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Abstract Although several studies have reported that
diesel exhaust particles (DEP) affect cardiorespiratory
health in animals and humans, the effect of DEP on
animal models with spontaneous allergic disorders has
been far less intensively studied. The Nc/Nga mouse is
known to be a typical animal model for human atopic
dermatitis (AD). In the present study, we investigated
the effects of repeated pulmonary exposure to DEP on
airway inflammation and cytokine expression in NC/
Nga mice. The animals were randomized into two
experimental groups that received vehicle or DEP by
intratracheal instillation weekly for six weeks. Cellular
profiles of bronchoalveolar lavage (BAL) fluid and
expressions of cytokines and chemokines in both the
BAL fluid and lung tissues were evaluated 24 h after the
last instillation. The DEP challenge produced an in-
crease in the numbers of total cells, neutrophils, and
mononuclear cells in BAL fluid as compared to the
vehicle challenge (P<0.01). DEP exposure significantly
induced the lung expressions of interleukin (IL)-4, ker-
atinocyte chemoattractant (KC), and macrophage in-
flammatory protein (MIP)-1a when compared to the

vehicle challenge. These results indicate that in-
tratracheal exposure to DEP induces the recruitment of
inflammatory cells, at least partially, through the local
expression of IL-4 and chemokines in NC/Nga mice.
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Introduction

Pulmonary exposure to particulate matter (PM) can
have important acute and/or long-term health effects
(Dockery and Pope 1994). These effects include aggra-
vation of respiratory allergies to common allergens such
as pollen (van Zijverden et al 2001) and house dust mites
(Ichinose et al 2004). In urban areas, diesel engines are
considered to be the major source of PM. The immu-
nomodulatory effects of DEP, including adjuvant
activity, have been demonstrated in several allergic
models in vivo (Fujimaki et al 1997; Takafuji et al 1987;
Takano et al 1997), as well as in experimental human
studies (Diaz-Sanchez et al 1999). However, the effect of
DEP on animal models with spontaneous allergic dis-
orders without antigen challenge has never been inves-
tigated.

Recent epidemiological studies have shown that the
prevalence of allergic diseases is rising in Western and
developing countries (Eichenfield et al 2003; Laughter
et al 2000; Woolcock and Peat 1997). Atopic dermatitis
(AD) is a chronic skin allergy associated with cutaneous
hyperreactivity to environmental triggers (Leung and
Bieber 2003). The AD patients are affected by a Th1/Th2
inbalance that includes enhanced Th2 type cytokine
expression in the skin (Hamid et al 1994). On the other
hand, previous observations suggest that AD is the
cutaneous manifestation of a systemic allergic response
that also gives rise to bronchial asthma, food allergy,
and allergic rhinitis (Leung and Bieber 2003; Spergel and
Paller 2003; Eichenfield et al 2003).
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The Nc/Nga mouse is an established animal model
for human AD (Matsuda et al 1997; Matsumoto et al
1999). This strain of mouse spontaneously develops
dermatitis associated with IgE overproduction under
conventional conditions. Dermatitis is proposed to re-
sult from a combination of genetic propensity and
environmental factors (Tsudzuki et al 1997). However,
the effects of environmental particles or/and chemi-
cals—both important ambient environmental fac-
tors—on this strain of mice have been studied far less
(Fujimaki et al 2002). Furthermore, there has been no
study of the effects of pulmonary exposure to PM on the
airways in NC/Nga mice.

The aim of this study was to elucidate whether pul-
monary exposure to DEP induces airway inflammation
and local expression of cytokines and chemokines in
NC/Nga mice.

Materials and methods

Animals and study protocol

Male NC/Nga mice (ten weeks old) were purchased
from Charles River (Kanazawa, Japan). Food and water
were given ad libitum. Animals were housed at temper-
ature between 23 and 25 �C and 55–70% humidity with
a 12-h/12-h light/dark cycle until the end of the experi-
ment. This study adhered to the National Institute of
Health guidelines for the use of experimental animals
and was approved by the National Institute for Envi-
ronmental Studies Animal Care and Use Committee.

Preparation of DEP

A 4JB1-type, light-duty, four-cylinder, 2.74 l, Isuzu
diesel engine (Isuzu Automobile Co., Tokyo, Japan),
under computer control, was connected to a dyna-
mometer (Meiden-sya, Tokyo, Japan). A detailed
description of the condition of engine and the collection
of DEP has been published previously (Sagai et al 1996).

Study protocol

The mice were divided into two groups. The vehicle
group received phosphate-buffered saline (PBS) at
pH 7.4 (Nissui Pharmaceutical Co., Tokyo, Japan),
containing 0.05% Tween 80 (Nacalai Tesque, Kyoto,
Japan), every week for six weeks. The DEP group re-
ceived 100 lg of suspended DEP in the same vehicle
every week for six weeks. In each group, vehicle or DEP
was dissolved in 0.1 ml aliquots, and inoculated by in-
tratracheally through a polyethylene tube under deep
anesthesia from 4% halothane (Hoechst, Japan; Tokyo,
Japan), as described previously (Takano et al 1997). The
cellular profiles in bronchoalveolar lavage (BAL) fluid,

protein levels of cytokines and chemokines in both the
BAL and total lung tissue supernatants of the animals
were studied 24 h after the last intratracheal adminis-
tration.

Bronchoalveolar lavage (BAL)

The trachea was cannulated after exsanguination. The
lungs were lavaged with 1.2 ml of sterile saline at 37 �C,
instilled bilaterally by syringe. The lavaged fluid was
harvested by gentle aspiration. This procedure was
conducted two more times. The average volume re-
trieved was 90% of the 3.6 ml that was instilled; the
amounts did not differ by treatment. The fluid collec-
tions were combined and cooled to 4 �C. The lavage
fluid was centrifuged at 300·g for 10 min, and the total
cell count was determined on a fresh fluid specimen
using a hemocytometer. Slides were prepared using
Autosmear (Sakura Seiki Co., Tokyo, Japan) and were
stained with Diff-Quik (International Reagents Co.,
Kobe, Japan). A total of 500 cells were counted under
oil immersion microscopy (n=14 in each group).
Aliquots of the supernatants were stored without further
treatment at �80 �C until analyzed for cytokines and
chemokines. After the BAL procedure, the lungs were
removed, snap-frozen in liquid nitrogen, and stored at
�80 �C.

Analyses of cytokine and chemokine protein levels in
BAL supernatants, enzyme-linked immunosorbent as-
says (ELISA) for IL-4 (Amersham, Buckinghamshire,
UK), IL-5 (Endogen, Cambridge, MA, USA), kerati-
nocyte chemoattractant (KC), and macrophage inflam-
matory protein (MIP)-1a (R&D systems, Minneapolis,
MN, USA) were conducted using matching antibody
pairs according to the manufactor’s instruction. The
second antibodies were conjugated to horseradish per-
oxidase. The readings at 550 nm were substracted from
the readings at 450 nm and then converted to pg/ml
using values obtained from standard curves generated
for limits of detection of 5, 5, 2 and 1.5 pg/ml for IL-4,
IL-5, KC and MIP-1a, respectively (n=18 in each
group).

Cytokine and chemokine protein levels in lung
tissue supernatants

The frozen lungs were homogenized with 10 mM
potassium phosphate buffer (pH 7.4) containing
0.1 mM ethylenediaminetetraacetic acid (Sigma, St.
Louis, MO, USA), 0.1 mM phenylmethanesulfonyl
fluoride (Nacalai Tesque, Kyoto, Japan), 1 lM pepsta-
tin A (Peptide Institute, Osaka, Japan), and 2 lM leu-
peptin (Peptide Institute), as described previously
(Takano et al 2002). The homogenates were then cen-
trifuged at 105,000· g for 1 h. The supernatants were
stored at �80 �C. The ELISAs for IL-4, IL-5, KC and
MIP-1a in the lung tissue supernatants were conducted
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in the same manner as described above for the BAL
supernatants.

Statistical analysis

Values are expressed as mean±SEM. Student’s t-test
was used to test differences between the groups (Stat
view Version 4.0; Abacus Concepts Inc., Berkeley, CA,
USA). When significances were detected, post hoc
comparisons within each group were evaluated using the
Turkey–Kramer test (Stat view). Significance was as-
signed to P values smaller than 0.05.

Results

Effect of pulmonary exposure to DEP on airway
inflammation in NC/Nga mice

To elucidate the effect of repeated pulmonary exposure
to DEP on the respiratory systems in NC/Nga mice, we
investigated the cellular profile of BAL fluid 24 h after
the last intratracheal instillation with vehicle or DEP.

The DEP challenge induced significant increases in the
numbers of total cells, neutrophils and mononuclear
cells as compared with the vehicle challenge (P<0.01:
Table 1). The number of eosinophils was not different
between the groups.

Effect of pulmonary exposure to DEP on lung expres-
sion of cytokines and chemokines in NC/Nga mice

To investigate the effect of pulmonary exposure to DEP
on lung expression of cytokines and chemokines, we
compared the protein levels of IL-4, IL-5, KC and MIP-
1a in BAL supernatants (Table 2) and lung tissue su-
pernatants (Table 3) between the experimental groups
24 h after the last intratracheal instillation. The DEP
challenge significantly elevated the levels of IL-4, KC
and MIP-1a (P<0.01) in BAL supernatants as com-
pared with the vehicle challenge (Table 2). The levels of
IL-5 were also greater in the DEP group than in the
vehicle group; however, the difference did not reach
statistical significance (Table 2). The DEP exposure also
significantly elevated the levels of IL-4 (P<0.05), KC
and MIP-1a (P<0.01) in lung tissue supernatants as

Table 1 Cellular profiles in bronchoalveolar lavage (BAL) fluid in NC/Nga mice challenged with Diesel Exhaust Particles (DEP 100 lg)

Group N Total Cells Neutrophils Eosinophils Mononuclear cells
·104 in BAL fluid

Vehicle 14 23.53±2.64 0.93±0.26 0.07±0.03 22.34±2.59
DEP 14 61.32±3.36* 27.44±2.75* 0.06±0.03 33.81±1.86*

Twenty-four hours after the intratracheal administration of vehicle or DEP, lungs were lavaged in order to analyze the BAL fluid. The
total cell count was determined on a fresh fluid specimen using a hemocytometer. Differential cell counts were assessed on cytologic
preparations stained with Diff-Quik. Results are means±SEM; n number of animals; * P<0.01 versus vehicle-treated mice

Table 2 Protein levels of cytokines and chemokines in BAL supernatants after challenge with DEP

Group N IL-4 IL-5 KC MIP-1
(pg/total BAL supernatants)

Vehicle 18 66.3±11.0 4.93±1.73 62.8±10.2 22.4±11.3
DEP 18 146.7±14.0* 14.55±8.75 449.3±47.4* 161.4±9.6*

The BAL fluid from mice were obtained 24 h after the last administration of vehicle or DEP. Interleukin (IL)-4, IL-5, keratinocyte
chemoattractant (KC), and macrophage inflammatory protein (MIP)-1a levels in the BAL supernatants were measured by enzyme-linked
immunosorbent assays (ELISA). Results are mean±SEM; n number of animals; * P<0.01 versus vehicle group

Table 3 Protein levels of cytokines and chemokines in the lung tissue supernatants after challenge with DEP

Group N IL-4 IL-5 KC MIP-1
(pg/total BAL supernatants)

Vehicle 18 66.3±11.0* 4.93±1.73 62.8±10.2 22.4±11.3
DEP 18 146.7±14.0* 14.55±8.75 449.3±47.4** 161.4±9.6**

Lung tissues from mice were obtained 24 h after the last administration of vehicle or DEP. IL-4, IL-5, KC and MIP-1a levels in the lung
tissue supernatants were measured by enzyme-linked immunosorbent assays. Results are mean±SEM; n number of animals; *P<0.05
versus vehicle group; ** P<0.01 versus vehicle group
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compared with vehicle exposure (Table 3). The levels of
IL-5 were not different between the two experimental
groups (Table 3).

Discussion

The present study has shown that weekly intratracheal
administration of DEP (100 lg/body) causes the
recruitment of inflammatory cells such as neutrophils
and mononuclear cells to the airways in NC/Nga mice.
DEP enhances lung expression of IL-4, KC and MIP-
1a.

We have previously investigated a weekly pulmonary
exposure to DEP on several strains of mice using the
same protocol. Weekly intratracheal inoculation of DEP
(100 lg/body) for six weeks did not influence lung
inflammation, including neutrophil and eosinophil
infiltration, as compared to vehicle inoculation in ICR
mice (Takano et al 1997). We have also extended the
experiments in order to elucidate strain differences in
murine airway inflammation among several strains with
or without antigen sensitization. In our previous study,
we have also evaluated the effects of repeated challenge
with DEP (50 lg/body) on airway inflammation in
C3H/He and Balb/c mice, but no significant differences
between the DEP and vehicle group were detected in
either strain (Miyabara et al 1998). The Balb/c mouse is
low responder for specific IgG production to antigen
(ovalbumin), whereas the C3H/He mouse is a high re-
sponder (Takeyoshi and Inoue 1992).

The Nc/Nga mouse is recognized as being a strain
with a propensity for spontaneous development of der-
matitis and IgE overproduction when it is raised under
conventional conditions (Matsuda et al 1997; Matsum-
oto et al 1999; Tsudzuki et al 1997). In the present study,
repeated DEP instillation induced significant recruit-
ment of neutrophils and mononuclear cells to the airway
as compared to vehicle instillation. The results indicate
that Nc/Nga mice are more susceptible to DEP-induced
airway inflammation than other strains of mice we have
previously examined.

A potent neutrophil chemotactic and activity factor,
IL-8, has been shown to be elevated during inflamma-
tion in experimental animal models and human diseases
(Matsumoto et al 1997). KC is thought to be the mouse’s
functional homolog of IL-8 in humans (Singer and
Sansonetti 2004). Also, MIP-1a has been shown to
possess chemotactic activity for inflammatory and im-
mune effector cells including neutrophils and mononu-
clear cells (Driscoll 1994). Furthermore, significant
elevations of the chemokines in BAL fluid have been
demonstrated in allergic patients (Katoh et al 2000). In
the present study, the concentrations of KC and MIP-1a
in lung tissue and BAL supernatants were markedly
greater in the DEP group than in the vehicle group. The
increase in inflammatory cell influx into the airways
caused by DEP exposure might be explained, at least
partly, by the induction of these chemokine expressions.

Interestingly, the protein levels of IL-4 in both BAL
fluid and lung tissue were significantly greater in the
DEP group than in the vehicle group in the present
study. The IL-4 mediates essential proinflammatory
functions in allergic reactions, including induction of the
IgE isotype switch, expression of vascular cell adhesion
molecule-1, and promotion of eosinophil transmigration
across endothelium (Steinke and Borish 2001). In addi-
tion, IL-4 contributes to airway obstruction in asthma
through the hypersecretion of mucus (Dabbagh et al
1999). Furthermore, IL-4 can drive the differentiation of
naı̈ve T helper type 0 (Th0) into Th2 lymphocytes. The
Th2 lymphocytes induce orchestration of allergic
inflammation (Steinke and Borish 2001). Significant
higher local expression levels of IL-4 in the DEP group
indicate that the enhanced expression of the cytokine
can precede induction and/or enhancement of allergic
airway inflammation thereafter.

Finally, we did not confirm that there is a relationship
between pulmonary exposure to DEP and incidence of
dermatitis in NC/Nga mice. The incidence of dermatitis
was not significantly different between the two experi-
mental groups (vehicle group, 10/18; DEP group, 13/18).
We are investigating the possibility of enhancing the
effects of DEP or DE exposure on dermatitis in NC/Nga
mice with antigen sensitization for a longer experimental
period than in the present study.

Overall, our findings demonstrate that repeated
pulmonary exposure to DEP can induce airway inflam-
mation in NC/Nga mice. The enhanced airway inflam-
mation is concomitant with the increased lung
expression of MIP-1a and KC. In addition, DEP alone
can elicit lung expression of IL-4 protein. The results
indicate a link between PM exposure and exaggerated
manifestations in subjects with allergic disorders.
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