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Neutrophilic inflammation in acute exacerbations of asthma tends
to be resistant to treatment with glucocorticoids. This may be
related to decreased activity and expression of histone deacety-
lase-2 (HDAC2), which down-regulates expression of proinflamma-
tory genes via recruitment to the glucocorticoid receptor complex.
We assessed airway inflammation and response to steroid treatment
in a novel mouse model of an acute exacerbation of chronic asthma.
Systemically sensitized mice received low-level challenge with aero-
solized ovalbumin for 4 weeks, followed by a single moderate-level
challenge to induce enhanced inflammation in distal airways. We
assessed the effects of pre-treatment with dexamethasone on the
accumulation of inflammatory cells in the airways, airway respon-
siveness to methacholine, expression and enzymatic activity of
nuclear proteins including histone acetyl transferase (HAT) and
HDAC2, and levels of transcripts for neutrophil chemoattractant
and survival cytokines. Dexamethasone suppressed inflammation
associated with eosinophil and T-lymphocyte recruitment, but did
not prevent neutrophil accumulation or development of airway
hyperresponsiveness. Increased activity of HAT was suppressed by
steroid treatment, but the marked diminution of HDAC2 activity and
increased activity of nuclear factor-kB were not reversed. Corre-
spondingly, elevated expression of mRNA for TNF-a, granulocyte-
macrophage colony-stimulating factor, IL-8, and p21waf were also
not suppressed by dexamethasone. Levels of lipid peroxidation and
protein nitration products were elevated in the acute exacerbation
model. We conclude that impaired nuclear recruitment of HDAC2
could be an important mechanism of steroid resistance of the
neutrophilic inflammation in exacerbations of asthma. Oxidative
stress may contribute to decreased HDAC2 activity.
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Asthma is characterized by intermittent airflow obstruction,
which develops on a background of chronic inflammation of the
airways driven by CD41 T-lymphocytes. Superimposed upon this
are episodes of acute inflammation, typically dominated by
eosinophils (1). In general, this inflammation is well controlled
by inhaled glucocorticoids, although in a subset of patients these
drugs are less effective. Persistent asthma may be associated with
the presence of significant neutrophilic inflammation (2), and
predominant neutrophilic inflammation has been linked to
steroid resistance in individuals with stable asthma (3). Neutro-

phil recruitment is a prominent feature of acute exacerbations of
chronic asthma (4), in which it may be related to respiratory tract
infections, especially by viruses (5, 6). Similarly, in patients with
difficult-to-control asthma, neutrophils rather than eosinophils
often predominate (7). Again, exacerbations in these patients are
often relatively resistant to treatment with inhaled steroids (8).

Histone acetyl transferase (HAT) and histone deacetylase
(HDAC) are key enzymes involved in modifying the expression
of inflammatory genes in airway diseases (9). The anti-inflamma-
tory actions of glucocorticoids are at least in part related to the
recruitment by activated glucocorticoid receptors (GR) of
HDAC2, which inhibits the activation of inflammatory genes by
the transcription factor nuclear factor-kB (NF-kB) (10). We have
previously demonstrated that in individuals with mild stable
asthma, HAT activity in tissues is increased, and is suppressed
by treatment with glucocorticoids. Conversely, HDAC2 activity
is decreased, but this is only partially reversed by steroid therapy
(11). In peripheral blood cells from individuals with severe
asthma, reduced HDAC2 activity correlates with in vitro steroid
resistance of cytokine secretion (12). Furthermore, we have
shown that reduced HDAC activity correlates with increased
disease severity in chronic obstructive pulmonary disease, poten-
tially accounting for the steroid unresponsiveness of the airway
inflammation in these patients (13, 14). Whether decreased
HDAC2 activity might be a key contributor to steroid resistance
in acute exacerbations of asthma, in association with enhanced
recruitment of neutrophils, is unknown.

To investigate this, we employed a novel murine model of an
acute exacerbation of chronic asthma, in which systemically
sensitized mice receive chronic low-level challenge with aero-
solized ovalbumin (OVA) for 4 weeks, followed by a single
moderate-level challenge. The low-level challenge elicits eosin-
ophil recruitment on a background of chronic inflammation
localized to the airway wall, without significant parenchymal
inflammation, and is accompanied by changes of structural
remodeling of the airways (15). The subsequent moderate-level
challenge induces a rapidly developing, exaggerated inflamma-
tory response in distal airways, associated with airway hyper-
responsiveness (AHR) of peripheral origin (16). The model thus
uniquely replicates key features of asthmatic exacerbations in
patients.

We report that in this model, an exacerbation could be induced
in a setting of prior treatment with dexamethasone. Under these

CLINICAL RELEVANCE

In a model of an exacerbation of asthma, neutrophil
recruitment and enhanced cytokine expression were re-
sistant to dexamethasone. This correlated with decreased
histone deacetylase-2 expression, which may be an impor-
tant mechanism of resistance to steroid therapy.
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circumstances, inflammation associated with recruitment of eosi-
nophils and lymphocytes was suppressed, but neutrophil accumu-
lation was resistant to glucocorticoid therapy, analogous to the
findings in patients with asthma. Induction of an acute exacerba-
tion was associated with a significant decrease in HDAC2 expres-
sion, as well as enhanced expression of NF-kB, proinflammatory
cytokines, and markers of severe asthma. All of these were
relatively resistant to dexamethasone treatment. This suggests that
impaired nuclear recruitment of HDAC2 could be an important
mechanism of steroid resistance of the neutrophilic inflammation
in exacerbations of asthma. Furthermore, levels of lipid peroxida-
tion and protein nitration products were elevated in lung tissues in
the acute exacerbation model, suggesting that oxidative stress may
contribute to the observed decrease in HDAC2 activity.

MATERIALS AND METHODS

Experimental Model

Specific pathogen–free female BALB/c mice aged 8 weeks were obtained
from the Animal Resources Centre (Perth, Australia). All experimental
procedures were approved by the Animal Care and Ethics Committee of
the University of New South Wales (ref. no. 04/06).

As previously described (16), animals were sensitized by intraperito-
neal injection of 50 mg of chicken egg ovalbumin (Grade V, > 98% pure;
Sigma, St Louis, MO [unless otherwise specified, all chemicals were
obtained from this source]) adsorbed to 1 mg of aluminum hydroxide, 21
and 7 days before the commencement of inhalational challenges. Mice
were exposed to aerosolized ovalbumin in a whole-body inhalation
exposure chamber (Unifab Corporation, Kalamazoo, MI). During the
exposure, the animals were held in wire flow-through cage racks and
filtered air was drawn through the 0.5 m3 inhalation chamber at a flow
rate of 250 L/minute. A solution of 2.5% ovalbumin in normal saline was
aerosolized by delivery of compressed air to a sidestream jet nebulizer
(Trimed, Sydney, Australia) and injected into the airstream entering the
chamber. Chronic low-level challenge involved exposure to �3 mg/m3

aerosolized ovalbumin for 30 minutes/day on 3 days/week for 4 weeks. At
the end of this period, a single moderate-level challenge with exposure to
�30 mg/m3 of ovalbumin for 30 minutes was used to induce the acute
exacerbation. Particle concentration within the breathing zone of the
mice was continuously monitored using a DustTrak 8520 instrument
(TSI, St. Paul, MN).

Drug Treatment

At 24 and 2 hours before the single moderate-level challenge, animals
received either dexamethasone (1 mg/kg, cyclodextrin compound in
saline; Sigma), or vehicle alone by gavage. Controls were either sham-
challenged, vehicle-treated mice exposed to�30 mg/m3 of saline aerosol
for 30 minutes, or nonsensitized animals that were not exposed to aerosol
challenge. Experimental groups comprised 6 to 8 animals each for
assessment of airway inflammation, hyperresponsiveness, and protein/
mRNA levels.

Airway Responsiveness

Airway responsiveness to inhaled b-methacholine was determined in
mice 4 hours after the final aerosol challenge. Transpulmonary resistance
(RL) and dynamic compliance (Cdyn) were assessed as described (16, 17).
Animals were anesthetized with ketamine-xylazine, tracheostomized,
and mechanically ventilated within a plethysmograph chamber. Volume
changes due to thoracic expansion and alterations in tracheal pressure
were measured in response to challenge with saline, followed by in-
creasing concentrations of b-methacholine (6.25, 12.5, 25, and 50 mg/ml).
Peak values were taken as the maximum response to the concentration of
methacholine being tested, and were expressed as the percentage change
relative to the saline control.

Bronchoalveolar Lavage and Histochemical/

Immunohistochemical Staining

Mice were killed 4 hours after the final aerosol challenge, the lungs were
perfused with saline, and the tracheae were cannulated to perform

bronchoalveolar lavage (BAL) with 2 3 1 ml phosphate-buffered
saline. Counts were performed on at least 300 cells in a Giemsa-stained
smear.

Eosinophils were identified in 5-mm frozen sections from the mid-
zone of the single-lobed left lung, on the basis of staining for cyanide-
resistant peroxidase (18). Immunostaining for T cells used a rat anti-CD3
monoclonal antibody, reactive across multiple species (NCL-CD3–12;
Novocastra, Newcastle, UK). Staining for neutrophils used rat anti–Gr-1
(RB6–8C5; PharMingen, San Diego, CA). Detection was with a rabbit
anti-rat bridging antibody (DakoCytomation, Glostrup, Denmark) fol-
lowed by the Envision biotin-free detection system (DakoCytomation),
which provided high sensitivity. Morphometric assessment was per-
formed according to previously established protocols (19).

Nuclear Protein Extraction and Assays

Tissues were ground under liquid nitrogen using a pestle and mortar.
Hypotonic buffer (13; Active Motif, Rixensart, Belgium) with one
complete protease inhibitor cocktail tablet (Roche Diagnostics, Burgess
Hill, UK) was added, followed by the nonionic detergent NP-40 (Sigma),
and samples were vortexed to release nuclei. The nuclear-rich fraction
was used for measurement of glucocorticoid receptor (GR) activity
using a TransAM GR kit (Active Motif), expressed as the absorbance
per 10 mg protein. Similarly, HDAC activity was measured using an
assay kit based on a fluorescent derivative of e-acetyl lysine (Biomol,
Plymouth Meeting, PA) and was expressed as mM of fluorescent
substrate standard per 10 mg protein. HAT was measured using an
enzyme-linked immunosorbent assay kit (Millipore, Billerica, MA) and
was also expressed as the absorbance per 20 mg protein. NF-kB activity
was measured using a modified TransAM p65 colorimetric assay kit
(Active Motif) and was similarly expressed as the absorbance per 10 mg
protein.

SDS-PAGE and Western blotting were used to quantify immunore-
active HDAC2 in nuclear-rich extracts, using mouse monoclonal
HDAC2 antibody (Sigma) and enhanced chemiluminescence detection
(ECL; Amersham, Little Chalfont, UK). Expression was normalized to
lamin A/C protein as a standard.

RT-QPCR

Total RNA extraction and reverse transcription were performed using
an RNeasy kit (Qiagen, Crawley, UK) and an Omniscript RT kit
(Qiagen). Gene transcript levels of HDAC2, TNF-a, GM-CSF, KC
(the murine counterpart of IL-8), p21waf (a cyclin-dependent kinase
inhibitor), and GAPDH, as a housekeeping gene, were quantified by
real-time PCR using commercially available primers and a Taqman
system (Applied Biosystems, Warrington, UK) on a Rotor-Gene 3000
(Corbett Research, Mortlake, NSW, Australia).

Oxidative Modification of Cytoplasmic Lipids and Proteins

The cytoplasmic fraction of the tissue extracts was clarified by micro-
centrifugation and the protein concentration of each sample was
measured using a Bradford Protein Assay kit (Bio-Rad, Hemel Hemp-
stead, UK) with bovine serum albumin as a standard. Lipid peroxidation
in lung tissue was assessed using a colorimetric assay kit (BIOXYTECH
LPO-586; Oxis International, Portland, OR) based on the reaction
between a chromogenic reagent (N-methyl-2-phenylindole) and the
peroxidation products malonaldehyde and 4-hydroxyalkenal, which
yields a stable chromophore with maximal absorbance at 586 nm. The
assay was performed according to the manufacturer’s instructions, using
100 mg of lung tissue extract per sample. Protein nitration was assessed by
measuring levels of nitrotyrosine in lung tissue using a chemilumines-
cence enzyme linked immunosorbent assay (Millipore) and the value
was expressed as micrograms of nitrated bovine serum albumin equiv-
alent.

Statistical Analysis

Data are presented as arithmetic means 6 SEM for each experimental
group. For comparison between groups, analysis was performed using
one-way ANOVA followed by Tukey’s multiple comparison test. The
software package GraphPad Prism 5.01 (GraphPad Software, San Diego,
CA) was used for all data analysis and preparation of graphs.
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RESULTS

Airway Inflammation

In BAL fluid, the total numbers of cells and the numbers of
eosinophils, lymphocytes, and neutrophils were significantly in-
creased in vehicle-treated animals compared with naı̈ve mice
(Table 1). Numbers of macrophages were also increased, al-
though this was not statistically significant. Pretreatment with
dexamethasone did not decrease total cell numbers or the
numbers of macrophages in BAL fluid, but completely sup-
pressed eosinophil and lymphocyte recruitment. However, drug
treatment only partially suppressed neutrophils in BAL fluid
(Table 1).

Similar to its effects on BAL cells, dexamethasone completely
suppressed the increase in the number of eosinophils and CD3-
positive T lymphocytes in lung tissue that was observed in vehicle-
treated mice (Figures 1A and 1B). In contrast, whereas the
number of neutrophils in lung tissue did not rise appreciably in
the vehicle-treated group after moderate-level allergen chal-
lenge,numberswerestrikinglyincreasedaftertreamentwithdexa-
methasone (Figure 1C). Microscopically, these cells appeared to
be entirely within airway or alveolar walls rather than in the
alveolar lumen (Figure 2).

AHR

Vehicle-treated mice exhibited significant AHR, both in terms of
increased transpulmonary resistance and decreased dynamic
compliance. This was not suppressed by treatment with dexa-
methasone (Table 2).

Nuclear Protein Assays

Levels of GR activity in nuclear extracts were elevated over 3-
fold after dexamethasone treatment, confirming the effectiveness
of drug therapy (Figure 3A). HAT activity in nuclear extracts of
lung tissue was strikingly increased in vehicle-treated animals, but
was suppressed to levels comparable with those of naı̈ve mice in
animals treated with dexamethasone (Figure 3B). Total activity
of all HDAC isoforms was similar in all three groups (not shown),
but levels of HDAC2 protein as assessed by Western blotting
(Figure 4A) were markedly reduced in vehicle-treated animals
(Figure 4B), even though mRNA expression for this isoform was
unchanged (HDAC2/GAPDH 0.040 6 0.025 in naı̈ve mice,
0.040 6 0.026 in animals treated with vehicle, and 0.037 6 0.024
in those treated with dexamethasone). In dexamethasone-treated
mice, levels of HDAC2 protein remained as low as in vehicle-
treated mice (Figure 4B). NF-kB activity was markedly elevated
in vehicle-treated animals, but this was only partially suppressed
by dexamethasone treatment (Figure 5).

mRNA Expression

Relative levels of mRNA for TNF-a were significantly elevated in
lung tissues from vehicle-treated mice, and these levels remained
increased after dexamethasone treatment (Figure 6A). Levels of
mRNA for GM-CSF were similarly increased and were only
modestly diminished after drug treatment (Figure 6B). Relative
levels of mRNA for both KC and p21waf were also elevated more
than 2-fold in vehicle-treated animals, although these increases
were not statistically significant. The elevated expression of KC
and p21waf was not suppressed by dexamethasone (Figures 6C
and 6D).

Markers of Oxidative Stress

In the acute exacerbation model, levels of lipid peroxidation
products were significantly increased and were unaffected by

TABLE 1. BRONCHOALVEOLAR LAVAGE CELL COUNTS

Naı̈ve Vehicle Dexamethasone

Total number of cells

(31023)

31.50 6 4.45 64.33 6 7.15* 80.67 6 10.23†

Macrophages (31023) 29.92 6 4.54 52.77 6 6.82 76.76 6 9.97†

Lymphocytes (31023) 0.31 6 0.13 5.72 6 1.33† 0.76 6 0.13‡

Eosinophils (31023) 0.01 6 0.01 0.63 6 0.18† 0.00 6 0.00‡

Neutrophils (31023) 1.26 6 0.14 5.22 6 1.02x 3.15 6 0.86

Values are expressed as mean 6 SEM.

* P , 0.05, significant difference compared with naı̈ve animals.
† P , 0.001, significant difference compared with naı̈ve animals.
‡ P , 0.001, significant difference between vehicle-treated and dexametha-

sone-treated animals.
x P , 0.01, significant difference compared with naı̈ve animals.

Figure 1. Profile density of (A) eosinophils, (B) CD31 T cells, and (C)

neutrophils, in lung tissue of mice from the acute exacerbation model

treated with vehicle or with dexamethasone, compared with naı̈ve

animals. Significant differences compared with naı̈ve animals shown as
***P , 0.001 and compared with mice treated with vehicle shown as
###P , 0.001.
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treatment with dexamethasone (Figure 7A). Levels of protein
nitrotyrosine were similarly elevated more than 2-fold, although
these changes were not statistically significant (Figure 7B). Other
changes of oxidative stress (e.g., carbonylation of proteins,
increased levels of 4-hydroxynonenal) were not detectable in
these samples (data not shown).

DISCUSSION

In this study, we have demonstrated that in a mouse model of an
acute exacerbation of chronic asthma, there was recruitment into
the airways not only of eosinophils and CD31 T-lymphocytes but
also of neutrophils, with parallel development of AHR. In lung
tissue, significantly increased HAT activity and decreased levels
of HDAC2 protein were evident, accompanied by significantly
increased activity of NF-kB and elevated expression of mRNA
for TNF-a and GM-CSF. In addition, levels of mRNA for KC, the
murine functional equivalent of IL-8 (20) and p21waf, a cyclin-
dependent kinase inhibitor that is elevated in severe asthma (21),
were both increased.

Pretreatment with dexamethasone suppressed eosinophilic
and lymphocytic inflammation in this model, but did not suppress
numbers of macrophages and only partially suppressed neutro-
phils in BAL fluid. Remarkably, this therapy increased the
numbers of the latter cells in tissues. Dexamethasone treatment
had no effect on AHR. At a dose that significantly enhanced GR
activity in lung tissue, dexamethasone completely suppressed
HAT activity, but NF-kB activity and relative levels of mRNA for
TNF-a and GM-CSF were only partially suppressed, while levels
of mRNA for KC and p21waf were undiminished. Importantly,
dexamethasone treatment failed to restore HDAC2 levels in the
tissues.

The pattern of inflammation in this mouse model of an
asthmatic exacerbation closely simulates that in patients. Al-
though exacerbations in individuals with asthma are most often
triggered by viral infections (22), allergen exposure synergizes
with infection, eliciting a more severe inflammatory response (23,
24). In our model of an allergen-induced acute exacerbation,
background lesions of mild asthma are induced by chronic low-
level allergen challenge (15), and animals are then exposed for
a 30-minute period to a single moderate-level challenge with a
10-fold higher mass concentration of aerosolized antigen. This is
still a much lower mass concentration than is used by most in-
vestigators in models of allergic airway inflammation, with 10- to
100-fold higher concentrations being typical in uncontrolled ex-
posure chambers. Thus, although our model of an allergen-in-
duced acute exacerbation is associated with more marked airway
inflammation that extends further distally than in our chronic
challenge model, the inflammatory response remains relatively
mild and the numbers of eosinophils, lymphocytes, and neutrophils
in BAL fluid are modest (16). Despite this, the animals develop
a pattern of AHR distinct from that seen in the chronic challenge
model, reflecting more distal airway involvement.

Treatment of the experimental acute exacerbation with dexa-
methasone clearly had different effects on the accumulation of
eosinophils and lymphocytes as compared with macrophages and
neutrophils. Consistent with the well-established effects of glu-
cocorticoids on eosinophil and T lymphocyte recruitment and
survival (25), dexamethasone almost completely suppressed the
increased numbers of these cells. However, the drug did not

Figure 3. (A) GR activity and (B) HAT activity in nuclear extracts of lung

tissue of mice from the acute exacerbation model treated with vehicle

or with dexamethasone, compared with naı̈ve animals. Significant dif-

ferences compared with naı̈ve animals shown as **P , 0.01, ***P ,

0.001 and compared with mice treated with vehicle shown as ##P ,

0.01, ###P , 0.001.

Figure 2. Immunostaining for Gr-11 neutrophils in a frozen section of
lung tissue of an animal from dexamethasone-treated group, demon-

strating the location of the cells within the airway and alveolar walls.

Immunoperoxidase, methyl green counterstain.

TABLE 2. AIRWAY HYPERRESPONSIVENESS

Naı̈ve Vehicle Dexamethasone

Transpulmonary resistance

(percent of saline control at

25 mg/ml methacholine)

155 6 19 389 6 65* 408 6 62*

Dynamic compliance

(percent of saline control at

25 mg/ml methacholine)

235.3 6 3.9 273.6 6 3.9† 268.2 6 5.4†

Values are expressed as mean 6 SEM.

* P , 0.05, significant difference compared with naı̈ve animals.
† P , 0.001, significant difference compared with naı̈ve animals.
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diminish the number of macrophages in BAL fluid (indeed, these
were somewhat increased, although this was not statistically
significant) and had only a moderate effect on the number of
neutrophils in BAL. Moreover, treatment with dexamethasone
was associated with an increased number of neutrophils in lung
tissue. This observation, which is consistent with results pre-
viously reported in subjects with asthma who received oral
prednisolone (26), emphasizes the need to assess both lavage
and tissue findings in airway inflammatory diseases. In both
settings, however, neutrophilic inflammation in this model was
relatively steroid resistant, thus resembling the clinical situation.

The high numbers of neutrophils visible in lung sections are
unlikely to be the result of increased recruitment, given that in
other respects, the inflammatory response is suppressed by
treatment with glucocorticoids. Instead, it may be related to
mechanisms such as increased intravascular trapping or en-
hanced survival of the cells—this is consistent with the obser-
vation that the cells appeared to be within alveolar walls rather
than in the alveolar lumen. Numerous noncirculating neutro-
phils are normally sequestered in the pulmonary capillaries (27,
28) and numbers of such cells are increased in pulmonary
inflammation, apparently because of the reduced deformability
of neutrophils induced by inflammatory mediators (27, 29). It is
possible that trapped or marginated neutrophils might exhibit
prolonged survival in tissues of dexamethasone-treated animals
because of the capacity of glucocorticoids to inhibit neutrophil
apoptosis (30, 31). In addition, these cells may have failed to be
recruited into the airways—thus accounting for their reduced
number in BAL fluid—and therefore have accumulated in the
tissue.

The relative lack of effect of dexamethasone treatment on
neutrophilic inflammation in this model of an acute exacerbation
may be related to inability of the drug to suppress signals for
recruitment and survival of these cells. We found that mRNA
levels for TNF-a, GM-CSF, and the murine counterpart of IL-8
were either only modestly suppressed or unaffected by treatment
with the glucocorticoid. As the expression of these cytokines is
driven by NF-kB, this lack of suppression is consistent with the
failure of dexamethasone treatment to effectively suppress the
increased activity of NF-kB in the acute exacerbation model. In
the context of the observed modest increase in number of macro-
phages in BAL fluid, it is also possible that an increased number of
inflammatory macrophages might contribute to enhanced levels of
mRNA for these cytokines. In other experiments, we have shown
that alveolar macrophages express markedly increased levels of
mRNA for these and other proinflammatory cytokines in this
model of an acute exacerbation of chronic asthma (unpublished
data C. Herbert, J.S. Siegle, and R.K. Kumar).

It appears likely that the steroid-resistant neutrophilic in-
flammation is a consequence of the low levels of HDAC2 protein,
given our finding that glucocorticoid treatment fails to induce
HDAC2 protein, despite the clear evidence of increased nuclear
GR activity and suppression of HAT activity. These results are
consistent with our previous findings in patients with mild asthma,
in whom elevated levels of HAT activity were directly suppressed
by glucocorticoids but diminished HDAC activity was only
partially restored by treatment (11). They are also consistent
with our recent evidence that reduced HDAC activity, at least as
assessed in peripheral blood mononuclear cells, correlates with
steroid insensitivity in severe asthma (12). Thus the findings in
this animal experimental study integrate data from various
studies in patients and have allowed us to relate all of the relevant
changes in a single setting.

In previous studies, we have shown that oxidative stress is
a potentially important mechanism for reduction of HDAC2
activity (32). Together with direct activation of NF-kB, oxidative
stress mechanisms may thus contribute to enhanced production
of proinflammatory cytokines in chronic obstructive pulmonary
disease (reviewed in Ref. 33). The inflammatory environment of
asthma is similarly known to be associated with enhanced pro-
duction of reactive oxygen species, which correlates with disease
severity (34). Therefore, we examined whether there was evi-
dence of increased oxidative stress in this animal model of an
acute exacerbation of chronic asthma. These experiments yielded
evidence of both lipid peroxidation and protein nitration in lung
tissues, thus providing a plausible mechanism for the reduction in
HDAC2 activity.

Figure 4. (A) Western blotting of nuclear extracts of lung tissue of mice
for HDAC2 and the reference protein lamin A/C. Lanes 1 and 2 are

samples from individual naı̈ve animals; lanes 3 and 4 are from individual

vehicle-treated animals; lanes 5 and 6 are from dexamethasone-treated

animals. (B) Relative expression of HDAC2 protein in nuclear extracts of
lung tissue of mice from the three groups. Significant differences

compared with naı̈ve animals shown as ***P , 0.001.

Figure 5. NF-kB activity in nuclear extracts of lung tissue of mice from

the acute exacerbation model treated with vehicle or with dexameth-
asone, compared with naı̈ve animals. Significant differences compared

with naı̈ve animals shown as **P , 0.01.
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In this model, levels of expression of mRNA for p21waf,
identified as a marker of severe asthma (21), were also elevated
and resistant to steroid therapy. Glucocorticoids such as dexa-
methasone may be able to induce transcription of this gene (35),
so the lack of suppression after drug treatment is not altogether
surprising.

We found that AHR in this model, as estimated by trans-
pulmonary resistance and dynamic compliance, was also resistant
to steroid therapy. Previously, we have shown that AHR in these
animals is not dependent on the recruitment of eosinophils (16).
Whether the AHR is related to the neutrophilic inflammation
is, however, unclear. Other mechanisms of AHR that may be im-
portant include early airway closure as a consequence of thicken-
ing of the inflamed airway walls, together with surfactant
inactivation as a consequence of inflammatory exudation (36,
37). These processes might also be expected to be steroid resistant.

In humans, TNF-a is able to induce both AHR and neutrophil
recruitment (38). In the context of our findings in this animal

Figure 6. Relative expression of mRNA for (A) TNF-a; (B) GM-CSF; (C)

KC, the murine functional homolog of IL-8; and (D) p21waf, a marker of
severe asthma, in nuclear extracts of lung tissue of mice from the acute

exacerbation model treated with vehicle or with dexamethasone,

compared with naı̈ve animals. Significant differences compared with

naı̈ve animals shown as *P , 0.05, **P , 0.01.

b

Figure 7. Relative levels of (A) lipid peroxidation products and (B)

nitrotyrosine in cytoplasmic extracts of lung tissue of mice from the

acute exacerbation model treated with vehicle or with dexamethasone,
compared with naı̈ve animals. Significant differences compared with

naı̈ve animals shown as **P , 0.01, ***P , 0.001.
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model, it seems possible that TNF-a might play a key role in the
manifestations of an acute exacerbation of asthma. This inference
is consistent with evidence that inhibition of this cytokine is of
benefit both in severe asthma and in preventing exacerbations of
moderate asthma (39, 40).

Collectively, the results of this animal experimental study
support the concept that steroid-resistant neutrophilic inflamma-
tion in an acute exacerbation of asthma may be related to
impaired nuclear recruitment of HDAC2, leading to continuing
enhanced expression of neutrophil chemoattractant and survival
factors. Our findings suggest that therapeutic agents that can
suppress neutrophilic inflammation, such as low-dose theophyl-
line, which restores HDAC activity (41), and long-acting b

agonists, which reduce neutrophil recruitment in asthma (42),
may be of particular relevance in the context of an asthmatic
exacerbation.
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