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Sulforaphane inhibits de novo synthesis of IL-8 and MCP-1 in
human epithelial cells generated by cigarette smoke extract

Warren Starrett and David J. Blake

Department of Biology, Fort Lewis College, Durango, CO, USA

Abstract

Chronic obstructive pulmonary disease (COPD) is currently the fifth leading cause of death worldwide. Exposure to
cigarette smoke (CS) is the primary factor associated with the COPD development. CS activates epithelial cells to
secrete chemokines such as interleukin-8 (IL-8) and monocyte chemotactic protein-1 (MCP-1) that recruit neutrophils
and macrophages to the lung. These inflammatory cells then release additional chemokines and cytokines leading to
chronic inflammation that initiates apoptosis in epithelial and endothelial cells and destruction of alveolar structure.
Pulmonary epithelium responds to oxidative stress mediated by CS through activating NRF2-dependent pathways,
leading toanincreased expression of antioxidantand cytoprotective enzymes thereby providing a protective response
against CS-induced lung injury. We hypothesized that activating NRF2-dependent cytoprotective gene expression
with sulforaphane (SFN) affords protection against CS-induced lung damage by inhibiting chemokine production.
Results indicate that in the human BEAS-2B epithelial cell line, 5 uM SFN activated NRF2-dependent gene expression
by triggering the translocation of NRF2 to the nucleus and significantly increased the expression of NRF2-dependent
genes such as NADPH quinone oxidoreductase-1, heme oxygenase-1, and glutamate cysteine ligase modulatory
subunit. Cigarette smoke extract (CSE) exposure of BEAS-2B cells significantly increased production of both IL-8 and
MCP-1. Production of both chemokines was significantly reduced with SFN given prior to CSE; SFN inhibited IL-8 and
MCP-1 gene expression at the transcription level. Our results indicate that activating NRF2 pathways with SFN inhibits
CSE-induced chemokine production in human epithelial cells. However, the mechanism by which the production of
chemokines is inhibited through SFEN still remains to be elucidated. SFN may enhance NRF2 transcriptional activity

resulting in the inhibition of proinflammatory pathways such as NF-kB.
Keywords: Cigarette smoke, Nrf2, Keap1, inflammation, sulforaphane

Introduction

Chronic obstructive pulmonary disease (COPD) is cur-
rently the fifth leading cause of death worldwide and
affects >210 million people (Viegi et al., 2007). The pri-
mary risk factor for developing COPD is exposure to
cigarette smoke (CS) (Rabe et al., 2007). COPD is char-
acterized by abnormal inflammation leading to irrevers-
ible airflow limitation in the lung. As COPD progresses,
pulmonary inflammation (as characterized by increases
in lung levels of neutrophils, macrophages, and lympho-
cytes) increases in tandem (Hogg et al., 2004). Currently,
there are few effective therapies for this disease that
reduce pulmonary inflammation to modify the progres-
sion of airflow obstruction.

Interleukin-8 (IL-8) and monocyte chemotactic
protein-1 (MCP-1) are two major mediators in the inflam-
matory response induced by CS. IL-8 acts as a potent
chemoattractant for neutrophils and monocytes to the
lung (Barnes, 2009). IL-8 levels are elevated in induced
sputum samples from patients with COPD (Keatings et al.,
1996) and correlate with the degree of airflow limitation
(Yamamoto et al., 1997). The importance of IL-8 levels in
COPD disease progression is supported by its potential as
a clinical biomarker (Chung, 2006) and the ability of IL-8
receptor antagonists to block pulmonary neutrophil and
monocyte recruitment in COPD patients (Barnes, 2008).

MCP-1, also known as CCL2, enables the recruitment
of monocytes, macrophages, and lymphocytes to sites of
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tissue injury. In smokers with chronic bronchitis, MCP-1
levels are increased in the bronchoalveolar lavage (BAL)
fluid compared with the levels in BAL from smokers
without the disease (Capelli et al., 2005). MCP-1 levels
are significantly increased in sputum from patients with
COPD and correlate with the number of inflammatory
cells and with the degree of airflow limitation in these
patients (Traves et al., 2002). Elevated mRNA and protein
expression of both IL-8 and MCP-1 are observed in bron-
chiolar epithelium harvested from smokers with COPD
compared with cells from patients without COPD (de
Boer et al., 2000). Taken together, these data indicate that
IL-8 and MCP-1 are increased in COPD patients and are
involved in the inflammatory response, a major contrib-
uting factor in the pathogenesis of COPD.

Nuclear factor erythroid 2 p45-related factor (NRF2) is
a basic leucine zipper transcription factor that regulates
the expression of numerous antioxidant and cytoprotec-
tive genes (Kensler etal., 2007). Under normal conditions,
NRF2 is maintained at low basal levels in cells by binding
to its inhibitor protein, KEAP1 (Itoh et al., 1999). KEAP1
targets NRF2 for ubiquitination leading to its constitutive
degradation (Kobayashi et al., 2004). Upon exposure to
oxidative stress, NRF2 translocates to the nucleus (Itoh
et al., 2003; Kobayashi et al., 2006) where it forms het-
erodimers with other transcription regulators and binds
antioxidant response elements (ARE) to induce expres-
sion of detoxification enzymes such as NADPH quinone
oxidoreductase-1 (NQO1), heme oxygenase-1 (HO-1),
and enzymes important in GSH biosynthesis such as
glutamate cysteine ligase modulatory (GCLM) subunit
(Thimmulappa et al., 2002).

NRF2-dependent gene expression is a central media-
tor in several pulmonary inflammatory diseases such
as sepsis, asthma, and emphysema (Rangasamy et al.,
2004, 2005; lizuka et al., 2005; Thimmulappa et al.,
2006a). These studies are characterized by increased
pulmonary inflammation in mice with a disruption
of Nrf2 (Nrf2”/- mice) compared with wild-type mice
(Nrf2** mice), resulting in more severe pulmonary
disease. For example, chronic CS exposure in Nrf2/-
mice resulted in increased inflammation and oxidative
stress in the lungs, which was correlated with an earlier
onset and more severe emphysema (Rangasamy et al.,
2004). Emphysema in Nrf2- mice was characterized
by more extensive alveolar destruction and increased
bronchoalveolar inflammation of macrophages. The
importance of the NRF2 pathway in protecting the lung
from CS-induced lung destruction was evident through
microarray analysis that indicated nearly 50 NRF2-
dependent genes were enhanced during CS exposure.
NRF2 pathway activation has also been shown to be
important in COPD patients. Lung samples from COPD
patients have a significantly reduced NRF2 activity
that correlates to disease severity (Goven et al., 2008;
Malhotra et al., 2008; Suzuki et al., 2008). Therefore,
if deficiencies in the NRF2 pathways are associated
with COPD pathogenesis, therapies directed toward
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enhancing the expression of NRF2-regulated antioxi-
dants may be a novel strategy for attenuating the effects
of inflammation in the pathogenesis of COPD.

Sulforaphane (SFN), an isothiocyanate agent derived
from cruciferous vegetables such as broccoli, potently
up-regulates expression of cytoprotective and anti-
oxidant genes (Fahey and Talalay, 1999). SFN enhances
NRF2-mediated transcriptional activity by modify-
ing redox-sensitive sulfhydryl groups on the KEAP1
protein (Dinkova-Kostova et al., 2002). SFN has been
shown to increase the expression of >70 cytoprotective
and antioxidant genes in an NRF2-dependent manner
(Thimmulappa et al., 2002). Therefore, we hypothesize
that sustained activation of NRF2 with SFN will increase
antioxidant and cytoprotective pathways to inhibit
chemokine production and protect against pulmonary
inflammation caused by CS.

Materials and methods

Reagents

Dulbecco’smodified Eagle’smedium (DMEM), fetal bovine
serum (FBS), phosphate-buffered saline (PBS), dimethyl
sulfoxide (DMSO), penicillin/streptomycin, and 0.5%
trypsin-EDTA were purchased from Invitrogen (Carlsbad,
CA). R-SFN was procured from LKT Laboratories (St.
Paul, MN). All antibodies were purchased from Santa Cruz
Biotechnology (Santo Cruz, CA). The human BEAS-2B
lung epithelial cells were obtained from American Type
Culture Collection (ATCC; Manassas, VA). Cigarette smoke
extract (CSE) was purchased from Murty Pharmaceuticals
Inc. (Lexington, KY). The CSE was prepared by smoking
University of Kentucky 3R4F Standard Research Cigarettes
on an FTC Smoke Machine. The total particulate matter
(TPM) on the filter was calculated by the weight gain of the
filter. From the TPM, the amount of DMSO to be used for
extraction to prepare a 4% stock solution (40 mg/mL) was
calculated. The condensate was extracted with DMSO by
soaking and sonication.

Determination of cytotoxicity

BEAS-2B cells were plated at a density of 0.2x10° cells
per well in 96-well plates, allowed to recover for 12h, and
then exposed for24hto 5, 10, 50, or 250 pM SEN in DMEM
with 1% FBS. Cells were then washed once in PBS and
cytotoxicity evaluated by an MTT assay. In brief, 10 pL
of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) reagent was added to each well, the cells
were incubated at 37°C for 2h, and then the absorbance
in each well was measured at 490 nm in an Infinite® 200
PRO series plate reader (Tecan Systems Inc., San Jose,
CA). The experiment was repeated three times. Each data
pointrepresented a mean (+SEM) and was normalized to
the value of the corresponding control cells.

Cell culture and treatments
BEAS-2B cells were grown and maintained in DMEM sup-
plemented with 10% FBS and 1% penicillin/streptomycin.
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For chemokine quantification, BEAS-2B cells in the expo-
nential growth phase were plated at a density of 0.2 x10°
cells/mL and grown for 12h. Cells were then treated with
5 UM SFN (or DMSO as a control) for 6 h in DMEM with 1%
FBS. The optimal concentration of SFN was determined to
be 5 uM because this concentration was non-cytotoxic in
BEAS-2B cells as determined by the MTT assay described
above. Cells were then washed once in PBS and treated
with 200 pg CSE/mL or DMSO (as a control) for 15min as
previously described (Laan et al., 2004). Cells were then
washed once in PBS and incubated with DMEM with 1%
FBS for 5h. Thereafter, the media was collected, centri-
fuged to clear cellular debris, and frozen at —80°C until
chemokine levels were assayed.

RNA isolation and quantification of gene expression
BEAS-2B cells were treated with 5 pM SFN as indicated,
washed with PBS, and exposed to 200 pg/mL CSE for
15min. Cells were washed with PBS and maintained
in DMEM with 1% FBS after CSE exposure. Total RNA
was isolated using the RNeasy Mini Kit according to
the manufacturer’s recommended protocol (Qiagen
Inc., Valencia, CA). The cDNA reaction was completed
using the high-capacity cDNA reverse transcriptase kit
(Applied Biosystems, Foster City, CA). Gene expres-
sion was measured using assays on demand probe sets
(Applied Biosystems). Reactions were completed and
analyzed using the StepOne real-time PCR system. Actin
was used for normalization. The cycle threshold (C,)
value indicates the number of PCR cycles that are neces-
sary for the detection of a fluorescence signal exceeding
a fixed threshold. The level of fold change was calculated
using the following formulas: AC,=C, (target gene)- C,
(actin) and FC=2-4¢"2-ACM) in which AC,, represents
the average AC, value among control samples and AC_,
represents the value of a particular sample. Control
samples for the in vitro studies included mock-treated
control BEAS-2B cells exposed to DMSO. The experiment
was repeated twice. All results were expressed as mean
(+SEM).

Immunoblotting

Cytoplasmic and nuclear fractions were obtained using the
NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo
Scientific, Rockford, IL). Total protein content was deter-
mined by the BCA protein assay (Pierce, Rockford, IL).
Equal amounts of total protein (50 pg) were resolved by
SDS-PAGE and were transferred to nitrocellulose mem-
branes (Millipore, Marl-borough, MA). Non-specific
binding sites were blocked by incubation for 1h at room
temperature with PBS containing 0.1% Tween-20 (PBST)
and 5% non-fat dry milk. Membranes were then exposed
to rabbit anti-NRF2 polyclonal antibody, goat anti-NQO1
polyclonal antibody, rabbit anti-HDAC2 polyclonal anti-
body, or goat anti-GAPDH polyclonal antibody in PBST-
0.5% milk overnight at 4°C, followed by incubation with
horseradish peroxidase-conjugated secondary antibod-
ies (GE Healthcare UK Ltd., Buckinghamshire, England).

Immunoreactivity was visualized by chemiluminescence
substrate according to the manufacturer’s instructions
(Amersham Biosciences, Piscataway, NJ).

Quantification of IL-8 and MCP-1 chemokines

BEAS-2B cells were treated with 5 uM SFN for 6h,
washed with PBS, and then exposed to 200 pg CSE/mL
for 15min. Cells were then washed with PBS and con-
ditioned medium was collected 5h after CSE exposure.
MCP-1 protein levels were quantified using a human
CCL2 (MCP-1) ELISA according to the manufacturer’s
recommended protocol (eBioscience, San Diego, CA).
IL-8 protein levels were quantified using a human
IL-8/NAP-1 ELISA (Bender MedSystems, Vienna,
Austria) according to the manufacturer’s recommended
protocol. IL-8 and MCP-1 levels were quantified in three
separate experiments.

Statistical analysis

Data are presented as mean + SEM. Data comparing two
group means were analyzed by independent samples
t-test. Significance was noted at P<0.05. Outliers were
detected through a Grubb's test from GraphPad Software
(GraphPad, La Jolle, CA).

Results

SFN significantly increases gene expression of well-
characterized NRF2-dependent genes and enables
nuclear translocation of NRF2

SEN, a naturally occurring component of cruciferous
vegetables, induces numerous NRF2-dependent anti-
oxidant and cytoprotective pathways (Thimmulappa
et al., 2002). However, SEN has also been shown to be
a potential anticancer agent by inducing apoptosis in
both prostate and colon cancer cells (Clarke et al., 2008).
Therefore, in order to select an appropriate SFN concen-
tration that does not induce apoptosis, human epithelial
cells (BEAS-2B cells) were exposed to four different con-
centrations of SFN (i.e. 5, 10, 50, or 250 pM) for 24 h. Cell
viability was then determined using a standardized MTT
assay. SFN had no effect on cell viability at low concen-
trations (5 and 10 uM); however, higher concentrations
(50 and 250 uM) significantly reduced viability after 24 h
(Figure 1). Based on these results, 5 uM SFN was chosen
as the optimal concentration to be used in all subsequent
experiments.

To determine if SEN enhanced NRF2-dependent gene
expression in human epithelial cells, the BEAS-2B cells
were treated with 5 pM SEN for 12 and 24h, and the
expression of several NRF2 target genes then quantified
through real-time PCR (Figure 2). NRF2-dependent gene
expression of NQOI, GCLM, and HO-1 was significantly
increased (>2-fold) in the cells after 12 and 24h (indi-
cated by asterisks in Figure 2). Gene expression was not
altered in control DMSO-treated cells.

To provide additional support that NRF2 was activated
by SEN at the protein level, the BEAS-2B cells were treated

Journal of Immunotoxicology
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Figure 1. Cell viability in BEAS-2B cells after treatment with
sulforaphane (SFN). BEAS-2B cells were treated with different
concentrations of SEN for 24 h. Viability was then quantified using
an MTT assay. Data presented are mean percent viability (+tSEM,
n=>5). *Value is significantly different compared with control cells
(P<0.05).
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Figure 2. Messenger RNA levels of NQOI, GCLM, and HO-1 in
BEAS-2B cells after 12 and 24 h treatment with DMSO (as a control)
or 5 uM SFN. Fold change was calculated using the formula
described in the Materials and methods. Data presented are
mean fold-change (+SEM, n=3). *Value is significantly different
compared with control cells (P<0.05).

with SEN for 6, 18, and 24h and then fractionated into
cytosolic and nuclear components. Protein lysates were
then analyzed via immunoblotting. Nuclear extracts were
normalized to HDAC2 levels to ensure equal loading and
cytosolic extracts were normalized to GAPDH levels to
ensure equal loading. Treatment with the SFN resulted
in observable nuclear translocation of NRF2 after 6h
compared with DMSO-treated control cells (Figure 3A).
Nuclear accumulation of NRF2 was also enhanced 18 to
24 h after SFN treatment compared with DMSO-treated
controls. Moreover, SEN treatment resulted in enhanced
protein expression of NQOI (a well-characterized NRF2-
dependent target gene) after 18 and 24h (Figure 3B).

© 2011 Informa Healthcare USA, Inc.
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Figure 3. Immunoblot analysis of NRF2 and NQO1 in BEAS-2B
cells treated with DMSO (as a control) or 5 uM SEN for various
lengths of time. (A) Immunoblots of the nuclear extracts from the
treated cells were probed with an anti-human NRF2 antibody,
stripped, and re-probed with an anti-human HDAC2 antibody.
(B) Immunoblots of the cytosolic extracts were probed with an
anti-human NQOI1 antibody, stripped, and re-probed with an
anti-human GAPDH antibody.

These results provide support that SFN enhances NRF2
transcriptional activity by allowing NRF2 to gain access
to the nucleus, thereby increasing gene expression and
protein synthesis.

SFN inhibits IL-8 and MCP-1 chemokine production
induced by CSE in epithelial cells
SEN has been shown to have anti-inflammatory prop-
erties in response to lipopolysaccharide (LPS) (Lin
et al.,, 2008). Moreover, enhancing NRF2-dependent
gene expression with other small molecular activators
(CDDO-Im) has been shown to inhibit pulmonary dis-
eases (e.g. emphysema and sepsis) driven by inflamma-
tion (Thimmulappa et al., 2006b; Sussan et al., 2009).
However, it is unclear whether activating NRF2 with SFN
will decrease the inflammatory processes due to CS in
human epithelial cells. To this end, BEAS-2B cells were
treated with either 5 pM SFN or DMSO (as a control) for
6h prior to exposure to CSE. After SFN treatment, the
cells were washed with PBS and then exposed to DMSO
(as a control) or 200 pg CSE/mL for 15min to mimic
exposure to CS in vivo (Laan et al., 2004). Thereafter, the
cells were washed with PBS, the medium was replaced
with DMEM + 1% FBS, and the cells cultured a further
5h before culture supernatants were collected to permit
analyses of post-CSE exposure chemokine levels.
Exposure to CSE significantly increased levels of both
IL-8 and MCP-1 in the cell culture supernatants 5h after
CSE exposure compared with after DMSO (control)
exposure (indicated by asterisks in Figure 4). Treatment
with 5 pM SFN prior to the CSE exposure significantly
reduced the production of IL-8 and MCP-1 (indicated by
asterisks in Figure 4). No differences in basal chemokine
levels were observed between control cells treated with
DMSO and cells treated with 5 pM SFN in the absence of
CSE exposure. These results indicate that enhancing the
transcriptional activity of NRF2 with SEN inhibited CSE-
induced chemokine production by the human epithelial
cells.
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Figure 4. Chemokine quantification in human BEAS-2B epithelial
cells exposed to CSE. (A) MCP-1 and (B) IL-8 levels in the culture
supernatants of cells treated with DMSO or 5 pM SEN for 6h,
then treated with DMSO or 200 pg CSE/mL as described in the
Materials and methods. Data presented are mean fold-change
(£SEM, n=3). *Value is significantly different compared with
control cells not exposed to CSE (P<0.05); "Value is significantly
different compared with cells exposed to CSE alone (P<0.05).

SFN inhibits de novo synthesis of IL-8 and MCP-1 due
to CSE exposure by enhancing expression of NRF2-
dependent genes
To determine whether SFN inhibits de novo synthesis of
CSE-induced chemokines or inhibits the extracellular
release of these chemokines from epithelial cells, mRNA
levels of IL-8 and MCP-1 were quantified through real-
time PCR. BEAS-2B cells were pretreated with either
DMSO as a control or 5 uM SEN for 6 h prior and exposed
to 200 pg/mL CSE as described above. Cells were col-
lected and total RNA was isolated immediately before
CSE exposure (0h) and 1, 2, and 3 h after CSE exposure.
Messenger RNA expression of MCP-1 in the BEAS-2B
cells was significantly increased 1, 2, and 3h after CSE
exposure compared with that in untreated control cells
with and without SFN (indicated by asterisks in Figure
5A). Compared with DMSO-treated control cells, SFN-
treated cells displayed significantly decreased mRNA
MCP-1 expression 1 and 2 h after CSE exposure (indicated
by daggers in Figure 5A). However, expression levels of
MCP-1 in cells with and without SFN treatment were
equivalent 3h after the CSE exposure. CSE treatment also
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Figure 5. BEAS-2B cell (A) MCP-1 and (B) IL-8 messenger RNA
levels after CSE treatment. Filled and open circles denote cells
exposed, respectively, to DMSO or 5 uM SEN for 6h, then exposed
to CSE as described in the Materials and methods. Data presented
are mean fold-change; fold-change was calculated using formula
described in the Materials and methods. *Value is significantly
different from treatment-matched control cells not exposed to
CSE (0h) (P<0.05); "Value is significantly different between cells
exposed to CSE treated with and without SFN (P<0.05).

gave rise to significantly increased IL-8 mRNA expression
1,2, and 3h post-exposure compared with that in control
cells, regardless of SFN treatment (indicated by asterisks
in Figure 5B). In comparison with DMSO-treated control
cells, SEN-treated cells displayed decreased IL-8 gene
expression levels 1 and 2h after CSE exposure, albeit
that statistical significance was not observed. However,
the decrease in IL-8 mRNA levels was significant at 3h
post-exposure in cells treated with SEN compared with
cells without SFN treatment (indicated by a dagger in
Figure 5B). These results indicate that SFN exerts its anti-
inflammatory effect by suppressing transcription of CSE-
induced chemokines and thereby diminishing de novo
synthesis of MCP-1 and IL-8.

CS is a potent oxidant that contains greater than 10™
free radicals per puff (Pryor et al., 1983) and induces the
transcriptional activity of NRF2, which is characterized by
the expression of over 100 cytoprotective and antioxidant
genes (Rangasamy etal., 2004). To test our central hypoth-
esis that sustained activation of NRF2 will enhance the
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expression of cytoprotective genes and inhibit chemokine
production, two important anti-inflammatory genes were
quantified through real-time PCR; NQOI and HO-1. Both
of these genes are well-characterized NRF2 target genes
(Venugopal and Jaiswal, 1996; Alam et al., 1999). BEAS-2B
cells were treated with SFN or DMSO as a control for 6h
and then exposed to CSE. NQOI expression levels were
significantly increased at all time points in cells treated
with SEN compared with the levels in DMSO-treated con-
trol cells (as indicated by daggers in Figure 6A). Exposure
to CSE significantly increased NQOI gene expression 2
and 3h after CSE exposure in cells that had been treated
with SFN and in cells treated without SEN. NQO1 expres-
sion in SFN-treated epithelial cells continued to increase
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Figure 6. BEAS-2B cell (A) NQOI and (B) HO-1 messenger
RNA levels after treatment with SFN and CSE. Fold change was
calculated using the formula described in the section “Materials
and methods.” Filled and open circles denote cells exposed,
respectively, to DMSO or 5 pM SEN for 6 h, then exposed to CSE as
described in the Materials and methods. Data presented are mean
fold-change; fold-change was calculated using formula described
in the Materials and methods. *Value is significantly different
from treatment-matched control cells not exposed to CSE (0h)
(P<0.05) "Value is significantly different between cells exposed to
CSE treated with and without SEN (P<0.05).
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after CSE exposure indicting that expression of this gene
can be enhanced in CSE-exposed cells.

Exposure to CSE significantly increased HO-1 mRNA
expression 1, 2, and 3 h after CSE exposure in control cells
treated with DMSO (indicated by asterisks in Figure 6B).
Epithelial cells treated with SFN had significantly higher
HO-1 expression compared with DMSO-treated control
cells but in contrast to NQOI expression no increase of
HO-1 was observed after CSE exposure. HO-I mRNA
expression was equivalent 3 h after CSE exposure regard-
less of SEN treatment. These observations demonstrate
that SFN enhances NRF2-dependent gene expression
in human epithelial cells and inhibits CSE-induced
chemokine production in vitro.

Discussion

Exposure to CS is the primary factor associated with
the development of COPD. Although the exact mecha-
nism leading to the development of COPD remains to
be elucidated, mounting evidence indicates that the
recruitment of inflammatory cells to the lung is a major
factor that contributes to COPD pathogenesis and sever-
ity (Stockley, 2009). Current therapies for COPD, such as
anti-inflammatory agents and bronchodilators, are gen-
erally ineffective because they do not target the underly-
ing disease processes to suppress inflammation. Indeed,
the majority of these therapies do not reduce the progres-
sion of COPD (Barnes, 2005). Current COPD therapies
in clinical development are either inhibitors of a single
pro-inflammatory mediator to reduce inflammation or
individual antioxidants that suppress oxidative stress
associated with COPD severity (Barnes and Hansel,
2004). However, administration of a single antioxidant
or cytokine inhibitor may not alleviate the multiple dis-
ease processes involved in COPD pathogenesis (Rahman
and Kilty, 2006; Barnes, 2009). An excellent alternative
to administering a single compound that targets one
disease component in COPD would be to utilize a small
molecule, such as SEN, that activates a diverse array of
antioxidant and detoxifying genes to inhibit the multiple
inflammatory pathways generated by CS exposure to
reduce the overall inflammation in the lung and modify
the progression of the disease.

The augmentation of NRF2 and transcription of its
target genes may act to protect against CS-induced
emphysema to decrease lung inflammation and alveo-
lar destruction. Enhancing the transcriptional activity
of NRF2 has been shown to attenuate emphysema in
an NRF2-dependent manner over a 6-month period of
chronic CS exposure (Sussan et al., 2009). Antioxidant
and cytoprotective genes were expressed at the highest
levels in the lungs of Nrf2** mice that were exposed to
CS and given the small molecular activator, CDDO-Im.
Nrf2** mice exposed to CS and given CDDO-Im had sig-
nificantly decreased levels of oxidative stress in the lung.
However, the number of inflammatory cells in the lung
wasnotdecreased in Nrf2+'* mice given the drugindicating
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that NRF2 activation did not alter pulmonary inflamma-
tion. In contrast, pulmonary inflammation due to acute
CS exposure is significantly reduced in a genetic model
of NRF2 activation (Blake et al., 2009). Conditional Keap1
knockout mice were generated by disrupting the Keapl
gene only in Clara cells of the lung. The Keapl deletion
resulted in the up-regulation of NRF2-dependent gene
expression and increased glutathione levels in the lung.
Conditional Keapl knockout mice had a significantly
reduced numbers of inflammatory macrophages in their
BAL that was associated with decreased expression of
MCP-1 in their lungs following CS exposure (Blake et al.,
2009).

Activating NRF2 pathways hasbeen shown tobeimpor-
tant in reducing pulmonary inflammation in other exper-
imental disease models. For example, in an experimental
sepsis model utilizing LPS, Nrf2*'* mice given CDDO-Im
expressed NRF2-dependent genes at high levels and had
reduced expressionlevels of pro-inflammatorymolecules
such as tumor necrosis factor (TNF)-o, MCP-1, and IL-6
compared with Nrf2-/- mice (Thimmulappa et al., 2006b).
Moreover, only Nrf2** mice given CDDO-Im were pro-
tected against LPS-induced mortality indicating the
protective effects were dependent upon NRF2. SFN has
also been shown to be protective in an NRF2-dependent
manner. The anti-inflammatory effects of SEN on LPS-
stimulated inflammation have been observed in Nrf2+/*
but not in Nrf2”/- macrophages leading to a significant
reduction in TNF-o and IL-1f gene expression (Lin et al.,
2008). SEN also significantly decreased production of
IL-8, GM-CSE and IL-1p in bronchial epithelial cells in
response to diesel exhaust particles (Ritz et al., 2007). SEN
has been shown to be protective in vivo against pulmo-
nary inflammation induced by respiratory syncytial virus
(RSV) infection. Only Nrf2*+ mice given SFN, but not
Nrf2-- given SEN, had a significant decrease in the num-
ber of neutrophils and eosinophils recruited to the lung
after RSV challenge (Cho et al., 2009). SFN has also been
shown to protect arterial endothelial cells in vivo from
expressing a pro-inflammatory state, which was depen-
dent on NRF2 (Zakkar et al., 2009). Our results confirm
previous reports that SEN is a potent anti-inflammatory
compound that is able to exert its cellular effects in an
NRF2-dependent manner. Future studies will be neces-
sary to determine whether the suppression of MCP-1 and
IL-8 requires the presence of NRF2.

The reduction in chemokine production by SEN is
important with regard to COPD pathogenesis because
both IL-8 and MCP-1 levels are increased in COPD
patients and these agents can cause recruitment of
additional inflammatory cells (e.g. macrophages, neu-
trophils, and lymphocytes) to the lungs, an outcome
associated with increases in COPD disease severity. We
believe SEN will be effective in inhibiting pulmonary
inflammation induced by CS in vivo due to its ability to
decrease the production of two important inflammatory
chemokines concurrently. Moreover, SEN may exert its
anti-inflammatory effects in other pulmonary cell types

such as macrophages and Type II epithelial cells, thereby
enhancing the anti-inflammatory effect in vivo.

SFN has been shown to regulate >70 genes in an NRF2-
dependent manner (Thimmulappa et al., 2002). Therefore,
understanding which antioxidant and cytoprotective
genes, under the transcriptional control of NRF2, are most
important to suppress pulmonary inflammation may be
of therapeutic importance. One NRF2-dependent gene of
interest is NQO1, which promotes reduction of quinones,
thereby reducing generation of reactive oxygen species and
depletion of thiol pools. Over-expression of NQO1I has been
shown to inhibit IL-8 production due to diesel exhaust par-
ticles (Ritz et al., 2007). HO is a second NRF2-dependent
gene whose product is able to degrade, via oxidation, heme
into biliverdin, carbon monoxide, and free iron. Induction
of HO-1 has been shown to inhibit MCP-1 expression in
monocytes and endothelial cells (Sacerdoti et al., 2005;
Shokawa et al., 2006). Expression of both NQO1I and HO-1
were increased in human epithelial cells treated with SFN
prior to CSE exposure. Interestingly, HO-1 was expressed
at a much higher level than NQO1I; however, HO-1 expres-
sion levels did not increase in SFN-treated cells after CSE
exposure. In contrast, NQOI levels increased significantly
after CSE exposure regardless of SEN treatment.

Since SFN treatment suppresses transcriptional
expression of both MCP-1 and IL-8, we hypothesize that
NRF2 activation may inhibit DNA binding or nuclear
accumulation of the transcription factors involved in the
expression of these chemokines. NRF2 has been shown
to have direct and indirect inhibitory interactions with
nuclear factor x light-chain enhancer of B-cells (NF-xB)
(Wakabayashi et al., 2010). Because two NF-kB binding
sites have been identified in the MCP-1 promoter (Ueda
etal., 1997) and IL-8 s also under the transcriptional con-
trol of NF-xB (Zhou et al., 2003), NRF2 may modify the
transcriptional responsiveness of NF-kB. Alternatively,
both MCP-1 and IL-8 are under transcriptional control of
activator protein-1 (AP-1) (Martin et al., 1997; Zhou et al.,
2003). Therefore, future studies will determine whether
CSE-induced NF-kB or AP-1 activity is altered in human
epithelial cells given SFN.
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