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Our previous study has shown that diesel exhaust particles (DEP), main constituents
in ambient particulate matters (PM), enhance airway hyperresponsivness in a murine
model of allergic asthma (Takano et al., 1998). However, it remains unknown which
components in DEP are responsible for the enhancement. The present study investi-
gated the effects of repeated pulmonary exposure to DEP components (extracted
organic chemicals in DEP; DEP-OC, carbonaceous nuclei of DEP after extraction;
washed DEP) on lung physiology in the presence or absence of antigen. ICR mice were
divided into six experimental groups. Vehicle, DEP components, ovalbumin (OVA), or
DEP components plus OVA was administered intratrachally for 6 weeks. Twenty-four
hr after the last instillation, cholinergic lung reactivity was examined. DEP compo-
nents alone did not induce any facilitation of lung function as compared to vehicle
alone. The values of total respiratory system resistance (R), elastance (E), Newtonian
resistance (R)), tissue damping (G), and tissue elastance (H) were higher and the value
of compliance (C) was lower in the OVA or the DEP component+OVA groups than in
the vehicle group. In particular, the hyperreactivity was most prominent in the washed
DEP+OVA group. The values in the DEP-OC+OVA group were not significantly differ-
ent from those in the OVA group. These data suggest that carboneous component in
DEP, rather than organic chemical one, can be attributable to the enhancement of lung
hyperresponsiveness in allergic asthma.
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INTRODUCTION

Previous epidemiological studies have indicated that exposure to ambient
particulate matter (PM) is linked to increases in mortality and morbidity
related to respiratory diseases.? The concentration of PM with a mass
median aerodynamic diameter (a density-dependent unit of measure used to
describe the diameter of the particle) < 10um (PM,,) is related to daily hospi-
tal admissions for several respiratory diseases.®’ Additionally, recent data
have shown that PM with a mass median aerodynamic diameter <2.5um
(PM, 5) are more closely associated with both acute and chronic respiratory
effects and subsequent mortality than PM,,® In particular, diesel exhaust
particles (DEP), main constituents of PM, ; in urban areas, reportedly affect
a variety of respiratory diseases such as asthma,® pulmonary edema,® and
lung cancer.”

Bronchial asthma is characterized by airway inflammation and reversible
airflow obstruction with hyperresponsiveness. We have previously shown that
DEP exacerbate airway inflammation related to antigen.® DEP consist of car-
bonaceous nuclei, a vast number of organic chemicals,” and metals.'?
We have also demonstrated that DEP components augment the asthma model
in vivo."V In brief, pulmonary exposure to DEP components has aggravated
antigen-related airway inflammation characterized by infiltration of eosino-
phils and lymphocytes around the airway and an increase in goblet cells in the
bronchial epithelium and the adverse effects have been more prominent with
organic chemical components of DEP (DEP-OC) than with residual carbone-
ous ones (washed DEP) with overall trend.'?

Otherwise, lung hyperresponsiveness, including the capacity of airways to
constrict excessively in response to a variety of nonspecific stimuli, is another
cardinal hallmark of asthma.'? Asthmatic subjects are frequently hyperre-
sponsive to contractile agonists such as methacholine (MCh). We have also
demonstrated that DEP worsen airway responsiveness related to antigen in
the previous study.'® However, it remains unidentified which components in
DEP are critical for the hyperresponsiveness.

The present study, therefore, was designed to determine whether organic
chemical components of DEP and/or residual carboneous ones aggravate lung
physiology in the presence or absence of antigen.

MATERIALS AND METHODS

Animails

Male ICR mice 6 to 7 weeks of age and weighing 29 to 34 g (Japan Clea
Co., Tokyo, Japan) were used in all experiments. They were fed a commercial
diet (Japan Clea Co.) and given water ad libitum. Mice were housed in an
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animal facility that was maintained at 24 to 26 C with 55 to 75% humidity
and a 12-hr light/dark cycle.

Preparation of DEP

A 4JB1-type, light-duty, 4-cylinder, 2.74 liter, Isuzu diesel engine (Isuzu
Automobile Company, Tokyo, Japan) under computer control was connected
to a dynamometer (Meiden-sha, Tokyo, Japan). The engine was operated on
standard diesel fuel at 1500 rpm under a load of 10 torques (kg/m). DEP were
collected as previously described.' The mass median aerodynamic diameter
of DEP was 0.4 um by analysis of an Anderson Air Sampler (Sibata Science
Technology, Tokyo, Japan). Most of the particles were globular in shape.

Preparation of DEP-OC and Washed DEPs

DEP were extracted with benzene-ethanol as previously described.
Briefly, 10 g of DEP were suspended in 800 ml of benzene-ethanol (3:1, v/v)
and were ultrasonicated for 30 min. The suspension was centrifuged at 600 g
for 20 min. The supernatants were transferred to another tube, and then were
filtered with membrane filter (pore size; 0.45 pum). This procedure was
repeated twice. The residual particles of DEP were prepared as washed DEP.
The extracts were evaporated and dissolved in 100% DMSO (Nacalai Tesque,
Kyoto, Japan), and prepared as DEP-OC. They were stored at —80 °C until use.
The suspension was sonicated for 3 min using an Ultrasonic disrupter
(UD-201; Tomy Seiko, Tokyo, Japan).

1D

Study Protocol

Mice were divided into 6 experimental groups (n=7-8 in each group) as
exhibited in our recent study (shown as Figure 1 in the paper by Yanagisawa
et al."Y). The vehicle group received PBS at pH 7.4 (GIBCO BRL, Life Tech-
nology, Grand Island, NY) containing 0.025% Tween 80 (Nacalai Tesque,
Kyoto, Japan) and 0.25% DMSO. The washed DEP group or the DEP-OC
group received 50 pg of washed DEP or DEP-OC in the same vehicle, respec-
tively. The OVA group received 1 pg of OVA (Sigma Chemical Co, St Louis,
MO) dissolved in the vehicle. The washed DEP+OVA group or the DEP-
OC+OVA group received combined administration of washed DEP or DEP-
OC together with OVA in the same vehicle, respectively. Then all groups
received OVA or vehicle every 2 wk for 6 wk, and DEP components or vehicle
once a week for 6 weeks. In each group, vehicle, DEP-OC, washed DEP, OVA,
DEP-OC+OVA, or washed DEP+OVA was dissolved in 0.1-ml aliquots and
inoculated by the intratracheal route through a polyethylene tube under
anesthesia with 4% halothane (Takeda Chemical Industries, 1td., Osaka,
Japan).
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Figure 1: Dose-response curve to inhaled methacholine (MCh). The animals were randomized
intfo 4 experimental groups that received repeated intratracheal instillation with vehicle, die-
sel exhaust particles (DEP) components (extracted organic chemicals in DEP; DOC, carbon-
aceous nuclei of DEP after extraction; WD), ovalbumin (OVA), or the combination of DEP
components+OVA for 6 wk. Total respiratory system resistance (R: A), elastance (E: B), compli-
ance (C: C), Newtonian resistance (R,: D), fissue damping (G: E), or fissue elastance (H: F) was
measured 24 h affer the last instillation. Data are shown as mean = SD (n=7-8 in each group).
*P < 0.05 vs. vehicle, **P < 0.01 vs. vehicle, *P < 0.05 vs. DEP component, **P < 0.01 vs. DEP
component, #P < 0.05 vs. OVA.

Analysis of Lung Function

Assessment of cholinergic lung constrictor responsiveness was done with a
computer-controlled small-animal ventilator (FlexiVent; Scireq, Montreal,
Canada) as previously described.'*'® In brief, the mice were anesthetized
with 0.1 ml per 10 g body weight of a 40 mg/ml ketamine hydrochloride given
intraperitoneally. Anesthesia was maintained by supplemental administra-
tion of 30% of the initial dose at ~ 25-min intervals, as required. Mice were tra-
cheostomized with a 5-mm section of metallic tubing and ventilated
(FlexiVent) at 180 b.min"! with a tidal volume of 10 mL/kg and a positive end
expiratory pressure of 3 cm H,0.

Both the single-compartment model (using snap shot method) and the
constant-phase model (using forced oscillation technique [FOT] method) of
respiratory mechanics were applied to assess lung function and airway
responses to methacholine (MCh). For the single-compartment model, total
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respiratory system resistance (R), elastance (E), compliance (C) were deter-
mined essentially as described previously.'®!® For the constant-phase model,
R, (Newtonian resistance), tissue damping (G), and tissue elastance (H) were
determined as described previously.'>!® All data points were determined by
the FlexiVent software (version 5.0) by using multiple linear regressions to fit
each data point to the single-compartment or the constant-phase model, as
appropriate.

The lung volume history of the mice was standardized prior to measure-
ment of lung mechanics using two deep inflations. P and V data were gener-
ated by applying a 2 s sine wave volume perturbation (SW) with an amplitude
of 0.2 ml and a frequency of 2.5 Hz. After 5 min of regular mechanical ventila-
tion, the SW perturbation was applied three times and the average was taken
to generate a baseline measurement. The respiratory system input impedance
(Zrs) was measured during periods of apnea using a 3 s signal containing 19
mutually prime sinusoidal frequencies ranging from 0.25 to 19.625 Hz; these
maneuvers generated data that were fit to the single-compartment or the con-
stant-phase compartment models, respectively. The averages of these mea-
surements for each mouse served as its baseline values.

Following acquisition of baseline data, airway responsiveness to aero-
solized MCh (3.125 to 50 mg/mL saline; delivered by ultrasonic nebulizer) was
assessed using both snap shot and FOT methods. Aerosols were delivered for
10 s with a ventilation at 180 b.min-1 with a tidal volume of 4 ml/kg, after
which the snap shot and the FOT methods were applied consecutively every 6
s for 5 min. Peak responses during each 5-min period were determined, and
only values with a coefficient of determination of 0.95 or greater were used.

Statistical Analysis

Data were reported as mean + standard deviation (SD). Differences were
analyzed by Kruskal-Wallis test followed by the Mann—Whitney U-test using
the SPSS 8.0 statistical package for Windows (Chicago, IL). Values of P < 0.05
or P < 0.01 were considered significant.

RESULTS

Effects of DEP Components on Lung Function in the Presence

or Absence of Antigen

To evaluate the effects of DEP components on MCh responsiveness, we
investigated R (Figure 1A), E (Figure 1B), C (Figure 1C), Rn (Figure 1D), G
(Figure 1E), and H (Figure 1F) in 6 groups of mice 24 h after the last intratra-
cheal instillation. R (Figure 1A) and E (Figure 1B) were higher in the OVA or
the DEP-OC+OVA group than in the vehicle group (P < 0.05 vs. the OVA
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group). The value was further higher in the washed DEP+OVA group than in the
vehicle (P < 0.05), the washed DEP group (P < 0.05), or the OVA group (N. S.). C
(Figure 1C) was lower in the OVA or the DEP-OC+OVA group than in the
vehicle group.

The value was further lower in the washed DEP+OVA group than in the
vehicle (P < 0.01), the washed DEP group (P < 0.05), or the OVA group (N. S.).
R, was significantly higher in the OVA group than in the vehicle group (P <
0.01; Figure 1D). The value was also higher in DEP component+OVA groups
than in the vehicle (P < 0.01 vs. the washed DEP+OVA group) or the DEP
component group (P < 0.01 vs. the washed DEP+OVA group). G (Figure 1E)
was higher in the OVA or the DEP-OC+OVA group than in the vehicle group
(N. S.). The value was further higher in the washed DEP+OVA group than in
the vehicle (P < 0.01), the washed DEP group (P < 0.01), or the OVA group (N.
S.). H (Figure 1F) was higher in the OVA or the DEP-OC+OVA group than in
the vehicle group (P < 0.05 vs. the OVA group). The value was significantly
higher in the washed DEP+OVA group than in the vehicle (P < 0.01), the
washed DEP group (P < 0.01), or the OVA group (P < 0.05).

DISCUSSION

Our previous study has demonstrated that DEP repeatedly administered by
intratracheal route deteriorates antigen-related airway inflammation®® and
airway hyperresponsiveness'® in mice. Furthermore, our ongoing study has
demonstrated that DEP components facilitate antigen-related airway inflam-
mation, which is more prominent with DEP-OC than with washed DEP in
overall trend."? The present study expands the previous one to show that
DEP components, in particular washed DEP, enhance lung hyperresponsive-
ness to MCh related to antigen.

It has been demonstrated that DEP generated from several types of diesel
engines exaggerate airway hyperresponsiveness related to antigen1%1%2%
in vivo. However, all these studies have used enhanced pause (Penh), which is
derived from unrestricted barometric plethysmograph, to measure changes in
lung physiology. As Penh cannot differentiate between constriction in the air-
ways and changes in the tissue compartment of the lungs, it should be difficult
to tell when the responses to MCh are localized, if they are true physiological
responses.?172% Further, there is no study about relative contribution of the
compounds containing in DEP to lung physiology related to antigen. As far as
we know, therefore, the present study first elucidated the effects of each main
compound in DEP on airway, tissue, or mixed compartment response to MCh
using FOT in detail.

Our previous study on the same protocol as the present one has demon-
strated that antigen-related airway inflammation including lung eosinophilia
and goblet cell hyperplasia is more deteriorated by DEP-OC than by washed
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DEP.MY In contrast, the cholinergic airway hyperreactivity (R and R,) in the
presence of antigen was enhanced by washed DEP rather than DEP-OC in the
present study. The current findings, thus, seem to be somewhat different from
our previous one. However, some experimental studies have shown that air-
way exposure to ambient-derived particles worsens the airway hyperrespon-
siveness in allergic or nonallergic animals.?*2? Furthermore, a recent report
has demonstrated that inhalation of elemental carbon nanoparticles (median
diameter of particle < 100 nm) enhances airway hyperresponsiveness related
to antigen using Penh.?® As well, we are being evidenced that pulmonary
exposure to two sizes of carbon nanoparticles facilitates antigen-related lung
hyperreactivity on the same protocol (manuscript under submission). Given
the previous reports and current investigation, the present observation is not
inconsistent with these ones.

Mechanisms for the enhancing effects of washed DEP on the airway phys-
iology remains unidentified. The enhancing effects of washed DEP may be due
to amplification of Thl-mediated airway hyperresponsiveness,®” since our
previous work has confirmed that washed DEP amplified lung expression of
Th1 cytokines such as interferon-y and IL-217. Otherwise, our previous study
has demonstrated that intratracheal administration of washed DEP, rather
than DEP-OC, can induce endothelial damage.?® Thus, it can be speculated
that washed DEP-induced endothelial damage devastate nitric oxide (NO)
release and corresponding soluble geranyl cyclase /cyclic GMP production,
resulting in impairment of relax for airway smooth muscles.

For other considerable speculation, it is possible that washed DEP influ-
ence autonomic nerve system to lead to vagotonia-sympathicotonia imbalance.
Otherwise, this adverse reaction might be mediated through the activation of
(EGF)-EGF receptor (EGFR) pathway, since the signaling reportedly plays a
role in airway remodeling with hyperresponsiveness.®" Further elucidations
are needed to clarify the possibilities.

On the other hand, DEP-OC did not enhance antigen-related lung hyper-
responsiveness in the present study. The mechanisms have not been clari-
fied yet; however, DEP-OC may not be critical for the augmentation of the
pathways regarding antigen-related airway hyperresponsiveness such as
vagotonia-sympathicotonia systems, epithelial growth factor EGF-EGFR
signaling, NO/cGMP pathway, and/or neuropeptides and their receptors sig-
naling.®® In addition, some previous reports have implicated the indepen-
dency of airway hyperresponsiveness from airway inflammation.®*3* Thus,
our present results combined with the previous one could suggest that DEP
components differently affect asthma manifestations, leading to the pro-
found enhancement induced by “whole” DEP (containing both washed DEP
and DEP-OC).®&11.19

Our detailed analyses for lung functions revealed that antigen exposure
worsened the values of E, C, G, and H in the present study. As well, the values
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were further worsened in the washed DEP+OVA group. E and C positively
reflect functional consequence of airway remodeling with narrowing.®® On
the other hand, G and H are reportedly consistent with the stiffing of the res-
piratory tissues, particularly that of the lungs.®®3” Thus, our findings suggest
that washed DEP might be an important contributor in the context of antigen-
related airway remodeling.

In conclusion, the present study has shown that washed DEP can enhance
antigen-related lung hyperresponsiveness, whereas DEP-OC cannot. On the
other hand, our previous study has demonstrated that DEP-OC can facilitate
antigen-related airway inflammation, whereas washed DEP cannot.'" Given
the present findings and previous ones, it is suggested that DEP, complicated
particles with several components, aggravate asthma manifestations in com-
bination with differential effects of each component.
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