibitor mixture, 1 mM
phenylmethylsulfonylfluoride, 100 IMNa3VOy, 5 IMZnCl,, 2 mM
indole acetic acid). The celllysates were centrifuged at 12,000 x g
for 10 min at 4 °C. The protein concentrations of the super-
natants of the whole cell lysate were determined using a Bio-Rad
protein assay kit. Protein (20 pg) was loaded onto NuPAGE 4-12%
electrophoresis gel (Invitrogen, Carlsbad, CA) and, after electro-
phoresis, transferred onto polyvinylidene difluoride membrane.
After incubation with appropriate primary antibodies, the
membranes were detected by HRP-conjugated secondary anti-
bodies and ECL reagents (GE Healthcare).

2.3. RNA isolation and reverse transcription-PCR

Total RNA from mouse peritoneal macrophages was 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
30 cycles of denaturation at 94 °C for 30 s, annealing at 50 °C
for 30 s, extension at 72 °C for 1 min, and a final extension at
72 °C for 10 min. PCR products were resolved on 1% agarose
gels and visualized under UV lamps.

2.4.  Nitrate oxide assay

Nitric oxides secreted by peritoneal macrophages were
measured by Griess reagent (Promega). A nitric oxide standard
curve (0.1 M sodium nitrite in water, making 100, 50, 25, 12.5,
6.25, 3.13, 1.56 and 0 pM) was prepared. 50 pl of the samples to
be measured were pipetted into a 96-well plate. Using a
multichannel pipette, 50 ul of 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 pl of NED (0.1% N-1-
napthylethylenediamine dihydrochloride in water) solution
was added to all wells and the mixture was incubated for
10 min at room temperature protected from light. Purple color
started to appear and the absorbance was measured at a
wavelength between 520 and 550 nm.

2.5. TNF-a, IL-18 and PGE2 ELISA assay

PGE2 assay was performed according to the protocols of
Cayman Chemical (Ann Arbor, MI). TNF-qa, IL-1B assays were
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performed protocols of Biosource (Camarillo, CA) For the
TNF-a ELISA assay, 50 pl of incubation buffer was first added
to all wells. Next, 50 pl of standard diluents buffer and 50 pl
of samples were added to each well. 50 pl of 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 four times. 100 ul of
streptavidin-HRP working solution was then added and
incubated for 45 min at room temperature. The reaction was
stopped by adding 100 pl of stop solution and the reaction
was read at 450 nm.

3. Results

We used the primary peritoneal macrophage from Nrf2 (+/+)
and Nrf2 (—/-) mice, which releases NO, PGs, and pro-
inflammatory cytokines such as TNF-q, IL-B, upon stimulation
with LPS, hence providing a suitable model for studying anti-
inflammatory activity of sulforaphane.

3.1.  Sulforaphane significantly inhibited LPS-induced IL-
1B, TNF-a, COX-2 and iNOS mRNA in Nrf2 (+/+) peritoneal
macrophages but not in Nrf2 (—/—) peritoneal macrophages

To assess the role of Nrf2 in LPS-stimulated inflammation in
macrophages, Nrf2 KO primary peritoneal macrophages and
their wild-type counterparts were pretreated with sulfora-
phane (5-40 pM) for 6 h and challenged with LPS (1 ng/ml) for
6 h subsequently. Using a RT-PCR method, we determined the
mRNA expression of TNF-a and IL-18 and found that
their expression was abolished by sulforaphane at 40 pM in

Nrf2 KO macrophages

wild-type peritoneal macrophages (Fig. 1A). Sulforaphane at
10 and 20 pM significantly inhibited mRNA expression of TNF-
a, IL-1B, COX-2 and iNOS in Nrf2 (+/+) peritoneal macrophages
(Fig. 1A and B). Interestingly, the inhibition of TNF, IL-1, COX-2
and iNOS by sulforaphane (5-40 pM) was not significant in
Nrf2 (—/-) peritoneal macrophages. These data indicated that
suppression of inflammation by sulforaphane were signifi-
cantly more potent in LPS-stimulated Nrf2 (+/+) peritoneal
macrophages than LPS-stimulated Nrf2 (—/-) peritoneal
macrophages.

3.2 Sulforaphane reduced protein expression levels of
COX-2 and iNOS but induced HO-1 protein expression

To further confirm the anti-inflammatory effect of sulfor-
aphane, protein expression of iINOS and COX-2 was
examined in Nrf2 (+/+) peritoneal macrophages and Nrf2
(—/-) peritoneal macrophages by Western blot analyses. As
demonstrated in Fig. 2, sulforaphane at 5, 10, and 20 pM
significantly attenuated protein level of COX-2 and iNOS in
Nrf2 (+/+) peritoneal macrophages. In Nrf2 (—/-) peritoneal
macrophages, attenuation on COX-2 protein was observed
only with 20 uM of sulforaphane. Sulforaphane at 5, 10, and
20 uM did not inhibit iNOS protein expression in Nrf2 (—/-)
peritoneal macrophages. These data are in good agreement
with marked decrease of mRNA expression by sulforaphane
in Nrf2 (+/+) peritoneal macrophages and Nrf2 (—/-)
peritoneal macrophages. HO-1 expression was not detect-
able in LPS-stimulated Nrf2 (—/-) peritoneal macrophages
but its expression was significantly induced in LPS-stimu-
lated Nrf2 (+/+) peritoneal macrophages by sulforaphane (5,
10, and 20 p.M)

Nrf2 WT macrophages

IL-1B

LPS(1pg/ml) - +
SFN (M) - - 40 20 10

Nrf2 KO macrophages

- - 40 20 10 5

Nrf2 WT macrophages

/NOS
LPS(1ug/ml) - + + + + +
SFN (uM) - - 40 20 10 5

Fig. 1 - The mRNA expression of pro-inflammatory cytokines and mediators in the LPS-stimulated Nrf2 (—/—) mouse
peritoneal macrophages compared with the LPS-stimulated Nrf2 (+/+) mouse peritoneal macrophages. (A) Expression of
TNF-« and IL-1 was significantly attenuated in Nrf2 (+/+) mouse peritoneal macrophages by sulforaphane. (B) Expression of
COX-2-a and iNOS was significantly decreased in Nrf2 (+/+) mouse peritoneal macrophages by sulforaphane. Total RNA
were extracted and pooled from peritoneal macrophages of at least four mice.
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Nrf2 KO macrophages

Nrf2 WT macrophages

75 kDa
COX-2
150 kDa
100 kDa
25 kDa
0 20 10 5 Sulforaphane (M) 0 20 10 5
LPS(1 pa/ml)

Fig. 2 - The protein expression of COX-2 and iNOS was significantly attenuated by sulforaphane in the LPS-stimulated Nrf2
(+/+) mouse peritoneal macrophages compared with the LPS-stimulated Nrf2 (—/—) mouse peritoneal macrophages. HO-1
expression was elevated by sulforaphane in LPS-stimulated Nrf2 (+/+) mouse peritoneal macrophages. Total protein were
extracted and pooled from peritoneal macrophages of at least four mice.

3.3.  LPS-induced production of PGE2, nitrite production
and secretion of TNF-«, IL-18 by sulforaphane were
significantly inhibited in Nrf2 (+/+) peritoneal macrophages as
compared to Nrf2 (—/—) peritoneal macrophages

The observed inhibition of mRNA expression of TNF, IL-1,
COX-2 and iNOS by sulforaphane in Nrf2 (+/+) peritoneal
macrophages suggested that such inhibition may have
occurred in the secretion of TNF-«, IL-18, PGE2 and nitrite in
Nrf2 (+/+) peritoneal macrophages. TNF-a, IL-18, PGE2 levels
were measured by ELISA and nitrite level was measured by
Griess reagent after 24h of LPS stimulation in peritoneal
macrophages. Fig. 3A showed that SFN (10 and 20 pM)
significantly attenuated TNF-o secretion in Nrf2 (+/4)
peritoneal macrophages and the inhibition is significantly
more potent than the inhibition in Nrf2 (—/-) peritoneal
macrophages. TNF-a concentrations (0.74 &+ 0.01 pg/mL,
0.6 & 0.04 pg/mL, respectively) of the WT macrophage treated
with sulforaphane (10, 20 mM) were significantly less than
those of the Nrf2 (—/-) macrophage culture medium
(0.92 £ 0.01 pg/mL, 0.91 + 0.03 pg/mL, respectively), P < 0.05.
Fig. 3B indicated that SFN (5, 10, and 20 pM) significantly
suppressed IL-1B secretion in Nrf2 (+/+) peritoneal macro-
phages, relative to Nrf2 (—/—) peritoneal macrophages. IL-1B
release in Nrf2 (+/+) peritoneal macrophages treated with
sulforaphane (5, 10, 20mM) were 172.1+17.5pg/mL,
165.5 £ 15.5 pg/mL and 166.1 + 7.6 pg/mL, respectively. IL-18
release in their knockout counterpart were 254.8 + 4.7 pg/mL,
257.7+11.6 pg/mL and 230.8+ 166.1 pg/mL, respectively,
which were significantly higher, P < 0.05. PGE2 and nitrite are
downstream products of arachidonic acid metabolism invol-
ving COX-2 and iNOS. Fig. 3C indicated the production of PGE2
was significantly down regulated by sulforaphane at 5, 10, and
20 uM in Nrf2 (+/+) peritoneal macrophages. Such inhibition
was significantly more potent than the inhibition in Nrf2 (—/—)
peritoneal macrophages. At20 mM of Sulforaphane, the release
of PGE2 was 18147 + 1523 pg/mL in Nrf2 (+/+) peritoneal

macrophages, in comparison to 45367 + 2658 pg/mL in Nrf2
(—/-) peritoneal macrophages. Fig. 3D indicated that inhibition
rate of sulforaphane at5, 10 mM on nitrite were 58.2% and 87.6%
in Nrf2 (+/+) peritoneal macrophages. These values were
considerably higher compared with inhibition rate in Nrf2
(—/-) peritoneal macrophages, revealing a potent inhibition
related to Nrf2 molecule. In close correlation with the results
obtained at the protein level and mRNA level, sulforaphane
potently down-regulated LPS-stimulated pro-inflammatory
mediator PGE2, nitrite and pro-inflammatory cytokines
TNF-q, IL-1p.

4, Discussion

SFN is a dietary chemopreventive compound extracted from
cruciferous vegetables such as broccoli and cabbage. It
possesses potent anti-inflammation and anti-cancer proper-
ties. There is emerging evidence that chronic inflammation
plays an important role in the carcinogenesis of various
cancers. Heiss et al. reported that sulforaphane possesses
anti-inflammatory activity in Raw macrophages due to
inhibition on DNA binding of NF-«B [7]. Other findings suggest
that sulforaphane effectively suppressed the LPS-induced
COX-2 protein via modulation of multiple core promoter
elements (NF-«B, C/EBP, CREB and AP-1) in the COX-2
transcriptional regulation [12]. We hypothesized that sulfor-
aphane exert its anti-inflammatory activity via activation of
transcription factor Nrf2 in mouse peritoneal macrophages.
SEN can directly react with sulfhydryl groups, oxidize
cysteine residues and deplete reduced cellular glutathione
(GSH) thus mimicking an oxidative insult and release Nrf2 from
Keap-1 binding [13]. Inhibition of NO, PGE2 production and
TNF-q, IL-1B has been proposed to be a useful approach for the
treatment of various inflammatory diseases as well as potential
chemoprevention strategy [14,15]. Our results clearly indicated
that inhibitions of mRNA expression of pro-inflammatory
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Fig. 3 - Secretion of TNF-q, IL-1 and production of PGE2, nitrites were significantly attenuated by sulforaphane in the LPS-
stimulated Nrf2 (+/+) mouse peritoneal macrophages compared with the LPS-stimulated Nrf2 (—/—) mouse peritoneal
macrophages. (A) Secretion of TNF-« in peritoneal macrophages; (B) secretion of IL-1 in peritoneal macrophages; (C)
production of PGE2 in peritoneal macrophages; (D) production of nitrite in peritoneal macrophages. Columns represent the
mean =+ C.I. The experiments were repeated three times with replicates. One-way ANOVA were used to compare the means
between groups. (*) Significantly different (p < 0.05) in Nrf2 (+/+) mouse peritoneal macrophages; (v/) significantly different
(p < 0.05) between Nrf2 (+/+) mouse peritoneal macrophages and Nrf2 (—/—) mouse peritoneal macrophages.
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cytokines such as TNF-a and IL-1f and pro-inflammatory
mediators such as COX-2 and iNOS are more significant in Nrf2
(+/+) peritoneal macrophages relative to Nrf2 (—/—) peritoneal
macrophages. Such observations strongly suggested Nrf2 is
involved in the anti-inflammatory activity of SFN. In good
agreement with results in mRNA expression, inhibitions on
protein expression of TNF-q, IL-18, COX-2 and iNOS are more
significant in Nrf2 (+/+) peritoneal macrophages. Unpublished
data in our lab indicated that no significant difference in
inhibition of LPS-stimulated inflammation between Nrf2 (+/+)
and Nrf2 (—/-) peritoneal macrophages treated with sulfor-
aphane and LPS simultaneously. Hence, antioxidants/phase-II
detoxifying enzymes induced by sulforaphane via activation of
Nrf2 might confer protection upon LPS stimuli. Interestingly,
the expression of heme oxygenase-1 (HO-1) was increased in
the peritoneal macrophages of wild-type peritoneal macro-
phages but almost undetectable in Nrf2 KO mouse peritoneal
macrophages after LPS treatment. Itis clear that Nrf2 isinvolved
in the induction of biological defense proteins such as
antioxidant proteins, such a notion is supported by the finding
that disruption of Nrf2 resulted in a drastic increase in lethality
during LPS-induced septic shock [16]. It is not surprising that
HO-1 was induced in Nrf2 (+/+) mouse peritoneal macrophages
upon LPS challenge, in order to counteract LPS-induced injury.
Pretreatment of SFN in Nrf2 (+/+) peritoneal macrophages
significantly induced HO-1 expression, which confers anti-
inflammatory activity in LPS-stimulated macrophages. Our
finding was in accordance with anti-inflammatory activity of
phenolic antioxidants in LPS-induced inflammation in macro-
phages [17,18]. NF-kB is a redox-sensitive transcription factor
strongly regulated by the intracellular redox status, which is
maintained mainly by the ratio of rGSSG/GSH [19,20]. It is
plausible that HO-1 and other antioxidants induced by SFN via
activation of Nrf2 inhibit the activity of NF-«B after LPS
stimulation thus exerting its anti-inflammatory activities.
Recent finding revealed that NF-«kB antagonizes Nrf2-ARE
pathway via deprivation of coactivator CREB binding protein
(CBP) and promotion of recruitment of histone deacetylase 3 to
ARE [21]. This notion serves to possibly explain that the
activation of Nrf2 by pretreatment with SFN inhibited interac-
tion between p65 and CBP in peritoneal macrophages, conse-
quently, down-regulated NF-«kB signaling pathway in
inflammation. Beside NF-«B, activator protein-1 (AP-1) is
another LPS-induced pro-inflammatory transcription factor
in peritoneal macrophages. Zhu et al. revealed that SFN
inhibited UVB-induced AP-1 activation in human keratinocytes
[22]. Their findings also suggested that the induction of phase II
enzymes may have limited role on UVB-induced AP-1 activa-
tion. Given the fact that SFN at high concentration displayed a
moderate inhibition in LPS-stimulated Nrf2 (—/—) peritoneal
macrophages, itis possible that SFN might impact AP-1 activity,
which is not related to Nrf2-ARE pathway.

In summary, the present data demonstrated that SFN
displayed more significant down-regulation of LPS-induced
TNF, IL-1, COX-2 and iNOS expression in Nrf2 (+/+) peritoneal
macrophages than Nrf2 (-/-) peritoneal macrophages, at
least in part due to activation of Nrf2. Furthermore, HO-1
expression is marked increased by sulforaphane in Nrf2 (+/+)
peritoneal macrophages than Nrf2 (—/—) peritoneal macro-
phages (Fig. 2). Taken together, the current findings of anti-

Sulforaphane
l activation

Nrf2-ARE (antioxidant response element)

Increase Phase ll/Defense Enzymes
HO-1, GST, QR, UGT

¥

Inhibition of proinflamatory cytokines and mediators
TNFo, IL-1B, Cox-2, iNOS

Fig. 4 - A schematic presentation of the role of Nrf2 in the
transcription activation of phase II/antioxidant defense
enzymes by SFN, potentially leading to the inhibition of
pro-inflammatory cytokines and other mediators.

inflammatory activity of SFN in the mouse peritoneal
macrophages will contribute to our overall understanding
of potential mechanism of SFN in chemoprevention of
inflammatory-associated diseases including cancers (Fig. 4).
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