
1166

Research Article

Protective effect of sulforaphane on indomethacin-
induced cytotoxicity via heme oxygenase-1
expression in human intestinal Int 407 cells
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Sulforaphane is known to be an indirect antioxidant that acts by inducing NF-E2-related factor 2
(Nrf2)-dependent phase II enzymes. In the present study, we investigated the effect of sulforaphane
on the expression of heme oxygenase-1 (HO-1) in human intestinal Int 407 cells. RT-PCR and West-
ern blot data revealed that sulforaphane induced an increase in HO-1 expression at the mRNA and
protein levels, respectively. This induction was also marked by an increase in HO-1 activity. Actino-
mycin D (an RNA synthesis inhibitor) and cycloheximide (a protein synthesis inhibitor) inhibited sul-
foraphane-responsive HO-1 mRNA expression, indicating that sulforaphane is a requirement for tran-
scription and de novo protein synthesis. Moreover, sulforaphane increased the nuclear levels of Nrf2
and increased the binding activity of nuclear proteins to the antioxidant responsive element consensus
sequence. We also found that U0126, an ERK kinase inhibitor, suppressed the sulforaphane-induced
HO-1 expression and nuclear translocation of Nrf2. Moreover, the cytoprotective effect of sulfora-
phane on indomethancin-induced cytotoxicity was partially blocked by ERK and HO-1 inhibitors, fur-
ther demonstrating that sulforaphane attenuated oxidative stress through a pathway that involved
ERK and HO-1. Taken together, this study gives additional support to the possible use of sulforaphane
as a dietary preventive agent against oxidative stress-induced intestinal injury.
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1 Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) such as
indomethacin are the most widely used analgesic, antipy-
retic, and anti-inflammatory agents in clinical medicine.
However, epidemiologic studies indicate that NSAID users
have a higher risk of gastrointestinal ulceration than
patients who are not using NSAIDs [1]. NSAID-induced
inhibition of cycloxygenase, oxidative stress, and mito-
chondrial dysfunction are known to contribute to these

effects [2]. Oxidative stress is the most relevant in this
respect, as such damage at the cellular level is considered to
be an important event in the initiation of inflammatory dis-
eases, carcinogenesis, and ageing [3]. The involvement of
oxidative stress in gastrointestinal injury observed after
ischemia-reperfusion has also been reported [4]. Therefore,
the use of exogenous compounds with antioxidative proper-
ties may help in the preventive and/or therapeutic interven-
tion of oxidative gastrointestinal disorders [5]. Another
strategy for protecting against oxidative gastrointestinal
injury may be via chemically mediated upregulation of
endogenous antioxidant and phase II enzymes in tissues
and cells of the gastrointestinal tract.

Among the various cytoprotective enzymes, heme oxy-
genase-1(HO-1)wasrecentlyhighlightedbyvirtueof itsgas-
trointestinal protective role [6]. Increased HO-1 expression
leads to heme degradation and accumulation of iron, biliru-
bin, and carbon monoxide (CO), followed by reduced sensi-
tivity of the gastrointestinal tissues/cells to oxidant damage
[7]. Of these metabolites, bilirubin acts as a direct antioxi-
dant, whereas CO mayexert tissue-protectiveactions primar-
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ily throughitsvasodilationandantiplateleteffects [8].Alarge
body of evidence suggests that HO-1 is a novel enzyme with
antioxidant, anti-inflammatory, and antiproliferative effects
[9]. The HO-1 gene is primarily regulated at the transcrip-
tional level, and its inducibility is linked to the transcription
factor NF-E2-related factor 2 (Nrf2) [10]. Under normal con-
ditions, Nrf2 is sequestered in the cytoplasm by binding to
Keap1, an actin-binding protein. However, recent studies
havesuggested that the nuclear translocation ofNrf2 requires
the activation of several signal transduction pathways, such
as mitogen-activated protein kinases (MAPKs) [11], protein
kinase C (PKC) [12], and phosphatidylinositol 3-kinase
(PI3K) [13]. As increasing evidence indicates that HO-1 pro-
vides gastroprotection [14], inducing HO-1 expression by a
pharmacological modulator may represent a novel target for
therapeutic intervention. In particular, a noncytotoxic phar-
macological inducer of HO-1 may maximize the intrinsic
antioxidant potential of cells.Severalantioxidants fromplant
origins have been reported to induce HO-1 expression in a
variety of cells and hence to confer resistance to oxidative
stress [15].

Sulforaphane, an isothiocyanate (ITC) first isolated from
broccoli, has received intense attention for its chemopre-
ventive potential in cancer because it is one of the most
potent inducers of phase II detoxifying enzymes among
many natural compounds [16]. The phase II detoxifying
enzymes that can be induced by sulforaphane contain the
antioxidant response element (ARE) sequence in the pro-
moter region of their genes [17]. Direct linkage has been
made between the activity of sulforaphane and the molecu-
lar sensor Nrf2–Keap1, the complex that regulates the
induction of phase II enzymes. However, the mechanisms
underlying the cytoprotective effects of sulforaphane on
intestinal cells have not been fully addressed. In the present
study, we utilized a highly differentiated intestinal epithelial
cell line (Int 407) which not only resembles epithelial cells
morphologically but has also been shown to retain many of
the receptors involved in intestinal secretagogues [18].
Moreover, the cells were found to posses many functional
properties such as transporters (for glutathione, glucose,
fructose, amino acids, taurine, dipeptides, etc.) and binding
proteins (for vitamin A, fatty acids, calcium, etc.) [19]. The
objective of this study was to investigate the potency of sul-
foraphane as a gastrointestinal inducer of HO-1 and its reg-
ulation in Int 407 cells. In addition, we also examined the
cytoprotective significance of sulforaphane-induced HO-1
against indomethacin-induced oxidative damage in Int 407
cells.

2 Materials and methods

2.1 Chemicals

Basal Medium Eagle with Earle's balanced salts (BME/
EBSS), calf serum (CS), trypsin–EDTA (TE), L-glutamine,

and PSN antibiotic solution (penicillin–streptomycin–neo-
mycin) were obtained from Gibco BRL (Grand Island, NY,
USA). D,L-sulforaphane (1-isothiocyanato-4-(methylsul-
finyl)-butane, A99% pure) was obtained from LKT Labora-
tories (St. Paul, MN, USA). Anti-HO-1 and anti-Nrf2 anti-
bodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-ERK, antiphospho-ERK, anti-p38,
antiphospho-p38, anti-JNK, antiphospho-JNK, antilamin
B1, and anti-b-actin antibodies were obtained from Cell
Signaling Technology (Beverly, MA, USA). IgG polyclonal
antibody conjugated to peroxidase, Zn (II) protoporphyrin
IX (ZnPP IX), and 3-(4, 5-dimethyl-thiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from
Sigma Chemical (St. Louis, MO, USA). Molecular mass
markers for proteins were obtained from Pharmacia Bio-
tech (Saclay, France). Poly-vinylidene fluoride (PVDF)
membranes for Western blotting were obtained from Milli-
pore (Bedford, MA, USA). The inhibitors of MAPKs,
U0126, SB203580, and SP600125 were obtained from Bio-
source (Camarillo, CA, USA); a TRIzol RNA isolation kit
was obtained from Life Technologies (Rockville, MD,
USA); and primers for RT-PCR, dNTP, reverse transcriptase
and Taq polymerase were obtained from Gibco BRL (Cergy
Pontoise, France). All other chemicals were of the highest
pure grade available.

2.2 Cell culture

Human intestinal epithelial cell line 407 (Int 407) cells
(BCRC 60022) were obtained from the Bioresource Collec-
tion and Research Center (BCRC, Food Industry Research
and Development Institute, Hsinchu, Taiwan, ROC). Cells
were grown in BME/EBSS and supplemented with 10% CS
at 378C in a humidified atmosphere of 95% air and 5%
CO2. The culture medium was renewed each day. Cells were
detached weekly, for transfer with 0.1% trypsin and 10 mM
EDTA in PBS.

2.3 Cell survival assay

Cell viability was determined by the MTT assay. Int 407
cells were seeded onto 96-well plates at a concentration of
16105 cells/well in BME/EBSS plus 10% CS. After grow-
ing to confluence, the cells were then preincubated with
7.5 lM sulforaphane for 16 h. After changing the medium,
cells were exposed to different concentrations of indome-
thacin (0–400 lM) for 12 h, then the supernatant was dis-
carded and cells were rinsed with PBS. Dye solution
(10 lL), specific for the MTT assay, was added to each well
for the additional 4 h incubation at 378C. After the addition
of DMSO (100 lL/well) the absorbance at 570 nm (forma-
tion of formazan) and 630 nm (reference) were recorded
with a Fluostar Galaxy plate reader (BMG Lab Technology,
Offenburg, Germany). The percent viability of the treated

1167

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



C.-T. Yeh et al. Mol. Nutr. Food Res. 2009, 53, 1166 –1176

cells was calculated as follows: (A570 nm–A630 nm) sam-
ple/(A570 nm–A630 nm) control6100.

2.4 Immunofluorescence analysis

For immunofluorescence analysis, cells were plated in six-
well chamber slides (Nunc, Rochester, NY, USA) for 24 h
before treatment with 7.5 lM sulforaphane for 24 h. After-
wards, cells were fixed in 2% paraformaldehyde for 10 min
at room temperature, permeabilized with 0.1% Triton X-100
in 0.01 M PBS (pH 7.4) containing 0.2% BSA, air-dried, and
rehydrated in PBS. Then, cells were incubated with a rabbit
polyclonal antibody against Nrf2 (Santa Cruz Biotechnol-
ogy), diluted 1:500 in PBS containing 3% normal goat serum
for 2 h at room temperature. Negative controls were per-
formed by omitting the primary antibody. After two wash-
ings in PBS for 10 min, an antirabbit IgG PE-conjugated sec-
ondary antibody (Jackson Immunoresearch Laboratories,
West Grove, PA) diluted 1:500 in PBS was added for 1 h at
room temperature. Cells were then washed in PBS and
mounted in Vectashield mounting medium with 49,6-diami-
dino-2-phenylindole (DAPI) to counterstain DNA. Cells
were observed using a Zeiss Axiophot fluorescence micro-
scope (Carl Zeiss, Jena, Germany). Microphotographs were
acquired using a digital video camera (AxioCam MRc,
Zeiss, Germany) and Axiovision Zeiss software.

2.5 RNA extraction and RT-PCR

The expression values of HO-1 were quantified by semi-
quantitative reverse transcription-PCR (RT-PCR) analysis,
using GAPDH mRNA as an internal standard. Int 407 cells
(16106 in 10 mL medium) were plated in 100 mm tissue
culture dishes. After preincubation for 24 h, Int 407 cells
were subjected to a dose-course, using sulforaphane in
0.05% DMSO. Cellular RNA was extracted with a TRIzol
RNA isolation kit (Life Technologies) as described in the
manufacturer's manual. RNA was quantified spectrophoto-
metrically. For quality control, RNA concentration and
purity were estimated using the OD260/280 ratio. RNA
integrity was tested by loading 1 lg of total RNA in a dena-
turing gel and visualizing the 2:1 ratio of 28S and 18S band
intensities with ethidium bromide and checking for RNA
degradation. Only samples with OD260/280 ratios from 1.8
to 2.1 and with tight bands with approximate 2:1 ratios of
28S/18S band intensities were used. After adding RNase
inhibitor (20 U) the total RNA was stored at –708C. The
sense and antisense primer sequences used were: HO-1: 59-
CTG TGT AAC CTC TGC TGT TCC-39, 59-CCA CAC
TAC CTG AGT CTA CC-39; and GAPDH: 59-TGA AGG
TCG GTG TGA ACG GAT TTG GC-39, 59-CAT GTA GGC
CAT GAG GTC CAC CAC-39. These primer sets yield PCR
products of 667 and 983 bp for HO-1 and GAPDH, respec-
tively. Briefly, from each sample, 250 ng of RNA was
reverse-transcribed, using 200 U of Superscript II reverse

transcriptase, 20 U of RNase inhibitor, 0.6 mM of dNTP
and 0.5 lg/lL of oligo (dT) 12–18. Then, PCR analyses
were performed on the aliquots of the cDNA preparations
to detect HO-1 and GAPDH (as an internal standard) gene
expression, using the FailSafe PCR system (Epicenter Tech-
nologies, Madison, WI, USA). The reactions took place in a
volume of 50 lL, containing (final concentrations): 50 mM
Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MnCl2, 0.2 mM
dNTP, 2 U of Taq DNA polymerase, and 50 pmol of 59 and
39 primers. After initial denaturation for 2 min at 958C, 30
cycles of amplification (at 958C for 1 min, 548C for 30 s,
and 728C for 45 s) were performed, followed by a 7 min
extension at 728C.

2.6 Analysis of PCR products

A 10 lL aliquot from each PCR reaction was electrophor-
esed in a 1.8% agarose gel, containing 0.2 lg/mL ethidium
bromide. The gel was then photographed under UV transil-
lumination. For quantification, the PCR bands on the photo-
graph of the gel were scanned using a densitometer, linked
to a computer analysis system. We normalized the HO-1
signal, relative to the corresponding GAPDH signal, from
the same sample, expressing the data as the HO-1/GAPDH
ratio.

2.7 Western blot

The cytosolic proteins were isolated from Int 407 cells
(26106 cells/mL) after different doses of sulforaphane
treatment. The total proteins were extracted by adding
800 lL of cold lysis buffer (50 mM Tris-HCl, pH 7.4;
1 mM NaF; 150 mM NaCl; 1 mM EGTA; 1 mM phenylme-
thylesulfonyl fluoride; 1% NP-40; and 10 lg/mL leupeptin)
to the cell pellets on ice for 30 min, followed by centrifuga-
tion at 120006g for 10 min at 48C. The supernatant pro-
tein concentration was measured by BioRad DC protein
assay kit with BSA as the standard. The cell lysate were
mixed with 46 sample buffer (8% SDS; 0.04% CBB R-
250; 40% glycerol; 200 mM Tris, pH 6.8; and 10% 2-mer-
captoethanol) and boiled for 10 min. Samples were electro-
phoresed in a 12% SDS-PAGE minigel and then transferred
onto polyvinylidenedifluoride membranes (PVDF; Milli-
pore) with transfer buffer (48 mM Tris; 39 mM glycine;
0.0037% SDS; and 20% methanol) at 400 mA for 60 min.
The membranes were blocked with 5% nonfat milk in PBS
solution containing 0.1% Tween-20 (PBST) for 1 h. The
membrane was immunoblotted with primary antibodies
containing 5% BSA overnight at 48C. After consecutively
washes with PBST for 30 min, the membrane was incubated
with horseradish peroxidase-labeled secondary antibody
for 60 min at room temperature and washed with PBST for
30 min. Final detection was performed with enhance chem-
iluminescence (ECLTM kit) Western blotting reagents
(Amersham Pharmacia Biotech, New Jersey, USA).
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2.8 HO activity assay

Confluent Int 407 cells were incubated in 100 mm culture
dishes for 16 h with or without sulforaphane. Some experi-
ments were done in the presence of an HO enzyme inhibi-
tor, ZnPP. A heme oxygenase activity assay was performed
as described previously by Kutty and Maines [20]. Briefly,
after the incubation, cells were washed twice with PBS,
gently scraped off the dishes, and centrifuged (130006g,
5 min, 48C). The cell pellet was resuspended with PBS and
then subjected to three cycles of freeze–thawing. Finally, it
was sonicated on ice before centrifugation at 13000g for
15 min at 48C. The reaction mixture used for measurement
of HO activity was composed of protein (1 mg), the cyto-
solic fraction of rat liver (1 mg of protein) as a source of
biliverdin reductase, 33 lM hemin, and 333 lM NADPH in
1 mL of 90 mM potassium phosphate buffer (pH 7.4). The
reaction was incubated for 1 h at 378C in the dark and ter-
minated by the addition of 600 lL chloroform. The
extracted bilirubin was determined spectrophotometrically
using the difference in absorbance at wavelength from 460
to 530 nm with an absorption coefficient of 40 mM – 1 and
cm – 1. HO activity was measured as picomoles of bilirubin
formed per milligram of cell protein per hour.

2.9 Preparation of nuclear extracts

To obtain nuclear extracts lysates, the sulforaphane-treated
and untreated cells were washed twice with ice-cold
16PBS and lysed using NE-PER Nuclear Extraction
Reagents (Pierce, Rockford, IL, USA). Protein concentra-
tions of cellular extracts were determined by the bicincho-
ninic assay with a commercial protein reagent kit (Pierce).

2.10 Electrophoretic-mobility shift assay (EMSA)

Nuclear extract (2–5 lg) was used for EMSA according to
the manufacturer's instructions (EMSA gel-shift kit, Pano-
mics, CA, USA). Briefly, nuclear extracts containing equal
amounts of protein for each sample were incubated with
poly(dI-dC) (1 lg/lL) for 5 min, followed by the addition
of binding buffer (20 mM HEPES, pH 7.9, 1 mM DTT,
0.1 mM EDTA, 50 mM KCl, 5% glycerol, and 200 lg/mL
BSA) and biotinylated oligo (10 ng/lL). To control for spe-
cificity of binding in selected samples, a five-fold excess of
nonlabeled oligo was added prior to the addition of the bio-
tinylated probe. Binding reaction mixtures were incubated
for 30 min at room temperature. Protein–DNA complexes
were separated on 5% nondenaturing polyacrylamide gels
in Tris-borate/EDTA buffer (0.1 M Tris, 0.09 M boric acid
containing 1 mM EDTA) at 48C. After electrophoresis, gels
were transferred to nylon membranes. Transferred oligos
were immobilized by UV crosslinking for 3 min. For detec-
tion of bound oligos, membranes were blocked using block-
ing buffer (Panomics EMSA gel-shift kit) followed by the

addition of streptavidin–HRP, and blots were developed by
ECL according to the manufacturer's instructions (Amer-
sham, Arlington Heights, IL, USA). A commercially avail-
able biotinylated oligonucleotide encoding the ARE motif
(59-CTACGATTTCTGCTT-AGTCATTGTCTTCC-39) was
used as a canonical probe (Panomics, AY1062).

2.11 Statistical analysis

Each experiment was performed in triplicate and repeated
three times. The results are expressed as means l SD. Stat-
istical comparisons were made by one-way analysis of var-
iance (ANOVA), followed by a Duncan multiplecomparison
test. Differences were considered significant when the
p-values were a0.05.

3 Results

3.1 Effect of sulforaphane on HO-1 expression and
activity

To examine whether sulforaphane could affect HO-1 activ-
ity and HO-1 expression in Int 407 cells, we treated the cells
for 24 h with various concentrations of sulforaphane. The
effects of various concentrations of sulforaphane (0–
7.5 lM) on HO-1 activity and HO-1 protein expression in
Int 407 cells are shown in Fig. 1. Exposure of Int 407 cells
to sulforaphane for 24 h resulted in a dose-dependent
increase in HO-1 mRNA levels. A marked induction of
HO-1 mRNA expression was observed after a 2.5 lM expo-
sure of sulforaphane; maximum induction of HO-1 mRNA
expression was observed at 7.5 lM treatment (Fig. 1A).
Western blot analyses using monoclonal anti-HO-1 anti-
bodies confirmed that the increase in HO-1 mRNA levels
by sulforaphane was accompanied by an increase in HO-1
protein expression (Fig. 1B). In addition, exposure of Int
407 cells to sulforaphane for 24 h resulted in a dose-
dependent increase in HO-1 activity (Fig. 1C). The increase
was significantly different from the control (untreated cells,
p a 0.05), with a maximal enzymatic activity at 7.5 lM of
sulforaphane. In Int 407 cells treated with 7.5 lM of sulfor-
aphane, HO-1 expression was increased in a time-depend-
ent manner, reaching a minimum at 8 h, followed by a max-
imum at 24 h (Fig. 1D). Because the concentration of sul-
foraphane at 7.5 lM was capable of inducing maximal
expression of HO-1 in Int 407 cell line, all subsequent
experiments involving sulforaphane were performed using
a concentration of 7.5 lM of sulforaphane.

3.2 Transcriptional and translational regulation of
HO-1 induction by sulforaphane

To determine whether sulforaphane-induced HO-1 mRNA
expression required transcription or translation, we first
examined whether HO-1 mRNA expression in Int 407 cells
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after sulforaphane treatment was dependent on the absence
or presence of RNA synthesis inhibitors actinomycin D and
the protein synthesis inhibitors cycloheximide, followed by
RT-PCR analyses. As shown in Fig. 2, sulforaphane-medi-
ated induction of HO-1 mRNA was completely abolished in
the presence of actinomycin D (5 lg/mL). These data sug-
gest that sulforaphane increased HO-1 gene expression by
enhancing gene transcription. To further investigate the reg-
ulation of HO-1 expression by sulforaphane, Int 407 cells
were pretreated with the protein synthesis inhibitor cyclo-
heximide (10 lg/mL) prior to treatment with sulforaphane
and were then analyzed for HO-1 mRNA expression.
Cycloheximide significantly attenuated the upregulation of
HO-1 mRNA steady-state levels in response to sulfora-
phane treatment, suggesting that synthesis of new proteins
is also required for sulforaphane-induced HO-1 mRNA
expression (Fig. 2).

3.3 Sulforaphane increased the protein
expression, ARE-binding, and nuclear
translocation of Nrf2

Most of the genes encoding phase II detoxifying and antiox-
idant enzymes have an ARE sequence in their promoter
region. Nrf2 is an important transcription factor that regu-
lates ARE-driven HO-1 gene expression [10]. Subse-

quently, we examined whether sulforaphane could activate
Nrf2 in association with HO-1 upregulation in Int 407 cells.
The EMSA revealed that sulforaphane at a concentration of
7.5 lM increased ARE binding activity in a time-dependent
manner. ARE binding activity began to increase 4 h after
exposure of cells to sulforaphane and extended to 16 h (Fig.
3A). Competition experiments using excess amounts of
either unlabeled ARE or SP-1 oligonucleotides confirmed
the specificity of protein binding to the ARE (data not
shown).

In the mechanism of HO-1 expression, nuclear transloca-
tion of activated Nrf2 is an important upstream step [10]. To
investigate whether sulforaphane could induce Nrf2 trans-
location in Int 407 cells, an immunofluorescence assay was
used to detect the distribution of Nrf2 in the cells treated
with sulforaphane. In untreated Int 407 cells, Nrf2 fluores-
cence was found to be distributed throughout the cells,
including the cytoplasm and nucleus. After treatment with
sulforaphane for 6 h, Nrf2 fluorescence was primarily con-
centrated in the nuclei (Fig. 3C). To further confirm the
Nrf2 nuclear translocation by sulforaphane, cells were incu-
bated with sulforaphane for about 6 h. Using Western blot,
Nrf2 proteins in the nuclear compartments of the cells were
analyzed. After treatment with sulforaphane, Nrf2 protein
in the nucleus was markedly increased (Fig. 3B). These
results suggest that induction of HO-1 by sulforaphane
involves Nrf2-mediated ARE activation.

3.4 Involvement of the ERK/p38 pathway in the
induction of HO-1 expression by sulforaphane
in Int 407 cells

Many studies have demonstrated that several MAPKs,
including JNK, ERK, and p38, are involved in regulating
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Figure 1. Effect of sulforaphane on HO-1 mRNA, protein
expression and enzyme activity in Int 407 cells. (A) Cells were
exposed to various concentrations of sulforaphane for 24 h, and
total RNA was extracted with the Invitrogen RNA isolation kit.
RT-PCR was performed as described in Section 2. Expression
of HO-1 mRNA was analyzed by RT-PCR. GAPDH, the house-
keeping gene, was used as an internal control. (B) Whole cell
lysate was subjected to Western blot analysis using a monoclo-
nal HO-1 antibody. (C) HO-1 activity was measured 24 h after
exposure to various concentrations of sulforaphane. (D) Cells
were also incubated with 7.5 lM sulforaphane for the indicated
times. Relative expression was quantified densitometrically
using LabWorks 4.5 software and normalized against b-actin
reference bands. Reported values are the means l SD (n = 3).
* Significantly different from control (p a 0.05).

Figure 2. Effects of actinomycin D and cycloheximide on HO-1
mRNA in Int 407 cells after sulforaphane treatment. Int 407 cells
were pretreated with either actinomycin D (5 lg/mL) or cyclo-
heximide (10 lg/mL) for 4 h and were then treated with 7.5 lM
sulforaphane for 24 h. Total RNA was extracted and analyzed
for HO-1 mRNA expression by RT-PCR. GAPDH, the house-
keeping gene, was used as an internal control. The intensity of
the indicated HO-1 mRNA was detected by densitometric anal-
ysis and expressed as fold change relative to control. Data are
representative of three independent experiments.
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the phosphorylation of Nrf2 and ARE-mediated phase II
gene expression [11]. Thus, we examined whether the
MAPK pathway is involved in the process by which sulfora-
phane causes Nrf2 nuclear translocation. As shown in Fig.
4A, sulforaphane increased the levels of phosphorylated
ERK and p38. The same blots were probed with the anti-
body to total JNK, ERK, and p38 as protein loading con-
trols. The sulforaphane-mediated increase in HO-1 protein
expression was completely blocked by U0126 (a specific
inhibitor of ERK) and moderately blocked by SB203580 (a
specific inhibitor of p38), whereas a similar concentration
of SP600125 (a specific inhibitor of JNK) had no signifi-
cant effect (Fig. 4B). These results indicate that a kinase in
the ERK pathway might be involved in the regulation of
HO-1 expression by sulforaphane.

3.5 Activation of Nrf2 by sulforaphane via
phosphorylation of ERK/p38 MAPK pathway

It has been previously reported that the MAPK signaling
pathway may be involved in regulation of the ARE

response. We sought to determine whether phosphorylation
of MAPK mediated by this pathway may play a role in pro-
moting Nrf2 stability. In this experiment, Int 407 cells were
pretreated with either U0126 or SB203580 for 2 h, followed
by sulforaphane treatment for 6 h. The nuclear lysate was
analyzed by immunoblotting with both anti-Nrf2 and antila-
min B1 antibodies. The results of this experiment show that
both of these compounds attenuated the effects of sulfora-
phane on inducing the Nrf2 protein level, by 80 and 70%,
respectively (Figs. 5A and B). Furthermore, nuclear accu-
mulation of Nrf2 was reduced by treatment with U0126
(ERK inhibitor) and SB203580 (p38 inhibitor) (Fig. 5C).
These data demonstrate a link between phosphorylation
and Nrf2 stability, suggesting a role for the ERK/p38
MAPK pathway in Nrf2 stability and localization.

3.6 Sulforaphane protection of Int 407 cells from
indomethacin-induced cell death

We further analyzed the protective effects of sulforaphane
on indomethacin-induced cytotoxicity in Int 407 cells. In
the presence of indomethacin, a dose-dependent decrease
in the viability of cells was observed by the MTT assay in
Int 407 cells, with an IC50 value of around 400 lM (Fig.
6A). Interestingly, when cells were pretreated with sulfora-
phane at the optimal conditions (7.5 lM and 16 h), the via-
bility of Int 407 cells was significantly higher at all concen-

1171

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

Figure 3. Effect of sulforaphane on the activation of nuclear
factor Nrf2 binding to the ARE and translocation into nucleus
in Int 407 cells. (A) EMSA analysis of the ARE transcription
complex. Nuclear extracts were prepared from Int 407 cells
treated with sulforaphane (7.5 lM) for 0–16 h. (B) Immunoblot
analysis of the levels of Nrf2 in the nuclear fraction of Int 407
cells treated with sulforaphane (7.5 lM) for 0–6 h. The immu-
noreactive protein bound to rabbit anti-Nrf2 antibody was
visualized by an ECLTM kit after incubation with HRP-conju-
gated secondary antibody. Antilamin B1 antibody was used for
normalization. The intensity of the indicated Nrf2 proteins was
detected by densitometric analysis and expressed as fold
change relative to control. Results were confirmed by three
separate experiments, and a representative immunoblot is
shown. (C) Effect of sulforaphane on nuclear localization of
Nrf2. The Confocal image shows that PE-conjugated secon-
dary antibody staining indicated the location of Nrf2 (red) by
anti-Nrf2 antibody, DAPI staining indicates the location of the
nucleus (blue), and the merged image in sulforaphane-treated
cells indicates the nuclear location of the Nrf2 protein.

Figure 4. Western blotting of sulforaphane-induced HO-1
expression via ERK/p38 MAPK activation in Int 407 cells. (A)
The cells incubated in the absence or presence of sulfora-
phane (7.5 lM) for the indicated time were subjected to West-
ern blot analysis using phospho-specific antibodies to ERK,
p38, or JNK. As controls, the same cell lysates were subjected
to Western blot analysis using the corresponding nonphos-
pho-specific antibodies to detect total ERK1/2, p38, or JNK.
(B) Cells were pretreated with SB203580 (20 lM), U0126
(10 lM), or SP600125 (10 lM) for 2 h and were then exposed
to 7.5 lM sulforaphane for 12 h in the presence of inhibitor.
Western blot analysis was performed using antibodies specific
for HO-1 and b-actin. The intensity of the indicated HO-1 pro-
teins was detected by densitometric analysis and expressed
as folds of control. Data shown are representative of three
independent experiments.
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trations of indomethacin compared with cells untreated
with sulforaphane (Fig. 6B). Zinc protoporphyrin (ZnPP)
has been used as an HO-1 specific inhibitor. To determine
whether the increased HO-1 activity induced by sulfora-
phane could confer cytoprotection against oxidative injury,
Int 407 cells were pretreated with the HO-1 specific inhibi-
tor ZnPP. ZnPP attenuated the cytoprotective effect of sul-
foraphane on indomethacin-induced cytotoxicity (Fig. 6C),
suggesting that the cytoprotective effect of sulforaphane is
mostly mediated through HO-1 induction. Moreover, inhib-
itors of ERK and p38 also attenuated the protective effect of
sulforaphane on indomethacin-induced cytotoxicity (Fig.
6D). These results indicate that the induction of HO-1 by
sulforaphane through the ERK/p38 MAPK pathway is
essential for the cytoprotective effect of sulforaphane
against oxidative stress.

4 Discussion

Epidemiological studies have demonstrated that the con-
sumption of cruciferous vegetables is associated with a
lower incidence of cancer. An important group of com-
pounds that have this property are organosulfur compounds,
such as ITCs [21]. They are known to have cancer-protec-
tive activities against carcinogenesis in vivo and in vitro.
Sulforaphane is one of the most commonly investigated

ITCs; it was initially recognized as a principle inducer of
phase II detoxifying enzymes, including NAD(P)H:(qui-
none-acceptor) oxidoreductase and glutathione S-transfer-
ases. Subsequently, several studies demonstrated that sul-
foraphane activates ARE-driven phase II detoxifying/anti-
oxidant enzyme expression through activation of Nrf2 as a
potential mechanism [22]. In addition to its modulatory
effects on endogenous reactive oxygen species and exoge-
nous carcinogens and/or their reactive metabolic intermedi-
ates, it was also identified as an effective inducer of apopto-
sis and cell cycle arrest especially at high dosages [23]. In
this study, we tried to elucidate the cytoprotective effect of
sulforaphane against oxidative damage in intestinal cells
and the mechanism of its cytoprotective action.

The results of our study show that sulforaphane is capa-
ble of strongly inducing HO-1 activity and HO-1 protein
expression in dose- and time-dependent manners (Fig. 1).
To the best of our knowledge, this is the first report of HO-1
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Figure 5. Phosphorylation of Nrf2 mediated by ERK/p38
MAPK pathway. (A) Int 407 cells were treated with control
(lane 1), or 7.5 lM sulforaphane (lane 2) for 6 h, 10 lM U0126
(lane 3), or 10 lM SB203580 (lane 4) for 2 h, followed by sul-
foraphane for 6 h. Nuclear extracts were subjected to Western
blotting analysis with anti-Nrf2 and antilamin B1 antibodies.
(B) The result in (A) was quantified using a densitometer, and
the Nrf2 value was plotted after normalization with values of
antilamin B1. The blots shown are representative of three
independent experiments with similar results. (C) Int 407 cells
were treated with 7.5 lM sulforaphane in the absence or pres-
ence of U0126 or SB203580 for 2 h, then immunostained to
detect the nuclear localization of Nrf2.

Figure 6. Protective effect of sulforaphane against indometha-
cin-induced cell death in Int 407 cells. (A) Dose-dependent
reduction of the viability of Int 407 by indomethacin using the
MTT assay. Cells were treated with different doses of indome-
thacin (100, 200, and 400 lM) for 24 h, and the viability of Int
407 cells was detected by MTT assay as described in Section
2. (B) Int 407 cells were either untreated with sulforaphane or
treated with 7.5 lM sulforaphane for 16 h. After changing the
medium, cells were exposed to different concentrations of
indomethacin (0–400 lM) for 24 h. Cell viability was deter-
mined by MTT assay. *p a 0.05 versus the corresponding
group without sulforaphane pretreatment. (C) The HO-1
enzyme inhibitor ZnPP reversed the protective effect of sulfor-
aphane against indomethacin-induced cell death. Int 407 cells
were treated with sulforaphane (7.5 lM) for 16 h and then
incubated with different doses of ZnPP (3 lM) for 30 min.
Indomethacin (400 lM) was then added to cells for a further
24 h. (D) Int 407 cells were pretreated for 30 min with U0126
and SB203580 prior to addition of sulforaphane. Following
16 h of incubation with sulforaphane, cells were treated with
indomethacin for 24 h. Cell viability was assessed by the MTT
assay after indomethacin treatment. *Differs from sulfora-
phane plus indomethacin-treated cells.
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mRNA induction in intestinal epithelial cells in response to
sulforaphane. This observation is in agreement with a pre-
vious finding [24] that exposure of sulforaphane to HepG2

cells efficiently increased HO-1 expression by activating
the ARE through the induction of Nrf2 and the suppression
of the Kelch-like ECH-associated protein 1. Thus, our data
provide clear evidence that sulforaphane is a potent inducer
of HO-1 in human intestinal Int 407 cells. Furthermore, the
stimulation of HO-1 expression by most inducers has been
shown to occur primarily as a consequence of transcrip-
tional regulation of the HO-1 gene. In this study, we have
demonstrated that both actinomycin D (a transcriptional
inhibitor) and cycloheximide (a translation inhibitor) elimi-
nated sulforaphane-mediated HO-1 mRNA expression
(Fig. 2). Based on our finding, we suggest that HO-1 gene
induction by sulforaphane is primarily regulated at the tran-
scriptional level.

NF-E2-related factor-2 (Nrf2), a basic leucine zipper
transcription factor, forms heterodimers with the small Maf
proteins and binds to the ARE. Through the activation of
the ARE in the regulatory region of the genes, Nrf2 plays a
critical role in the constitutive and inducible expression of
numerous detoxifying and antioxidant genes, including
HO-1. The cytoplasmic protein Keap1 sequesters stimuli,
including electrophilic agents and compounds that possess
the ability to modify thiol groups, and the liberation of Nrf2
from Keap1 allows Nrf2 to translocate into the nucleus and
bind to the ARE. This mechanism of gene activation leads
to the synthesis of highly specialized proteins that conse-
quently reduce the propensity of tissues and organisms to
develop disease or malignancy [25]. Hence, activation of
Nrf2, which controls both the constitutive and inducible
expression of Phase II detoxifying genes, may be one of the
protective mechanisms against xenobiotics.

Recently, the antioxidants curcumin and carnosol have
also been shown to induce HO-1 expression [26]. We
recently found that sulforaphane induces Nrf2 activation in
human hepatoma HepG2 cells [27]. Together, these studies
suggest that Nrf2 plays a key role in antioxidant-induced
HO-1 expression.

The most significant finding in our current study is the
demonstration of the involvement of the Nrf2 pathway in
sulforaphane-mediated HO-1 gene induction. The electro-
phoretic mobility shift assay revealed that the nuclear ARE
binding activity was significantly increased by sulfora-
phane treatment in Int 407 cells. Additionally, sulforaphane
also increased the Nrf2 nuclear translocation (Fig. 3), sug-
gesting that the increased expression of the Nrf2 protein
may play a key role in sulforaphane-induced HO-1 gene
activation. Dinkova-Kostova et al. [28] have demonstrated
that phase II gene inducers react much more avidly with
Keap1 than with Nrf2. Both Nrf2 and Keap1 contain multi-
ple cysteine residues and all cysteines on murine Keap1
were found to react with the phase 2 inducers, including
dexamethasone mesylate, sulforaphane and bis(2- and 4-

hydroxybenzylidene) acetones (Michael reaction accept-
ors). Specifically, C257, C273, C288, and C297 were
shown to be the most reactive cysteine residues of Keap1.
Wakabayashi et al. [29] have suggested that the cysteines
C273 and C288 in the intervening region of Keap1 may
sequester one molecule of Nrf2 between two DGR (double-
glycine repeat) domains in the cytosol and ensure its rapid
turnover by targeting it for proteasomal degradation. Upon
exposure to inducers, the reactive C273 and C288 residues
form intermolecular disulfide bonds, covalently linking two
monomers of Keap1 and changing its conformation accord-
ingly. The DGR domains are then separated to release Nrf2,
which translocates to the nucleus, activating the expression
of phase 2 genes [29]. Sulforaphane was shown in this study
to stimulate Nrf2 translocation, possibly by dissociating the
Nrf2–Keap1 complex. Details of the likely interaction
between sulforaphane and Keap1 (or indeed Nrf2) in Int
407 cells require further investigation.

MAPK signaling cascades are stimulated by many
extracellular stimuli, such as growth factors, cytokines, and
various environment stresses, and they serve as a common
signal transduction pathway for signals involved in prolifer-
ation, differentiation, functional activation, and stress
responses. Many studies have demonstrated that several
MAPKs including JNK, p38, ERK, and PI3K, are involved
in regulating the phosphorylation of Nrf2 and ARE-medi-
ated HO-1 gene expression [30]. The MAPK pathway was
also examined in the present study to further explore the
upstream regulatory mechanisms involved in sulforaphane-
induced Nrf2 activation and induction of HO-1. Interest-
ingly, we found ERK and p38 MAPK were phosphorylated
by sulforaphane (Fig. 4). Compared with the untreated Int
407 cells, sulforaphane-treated cells had higher levels of
phosphor-ERK and phosphor-p38, whereas the levels of
phosphor-JNK were not changed. Inhibition of the phos-
phor-ERK and phosphor-p38 pathway by U0126 and
SB203580 inhibitors almost completely blocked sulfora-
phane-induced HO-1 protein expression, suggesting that
sulforaphane-induced HO-1 expression occurs via the ERK
and p-38 MAPK pathway. Furthermore, phosphorylation of
Nrf2 and the nuclear accumulation of Nrf2 were reduced by
U0126 (an ERK inhibitor) and SB203580 (a p38 inhibitor)
(Fig. 5). In a previous study, Shen et al. [31] reported that
activation of MAPKs induced ARE-mediated gene expres-
sion via an Nrf2-dependent mechanism. Curcumin induced
HO-1 expression by promoting dissociation of the Nrf2–
Keap1 complex in a p38-dependent manner [32]. Resvera-
trol activated Nrf2-driven ARE activation and HO-1 expres-
sion via the ERK pathway [33]. Our results indicate a
requirement for ERK and p38 activation in the induction of
HO-1 expression through nuclear translocation of Nrf2.

In gastrointestinal tissue both in vitro and in vivo, indo-
methacin has been demonstrated to cause damage via cellu-
lar oxidative phosphorylation. A number of studies have
suggested that the gastrointestinal-toxic effects of indome-

1173

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



C.-T. Yeh et al. Mol. Nutr. Food Res. 2009, 53, 1166 –1176

thacin in the rat are due not only to their inhibitory effects
on cycloxygenases but also to their direct cytotoxic effects
on gastric mucosal lesions [34]. In our study, we observed
the acute toxic effects of indomethacin on cultured Int 407
cells, as short-term exposure of the cells to high concentra-
tions of indomethacin rapidly decreased cell viability in a
dose-dependent manner (Fig. 6A). These adverse effects
are largely responsible for the cytotoxicity mediated by
indomethacin in target tissues and cells [35]. We focused on
the cytotoxic effects of indomethacin on the Int 407 cells,
since they are important in relation to the serious intestinal
complications including ulceration and bleeding from the
stomach and small intestine in vivo [36]. However, whether
upregulation of HO-1 also affords gastroprotection against
indomethacin-mediated cytotoxicity in Int 407 cells has not
been investigated.

Our results clearly show that incubation of Int 407 cells
with sulforaphane effectively prevents the indomethacin-
induced cell death (Fig. 6B). The involvement of HO-1 in
the cytoprotective action of sulforaphane was examined
using the HO-1 and ERK inhibitor of ZnPP and U0126,
respectively. ZnPP attenuated the protective effect of sulfor-
aphane on indomethacin-induced cytotoxicity (Fig. 6C),
suggesting that the cytoprotective effect of sulforaphane is
partly mediated through HO-1 induction. Moreover, inhibi-
tors of ERK and p38 MAPKs also attenuated the protective
effect of sulforaphane on indomethacin-induced cytotoxic-
ity (Fig. 6D), suggesting the involvement of ERK and p38
MAPKs in sulforaphane-mediated HO-1 gene induction
and cytoprotection. These results are consistent with recent
evidence that flavonoids in medicinal herbs and dietary
plants exert potent antioxidative and anti-inflammatory
activities through the induction of HO-1 [37]. These obser-
vations strongly suggest that intracellular HO-1 is an impor-
tant factor in sulforaphane-mediated cytoprotection against
indomethacin toxicity in Int 407 cells.

Recently, studies concerning the bioavailability of gluco-
sinolates and ITCs are in agreement with their potential
therapeutic effects [38]. Sulforaphane, an ITC first isolated
from broccoli, has received intense attention for its cancer
chemopreventive potential because it is one of the most
potent inducers of phase II detoxifying enzymes among
many natural compounds. Related analogs of sulforaphane,
the allyl isothiocyanate (AITC), 1-isothiocyanato-3-(meth-
ylthio)propane (iberverin), 1-isothio-cyanato-4-(methy-
thio)butane (erucin), 1-isothiocyanato-3-(methysulfinyl)-
propane (iberin), and 1-isothiocyanato-3-(methylsulfonyl)-
propane (cheirolin) were also active inducers of phase II
detoxification enzymes in murine hepatoma cells [39]. Sub-
stantial quantities of ITCs (up to 100 mg daily) and even
greater quantities of their glucosinolate precursors are
widely consumed by humans [40]. Following treatment of
mice by gavage with 9 lM sulforaphane per day for 1 wk,
several classes of genes were identified as targets of sulfor-
aphane in a transcriptional microarray, including cellular

NADPH regenerating enzymes, xenobiotic metabolizing
enzymes, antioxidant enzymes, and biosynthetic enzymes
of glutathione and glucuronidation conjugation pathways
[41]. Furthermore, mice treated by gavage with 15 lM sul-
foraphane per day for 5 days had an increase in quinone
reductase and glutathione S-transferase activities in the
liver, forestomach, glandular stomach, proximal small
intestine, and lungs [42], establishing that sulforaphane
also induced phase II enzymes in vivo following oral admin-
istration. Moreover, in a human intervention study, follow-
ing a single dose of 200 lmol of ITCs (largely, sulfora-
phane, with lesser amount of iberin and erucin), the total
plasma ITC levels reached 0.94–2.27 lM after 1 h of feed-
ing [43]. The effect of increased sulforaphane levels in the
plasma on HO-1 remains to be proven. In the present study,
the ability of sulforaphane to modulate HO-1 was found at
concentrations that may well be achievable in human
plasma. Our results demonstrate an induction of HO-1 in
response to sulforaphane in human intestinal cells, and this
finding suggests that sulforaphane may be an important
chemopreventive agent for use in intestinal protection.

In conclusion, our findings suggest that sulforaphane
effectively prevents indomethacin-induced intestinal epi-
thelial cell injury, and HO-1 induction by sulforaphane via
ERK and Nrf2 pathways plays a key role in this cytoprotec-
tion. The present study provides insight into the mecha-
nisms of sulforaphane-induced cytoprotection via HO-1
expression and suggests that sulforaphane may be effec-
tively utilized as an alternative drug in the prevention of
gastrointestinal complications of NSAIDs.
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