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KEYWORDS Abstract We have recently reported that disruption of nuclear erythroid 2 P45-related factor 2
Nrf2-knockout mouse; (Nrf2) enhances susceptibility to airway inflammatory responses induced by low-dose diesel
Low-dose diesel exhaust exhaust particles (DEP) in mice. C57BL/6 Nrf2 knockout (Nrf2~/~) mice and wild-type (Nrf2*/*)
particles; mice were further exposed to low-dose DEP for 7 h/day, 5 days/week, for a maximum of 8 weeks.
Allergic airway After exposure to DEP for 5 weeks, allergic airway inflammation was generated in the mice by
inflammation; intraperitoneal sensitization with OVA followed by intranasal challenge. Nrf2 ™/~ mice exposed to
Anti-oxidant stress relatively low-dose DEP showed significantly increased percentage changes relative to the OVA

alone group in terms of airway hyperresponsiveness (AHR) and inflammatory cells, levels of IL-5
and thymus and activation regulated chemokine (TARC) in bronchoalveolar lavage (BAL) fluid
than did Nrf2*/* mice. Lung tissues of Nrf2™’~ mice after DEP exposure showed inflammatory cell
infiltrates, and increased PAS staining-positive mucus cell hyperplasia. In contrast, the
percentage changes relative to the OVA group in the reduced glutathione (GSH)/oxidized
glutathione (GSSG) ratio in whole blood was higher in Nrf2*/* mice than in Nrf2~/~ mice. By using
Nrf2~/~ mice, it was shown for the first time that relatively low-dose DEP exposure induces
oxidant stress, and that host anti-oxidant responses play a key role in the development of DEP-
induced exacerbation of allergic airway inflammation.
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1. Introduction

PM2.5 has been especially singled out for its harmful effects
on health. Diesel exhaust particles (DEP) are the major
component of PM2.5, and therefore the relationship be-
tween PM2.5 or PM10 and various diseases has been
investigated [1-3]. On the basis of in vitro experimental
studies, it has been postulated that reactive oxygen species
(ROS) generated by exposure to DEP play a role in the
subsequent oxidative stress response [4-9]. These findings
suggest that DEP induce activation of transcription factors
and that ROS may play an important role in these processes.
We have shown that continuous exposure to a low level of
DEP (100 ung/m3 for 7 h/day, 5 days/week) significantly
augments AHR and Th2-type cytokine/chemokine gene
expression in murine models of asthma [10]. Studies using
two different mouse strains have demonstrated a difference
in susceptibility to DEP exposure, and that the genes of
certain antioxidant enzymes may play a role in this
susceptibility, C57BL/6 mice being more sensitive to low-
dose DEP exposure than BALB/c mice [11,12].

On the other hand, nuclear erythroid 2 P45-related factor
2 (Nrf2) is a redox-sensitive basic leucine zipper transcription
factor that is involved in the transcriptional regulation of
many antioxidant genes. The Nrf2-regulated genes in the
lungs include almost all of the relevant antioxidants, such as
HO-1 and several members of the GST family [13]. Therefore,
to clarify whether oxidative stress and host antioxidant
defenses play a central role in the pathogenesis of lung
disease, several studies, such as those focusing on ovalbumin
(OVA)-induced asthma in Nrf2~/~ mice, have been reported
[14]. It has been suggested that oxidative stress is involved in
the development of DEP-induced airway inflammation [4-9]
and that Nrf2 is also a key transcription factor that regulates
antioxidants and defense against the proinflammatory and
oxidizing effects of DEP in vitro [7,9]. Recently, we reported
that disruption of Nrf2 enhances susceptibility to airway
inflammatory responses induced by low-dose DEP in mice
[15]. However, no previous study examining the pathogen-
esis of allergic airway inflammatory responses induced by
DEP in Nrf2~/~ mice has been reported.

In the present study, C57BL/6 Nrf2~/~ and Nrf2*/* mice
were used. After exposure to a low dose of DEP for 5 weeks,
allergic airway inflammation was generated in the mice by
intraperitoneal sensitization with OVA, followed by intrana-
sal challenge. At 24 h after OVA challenge and the last DEP
exposure, we assessed various parameters.

2. Materials and methods

2.1. Animals

Nrf2-deficient C57BL/6 mice were generated as described by
Itoh et al. [16]. Mice were genotyped for Nrf2 status by PCR
amplification of genomic DNA extracted from the tail [17]. PCR
amplification was performed using three different primers:

Nrf2-sense for both genotypes: 5'-TGGACGGGACTATT-
GAAGGCTG-3’

Nrf2-antisense for wild-type mice: 5'-GCCGCCTTTTCAG-
TAGATGGAGG-3’

Nrf2-antisense for LacZ: 5-GCGGATTGACCGTAATGGGA-
TAGG-3'

Amplification conditions were 96 °C for 20s, 59 °C for
30s, 72 °C for 45 s, 30 cycles. The wild-type allele produces
a 734-bp band, whereas the knockout allele produces a 449-
bp band. Mice were housed under specific pathogen-free
(SPF) conditions in a controlled environment (23+2 °C, 12 h
light/dark periods). Age-matched 6-week-old female mice
from the same litter were placed into chambers under the
same controlled conditions and exposed to DEP. All proce-
dures conformed to the National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals.

2.2. DEP exposure

The in vivo DEP exposure system has been described
previously [17,18]. The concentration of DEP was monitored
and kept at low levels (approximately 100 ug/m?3). C57BL/6
Nrf2~/~ and Nrf2*/* mice were exposed to DEP for 7 h daily,
5 days per week.

2.3. Study design

The study design is shown in Fig. 1. Nrf2~/~ and Nrf2*/*
C57BL/6 mice were exposed to low-dose DEP for 7 h/day,
5 days/week, or to clean air, for a maximum of 8 weeks.
After DEP or clean air exposure for 5 weeks, allergic airway
inflammation was generated in the mice by intraperitoneal
sensitization with OVA followed by intranasal challenge.
Twenty-four hours after OVA challenge, and the last DEP
exposure, we assessed the various parameters. AHR was
measured in all experimental groups immediately, and the
mice were then sacrificed. We examined the histopathology
of the lung tissues and the cell populations in BAL fluid, and
also measured the concentrations of inflammatory cytokines
and chemokines in the BAL fluid, and the IgE, IgG; and IgG;,
levels in the serum. We also examined the GSH/GSSG ratio in
the whole blood.

2.4. Determination of AHR

Airway hyperresponsiveness was assessed by whole-body
plethysmography with a free-moving application (Buxco
Electronics, Troy, NY) [24], according to a previously
published procedure [10,11].

2.5. Histological analysis

For histologic examination, 10%-formalin-fixed lung tissues
were embedded in paraffin and cut into sections, which
were then stained with hematoxylin and eosin (HE) and
periodic acid-Schiff (PAS). Histopathological changes were
examined using a light microscope (Eclipse E800, Nikon,
Tokyo, Japan).
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Figure 1

2.6. BAL and cell differentials in BAL fluid

BAL was performed as described previously [11,12]. The total
number of cells in the BAL fluid was counted with a
hemocytometer. For differential counts of leukocytes in
BAL fluid, cytospin smear slides (Lab Systems; Tokyo, Japan)
were prepared and stained with Diff-Quick Romanowski stain
(Muto Kagaku Co., Tokyo, Japan).

2.7. Measurement of cytokines/chemokines in BAL
fluid

Immunoreactivity for cytokines (IL-4, IL-5, IL-13, IL-12) and
chemokines (monocyte chemoattractant protein, MCP-1;
regulated upon activation, normal T expressed and secreted,
RANTES; eotaxin, and TARC) in the BAL fluid supernatants
was measured with an enzyme-linked immunosorbent assay
(ELISA) kit (Biosource International, Inc., Camarillo, CA) in
accordance with the manufacturer's instruction sheet. Each
sample was assayed in triplicate.

2.8. Measurement of IgG,, 1gG,, and IgE in serum

Immunoreactivity for 1gG, 1gG,, (Cygnus Technologies, Inc.,
Southport, NC) and IgE (Bethyl Laboratories, Inc., Montgom-
ery, TX) in the serum was measured with an ELISA kit in
accordance with the manufacturer's instruction sheet. Each
sample was assayed in triplicate.

2.9. GSH/GSSG ratio in whole blood

Determination of the GSH/GSSG ratio in whole blood was
performed using a BIOXYTECH GSH/GSSG-412 kit in accor-
dance with the manufacturer's instructions.

2.10. Statistical analysis

Results are shown as means +standard error (SE). Differences
between groups were examined by Student'’s t-test using the
Stat Mate Il software package (ATMS Digitals Medical
Station, Tokyo, Japan). Differences at P<0.05 were consid-
ered significant.
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Experimental design. OVA, ovalbumin; DEP, diesel exhaust particles; i.p., intraperitoneal injection; i.n., intranasal drip.

3. Results

3.1. Assessment of changes in AHR in response to
DEP exposure

To examine airway responses to low-dose DEP in Nrf2~/~ mice
after OVA challenge, we first assessed AHR (as expressed in
Penh) by using whole-body plethysmography. The percentage
changes relative to the OVA only group in Nrf2*/* and Nrf2~/~
mice respectively were used to evaluate the effect of DEP
exposure. Exposure to DEP significantly increased the airway
reactivity to methacholine (12 and 24 mg/ml) in Nrf2~/~ mice
relative to that in Nrf2*/* mice (Fig. 2).

3.2. Lung histopathology

Tissue sections were prepared from dissected mouse lungs
and observed for histological changes by light microscopy. In
OVA-sensitized and challenged mice, peribronchial and
perivascular infiltration of inflammatory cells was evident

in both Nrf2*/* (Fig. 3A, a) and Nrf2~/~ (Fig. 3A, b) mice. DEP
exposure did not increase the number of peribronchial
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Figure 2  Airway hyperresponsiveness was assessed by whole-
body plethysmography with a free-moving application and then
evaluated in terms of Penh values in response to inhaled
aerosolized methacholine (0, 6, 12, 24 mg/ml). The horizontal
axis shows the concentration of methacholine (mg/ml); the
vertical axis shows percentage changes in the Penh values
relative to the OVA only group. +/+: wild-type mice; —/—: Nrf2-
knockout mice. Results are means+SEM of data in each group
(n=6). *p<0.05 Nrf2™’~ mice compared with Nrf2*/* mice at
each methacholine concentration.
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Figure 3  Histopathology of the lung tissues. Lung sections were stained with hematoxylin and eosin and examined by light

microscopy (100x) (A). Lung sections were stained with PAS and examined by light microscopy (200x) (B). The arrows indicate the cells

positive for periodic acid-Schiff staining.

inflammatory cells in Nrf2*/* mice (Fig. 3A, c). In contrast,
there was intense infiltration of peribronchial inflammatory
cells in Nrf2™~ mice (Fig. 3A, d). In OVA-sensitized and
challenged mice, an increased number of cells were positive
for mucin staining (PAS-positive cells) in the airways of both
Nrf2+/* (Fig. 3B, a) and Nrf2~/~ (Fig. 3B, b) mice. Although
DEP exposure had no effect on the number of PAS-positive
cells, a decrease was evident in Nrf2*/* mice (Fig. 3B, c). In
contrast, the number of PAS-positive cells were markedly
increased in Nrf2~/~ mice (Fig. 3B, d).

3.3. BAL cell differentials

Examination of the total number of cells and the differential
cell count in BAL fluid expressed as a percentage relative to
the OVA only group showed that the total numbers of cells
and lymphocytes were significantly more increased in
Nrf2~/~ mice than in Nrf2*/* mice. The percentage changes
relative to the OVA only group in the numbers of neutrophils
and eosinophils were greater after DEP exposure in Nrf2~/~
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Figure 4 Changes in total and differential inflammatory cell
populations in BAL fluid. BAL fluid smears were stained with Diff-
Quick Romanowski stain. The vertical axis shows percentage
changes in cell number relative to the OVA only group. +/+: wild-
type mice; —/—: Nrf2-knockout mice. Results are means + SEM of
data in each group (n=6). *p<0.05 Nrf2~/~ mice compared with
Nrf2*/* mice.

mice than in Nrf2*/* mice. In contrast, the percentage
change in the number of macrophages was decreased more
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Figure 5

after DEP exposure in Nrf2~/~ mice than in Nrf2*/* mice
(Fig. 4).

3.4. Cytokine/chemokine levels in BAL fluid

Examination of the cytokine/chemokine levels in BAL fluid
showed that the percentage changes relative to the OVA
only group in the levels of IL-5 were significantly greater in
Nrf2~/~ mice than in Nrf2*/* mice after DEP exposure
(Fig. 5A, b). The percentage changes in the levels of IL-4
and IL-13 were greater in Nrf2~/~ mice than in Nrf2*/* mice
after DEP exposure (Fig. 5A, a, d). The percentage change in
the level of TARC was significantly greater in Nrf2~/~ mice
than in Nrf2*/* mice after DEP exposure (Fig. 5B, d). The
percentage changes in the levels of MCP-1, RANTES and
Eotaxin in the BAL fluid showed no significant differences
between the Nrf2*/* and the Nrf2~/~ mice after DEP
exposure (Fig. 5B, a, b and c).

3.5. IgG4, 1gG,, and IgE levels in serum

There were no significant changes, expressed as a percent-
age relative to the OVA only group, in the levels of IgE, 18G,
and 1gG,, in serum between Nrf2*/* and Nrf2~/~ mice after
DEP exposure (Fig. 6).
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Levels of cytokines (A) and chemokines (B) in the BAL fluid as evaluated by ELISA. The vertical axis shows percentage

changes in cytokine or chemokine concentrations relative to the OVA only group. +/+, wild-type mice; —/—, Nrf2-knockout mice.
Results are means +SEM of data in each group (n=6). *p<0.05 Nrf2~/~ mice compared with Nrf2*/* mice.
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Figure 6 Immunoglobulin levels in serum, as evaluated by ELISA. The vertical axis shows percentage changes in the immunoglobulin

concentration relative to the OVA only group. +/+, wild-type mice; —/—, Nrf2-knockout mice. Results are means + SEM of data in each

group (n=6).

3.6. GSH/GSSG ratio in whole blood

Examination of the GSH/GSSG ratio in whole blood expressed
as a percentage relative to the OVA only group showed that
the ratio was significantly higher in Nrf2*/* mice than in
Nrf2=/~ mice (Fig. 7).

4. Discussion

In the present study, using Nrf2-knockout mice, we demon-
strated for the first time that disruption of Nrf2 enhances
susceptibility to allergic airway inflammatory responses
induced by low-dose diesel exhaust particles in mice. The
Nrf2*/+ and Nrf2~/~ C57BL/6 mice were exposed to low-dose
DEP (i.e., at concentrations similar to those inhaled by
humans outdoors) for 7 h/day, 5days per week, for a
maximum of 8 weeks. After 5 weeks of DEP exposure, allergic
airway inflammation was generated in mice by intraperito-
neal sensitization with OVA followed by intranasal challenge,
then 24 h after OVA challenge and the final exposure to DEP,
we assessed the various parameters. We found for the first
time that Nrf27/~ mice showed an increase of airway
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Figure 7 GSH/GSSG ratio in whole blood. The vertical axis
shows percentage changes in the GSH/GSSG ratio in whole blood
relative to the OVA only group. +/+, wild-type mice; —/—, Nrf2-
knockout mice. Results are means+SEM of data in each group
(n=6). *p<0.05 Nrf2*’* mice compared with Nrf2~/~ mice.

responsiveness, allergic inflammation and cytokine/chemo-
kine levels when exposed to low-dose DEP.

We assessed airway hyperresponsiveness (as expressed by
enhanced Pause values in Penh) by using whole-body
plethysmography. Penh has been used in an experimental
mouse model for the evaluation of airway hyperresponsive-
ness [19-21]. In OVA-sensitized and challenged mice, the
percentage changes relative to the OVA only group in airway
reactivity to methacholine showed a significant increase in
Nrf2=/~ mice compared with Nrf2*/* mice after DEP
exposure. Our previous study showed that Nrf2™/~ mice had
only PAS-positive mucus cell hyperplasia, but no destruction,
of airway epithelial cells in lung tissues [15]. Although it has
been confirmed that AHR is increased by oxidative stress
induced by exposure to DEP, the mechanism by which AHR
increases in Nrf2~/~ mice is still not clear. In the present
study, Nrf2~/~ mice after DEP exposure showed intense
peribronchial inflammatory cell infiltration, and the number
of PAS-positive cells was markedly increased. We consider
that, in this experimental system, the changes in AHR caused
by low-dose DEP may be dependent on allergic airway
inflammation. However, the relationship between inflam-
mation and AHR is complex, and there is no clear correlation
between the severity of inflammation and the severity of
AHR.

It has been reported that OVA-sensitized and challenged
Nrf2~/~ mice show increased AHR and airway inflammation
[14]. However, in the present study, there were no
remarkable changes in mice that were OVA-sensitized and
challenged without exposure to DEP. As we used Nrf2~/~
mice, the allergic effect of airway inflammation induced by
OVA sensitization and challenge may have been mild.

Eosinophil recruitment into inflammatory sites is a
complex process regulated by a number of cytokines,
including IL-5 [22]. Our findings suggest that IL-5 may have
been involved in the recruitment of eosinophils into the
airways of Nrf2™/~ mice after exposure to DEP in our
experimental system. We found a significant increase in
the level of TARC, but not that of eotaxin or RANTES, in the
Nrf2~/~ mice after DEP exposure. Dias-Sanchez et al. have
suggested that the effects of DEP on cytokine/chemokine
expression are not global or non-specific [23]. Among these
CC chemokines, TARC was the first to have been shown to
selectively chemoattract T lymphocytes [24]. TARC was
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subsequently found to induce chemotaxis of T cells,
especially Th2-type CD4* T lymphocytes [25]. TARC is a
pivotal chemokine in the development of Th2-dominated
experimental asthma with eosinophilia and AHR [26]. Our
results indicate that TARC is also a pivotal chemokine for the
development of Th2-dominated oxidative stress-induced
allergic airway inflammation after exposure to DEP, being
consistent with our previous results [15].

Although it is reported that DEP-induced oxidative stress
can initiate and exacerbate airway allergic responses
through enhanced IgE production [27,28], our low-dose DEP
exposure system elicited no remarkable changes in IgE
production in the serum of Nrf2~/~ mice.

GSH is a major intracellular thiol antioxidant that acts
directly as a ROS scavenger. The GSH redox system plays a
critical role in determining intracellular redox balance and
antioxidant function [29]. Measurement of the GSSG level or
determination of the GSH/GSSG ratio is a useful indicator of
oxidative stress and can be used to monitor the effectiveness
of antioxidant intervention strategies. The GSH/GSSG ratio
was significantly increased in Nrf2*/* mice relative to Nrf2 =/~
mice, strongly suggesting that DEP-induced oxidant stress
and host anti-oxidant responses play a key role in the
development of DEP-induced allergic airway inflammatory
disease.
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