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Objectives: We established a Wistar rat model of asthma caused by toluene diisocyanate (TDI) exposure, and investigated the rela-
tionship between TDI exposure concentrations and respiratory hypersensitivity, airway inflammation, and cytokine secretions in ani-
mals, to better understand the mechanism of TDI induced occupational asthma.

Methods: Wistar rats were exposed to two different concentrations of TDI vapor four hours a day for five consecutive days. Bronchoal-
veolar lavage (BAL) was performed, and differential leucocytes from the BAL fluid were analyzed. Lung histopathological examination
was carried out to investigate the inflammatory status in the airways. Production of cytokines interleukin (IL)-4 and IL-5 productions
in the BAL fluid in vivo was determined with enzyme-linked immunosorbent assay Kkits.

Results: The TDI-exposed rats exhibited greater airway hypersensitivity symptoms than the control rats. The BAL differential cell count
and lung histopathological examination demonstrated that inflammation reactions were present in both the central and peripheral
airways, characterized with marked infiltration of eosinophils in the TDI-exposed rats. The cytokine assay showed that IL-4 and IL-5
were predominantly produced in the BAL fluid in vivo.

Conclusions: These findings imply that TDI exposure concentrations may greatly affect the occurrence and extent of inflammatory
events and that Th2 type cytokines may play an important role in the immunopathogenesis of TDI-induced occupational respiratory
hypersensitivity.
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INTRODUCTION

Asthma is a chronic respiratory disease characterized by the
presence of reversible airway constriction and airway hyperre-
sponsiveness to various stimuli. Nearly nine million individuals
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are exposed to agents at their workplace associated with asth-
ma, and isocyanates such as toluene diisocyanate (TDI) are the
most common cause of occupational asthma [1]. TDI induced
asthma has been difficult to diagnose and control, in part be-
cause the biological mechanisms responsible for the disease
and the determinants of exposure have not yet been defined
and validated animal models do not yet exist [2-4]. Studies in
humans and animals have been conducted in many laborato-
ries to define the underlying mechanism of occupational asth-
ma. Results have shown that the bronchial inflammation char-
acteristic of asthma represents a type of cell-mediated immu-
nity in which a specialized population of activated lymphocytes
interacts with other inflammatory cells through an array of
chemical mediators including cytokines. In an experiment by
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Zheng and Ariizumi [5], a mouse asthmatic model exposed to
1.35+0.27 ppm TDI vapor, 4 hours a day for 5 consecutive days,
showed that cytokine interleukin (IL)-4 and IL-5 were signifi-
cantly increased in the airways of the animals, implying their
important role in TDI-induced pulmonary hypersensitivity. In
order to better understand how the immunopathogenicity of
TDI induces occupational asthma, a Wistar rat model of asth-
ma has been developed. Rats were exposed to two different
concentrations of TDI vapor since workers are exposed mainly
to TDI vapor at their workplaces. In the studies of Kouadio et
al. [6], Wistar rats were also exposed to two different concen-
trations of TDI vapor. However, IL-5 secretion was not measured
due to the lack of an available testing kit. In order to understand
the key role that IL-4 and IL-5 cytokines may play in this model,
Wistar rats were exposed to TDI vapor under the same condi-
tions, and the cytokines produced were determined with en-
zyme-linked immunosorbent assay (ELISA) kits to better un-
derstand the role that cytokines may play in the occurrence of
asthma and especially occupational asthma.

METHODS

Rats

Fifteen 8-week-old female Wistar rats, weighing 243 +30 g,
were obtained from Kyudo Breeding Laboratories (Kumamoto,
Japan). Upon arrival, the rats were quarantined in a room at a
constant temperature (25+2°C) and humidity (50 to 70%).
The animals were housed in cages in pathogen-free and envi-
ronmentally controlled conditions in compliance with the
Ryukyu University policy on animal care and use. Food and
water were provided ad libitum throughout the experimental
period except during periods of short inhalation exposure. The
animals were allowed to acclimatize to our laboratory for one
week, and then 5 rats were randomly selected for the control
group. The remaining 10 rats were randomly divided into two
groups of 5 rats each (groups 1 and 2) and exposed to differ-
ent concentrations of TDI vapor. This animal experiment was
handled according to the regulations of Japanese law related
to the use of animals for research.

Quantification of Toluene Diisocyanate Concen-
trations and Sensitization Procedures

A 22L Plexiglas inhalation chamber was used for this study.
The rats in groups 1 and 2 were exposed to 2, 4 TDI (Wako
Chemical Co., Osaka, Japan) vapor, 4 hours per day for 5 con-
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secutive days. The TDI atmospheres were obtained by bub-
bling air through an impinger containing 2,4 TDI into the
chamber containing the rats. By varying the airflow rate through
the impinger or through the exposure chamber, the TDI con-
centrations were obtained. Analytical determinations of TDI
atmospheres in the chamber were conducted according to
Marcali [7], as modified by National Institute for Occupational
Safety and Health [8] and reported by other studies [3,9-12].
Briefly, the air in the chamber was sampled with an impinger
containing an absorber medium made from acetic and hydro-
chloric acids. Several solutions, diazotization solution contain-
ing sodium nitrite and sodium bromide, sulfamic acid solution,
N-1-napthylethylenediamine and sodium carbonate solution,
were then added to the absorber medium. When a reddish-blue
solution was finally formed, its transmittance was measured at
550 nm with a spectrophotometer. The TDI concentration was
evaluated from a calibration curve of a series of standard TDI
solutions prepared by plotting transmittance versus TDI stan-
dard concentrations. The TDI concentration was expressed as a
mean * standard deviation (SD) and adjusted to 0.41+0.05 ppm
and 1.14£0.11 ppm for exposure groups 1 and 2. The control
group was placed in the same chamber and treated under the
same conditions except that the flask contained air instead of
TDI. The animals were challenged with 0.005 ppm of TDI.

Bronchoalveolar Lavage

Immediately after a 5-day exposure to TDI vapors or air, the
rats in both the exposure and control groups were anesthe-
tized by intraperitoneal injection with 50 mg/kg of sodium
pentobarbital. A cervical incision was made and the trachea
was isolated. A catheter was then inserted into the trachea
and bronchoalveolar lavage (BAL) was performed. The trachea
was infused with 1.5 mL of phosphate buffered saline (37°C)
and the effluent collected after the lungs were washed was
gently recovered and centrifuged at 500 g (4°C). The BAL fluid
(BALF) was collected and stored at -80°C until the cytokines
were quantified.

Cytokine Assay

IL-4 and IL-5 production in BALF was quantified with rat IL-4
and IL-5 ELISA kits (Endogen Inc., Woburn, MA, USA), respec-
tively, according to the protocols recommended by the manu-
facturer. The inter-assay and intra-assay coefficients of varia-
tion, were <10%. The sensitivities of the assays were <2 pg/mL
and < 5 pg/mL for IL-4 and IL-5, respectively.
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Histopathological Study

Immediately after collecting BALF, 1T mL of formaldehyde was
injected into the trachea. The lungs were resected and fixed in
buffered formalin. A section encompassing the maximum cross-
sectional area of the right lung was taken perpendicular to the
major bronchi, dehydrated through a series of ethanol solu-
tions, and then embedded in paraffin. Two-micrometer-thick
sections were sliced and stained with hematoxylin-eosin for
examination.

Statistical Analysis

The data on cytokine production were presented as means+
SD. A two-tailed Mann-Whitney U-test was applied to reveal
differences between the exposure groups and control groups.
A value of p<0.05 was considered statistically significant.

RESULTS

Hypersensitivity Symptoms in Airway

As shown in Table 1, TDI exposure resulted in airway hyper-
sensitivity in the rats. These symptoms generally appeared
from the 4th day. The rats in exposure group 1 (0.41 ppm) ex-
hibited mild sneezing from the 2nd day. These symptoms be-
came moderate on the 5th day. Mild hyperrhinorrhea and in-

Table 1. Hypersensitivity symptoms in the airways of wistar
rats

Hypersensitivity symptoms

Treatment Exertional Insta-
breathing bility
Control group - - - - -

Exposure group 1 (0.4140.05 ppm TDI)

Hyperrhi-

Sneeze
norrhea

Cough

Day 1 = = = = =
Day 2 + = = = =
Day 3 + = = = =
Day 4 + + + + +
Day 5 + + + +H +
Exposure group 2 (1.140.11 ppm TDI)
Day 1 - - - - -
Day 2 + + + + ++
Day 3 + ++ ++ + ++
Day 4 ++ + ++ +H+ ++
Day 5 +H +H +H HHH +H

Symbols represent the severity of the symptoms. -, no symptom; +, mild
symptoms; ++, moderate symptoms; +++, severe symptoms; ++++, much se-
vere symptoms.

Each group contains 5 rats.

TDI, toluene diisocyanate.

stability were observed on the 4th day and became moderate
at the 5th day. Moreover, a severe exertional breathing ap-
peared on the 5th day. The rats were coughing on day 4. In
contrast to exposure group 1, those in group 2 exposed to 1.14
ppm sneezed moderately on days 3 and 4. Moderate hyperrhi-
norrhea, instability and cough were present on the 4th day,
becoming severe on the 5th day. Moderate exertional breath-
ing appeared on the 4th day becoming more severe the fol-
lowing day. The rats in the control group, however, did not
show any obvious respiratory symptoms. These results sug-
gested that higher doses of TDI might induce more severe re-
spiratory symptoms in rats.

Cytokines in the Bronchoalveolar Lavage Fluid
In Vivo

The cytokine production in the BALF in vivo was determined
by using ELISA tests. As shown in Figure 1, the productions of
IL-4 was significantly increased in exposure group 1 over the
control group (p<0.05). It was also higher in exposure group 2
(p<0.001). Similarly, IL-5 cytokine secretion was significantly
high in exposure group 1 (p<0.05) and the rats in group 2 (p<
0.001).

Lung Histopathological Analysis

As described in our previous study [6], the cellular morphol-
ogy examination demonstrated that inflammatory events oc-
curred in the lungs of rats exposed to TDI. As shown in Table 2,
a prominent infiltration of eosinophils was present not only in
the mucosa and submucosa of the central airways, but also in
the alveoli pulmonum of the peripheral airways. The eosino-

35 m Control
M Exposure group 1
B Exposure group 2

*%

*%

30

25

20

Concentration (pg/mL)

IL-4 IL-5

Figure 1. Cytokine production in the bronchoalveolar lavage
fluid. Values are means £ SD. Each group contains 5 rats. IL,
interleukin. *p<0.05, **p<0.01.

59



Kouame Kouadio, et al.

Central airways Peripheral
airways
Treatment Mucosal Submuco- Alveolus
group sal
Goblet cell Eosinophil  Eosinophil Eosinophil
metaplasia
Control - - - -
Exposure 1 + ++ + ++
Exposure 2 +H+ +H+ +H+ +H+

Symbols represent the degree of Wistar rat's lung modification. -, no modi-
fication was observed; +, mild modification; ++, moderate modification; +++,
severe modification.

Each exposure group contains 5 rats.

phil infiltration increased moderately in the central and pe-
ripheral airways of exposure group 1 rats. A severe infiltration
of eosinophils was present in the alveoli and all the central air-
ways of exposure group 2. Moreover, severe goblet cells meta-
plasia was present in the epithelium of the central bronchi of
exposure group 2. However, moderate goblet metaplasia was
present in exposure group 1. In contrast, no major pathologi-
cal changes were found in the airways of the control rats.

DISCUSSION

Animal models are typically developed for research and/or
testing purposes. For occupational asthma, animal models are
particularly needed because of our current incomplete under-
standing of the mechanisms of chemical sensitization [2]. Many
animal models have been developed to understand the mech-
anisms underlying TDI-induced asthma. Rats have been used
for animal asthmatic models [2,13]. We established an asth-
matic model in this study by exposing Wistar rats in a chamber
to two different concentrations of TDI vapor. This sensitization
method is more mimetic to the industrial field and has been
reported in several other previous studies [3,9-15]. In a guinea
pig model exposed to TDI vapor, respiratory hypersensitivity
was not detected in animals exposed to 0.12 ppm but was
present in animals exposed to 0.36 ppm or greater. Exposure
concentrations higher than 2 ppm, however, were pneumotox-
ic and resulted in few pulmonary hypersensitivity reactions [9].

In this study, 0.41 ppm, and 1.14 ppm of TDI vapors were
used to sensitize Wistar rats. Both concentrations resulted in
asthmatic symptoms. However, the symptoms as well as the
extent of the respiratory hypersensitivity differed in the two
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exposed groups. In group 1, exposure to the lowest concentra-
tion of 0.41 ppm, resulted in irritation and sneezing. In group
2, exposure to concentrations of 1.14 ppm resulted in more
severe asthmatic symptoms characterized by gasping and
breathing with an open mouth. The animals were also agitat-
ed and hyperactive. These results showed that increasing the
concentration of TDI vapor in the chamber enhanced the asth-
ma symptoms in the exposed animals. In a previous guinea
pig model, it was found that the respiratory rate decreased in
the exposed animals. This decrease was concentration-depen-
dent and exposure to higher TDI concentrations resulted in
both a greater percentage of animals producing serum anti-
bodies to TDI and higher antibody titers [9]: moreover, a signif-
icant association was found between pulmonary sensitivity
and the presence of antibodies to TDI. Although TDI-specific
antibodies were not determined in the present study, our re-
sults revealed that airway hypersensitivity was concentration-
dependent in the TDI-exposed rats.

In this study, the BAL cellular analysis demonstrated that in-
flammatory cells, in particular, eosinophils, increased along
with increasing exposure concentrations. Furthermore, lung
histopathological examination confirmed that eosinophil infil-
tration occurred not only in the central airways but also in the
peripheral airways of the exposed animals. Morphological stud-
ies in patients with occupational asthma induced by TDI have
shown characteristic features of allergic inflammation in the
bronchial mucosa, that is infiltration of eosinophils and mast
cells [16-21]. Reports have indicated that there is a strong cor-
relation between infiltration of eosinophils and airway inflam-
mation which plays a significant role in the pathogenesis of
asthma [10,18,20-23]. The results of this study are consistent
with studies in humans and other animal studies [5,18,21,22].
Eosinophils are potent proinflammatory cells that release toxic
granule proteins such as major basic protein and eosinophil
cationic protein: produce of reactive oxygen species, which
damage the airway epithelium, promote bronchial hyperre-
sponsiveness, cause mast cell and basophil secretion and di-
rectly contract airway smooth muscle [16,18,20]. In addition,
other eosinophil lipid mediators such as C4, platelet-activating
factor and toxic oxygen metabolites are capable of producing
broncho-constriction, airway inflammation and hyperrespon-
siveness [16,20,24].

As immunomodaulatory cells participating within cell net-
works, eosinophils have been recognized to be capable of both
responding to cytokines and themselves producing cytokines
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[19,20,24].

Asthma is recognized as an inflammatory disorder of the
airways with respect to pulmonary T cell activation and cyto-
kine production. Studies have shown that asthma is associated
with predominant activation of a Th2-like T cell population and
cytokines [25-28]. Th1 cells secret IL-2 and their soluble prod-
uct IFN-y, which inhibit the stimulation of IgE antibody respons-
es and the elicitation of immediate type allergic reactions [25-
27,29-32]. On the other hand, cytokine products of Th2 cells
favor the induction of acute allergic responses and immediate-
type hypersensitivity [3,20,32,33]. IL-4 and IL-5 promote the
production of IgE antibody and the development, localization
and function of eosinophils, respectively [5,25,29,31,33,34].
IL-6 acts on a wide range of cellular processes, including T cell
activation and immunoglobulin production by B cells, and
thus enhances IL-4 dependent IgE synthesis [26-28]. In the air-
ways of patients with allergic asthma, Th2 lymphocytes play a
key role in modulating the local inflammatory process that oc-
curs after exposure to an allergen in maintaining bronchial hy-
perresponsiveness [28]. A mouse model exposed to TDI, showed
that IL-4 and IL-10 were preferentially secreted in lymph node
cells [26,27], and A guinea pig model exposed to TDI has dem-
onstrated that TNF-a and IL-6 were increased in BALF [3]. Anal-
ysis of the cytokine profile in this study showed a preferential
secretion of IL-4 and IL-5 in the exposure groups. These find-
ings are in broad agreement with other previous reports [5,34-
37] and further supported the concept of the important role
of Th2 cytokines in asthma.

In conclusion of this study, IL-5 one of the most important
Th2 cytokines, was increased in both exposure group 1 and 2.
Although IL-4 and IL-5 were significantly increased in the rats,
in the present study, they were not found to be associated with
exposure concentrations or to correlate with respiratory symp-
toms and BALF cellular content. In order to better understand
the role of cytokines in the pathogenesis of occupational asth-
ma induced by TDI exposure, we are currently studying the time
course of cytokine secretion under different exposure concen-
trations and the relationship between cytokines and pulmo-
nary hypersensitivity and infiltration of inflammatory cells.
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