
INTRODUCTION

Exposure to diisocyanates is a well known occupation-
al hazard causing asthma and allergic rhinitis (Lemiére et 
al., 1996). Occupational exposure to 2, 4-Toluene diiso-
cyanate (TDI) can occur among workers involved in its 
manufacture, handling and use (Tarlo et al., 1997). The 
general public may be exposed to TDI through emis-
sions from urethane foam production facilities. In the 

-
rogenic factors might be involved (Mapp et al., 1994b; 

Scheerens et al., 1996). Vanoirbeek found in 2009 that 
an elevation in immunoglobulin-E (IgE) under TDI treat-
ments (Vanoirbeek et al., 2009) which can explain the 
TDI-induced allergy although TDI can induce allergies 
through IgE independent pathways mentioned in some 
literature. The IgE release from B cells occurs in the 
presence of interleukine-4 (IL-4) which can be released 
from T helper cell type 2 (Th2 cells). TDI is well known 
to stimulate Th2 cells to elevate IL-4 levels (Ban et al.,
2006; Johnson et al., 2007; Sun et al., 2007). Not only 
chronic asthma but also acute reactions induced by TDI 
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are shown in the literatures (Mapp et al., 1988; McKay 
and Brooks, 1984; Raulf-Heimsoth and Baur, 1998). The 
expression of IL-4 protein has been found to be increased 
only in the asthmatic subjects tested after 48 hr expo-
sure to TDI (Maestrelli et al., 1997). In murine, mRNA 

challenge (Matheson et al., 2001). Short term expo-
sure of TDI vapor also resulted in the production of 
IL-4 (Kouadio et al., 2005). Cytokine production by 
Th2 Cells increased both in the bronchial mucosa and 
peripheral mononuclear cells of patients with TDI-
induced asthma (Maestrelli et al., 1997; Lee et al.,
1998; Lummus et al., 1998). IL-6-like substances and 
IL-6 gene expression were also reported from bronchi-
al epithelial cells in vitro exposed to isocyanates (Mattoli 
et al., 1991). However, the mechanisms of TDI-induced 
acute responses are still unclear. 

Calcium coupled neurotransmitter secretion respons-
es have been well-known (Douglas and Rubin, 1961;  
Douglas and Poisner, 1964). Calcium-coupling secre-
tion responses are also known in IgE release (Pecht 
and Corcia, 1987; Liu et al., 1987). In bronchial asth-
ma patients, there are increased intracellular free calci-
um concentration ([Ca2+]c) in their leucocytes and plate-
lets (Chhabra et al., 1999; Efendieva et al., 1988; Kuroda 
et al., 1995). We previously found that TDI induces an 
increase in [Ca2+]c in human neuroblastoma SH-SY5Y 
cells (Chiung et al., 2005; Liu et al., 2006a, 2006b). How-
ever, how those acute cellular responses bring out series 
of follow-up complicate mechanisms of TDI-induced 
asthma is not yet known.

Inhalation is the main route to let TDI get into human 
body. Through airway to circulation, some tissue cells 
exist, such as epithelial cells, lung cells, white blood cells, 
nerve cells and so on. The character of TDI inducing an 
elevation in [Ca2+]c in these cells is not well known. Its 
effect on cytokine production is also not reported. In the 
present study, the effects of TDI on the change of [Ca2+]c
in human lung epithelial cell line (H1355), human epi-
thelial HeLa cells, human T-cell line Jurkat, and human 
neuroblastoma SH-SY5Y cells were investigated. Two 
primary isolated cells were used also, named bovine adre-

neuron, and human white blood cells representing the 
immune effect cells. TDI was evidenced to induce an ele-
vation in [Ca2+]c of those cells in this study. The follow-
ing cytokine releases were found subsequently in human 
T-cell line Jurkat cells and human white blood cells. This 
study is going to establish the linkage between cytokines 
release and calcium signaling induced by TDI. 

MATERIALS AND METHODS

Materials
Human lung epithelial cell line (H1355) (CRL-5865), 

human epithelial HeLa cells, human T-cell line Jurkat 
and human neuroblastoma SH-SY5Y cells were obtained 
from American Type Culture Collection. TDI (2,4-tolu-
ene diisocyanate), 1,2-bis-(O-amino- phenoxy) ethane-
N,N,N’,N’- tetraacetic acid (BAPTA) and ethylene glycol 
tetra-acetic acid (EGTA) were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Fura-2/AM was 
purchased from Molecular Probe (Eugene, OR, USA). 

-
tomycin were purchased from Gibco BRL (Gaithersburg, 
MD, USA). 

Cell culture
The human epithelial cell line, HeLa, was cultured in 

5% fetal bovine serum in a 5% CO2
at 37°C (James and Giorgio, 2000). The human lung epi-
thelial H1355cells and The human T leukemia Jurkat cells 
were cultured in a RPMI1640 medium supplemented with 
10% fetal bovine serum (Cheadle et al., 2005; Lin et al.,
2004). The human neuroblastoma SH-SY5Y cells were 
cultured in MEM medium supplemented with 10% fetal 
bovine serum (Liu et al., 2006a). 

Primary cell isolation 
Bovine adrenal medullary cells were isolated accord-

ing to a previously described method (Liu et al., 2006b). 

buffer, and then with a collagenase solution. After sep-
aration from the cortex, the medulla was cut into small 
pieces and digested with the same collagenase solution at 
37°C. Fresh isolated cells were used for experiments.

Human white blood cells (WBC) were isolated from 
the peripheral blood. Blood sample was obtained from 
three healthy male donors; all of them non-smokers and 
had not been exposed to TDI. Venous blood (10 ml) 
was collected under sterile conditions in Heparinized 
Vacutainer Tubes (Becton Dickinson, NJ, USA ) con-
taining lithium heparin as anticoagulant. The whole blood 
was treated with lysis buffer twice for 10 sec to get rid of 
erythrocytes.

Plasma samples of study subjects 
The specified TDI allergic subjects were diagnosed 

according to the results in questionnaires about symp-
toms, examinations of skin tests and anti TDI antibodies. 
Because all the subjects worked in the factories using TDI, 
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and the blood samples were obtained during their work-
ing hours. All of them gave informed consent. According 
to the diagnosis as above, workers were divided into TDI 
allergic, non-TDI allergic control and non-allergic control 
groups. No subject was using allergic drugs.

[Ca2+]c measurements
The cells were loaded with fura-2 by incubation (5 x 

106 cells/ml) using 10 μM fura-2 AM at 37°C for 30 min. 
Cells were then washed twice with a loading buffer (150 
mM NaCl, 5 mM KCl, 2.2 mM CaCl2, 1 mM MgCl2, 5 
mM glucose, 10 mM HEPES, pH 7.4). The vehicle, TDI 
(freshly prepared in DMSO) was individually added to 
the fura-2 loaded cells and the fluorescence was meas-
ured at 340 nm, 380 nm excitation and 505 nm emis-
sion. Cytosolic Ca2+ concentration ([Ca2+]c) was calcu-

(Grynkiewicz et al., 1985). Rmax was achieved by add-
ing 0.01% digitonin to a cuvette at the end of each exper-
iment; Excess EGTA was subsequently added to obtain 
Rmin. A Kd of 224 nM Ca2+ for fura-2 was used. 

Measurements of cytokine release 
Cytokine releases induced by TDI were measured fol-

lowing steps as stimulation, neutralization and collec-
tion. Supernatants of the TDI-treated WBC or Jurkat cells 
were collected after incubation (5 x 107 cells/ml) with 
TDI with DMSO as a vehicle. The experiment initiated as 
adding the stimulation of freshly prepared TDI. Ammoni-
um bicarbonate was added after 5 min of TDI activation, 
the supernatant was collected from this time point. The 
supernatants were collected at 5 min, 5-25 min or 0-25 

-
formed by using human cytokine antibodies (Peprotech 
Inc., NJ, USA) and commercially available reagents for 
ELISA (Bionova Inc., NJ, USA). 

The cytokine amounts in the plasma sample collected 
from workers were measured as above. Concentrations 
were determinated from the triplicate results (one person) 
which were calculated from the standard curves perform-
ance by recombinant cytokines. The cytokine levels were 
detected by using human cytokine antibodies (Peprotech 
Inc., NJ, USA) and commercially available reagents for 
ELISA (Bionova Inc., NJ, USA), and using isotype as 
control.

cytokines
After treatments with TDI, Jurkat cells were neutral-

ized, washed and resuspended in 10% FBS-RPMI and 
incubated for 3 hr. The expression of cytokine transcripts 

was analyzed by reverse transcriptase– polymerase chain 
reaction (RT-PCR) of total RNA extracted with the Trizol 
reagen (Ambion Inc., TX, USA), and remove genom-
ic DNA with DNase (Ambion Inc.). The reverse tran-
scription was performed using a Superscript III kit 
with random hexamer primers and PCR products were 
amplified with Platinum Taq polymerase (Invitrogen) 
for 18 to 35 cycles. Specific primers were as follows: 

5’-GGAAGACCCCTCCCAGATAG-3’, IL-4: 5’-ACT-
GCTTCCCCCTCTGTTCT-3’ and 5’-CTCTGGTTG-
GCTTCCTTCAC-3’, IL-6: 5’-ATGTAGCCGCCCCACA-
CAGA-3’ and 5’-CATCCATCTTTTTCAGCCAT-3’and 
GAPDH: 5’-ACCACAGTCCATGCCATCAC-3’ and 5’-
TCCACCACCCTGTTGCTGTA-3’. The annealing tem-

GAPDH, 58°C for IL-4. The PCR products were sub-
jected to agarose gel electrophoresis (2%), stained with 
ethidium bromide, photographed and then analyzed with 
the bands using the FluorChem8990 program. The rela-

Fig. 1. TDI induced a [Ca2+]c rise in the presence (A) and ab-
sence (B) of extracellular calcium in H1355 cells. TDI, 

loaded cells in loading buffer containing 2.2 mM Ca2+

(Panel A) or in Ca2+ free loading buffer (Panel B). 0.25 
mM EGTA was added to chelate the remaining Ca2+
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tive IL-4 transcript levels in TDI-treated and control were 
adjusted with the results of GAPDH for each experimen-
tal condition.

RESULTS

TDI induced an elevation in [Ca2+]c
Freshly prepared TDI induced a rise in [Ca2+]c in 

human lung epithelial H1355 cells shown in Fig. 1. In the 
presence of extracellular Ca2+, a lag time was observed in 
TDI-induced [Ca2+]c rise. After 100 sec, a sustained phase 
occurred at a high level over a long period. In a Ca2+ free 
buffer, freshly prepared TDI also induced an increase in 
[Ca2+]c and a lag time were present to achieve the peak. 
The sustained level was lower compared between with-
out and with extracellular Ca2+. Therefore, the intracel-
lular Ca2+ release and extracellular Ca2+ 

present.
In other cell lines, similar character of TDI induc-

ing a rise in [Ca2+]c occurred as shown in Fig. 2. 500 μM 
TDI induced a net [Ca2+]c increase of 137 ± 22 nM (n = 
3) in human T-leukemia Jurkat cells, 70 ± 8 nM (n = 3) 
in human epithelial HeLa cells, 83 ± 16 nM (n = 26) in 
human lung epithelial H1355 cells and 113 ± 17 nM (n 
= 21) in human neuroblastoma SH-SY5Y cells. In all 
four cell lines, the Ca2+ releasing ability of the TDI in the 
absence of extracellular Ca2+ were smaller as comparing 
with the presence of extracellular Ca2+. In primary iso-

blood cells, TDI was also capable to induce a rise in 
[Ca2+]c, and 500 μM TDI induced a net [Ca2+]c increase of 
80 ± 12 nM (n = 3) and 55 ± 5 nM (n = 3) in these cells, 
respectively (Fig. 3).

In the absence of extracellular Ca2+, Fig. 4 shows that 
500 μM TDI induced a net [Ca2+]c increase of 58 nM in 
human T-leukemia Jurkat, 44 nM in human epithelial 
HeLa cells, 31 nM in human lung epithelial H1355 cells 
and 63 nM in human neuroblastoma SH-SY5Y cells (all 
n=3).

TDI stimulated cytokines release from WBC and 
Jurkat cells

The cytokine release from human T-leukemia Jur-

higher release of IL-4 and IL-6 were found in the superna-
tants responding to the TDI as early as 30 min but not for 

-
cle (DMSO) only. White blood cells obtained from three 
donors were used to observe the cytokine release under 
similar TDI treatments. Fig. 5B shows that the release of 
cytokines in human white blood cells, only IL-4 was sig-

of TDI, not yet observed in other cytokines, named IL-6, 

by TDI stimulation was exhibited in both human T-leuke-
mia Jurkat cells and human white blood cells. The secre-

-
gic response might occur after the short term treatments 
of TDI. 

Cytokine expression of Jurkat cells

detected after acute TDI treatment. We treat the cells 
with TDI only for 5 min; then ammonium bicarbonate 
was added to treat the cells for 25 min. RT-PCR showed 
that at 3 hr after TDI treatment, the mRNA level of TNF-

-

-
cance was observed. We suggest that an acute stimulation 
of TDI was enough to promote the cytokine gene expres-

-

increase of IL-4 release might be from the cellular stor-
age but small amount were from the newly synthesized 
mRNA.

Dose-dependent effects of TDI on IL-4 release 
The stimulation of TDI on cytokine secretion was in a 

dose dependent and a time dependent manner shown in 

and lasted to 25 min, and was mainly released within the 

induced by 125 μM TDI that was suppressed in the pres-
ence of BAPTA, an intracellular calcium chelator. The 
subsequent gene expression was suppressed also (Fig. 
6C).

Elevated plasma level of IL-4 in TDI allergic 
workers

The plasma IL-4 levels were investigated in 30 work-
ers, nine workers were TDI allergic subjects, 6 subjects 
were non-allergic and 15 allergic subject. IL-4 of TDI-
allergic group showed different statistical results with the 
other two control groups. The IL-4 level of TDI-allergic 
workers was higher than both the non-allergic group and 

-
ference was found between TDI-allergic and allergic con-

-
tory cytokine also appeared in human exposed to TDI.
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Fig. 2. Concentration-dependent [Ca2+]c rise induced by TDI in the presence of extracellular Ca2+ in various human cell lines. The 
experiment was preceded as Fig. 1A. Panel A, B, C, D presents the data in the HeLa cells, the H1355 cells, the Jurkat cells 
and the SH-SY5Y, respectively. The net of [Ca2+]c rise was calculated by the difference between its basal and its maximal 
rise after adding TDI 150 sec. The data are mean ± S.D. of 3-5 experiments (each triplicate).

Fig. 3. Concentration-dependent [Ca2+]c rise induced by TDI in the presence of extracellular Ca2+ in native primary isolated cells. 
The experiment was preceded as Fig. 1A. Panel A, B, presents the data in human white blood cells and bovine adrenal chro-

2+]c rise was calculated by the difference between its basal and its maximal rise after 
adding TDI 150 sec. The data are mean ± S.D. of 3-5 experiments (each triplicate).

Vol. 35 No. 2

201

TDI induces IL-4 release



DISCUSSION

This study mainly illustrates that TDI can induce an 
elevation of [Ca2+]c level and its coupled cytokine release, 

mation and IgE synthesis. This pathway might provide a 
clue for one of the mechanisms involving TDI-induced 
asthma, mainly acute responses. Our supporting data 
listed: 1). TDI induced an elevation in [Ca2+]c in human 
cell lines, including T-leukemia Jurkat cells and prima-
ry isolated human white blood cells. 2). TDI induced an 
increase of IL-4 release within 30 min. This increase of 
IL-4 release might mainly be from its intracellular store 
and coupled with calcium signaling. 3). TDI acutely 

within 30 min was mainly from intracellular storage. 4). 
Higher level of IL-4 in the sera of TDI-allergic workers 
was also observed. Because the calcium signaling induced 

by TDI was transient, therefore, is responsible for TDI 
acute effects.

The data in several cell lines and native cells in this 
study suggest that TDI is capable of inducing an ele-
vation of [Ca2+]c levels, including calcium mobiliza-
tion from internal storage pools and extracellular calci-
um influx. This phenomenon was observed both in the 
presence or absence of external calcium. So, TDI on its 
own, is responsible for an increase of [Ca2+]c. This sug-

er, is responsible for the calcium rise level induced by 
TDI. However, the depletion of the extracellular calcium 
resulted in a lower increase in [Ca2+]c upon the exposure 

for the majority of the sustained calcium levels induced 
by TDI. Furthermore, our data evidenced the existence 
of TDI-induced [Ca2+]c rise in epithelial cells (present by 
HeLa cells), lung cells (present by human lung epitheli-
al H1355 cells), while blood cells (present by human T-
leukemia Jurkat) and autonomic nerve (present by human 

Fig. 4. Concentration-dependent [Ca2+]c rise induced by TDI in the absence of extracellular Ca2+ in various human cell lines. The 
experiment was preceded as Fig. 1B. Panel A, B, C, D presents the data in the HeLa cells, the H1355 cells, the Jurkat cells 
and the SH-SY5Y, respectively. The net of [Ca2+]c rise was calculated by the difference between its basal and its maximal 
rise after adding TDI 150 sec. The data are mean ± S.D. of 3-5 experiments (each triplicate).
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neuroblastoma SH-SY5Y cells). This character of TDI 
was also evidenced in the native primary isolated cells, 
bovine adrenal medullary chromaffin cells and human 
while blood cells. 

Stimulation-secretion coupling triggered by an eleva-
tion of [Ca2+]c -

2+]c
leads neurotransmitter release. Today, stimulation-secre-
tion coupling has been applied in every endocrine, auto-
crine release including cytokine release. Recently, natu-
ral T cells promptly secret pro-inflammatory cytokines 
under activation without prior sensitization were report-
ed, and the activation of those genes through certain path-

T cells, interleukin-2 secrets after stimulation was found 
to be calcium-dependent via relocation of membrane pro-
teins (Podszywalow-Bartnicka et al., 2007). 

In the leukocytes and platelets of patients with bron-
chial asthma, the level of [Ca2+]c is higher than those of 
the healthy people (Chhabra et al., 1999; Efendieva et al.,
1988; Kuroda et al., 1995). TDI is known to induce asth-

-
port that TDI is capable to induce [Ca2+]c rise in primary 
isolated white blood cells, Jurkat cells and other airway 
cells. The data on the character of TDI inducing an eleva-
tion of [Ca2+]c in this study may link with the character of 
asthma people, and illustrates the character of TDI induc-
ing an elevation of [Ca2+]c might play some roles on its 
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Fig. 5. The cytokines release from Jurkat cells and white blood cell under the TDI treatments. Panel A, B presents the data in 

were measured by ELISA after TDI (1 mM) treatment for 30 min in buffered cellular suspension. The reactivity of TDI was 
stopped at 5 min by ammonium bicarbonate (0.2 M). Three individual experiments were carried out by using different batch 
Jurkat cells or using WBC from three donors. Each experiment was triplicate. Bars are means ± S.D.; *p
to control.
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listed in the Materials and Methods. GAPDH is the internal control in this experiment. Panel B shows the relative expres-
sion levels which were calculated by the ratio of individual genes compared to GAPDH. Bars are means ± S.D.; *p
compared to control. Panel C shows the mRNA levels of IL-4 in the presence of 1 mM TDI (shown as TDI), 1 mM TDI 
with 5 μM BAPTA (shown as TDI+B) and vehicle (shown as control).

Fig. 7. The time and dose effects of TDI on the IL-4 release from Jurkat cells. IL-4 release from the cells stimulated by TDI within 
0-5 min (striated bars) and 5-25 min (open bars). Different concentrations of TDI were used as shown in X scale and 125 + 
B presents the treatment of 125 μM TDI with 5 μM BAPTA.
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induction of asthma.
TDI-induced asthma leads to neutrophil movement and 

cell-mediated immune responses (Bentley et al., 1992; 
Finotto et al., 1991; Mapp et al., 1994a). After exposure 

cells are degranulated in the airway mucosa (Saetta et 
al., 1992). During activation, granulocytic cell changing 
intracellular free calcium levels have been proved to be 
associated with degranulation, which causes cell releas-
ing storage from granules, such as eosinophils and mast 
cells releasing their cytokines (Liu et al., 2006b). In sim-
ilar ways, a series pathway can be predicted that the cells 
present in airway can be triggered after an elevation of 
[Ca2+]c, which is induced by TDI during exposure. 

In isocyanate-induced asthma characterized by air-

process (Matheson et al., 2002). According to its multi-

influence both nonspecific inflammatory processes and 
-
-

siveness in asthma, with high levels in bronchoalveo-
lar lavage fluid (Van Oosterhout and Nijkamp, 1993). 
The expression of IL-4 protein was increased only in 
the asthmatic subjects tested after 48 hr exposure to TDI 
(Maestrelli et al., 1997). Animal models indicated that 

Th2 cytokines appeared after TDI stimulation. In the 
experiment of C57BL/6J mice, after TDI challenge, his-
tological changes in the trachea of wild-type mice were 
accompanied by increased mRNA expression of IL-4 and 

et al.,
2001). Short term exposure of TDI vapor resulted in air-

4 in the airways of the exposed group (Kouadio et al.,
2005). In airways, because of high humidity, most of air-
born TDI are lost quickly (Tsai et al., 2006 ) and might 

-
ing. Follow-up reactive events might occur with prop-
er molecules possessing hydrophobic moieties appearing 

similar reaction as calcium elevation induced secretion 
exists. Our results provide a possible way explaining the 

-

We conclude that TDI directly induces an eleva-
tion in [Ca2+]c in cell lines and primary cultured cells as 
well as IL-4 release from Jurkat cells and human white 
blood cells. Our results illustrate that IL-4 might be an 

the release of it was coupled with an elevation in [Ca2+]c
induced by TDI. This pathway related to TDI was rapid-
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TDI (P = 0.041).
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can be explained, especially for asthma.

ACKNOWLEDGMENTS

We thank Miss Yi-Yin Chen for helping the figure 
drawing and reference editing. We also want to thank all 
our friends for solidify our strategy in this study through 
a lot of discussion. This study is supported by grants from 
the National Science council (NSC97-2320-B-031-001-
MY3) and Institute of Occupational Safety and Health.

REFERNCES

Ban, M., Morel, G., Langonné, I., Huguet, N., Pépin, E. and Binet, 
S. (2006): TDI can induce respiratory allergy with Th2-dominat-
ed response in mice. Toxicology, 218, 39-47.

Bentley, A.M., Maestrelli, P., Saetta, M., Fabbri, L.M., Robinson, 
D.S., Bradley, B.L., Jeffery, P.K., Durham, S.R. and Kay, A.B. 
(1992): Activated T-lymphocytes and eosinophils in the bron-
chial mucosa in isocyanate-induced asthma. J. Allergy. Clin. 
Immunol., 89, 821-829.

Cheadle, C., Fan, J., Cho-Chung, Y.S., Werner, T., Ray, J., Do, L., 
Gorospe, M. and Becker, K.G. (2005): Control of gene expres-
sion during T cell activation: alternate regulation of mRNA tran-
scription and mRNA stability. BMC Genomics., 6, 75.

Chhabra, S.K., Khanduja, A. and Jain, D. (1999): Decreased sodi-
um-potassium and calcium adenosine triphosphatase activity in 
asthma: modulation by inhaled and oral corticosteroids. Indian. 
J. Chest. Dis. Allied. Sci., 41, 15-26.

Chiung, Y.M., Kao, Y.Y., Chen, H.T. and Liu, P.S. (2005): Inhibition 
by 2,4-toluene diisocyanate of the calcium signaling of neuron-
al nicotinic acetylcholine receptors in human neuroblastoma SH-
SY5Y cells. J. Biomed. Sci., 12, 539-546.

Douglas, W.W. and Poisner, A.M. (1964): Stimulus-secretion cou-
pling in a neurosecretory organ: the role of calcium in the release 
of vasopressin from the neurohypophysis. J. Physiol., 172, 1-18.

Douglas, W.W. and Rubin, R.P. (1961): Mechanism of nicotin-
ic action at the adrenal medulla: calcium as a link in stimulus-
secretion coupling. Nature, 192, 1087-1089.

Efendieva, I.S., Rudchenko, S.A., Kormosh, T., Khurkhulu, Z.S. 
and Grigorian, G. (1988): Effect of extracorporeal sorption on 
the content of free intracellular calcium of the leukocytes in 
atopic bronchial asthma. Ter. Arkh., 60, 58-60.

Finotto, S., Fabbri, L.M., Rado, V., Mapp, C.E. and Maestrelli, P. 
(1991): Increase in numbers of CD8 positive lymphocytes and 
eosinophils in peripheral blood of subjects with late asthmatic 
reactions induced by toluene diisocyanate. Br. J. Ind. Med., 48,
116-121.

Grynkiewicz, G., Poenie, M. and Tsien, R.Y. (1985): A new gen-

properties. J. Biol. Chem., 260, 3440-3450.
James, M.B. and Giorgio, T.D. (2000): Nuclear-associated plas-

mid, but not cell-associated plasmid, is correlated with transgene 
expression in cultured mammalian cells. Mol. Ther., 1, 339-346.

Johnson, V.J., Yucesoy, B., Reynolds, J.S., Fluharty, K., Wang, W., 
Richardson, D. and Luster, M.I. (2007): Inhalation of toluene 
diisocyanate vapor induces allergic rhinitis in mice. J. Immunol., 
179, 1864-1871.

Kouadio, K., Zheng, K.C., Tuekpe, M.K., Todoriki, H. and Ariizumi, 

rat model exposed to toluene diisocyanate. Food Chem. Toxicol., 
43, 1281-1288.

Kuroda, S., Ishikawa, K., Hanamitsu, H., Komori, M., Komiya, K., 
Ichikawa, Y., Maejima, K., Hasegawa, K., Ninomiya, R. and 
Kuroda, M. (1995): Evidence for an increased intracellular free 
calcium concentration in platelets of bronchial asthma patients. 
Intern. Med., 34, 722-727.

Lee, M., Park, S., Park, H.S. and Youn, J.K. (1998): Cytokine secre-
tion patterns of T cells responding to haptenized-human serum 
albumin in toluene diisocyanate (TDI)-induced asthma patients. 
J. Korean Med. Sci., 13, 459-465.

Lemiére, C., Malo, J.L., Boulet, L.P. and Boutet, M. (1996): Reac-
tive airways dysfunction syndrome induced by exposure to a 
mixture containing isocyanate: functional and histopathologic 
behaviour. Allergy, 51, 262-265.

Lin, P., Chang, J.T., Ko, J.L., Liao, S.H. and Lo, W.S. (2004): Reduc-
tion of androgen receptor expression by benzo[alpha]pyrene and 
7,8-dihydro-9,10-epoxy-7,8,9,10-tetrahydrobenzo[alpha]pyrene 
in human lung cells. Biochem. Pharmacol., 67, 1523-1530.

Liu, P.S., Chiung, Y.M. and Kao, Y.Y. (2006a): Effect of tolu-
ene diisocyanate on homeostasis of intracellular-free calcium in 
human neuroblastoma SH-SY5Y cells. Toxicol. Appl. Pharmacol., 
211, 106-114.

Liu, P.S., Chiung, Y.M., Kao, Y.Y. and Chen, H.T. (2006b): 2,4-Tol-
uene diisocyanate suppressed the calcium signaling of ligand 
gated ion channel receptors. Toxicology, 219, 167-174.

Liu, Z.Y., Young, J.I. and Elson, E.L. (1987): Rat basophilic leuke-
mia cells stiffen when they secrete. J. Cell Biol., 105, 2933-
2943.

Lummus, Z.L., Alam, R., Bernstein, J.A. and Bernstein, D.I. (1998): 
Diisocyanate antigen-enhanced production of monocyte chem-
oattractant protein-1, IL-8, and tumor necrosis factor-alpha by 
peripheral mononuclear cells of workers with occupational asth-
ma. J. Allergy Clin. Immunol., 102, 265-274.

Maestrelli, P., Occari, P., Turato, G., Papiris, S.A., Di Stefano, A., 
Mapp, C.E., Milani, G.F., Fabbri, L.M. and Saetta, M. (1997): 
Expression of interleukin (IL)-4 and IL-5 proteins in asthma 
induced by toluene diisocyanate (TDI). Clin. Exp. Allergy, 27,
1292-1298.

Mapp, C.E., Boschetto, P., Dal Vecchio, L., Maestrelli, P. and 
Fabbri, L.M. (1988): Occupational asthma due to isocyanates. 
Eur. Respir. J., 1, 273-279.

Mapp, C.E., Plebani, M., Faggian, D., Maestrelli, P., Saetta, M., 
Calcagni, P., Borghesan, F. and Fabbri, L.M. (1994a): Eosi-
nophil cationic protein (ECP), histamine and tryptase in periph-
eral blood before and during inhalation challenge with toluene 
diisocyanate (TDI) in sensitized subjects. Clin. Exp. Allergy, 24,
730-736.

Mapp, C.E., Saetta, M., Maestrelli, P., Di Stefano, A., Chitano, P., 
Boschetto, P., Ciaccia, A. and Fabbri, L.M. (1994b): Mecha-
nisms and pathology of occupational asthma. Eur. Respir. J., 7,
544-554.

Matheson, J.M., Lange, R.W., Lemus, R., Karol, M.H. and Luster, 
-

nents in a mouse model of airway reactivity to toluene diisocy-
anate (TDI). Clin. Exp. Allergy, 31, 1067-1076.

Matheson, J.M., Lemus, R., Lange, R.W., Karol, M.H. and Luster, 
M.I. (2002): Role of tumor necrosis factor in toluene diisocy-
anate asthma. Am. J. Respir. Cell Mol. Biol., 27, 396-405.

Mattoli, S., Colotta, F., Fincato, G., Mezzetti, M., Mantovani, A., 
Patalano, F. and Fasoli, A. (1991): Time course of IL1 and IL6 

Vol. 35 No. 2

206

Y.-M. Chiung et al.



synthesis and release in human bronchial epithelial cell cultures 
exposed to toluene diisocyanate. J. Cell. Physiol., 149, 260-268.

McKay, R.T. and Brooks, S.M. (1984): Hyperreactive airway 
smooth muscle responsiveness after inhalation of toluene diiso-
cyanate vapors. Am. Rev. Respir. Dis., 129, 296-300.

Pecht, I. and Corcia, A. (1987): Stimulus-secretion coupling mecha-
nisms in mast cells. Biophys. Chem., 26, 291-301.

Podszywalow-Bartnicka, P., Strzelecka-Kiliszek, A., Bandorowicz-
Pikula, J. and Pikula, S. (2007): Calcium- and proton-dependent 
relocation of annexin A6 in Jurkat T cells stimulated for inter-
leukin-2 secretion. Acta. Biochim. Pol., 54, 261-271.

Raulf-Heimsoth, M. and Baur, X. (1998): Pathomechanisms and 
pathophysiology of isocyanate-induced diseases--summary of 
present knowledge. Am. J. Ind. Med., 34, 137-143.

Saetta, M., Di Stefano, A., Maestrelli, P., De Marzo, N., Milani, 
G.F., Pivirotto, F., Mapp, C.E. and Fabbri, L.M. (1992): Airway 

-
ene diisocyanate. Am. Rev. Respir. Dis., 145, 160-168.

Scheerens, H., Buckley, T.L., Muis, T., Van Loveren, H. and 
Nijkamp, F.P. (1996): The involvement of sensory neuropeptides 

in toluene diisocyanate-induced tracheal hyperreactivity in the 
mouse airways. Br. J. Pharmacol., 119, 1665-1671.

Sun, L.Z., Elsayed, S., Bronstad, A.M., Van Do, T., Irgens, A., 

bronchial remodelling in toluene diisocyanate-exposed BALB/c 
mouse model. Scand. J. Immunol., 65, 118-125.

Tarlo, S.M., Banks, D., Liss, G. and Broder, I. (1997): Outcome 
determinants for isocyanate induced occupational asthma among 
compensation claimants. Occup. Environ. Med., 54, 756-761.

Tsai, C.J., Lin, H.C., Shih, T.S., Chang, K.C., Hung, I.F. and 
Deshpande, C.G. (2006). Measurement of 2,4-toluene diisocy-
anate concentrations by different samplers. J. Hazard. Mater., 
137, 1395-1401.

Van Oosterhout, A.J. and Nijkamp, F.P. (1993): Role of cytokines in 
bronchial hyperresponsiveness. Pulm. Pharmacol., 6, 225-236.

Vanoirbeek, J.A., Tarkowski, M., De Vooght, V., Nemery, B. and 
Hoet, P.H. (2009): Immunological determinants in a mouse mod-
el of chemical-induced asthma after multiple exposures. Scand. 
J. Immunol., 70, 25-33.

Vol. 35 No. 2

207

TDI induces IL-4 release



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




