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Introduction

Summary

Diisocyanate is a leading cause of occupational asthma (OA). Diisocyanate-
induced OA is an inflammatory disease of the airways that is associated with
airway remodelling. Although the pathogenic mechanisms are unclear, oxida-
tive stress may be related to the pathogenesis of diisocyanate-induced OA. In
our previous report, we observed that the expression of ferritin light chain
(FTL) was decreased in both of bronchoalveolar lavage fluid and serum of
patients with diphenyl-methane diisocyanate (MDI)-induced OA compared
to those of asymptomatic exposed controls and unexposed healthy controls.
In this study of toluene diisocyanate (TDI)-OA, we found identical findings
with increased transferrin and decreased ferritin levels in the serum of
patients with TDI-OA. To elucidate whether diisocyanate suppresses FTL
synthesis directly, we tested the effect of TDI on the FTL synthesis in A549
cells, a human airway epithelial cell line. We found that haem oxygenase-1 as
well as FTL was suppressed by treatment with TDI in dose- and time-
dependent manners. We also found that the synthesis of other anti-oxidant
proteins such as thioredoxin-1, glutathione peroxidase, peroxiredoxin 1 and
catalase were suppressed by TDI. Furthermore, TDI suppressed nuclear trans-
location of Nrf2 through suppressing the phosphorylation of mitogen-
activated protein kinases (MAPKs); extracellular-regulated kinase 1/2 (ERK1/
2); p38; and c-Jun N-terminal kinase (JNK). Peroxisome proliferator-activated
receptor-Y (PPAR-Y) agonists, 15-deoxy-A'>"*-PGJ2 and rosiglitazone rescued
the effect of TDI on HO-1/FTL expression. Collectively, our findings suggest
that TDI suppressed HO-1/FTL expression through the MAPK-Nrf2 signal-
ling pathway, which may be involved in the pathogenesis of TDI-induced OA.
Therefore, elucidating these observations further should help to develop the
therapeutic strategies of diisocyanate-induced OA.
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and non-immunological mechanisms have been suggested
[2,4]. Gathering evidence suggests that diisocyanate binds to

Diisocyanate chemicals, such as toluene diisocyanate (TDI),
diphenyl-methane diisocyanate (MDI) and hexamethylene
diisocyanate (HDI), are highly reactive chemicals used in a
variety of chemical manufacturing processes, including the
production of polyurethane forms and paints, and among
these, TDI is the most commonly identified cause of occu-
pational asthma (OA) [1,2].

TDI-induced OA (TDI-OA) is characterized by hyperre-
sponsiveness, inflammation and remodelling of the airways
[3]. Although the pathogenic mechanisms of TDI-OA have
not yet been elucidated completely, several immunological

airway epithelial cell proteins and are taken up by epithelial
cells [5,6]. These interactions lead to airway inflammation
comprising cytokine and chemokine production and cellular
recruitment [2].

Oxidative stress has been speculated to play an essential
role in the pathogenesis of airway inflammation [7]. The
airway epithelium is exposed constantly to oxidants in the
ambient air, including ozone, nitrogen dioxide, diesel
exhaust and cigarette smoke. Increased reactive oxygen
species (ROS) levels have been implicated in initiating
inflammatory responses in the lungs through a variety of
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signalling pathways [8]. Therefore, the lung contains many
anti-oxidant defences in order to protect itself from oxidant-
induced tissue damage. The anti-oxidant defence system in
the airway includes glutathione, vitamins C and E as non-
enzymatic anti-oxidants, and superoxide dismutases (SODs)
and catalase (CAT) as enzymatic anti-oxidants. Recently,
haem oxygenase-1 (HO-1) and small molecular weight
redox proteins, such as peroxiredoxin (PRDX) and thiore-
doxins (TXNs), have also been found to play a crucial role in
lung anti-oxidant defence mechanisms [9]. The imbalance in
oxidant and anti-oxidant systems has been well known to
play a role in a variety of respiratory diseases, such as asthma
and chronic obstructive pulmonary disease (COPD) [7,10].

In our recent previous study, using a proteomic approach,
we found that the ferritin light chain (FTL) was down-
regulated whereas transferrin was up-regulated in the MDI-
induced OA group, compared with the asymptomatic
exposed control (AEC) group [11]. Ferritin is an iron storage
protein consisting of two subunits, a heavy chain and light
chain, that sequester iron in the ferric (Fe*") state [12]. Fer-
ritin synthesis is regulated by intracellular iron at both the
transcriptional and translation levels. In addition, ferritin
expression is regulated by oxidative stress that acts either
directly on gene expression or indirectly via modifications of
iron regulatory protein activity [12]. The ability of cells to
induce rapid ferritin synthesis prevents the effects of free
radical damage to cellular components [12]. Therefore, the
dysregulation of ferritin expression could cause tissue
damage in the airway, followed by airway inflammatory dis-
eases such as asthma.

HO-1 is the inducible isoform of haem oxygenase and
catalyses the degradation of haem, a potent oxidant, to gen-
erate biliverdin, iron and carbon monoxide [13]. Biliverdin is
converted to bilirubin, a potent endogenous anti-oxidant,
while iron is sequestered by ferritin, leading to an additional
anti-oxidant effect [13]. CO has anti-inflammatory proper-
ties [13], suggesting that HO-1 plays a critical role in defend-
ing the lung against inflammatory and oxidant-induced
cellular and tissue injury and is considered to be a potential
therapeutic target in allergic inflammation [14].

Table 1. The clinical characteristics of the study subjects.

In the present study, we extended our previous clinical
findings in patients with TDI-OA and evaluated the mecha-
nism of how the regulation of FTL expression is associated
with the pathogenesis of diisocyanate-induced OA.

Materials and methods

Study subjects

We enrolled 74 patients with TDI-OA, determined by posi-
tive responses to TDI bronchoprovocation tests. The control
subjects included 144 asymptomatic exposed subjects
(AECs) from similar working environments (i.e. spray-
painting or polishing in the furniture, musical instrument or
car industries). Ninety-two unexposed healthy controls
(NCs) were recruited from among out-patients at Ajou Uni-
versity Hospital in Suwon, Korea. Atopy was determined by a
positive skin prick test to at least one common inhalant
allergen, such as house dust mites, tree and pollen mixtures,
mugwort, ragweed pollens or Alternaria (Bencard, Bradford,
UK). Sera from all participants were collected at initial
examination. All subjects underwent an interview, chest
radiography and skin prick test with common inhalant
allergens. To confirm TDI-OA, we subjected patients to lung
function measurements and inhalation challenges with
methacholine and TDI. The methacholine challenge and
TDI bronchoprovocation tests were performed as described
previously [15,16]. Their clinical features are summarized in
Table 1. All participants provided their informed consent,
which was regulated by the Institutional Review Board of
Ajou University Medical Center.

Measurement of ferritin and transferrin in sera

The serum levels of FTL (Alpha Diagnostic International,
San Antonio, TX, USA) and transferrin (Alpha Diagnostic
International) in the subjects from the 74 TDI-OA, 144 AEC
and 92 NC groups were measured using an enzyme-linked
immunosorbent assay (ELISA) kit according to the manu-
facturer’s instructions, as described previously [11].

TDI-OA (n=74) AEC (n=144) NC (n=92) TDI-OA versus AEC TDI-OA versus NC
Male (%) 48 (65:8%) 104 (72-2%) 27 (32:1%) 0-326 <0-001
Age (years) 425+ 99 412 = 83 29 £ 62 0-354 <0-001
Working duration (years) 68 42 11-6 £ 67 - 0-004 NA
% predicted FEV, 82:9 =233 - - NA NA
PC20 (mg/ml) 6:1 =92 - - NA NA
Log total IgE (IU/ml) 4-8 £ 14 4-5* 14 35+ 14 0-227 0-003
Atopy (%) 27 (44-3%) - 6 (37:5%) NA 0-627
Smoking history (%) 19 (28:4%) 53 (42:7%) 0 (0%) 0-117 0-419

All values were presented as mean and standard deviation. Statistical analysis was performed using Pearson’s %* and t-test. AEC, asymptomatic

exposed workers; FEV}, forced expiratory volume in 1 s; Ig, immunoglobulin; NC, unexposed healthy control; TDI-OA, toluene diisocyanate-induced

occupational asthma.
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Materials

TDI, N-acetylcysteine (NAC), and SB203580 were purchased
from Sigma (St Louis, MO, USA). TDI was thawed in dim-
ethylsulphoxide (DMSO) (1 : 20, v/v). When we treated cells
with TDI, we treated with an equivalent amount of DMSO as
a control. Tin-protoporphyrin-IX (SnppIX) was obtained
from Porphyrin Products (Logan, UT, USA). U0126 and
SP600125 were purchased from Calbiochem (La Jolla, CA,
USA). Rosiglitazone and 15-deoxy-A'>"*-PGJ2 (15d-PGJ2)
were purchased from Biomol (Cayman, MI, USA).

Cell culture

A549 cells and Beas-2B cells, human airway epithelial cell
lines, were obtained from the American Type Culture Col-
lection (Manassas, VA, USA). They were grown in RPMI-
1640 with 10% fetal bovine serum (FBS) and maintained at
37°C in a humidified atmosphere of 5% CO, and 95% air.

Real-time reverse transcriptase—polymerase chain
reaction (RT-PCR)

Total RNA was isolated from A549 cells using an Easy-BLUE
Total RNA Extraction Kit (iNtRON Biotechnologies, Seoul,
Korea). Total RNA (2 ng) was reverse-transcribed using the
oligodeoxythymidylic acid (oligo-dT) primer and Moloney
murine leukaemia virus (MMLV) reverse transcriptase
(Promega, Madison, WI, USA) at 42°C for 90 min. Real-time
PCR was performed using an ABI Prism 7500 instrument
according to the manufacturer’s instructions (Applied Bio-
systems, Foster City, CA, USA). The amplification kinetics
were recorded as sigmoid progress curves for which fluores-
cence was plotted against the number of amplification cycles.
The threshold cycle number (CT) was used to define the
initial amount of each template. The CT was the first cycle
for which a detectable fluorescence signal was observed. The
mRNA expression levels were determined and standardized
to that of glyceraldehydes-3-phosphate dehydrogenase
(GAPDH).

Preparation of whole, cytosolic and nuclear extracts

The whole cell lysates were prepared by radio immuno-
precipitation assay (RIPA) lysis buffer [50 mM Tris-HCI,
150 mM NaCl, 1% NP-40, 0-25% sodium deoxycholate,
2 mM ethylenediamine tetraacetic acid (EDTA)] containing
a mixture of protease inhibitors (Sigma, St Louis, MO, USA).
Cytosolic and nuclear extracts were prepared using 200 ul of
lysis buffer [10 mM HEPES, pH 7-9, 10 mM KCI, 0-1 mM
EDTA, 0-1 mM ethyleneglycol tetraacetic acid (EGTA)] and
incubated on ice for 15 min. At the end of this incubation,
10 pl of 10% NP-40 was added and the tube was vortexed for
10s. After centrifugation at 12000 ¢ for 10 min at 4°C,
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supernatants were used as cytosolic extract. The pellets were
processed further to obtain nuclear extracts. The pellets were
resuspended in the extraction buffer (20 mM HEPES, 1 M
glycerol, 0-4 M Nacl, ] mM EDTA, 1 mM EGTA) and incu-
bated for 30 min at 4°C. Nuclear extracts were isolated by
centrifugation at 12 000 g for 30 min at 4°C. The superna-
tants were stored at 80°C until used for Western blot analysis.

Western blot analysis

The cell extracts were separated by 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto a nitrocellulose membrane. The mem-
branes were blocked in blocking solution [5% non-fat dried
milk in phosphate buffered saline (PBS)] for 2 h at room
temperature and then probed with anti-HO-1 (Stressgen
Biotechnologies, Victoria, BC, Canada), anti-PRDX1, anti-
TXN-1, anti-Nrf2, anti-actin, anti-ferritin light chain, anti-
lamin B (Santa Cruz Technology, Santa Cruz, CA, USA),
anti-CAT (Ab Frontier, Seoul, Korea), anti-extracellular-
regulated kinase (ERK), anti-phospho ERK, anti-p38,
anti-phospho p38, anti-c-Jun N-terminal kinase (JNK), anti-
phospho JNK (Cell Signaling Technology, Beverly, MA, USA)
and anti-tubulin (Sigma) for 1 h at room temperature. After
washing three times in phosphate-buffered saline (PBS) con-
taining 0-1% Tween-20 (PBS-T), the membranes were incu-
bated with secondary antibodies (Jackson Immunoresearch,
West Grove, PA, USA) for 1 h at room temperature. After
washing an additional three times in PBS-T, the membranes
were developed using an electrochemiluminescence (ECL)
solution (Pierce, Rockford, IL, USA) and exposed to Kodak
X-ray film.

Electrophoretic mobility shift assay (EMSA)

EMSA for Nrf2-ARE binding was performed as described
previously [17]. In brief, a synthetic double-strand oligo-
nucleotide corresponding to a human HO-1 ARE site (in
italics), 5-GCATTTCTGCTGCGTCATGTTTGGGAGG-3’
was radiolabelled with [y*P]ATP and T4 polynucleotide
kinase (Promega, Madison, WI, USA) and purified using
Sephadex G-25 Quick Spin Columns (Roche, Mannheim,
Germany). DNA—protein complexes were separated on 6%
(w/v) polyacrylamide gels in Tris/glycine buffer, pH 8-3. The
dried gels were exposed to X-ray film.

Immunocytochemistry

Two x 10* A549 cells were seeded in 24-well plates and incu-
bated with 1 mM TDI for 3 h at 37°C. After washing briefly,
the cells were fixed with 4% paraformaldehyde in PBS for
30 min and permeabilized with 0-1% Triton X-100 in PBS
for 5 min at room temperature. After washing three times in
PBS, the cells were blocked with 5% bovine serum albumin
(BSA) in PBS for 30 min at room temperature. The cells
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were then incubated with anti-Nrf2 antibody for 1h at
room temperature, washed with PBS, and reacted with
a fluorescence-conjugated secondary antibody (Cappel,
Durham, NC, USA) for 1h at room temperature. Subse-
quently, the stained cells were observed under a fluorescence
microscope (Carl Zeiss, Jena, Germany).

Statistical analysis

All values are expressed as mean * standard error of the
mean (s.e.m.), unless stated otherwise. Statistical signifi-
cance was evaluated using f-test, analysis of variance
(aNnova) or Mann—Whitney U-test unless stated otherwise
(Graphpad Software, San Diego, CA, USA).

Results

Comparison of serum ferritin and transferrin

Table 1 summarizes the relevant demographic data. The
patients with TDI-OA and asymptomatic exposed subjects
(AEC) groups had significantly older age and male
predominance. In addition, exposure duration was signifi-
cantly longer in the AEC than the TDI-OA group. Although
smoking history was predominant in the TDI-OA and AEC
groups compared to those of unexposed healthy controls
(NC), there were no significant differences (P=0-419,
Table I). The serum ferritin level of patients with TDI-OA
was lowered significantly compared to those of AEC and NC,
while the serum transferrin level was significantly higher
than those of two control groups (P < 0-05, respectively,
Fig. 1), which is in agreement with our previous study of
patients with MDI-OA [11].

TDI down-regulated FTL expression in A549 cells

To evaluate the direct effect of TDI on the expression of
ferritin light chain (FTL) in airway epithelial cells, we per-
formed Western blot analysis in A549 cells. When A549 cells
were incubated with TDI, FTL expression was down-
regulated in time- and dose-dependent manners (Fig. 2),
suggesting that TDI down-regulates FTL expression in
airway epithelial cells directly. We did not find any cyto-
toxicity by TDI in our experimental condition (data not
shown).

TDI down-regulated HO-1 expression in A549 cells

The expression of ferritin is regulated in part by intracellular
iron levels at both the transcriptional and translational levels
[12]. Moreover, HO-1 generates intracellular iron as haem
metabolites [18]. Tin-protoporphyrin-IX (SnppIX), a spe-
cific inhibitor of HO-1, suppressed FTL expression in A549
cells (Fig. 3a), suggesting that the activity of HO-1 is linked
to FTL expression. We performed Western blot analysis
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Fig. 1. Comparison of the serum concentrations of log ferritin (a)
and log transferrin (b) in subjects with toluene diisocyanate-induced
occupational asthma (TDI-OA), asymptomatic exposed control (AEC)
and unexposed healthy controls (NC). Statistical significances were
noted in both ferritin and transferrin levels among the three study
groups (P < 0-05). All values were presented as log-transformed.
Horizontal bars indicate mean value of each group. P-value was
applied to analysis of variance (ANova) with Bonferroni. AEC,
asymptomatic exposed workers.

to evaluate whether TDI also regulates HO-1 expression
in airway epithelial cells. Interestingly, TDI also down-
regulated HO-1 expression in A549 cells in dose- and
time-dependent manners (Fig. 3b,c). In addition, TDI also
down-regulated HO-1 expression in Beas-2B cells (Fig. 3d).
Furthermore, real-time RT-PCR and Western blot analysis
indicated that TDI also down-regulated the mRNA and
protein levels of several anti-oxidant proteins such as
TXN-1, GPX-1, PRDX1 and CAT, as well as FTL and HO-1
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Fig. 2. Toluene diisocyanate (TDI) down-regulated ferritin light chain
(FTL) expression in A549 cells. (a) A549 cells were incubated with the
indicated doses of TDI for 48 h, and then Western blot against FTL
was performed. (b) A549 cells were incubated with 1 mM TDI for the
indicated times, and then Western blot against FTL was performed.
The intensities of Western blot were analysed and normalized by those
of B-actin. *P < 0-05; **P < 0-01 versus control.

(Fig. 3e,f), suggesting that TDI down-regulates the expres-
sion of anti-oxidant proteins in airway epithelial cells. Pre-
vious reports demonstrated that TDI exposure induces ROS
generation [19,20]. Oxidative stress such as ROS has been
known to up-regulate anti-oxidant enzymes [18,21]. To
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identify the effect of ROS generated by TDI on the regulation
of anti-oxidant proteins, A549 cells were treated with TDI in
the absence or presence of N-acetylcysteine (NAC), a ROS
scavenger [22], and then real-time RT-PCR analysis was
performed. NAC did not abrogate TDI’s down-regulation of
HO-1 expression; rather, it caused the expression of HO-1 to
be reduced further (Fig. 3g), suggesting that ROS generated
by TDI are independent of TDI’s effect on down-regulating
anti-oxidant protein expression and that the other properties
of TDI could down-regulate anti-oxidant proteins.

TDI inhibited Nrf2 translocation into nucleus

The expression of several anti-oxidant proteins is regulated
by transcription factor Nrf2 by binding the anti-oxidant
response element (ARE) in the promoter of target genes
[21]. We speculated that TDI could regulate the expression of
anti-oxidant proteins by regulating the expression or trans-
location of Nrf2. Initially, we performed Western blot analy-
sis to identify the expression of Nrf2. As shown in Fig. 4a, the
total level of Nrf2 was not changed by TDI treatment. Next,
we determined the change of binding between Nrf2 and the
ARE region of HO-1 promoter by EMSA. EMSA analysis
indicated that the treatment of TDI suppressed the binding
of Nrf2 to the ARE region of HO-1 promoter (Fig. 4b).
Furthermore, we determined the effect of TDI on Nrf2
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Fig. 3. Toluene diisocyanate (TDI) down-regulated the expression of several anti-oxidant proteins in A549 cells. (a) A549 cells were incubated with
20 uM SnPP IX for 3 h, and then Western blot against ferritin light chain (FTL) was performed. (b) A549 cells were incubated with the indicated
doses of TDI for 48 h, and then Western blot against haem oxygenase-1 (HO-1) was performed. (c) A549 cells were incubated with 1 mM TDI for
the indicated times, and then Western blot against HO-1 was performed. The intensities of Western blot were analysed and normalized by those of
[-actin. (d) Beas 2B cells were incubated with indicated doses of TDI for 48 h, and then Western blot against HO-1 was performed. Intensities of
Western blot were then analysed and normalized by those of B-actin. (e) A549 cells were incubated with 1 mM TDI for 3 h, and then real-time
reverse transcription—polymerase chain reaction (RT-PCR) was performed as described in Methods. (f) A549 cells were incubated with the
indicated doses of TDI for 48 h, and then Western blot against peroxiredoxin 1 (PRDX1), catalase (CAT) and thioredoxin 1 (TXN-1) was
performed. (g) A549 cells were incubated in the presence or absence of 1 mM TDI or 20 mM N-acetylcysteine (NAC) for the indicated times, then
real-time RT-PCR was performed. The values were normalized by those of glyceraldehydes-3-phosphate dehydrogenase (GAPDH). *P < 0-05,

**P < 0:01 versus control.
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translocation between the nuclear and cytosolic fractions. In
our experimental condition, Western blot analysis indicated
that Nrf2 was located mainly in the nuclear fraction in the
resting state, while Nrf2 was located mainly in the cytosolic
fraction in the TDI-treated state in A549 cells (Fig. 4c).
Immunofluorescence data also indicated that Nrf2 was
located mainly in the nucleus in the resting state, while Nrf2
was located both in the nucleus and cytoplasma in the TDI-
treated state (Fig. 4d), suggesting that TDI suppresses Nrf2—
ARE binding by inhibiting the translocation of Nrf2 into the
nucleus in A549 cells.

TDI inhibited the activation of MAPKSs

The translocation of Nrf2 is regulated by several upstream
signalling kinases, including protein kinase C (PKC), phos-
phoinositol 3-kinase (PI3K) and mitogen-activated protein
kinases (MAPKs; ERK1/2, JNK and p38) [23]. In order to
confirm this, A549 cells were incubated with MAPK inhibi-
tors: U0126 (an inhibitor of ERK1/2), SB203580 (an inhibi-
tor of p38) and SP600125 (an inhibitor of JNK), respectively.
Inhibition of MAPKSs by specific inhibitors down-regulated
the expression of HO-1/FTL (Fig. 5a), suggesting that the
activities of MAPKs regulate the downstream expression of
Nrf2, such as HO-1 and FTL. Next, when A549 cells were
incubated with TDI, we observed that the phosphorylation
of MAPKs was suppressed (Fig. 5b), suggesting that TDI

down-regulated HO-1/FTL expression by inhibiting the
activity of MAPKs.

Peroxisome proliferator activated receptor-y (PPAR-Y)
agonists rescued the effect of TDI on the expression
of HO-1/FTL

15-Deoxy-A'*"-PG]J2 (15d-PGJ2), a type of PPAR-y agonist,
has been known to up-regulate HO-1 expression via the
MAPK signalling pathways [18,24]. To evaluate whether
PPAR-Y agonists could rescue the effect of TDI on the
expression of HO-1/ferritin, A549 cells were incubated with
15d-PGJ2 in the presence of TDI. The effect of TDI on the
expression of HO-1/FTL was rescued by 15d-PGJ2, which
further up-regulated the expression of HO-1/FTL higher
than the basal level of HO-1/FTL (Fig. 6a). In addition,
rosiglitazone, another PPAR-y agonist, also up-regulated
HO-1/FTL and rescued the effect of TDI on the expression of
HO-1/FTL, although it was less effective than 15d-PGJ2
(Fig. 6b).

Discussion

Increased oxidative stress has been implicated in the aetiol-
ogy of a number of acute and chronic diseases, including
asthma, linked to exposure to environmental toxicants.
Although the pathogenic mechanism of diisocyanate-

6 © 2010 British Society for Immunology, Clinical and Experimental Immunology
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Fig. 5. Toluene diisocyanate (TDI) inhibited
the activity of mitogen-activated protein kinases
(MAPKSs). (a) A549 cells were incubated with
20 uM U0126, 20 uM SB203580 or 20 uM
SP600125 for 3 h, and then Western blot against
haem oxygenase-1 (HO-1) and ferritin light
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induced OA is not currently understood completely, oxida-
tive stress is likely to be a major candidate for explaining the
pathogenesis of diisocyanate-induced OA [25,26]. A previ-
ous report demonstrated that TDI exposure induces ROS
generation [19]. We also observed that human serum
albumin-conjugated TDI induced ROS generation in A549
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patients with TDI-OA. Ferritin and transferrin have different
roles; ferritin is used for detoxification during oxidative
stress-induced inflammation [27], whereas hypotransferri-
naemia is associated with resistance to oxidant injury [28].
These findings suggest that the imbalance between oxidative
stress and the anti-oxidant system may contribute to the
development of airway inflammation in TDI-OA subjects. In
the present study, however, we could not exclude the influ-
ence of smoking on the oxidative stress of subjects, although
there were no significant differences among groups
statistically.

Regarding the mechanism of how ferritin could be
decreased with TDI exposure, in this study we observed
that TDI down-regulated FTL expression in A549 cells, a
human airway epithelial cell line. In addition several anti-
oxidant proteins, including HO-1, TXN-1, GPX-1, PRDX1
and CAT, were also down-regulated by TDI. Several anti-
oxidant proteins that we observed in this study are regu-
lated by Nrf2 transcription factor. Nrf2 is a member of the
family of basic leucine zipper transcription factors and rec-
ognizes ARE in the promoter of target genes [21]. It is well
known that Nrf2 regulates the expression of a network of
cytoprotective enzymes, including anti-oxidant enzymes
such as SOD, HO-1, PRDX, GPX and CAT, resulting in
protection against toxicity following exposure to oxidative
chemicals. HO-1 (an Nrf2 target enzyme) expression pro-
tects cells from physical, chemical and biological stress [18].
Disruption of the Nrf2 gene leads to susceptibility to severe
allergen-induced asthma in mice [29]. HO-1-deficient mice
developed severe physiological lung dysfunction [30]. Fur-
thermore, polymorphisms of the HO-1 promoter associ-
ated with reduced HO-1 expression have been linked
recently with increased susceptibility to a variety of respi-
ratory diseases, including emphysema and pneumonia
[31,32]. Accordingly, inhibition of inducible anti-oxidant
proteins upon stress could aggravate the severity of dis-
eases. In the present study TDI inhibited the expression of
several anti-oxidant proteins, which may result in OA. In
agreement with our speculation, a previous study has dem-
onstrated a lowering of the intracellular glutathione con-
centration following TDI exposure with subsequent
symptoms of oxidative stress to those cells [33].

The transcriptional activation of Nrf2 is regulated by
several upstream signalling kinases [23]. In our experimen-
tal condition, the inhibition of MAPKs suppressed Nrf2/
ARE-driven HO-1/FTL expression. Furthermore, TDI
inhibited the phosphorylation of MAPKs, which may cause
the suppression of Nrf2/ARE-driven HO-1/FTL expression.
Currently, we could not demonstrate how TDI suppressed
MAPK activity. However, TDI binds to airway epithelial cell
proteins and is taken up by epithelial cells [5,6], which may
modulate several signalling molecules and cause the
inhibition of MAPKs. Further studies will be needed to
elucidate how TDI modulates intracellular signalling
pathways.

HO-1 is known to be up-regulated by a variety of stress
stimuli, including ROS, ultraviolet A radiation, heat shock
and heavy metals, endogenous mediators including 15d-
PGJ2, lipoxin A4 and therapeutic compounds such as cur-
cumin and resveratrol [18]. Among them, the effect of 15d-
PGJ2 on HO-1 induction was reported to be involved in
MAPKs and Nrf2 activation [18]. 15d-PG]J2 has been recog-
nized as the endogenous ligand for PPAR-y and is thought to
be responsible for many of its anti-inflammatory actions
[34]. Gathering evidence indicates that PPAR-y acts as an
anti-inflammatory gene induced in response to inflamma-
tory cell activation [35]. Thus, PPAR-y agonists have been
suggested as a novel anti-inflammatory target for airway dis-
eases such as asthma and COPD [35]. In the present study,
we demonstrated that 15d-PGJ2 could rescue the effect of
TDI on the expression of HO-1/FTL. It has been proposed
that the effect of 15d-PGJ2 on the induction of HO-1 is
independent of PPAR-y [36]. We also observed that 15d-
PGJ2 is more effective than rosiglitazone. However, rosigli-
tazone was also capable of rescuing the effect of TDI,
although less effective than 15d-PGJ2. In addition, it was also
reported that epigallocatechin-3-gallate, which is known to
be an inducer of HO-1 [18,37], protects TDI-induced airway
inflammation in a murine model of asthma [19].

In conclusion, we have demonstrated that TDI inhibited
FTL/HO-1 expression in A549 cells directly by regulating the
MAPK-Nrf2 signalling pathway, which may contribute to
the development of airway inflammation in TDI-OA. In
addition, 15d-PGJ2 and rosiglitazone rescued the inhibitory
effect of TDI on FTL/HO-1 expression, suggesting that these
agents and the elucidation of these signalling pathways
should help to develop the therapeutic target for treatment
of TDI-OA.
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