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Evidence indicates that environment pollutants from fossil fuel
combustion compromise the immune system by enhancing allergic
reactions and damaging the respiratory tract. This study was
performed to investigate the effects of motorcycle exhaust
particles (MEP), a major air pollutant especially in the urban
areas of Taiwan, on allergen-induced airway inflammatory reac-
tions in lab animals. BALB/c mice were intratracheally instilled
with ovalbumin (OVA), MEP, or phosphate-buffered saline,
3 times every 2 wk. Airway hyperresponsiveness was measured in
unrestrained mice by barometric plethsmography. Bronchoalveo-
lar lavage fluid (BALF) and serum from treated animals were col-
lected for cytokine and antibody determination by enzyme-linked
immunosorbent assay (ELISA). Lung tissue stained with hema-
toxylin/eosin was examined. Data showed that MEP augmented
OVA-induced airway inflammation; characterized by infiltration
of eosinophils and neutrophils in BALF and lung tissue inflamma-
tion. The combination of OVA and MEP markedly increased
interleukin-4 (IL-4), interleukin-5 (IL-5), and tumor necrosis
factor-a (TNF-a) protein levels in BALF. In addition, MEP also
augmented OVA-induced rise in OVA-specific immunoglobulin
(Ig) G1 and IgE and airway hyperresponsiveness. Pretreated
lavage cells with mitogen-activated protein kinase (MAPK) inhib-
itors showed that TNF-a release was significantly inhibited. This
study found that MEP augmented antigen-induced allergic
airway inflammation and airway hyperresponsiveness through a
Th2-dominant pathway.

Allergic diseases in general and asthma in particular have
become increasing problem sfor public health, especially in
developed countries (Patino & Martinez, 2001). The observed

increases in the prevalence of asthma may be due to multiple
factors. Several studies showed that exposure to certain out-
door pollutants such as exhaust from fossil fuel combustion
and emission of particulate pollutants adversely impacted
immunologic functions involved in the occurrence of asthma
and chronic obstructive pulmonary disease (Diaz-Sanchez
et al., 1994, 1996; Fernvik et al., 2002; Li et al., 1996a; Nel
et al., 1998; Peterson & Saxon, 1996).

Asthma is a multifactorial disorder, involving numerous
resident and recruited inflammatory cells (dendritic cells,
T-helper 2 [Th2] lymphocytes, B lymphocytes, mast cells,
basophils, eosinophils, CD8+ T lymphocytes, and bronchial
fibroblasts) (Malerba & Pignatti, 2005) and inflammatory
molecules, including antibodies (immunoglobulin [Ig] E and
IgG1), Th2 cytokines (IL-4, IL-5, IL-9, and IL-13) (Kay et al.,
2002; Renauld, 2001), proinflammatory cytokines (tumor
necrosis factor [TNF]-α and transforming growth factor
[TGF]-β) (Bandeira-Melo & Weller, 2003), and vasoactive
mediators (prostaglandins and leukotrienes) (Wenzel, 2003).
Cytokine expression results in the recruitment of eosinophils,
leading to chronic airway inflammation, mucus hyperproduc-
tion, airflow obstruction, and airway hyperresponsiveness
(AHR) (Malerba & Pignatti, 2005).

Motor vehicles emissions are a major source of airborne
pollutants. In Taiwan, motorcycles are widely used. More than
1.276 million motorcycles were registered in 2004, making
density as high as 564 motorcycles registered per thousand per-
sons and ranking Taiwan as having the highest density in the
world (Ministry of Transportation and Communication,
Republic of China [ROC], 2004). Motorcycle use, especially
with the two-stroke engine, was estimated to introduce per year
about 16,000 tons of total suspended particles (TSP) and
15,000 tons with particulate matter (PM) with diameter <10
μm (PM10) in Taiwan (ROC Environment Protection Agency
[EPA], 1994). The concentration of PM10 is considerably
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higher in Taiwan (64 μg/m3) compared to other parts of the
world (London, 14 μg/m3; Paris, 14 μg/m3) (ROC EPA, 1996).
Increased ambient PM was linked to increases in adverse
cardiovascular and respiratory health events (Dockery et al.,
1993; Krewski et al., 2005; Schwartz, 1994).

Motorcycle exhaust particles (MEP) contain a carbon black
core, which absorbs >110 different organic compounds,
including C1–C20 chains of hydrocarbon compounds and
polycyclic aromatic hydrocarbons (PAH) (Ueng et al., 2000).
Studies indicate that MEP is cytotoxic (Lee & Kang, 2002),
mutagenic (Zhou & Ye, 1997), and genotoxic (Cheng et al.,
2004) in vitro. It was also shown that MEP impaired function
of an isolated rat aorta (Cheng & Kang, 1999), induced proin-
flammatory and proallergic effects in BALB/c mice (Lee et al.,
2004), and induced interleukin (IL)-8 production in airway
epithelial cells (Lee et al., 2005). However, the environmental
impact of MEP and its biological effects are relatively unclear,
especially on the immune system. In this study the effects of
MEP were investigated on the antigen-induced allergic
immune responses in lab animals.

MATERIALS AND METHODS

Mice
Female BALB/c mice aged 6–8 wk (18–20 g) were obtained

from the Animal Center of the College of Medicine. National
Taiwan University Animal Care and Handling protocols were
approved by the Animal Committee of National Taiwan
University.

Collection and Extraction of Motorcycle Exhaust Particles
Motorcycle exhaust particles (MEP) were collected on

0.5-μm quartz fiber filters (Advantec MFS, Inc., Dublin, CA)
from 50-cm3 Yamaha Cabin engines using 95 octane unleaded
gasoline. The sampling apparatus consisted of a 30-cm-long by
2.2-cm-diameter stainless-steel dilution tube in sequence with
a filter holder and a vacuum pump. The engine was run at an
idle speed of 150 rpm on an empty load, and the vacuum pump
was set at a flow rate of 20 L/min to collect MEP for 1 h twice
daily. The quartz filters with collected particles were kept from
light and left to dry in a desiccator and repeatedly extracted
four times with methanol under sonication. The methanol was
then removed by a vacuum evaporator. The final residues, the
motorcycle exhaust particles (MEP), were collected and kept
desiccated at −20°C. Basically, 32.7 μg MEP was derived from
1L of Yamaha motorcycle exhaust.

Study Protocol
Mice were divided into three groups with 10 mice per

group. On d 0, 14, or 28, mice were anesthetized with
0.75 mg ketamine and 0.06 mg combelen by intramuscular
injection and instilled intratracheally (IT) with 50 μl

phosphate-buffered saline (PBS, pH 7.2) containing ovalbu-
min (OVA) at 2.5 mg/kg (Sigma, St. Louis, MO) or
combined with MEP at 12 mg/kg. Both 1 d and 7 d after the
last itinstillation, mice were evaluated for (1) airway hyper-
responsiveness, (2) cell profile in bronchoalveolar lavage
fluid (BALF), (3) cytokine levels in BALF, (4) serum
antibodies, and (5) lung histology. The dosing regimen
selected, 12 mg/kg MEP collected from motorcycles, was 1/10
of the minimum lethal dose based on a previous acute toxic-
ity study (unpublished data).

Determination of Cytokine Expression
Interleukin (IL)-4, IL-5, interferon (INF)-γ, and TNF-α

levels were assayed by the enzyme-linked immunosorbent
assay (ELISA) method according to the procedure recom-
mended by the manufacturer (R&D, Minneapolis, MN).

Bronchoalveolar Lavage and Culture of Bronchoalveolar 
Lavage Cells

Bronchoalveolar lavage (BAL) was completed using 1 ml
Hanks buffered saline solution (HBSS), instilled bilaterally
with a syringe. Lavage fluid was harvested by gentle aspiration
three times and then centrifuged (Miyabara et al., 1998).
Differential cell counts were assessed on cytologic prepara-
tions. Cell slides were prepared with use of a cytospin and
stained with Liu staining. In total, 300 cells were counted
under microscopy. Bronchoalveolar lavage (BAL) fluid super-
natants were assayed by ELISA.

For evaluation of the role of the mitogen-activated protein
kinase (MAPK) pathway in cytokine release, BAL cells from
ovalbumin (OVA)-treated mice were isolated, 1×105 BAL
cells cultured in 96-well plates in RPMI medium (Invitro-
gen, Carlsbad, CA) with 10% heat-inactivated fetal bovine
serum and supplement with 4 mM L-glutamine, 25 mM
HEPES (pH 7.2), 50 μM 2-mercaptoethanol, 100 U/ml
penicillin, and 100 μg/ml streptomycin, and pretreated with
SB203580 at 2 μM (p38 inhibitor), SP600125 at 20 μM
(c-Jun NH2-terminal kinase [JNK] inhibitor), or PD98059 at
20 μM (extracellular signal-related kinase [ERK] inhibitor)
for 10 min and then incubated for 24 h with OVA at 10 μg/ml,
MEP at 20 μg/ml, or OVA at 10 μg/ml combined with MEP
20 μg/ml. Cell medium was collected and centrifuge at
300×g for 5 min at 4°C. Supernatants were isolated for
determination of cytokine levels, IL-4, IL-5, and TNF-α by
ELISA as described later.

Lung Histology
After bronchoalveolar lavage, the lungs were fixed with

10% neutral phosphate-buffered formalin. Sections were
prepared and stained with hematoxylin/eosin (H&E) to
quantitate the number of infiltrating inflammatory cells using
microscopy.
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Measurement of Airway Hyperresponsiveness
Airway responsiveness was measured in unrestrained

animals by barometric whole-body plethysmography (Buxco,
Troy, NY) (Hamelmann et al., 1997). Briefly, mice were
placed in the main chamber, and baseline readings were taken
and averaged for 3 min. Aerosolized phosphate-buffered
saline (PBS) or methacholine (MCh) in increasing concentra-
tion (3.125 to 25 mg/ml) was nebulized through an inlet of
the main chamber for 3 min, and readings were taken and
averaged for 3 min after each nebulization. Recordings of
every 10 breaths were extrapolated to define the respiratory
in breaths per min. Airway reactivity was expressed as an
enhanced pause (Penh), and data were expressed as the ratio
of PenhMCh values compared to PenhPBS from three indepen-
dent experiments.

Measurements of OVA-Specific IgE, IgG1, and IgG2a

OVA-specific IgE, IgG1, and IgG2a were measured by
sandwich ELISA as previously described (Wu et al., 2000).
OVA (10 μg/ml) was coated to ELISA plates and incubated
at 4°C overnight. After washing with PBS containing 0.05%
Tween 20, diluted serum was added to the plates and incu-
bated at room temperature for 2 h. Biotin-conjugated anti-
IgE, anti-IgG1, and anti-IgG2a antibodies (Pharmingen, San
Diego, CA) and alkaline phosphatase-conjugated streptavidin
(Sigma, St. Louis, MO) were added subsequently. Enzyme
activity was evaluated using p-nitrophenyl phosphate (Sigma
St. Louis, MO) as the substrate and read using an enzyme-
linked immunosorbent assay (ELISA) reader (MRX-TC;
Dynex Technology, Chantilly, VA). Readings at 405 nm

were converted to ng/ml by using values obtained from
standard curves. OVA-specific antibodies data were
expressed as ELISA units (sample OD-blank OD/positive
OD-blank OD). Positive OD was detected using serum that
expresses OVA-specific antibodies (Ab).

Statistical Analysis
All values refer to mean ± SEM. (standard error of the

mean) of at least three separate experiments. Statistical signifi-
cant difference among groups was analyzed with one-way
ANOVA followed by Newman–Keuls post hoc comparisons.
The criterion significance was set at p values < .05.

RESULTS

The Addition Effect of Antigen-Induced Inflammatory 
Cells Infiltration by MEP

Changes in cell numbers in BALF of mice instilled IT with
OVA alone or in combination with MEP (OVA+MEP) at 1 d and
7 d after final treatment were investigated (Table 1), and the pro-
tocol used is shown in Figure 1A. In the OVA group, total cell
numbers in BALF were not significantly different from control.
However, cell numbers rose markedly increased in OVA+MEP -
reated mice, compared to saline. OVA challenge elevated the
numbers of eosinophils harvested by BAL. The numbers of eosi-
nophils increased markedly in the in the OVA+MEP group 1 d
after final treatment. The combination of OVA plus MEP expo-
sure elevated eosinophils by 18.6- and 3.5-fold, as compared to
saline and OVA, respectively. Neutrophils in BALF were
increased in the OVA+MEP group at 1 d and 7 d post-\exposure,

TABLE 1 
Cell Profile of Bronchoalveolar Lavage Fluid

Cell numbers (1×103/total BAL supernatants)

Group Total cells Macrophages Neutrophils Lymphocytes Eosinophils

Day 1 after final treatment
Saline 23.25 ± 1.96 22.99 ± 2.08 0.06 ± 0.06 0.14 ± 0.02 0.11 ± 0.11
OVA 33.21 ± 5.17 26.83 ± 3.95 0.33 ± 0.1 0.16 ± 0.07 0.59 ± 0.08*
MEP 41.4 ± 3.6* 36.2 ± 4.5* 0.5 ± 0.1* 0.4 ± 0.1 0.6 ± 0.2* 
OVA+MEP 43.62 ± 7.43* 42.63 ± 7.65* 0.72 ± 0.02*† 0.36 ± 0.18 2.05 ± 0.16*†

Day 7 after final treatment
Saline 22.99 ± 2.68 21.92 ± 2.32 0.04 ± 0.01 0.21 ± 0.06 0.04 ± 0.01
OVA 29.34 ± 4.08 26.83 ± 3.95* 0.05 ± 0.02 1.49 ± 0.42* 0.20 ± 0.04*
MEP 33.9 ± 3.9* 31.2 ± 2.0* 0.2 ± 0.1* 0.7 ± 0.3* 0.3 ± 0.1* 
OVA+MEP 39.67 ± 8.65* 38.31 ± 3.42* 0.21 ± 0.08*† 1.92 ± 0.76* 0.53 ± 0.23*†

Note. Mice received intratracheal instillation of saline, OVA, or OVA+MEP, according to the protocol outlined in Materials and Methods
section, and BALF was obtained 1 d and 7 d after final treatment. Total cell counts were determined with 500 μl BALF and cell types were
assessed by Liu staining, described in Methods section. Data are expressed as mean ± SEM (n ≥ 10). Significant differences indicated by aster-
isk for p < .05, compared with saline, and dagger for p < .05, compared with OVA.
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while lymphocytes rose significantly following either OVA alone
or in combination with MEP at 7 d postexposure (Table 1).
In addition, OVA alone exposure showed eosinophils infiltration
that was sustained until d 7 after treatment, but neutrophils infil-
tration returned to control levels. The level of MEP-induced
inflammation after treatment of mice with MEP alone was
reported previously (Lee et al., 2004) to be similar to exposure to
OVA alone but less than for OVA+MEP and 33.9 total cells,

31.2 macrophages, 0.2 neutrophils, 0.7 lymphocytes, and 0.3
eosinophils at d 7 post MEP exposure.

Pathologic examination of lung sections from OVA-treated
mice revealed only a slight increase in infiltration of inflamma-
tory cells above control (Figure 1B). After OVA+MEP
treatment, the intensity of inflammatory cells infiltration in
lung tissue was augmented compared to OVA (Figures 1B).
The OVA-induced inflammatory cell infiltration in lung was
decreased after d 7 postexposure, while the inflammation at d 7
after OVA+MEP treatment was sustained.

BALF Cytokine Expression and Involvement of MAPK 
Pathway in Cytokine Release by BAL Cells

Cytokine levels, including Th1 cytokine, IFN-γ, Th2
cytokines, IL-4 and IL-5, and the pro-inflammatory cytok-
ine, TNF-α, were analyzed in BALF. As shown in Table 2,
IL-4 and IL-5 levels in the OVA-treated group were not
markedly altered. In contrast, OVA +MEP exposure
resulted in significant increases in IL-4 and IL-5 of 6.3- and
3.8-fold, respectively, as compared to control. OVA +MEP
also significantly enhanced production of IFN-γ and TNF-α,
compared to the control. In addition, the OVA + MEP effect
was greater than OVA alone for IL-4 and TNF-α release.
The extent of MEP-induced rise in BALF cytokine was sim-
ilar to OVA treatment.

To further investigate mechanisms for the induction of
TNF-α production, BAL fluid (BALF) cells from mice 7 d
after OVA exposure were isolated and treated with OVA,
MEP, or OVA+MEP. Data showed that both MEP and OVA
groups had increased TNF-α release compared to the control.
OVA+MEP treatment led to enhanced TNF-α release in a
near-additive manner as compared to OVA under no pretreat-
ment with inhibitors (Table 3). Cells were pretreated with
MAP kinase inhibitors and data showed that TNF-α release
was inhibited by ERK, JNK, and p38 kinases inhibitors in cells
stimulated in culture but not in control cells (Table 3). IL-4 and
IL-5 levels from cultured BAL cells were also evaluated; how-
ever, the IL-4 and IL-5 levels were below ELISA kit detection
levels (data not shown).

MEP-Treatment-Augmented Antigen-Induced Specific IgE 
and IgG1 Antibodies Production

Allergen-stimulated Th2 cells induce B cells to switch
antibody isotypes from IgM to IgE or IgG1 in the murine
model, which further elicits responses mediated in allergic
development. The effect of MEP on OVA-induced allergic
response was further investigated by measuring specific
antibody levels in serum (Figure 2). OVA-specific IgE and
IgG1 were induced by treatment with OVA. This effect was
significantly augmented after OVA+ MEP exposure. No
changes in OVA-specific IgG2a level were observed in any
group.

FIG. 1. OVA-induced airway inflammation by MEP on BALB/c mice. (A)
Brief protocol of animal study. Mice received intratracheal (IT) instillation of
saline, OVA (2.5 mg/kg), and OVA (2.5 mg/kg)+MEP (12 mg/kg). Animals
were sacrificed 1 d and 7 d after final treatment. (B) Lung sections were
stained with hematoxylin and eosin (H&E) for measurement of inflammatory cells
(arrowhead with solid line) around the airways. Original modification, × 200.

(A)

Day 1 after final treatment

Day 7 after final treatment 

(B)
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Addition of OVA-Induced Airway Hyperresponsiveness 
by MEP

Effect of MEP treatment on airway responsiveness was
investigated using noninvasive whole body plethysmography
with a methacholine (MCh) challenge (Figure 3). MCh (3.125–
25 mg/ml)-induced increases of Penh ratio were significantly
higher in mice instilled it. with OVA for 5 wk compared to
saline. It showed significantly addition effect in mice treated
with OVA+MEP. The level of MEP-only-induced increase
Penh ratio seen in our earlier study was similar to that of the
OVA-only group here. (Data has been repeated in our previous
study, Lee et al. 2004).

DISCUSSION
It is clear that inhalation of particulate and gaseous pollutants

from use of fossil fuels by factories and automobiles contribute to
the overall increase of allergic airway diseases (Fernvik et al.,
2002; Steerenberg et al., 2003). Continued research is necessary
to further detail mechanisms by which air pollutants produce
adverse health effects. Particular attention needs to be given to
means of intervention and, particularly, prevention of pollutant-
induced health complications. In our previous study, data showed
that particulate fractions collected from motorcycle exhaust
(MEP) may induce proinflammatory and proallergic response
profiles in the absence of exposure to an allergen (Lee et al.,

TABLE 2 
Protein Levels of Cytokines in Bronchoalveolar Lavage Fluid

Cytokine level (pg/total BAL supernatants)

Group IL-4 IL-5 IFN-γ TNF-α

Day 1 after final treatment
Saline 3.03 ± 1.3 14.43 ± 4.14 13.27 ± 1.63 8.2 ± 1.24
OVA 16.1 ± 3.34 22.82 ± 3.4 19.09 ± 1.59 13.54 ± 3.1
MEP 16.5 ± 1.8** 25.8 ± 3.8**
OVA+MEP 27.5 ± 6.7*† 31.6 ± 4.0* 32.1 ± 5.6* 38.89 ± 9.36*†

Day 7 after final treatment
Saline 4.63 ± 1.1 17.94 ± 5.8 14.68 ± 10.65 16.56 ± 3.47
OVA 7.38 ± 1.89 32.4 ± 8.6 23.46 ± 5.69 15.46 ± 3.2
MEP 12.8 ± 2.6** 39.4 ± 8.3* 29.6 ± 8.3* 19.69 ± 5.13
OVA+MEP 29.11 ± 3.77*† 67.66 ± 17.57* 36.88 ± 6.89* 49.38 ± 20.3*†

Note. Mice received intratracheal instillation of saline, OVA, or OVA+MEP, according to the protocol out-
lined in Materials and Methods section, and BALF was derived 1 d and 7 d after the final treatment. Protein
levels of each cytokine were analyzed by ELISA. Data are expressed as mean ± SEM (n ≥ 10). Significant dif-
ferences indicated by asterisk for p < .05, compared with saline, and dagger for p < .05, compared with OVA.

TABLE 3 
Inhibition of MEP-Aggravated Antigen-Induced TNF-α Production by MAP Kinase Inhibitors

Medium TNF-α level (pg/ml)

Control MEP OVA MEP+OVA

No pretreatment 464.9 ± 20.73 874.0 ± 48.25* 943.2 ± 35.37* 1667 ± 113.9*‡§

JNK inhibitor (SP600125) 210.4 ± 17.78 344.0 ± 81.52† 688.6 ± 37.30 724.3 ± 84.00†

P38 inhibitor (SB203580) 376.7 ± 38.48 458.2 ± 76.35† 489.4 ± 114.7† 1047 ± 133.8†

ERK inhibitor (PD98059) 353.8 ± 54.84 504.9 ± 67.80† 738.1 ± 142.5 1042 ± 54.60†

Note. BAL cells were collected at 7 d after final treatment and 1×105 BAL cells cultured in 96-well plates, pretreated with MAP kinase inhib-
itors for 10 min and then treated with OVA at 10 μg/ml or combined with MEP at 20 μg/ml for a further 24 h. Medium was collected and TNF-
α level was detected by ELISA. Data were expressed as mean ± SEM (n ≥ 3). Significant difference indicated by asterisk for p < .05, compared
with no pretreatment control group;

†p < .05, compared with respective no pretreatment group;
‡p < .05, compared with OVA no pretreatment group;
§p < .05, compared with MEP no pretreatment group.
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2004) and directly induced IL-8 production in alveolar epithelial
cells (Lee et al., 2005). In this study the effects of MEP were
examined on allergen-induced allergic inflammation in vivo.
Data showed that MEP co-exposure with antigen showed addi-
tional effects of airway allergic reactions accompanied with IL-4,

IL-5, TNF-α cytokine release, inflammatory cells infiltration, and
induction of airway hyperresponsiveness (AHR) and augmented
antigen–induced IgE production.

Among the MEP co-exposure with OVA-induced cells
infiltrating the airways, eosinophils were the predominant cell
involved in the chronic inflammatory processes, characteristic
of the late-phase response through release of an array of proin-
flammatory mediators, including cysteinyl leukotrienes, cat-
ionic protein, and cytokines (IL-3, IL-5, granulocyte–
macrophage colony-stimulating factor [GM-CSF], IL-13),
which correlate with development and progression of symp-
toms. In addition to eosinophils, neutrophils also play an
important role in allergic asthma and development of AHR
(Suzuki et al., 1996; Chung & Barnes, 1999). Addition of neu-
trophil infiltration was also observed in OVA cotreated with
MEP. In addition, the validity of using Penh to measure airway
reactivity has been questioned and it was shown that Penh
measurement may be affected by factors other than airway
resistance. (Lundblad et al. 2002; Alder et al. 2004). Our find-
ings on increased AHR after OVA and MEP exposure will
need to be validated by other methods in future studies.

The molecular mechanisms responsible for the MEP-
induced addition of antigen-induced airway inflammation and
AHR were assessed by measuring a Th1 cytokine (IFN-γ), Th2
cytokines (IL-4 and IL-5), and a proinflammatory cytokine
(TNF-α) release in BALF. Data showed that the addition
effects of MEP co-exposure with OVA-induced airway inflam-
mation and hyperresponsiveness were through both Th1 cytok-
ine and Th2 cytokines release. However, it is possible that the
Th2-dependent pathway plays an important part in MEP-
induced addition of OVA-induced airway inflammation
because it was seen that there were concurrent treatment-
increased OVA-specific IgE (IL-4-dependent) production and
IgG1 (IL-5-dependent) production, but not OVA-specific
IgG2a (IFN-γ-dependent) formation. The latter finding was

FIG. 2. OVA-specific antibodies levels in BALB/c mice. Blood samples
were obtained 7 d after final treatment. OVA-specific IgE, OVA-specific IgG1,
and OVA-specific IgG2a were analyzed by ELISA. Data are expressed as mean ±
SEM (n ≥ 10). Significance indicatedf by a* p < .05, compared with saline
group; b* p < .05, compared with OVA; and c* p < .05, compared with MEP.

FIG. 3. OVA-induced airway hyperresponsiveness was augmented by
coexposure to MEP in BALB/c mice. Airway resistance was measured by
whole-body plethysmography 7 d after final treatment. Data expressed as
mean ± SEM of the PenhMCh values in a ratio against PenhPBS values in three
independent experiments (n ≥ 10). Significance indicated by: a* p < .05,
compared with saline group; b* p < .05 compared with OVA group.
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unexpected in light of the observed rise in IFN-γ release in
BALF from OVA+MEP-treated mice. Increases in this Th1
cytokine were in agreement with the in vivo findings showing
an elevation of IFN-γ in serum of severely asthmatic patients
(Corrigan & Kay, 1990) and association between IFN-γ and a
worsening of airway inflammation in a murine model (Salvi
et al., 2001).

IL-4, IL-5, and TNF-α gene expression is controlled by
transcriptional factors such as NF-AT, AP-1, and nuclear fac-
tor (NF)-κB (Su et al., 1994; Li et al., 1996b), which are reg-
ulated by MAP kinase Schafer et al., 1999; Mori et al., 1999).
To investigate mechanisms underlying MEP-augmented
OVA-induced cytokine release, the effects from three MAPK
pathway inhibitors were initially assessed. Levels of IL-4 and
IL-5 were below ELISA kits’ detection levels; therefore, it
was only possible to document TNF-α expression in isolated
cells from BALF. Data showed that all three inhibitors
against JNK (SP600125), p38 (SB203580), and ERK
(PD98059) inhibited MEP-augmented OVA-induced TNF-α
release by the cells. The precise mechanism underlying MEP-
augmented of OVA-induced cytokines release needs further
investigation.

Previous studies demonstrated that individual polycyclic
aromatic hydrocarbons (PAH) (Kanoh et al., 1996), including
pyrene, anthracene, fluoranthene, benzo[a]pyrene, or DEP-
associated PAH (Diaz-Sanchez, 1997), exert an adjuvant effect
on allergen-induced IgE production. In addition, studies
showed that the core carbon particles also exerted an adjuvant
effect on allergen-induced IgE production (Lovik et al., 1997;
Heo et al., 2001; Steerenberg et al., 2003). Which components
augment OVA-induced airway inflammation and AHR
remains to be determined. Lee et al. (2004) fractionated MEP
using organic solvents including hexane, benzene, chloroform,
ethyl acetate, and methanol and found that benzene fraction
produced effects similar to those reported with MEP, including
rise in eosinophil and neutrophil infiltration, IL-4 and IgE pro-
duction, and AHR. This suggests that the chemicals responsi-
ble for inducing observed effects might be enriched in the
benzene fraction and engine load (Madden et al., 2003); how-
ever, whether the benzene fraction produced augmentation of
antigen-induced allergic inflammation and AHR as MEP needs
further investigation.

Although both DEP and MEP induced antigen-induced air-
way inflammation and AHR in mice, it is likely that they differ
in chemical composition, and quantitative differences might
exist between MEP and DEP. Exhaust emitted from two-stroke
motorcycle engines contains more hydrocarbons, both in quan-
tity and in engine load, than diesel exhaust (Chan & Nien,
1999; Jemma et al., 1995; Madden et al., 2003). Studies
showed that the chemical composition of MEP, in terms of
PAH content, is similar qualitatively to DEP but different
quantitatively (Ueng et al., 2000; Barfknecht et al., 1985, Hiura
et al., 1999). PAH composition found in DEP was phenan-
threne 52%, fluorenes 15%, naphthalene 13%, pyrene 10%,

and fluoranthene 10%, while the composition found in MEP
was naphthalene 68%, anthracene 5%, acenaphthylene 4%,
acenaphthene 4%, pyrene 4%, fluorine 3%, fluoranthene 2%, and
others 10% (Ueng et al., 2000). Therefore, the constitution and
quantity of chemicals might modify the antigen-induced airway
inflammation and AHR in DEP compared to MEP. Therefore,
whether PAH or other components are responsible for effects
observed with MEP is an important question to be answered.
Although we do not know the MEP exposing condition in the
real world at this moment, we roughly estimated the exposure
of MEP. As roughly 33 μg of the MEP represent 1 L of exhaust
from the motorcycle, then assuming that the MEP absorption
percentage is 100%, the engine was run at an idle speed of
150 rpm on an empty load and the flow rate of 20 L/min, a
70 kg body weight rider waiting at the traffic light for 3 min
and 10 times per day, the MEP exposure will be about 280 μg/
kg body weight.

In conclusion, in the present study, data demonstrated that
MEP coexposure augmented OVA-induced airway inflamma-
tion and AHR. Allergic patients may present with increased
symptom severity as a result of exposure to both motorcycle
exhaust and allergens because of a synergistic effect of the two
stimuli. This coexposure may lead to overexpression of inflam-
matory mediators potentially responsible for recruitment of a
broad set of inflammatory cells. Data in this study identified at
least one active pathway involved in the deleterious effects
attributed to MEP on allergic inflammation.
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