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Summary

Background Among the various pathogenic mechanisms of toluene diisocyanate (TDI)-
induced asthma, a contribution from neurogenic inflammation has been suggested.
Objective To evaluate neurokinin 2 receptor (NK2R) gene polymorphisms in association with
the clinical phenotype of TDI-induced asthma, 70 TDI-induced occupational asthma (TDI-
OA)patients, 59 asymptomatic exposed controls (AEC), and 93 unexposed healthy controls
(NC) were enrolled in the study.
Methods Two single-nucleotide polymorphisms (SNPs) of NK2R, 7853G4A (Gly231Glu) and
11 424G4A (Arg375His), were genotyped using a single base extension method. The levels
of PC20 methacholine, specific IgE and IgG to TDI–human serum albumin conjugate, and
serum vascular endothelial growth factor (VEGF), matrix metalloproteinase-9, and TGF-b1
were compared according to the NK2R genotypes of the subjects with TDI-OA and AEC.
Results No significant differences in allele, genotype, or haplotype frequencies of these two
SNPs were noted among the three groups (P4 0.05, respectively). Moreover, subjects with the
NK2R 7853GG genotype had higher serum VEGF levels than those with GA or AA among the
TDI-exposed workers (P = 0.040).
Conclusion The NK2R 7853GG genotype may contribute to increased serum VEGF levels,
which result in airway inflammation after TDI exposure.
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Introduction

Although toluene diisocyanate (TDI) is one of the most
common causes of occupational asthma [1, 2], the patho-
genesis of isocyanate-induced asthma remains unclear.
The immunological mechanism underlying TDI-induced
asthma has been suggested to involve activated CD41

T cells, elevated T-helper type 2 (Th2) cytokine levels
produced, and the presence of specific antibodies [3–10].
Previous studies have indicated that the prevalence of
specific IgE antibodies is o 50%, which suggests that
these antibodies are not the only major mechanism of
TDI-induced asthma [6–8]. However, our recent investiga-
tion comparing vapour TDI conjugate vs. conventional

liquid-type TDI–human serum albumin (HSA) conjugate
[7] has shown that vapour TDI conjugate is superior for
the detection of specific IgE and IgG antibodies in the sera
of TDI-induced occupational asthma (TDI-OA) patients,
which suggests that vapour-type conjugates are more
physiologically relevant than those produced previously.

It has long been recognized that neurogenic inflamma-
tion plays an important role in TDI-induced airway hyper-
responsiveness (AHR) [11–13]. Several studies have
demonstrated that TDI exposure stimulates the release of
neuropeptides from sensory nerves in the airways and
inhibits neural endopeptidase, which is a glycosylated
zinc metallopeptidase that cleaves and inactivates tachy-
kinins [14–16]. The tachykinin substance P (SP) and
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neurokinin (NK) A are potent bronchoconstrictors and are
vasoactive and pro-inflammatory substances that have
been widely studied in animal and human airways.
Tachykinins exert their effects via three specific receptors:
NK1, NK2, and NK3. These receptors belong to the G
protein-coupled superfamily of receptors and have their
own preferred endogenous ligand: NK1 receptors are
preferentially activated by SP; NK2 receptors (NK2R) by
NKA; and NK3 receptors by NKB [17, 18]. NK2R mRNA
expression is fourfold higher in asthmatics than in non-
smoking controls [18, 19], and the modulation of tachy-
kinin receptor gene expression may augment or diminish
the inflammatory, secretory, or bronchoconstrictive ef-
fects of released tachykinins.

As only 5–15% of the TDI-exposed individuals develop
asthma, genetic factors may modify individual suscept-
ibility. Glutathione S-transferases [20], N-acetyl trans-
ferases [21], and HLA class II genes [22, 23] have been
suggested to confer susceptibility to or protection against
TDI exposure-associated asthma risk. Although recent
studies have shown that a single mutation of the
NK2R gene impacts agonist-induced desensitization in
Xenopus oocytes [24] and has a significant association
with capsaicin-sensitive coughing in patients with
chronic cough [25], no study to date has evaluated NK2R
polymorphisms as potential disease modifiers in TDI-
induced asthma.

The first aim of this study was to identify NK2R
polymorphisms and evaluate their associations with the
clinical characteristics of TDI-induced asthma. Two can-
didate single-nucleotide polymorphisms (SNPs), G231E
and R375H, of the NK2R gene were determined according
to a previous study in which these two non-synonymous
SNPs were identified after direct sequencing of the NK2R
exons of healthy Korean subjects [25].

More than 50% of the patients have persistent asth-
matic symptoms despite complete avoidance of TDI ex-
posure [6]. Vascular endothelial growth factor (VEGF) is
an endothelial, cell-specific, mitogenic peptide that plays
a critical role in the initiation and maintenance of asthma,
enhances antigen sensitization, and increases vascular
permeability, which allows inflammatory mediators and
cells to leak into the extracellular space [26, 27]. Matrix
metalloproteinase-9 (MMP-9) is the predominant MMP in
the asthmatic airway. MMPs may contribute to the release
and activation of growth factors, such as VEGF and TGF-
b1, and facilitate the migration of inflammatory cells [28].
Furthermore, pharmacological MMP inhibitors and VEGF
receptor inhibitors have been found to reduce airway
inflammation induced by TDI [26, 29, 30]. The second
aim of this study was to investigate the potential associa-
tions between NK2R polymorphisms and the serum levels
of VEGF, TGF-b1, and MMP-9, which have been proposed
as key mediators in the airway inflammation associated
with TDI-induced asthma [2, 26–31].

Materials and methods

Subjects

Seventy patients with TDI-induced asthma, which was
confirmed mainly by positive responses to TDI broncho-
provocation tests, were enrolled into the TDI-OA group.
Fifty-nine TDI-exposed asymptomatic workers aged
27–61 years, with similar exposure intensities to TDI and
from the same working environments as the TDI-OA
group members, which included the spray-painting and
polishing departments of furniture and musical instru-
ment industries, were classified as the asymptomatic-
exposed controls (AEC). Ninety-three unexposed healthy
control subjects (NC), aged 16–77 years, were recruited
from a volunteer population. The demographic data of the
three study groups are summarized in Table 1. Atopy was
determined by a positive skin test to at least one common
inhalant allergen, such as house dust mite, tree and pollen
mixtures, mugwort, ragweed pollens, and Alternaria
(Bencard, Bradford, UK). Sera from the TDI-OA group
were collected at initial diagnosis; all of these subjects
stopped taking inhaled or oral steroids 4 weeks before the
study. All of the subjects underwent an interview, chest
radiography, and skin prick test with common inhalant
allergens, while lung function measurements and inhala-
tion challenges with methacholine were conducted for all
the TDI-OA subjects. All of the subjects gave informed
consent, which was overseen by the Institutional Review
Board of Ajou Medical Center, Suwon, Korea.

Bronchial challenge test with methacholine and TDI

The methacholine bronchial challenge test was performed
on patients in the TDI-OA group according to the method
described previously [6]. Briefly, aerosols were generated
by a DeVilbiss 646 nebulizer connected to a DeVilbiss
dosimeter, which was driven by compressed air (Devilbis
Co., Doylestown, PA, USA). Five inhalations of normal
saline were administered at 5-min intervals, followed by a
series of successively doubling doses of methacholine
(0.075–25 mg/mL), until a 20% decline in forced expira-
tory volume in 1 s (FEV1) was observed or the maximum
dose given. FEV1 was measured 5 min after the beginning
of each set of inhalations of aerosolized methacholine.
The methacholine PC20 level was determined by interpo-
lation from the dose–response curve. The TDI bronchial
challenge test was performed according to the protocol
described previously [6].

Preparation of vapour TDI–HSA conjugates

Vapour TDI–HSA conjugates were prepared by Wisnewski
and colleagues using their recently described isocyanate
vapour phase exposure system [9]. Briefly, TDI vapour
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concentrations in the range of 20–200 p.p.b. were pas-
sively generated in a closed-circuit system and monitored
with the Autostep monitor (GMD, Pittsburgh, PA, USA).
Low-endotoxin human albumin in PBS (pH 7.2) at a
concentration of 0.5% (w/v) was exposed in open 60 mm
Petri dishes (Becton Dickinson, Franklin Lakes, NJ, USA).
The exposure unit was sterilized with 70% ethanol, and
the protein solutions were passed through a 0.2 mm filter.
The vapour TDI–albumin conjugates were prepared with
an 80/20 mixture of 2,4-TDI/2,6-TDI.

ELISA for specific IgG and IgE antibodies to TDI–HSA
conjugate

The serum-specific IgE and IgG levels were detected by
ELISA as described previously [7]. Briefly, 1 mg of TDI–al-
bumin conjugate or mock conjugate was dissolved in
normal saline and used to coat ELISA plates (Corning,
New York, NY, USA) at 37 1C for 2 h, followed by incuba-
tion at 4 1C overnight. After washing with PBS-Tween-20
(PBS-T), the plates were blocked with 350 mL of blocking
buffer (PBS that contained 5% BSA and 0.05% Tween-20).
Diluted serum samples (50 mL) from patients or con-
trol subjects at ratios of 1 : 5 for specific IgG and 1 : 3
for specific IgE in the preliminary experiments were
incubated for 1 h at 25 1C in TDI–albumin and mock
albumin-coated wells and washed four times. Alkaline
phosphatase-conjugated anti-IgG (1 : 20 000, 100 mL; Sig-
ma Chemical Co., St. Louis, MO, USA) or goat anti-IgE
antibody (1 : 1000; Kirkegaard & Perry Laboratories,
Gaithersburg, MD, USA), followed by alkaline phospha-
tase-conjugated rabbit anti-goat IgG antibody (1 : 200,
Kirkegaard & Perry Laboratories), were added to each well
and incubated for 1 h at room temperature (RT). The wells
were washed, and 100 mL of substrate solution (Sigma) was

added. After 30 min at RT, the absorbances at 405 and
450 nm were read in an ELISA reader. To quantify the
antibody binding specific for TDI, the optical density (OD)
value for the mock-conjugated albumin wells was sub-
tracted from the value obtained for the TDI–albumin coated
wells. The positive cut-off values (71 for IgG, 24 for IgE)
were based on the mean plus threefold SD of the absor-
bance values obtained for 80 unexposed healthy controls.

Genotyping

The sequences of the amplifying and extension primers
for NK2R Gly231Glu (G231E) and NK2R Arg375His
(R375H) were as follows: for NK2R G231E, forward
50-tagcctacagcgtcatcgg-30, reverse 50-cttcttcatggcctgcag-30,
and extension 50-caggttggcaccgtgcgcctgatgt-30; and for
NK2R R375H, forward 50-gcaagcaaaccataccca-30, reverse
50-taaggagactttgttcatggct-30, and extension 50-gaggctac-
cagtggggaggcggggc-30. A single-base extension method
was used for SNP genotyping according to the previously
described methodology [32]. Primer extension reactions
were performed with the SNaPshot ddNTP Primer Exten-
sion Kit (Applied Biosystems, Foster City, CA, USA).

ELISAs for VEGF, TGF-b1, and MMP-9 in sera

VEGF, MMP-9, and TGF-b1 levels in sera were measured
using commercially available ELISA kits (R&D Systems,
Minneapolis, MN, USA). The assays were performed ac-
cording to the manufacturer’s instructions.

Statistical analysis

A significant departure of genotype frequency from the
Hardy–Weinberg equilibrium at each SNP was tested

Table 1. Clinical characteristics of the three study groups

TDI-OA, n = 70 (%) AEC, n = 59 (%) NC, n = 93 (%)

Age (years) 41.8� 9.4 41.9� 7.8 40.7� 14.9
Sex (male) 47 (67.1) 44 (74.6) 60 (64.5)
Atopy (presence/total)� 34/66 (51.5) NA 19/69 (27.5)
Smoking status (NS/Ex/S)w 47/10/13 17/5/37 57/15/21
Exposure duration (years)‰ 8.3� 6.6 11.1� 6.7 NA
Baseline FEV1 (%) 86.6� 22.6 90.2� 20.2 NA
PC20 methacholine (mg/mL) 5.10� 7.7 NA NA
Serum total IgE (IU/mL) 308.8� 434.5 261.2� 580.4 166.0� 217.5
Specific IgG to TDI-HSAw 16/47 (34%) 6/51 (11.8%) NA
Specific IgE to TDI-HSAw 18/47 (38.3%) 3/51 (5.9%) NA

Results are expressed as the mean� SD. FEV1 and PC20 methacholine were measured at initial diagnosis.
�Po 0.01, for TDI vs. NC.
wPo 0.01, for TDI vs. AEC.
‰P = 0.05, for TDI vs. NC.
TDI-OA, TDI-induced asthma; AEC, asymptomatic-exposed controls; NC, normal controls; NS, non-smoker; Ex, ex-smoker; S, smoker; NA, not
applicable; FEV1, forced expiratory volume in 1 s.
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using the w2 test with one degree of freedom (df). Differ-
ences in genotype frequency between the case and control
subjects were tested by the w2 test. Logistic regression
models were used for analyses of SNPs and haplotypes
controlling for age, sex, and smoking status as covari-
ables, with three alternative models (co-dominant, domi-
nant, and recessive). The NK2R haplotypes were analysed
using the Haploview version 2.05 software based on an
estimation–maximization (EM) algorithm. Linkage dise-
quilibrium between loci was measured using the absolute
value of Lewontin’s |D0| [33]. Student’s t-test was used to
compare continuous variables (expressed as means� SD),
while categorical variables were compared using the w2 or
Fisher’s exact test. Continuous variables that did not show
a normal distribution were log-transformed and presented
in their original scale. The effects of NK2R17853G4A
(G231E) and NK2R111424G4A (R375H) polymorphisms
on the serum levels of VEGF, TGF-b1, and MMP-9
(log-transformed) were analysed by univariate analysis
of covariance using generalized linear models in which
G231E and R375H were designated as fixed factors,
respectively, and age, sex, and smoking status were
designated as covariates. The statistical analysis was
performed using the SPSS version 11.0 software (SPSS,
Chicago, IL, USA). A P-value equal to or less than 0.05 was
regarded as being statistically significant.

Results

Demographics of the study population

Table 1 shows the demographic data on the 70 patients in
the TDI-OA group and the two control groups, 59 asymp-
tomatic subjects in the AEC group, and 93 NC group
subjects. There were no significant differences in mean

age or sex distribution among the three groups. The
exposure duration was significantly longer and the ratio
of current smokers was higher in the AEC group than in
the TDI-OA group. Methacholine challenge testing was
not performed on the asymptomatic TDI-exposed subjects
or unexposed controls because these healthy individuals
reported no respiratory symptoms.

Allele, genotype, and haplotype frequencies of the NK2R
gene

We performed a genetic association study of two genetic
polymorphisms of NK2R (NK2R G231E, NK2R R375H) in
three groups of study subjects (Table 2). There were no
significant differences in the allele, genotype, or haplo-
type frequencies of two polymorphisms of NK2R among
the three groups. The two NK2R polymorphisms were in
linkage disequilibrium (|D0| = 1), and three common hap-
lotypes were constructed utilizing the EM algorithm. The
analysis of genotype distribution of three haplotypes of
NK2R did not show any significant differences among the
three groups (Table 3).

Effects of NK2R polymorphisms on clinical features of
patients with TDI-induced asthma

To assess whether two genetic polymorphisms (G231E and
R375H) were related to the phenotype of TDI-induced
asthma, we compared the clinical characteristics accord-
ing to the genotypes (Table 4). There were no significant
differences in asthma duration, baseline FEV1, PC20

methacholine dose, or serum total IgE levels according to
the genotypes of these two polymorphisms (G231E and
R375H) in the TDI-OA group.

Table 2. Genotype, allele, and haplotype frequencies of the NK2 receptor gene (NK2R)

Loci Genotype/haplotype TDI-OA, n = 70 (%) AEC, n = 59 (%) NC, n = 93 (%)

P-value�

TDI-OA vs. AEC TDI-OA vs. NC

Gly231Glu AA 17 (24.3) 9 (15.3) 25 (26.9) 0.69 0.81
GA 35 (50.0) 31 (52.5) 46 (49.5) 0.37 0.82
GG 18 (25.7) 19 (32.2) 22 (23.7) 0.10 0.99
q. 0.51 0.58 0.49 0.25 0.98

Arg375His GG 47 (75.8) 40 (69.0) 74 (85.1) 0.87 0.59
GA 12 (19.4) 14 (24.1) 11 (12.6) 0.43 0.42
AA 3 (4.8) 4 (6.9) 2 (2.3) 0.12 0.41
q. 0.14 0.19 0.09 0.09 0.13
ht1[AG] 0.51 0.41 0.51 0.10 0.38
ht2[GG] 0.35 0.40 0.40 0.76 0.17
ht3[GA] 0.14 0.19 0.09 0.10 0.40

�Each P-value was calculated using the co-dominant, dominant, and recessive models. Logistic regression analysis was applied for controlling age, sex,
and smoking status as covariables. Haplotypes with frequency 4 1% are listed.
TDI-OA, toluene diisocyanate-induced occupational asthma; AEC, asymptomatic-exposed controls; NC, unexposed controls; n, number of subjects; q,
minor allele frequency.
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Associations between NK2R polymorphisms and
inflammatory mediators in TDI-exposed workers (TDI-OA
and AEC groups)

We examined the association of both NK2R polymorph-
isms with inflammatory mediators in the sera of TDI-
exposed workers (Fig. 1). Carriers of the GG genotype of
the G231E polymorphism showed significantly higher
serum VEGF levels than carriers of the GA or AA genotype
among the TDI-exposed workers after adjustment for age,
sex, and smoking status (345.3� 224 pg/mL for GG;
239.2� 161 pg/mL for GA1AA; P = 0.040). Although no
statistical significance was noted, TDI-exposed workers
with the GG or GA genotype of the R375H polymorphism
showed higher serum VEGF levels than those with the AA
genotype. In addition, carriers with the haplotype ht2[GG]
had significantly higher serum VEGF levels than those
with other haplotypes (333.6� 217 pg/mL for [GG];
240.0� 165 pg/mL for other haplotypes; P = 0.014).
Furthermore, the significant association of two genetic

polymorphisms with serum VEGF levels was reproduced in
the haplotypes of these two SNPs; the subjects who had the
homozygous ht2[GG] haplotype tended to have signifi-
cantly higher serum VEGF levels than those who carried
other diploids (479.1� 206 pg/mL for ht2[GG]/ht2[GG];
245.7� 172 pg/mL for ht2[GG]/ht2[GG] or ht2[GG]/� ;
Po 0.001). However, no significant correlations were
found between the two SNPs and the levels of TGF-b1
and MMP-9 and the prevalence of specific antibodies to
TDI–HSA conjugates in TDI-exposed workers (Table 5).

Discussion

In this study, we investigated the involvement of two
genetic polymorphisms of NK2R, 17853G4A (Gly231-
Glu or G231E) and 111424G4A (Arg375His or R375H),
in the pathogenesis of TDI-induced asthma in the Korean
population. There is abundant evidence to suggest a
possible role for tachykinins in the pathophysiology of

Table 3. Genotype distribution of NK2 receptor haplotypes

TDI-OA, n = 62 (%) AEC, n = 58 (%) NC, n = 87 (%)

P-value�

TDI-OA vs. AEC TDI-OA vs. NC

ht1[AG]
ht1/ht1 15 (24.2) 9 (15.5) 24 (27.6) 0.09 0.91
ht1/� 33 (53.2) 30 (51.7) 42 (48.3) 0.22 0.72
� /� 14 (22.6) 19 (32.8) 21 (16.1) 0.09 0.78

ht2[GG]
ht2/ht2 7 (11.3) 9 (15.5) 14 (16.1) 0.68 0.50
ht2/� 29 (46.8) 28 (48.3) 41 (47.1) 0.87 0.65
� /� 26 (41.9) 21 (36.2) 32 (36.8) 0.56 0.50

ht3[GA]
ht3/ht3 3 (4.8) 4 (6.9) 2 (2.3) 0.12 0.19
ht3/� 13 (21.0) 16 (27.6) 11 (12.6) 0.09 0.21
� /� 46 (74.2) 38 (65.5) 74 (85.1) 0.42 0.41

�Each P-value was calculated using the co-dominant, dominant, and recessive models. Logistic regression analysis was applied for controlling age, sex,
and smoking status as covariables. Haplotypes with frequency 4 1% are listed.
TDI-OA, toluene diisocyanate-induced occupational asthma; AEC, asymptomatic-exposed controls; NC, unexposed controls; n, number of subjects; q,
minor allele frequency; NK, neurokinin.

Table 4. Clinical features of TDI-induced asthma patients according to NK2R polymorphisms (N = 70)

Loci Genotype FEV1 (%)
PC20 methacholine
(mg/mL)

Gly231Glu GA or AA (n = 52) 87.2� 20.8 4.89� 7.4
GG (n = 18) 84.7� 28.5 5.65� 8.5
P-value 0.466 0.747

Arg375His GG or GA (n = 59) 84.0� 21.5 5.2� 8.0
AA (n = 3) 106.9� 18.0 2.7� 2.2
P-value 0.135 0.890

Data shown are the means� SD. PC20 methacholine, inhaled methacholine dose causing a 20% decline in FEV1.
FEV1, forced expiratory volume in 1 s; TDI, toluene diisocyanate; NK2R, neurokinin 2 receptor.
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asthma and bronchial hyper-responsiveness. Stimulation
of a non-adrenergic non-cholinergic nerve by TDI as well
as by irritants, cigarette smoke, capsaicin, and histamine
leads to the release of neuropeptides, which exert their
effects via interactions with NK receptors. Although Kim
et al. [25] have previously reported that the G231E
polymorphism of NK2R has a significant association with
capsaicin-sensitive cough in patients with chronic cough,
to date, no data have been published to confirm any
association between NK2R polymorphisms and bronchial
asthma, including TDI-induced asthma.

We did not identify any statistical significance in the
allele or genotype distributions between TDI-OA and AEC

or healthy unexposed controls in our population of
Korean subjects. Our sample size may have been too small
to allow reliable statistical evaluations, although this
study comprises the largest cohort of TDI-OA and two
control groups, asymptomatic-exposed workers and un-
exposed healthy subjects, from a single ethnic group.

A recent study has demonstrated using an immunohis-
tochemical method that NK2R are present within inflam-
matory cells, which include macrophages, mast cells, and
T lymphocytes, as well as smooth muscles, glands, and
vessels of the human central airways [34]. NK2R clearly
mediate a wide array of immunomodulatory effects,
which include enhancing the plasma extravasation, infil-
tration, and activation of inflammatory cells, such as
eosinophils, mast cells, neutrophils, monocytes, and lym-
phocytes, and the activation of mesenchymal cells [18].
Moreover, NK2R have been suggested to play a role in
antigen-induced airway inflammation in various animal
studies [18, 35, 36]. In analogy with the influence of
ß2-adrenergic receptor polymorphisms on the ligand
binding and functional properties of the receptor [37],
genetic polymorphisms for the NK2R, which has the same
G protein-coupled receptor, may alter receptor down-
regulation and agonist-binding affinities or coupling
efficiency to adenylate cyclase. Indeed, direct comparison
of the wild-type and mutant (F248S) forms of the NK2R in
Xenopus oocytes has indicated that the mutant prevents
agonist-induced desensitization but is as active as the
wild-type receptor in stimulating secondary messenger
pathways [24].

In the present study, we demonstrate a possible associa-
tion of the NK2R SNPs G231E and R375H with airway
inflammation in TDI-exposed workers by showing that
subjects with the GG genotype of NK2R G231E have
higher serum VEGF levels and that the G allele of G231E
and the G allele of R375H improve the significance of the

Table 5. Comparison of the clinical markers according to the genotypes of NK2R polymorphisms in TDI-exposed workers, including both TDI-induced
asthma patients and asymptomatic-exposed controls (N = 129)

Loci Genotype
VEGF�

(pg/mL)
TGF-b�

(ng/mL)
MMP-9�

(ng/mL)
Total IgE�

(IU/mL)
IgE to TDIw

n (%)
IgG to TDIw

n (%)

Gly231Glu GA or AA (n = 92) 239.2� 161.0 33.6� 17.4 149.0� 158.0 330.0� 580.9 15/67 (22.4) 15/67 (22.4)
GG (n = 37) 345.3� 224.0 32.5� 17.5 180.4� 170.0 171.3� 179.3 6/31 (19.3) 7/31 (22.6)
P-value 0.040 (0.538)z 0.565 0.091 0.270 0.963 0.957

Arg375His GG or GA (n = 113) 275.8� 192.0 33.6� 17.4 164.1� 167.0 279.5� 512.7 19/88 (21.6) 20/88 (22.7)
AA (n = 7) 209.7� 148.0 32.5� 17.5 171.2� 79.0 60.8� 69.7 1/5 (20) 1/5 (20)
P-value 0.560 0.440 0.620 0.791 0.789 0.859

Data shown are the means�SD.
�The P-values for univariate analysis of covariance were generated using generalized linear models analyses for controlling age, sex, and smoking
status as covariables.
wThe P-values for univariate analysis of covariance were generated using logistic regression analyses for controlling age, sex, and smoking status as
covariables.
zObserved power computed using a= 0.05.
NK2R, neurokinin 2 receptor; VEGF, vascular endothelial growth factor; TDI, toluene diisocyanate.

Fig. 1. Amplification of the significance of the association between
serum vascular endothelial growth factor (VEGF) levels and two neuro-
kinin 2 receptor (NK2R) gene polymorphisms analysed from the geno-
types of diploid cells. Three haplotypes had a frequency 4 1%: ht1[AG],
ht2[GG], and ht3[GA]. Results are shown as the mean�SD of VEGF
levels from the sera of 129 toluene diisocyanate (TDI)-exposed workers.
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elevated serum VEGF levels. These results suggest that
NK2R polymorphisms augment the airway inflammation
conferred by VEGF in TDI-exposed workers.

TDI-induced asthma is a chronic inflammatory process
of the airways that is associated with the accumulation of
activated inflammatory cells, structural changes, and re-
modelling of extracellular matrix (ECM) components [2, 3].
A role for VEGF in TDI-induced asthma has recently been
suggested. In a murine model of TDI-induced asthma [26],
the increased VEGF level was significantly correlated with
the numbers of neutrophils and eosinophils in the bronch-
oalveolar lavage fluids after challenge. Furthermore, VEGF
inhibitors were dramatically effective at reversing all
the pathophysiological findings, which included AHR,
increased vascular permeability, and presence of inflam-
matory mediators. VEGF is a multi-functional cytokine
with potent actions on epithelial cell proliferation, blood
vessel formation, and endothelial permeability. VEGF can
be produced by a variety of human cells, including
vascular smooth muscle cells, keratinocytes, fibroblasts,
mesangial cells, epithelial cells, and airway smooth muscle
cells. Considering the relationship between NK2R poly-
morphism and airway inflammation, airway smooth mus-
cle cells, in which NK2R are mainly found, are not only
passive partners in airway inflammation but also contri-
bute to the formation of the ECM and act as a rich source of
many cytokines, chemokines, adhesion molecules, and
growth factors [38]. Changes in NK2R expression and
function may modulate airway inflammation via the
activation and proliferation of airway smooth muscle cells
mediated by neuropeptides. The marked difference in
serum VEGF levels stratified by the genetic polymorphisms
of NK2R observed in this study may be linked to recent
studies that suggest that VEGF plays a key role in airway
inflammation in asthma patients [26, 27]. Taken together,
our results suggest that the GG genotype of NK2R G231E
potentiates increases in the levels of neuropeptides as a
result of TDI exposure and activates more inflammatory
cells to release inflammatory mediators, such as VEGF.
Accordingly, NK2R G231E may be a determinant that
augments chronic airway inflammation in TDI-exposed
workers. This study does have some limitations. First, the
study populations were too small to document statistical
significance. This was partly due to the difficulties asso-
ciated with recruiting TDI-exposed workers and asthma
patients. Second, the relationship between G231E and the
serum VEGF levels was based on indirect results, and
further investigations should be conducted.

While TGF-b1 has been found to increase the produc-
tion of metalloproteinases and the expression of TGF-b1 is
known to be increased in the airways of TDI-induced
asthmatic patients [2, 28–31], apart from the serum VEGF
levels, we did not find any significant associations
between the NK2R polymorphisms and the serum levels
of MMP-9 and TGF-b1.

In conclusion, we have shown that the NK2R G231E
polymorphism results in increased serum levels of VEGF,
which may contribute to perpetuating airway inflamma-
tion in TDI-exposed workers. Clarification of the func-
tional differences of NK2R polymorphisms and their
associations with serum VEGF levels will undoubtedly
lead to a better understanding of the pathogenic mechan-
ism of TDI-induced asthma and may offer new targets for
preventive or therapeutic approaches.
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