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Rationale: Respiratory syncytial virus (RSV) is the most frequent cause
of significant lower respiratory illness in infants and young children,
but its pathogenesis is not fully understood. The transcription factor
Nrf2 protects lungs from oxidative injury and inflammation via
antioxidant response element (ARE)-mediated gene induction.
Objectives: The current study was designed to determine the role of
Nrf2-mediated cytoprotective mechanisms in murine airway
RSV disease.

Methods: Nrf2-deficient (Nrf2~/~ ) and wild-type (Nrf2*/*) mice were
intranasally instilled with RSV or vehicle. In a separate study, Nrf2*/+
and Nrf2=/~ mice were treated orally with sulforaphane (an Nrf2-
ARE inducer) or phosphate-buffered saline before RSV infection.
Measurements and Main Results: RSV-induced bronchopulmonary in-
flammation, epithelial injury, and mucus cell metaplasia as well as
nasal epithelial injury were significantly greaterin Nrf2~/~ mice than
in Nrf2+/* mice. Compared with Nrf2*/* mice, significantly attenu-
ated viral clearance and IFN-y, body weight loss, heightened protein/
lipid oxidation, and AP-1/NF-kB activity along with suppressed
antioxidant induction was found in Nrf2=/~ mice in response to
RSV. Sulforaphane pretreatment significantly limited lung RSV
replication and virus-induced inflammation in Nrf2*/* but not in
Nrf2=/~ mice.

Conclusions: The results of this study support an association of
oxidant stress with RSV pathogenesis and a key role for the Nrf 2-
ARE pathway in host defense against RSV.

Keywords: airway; oxidative stress; antioxidant response element;
inflammation; sulforaphane

Respiratory syncytial virus (RSV) is a seasonal ubiquitous
airway pathogen that infects high-risk groups, including infants
and young children as well as immune compromised adults and
the elderly worldwide; most (>95%) children are known to be
infected by the virus by age 2 (1). RSV infection is associated
with severe lower respiratory illness characterized by bronchio-
litis and respiratory failure and is the leading cause of infant
hospitalization (2).

Severe RSV disease is associated with increased virus titers
in the lungs leading to epithelial damage and sloughing, mucus
production, and augmented inflammation linked to decreased
Thl and increased Th2 cytokine production (3, 4). Extensive
research on host immune responses to RSV has been conducted
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Respiratory syncytial virus (RSV) remains the leading
cause of severe lower airway disease in infants and in
susceptible adults. Although extensive clinical and animal
studies have been directed to RSV recently, the mecha-
nisms of susceptibility and etiology remain unclear.

What This Study Adds to the Field

RSV pathogenesis is implicated with oxidative stress, and
the Nrf2-directed pathway contributes to host protection
against RSV. Suppressed RSV disease phenotypes by an
Nrf2 inducer suggest a potential therapeutic strategy for
susceptible individuals.

in humans and in laboratory animals, and roles for innate
immune receptors, including toll-like receptor 4 (5), chemo-
kines such as Cx3cll (6), Thl IFN-y (7) and Th2 IL-4 (8)
cytokines, and intracellular adhesion molecule-1 (9), have been
suggested in RSV pathogenesis. However, details of molecular
mechanisms underlying RSV disease are not well understood.

Recent studies have demonstrated that reactive oxygen
species (ROS) production and lipid peroxidation may implicate
RSV toxicity to lung cells and tissues (10-13). Antioxidant
treatment has been suggested to provide some protection
against RSV disease (14). Because airway epithelial cells are
the major source of antioxidant enzymes/defense proteins are
the primary targets for RSV, it is important to determine the
role of cellular antioxidant mechanisms in RSV pathogenesis.
Transcriptional activation of antioxidant/defense enzymes is
mainly through binding of Nrf2 to antioxidant response elements
(AREs) on their 5’ promoter. A protective role of the Nrf2-
ARE pathway has been examined in experimental models of
pulmonary disorders caused by various oxidants and inflamma-
tory agents (15-20). In these studies, suppression or lack of
ARE-driven antioxidant expression in mice genetically deficient
in Nrf2 (Nrf27/7) has exacerbated lung inflammation and
injury compared with wild types (Nrf2**). However, the role
for Nrf2 in host viral infection has not been determined.

The current study was designed to test the hypothesis that
Nrf2- and ARE-driven downstream mechanisms play a pro-
tective role in airway RSV pathogenesis in mice. For this
purpose, we determined lung viral loads, upper and lower
airway injury and inflammation, molecular and cellular pheno-
types, and oxidative stress markers in Nrf2™* and Nrf2~/~ mice
infected with RSV. These mice were also orally pretreated with
sulforaphane before RSV infection to determine whether activation
of the Nrf2-ARE pathway prevents RSV disease. Results from
the current studies provide compelling evidence for an impor-
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tant regulatory role of Nrf2 as a host defense mechanism
against RSV disease. Some of the results of this study have
been previously reported in an abstract (21).

METHODS

Animals and Treatment

Nrf2+/* and Nrf2~/~ mice (ICR background) were obtained (22) and
pathogen-free breeding colonies were maintained at the National
Institute of Environmental Health Sciences. Male (6-8 weeks of age)
mice were infected with human RSV-A2 strain by intranasal instilla-
tion of 10° plaque-forming units (PFU) per mouse in 50 pL Hanks’
balanced salt solution (HBSS). HBSS containing Hep-2 cell lysates was
intranasally instilled into mice for vehicle control. Animals were killed
at 1, 3, 5, or 7 days after intranasal exposure (n = 8-13 per group from
a duplicated study). In a separate study, mice were treated with R-
sulforaphane (1-isothiocyanato-4-(methyl-sulfinyl)butane, 9 pmol in
100 pL PBS per dose) isolated from broccoli (LKT Laboratories,
Inc., St. Paul, MN) or with PBS orally three times at 48-hour intervals.
One day after the last gavage treatment, mice were intranasally
instilled with RSV (10° PFU) or vehicle and killed at 1 day after
instillation (n = 6 per group from a duplicated study). All mice were
provided food (modified AIN-76A) and water ad libitum. Constant air
temperature (72 * 3°F) and relative humidity (50 = 15%) were
maintained during the experiments. On designated post instillation days,
mice were killed by sodium pentobarbital overdose (104 mg/kg body
weight). All animal use was approved by the National Institute of
Environmental Health Sciences Animal Care and Use Committee.

Lung Viral Titration

Viral titer was done with right lung lobes following procedures
described previously (23). Briefly, the right lung (n = 3/group) was
ground in HBSS, debris was pelleted by centrifugation, and samples
were plated on Hep-2 cells. Monolayers overlaid were incubated for
5 days, and plates were stained by the immunoperoxidase method.

Bronchoalveolar Lavage Analyses

The right lung of each mouse was lavaged in situ four consecutive times
with HBSS (0.5 ml/25 g body weight). The bronchoalveolar lavage fluid
(BALF) was analyzed for total protein content (a marker of lung

TABLE 1. cDNA PRIMER SEQUENCES FOR QUANTITATIVE
REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION

Gene GeneBank Amplified

Name Primer Sequences ID Sequence (bp)

18s Forward TACCTGGTTGATCCTGCCAG 53990 1-184
Reverse CCGTCGGCATGTATTAGCTC

RSV N  Forward AGATCAACTTCTGTCATC 3089371  1182-1265

CAGCAA
Reverse TTCTGCACATCATAATTA
GGAGTATCAAT

RSV G Forward CGCACCGCTAAGACATTAGA 3089371  4710-4945
Reverse CAACCCCAACATACCTCACC

Nrf2 Forward ATG GAT TTGATTGACATCCTT 7653877 282-581
Reverse AAAGTACAAGGCATCTTGTTT

GCLc  Forward ATCAAAGGCTTCTCAGCCAG 1815761 681-880
Reverse CAATGTCTGACACGTAGCCT

NQO1 Forward AGCGAGCTGG AAAATACTCT 13435425 1141-1303
Reverse GGCCATTGTTTACTTTGAGC

UGT1a6 Forward ATGTGCCCAGATTCTACACCA 801898 700-945
Reverse GGAAGATCATGTTGGGCATGA

HO-1 Forward AGATCAGCACTAGCTCATCCC 6754211 901-1074
Reverse GCCAGGCAAGATTCTCCCTTA

GST-P1  Forward ATGCTGCTGGCTGACCAGGGC 10092607 107-319
Reverse CATCTGGGCGGCTCCCTCTG

GPx2 Forward GAGGCAGGGCTGTGCTGATT 17432428 211-410

Reverse ACCCCCAGGTCGGACATACT
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permeability) and epithelial and inflammatory cell numbers following
the procedure published previously (17).

ELISA for Cytokine Measurement

Cytokines IL-6, IL-10, IL-13, IL-18, and IFN-y in BALF (20-50 pl)
were determined using mouse-specific ELISA kits (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions.

Pulmonary Airway Histopathology

The left lung from each mouse (n = 3-5/group) was inflated intra-
tracheally in situ with zinc formalin and fixed following the procedures
published previously (24). The fixed lung lobe was sectioned at proximal
(around generation 5) and distal (around generation 11) levels of the
main axial airway (25), and tissue blocks were embedded in paraffin for
preparation of cuts (5 wm) to be stained with hematoxylin and eosin
(H&E) for histopathologic analysis and with Alcian Blue (pH 2.5)/
periodic acid-Schiff (AB/PAS) reagent to identify acidic and neutral
mucosubstances. Severity of pulmonary toxicity determined by micro-
scopic evaluation of H&E-stained slides was assigned into four groups
including normal, mild focal, moderate to severe focal injury with areas
of normal lung tissue, or severe inflammation and injury (26).

Nasal Airway Analysis

The head of each mouse (n = 5/group) was excised, and retrograde
lavage of the nasal airways was performed in situ with HBSS (1 ml)
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Figure 1. Nrf2 deficiency delayed lung respiratory syncytial virus (RSV)
clearance. (A) Amount of live RSV in right lung homogenates (n = 3/
group) was determined by a plaque-forming assay in Nrf2*/* and
Nrf2=/= mice after vehicle or RSV instillation. Data are presented as
mean * SEM. *Significantly different from genotype-matched vehicle
mice (P < 0.05). *Significantly different from exposure-matched
Nrf2*/* mice (P < 0.05). (B) Replication of the RSV N gene was
determined by reverse transcriptase-polymerase chain reaction in
Nrf2*/+ and Nrf2=/~ mice after RSV instillation using vehicle groups
as negative controls. Data are presented as means = SEM of relative
expression ratio to the level of 1 day after instillation in Nrf2*/* mice
after normalization with 18s rRNA level. *Significantly different from
genotype-matched vehicle mice (P < 0.05). *Significantly different
from exposure-matched Nrf2*/+ mice (P < 0.05).



140

Epithelial Cells

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 179 2009

S5 Eosinophils
2500
. Nrf2+* *+ . Nrf2**
4 2004 = Nrf2" I 2000 | =3 Nrf2+* =
£
'é 150 1 TEI 1500
X @
* *+ =
2 100 * 7] i
= % I & 1000 b .
(&)
50 - x 500 i’ll
w1 @] N I il ms
1 3 5 7 1 3 5 7
Vehicle RSV (Post instillation Day) Vehicle RSV (Post instillation Day)
Figure 2. Nrf2 deficiency aug-
. mented pulmonary injury and
Lymphocytes Proteins inflammation by respiratory
10000 s 400 e syncytial virus (RSV). Num-
. Nrf2 *+ W= Nrf2 * bers of epithelial cells, lympho-
8000 { =3 Nrf2" l = Nrf2‘"*+ I cytes, neutrophils, eosinophils,
300 -
and monocytes, and total pro-
_EI 6000 - * _, tein concentration were de-
) E .00 termined by bronchoalveolar
S 4000 - g’_ lavage fluid (BALF) analysis in
o Nrf2+/+ and Nrf2=/~ mice af-
i 100 ter vehicle or RSV instillation.
2000 Data are presented as mean *
4 iﬁ SEM (n = 5 mice/group). *Sig-
0 . " 0- nificantly different from geno-
2 L : = § ‘ type-matched vehicle mice
Vehicle RSV (Post instillation Day) Vehicle RSV (Post instillation Day) (P < 0.05). "Significantly dif-
ferent from exposure-matched
Nrf2+/+ mice (P < 0.05).
Neutrophils Monocytes
14000 25000
B Nrf2** W Nrf2**
12000 - ot =
= Nrf2" 20000 { 3 Nrf2”"
10000
-l -
E s £ 15000 4
L] ]
T 6000 ] -
8 & 10000
4000 +
5000
2000
0 - 0 -
1 3 5 7 1 3 5 7

Vehicle RSV (Post instillation Day)

through a catheter inserted into the nasopharyngeal orifice. Nasal
airway injury was quantified by total cell counts and protein measure-
ment in nasal wash fluid as indicated in BAL analysis. For histopa-
thology, nonlavaged excised heads (n = 3-5/group) were flushed
retrograde via a cannula through the nasopharyngeal orifice with zinc
formalin, and the fixed heads were processed following the procedures
published elsewhere (27, 28) to achieve proximal aspect of the nasal
cavity sections. The tissue blocks were embedded in paraffin, and
S-wm-thick section cuts from the anterior face were histologically
stained for H&E and AB/PAS. Severity of nasal airway histopathology
was evaluated on H&E-stained slides following the same criteria used
in pulmonary injury and inflammation as described above.

Reverse Transcriptase-Polymerase Chain Reaction

Total lung RNA isolated from left lung pieces (RNeasy Mini Kit,
Qiagen Inc., Valencia CA) was processed for semi-quantitative reverse

Vehicle RSV (Post instillation Day)

transcriptase-polymerase chain reaction (RT-PCR) as previously pub-
lished (17) using gene-specific primers (17, 29). For quantitative PCR,
cDNA equivalent to 20 to 50 ng of RNA was amplified in a 25-pl
reaction containing 12.5 pl 2X Power SYBR Green Master Mix
(Applied Biosystems, Foster City, CA) and 240 nM of each gene-
specific forward and reverse primer (Table 1) by 10-minute hold at
95°C and up to 45 cycles of 95°C (15 s) —60°C (1 minute) using an ABI
Prism 7700 Sequence Detection System (Applied Biosystems). The
relative quantification of gene expression was calculated from the
threshold cycle (Cr) values for each sample and normalized in relation
to the expression of 18s rRNA using the comparative Ct method.

Lung Protein Isolation

Total lung proteins were prepared from right lung homogenates (n = 3/
group) in RIPA buffer including PMSF (10 pg/ml) and protease/
phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Nuclear
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and cytosolic proteins were isolated from pulverized right lung tissues
following the procedure described elsewhere (24). Proteins were quan-
tified and stored in aliquots at —80°C.

Electrophoretic Mobility Shift Assay

Nuclear DNA binding activities of Nrf2, NF-kB, and AP-1 were
determined by gel shift analyses of nuclear protein aliquots (3-5 pg)
on 3 X 10* cpm [y*?P] ATP end-labeled, double-stranded oligonucle-
otide containing a consensus binding sequence for ARE, NF-«kB, and
AP-1, respectively, following the procedure described previously (17).
Specific binding activity for small Maf protein was determined by
preincubation of nuclear proteins with anti-small Maf (F/K/G) anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 hours in ice
followed by electrophoretic mobility shift assay (EMSA).

Western Blot Analyses

Lung total (30-100 wg) or nuclear (10-30 pg) proteins were separated
on appropriate percentage Tris-HCl SDS-PAGE gels (Bio-Rad) and
analyzed by routine Western blotting using specific antibodies against
mucin 5, subtypes A and C (Muc5ac) (Lab Vision Corp., Fremont,
CA), Nrf2 (Santa Cruz), y L-glutamyl cystein ligase (Lab Vision Corp.),
NAD(P)H:quinone oxidoreductase 1 (NQO1) (Novus Biologicals, Inc.,
Littleton, CO), glutathione-S-transferase-P (GST-P) (Abcam, Cambridge,
MA), heme oxygenase 1 (HO-1) (Assay Designs, Inc., Ann Arbor,
MI), or actin (Santa Cruz). Representative protein blot images from
multiple Western blot analyses were scanned by a Bio-Rad Gel Doc
system.

Protein Oxidation Detection

Oxidized protein levels were determined in total lung protein aliquots
by immunoblot assay of carbonyl groups introduced into protein side
chains by oxidative reactions using the OxyBlot Protein Oxidation
Detection kit (Upstate/Chemicon, Temecula, CA). Briefly, denatured
protein samples (15 pg) were incubated with 2.4-dinitrophenyl hydra-
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Figure 3. Nrf2 deficiency exacerbated lung histopatho-
logic phenotypes of respiratory syncytial virus (RSV) in-
fection. Representative light photomicrographs of lung
sections from Nrf2*/* and Nrf2=/~ mice (n = 3-5/group)
of vehicle controls (4) or 1 day (B) and 7 days (C) after
infection stained with H&E. Increased airway cellularity in
proximal sections (left panels) and loss of alveolar structure
in distal sections (right panels) was marked in Nrf2=/~ mice
relative to Nrf2*/* mice at 1 day. Bronchial and alveolar
epithelial proliferation (hyperplasia) and alveolar vacuoli-
zation remained more obvious in Nrf2=/~ mice than in
Nrf2+/* mice by 7 days. AV = alveoli; BR = bronchi or
bronchiole; BV = blood vessel; TB terminal bronchiole.
Bars indicate 100 um.

zine for 15 minutes at room temperature for derivatization. After
neutralization of the derivatized protein, samples were loaded on
a SDS-PAGE gel for Western blot analysis using an anti-DNP primary
antibody and a secondary antibody provided. Separate protein sample
aliquots were incubated with derivatization negative control solution
and processed for the same immunoblot analysis. For quantification of
protein carbonyl derivative levels, total lung protein samples (1 g in
100 pl volume) and BSA standards (mixture of oxidized/reduced BSA)
were adsorbed onto a 96-well plate (OxiSelect Protein Carbonyl
ELISA kit; Cell Biolabs, Inc., San Diego, CA) overnight at 4°C. After
2.4-dinitrophenyl hydrazine derivatization of the protein carbonyls
present, the protein samples were incubated with an anti-DNP
antibody and a horseradish peroxidase—conjugated secondary antibody
according to the manufacturer’s instructions. The protein carbonyl
contents were determined by colorimetric analysis at 450 nm using
a standard curve prepared from predetermined reduced and oxidized
BSA standards.

Lipid Hydroperoxidation Measurement

Lipid hydroperoxide levels were measured in aliquots of BALF (500 pl
from 2nd-4th return fluid) as another marker for oxidative airway
injury using the Lipid Hydroperoxide Assay kit (Calbiochem, San
Diego, CA). Briefly, lipid hydroperoxides were extracted from BAL
samples with chloroform. Ferric ions (Fe3") generated from the redox
reaction of extracted hydroperoxides and ferrous ions (Fe?*) were de-
tected spectrophotometrically (500 nm) as Fe(SCN)s?>~ by the addition
of a chromogen (SCN).

Lung Glutathione Measurement

The reduced form of glutathione (GSH) was determined in lung RIPA
homogenates by a colorimetric method (Northwest Life Science Spe-
cialties, LLC, Vancouver, WA). Oxidized glutathione levels were
determined by adding a GSH scavenger 4-vinylpyridine (Sigma-Aldrich)



142 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 179 2009

A

vr)
O

® Nrf2**

8 | O N2~ Vehicle 1 3

+ls

Muc5ac

*+
*+
*
* +
2 r
Actin
0 ’

Vehicle RSV (Post instillation Day)

(nL/mm? Basal Lamina)

Volume Density of
Stored Mucosubstances

in the reaction (10 mM at final) according to the manufacturer’s
instructions.

Morphometry of Stored Intraepithelial Mucosubstances

The amount of stored mucosubstances in the bronchial epithelium was
estimated as a marker of mucous cell metaplasia using computerized
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Figure 4. Nrf2 deficiency augmented lung mucous
cell metaplasia after respiratory syncytial virus (RSV)
infection. (A) Representative light photomicrographs
(n = 3-5/group) visualize AB/PAS-stained lung sec-
tions for intraepithelial mucosubstances, a marker of
mucous cell metaplasia, in mice after RSV (5 days).
Arrows indicate mucosubstances stored in the bron-
chial epithelium. AV = alveoli; EP = epithelium; BR =
bronchi or bronchiole. Bars indicate 100 um. (B)
Morphometric measurement of volume density (Vs)
of AB/PAS-positive mucosubstances in bronchial epi-
thelium. Data presented as mean * SEM (n = 3-5/
group). *Significantly different from genotype-matched
vehicle mice (P < 0.05). *Significantly different from
exposure-matched Nrf2+/* mice (P < 0.05). (C) Muc5ac
protein level in lung homogenates determined by
Western blot analysis. Representative digitized images
are shown from multiple analyses.

10 RSV (Post instillation Day)
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image analysis and standard morphometric techniques (30, 31). Briefly,
images of AB/PAS-stained cross-sections from the intrapulmonary
axial airway (generation 5 level) in the left lobe were taken using
a light microscope with an attached camera (Carl Zeiss Microlmaging,
Inc., Thornwood, NY). The area of AB/PAS-positive mucosubstances
within the surface epithelium lining the largest daughter branch and the
next generation bronchioles was calculated from the semiautomatically

Figure 5. Nrf2 deficiency enhanced respiratory syncytial
virus (RSV)-induced nasal airway injury. Representative
light photomicrographs (n = 3-5/group) of AB/PAS staining
depicted acidic and neutral mucosubstances in Nrf2+/*
and Nrf2=/~ mice after vehicle (A) and RSV infection (B, 3
days). RSV caused greater mucus hypersecretion to air
space and focal mucous cell hyperplasia in mucosal
epithelium of mid-septum as well as mild mucous cell
metaplasia in the epithelium lining maxilloturbinates in
Nrf2=/= than in Nrf2*/* mice. Higher magpnification of
midseptum stained with H&E elucidated respiratory epi-
thelial lesions manifest by abnormal epithelial differentia-
tion and goblet cell proliferation in Nrf2=/~ mice infected
with RSV. Arrows indicate AB/PAS-stained intraepithelial or
secreted mucosubstances. Arrowheads indicate focal injury
sites. C = cartilage; E = epithelium; MT = maxilloturbi-
nate; S = septum. Bars indicate 100 pm.
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TABLE 2. NASAL LAVAGE ANALYSIS OF TOTAL PROTEIN EDEMA
AND CELLULAR INJURY IN NASAL AIRWAYS CAUSED BY
VEHICLE AND RESPIRATORY SYNCYTIAL VIRUS (1 D AFTER
INSTILLATION).*

Nasal Airway Phenotypes Exposure Nrf2+/+ Nrf2=/=

Total proteins, pg/ml Vehicle 116 = 44 157 =13
RSV 347 = 337 652 + 2097

Total cells, X103/ml Vehicle 4 +1 7+4
RSV 23 = 3f 62 + 29"

Definition of abbreviation: RSV = respiratory syncytial virus.
* Data are presented as group means = SEM (n = 5 mice/group).
T Significantly different from genotype-matched vehicle control mice (P < 0.05).

circumscribed perimeter of the stained material using Scion Image
software (Scion Corporation, Frederick, MD). The length of the basal
lamina underlying the surface epithelium was concomitantly calculated
from the contour length on the digitized images using the same system.
The volume of intraepithelial mucosubstances per unit surface area
(volume density [Vs] nl/mm? basal lamina) was determined as pre-
viously described (32, 33).

Statistics

Data were expressed as the group mean + SEM. For the time course
study, two-way analysis of variance (ANOVA) was used to evaluate the
effects of exposure (vehicle, RSV postinstillation times) and genotype
(Nrf2+/*, Nrf2=/7). One-way ANOVA was used for Nrf2 mRNA
assessment in Nrf2™/* mice. For the pretreatment study, three-way
ANOVA was used to evaluate the effects of genotype (Nrf2™*, Nrf27/7),
pretreatment (PBS, sulforaphane), and exposure (vehicle, RSV). The
Student-Newman-Keuls test was used for a posteriori comparisons of
means (P < 0.05). All of the statistical analyses were performed using the
SigmaStat 3.0 software program (SPSS Science Inc., Chicago, IL).

RESULTS

Delayed Viral Clearance, Potentiated Viral Replication, and
Enhanced Body Weight Loss in Nrf2=/~ Mice

Lung RSV titers peaked 5 days after infection in both strains
(Figure 1A). RSV titers in Nrf2™/~ mice were significantly
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higher (tenfold) than those in Nrf2%/* mice 1 to 5 days after
instillation (Figure 1A). Compared with Nrf2*/* mice, signif-
icantly higher viral N (Figure 1B) and G (data not shown) gene
replication was found in the lungs of Nrf2~/~ mice at 3 and
5 days. Neither virus nor viral gene was detected in the lungs of
vehicle control mice. A statistically significant (P < 0.001) Nrf2
effect on body weight loss caused by RSV infection relative to
respective vehicle control mice was found. Weight loss relative
to time-matched vehicle controls was significantly greater in
Nrf2~/~ mice compared with Nrf2%/* mice at days 3 (—0.97 =
0.54% versus 1.2 + 0.45%) and 5 (—1.82 = 1.10% versus 0.275 =
0.55%) after RSV infection.

Augmentation of Bronchoalveolar Injury and Inflammation
in Nrf2=/~ Mice

Relative to respective vehicle controls, RSV significantly in-
creased the numbers of epithelial cells and lymphocytes (from 3
days) in BALF from Nrf2*/* and Nrf2~/~ mice. RSV-induced
increases in the numbers of epithelial cells (5-7 days) and
lymphocytes (5 days) were significantly higher in Nrf2~/~ mice
than in Nrf2%* mice. RSV infection also significantly increased
the total protein concentration and numbers of neutrophils and
eosinophils over the vehicle only in Nrf2~/~ mice. The numbers
of monocytes were significantly increased by RSV in Nrf2+/*
mice at 7 days but not in Nrf2~/~ mice (Figure 2).

Exacerbation of Lung Histopathologic Phenotypes
in Nrf2=/~ Mice

Mice treated with vehicle had no significant histopathologic
changes in their lungs (Figure 3A). One day after RSV, H&E-
stained lung sections indicated that airway epithelium lining the
first daughter branch (bronchi) was partially exfoliated, and
mild to moderate (in Nrf27/") or moderate to severe (in Nrf2=/~)
inflammatory cell infiltration was marked in alveoli and prox-
imal airways (Figure 3B). Alveolar vacuolization and loss of
alveolar structure was more prevalent in Nrf2~/~ than in Nrf2*/
* mice in distal sections of the lung (Figure 3B). Beginning at
day 3, perivascular and peribronchiolar lymphocyte patches
appeared in both strains of mice consistent with significant
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Figure 6. Differential increase
of pulmonary cytokines in
Nrf2*/+ and Nrf2=/~ mice af-
ter respiratory syncytial virus
(RSV) infection. Bronchoalveo-
lar lavage (BAL) fluid levels of
IL-6, IL-10, IL-13, IL-18, and
IFN-y in Nrf2*/* and Nrf2=/~
mice instilled with vehicle or
RSV were determined by
ELISA. Data are presented as
group mean = SEM (n = 3/
group). *Significantly different
from genotype-matched vehicle
mice (P < 0.05). *Significantly
different from exposure-matched
Nrf2+/+ mice (P < 0.05).
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merase chain reaction (RT-PCR) demonstrates in-
creased Nrf2 mRNA expression in Nrf2+/* mice.
18s rRNA bands are shown as matching internal
controls. Quantitative RT-PCR assessed the relative
ratio of Nrf2 cDNA levels over the vehicle controls
after normalization to corresponding 18s rRNA
levels. Data are presented as the normalized
group mean = SEM (n = 3/group). *Significantly
different from vehicle control mice (P < 0.05). (B)
Western blot analysis of lung nuclear proteins
from Nrf2*/+ mice determined that RSV exposure
increased nuclear translocation of Nrf2 indicated
by enhanced intensity of 57-kD bands after RSV.
Representative digitized bands from multiple anal-
yses (n = 2/group) are presented. (C) Nuclear
protein-antioxidant response element (ARE) bind-
ing activity was determined by EMSA using an
aliquot of nuclear protein from Nrf2*/* mice.
Increased total ARE-nuclear protein binding activ-
ity was determined by enhanced intensity of
shifted bands (arrow, left panel). Specific binding
activity of small Maf (MafF/G/K), an Nrf2 hetero-
dimer partner for ARE binding, was detected as

the appearance of supershifted bands (arrowhead) by adding anti-small Maf antibody in the reaction mixture (+Ab, right panel). Representative

images from separate analyses are presented. FP = free probes.

increases in BAL lymphocytes (see Figure 2); the patches
persisted through 7 days and were more evident in Nrf2=~/~
than in Nrf2*/* mice. At 3 and 5 days, hyperplastic changes
were developed in airway epithelium lining bronchi, bron-
chioles, and alveoli in both strains, and this epithelial hyperpla-
sia was more marked in Nrf27/~ than in Nrf27" mice (Figure
4A). Most of the RSV-induced pathologic features including
alveolar vacuolization and hyperplasia remained in Nrf2~/~
mice, whereas they were resolved in Nrf2*/* mice by 7 days
after instillation (Figure 3C).

Bronchial epithelium lining the large-diameter main axial
airways and air space of proximal left lung sections contained
AB/PAS-stained mucosubstances in both strains infected with
RSV, which were rarely found in normal airways (Figure 4A).
These markers of mucous (goblet) cell metaplasia concurrent
with mucus hypersecretion and epithelial hyperplasia appeared
as early as 1 day with a peak at 3 to 5 days in both strains and
were more evident in Nrf27/~ than in Nrf2** mice (Figure 4A).
Morphometric quantification determined a significant increase
(3- to 11-fold) of stored intraepithelial mucosubstances (Vs) from
1 to 7 days in Nrf2~/~ mice, whereas Vs in Nrf2+/* mice was not
significantly increased after RSV infection (Figure 4B). The
increase of the predominant airway mucin core protein Muc5ac
was also higher in Nrf2~~ mice than in Nrf2*/* mice at 1 to 5
days (Figure 4C).

Severe Histopathologic Injury in Nasal Airways
of Nrf2=/~ Mice

Vehicle caused little histopathologic alteration in the nasal
passages of either strain. The main histologic lesions caused
by RSV were present in respiratory epithelium lining the prox-
imal nasal airways. Compared with vehicle controls (Figure 5A),
moderate to severe inflammatory cell infiltration was evident
in blood vessels, septum, and surface epithelium lining the
nasal septum of RSV-infected mice from 1 day. Nasal lavage
analysis identified significant peak injury phenotypes at 1 day
with increased total protein and total cell numbers; however,

no statistically significant genotype effect was found in these
parameters (Table 2). RSV-induced changes in nasal airway
histopathology were most obvious at 3 days in both strains, and
more severe epithelial damage was found in Nrf2~/~ than in
Nrf2™* mice (Figure 5B). Prominent pathologic features in
Nrf2~/~ mice were mucus hypersecretion, mucous cell hyper-
plasia in the mid-septal epithelium, and mucous cell metaplasia
in the epithelium lining maxilloturbinates (Figure 5B). Severe
epithelial alterations were also found in the mid-septum or in
the dorsal maxilloturbinates of Nrf2™/~ mice, which includes
epithelial exfoliation, proliferation (hyperplasia), or transfor-
mation into unusual cell types presumed to be focal squamous
cell metaplasia (Figure 5B).

Differential Pulmonary Cytokine Profiles after RSV Infection

BAL IL-6 levels, determined as an inflammatory parameter of
innate immunity, were significantly elevated in Nrf2~/~ mice
over controls at 1 day after instillation and were greater in
Nrf2=/~ mice than in Nrf2+/* mice at all times after RSV
infection (Figure 6). Compared with vehicle controls, IL-6 level
in Nrf2** mice was significantly decreased (3 and 5 days) after
viral infection. IL-18, a potential mediator for orchestrating Th1
and/or Th2 immune responses to RSV infection, was deter-
mined. Constitutive BAL IL-18 concentration was significantly
higher in Nrf27/~ mice than in Nrf2™/* mice, and IL-18 was
significantly more elevated by RSV in Nrf2~/~ mice than in
Nrf2™* mice after 5 days. BAL concentrations of the Thl
cytokine IFN-y in Nrf2*/* mice were not significantly increased
relative to controls until 7 days after RSV infection as shown in
previous kinetic studies of murine RSV models (7, 34), but lung
IFN-y was not significantly increased at any time in Nrf2~/~
mice. Among BAL Th2 cytokines, IL-10 was not significantly
changed in Nrf2*/* mice but was significantly elevated in Nrf2~/
~ mice at 7 days. IL-13 was significantly increased at 5 days after
RSV in both genotypes but was significantly higher in Nrf2~~
mice than in Nrf2+/+ mice.
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Activation of Pulmonary Nrf2 in Nrf2*/* Mice

Steady-state Nrf2 mRNA expression was significantly (2.5-fold)
increased by RSV in the lungs of Nrf27" mice by 1 day and
remained significantly elevated by 5 days (Figure 7A). En-
hanced nuclear translocation of Nrf2 protein was found in the
lungs from 1 day after RSV (Figure 7B). Functional analysis for
DNA binding activity by electrophoretic mobility shift assay
(EMSA) demonstrated that RSV infection promoted nuclear

total ARE binding activity (shifted bands, arrow on left panel)
in the lungs of Nrf2+* mice (Figure 7C). Specific ARE binding
activity of small Maf (F/G/K), the heterodimeric partner of
Nrf2 for ARE binding, was also enhanced by RSV in Nrf2+/*
mice (Figure 7C, supershifted bands indicated as an arrow head
on right panel). Overall, RSV caused activation of pulmonary
Nrf2 through mRNA induction, nuclear translocation, and
increased ARE binding in Nrf2*/* mice.
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Figure 8. (continued)

Suppression of ARE-Responsive Antioxidant Induction in
Nrf2=/~ Mice

RSV caused significant transcriptional and translational induc-
tion of multiple ARE-bearing antioxidant/defense enzymes,
catalytic subunit (GCLc) of y L-glutamyl cystein ligase, UDP
glucuronyl transferase (UGT) 1a6, NQO1, HO-1, GST-P1, and
glutathione peroxidase 2 (GPx2). Steady state mRNA levels for
GCLc, NQO1, and HO-1 were significantly elevated at or from
1 day, whereas GST-P1 and GPx2 mRNA expressions were
significantly higher over the controls at 3 or 5 days after RSV
(Figure 8A). Protein levels of the examined antioxidant
enzymes were also elevated over the vehicle controls at 1 to 7
days in Nrf2*/* mice (Figure 8A). Message and protein in-
duction of these lung defense enzymes were significantly or
completely attenuated in Nrf2~/~ mice compared with Nrf2+/*
mice after RSV infection (Figure 8A, 8B).

Heightened Oxidative Stress in Nrf2=/~ Mice

Glutathione levels. Basal lung level of GSH was significantly
lower in Nrf2™/~ mice than in Nrf2*/* mice. RSV infection
significantly diminished GSH in Nrf2~~ and Nrf2*/* mice in a
time-dependent manner, and GSH level was significantly lower in
Nrf27/~ than in Nrf2*/* mice at 1 and 3 days. Oxidized glutathi-
one (GSSG) was significantly enhanced by RSV after 3 days in
Nrf2** mice, whereas no significant changes were found in
Nrf2=/~ mice after RSV. Overall, the lung glutathione pool was
significantly depleted in Nrf2~~ mice, and utilization (oxidation)
of GSH to counteract oxidative stress caused by RSV was also sup-
pressed in Nrf2~/~ mice compared with Nrf2*" mice (Figure 9A).

Lung protein and lipid oxidation. The magnitude of lung
oxidative stress was estimated by measuring oxidation of
endogenous macromolecules, proteins, and lipids. Oxidatively
modified protein bands were detected at 45 to 60 kD in Nrf2~/~
mice but not in Nrf2™* mice after vehicle treatment (Figure
9B). After RSV infection, the intensity and number of protein
oxidation bands (30-70 kD) were time-dependently elevated in
both genotypes (Figure 9B). Quantified protein oxidation levels
were significantly greater (20-25%) in Nrf2~/~ mice than in
Nrf2™* mice at all times (Figure 9B). Relative to vehicle
controls, significant increases in BAL lipid hydroperoxides were
detected 7 days after RSV infection in both strains (Figure 9C)
but were significantly higher in Nrf2~/~ mice than in Nrf2/*
mice (Figure 9C).

Redox-sensitive transcription factors. Baseline binding activ-
ity of lung nuclear AP-1 was slightly higher in Nrf2~/~ mice over
Nrf2** mice (Figure 9D). After RSV infection, no significant
change of AP-1 binding activity was found in Nrf2+/* mice
(Figure 9D). In Nrf2~/~ mice (Figure 9D), AP-1 activity was
increased at 1 and 3 days after instillation (Figure 9D). Similar to
AP-1, nuclear NF-«B binding activity in Nrf2+/+ mice changed
minimally, whereas binding activity in Nrf2™~ mice increased
after viral infection (Figure 9D).

Inhibition of Viral Replication and Lung Inflammation by
Sulforaphane Pretreatment in Nrf2+/* Mice

In PBS-treated mice infected with RSV, lung viral replication
determined by G gene abundance was not significantly different
between two genotypes as depicted in Figure 1B (Figure 10A).
However, sulforaphane treatment significantly decreased RSV
gene expression level in Nrf2+/* mice relative to Nrf2~/~ mice
(Figure 10A). RSV genes were not detected in vehicle groups.
A constitutive level of Nrf2 message and nuclear Nrf2 protein
was enhanced in mice by pretreatment with sulforaphane in
Nrf2™* mice (Figure 10B). After RSV infection, transcription
and nuclear translocation of Nrf2 was highly activated, although
the elevated mRNA and nuclear protein level did not differ
between PBS- and sulforaphane-treated groups (Figure 10B).
Sulforaphane treatment increased basal message levels of
multiple ARE-bearing antioxidants including NQO1, GST-P1,
HO-1, and GPx2 in Nrf2*/* mice, whereas the effect of sulfo-
raphane was negligible in N2/~ mice (Figure 10C). After RSV
infection, the message level for these antioxidants was similar
(GST-P1) or lower (other genes) in sulforaphane-treated Nrf2+/+
mice compared with PBS-treated Nrf2*/* mice, indicating that
the fortified antioxidative environment by sulforaphane lowered
oxidative stress caused by virus infection in these mice (Figure
10C). RSV-induced antioxidant gene expression was highly sup-
pressed in all the experimental groups of Nrf2~/~ mice compared
with corresponding Nrf2™* mice as quantified in the time-course
study shown in Figure 8A (Figure 10C). Significantly reduced
numbers of BAL neutrophils and eosinophils were observed after
sulforaphane pretreatment in Nrf2™* mice infected with RSV
(Figure 10D). However, RSV-induced neutrophilic and eosino-
philic inflammation in Nrf2~~ mice was not significantly re-
solved by sulforaphane (Figure 10D). Overall, pretreatment with
sulforaphane significantly reduced RSV load and virus-induced
early pulmonary inflammation in Nrf2*/* mice, whereas a sig-
nificant sulforaphane effect was not observed in Nrf2~/~ mice
in response to RSV.

DISCUSSION

The current study demonstrated that the Nrf2-ARE pathway
plays a protective role in murine airways against RSV-induced
injury and oxidative stress. Compared with Nrf2*/* mice, more
severe RSV disease, including higher viral titers, augmented
inflammation, and enhanced mucus production and epithelial
injury were found in Nrf2~/~ mice. Supporting the role for
Nrf2, pretreatment with a potent Nrf2-ARE inducer in Nrf2*/*
mice significantly attenuated pulmonary viral load and early
inflammation after RSV infection. Results of this investigation
are the first to demonstrate an important role for Nrf2-
mediated cytoprotective mechanisms in host viral infection
and suggest a potential means for intervention.

Recent studies have shown that RSV infection enhanced
production of ROS (e.g., superoxide anions, hydrogen peroxides,
lipid peroxides) in lavaged inflammatory cells or in cultured
airway cells (10-13), which suggested a role for oxidative stress
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in RSV pathogenesis. Although phosphorylational activation of
STATs 1 and 3 were known to be involved in ROS signal
transduction caused by RSV (11), details of molecular and
cellular mechanisms underlying airway oxidative stress by RSV
have not been elucidated. In the present study, we found that
RSV infection caused pulmonary oxidative stress indicated by
decreased GSH level and enhanced oxidative modification of
proteins and lipids. Nrf2 expression and activity as well as
downstream ARE-responsive genes were also highly induced in
response to RSV. Castro et al. (14) recently demonstrated that
treatment with butylated hydroxyanisole (BHA) inhibited RSV-
induced inflammation and enhanced viral clearance in murine
lungs. Inasmuch as BHA is known to induce the Nrf2-ARE
pathway (35), the collective observations indicate the impor-
tance of Nrf2-mediated cellular antioxidant mechanisms in
pulmonary anti-RSV activity.

Severe RSV disease associated with enhanced viral titer in
Nrf2=/~ mice resulted in augmented airway inflammation, and
pretreatment with sulforaphane reversed these critical pheno-
types in mice with intact Nrf2. RSV-induced early increase
in airway inflammatory cells was likely due to the concurrent
activation of redox-sensitive transcription factors, AP-1 and

analysis for lipid hydroperoxides in BALF from
Nrf2*/+ and Nrf2=/~ mice exposed to vehicle or
RSV (7 d). Data are presented as mean * SEM (n =
3/group). *Significantly different from genotype-
matched vehicle control mice (P < 0.05).
*+Significantly different from RSV-exposed Nrf2+/*
mice (P < 0.05). (D) RSV-induced changes in
pulmonary DNA-binding activity of nuclear AP-1
(left panel) and NF-kB (right panel) was determined
by differential intensity of shifted bands (arrows)
from EMSA. Representative digitized images from
separate analyses are presented. FP = free probes.

NF-kB in Nrf2~/~ mice, whereas their activation was negligible
in Nrf2+/+ mice. Enhanced NF-kB and AP-1 activation in the
acute phase of infection may mediate innate immune and
inflammatory responses via cytokine production such as IL-6
in Nrf27/~ mice. Although details of molecular mechanisms
have not been elucidated, Nrf2-mediated negative regulation
of inflammatory modulators has been demonstrated in other
pulmonary disease models, such as asthma, chronic obstructive
pulmonary disorders, and idiopathic pulmonary fibrosis (15, 17—
20, 36). Emerging evidence also strongly suggests that the lack
of Nrf2 causes various immune disorders including lupus-like
autoimmune syndromes (37, 38), sepsis (39), and inflammatory
bowel disease (40, 41). We also evaluated airways reactivity in
these mice before and after RSV infection. Airways responses
to aerosolized acetylcholine (measured using the Flexivent
system) were not significantly different between the wild-type
and Nrf2~/~ mice at baseline or after RSV infection (data not
shown). These results suggest that Nrf2 deficiency did not
significantly affect airway reactivity in response to RSV. The
precise mechanisms of induced (allergen, virus, oxidant) or basal
airway hyperreactivity are not known, although it is likely that
multiple mechanisms can lead to this phenotype. We postulate
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Figure 10. Sulforaphane pretreatment suppressed re-
spiratory syncytial virus (RSV) infection and lung in-
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that the background strain of the mice used in this study (ICR)
may be a contributing factor inasmuch as ICR mice behaved
more like Thl-responders as determined by relatively lower
pulmonary eosinophilia and serum IgE induction along with
a mild increase of airway hyperreactivity after RSV infection
compared with Th2-responder Balbc/J mice, which have been
widely used in most of the previous studies of RSV and airways
reactivity. However, changes in airways reactivity and inflam-
mation/injury are not always codependent. For example, ozone-
induced inflammation in rodents (42) and in human subjects
(43, 44) does not necessarily correlate with changes in airways
reactivity.

Consistent with our current findings, several previous studies
determined that the reduced form of glutathione (GSH) was
depleted in Nrf2=/~ mice or Nrf2-null cells constitutively and
under stress conditions (39, 45, 46) due to attenuated synthesis
and recycling enzymes for thiols (glutathione, thioredoxin).
Alterations in pulmonary thiol metabolism are widely recog-
nized as a central feature of many chronic inflammatory lung
diseases. Cellular thiol level has also been suggested as a key
factor in Thl and Th2 response patterns (47, 48). That is,
increased GSH/GSSH ratio (relatively reduced condition)
directs Thl skewing with elevation of IFN-y as naive ThO cells
differentiate preferentially to Thl cells. Our observation fits
with this concept because Nrf2™/* mice, which had relatively
higher GSH levels than Nrf2~~ mice, were more “Thl-like”
(as indicated by higher IFN-y) than Nrf2~/~ mice, which were
more “Th2-like” (as indicated by higher IL-10 and IL-13 than

exposed Nrf2*/+ mice (P < 0.05). #Significantly different

suL from PBS-treated RSV-exposed Nrf2*/* mice (P < 0.05).

Nrf2*/* mice) against RSV infection. This is important because
Th1 cells are known to contribute to virus clearance, whereas
Th2 cells mediate airway eosinophilia, mucus production, and
allergic responses (49). Particularly in the clinical situation of
RSV infection, many studies demonstrated that the Th1/Th2
cytokine balance in the serum of children with severe RSV
disease was more skewed toward Th2 cytokines (4). In addition,
IFN-v has been determined as a dominant host response factor
for RSV clearance clinically and in animal studies (7, 50).
Therefore, a lack of IFN-y and Th2-skewed cytokine profile
in Nrf2™/~ mice may explain their delayed viral clearance and
support the enhanced RSV susceptibility.

Our data demonstrate a strong association of ROS-antioxi-
dant mechanisms in RSV pathogenesis. We therefore asked
whether induction of Nrf2 and related antioxidant enzymes
before RSV infection would ameliorate injury. Sulforaphane is
a naturally occurring isothiocyanate found in broccoli. Based on
its potent antioxidant enzyme induction properties, accumulat-
ing evidence from numerous epidemiologic and laboratory
investigations have suggested that it may reduce the risk of
cancer and many common chronic degenerative diseases (51—
56). The cytoprotective effect of sulforaphane occurs mainly by
stabilizing Nrf2 via inhibition of the cytoplasmic Nrf2 inhib-
itor Keapl (57-59). Sulforaphane is also known to act through
mitogen-activated kinase activation (60), NF-«kB inhibition (61),
and apoptosis signaling (62, 63). We found that pretreatment
with sulforaphane induced elevation of lung ARE-driven anti-
oxidant levels in control (nondisease) conditions, which led to
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significantly reduced viral gene replication and lung inflamma-
tion against RSV infection. The relatively lower levels of pul-
monary antioxidant gene and proteins in sulforaphane-treated
mice than in PBS-treated ones after RSV indicate that activated
Nrf2-ARE antioxidant defense prevents oxidative stress by
subsequent host viral infection. Although not investigated in
the present study, the action of sulforaphane through other
pathways (e.g., NF-kB inhibition) may also contribute to pro-
tection from RSV.

In conclusion, mice with ablated Nrf2 had significantly
greater RSV disease phenotypes compared with mice with
intact Nrf2, and RSV disease was prevented by pretreatment
with an Nrf2 inducer. Our study demonstrated that Nrf2-ARE-
mediated antioxidant pathways have a pivotal role in airway
cytoprotection and rescue mice from RSV by up-regulation of
antioxidants, potentiation of viral clearance, and disregulation
of inflammatory mediators. The results of this study indicate
that targeting oxidative stress may limit pulmonary RSV in-
fectivity and suggest a potential novel therapeutic means for
RSV disease.
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