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Leukocyte nicotinamide adenine dinucleotide phosphate-
reduced oxidase is required for isocyanate-induced lung
inflammation
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Abbreviations used

AHR: Airway hyperresponsiveness

BAL: Bronchoalveolar lavage

DTNB: 5, 59-Dithiobis-(2-nitrobenzoic acid)

H2DCFDA: 29, 79-Dichlorofluorescein diacetate

NAC: N-acetyl-L-cysteine

NADPH: Nicotinamide adenine dinucleotide phosphate-reduced

NF-kB: Nuclear factor-kB

NOX2: Leukocyte nicotinamide adenine dinucleotide phosphate-

reduced oxidase

Nrf2: Nuclear factor erythroid 2-related factor 2

OVA: Ovalbumin

RL: Resistance of lung

ROS: Reactive oxygen species

TDI: Toluene diisocyanate
Background: Isocyanates are low-molecular-weight compounds
noted for inducing occupational and environmental asthma.
Isocyanate-induced lung disease, an oxidant stress-dependent
pulmonary inflammation, is the leading cause of occupational
asthma.
Objectives: To address the role of leukocyte-produced oxidants
in airway inflammation induced by toluene diisocyanate (TDI),
and to elucidate the role of leukocyte nicotinamide adenine
dinucleotide phosphate-reduced (NADPH) oxidase in
pathogenesis by TDI.
Methods: Wild-type mice and NADPH oxidase–deficient mice
(neutrophil cytosolic factor 1 mutant, Ncf1–/–) were intranasally
injected, challenged with inhalatory TDI, and then investigated
for lung inflammation.
Results: Cell infiltration in lung tissue and leukocytes in
bronchoalveolar lavage, airway reactivity to a methacholine
challenge, and TDI-induced inflammatory cytokine expression
and nuclear factor activation in the lung tissue were all
markedly lower in Ncf1–/– mice. Wild-type mice treated with
blocking antibodies against CD4 and IL-17 showed markedly
lower TDI-induced airway hyperresponsiveness.
Conclusion: Leukocyte NADPH oxidase is an essential regulator
in TDI-induced airway inflammation through redox
modification of immune responses. (J Allergy Clin Immunol
2011;nnn:nnn-nnn.)

Key words: NADPH oxidase, redox regulation, toluene diisocya-
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Isocyanate-induced lung disease is the leading cause of occu-
pational asthma, which accounts for 9% to 15% of adult asthma in
industrialized countries.1,2 Toluene diisocyanate (TDI), a highly
reactive low-molecular-weight compound widely used in the
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manufacturing of various products including polyurethane foams,
automobile paints, varnishes, and medical plastic casts, affects
people through both cutaneous and respiratory contact and trig-
gers airway symptoms in some individuals even with low-level
exposure found in the workplace and environments.3-8 Inflamma-
tory responses of the airway associated with the TDI exposure
have been reported to include both TH1 and TH2 cytokines and
chemokines, as well as the infiltration of various leukocytes
into the bronchial tract and alveolar tissue.6,9-13 Among the genes
reported to be associated with the development of TDI-induced
asthma, the detoxification enzyme N-acetyltransferase and the
anti-oxidant enzyme glutathione-S-transferase are closely related
to cellular responses to oxidant stress.14-17

Oxidant stress mediated by reactive oxygen species (ROS),
including superoxide, singlet O2, H2O2, and hydroxyl radical, has
long been known to be important in the immunopathogenesis of
the lung, which is exposed to a higher concentration of oxygen
than is most other tissue.10,18-21 Whereas the antioxidant processes
decrease the level of oxidant stress, the ROS-producing enzymes,
which include the electron transport chain in the mitochondria,
xanthine oxidase, and nicotinamide adenosine dinucleotide
phosphate reduced oxidases (NADPH oxidases), increase the
oxidant stress in the tissue.22,23 The leukocyte NADPH oxidase
(NOX2), which is highly expressed in phagocytes such as neutro-
phils and monocytes, is usually the most active producer of ROS
in inflammatory tissues.24,25 We therefore hypothesized that a
redox imbalance caused by NOX2 is involved in the TDI-
induced airway inflammation. In this study, we used a mouse
model to test the role of NOX2 activity and redox imbalance in
lung inflammation.
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METHODS

Animals
Female, B6 (Cg)-Ncf1<m1J>/Jmice (stock number 004742)were obtained

from Jackson Laboratory (Bar Harbor, Me). Femalewild-type C57BL/6Jmice

were from the Laboratory Animal Center at National Cheng Kung University.

The experimental protocol was approved by the Institutional Animal Care and

Use Committee of National Cheng Kung University.

Reagents
Toluene diisocyanate isomers were purchased from Merck (Darmstadt,

Germany). Ovalbumin (OVA), N-acetyl-L-cysteine (NAC), 5, 59-dithiobis-
(2-nitrobenzoic acid) (DTNB), and rabbit anti-dinitrophenyl serum were

from Sigma-Aldrich Co (St Louis, Mo). Mouse antiglutathione antibody

(clone D8) was purchased from Chemicon (Temecula, Calif); 29, 79-dichloro-
fluorescein diacetate (H2DCFDA) from Invitrogen (Carlsbad, Calif); anti-

mouse CD4 antibody (clone GK1.5), antimouse IL-17 antibody

(eBioMM17F3), and antimouse neutrophil (anti-Ly-6G clone RB68C5)

from eBioscience (San Diego, Calif); rabbit antimouse nuclear factor ery-

throid 2-related factor 2 (Nrf2) and nuclear factor-kB (NF-kB) from Abcam

(Cambridge, United Kingdom); and mouse cytokine ELISA kits from R&D

Systems (Minneapolis, Minn).

Exposure to TDI and OVA
For the TDI exposure experiment, the mice were sensitized with an

intranasal injection of vehicle (solvent with olive oil: ethyl acetate, 4:1) or 3%

TDI while they were under light anesthesia (sodium pentobarbital, 30 mg/kg)

on days 0, 7, and 14. On days 15 to 18, ultrasonic nebulization was used to

challenge the mice with 3% TDI for 15 minutes to mimic high-level exposure

in a poorly ventilated workplace.26 For NAC pretreatment, the mice were ex-

posed to nebulized NAC (5 mg/mL) for 15 minutes before each challenge. For

OVA sensitization and challenge, mice were intraperitoneally injected with

200 mL OVA-alum (0.2 mg OVA: 2 mg alum) or 200 mL control alum. On

days 15 to 18, the mice were challenged with nebulized 3% OVA through

the airway for 15minutes. On day 19, all themicewere overdosedwith sodium

pentobarbital (100 mg/kg intraperitoneally), and the lungs were harvested for

experiments.

Measuring total sulfhydryl levels
Mouse lung tissue (100 mg) was mechanically homogenized in 0.2 mL

degassed PBS with a protease inhibitor cocktail. The protein concentration of

the supernatant after the tissue had been centrifuged was determined by using

the Bradford method. The sulfhydryl levels were then measured by using

DTNB, as previously reported.27

Examining lung histology
To assess lung histology, 5 randomly selected areas of the lower lobes of

each lung were digitally photographed at low magnification (340), and the

cell infiltration and hemorrhage areas were outlined. The number of pixels

contained in the designated areas and the number of pixels contained in the

image of the entire lung field were determined by histogram function (Image J

Software; http://rsbweb.nih.gov/ij/index.html). The total number of pixels

outlined as cellular infiltrate and hemorrhagewere divided by the total number

of pixels in the entire lung field andmultiplied by 100 to generate a percentage

of area for each mouse. The tissue histology was examined and scored inde-

pendently by 3 of the authors (S.-Y.L., P.-W.Y., and C.-C.S.) in a blind manner.
Measuring airway responsiveness
Airway responsiveness was assessed by using an intratracheal system

(FinePointe) to measure airway resistance directly (Buxco Electronics, Inc,

Wilmington, NC). Mice were exposed to increasing aerosol concentrations

(0-25 mg/mL) of nebulized methacholine for 20 seconds, and the broncho-

pulmonary resistance was recorded as resistance of lung (RL) after each

methacholine inhalation.
Preparing TDI-BSA conjugate and detecting

antibodies
Toluene diisocyanate (100 mg/mL) and BSA (100 mg/mL) were incubated

in a degassed 10-mmol/L sodium phosphate buffer for 1 hour at room

temperature. Unbound TDI was removed by using dialysis against PBS. To

detect TDI antibodies, 96-well plates were coated with 100 mL 1 mg/mLTDI-

BSA in coating buffer (0.15 mol/L NaCl, 0.8 mmol/L EDTA, 0.05 mol/L

TRIS-HCl) overnight and washed with TRIS-buffered saline with Tween

buffer. The test sera were added and incubated at room temperature for 1 hour.

The bound antibodies were then detected by using antimouse IgE or antimouse

IgG1 and then horseradish peroxidase–coupled anti-immunoglobulin.
Preparing nuclear extracts
The mouse lungs were mechanically homogenized in degassed PBS. After

centrifugation at 200g for 15 minutes, cells were resuspended in hypotonic

buffer (10 mmol/L HEPES [pH 7.9], 1.5 mmol/L MgCl2, 10 mmol/L KCl,

and 0.5 mmol/L dithiothreitol) and homogenized by using a syringe with a

25-gauge needle. After they had been centrifuged, the nuclei were lysed in

hypotonic buffer, and the soluble nuclear proteins were extracted by adding

buffer with graded concentrations of KCl (20 mmol/L HEPES, 25% glycerol,

1.5 mmol/L MgCl2, 0.2 mmol/L EDTA, 0.5 mmol/L dithiothreitol, 0.02-

1.6 mol/L KCl [pH 7.9]). Immunoblotting was then used to analyze the

extracted nuclear proteins for Nrf2 and nuclear factor-kB.
Statistical analysis
The data were obtained from 3 to 8 independent experiments and analyzed

with the Student t test. Data are means6 SDs. Significance was set at P <.05.
RESULTS

TDI exposure and leukocyte NADPH oxidase activity

induce oxidant stress in the lung
We first examined whether TDI exposure stimulates the

generation of ROS in the airway. Wild-type mice were sensitized,
then challenged with TDI and killed 24 hours after the last
challenge. The bronchoalveolar lavage (BAL) cells were
collected and incubated with H2DCFDA to detect the production
of intracellular H2O2. We found that H2O2 production signifi-
cantly increased in BAL cells from wild-type mice treated with
TDI compared with equal numbers of BAL cells from the mice
without TDI treatment (Fig 1, A; compare the first and fourth
black columns). The wild-type mice pretreated with the antioxi-
dant NAC had lower H2O2 generation than the group without
NAC pretreatment (Fig 1, A; P 5 .041). BAL cells from Ncf1–/–

mice generated a small amount of H2O2, and the level remained
unchanged after TDI treatment (Fig 1, A, white columns). Differ-
ent from TDI stimulation, OVA treatment induced no increase in
ROS production in BAL cells from all groups, although pretreat-
ment with NAC induced a significant and comparable decrease in
both wild-type and Ncf1–/– mice groups (Fig 1, B). The total sulf-
hydryl level in the lung tissue protein from TDI-treated wild-type
mice markedly decreased, whereas the sulfhydryl levels in tissue
from Ncf1–/– mice did not significantly change after the TDI ex-
posure (Fig 1, C). NAC pretreatment significantly increased the
total sulfhydryl in TDI-treated wild-type mice to a level close
to the level of the group treated with solvent (P <.001). OVA treat-
ment did not decrease the sulfhydryl levels in wild-type and
Ncf1–/– mice (data not shown). To detect oxidative protein modi-
fication as markers for recent oxidant stress,28 we examined pro-
tein carbonylation and S-glutathionylation in the lung tissue. We
found that wild-type mice had a higher level of protein
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FIG 1. TDI exposure and leukocyte NADPH oxidase activity induced oxidant stress in the lung. After TDI or

OVA exposure, the mice lung BAL cells were harvested, and lung tissue was mechanically homogenized. A

and B, The ROS generation was examined by H2DCFDA. C and D, The sulfhydryl level of lung homogenates

was detected with DTNB. E, The carbonylation and glutathionylation level of lung protein extract were ex-

amined by immunoblotting with anti-DNP or antiglutathionemAbs. Experimental results were expressed as

means6 SDs (n5 5 mice per group). The experiments were repeated 5 times with similar results. SH, Sulf-

hydryl; WT, Wild-type.
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carbonylation than Ncf1–/– mice after solvent-alone exposure.
TDI exposure significantly increased protein carbonylation in
the lung tissue in both wild-type and Ncf1–/– mice, whereas
OVA induced little carbonylation (Fig 1, D, quantified as histo-
gram). Lack of Ncf1 therefore did not markedly affect the oxidiz-
ing effects leading to carbonylation by TDI. We went on to
compare the S-glutathionylation in the lung tissue from the groups
with different treatment. By using Western blotting to detect
S-glutathionylation on the PAGE-resolved total lung tissue lysates
containing equal amounts of protein, we found that several major
bands with the apparent molecular weight of 26 kd, 47 kd, and 55
kd were visualized. The intensity of these bands increased with
TDI treatment in the wild-type group. In contrast, Ncf1-deficient
mice treated with TDI did not have increased levels of protein
S-glutathionylated. The lung lysates from mice pretreated with
NAC showed very weak S-glutathionylated signals. The OVA
treatment group, however, did not have significantly increased
S-glutathionylation (Fig 1, E). These results suggest that although
TDI treatment leads to protein carbonylation, NADPH oxidase
plays an important role in the oxidant stress that mediates the pro-
tein S-glutathionylation in the lung.
TDI exposure induces airway hyperresponsiveness

in wild-type but not Ncf1–/– mice
To address the role of leukocyte NADPH oxidase activity in the

TDI-induced airway hyperresponsiveness (AHR), we tested the
effects of TDI on allergic airway inflammation in wild-type and
Ncf1–/– mice. The experimental scheme is showed in Fig 2, A. In
wild-type mice with TDI treatment, the RL values significantly
increased in response to methacholine stimulation. In contrast,
TDI-treated Ncf1–/– mice showed only a slight increase in RL
value in response to methacholine stimulation (Fig 2, B, upper
panel). A significant difference was noted between TDI-treated
Ncf1–/– and wild-type mice at the methacholine aerosol concen-
trations of 10 mg/mL and 25 mg/mL (Fig 2, B, upper panel). In
OVA-treated groups, a similar increase in RL values in response
to methacholine stimulation was observed. No significant differ-
encewas noted betweenwild-type andNcf1–/–mice (Fig 2,B, bot-
tom panel). Pretreatment with NAC reduced the AHR in TDI-
treated wild-type mice (Fig 2, C). These results indicate that
NADPH oxidase–produced ROSs play an important role in the
TDI-induced pulmonary hyperresponsiveness.
TDI exposure induces inflammatory cell infiltration

in the lung
We then measured the change in the cellular constituents from

the BAL fluid in TDI-treated mice by performing total cell
counting and differential counting of the BAL cells. The total cell
number in the BAL fluid from TDI-sensitized and TDI-
challenged wild-type mice was significantly higher than that in
the BAL fluid from Ncf1–/– mice with the same treatment (Fig 3,
A, top panel; P5 .017). With differential counting, we found that,
although BAL fluid from wild-type mice sensitized and chal-
lenged with TDI contained markedly increased lymphocytes,



FIG 2. TDI exposure induced AHR in wild-type (WT) but not Ncf1–/– mice. A, Experimental scheme. B,

Measurements of airway resistance of TDI-sensitized and TDI-challenged or OVA-sensitized and

OVA-challenged WT and Ncf1–/– mice in response to increasing doses of methacholine. C, Measurements

of airway responsiveness of TDI-treated WT and Ncf1–/– mice with or without NAC (5 mg/mL) pretreated

are compared. The P values refer to the statistical significance in comparison between TDI-sensitized and

TDI-challenged WT and Ncf1–/– mice. The results were expressed as means 6 SDs (n 5 8 mice per group).

The experiments were repeated 2 times with similar results. i.n., Intranasal.
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FIG 3. TDI exposure induced inflammatory cell infiltration in the lung. Lungs were harvested at 24 hours

after the last 3% TDI or OVA challenge. The BAL cells were collected and counted. A, Total BAL fluid cells

counts (top group) and cell differential counts in wild-type (WT) mice (middle group) and Ncf1–/– mice (bot-

tom group; n 5 8 in each group). B, TDI-treated WT (a and b) and Ncf1–/–mice (e and f) or NAC-pretreated

TDI-treated WT (c and d) mouse lungs. The arrows indicate leukocyte filtration. The reference scale bars

stand for 0.1 mm. Original magnification 3100. The mice lung histology photographs represent 1 of 8

mice in each group.
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monocytes, neutrophils, and eosinophils, Ncf1–/–mice exposed to
TDI had a milder increase in leukocytes in BAL fluid. The most
significant differences were observed in the numbers of
eosinophils and neutrophils (Fig 3, A, middle and bottom panels).
We then examined the histologic changes in the lung tissue from
different groups. The severity of inflammation was evaluated with
light microscopy and digital image analysis. In solvent-treated,
wild-type groups, there was very mild leukocyte infiltration
around the bronchovascular bundle complex (Fig 3, B, panel a).
However, in the TDI-sensitized and TDI-challenged wild-type
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group, amarked increase of inflammatory cells in the bronchovas-
cular bundlewas noted (Fig 3, B, panel b). In the NAC-pretreated,
TDI-treated group (Fig 3,B, panels c and d), the proportion of cell
infiltration in the TDI-sensitized and TDI-challenged wild-type
mice noticeably decreased (Fig 3, B, panel d). Different from
the strong tissue inflammation found in wild-type mice, the
lung tissue from TDI-sensitized and TDI-challenged Ncf1–/–

mice showed milder cell infiltration in the lung tissue (Fig 3, B,
panel f).
Different TDI-induced cytokine and specific

antibody responses in wild-type and Ncf1–/– mice
To determine the effects of TDI on the induction of cytokine

production, lung homogenates were collected from different
treatment groups and analyzed for their protein levels with
ELISA. When comparing the lung samples from wild-type
mice with TDI-sensitized and TDI-challenged treatment with
the samples from the wild-type group without TDI treatment, we
found that the levels of IFN-g, TNF-a, IL-17, and IL-10markedly
increased in the TDI-treated group. When comparing the level of
cytokines in lung tissue from wild-type and Ncf1–/– mice, we
found that the levels of IFN-g, TNF-a, and IL-17 in TDI-
sensitized and TDI-challenged wild-type mice lung were signifi-
cantly higher than in TDI-sensitized and TDI-challenged Ncf1–/–

mice. No significant difference was found in the levels of IL-10
in wild-type and Ncf1–/– mice after the TDI sensitization and
challenge treatment (Fig 4, A). To detect the specific TDI
antibodies, the TDI-conjugated BSAwas prepared, and the result-
ing protein conjugate was resolved on native polyacrylamide gel
electrophoresis (Fig 4, B, inset box). We used the TDI-conjugated
BSA to perform ELISA tests for TDI-specific antibodies. The
titers of TDI-specific IgE and IgG1 in serum samples from TDI-
sensitized and TDI-challenged mice significantly increased
compared with mice without TDI exposure. The Ncf1–/– mice
had lower specific IgE titers but higher specific IgG1 titers
compared with wild-type mice (Fig 4, B, top panel). ELISA
competition assays were performed to verify the specificity of
TDI-specific antibody examination. We found that both IgE and
IgG1 titers were suppressed to baseline levels by soluble TDI-
conjugated BSA but not by soluble native BSA in wild-type
and Ncf1–/– mice (Fig 4, B, middle and bottom panels).
TDI exposure induces redox-sensitive transcription

factor translocation to nuclei
Nrf2 expression, an indicator of tissue response to oxidant

stress, was examined in different groups of mice with or without
TDI exposure. In wild-type mice, TDI treatment induced Nrf2
expression and translocation into nuclei compared with the
control group without TDI stimulation (Fig 5, A). In contrast
with wild-typemice, TDI induced less cellular expression and nu-
cleus translocation of Nrf2 in Ncf1–/– mice (Fig 5, A). In parallel
with immunohistochemical analysis, nuclear extract of lung tis-
sue was analyzed with immunoblotting to confirm the nucleus
translocation of Nrf2 protein (Fig 5, B). These findings indicate
that exposure of TDI causes Nrf2-initiated oxidant stress response
in the airway of wild-type mice, but to a much less extent in
Ncf1–/– mice. The expression of Nrf2 also was examined in
OVA-stimulated lung tissues. Different from TDI exposure,
OVA treatment did not induce changes of Nrf2 expression or
intracellular location in wild-type mice and Ncf1–/– mice (Fig 5,
A). Next, we compared the activation of NF-kB in wild-type
and Ncf1–/– lung tissue after TDI sensitization and challenge.
Similar to the results of Nrf2 response, the immunohistologic
staining and immunoblotting of nuclear extract of the lung
showed that the nucleus translocation of NF-kB was markedly
higher in wild-type mice than Ncf1–/– mice after TDI treatment
(Fig 5, C and D).
CD41 T cells and IL-17 are involved in TDI-induced

lung inflammation
On the basis of our results showing the marked increase in

neutrophils and IL-17 levels in the BAL fluid and lung homog-
enate from TDI-treated wild-type mice, we hypothesized that
TH17 cells may be important for the TDI-induced lung inflamma-
tion.We therefore performed in vivo cell depletion experiments to
evaluate the roles of these factors in TDI-induced pulmonary
inflammation. The animals were injected with 100 mg anti–IL-
17 mAb or anti-CD4 mAb, once before TDI sensitization and
another time before TDI challenge. The cell depletion treatment
lowered the CD41 cells in the blood to <0.2%. Our results showed
that the RL was significantly lower in wild-type mice depleted of
CD41 cells and IL-17 compared with mice treated with isotype-
matched control antibody (Fig 6). These results prove that CD4-
expressing cells and IL-17 are involved in TDI-induced lung
inflammation.
DISCUSSION
By inducing lung inflammation with TDI, a chemical that

causes oxidant stress in a mouse model with or without deficient
leukocyte NADPH oxidase, we showed that leukocyte NAPDH
oxidase plays a crucial role in TDI-induced lung damage.

Although the evidence for the role of oxidant stress in lung
inflammation has been accumulating in the past decade, the
relationship between exposure to different allergens and redox-
mediated leukocyte activation remains elusive.29,30 Airway in-
flammation in asthma is a complex process characterized by
AHR, inflammation-mediated tissue destruction, and remodeling
involving innate and acquired immune responses.31,32 The in-
flammatory process may induce the resident cells in the lung to
produce ROS and lead to oxidant stress in the respiratory
tract.33-35 To add to this complexity, macrophage-derived, neutro-
phil-derived, and eosinophil-derived ROSs, which are mainly
produced by a highly regulated NOX2, contribute to oxidant
stress in tissue and substantially affect the severity of inflamma-
tion in different disease models.36,37

Mutations of phagocyte NADPH oxidase cause the primary
immunodeficiency disease termed chronic granulomatous
disease.38 Many patients with chronic granulomatous disease
are susceptible to various pathological conditions because they
lack adequate ROS production and require treatment to restore
the defense functions of leukocytes.24,39,40 NOX2 gene polymor-
phism, which may affect the production of ROS by leukocytes, is
associated with different human diseases, including asthma,
arthritis, stroke, and coronary artery disease.41-44 It was recently
reported that lack of NADPH oxidase activity markedly increased
the severity of arthritis in a mouse model of arthritis.45 How leu-
kocyte NADPH oxidase contributes to tissue oxidant stress and
regulates or facilitates inflammation in different tissue types is,



FIG 4. Different TDI-induced cytokine and specific antibody responses in wild-type (WT) andNcf1–/–mice. A,

Pooled mice lung homogenates were determined for TNF-a, IFN-g, IL-17, and IL-10 by ELISA. B, Specific an-

tibody titers against TDI were determined by ELISA against TDI-BSA and BSA (inset box). The IgE (left) and

IgG (right) titers are shown in the top group. The ELISA-based competition assays for WT and Ncf1–/– mice

are shown in themiddle and bottompanels. Pooledmice serawere from 8mice in each experimental group.

Experimental results were expressed as means 6 SDs (n 5 8 per group). The experiments were repeated

3 times with similar results.
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therefore, an important question to ask if we are to elucidate the
pathogenesis of these diseases.

Toluene diisocyanate, one of the most important allergens to
induce occupational asthma,1,46 is an irritant for respiratory tract
cells and causes cell damage, which directly leads to cell dysfunc-
tion.47 Spraying or spilling of TDI in a poorly ventilated
workplace may lead to exposure up to 900 ppb, which is above
the odor threshold of human beings.26 TDI and other isocyanates
are oxidizing agents that react rapidly with cellular proteins and
lead to molecular changes.48,49 It has been reported that both im-
munologic and nonimmunologic effects of isocyanates may in-
duce pathogenic mechanisms distinct from other airway



FIG 5. TDI exposure induced redox-sensitive transcription factor expression and translocation into nucleus

in the lung. Detection of nuclear factors Nrf2 and NF-kB in the lung tissue with or without TDI treatment was

performed with immunohistochemistry (IHC) staining and biochemical analysis on nuclear extract from

lung tissue. A, IHC staining with Nrf2 in lung tissue. B, Immunoblotting staining with Nrf2 in mice lung nu-

clear extract. C, IHC staining with NF-kB in lung tissue. D, Immunoblotting staining with NF-kB in lung tis-

sue. The figure represents 1 of 8 mice in each group. The arrows indicate positive nuclear staining. The

reference scales stand for 100 mm. Original magnification 3400. WT, Wild-type.

FIG 6. CD41 T cells and IL-17 are involved in TDI-induced lung inflamma-

tion. Measurements of airway responsiveness of 3% TDI-sensitized and

TDI-challenged CD4 cell–depleted (black square), IL-17–depleted (black tri-

angle), and wild-type mice to increasing doses of methacholine are shown.

Experimental results were expressed as means 6 SDs (n 5 8 mice in each

group). The experiments were repeated 2 times with similar results.
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inflammatory conditions.46 Consistent with the strong oxidant ac-
tivity of TDI, we found that after wild-type and Ncf1–/–micewere
repeatedly exposed to TDI, there was a marked increase in car-
bonylation, an irreversible oxidative change on proteins, in their
lung tissue. In contrast, only wild-type mice with intact leukocyte
NADPH oxidase had a significant change in glutathionylation and
a decrease in sulfhydryl levels after TDI treatment. We previously
reported that ROSs produced byNADPHoxidase and peptide glu-
tathionylation are crucial in redox regulation of integrin-mediated
adhesion function of very late antigen-4, which may be pivotal in
directing leukocyte trafficking to inflammatory sites.18,19 Gluta-
thione has recently been shown to be present in respiratory lining
fluid at levels comparable to intracellular concentrations and to be
crucial for dynamic redox homeostasis in the airway.35,50-52 It is
therefore reasonable to infer that ROS production by activated
leukocytes and the subsequent protein modification, including
glutathionylation, may provide the necessary reversible signals
required for leukocyte trafficking to induce immune responses
for lung inflammation.18

The redox modification of cell surface and cytoplasmic mol-
ecules have been shown to be key determinants in pulmonary
inflammation.53 The Nrf2-signaling pathway mediates the cellu-
lar response to low-level oxidants and leads to transcription of
genes related to antioxidation, anti-inflammation, and detoxifica-
tion.54 NF-kB, also a redox-sensitive nuclear factor, is a key mol-
ecule in response to oxidant stress that starts inflammatory
responses including cytokine expression.55,56 Our results thus
suggest that the oxidant stress mediated by leukocyte NADPH ox-
idase is required for lung cells to reach the adequate stress level to
start the cellular response for both antioxidation and inflammation
responses after repeated exposure to TDI. This redox-modulated
cell response then leads to a distinct allergic reaction in the lung.
On the basis of the current evidence supporting the importance
of leukocyte NADPH oxidase and redox regulation by neutro-
phils, we postulate that the IL-17–neutrophil axis in the patho-
genesis of lung inflammation may be more important in oxidant
stress–dependent allergen (eg, TDI) than in other allergens (eg,
OVA). Because oxidant stress is relatively mild in some animal
models using other allergens, as clearly shown in this study, the
role of redox regulation and oxidant stress may tend not to be
evident in these models.57,58 Because the importance of redox
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regulation in allergic inflammation in human beings has become
more andmore evident, animal models with different levels of ox-
idant stress that more closely mimic human lung inflammatory
conditions induced by a variety of allergens may prove to be im-
portant experimental approaches to understand airway inflamma-
tion in asthma.59-61

In conclusion, our findings indicate that leukocyte NADPH
oxidase is critical in TDI-induced lung inflammation. Change of
redox imbalance by antioxidants or defective leukocyte oxidase
may change the lung inflammation in terms of early innate immune
cell recruitment and the subsequent specific immune responses.

We thank Prof S. H. Chen and Prof David Wang for help in experiments.

Clinical implications: Therapies targeting leukocyte or tissue
oxidant production and antioxidant mechanisms may change
the pathogenic redox imbalance in the lung.
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