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Rationale: Asthma is a heterogeneous lung disorder characterized by
airway inflammation andairwaydysfunction,manifesting as hyperres-
ponsivenessandobstruction.GlutathioneS-transferaseM1(GSTM1) is
a multifunctional phase II enzyme and regulator of stress-activated
cellular signaling relevant to asthma pathobiology. A common homo-
zygous deletionpolymorphismof theGSTM1gene eliminates enzyme
activity.
Objectives: To determine the effect of GSTM1 on airway inflamma-
tion and reactivity in adults with established atopic asthma in vivo.
Methods: Nineteen GSTM1wild-type and eighteenGSTM1-null indi-
viduals with mild atopic asthma underwent methacholine and in-
haled allergen challenges, and endobronchial allergenprovocations
through a bronchoscope.
Measurements andMain Results: The influxof inflammatory cells, pan-
els of cytokines and chemokines linked to asthmatic inflammation,
F2-isoprostanes (markersofoxidative stress), and IgEweremeasured
in bronchoalveolar lavage fluid at baseline and 24 hours after aller-
gen instillation. Individuals with asthma with the GSTM1 wild-type
genotype had greater baseline and allergen-provoked airway neu-
trophilia and concentrations of myeloperoxidase than GSTM1-null
patients. In contrast, the eosinophilic inflammation was unaffected
by GSTM1. The allergen-stimulated generation of acute-stress and
proneutrophilic mediators, tumor necrosis factor-a, CXCL-8, IL-1b,
and IL-6, was also greater in the GSTM1 wild-type patients. More-
over, post-allergen airway concentrations of IgE and neutrophil-
generated mediators, matrix metalloproteinase-9, B-cell activating
factor, transforming growth factor-b1, and elastase were higher in
GSTM1 wild-type individuals with asthma. Total airway IgE corre-
lated with B-cell activating factor concentrations. In contrast, levels
of F2-isoprostane were comparable in both groups. Finally, GSTM1
wild-type individuals with asthma required lower threshold concen-
trations of allergen to produce bronchoconstriction.
Conclusions: The functional GSTM1genotype promotes neutrophilic
airway inflammation in humans with atopic asthma in vivo.
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Asthma is a heterogeneous airway disorder characterized by in-
flammation, hyperresponsiveness, and obstruction. There is con-
siderable interest in classifying asthma phenotypes. It has been
suggested that the type of airway inflammation might define
asthma phenotypes. One proposed classification uses eosino-
philic, neutrophilic, and paucigranulocytic cellular inflammation
to define three subtypes of asthma (1). The neutrophilic inflam-
mation has recently drawn more attention because of its asso-
ciation with severe asthma and poor response to corticosteroids
(2). The relationship between various asthmatic phenotypes and
genotypes in humans is poorly understood.

Glutathione S-transferase M1 (GSTM1) is a phase II cytopro-
tective protein from the family of cytosolic GSTs (3). The GSTM1
gene is located on chromosome 1p13.3 and has two alleles: a wild-
type allele, GSTM1*1, and a nonfunctional variant null allele,
GSTM1*0 (3). Subjects homozygous for the GSTM1*0 express
no GSTM1 protein (4). The frequency of the GSTM1 null geno-
type is ethnic-dependent and varies from 18 to 66% (5, 6). Ap-
proximately half of individuals of Northern European ancestry are
homozygous for the GSTM1 null genotype (6). In normal lungs,
GSTM1 is predominantly expressed in airway epithelial and
smooth muscle cells (7). Functions of GSTM1 include xenobi-
otic detoxification (3) and regulation of critical stress-activated
cellular signaling (8–10). GSTM1 may exert proinflammatory
and cytotoxic effects due to increased catabolism of prostaglandins
J2 and A2 (11), and enhanced formation of lipid peroxidation-
protein adducts (12).

Most, although not all, epidemiological studies have sug-
gested a decreased risk of asthma among individuals expressing
GSTM1 (13–16). Indeed, GSTM1 mitigates airway inflamma-
tion due to prooxidant and proasthmatic environmental stres-
sors such as ozone (17), tobacco smoke (5), and smog pollutants
(18). However, to our knowledge, the effect of GSTM1 on
allergen-provoked airway inflammation in humans with estab-
lished atopic asthma has not been studied.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The genetic regulation of distinct clinical and inflammatory
asthma phenotypes is unclear. Glutathione S-transferase M1
(GSTM1) is a multifunctional enzyme expressed in airway
cells that has been linked to asthma.

What This Study Adds to the Field

The wild-typeGSTM1 genotype augments allergen-induced
neutrophilic airway inflammation in humans with atopic
asthma in vivo.
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We hypothesized an inhibitory role of GSTM1 on allergen-
induced oxidant stress and airway inflammation in humans with
atopic asthma. The objective of our study was to determine the
effect of the wild-type and null GSTM1 genotypes (GSTM11

and GSTM12, respectively) on allergen-induced oxidant stress,
airway inflammation, and reactivity in adults with atopic asthma
in vivo. Contrary to our hypothesis, GSTM1 did not affect the
allergen-induced F2-isoprostane levels but augmented neutrophilic
airway inflammation and altered the biochemical milieu in epithe-
lial lining fluid that was linked to enhanced airway reactivity to
specific allergens in patients with established atopic asthma in vivo.

METHODS

Subjects

Data was derived from volunteers with atopic asthma who participated
in a study exploring the role of natural-source d-a-tocopheryl in atopic
asthma (19). Thirty-seven nonsmoking volunteers with a physician di-
agnosis of mild atopic asthma according to National Asthma Education
and Prevention Program guidelines (20) were recruited from the
Nashville area. Patients had positive skin tests with aeroallergens,
methacholine challenge, and inhaled allergen provocation. Asthma
medications were not allowed for at least 48 hours prior to procedures.
All women had negative urine human chorionic gonadotropin tests.
The study was approved by the Vanderbilt University Committee for
the Protection of Human Subjects, and the use of instilled allergens was
approved by the U.S. Food and Drug Administration.

Protocol

Patients underwent fiberoptic bronchoscopy with baseline (before aller-
gen challenge) bronchoalveolar lavage (BAL) in the lingua of the left
upper lobe followed by segmental allergen challenge in a subsegment of
the right middle lobe. The allergen-challenged subsegment was lavaged
24 hours later. Methacholine challenge followed by an inhaled allergen
provocation the next day was performed at least 3 weeks after the bron-
choscopy studies.

Experimental Procedures

The skin prick test was performed with diluent and histamine controls and
a set of standardized allergenic extracts (Dermatophagoides pteronyssinus,
Dermatophagoides farinae, cat hair, Bermuda grass, Kentucky bluegrass,
fescue meadow grass, orchard grass, redtop grass, ryegrass, sweet vernal
grass, timothy grass, and short ragweed) (Greer Laboratories, Lenoir,
NC) (21). The methacholine (Methapharm Inc., Brantford, Ontario,
Canada) challenge was completed using a Salter dosimeter (Salter
Labs, Arvin, CA) and Flow Screen spirometer (VIASYS Healthcare
GmbH, Hoechberg, Germany) (22). Allergen inhalation challenge was
done according to Cockcroft and colleagues (23). The maximal fall in
FEV1 between 0 and 3 hours after allergen inhalation was defined as
the early airway response, and the greatest FEV1 fall at 3 to 8 hours
was the late airway response. Allergen aerosols were generated using
a Wright nebulizer connected to a two-way Hans Rudolph valve mouth-
piece (Roxon, Montreal, Quebec, Canada) attached to a wall oxygen
source at 50 psi (23). Bronchoscopy studies were done in subjects who
fasted overnight. Midazolam 1 to 2 mg and fentanyl 50 to 100 mg were
administered intravenously. Airway anesthesia was achieved with top-
ical lidocaine (<7 mg/kg). BAL was performed using three 50-ml ali-
quots of sterile normal saline. Segmental allergen challenge was done
with two incremental doses of the allergen to which the volunteers had
a positive skin test, each dose in a 5-ml aliquot of normal saline. The
first dose of the allergen was 10-fold higher than the concentration that
caused a 5- to 8-mm wheal/20- to 30-mm erythema on intradermal test
followed by the second dose of the same allergen at a concentration
100-fold higher than the 21 skin reaction, and the bronchoscope was
then removed (19).

Laboratory Methods

DNAwas extracted frombloodusing theWizardGenomicDNAExtraction
Kit (Promega, Madison, WI). GSTM1 genotyping was performed by poly-
merase chain reaction using 59-CTGCCCTACTTGATTGATGGS-39 and
59-CTGGATTGTAGCAGATCATGC-39 primers to GSTM1 and 59-
CTGGATTGTAGCAGATCATGC-39 and 59-CAACTTCATCCACGTT
CACC-39 primers to the b-globin gene as loading controls, as described
by Davies and colleagues (24). PCR amplification was performed in
a thermal cycler (Techne TC-412; Techne, Burlington, NJ). After ampli-
fication, the PCR products were resolved by electrophoresis in a 2%

TABLE 1. CHARACTERISTICS OF VOLUNTEERS AND ALLERGENS USED FOR ASTHMA PROVOCATIONS
(EACH SUBJECT UNDERWENT INHALED AND ENDOBRONCHIAL CHALLENGE USING THE SAME ALLERGEN)

GSTM11 GSTM12

Male/female 5/14 7/11

Age 29.8 6 7.5 (20–43) 28 6 6.1 (20–42)

Race

Northern European ancestry 15 18

African American ancestry 4 0

Family history of atopy 19 18

Baseline spirometry

FVC, L 4.1 6 0.4 (3.38–4.7) 4.9 6 1.0 (3.5–6.5)

FVC, % predicted 98.7 6 9.9 (81–120) 111.9 6 17.9 (90–121)

FEV1, L 3.15 6 0.52 (2.6–3.9) 3.65 6 0.64 (2.84–4.7)

FEV1, % predicted 84.6 6 12.3 (65–111) 94.9 6 12.5 (77–122)

Treatment (regular or as needed)

Albuterol inhaler 19 18

Long-acting bronchodilator 2 2

Inhaled corticosteroids 3 2

Nasal corticosteroids 2 1

Montelukast 1 4

Antihistamines 6 9

Allergen used for challenge

Dust mite 6 4

Cat 7 10

Ragweed 2 1

Bermuda grass 1 1

Bluegrass 1 1

Rye grass 1 1

Timothy grass 1 0

Data are presented as count or mean 6 SD (range).
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agarose gel (Bio-Rad, Hercules, CA). The observed amplicon lengths
were 273 bp for positive GSTM1 and no band for a null GSTM1.

Cytospin slides of BAL (CytoSpin 4, Thermo Scientific, Asheville, NC)
were stained with Hema 3 (Fisher, Pittsburgh, PA). IL-1b, IL-4, IL-5, IL-8
(CXCL8), IL-12p70, IL-13, IFN-g, and tumor necrosis factor-a (TNF-a)
were measured by human Plex Multi-Spot assay (Meso Scale Discovery,
Gaithersburg, MD). IL-6 and IgE were analyzed by Cytometric Bead Array
(BDBiosciences, San Jose, CA). Commercial ELISA kits were employed to
measure levels of myeloperoxidase, IL-17, IL-33, matrix metalloproteinase-9
(MMP-9), B-cell activating factor (BAFF), and CXCL1 (R&D Sys-
tems, Minneapolis, MN); transforming growth factor-b1 (TGF-b1)
(Enzo Life Sciences, Farmingdale, NY); and elastase (eBioscience, San
Diego, CA). F2-isoprostanes were quantified by stable isotope dilution
method in conjunction with gas chromatography/negative ion chemical
ionization/mass spectrometry (25).

Statistical Analysis

A two-tailed Mann Whitney test was used for comparison of GSTM11

versus GSTM12 individuals with asthma, Wilcoxon signed-rank test for
comparisons within the groups, and Spearman’s rank correlation coeffi-
cient for correlation analyses. Subgroup analyses were further conducted
in subjects with dust mite, cat, and grass allergen extracts. Because only
three subjects were challenged with ragweed, we excluded these three
subjects from the subgroup analyses. Multivariable linear regression with
subjects’ baseline oxidative stress or inflammatory levels as covariate was
performed. The model was further adjusted for allergen type, gender, and
race. Normality of residues of linear models was diagnosed, and transfor-
mation of the dependent variables was done to correct normal residuals if
needed. Data was expressed as median (interquartile range) or mean 6
standard deviation. Significance was accepted when P , 0.05. R-software
version 2.11.1 was used for data analyses.

RESULTS

Table 1 displays the demographic and clinical characteristics of
the volunteers and types of aeroallergens used for provocations.
All individuals with asthma had normal baseline spirometry, and
the vast majority of them did not use daily asthma medications.

Temporary discontinuation of asthma drugs before challenges
caused no symptoms’ exacerbation or spirometric changes. Patients
continued the same asthma regimen throughout the study.

With the purpose of testing the hypothesis that GSTM1 ge-
notype affects allergen-induced airway inflammation in individ-
uals with atopic asthma, we analyzed cellular composition of
BAL cells recovered at baseline and after allergen challenge
in vivo. Baseline percentages of neutrophils in BAL were higher
in GSTM11 than in GSTM12 individuals with asthma (3.66 2.8
vs. 1.3 6 1.8, P ¼ 0.002, GSTM11 vs. GSTM12) (Figure 1A).
Allergen augmented the percentages of BAL neutrophils in
both groups, but the increase was greater in GSTM11 individ-
uals with asthma (41.9 6 25.2 vs. 14.5 6 15.5, P ¼ 0.0005,
GSTM11 vs. GSTM12) (Figure 1B). Similar findings of neutro-
phil percentages were also found in subjects with dust mite and
cat allergen extract, but not in grass allergen extract. Multivar-
iable regression also indicated a significant difference in percen-
tages of neutrophils after allergen challenge after adjusting for
the type of allergen. In contrast, GSTM1 did not affect airway
eosinophilia, either at baseline or after allergen (Figure 1C).
Airway neutrophilia in GSTM11 individuals with asthma was
associated with higher post-allergen BAL concentrations of
myeloperoxidase and elastase, markers of neutrophil activation
(Table 2 and Figure 2A, respectively). These data suggest the
capability of GSTM1 to modulate the inflammatory phenotype
associated with atopic asthma but failed to demonstrate inhibition
of the influx of inflammatory cells due to allergen in GSTM11

individuals with asthma.
After finding different inflammatory patterns in individuals with

asthma with divergent GSTM1 genotypes, we sought to answer the
question of whether airway neutrophilia in GSTM11 patients was
associated with up-regulation of proneutrophilic factors in the
lung. Indeed, although baseline concentrations of all measured
mediators were comparable between groups (Figures 2–4 and
Table 2), allergen challenge uncovered distinct mediator patterns
related to the GSTM1 genotypes. In particular, the generation of

Figure 1. Combined box and dot plots showing the effect

of the GSTM1 genotype on neutrophils, eosinophils, and

alveolar macrophages in BAL fluid. (A, B) Percentages of

neutrophils at baseline (A) and after allergen provocation
(B). (C, D) Baseline and allergen-provoked percentages of

eosinophils (C) and alveolar macrophages (D). All ¼ aller-

gen challenge; BAL ¼ bronchoalveolar lavage; Bas ¼ base-

line; GSTM1 ¼ glutathione S-transferase M1.
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CXCL8 and IL-1b as well as other acute-stress cytokines (TNF-a
and IL-6) was greater in GSTM11 individuals with asthma (Fig-
ure 3). In contrast, baseline and post-allergen concentrations of
IL-17, a lymphocyte-originated proneutrophilic factor (26),
and IL-33, a chromatin-associated nuclear cytokine from the
IL-1 family (27), did not vary between GSTM11 and GSTM12

patients (Table 2). CXCL1 levels were not increased by allergen
at 24 hours (Table 2). The allergen-induced airway neutrophilia
weakly correlated with concentrations of TNF-a in BAL
(Spearman r ¼ 0.4, P ¼ 0.02). Concentrations of Th1 cytokines,
IFN-g and IL-12p70, and Th2 cytokines, IL-4, IL-5, and IL-13, did
not differ between GSTM11 and GSTM12 patients although sta-
tistically significant augmentation of IFN-g and IL-12p70 after al-
lergen occurred only in GSTM11 individuals with asthma (Table
2). These results suggest that the GSTM1 genotype is involved in

regulation of a specific molecular endotype, likely in airway epithe-
lial cells, that results in up-regulation of the neutrophilic phenotype
in atopic asthma in humans.

Neutrophils are capable of generating a vast spectrum of medi-
ators capable of enhancing, modulating, and resolving inflammatory
responses (28). To demonstrate whether neutrophilic inflammation
associated with the GSTM11 genotype modulates the inflammatory
milieu in asthmatic airways, we analyzed selected mediators that
have been previously described in the neutrophilic asthma. Indeed,
allergens provoked significantly greater concentrations of the metal-
loproteinase MMP-9 (29); TGF-b, a pluripotent cytokine involved
in inflammation and tissue repair and remodeling (30); and elastase
(31) in GSTM11 than in GSTM12 individuals with asthma (Figure
2). The finding that allergens provoked a significant increase of
total BAL IgE levels exclusively in GSTM11 individuals with
asthma (Figure 4) prompted us to determine production of BAFF,
a neutrophil-produced T cell–independent factor participating in
activation and differentiation of B cells (32). We found augmented
concentrations of allergen-induced BAFF in BAL fluid in the
GSTM11 individuals. It is noteworthy that the IgE and BAFF
levels correlated with each other (Spearman r ¼ 0.54, P ¼ 0.001)
(Figure 4). These data expand the current knowledge concerning
biochemical consequences of neutrophilic inflammation and link
them to new genomic information in humans with atopic asthma.

With the aim of testing the hypothesis that GSTM1 regulates
oxidative stress in atopic asthmatic lungs, we measured BAL
concentrations of F2-isoprostanes, specific markers of oxidative
stress in vivo (25). We found no effect of the GSTM1 genotype
on the generation of F2-isoprostanes at baseline and after aller-
gen challenge in asthmatic airways (Table 2). These data sug-
gest that GSTM1 regulates airway inflammation independently
of the oxidative stress in humans with atopic asthma in vivo.

Finally, we sought to determine consequences of the GSTM1-
dependent regulation of inflammation on airway function in individ-
uals with atopic asthma. We found that GSTM11 individuals with
asthma were more reactive to specific allergens as suggested by
lower threshold doses necessary to produce a 20% fall in FEV1

(102.8 6 133.5 vs. 39.3 6 42.9, dilution fold of the allergen stock
solution, P ¼ 0.04, GSTM11 vs. GSTM12). The late asthmatic
reaction produced by inhaled allergen occurred in 11 of 23
GSTM11 and 7 of 23 GSTM12 individuals with asthma (P ¼
0.2 by Fisher’s exact test). The lower threshold to inhaled meth-
acholine in GSTM11 compared with GSTM12 barely missed
statistical significance (2.0 6 2.2 vs. 4.5 6 5.3 mg/ml, P ¼ 0.06,
GSTM11 vs. GSTM12). Nevertheless, these data suggest that
airway hyperresponsiveness in human asthma could at least in
part depend on the inflammatory and biochemical events regu-
lated by GSTM1.

DISCUSSION

Our study demonstrates greater neutrophilic airway inflammation at
baseline and after allergen provocation inGSTM11 than inGSTM12

individuals with asthma in vivo. The allergen-stimulated genera-
tion of acute-stress and proneutrophilic factors, CXCL-8, IL-1b,
TNF-a, and IL-6 was also enhanced in the GSTM11 patients. The
post-allergen levels of total IgE in BAL fluid increased only in
GSTM11 individuals with asthma and correlated with concentra-
tions of B-cell activating factor that could be released by neutro-
phils (32). Furthermore, levels of selective neutrophil-generated
mediators, MPP-9, TGF-b, and elastase were also higher in the
GSTM11 individuals with asthma. On the other hand, GSTM1
did not modulate the generation of F2-isoprostanes in BAL
fluid. Finally, GSTM11 individuals with asthma required lower
threshold concentrations of specific allergen to provoke bron-
choconstriction. These data imply that GSTM1 regulates the

Figure 2. Combined box and dot plots presenting BAL concentrations

of (A) MMP-9, (B) TGF-b, and (C) elastase at baseline and after allergen

challenge in individuals with asthma with GSTM11 and GSTM12 gen-
otypes. All ¼ allergen challenge; BAL ¼ bronchoalveolar lavage; Bas ¼
baseline; GSTM1 ¼ glutathione S-transferase M1; MMP9 ¼ matrix

metalloproteinase-9; TGF ¼ transforming growth factor.
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inflammatory airway phenotype produced by allergens in indi-
viduals with atopic asthma in vivo. To our knowledge, these
findings are novel.

Our results showing coexistence of neutrophilic inflammation
with IL-1b, TNF-a, and CXCL8 concur with previous findings
linking neutrophilic airway inflammation with these cytokines
and nuclear factor-kB in persistent and allergen-induced experi-
mental asthma in humans (33, 34). The most likely lung cells
regulated by GSTM1 are bronchial epithelial and smooth muscle
cells that express GSTM1 (7) and are capable of generating pro-
neutrophilic cytokines after exposure to allergens (35). We did not
find regulation by allergens of other proneutrophilic cytokines pre-
viously associated with asthma, including IL-17, a T cell-dependent
cytokine (26); IL-33, a chromatin-associated nuclear cytokine
from the IL-1 family of cytokines (27); and CXCL1 (36).

The role of GSTM1 in asthma has beenmainly attributed to the
antioxidant properties of the enzyme. However, our data showing
similar generation of F2-isoprostanes irrespective of the GSTM1
genotype do not support a substantial antioxidant role of GSTM1
in atopic asthmatic airways. In fact, GSTM1 provides only 0.1% of
GST activity in normal lungs (37). Currently, it is unclear why
airway inflammation in the GSTM11 individuals with atopic
asthma is deviated toward the neutrophilic phenotype. Genes in
the IL-1 and TNF-a/nuclear factor-kB pathways are regulated
by the mitogen-activated protein kinase signaling cascade that
can be inhibited by GSTM1 independently of its glutathione-
conjugating or antioxidant activity (8–10). However, the GSTM1-
dependent restraining mechanism could be disrupted in the
atopic asthmatic airways as a result of down-regulation of the
transcription factor nuclear factor (erythroid-derived 2)-like 2
(38, 39) controlling expression of GSTM1 (40). Airway epithelial
cells could be particularly affected as they express GSTM1 (7) and
are capable of generating robust proneutrophilic signals after al-
lergen stimulation (35). A tight regulation of stress-signaling path-
ways would suggest the presence of an alternative inhibitory

mechanism in GSTM12 individuals. Interestingly, exposure of
the GSTM1-deleted mice to 1,2-dichloro-4-nitrobenzene (spe-
cific GSTM1 substrate) caused up-regulation of genes previ-
ously associated with the murine asthma, including Mmp9,

Figure 3. Combined box and dot plots demonstrating

BAL levels of (A) TNF-a, (B) IL-1b, (C) CXCL8, and (D)
IL-6 at baseline and after allergen challenge in individuals

with asthma with GSTM11 and GSTM12 genotypes. All ¼
allergen challenge; BAL ¼ bronchoalveolar lavage; Bas ¼
baseline; GSTM1 ¼ glutathione S-transferase M1; TNF-a ¼
tumor necrosis factor-a.

Figure 4. Combined box and dot plots showing BAL concentrations of

(A) total IgE and (B) BAFF at baseline and after allergen challenge in
individuals with asthma with GSTM11 and GSTM12 genotypes. All ¼
allergen challenge; BAFF ¼ B-cell activating factor; BAL ¼ bronchoal-

veolar lavage; Bas ¼ baseline; GSTM1 ¼ glutathione S-transferase M1.
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Chi313, Trem3, and Epx, encoding matrix metallopeptidase 9,
chitinase 3-like 3, activating-receptor on macrophages, and eo-
sinophil peroxidase, respectively (41).

As expected, the different cellular phenotypes in GSTM11

and GSTM12 individuals with asthma were associated with dis-
similar biochemical milieus in the epithelial lining fluid. Indeed,
neutrophils have the capacity to produce a myriad of mediators
of innate and adaptive immunity (28). We found increased con-
centrations of MMP-9, BAFF, TGF-b, and elastase in GSTM11

compared with GSTM12 patients. MMP-9 is a major metallo-
proteinase associated with neutrophilic inflammation in atopic
asthma (29). Up-regulation of BAFF by allergen and its correla-
tion with post-allergen total IgE in BAL, predominantly in
GSTM11 patients, is a novel observation that will need future
investigation. BAFF is a critical regulator of B cells’ survival
and responsiveness that can be produced by neutrophils (32).
TGF-b is a powerful pluripotent cytokine linked to modulation
and resolution of inflammation and remodeling in asthma (30).
Elastase is an important protease enzyme causing lung damage
that has been linked to neutrophilic asthma in humans (31, 42).

Our study also suggests modulation of airway responsiveness
by GSTM1 in individuals with atopic asthma. Though the differ-
ence in methacholine hyperresponsiveness marginally missed
statistical significance, the inhaled dose of allergen required to
cause a similar fall in FEV1 in the two groups was lower in
GSTM11 individuals with asthma. This implies that the allergen
sensitivity of the GSTM11 group is greater.

The promoting role of GSTM1 on neutrophilic airway inflam-
mation in our homogenous population of individuals with atopic
asthma contradicts previous studies showing a protective role
of the wild-type GSTM1 genotype on ozone- and endotoxin-
induced airway neutrophilia (17, 43, 44) or diesel exhaust par-
ticles–enhanced response of nasal mucosa to allergen (18).
However, it is important to emphasize that asthmatic airway
epithelial cells are intrinsically different from normal or nasal
epithelial cells; thus, biochemical interactions involving GSTM1
could be incomparable in these anatomically comparable but
functionally dissimilar cells (45, 46). Although most functions
of GSTM1 are considered protective, there are precedents for
opposite actions of the enzyme. For example, there are studies

showing that in atopic individuals the null, not wild-type, GSTM1
genotype decreases risk for asthma (14). Regardless, additional
extensive studies will be necessary to explain the pathomecha-
nism and clinical significance of our seemingly paradoxical
findings.

Commercial allergens contain small amounts of endotoxin that
may affect airway neutrophilia in individuals with asthma under-
going allergen challenges in vivo (47). We employed only stan-
dardized allergens provided by the same vendor, and importantly,
identical lots of allergens were used in individuals with asthma
with both GSTM1 genotypes. Although we do not believe that
endotoxin contaminating allergens was responsible for the dis-
crepancies found in our study, at present one cannot rule out
the possibility that GSTM1 acts differently in individuals with
atopic asthma. In fact, a recent study demonstrated a diminished
response to endotoxin in individuals with atopic asthma com-
pared with individuals without asthma (48). In this investiga-
tion, the absolute number of inflammatory cells recruited to
the airways was lower in individuals with asthma, and moreover,
levels of IL-1b, IL-18, and cell-surface expression of Toll-like
receptors 4 and 2 were up-regulated only in normal subjects (48).
Thus, a distinct inflammatory signaling could be associated with
an altered modulatory action of GSTM1 in response to endotoxin
in atopic asthmatic airways cells in vivo.

Major weaknesses of our investigation include a relatively
small population of individuals with atopic asthma of predomi-
nantly Northern European ancestry. Thus, a larger study might
uncover even sharper phenotypic contrasts related to the GSTM1
genotype. Future studies should also determine if GSTM1 simi-
larly regulates airway response to allergens in individuals with
atopic asthma from other ethnic groups. Patients with moderate
or severe asthma were not enrolled because of the invasive nature
of the experiments. Consequently, it remains to be established
whether the GSTM1 genotype is associated with the neutrophilic
variant of the severe asthma phenotype. Finally, noneosinophilic
asthma is characterized by poorer lung function (18), less favor-
able response to corticosteroids (2), and systemic inflammation
(49). Consequently, the role of the GSTM1 genotype on treatment
response to currently available antiinflammatory asthma drugs,
especially corticosteroids, should also be sought.

TABLE 2. EFFECT OF THE GSTM1 GENOTYPE ON MEDIATORS’ CONCENTRATIONS IN BAL AT
BASELINE AND 24 HOURS AFTER ALLERGEN INSTILLATION

Mediator GSTM11 P Bas vs. All GSTM12 P Bas vs. All P GSTM11 vs. GSTM12

IL-4 Bas 0.12 (0.017-0.24) 0.17 0.055 (0.0–0.1) 0.0008 0.17

All 0.17 (0.07–0.32) 0.15 (0.05–0.28) 0.55

IL-5 Bas 0.1 (0.03–0.16) 0.0002 0.06 (0.02–0.16) 0.0005 0.4

All 1.42 (0.5–3.6) 0.4 (0.2–6.57) 0.13

IL-13 Bas 0.01 (0.0–0.6) 0.01 0 (0.0–0.38) 0.02 0.48

All 1.33 (0.2–5.5) 0.43 (0.0–0.82) 0.08

IFN-g Bas 0.49 (0.14–0.7) 0.01 0.33 (0.16–0.43) 0.29 0.23

All 0.6 (0.21–1.7) 0.39 (0.3–0.66) 0.46

IL-12 Bas 0.12 (0.0–0.2) 0.007 0.1 (0.0–0.19) 0.8 0.9

All 0.2 (0.05–0.64) 0.19 (0.0–0.2) 0.08

IL-17 Bas 21.9 (20.4–25.9) 0.27 21.8 (20.1–24.8) 0.25 0.96

All 21.13 (18.2–25.2) 20.6 (19.4–22.9) 0.8

IL-33 Bas 6.28 (2.9–16.5) 0.49 6.86 (3.88–9.5) 0.62 0.97

All 3.7 (2.5–13.5) 6.12 (3.8–8.5) 0.57

CXCL1 Bas 536.5 (402–856.7) 0.27 441.7 (287–610.7) 0.06 0.14

All 399.4 (230.6–670) 339 (189.6–474) 0.31

F2-IsoPs Bas 0.86 (0.57–1.26) 0.0002 1.16 (0.84–1.5) 0.04 0.15

All 1.36 (1.07–2.75) 1.4 (0.92–2.35) 0.56

MPO Bas 26.1 (11.56–26.2) 0.0004 14.9 (5.1–26.2) 0.001 0.14

All 300.3 (116–552) 98.9 (27.2–186.5) 0.002

Definition of abbreviations: All ¼ allergen; BAL ¼ bronchoalveolar lavage; Bas ¼ baseline; F2-IsoPs ¼ F2-isoprostanes; MPO ¼
myeloperoxidase.

Concentrations of all mediators are expressed in pg/ml BAL. Concentrations are median (interquartile range).
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Presently, the genetic and pathomechanistic underpinnings
linked to the neutrophilic asthma phenotype is unclear. Our
study identifies a new and potentially important area of investi-
gation concerning asthma heterogeneity.

In summary, our study provides a convincing evidence for an
endogenous modulatory role of GSTM1 on asthmatic responses
inhumanatopic asthma.Particularly, thewild-typeGSTM1genotype
appears to promote a pathophysiologically relevant neutrophilic
asthma phenotype. However, the exact mechanism of the GSTM1-
dependent regulation of allergen-provoked asthma exacerbation is
yet to be fully elucidated. Our study provides a novel link between
genetic polymorphism and asthma phenotype that could be
important for personalized tailoring of asthma therapy in the
future.

Author disclosures are available with the text of this article at www.atsjournals.org.
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