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Dexamethasone impairs pulmonary defence against Pseudomonas aeruginosa
through suppressing iNOS gene expression and peroxynitrite production in mice

S. SATOH#*, K. OISHI*, A. IWAGAKI:, M. SENBA{, T_ AKAIKE§, M. AKIYAMA{, N. MUKAIDAT, K.
MATSUSHIMA** & T. NAGATAKE®* Departments of *Internal Medicine and FPathology, Institute of Tropical Medicine,
Nagasaki University, £First Department of Medicine, Osaka Medical School, Takatsuki, §Department of Microbiology, Kumamoto

University of School of Medicine, Kumamoto, {Division of Molecular Bioregulation, Cancer Institute, Kanazawa University, Kanazawa,

and **Department of Molecular Preventive Medicine, University of Tokyo, Tokyo, Japan

(Accepted for publication 29 June 2001)

SUMMARY

To elucidate the in vivo mechanisms involved in the impairment in pulmonary defence as the result of
treatment with glucocorticoids, we established fatal pneumonia with bacteraemia in dexamethasone
(DEX)-treated mice by means of an intratracheal challenge of Pseudomonas aeruginosa. An increased
neutrophil influx was observed in bronchoalveolar lavage (BAL) fluids from both untreated and DEX-
treated mice. The complete suppression of an inducible isoform of nitric oxide synthase (iNOS) mRNA
expression and tumour necrosis factor alpha (TNF-«) production during the early phase of pneumonia,
but not CXC chemokine production, were found in the case of the DEX-treated mice. An
immunohistochemical study with a specific antibody also revealed negative staining for nitrotyrosine
in the lung tissue of DEX-treated mice, while the formation of nitrotyrosine, which indirectly indicates
the generation of peroxynitrite with a potent bactericidal activity, was detected clearly in the bronchial
epithelium as well as alveolar phagocytic cells of lung tissue from untreated mice. Furthermore, an
intraperitoneal administration of S-methyl-isothiourea (SMT), a potent inhibitor of NOS, significantly
decreased the survival and increased bacterial density in the case of untreated mice. In contrast, no
significant effects on the survival and bacterial density in the lung and blood were found as the result of
treatment with SMT in DEX-treated mice.

Collectively, a complete repression of iNOS gene expression and a lack of the generation of
peroxynitrite as well as an inhibition of TNF-« production in the lung appeared to be responsible for the

progression of the fatal pneumonia due to P. aeruginosa in DEX-treated mice.
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INTRODUCTION

Nosocomial pneumonia caused by Pseudomonas aeruginosa is
frequently associated with immunocompromised hosts [1]. It is
generally thought that glucocorticoids represent a class of
compounds that are able to induce these conditions [2]. These
agents, however, are frequently used for the long-term treatment
of chronic pulmonary diseases, such as asthma and idiopathic
pulmonary fibrosis [3,4]. Previous in vitro studies have reported a
suppression of bactericidal activity in monocytes and neutrophils
as the result of the presence of glucocorticoids [5]. Decreased O,
production and chemotaxis have been reported in neutrophils
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obtained from the bronchoalveolar spaces of glucocorticoid-
treated rabbits infected with P. aeruginosa [6].

The role of tumour necrosis factor alpha (TNF-«) and nitric
oxide (NO) synthesis in pulmonary defence or innate immunity
against bacterial infections has been highlighted in mouse models
[7,8]. In addition, a recent study has documented the existence of
TNF-« or an inducible isoform of nitric oxide synthase (iNOS)
gene as one of the critical host genes for respiratory infection due
to P. aeruginosa using gene-targeted mice [9]. The production of
antibacterial molecules in the lung as a result of NO production,
however, has not been determined to date. It has also been
suggested that murine CXC chemokines, such as macrophage
inflammatory protein-2 (MIP-2) and KC, play a protective role in
murine models of Klebsiella pneumonia [10,11].

In an earlier study, Mukaida et al. reported that a
glucocorticoid, dexamethasone (DEX), interfered with the
binding of the most essential transcription factor, nuclear
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factor-kB (NF-«B), to its cognate cis-element in vitro [12].
Because NF-«B has been shown to regulate the gene transcription
of TNF-«, iNOS and IL-8, a human CXC chemokine [13—17], an
alteration in the binding of NF-«B to the DNA binding site by
glucocorticoids would be expected to directly impair pulmonary
defence. However, in wivo mechanisms on alterations in
pulmonary defence caused by glucocorticoid remain unclear at
this time.

Although previous investigators have not demonstrated
conclusively that treatment with glucocorticoid is an important
cause of fatal pneumonia due to P. aeruginosa in guinea pigs [18],
we report here on a fatal pneumonia model due to P. aeruginosa in
mice that are receiving high-doses of DEX. The goal of the
present study was to investigate the issue of whether iNOS and
nitrogen-derived oxidants are responsible for impaired pulmonary
defence against P. aeruginosa in DEX-treated mice. The roles of
TNF-« and CXC chemokines were also evaluated in this model.

MATERIALS AND METHODS

Pneumonia model

After an overnight growth of Fisher immunotype 1 (It-1) P.
aeruginosa on brain heart infusion agar (Difco, Detroit, MI, USA)
at 37°C the cultures were harvested in normal saline, resuspended
in brain heart infusion broth (Difco) containing 2% skim milk, and
stored at — 80°C prior to use [19]. Specific pathogen-free, 5-week-
old female CBA/J mice (18-20 g) were obtained from Charles
River Japan, Kanagawa, Japan. Mice were given sterile food and
water ad libitum in an environmentally controlled room.
Pneumonia was produced by intratracheal challenging with P.
aeruginosa according to a published method [19], and the survival
of the mice was monitored for 7 days after bacterial challenge.
Mice were pretreated with an intraperitoneal administration of
dexamethason (DEX; Banyu Pharmaceutical Co., Tokyo, Japan)
at a dose of 10 mg/kg twice a day for 5 days prior to the
intratracheal challenge of P. aeruginosa. An intratracheal
challenge of P. aeruginosa at a dose of 2-4 x 10° colony-forming
units (CFU) induced 100% mortality in DEX-treated mice within
48 h, whereas all the untreated mice survived after a bacterial
challenge of the same dose. The 50% lethal dose (LDsg) in
untreated and DEX-treated mice for P. aeruginosa It-1 strain was
determined to be 5 x 10° CFU and 9 x 103 CFU/mouse,
respectively. In some experiments, S-methyl-isothiourea (SMT),
a selective inhibitor of NOS, at a dose of 1-0 mg per mouse,
dissolved in 0-2 ml of sterile saline, was intraperitoneally
administrated at O h, 3 h and 6 h after intratracheal challenge
[20]. This reagent has been reported to function as a competitive
inhibitor of NOS at the L-arginine binding site [21]. Quantitative
bacterial cultures of venous blood and lung tissue from mice
which had been euthanized with pentobarbital were performed at
the indicated times. The lungs were removed aseptically and
homogenized in 9 ml of sterile saline per gram of lung tissue prior
to culturing. Bronchoalveolar lavage (BAL) was performed for the
euthanized mice after intraracheal challenge of P. aeruginosa at
the indicated times as described previously [19]. Cell morphology
was determined on cell monolayers prepared by Cytospin 2
(Shandon Southern Products, Astomore, UK) and stained with a
modified Wright stain (Diff-Quik, Kokusaishiyaku, Japan). The
recovered supernatant from the BAL fluid was sterilized by
filtration and stored at — 80°C until used. The experimental
protocol was approved by the Ethics Review Committee for
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Fig. 1. Comparisons of bacterial numbers in lung tissues (a) and blood (b)
for untreated mice (open circles) and dexamethasone-treated mice (closed
circles) after an intratracheal challenge of P. aeruginosa It-1 strain at a
dose of 2-4 x 10° CFU/mouse. Data represent the mean * s.d. of five
animals. *P < 0-05, **P < 0-01 (versus untreated mice).

Animal Experimentation of Nagasaki University School of
Medicine.

Elisa

The concentrations of murine MIP-2 or TNF-« in supernatants of
BAL fluids were determined by a sandwich ELISA, as described
previously [22,23]. We also determined the levels of murine KC
in supernatants of BAL fluids using a commercially available kit
(R&D system, Minneapolis, MN, USA).
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Fig. 2. Comparisons of the numbers of total cells (a), alveolar macrophages (b), neutrophils (c) and lymphocytes (d) in bronchoalveolar
lavage (BAL) fluids between from untreated (open circles) and dexamethasone-treated mice (closed circles) after an intratracheal challenge
of P. aeruginosa It-1 strain at a dose of 2-4 x 105 CFU/mouse. Data represent the mean * s.d. of five animals. **P < 0-01 (versus

untreated mice).

RNA preparation and RT-PCR

Cellular RNA was extracted from whole lungs and RT-PCR
was performed as described previously [24]. The iNOS primer
pairs amplified the 500 bp PCR product and was composed
of the following sequences; 5-GTCGACCTTCCGAAGTTTCTT
GTGGCAGCAGCG-3’ and 5'-GTCGAC GACGAGCCTCGTG
GCTTTGGGCTCCTC-3" [25]. The control G3PDH primer pairs
amplified a 805 bp of PCR product and were composed of the
following sequences: 5'-AAACCCATCAC CATCTTCCA-3' and
5'-CAGGGGTTTCTTACTCCTTG-3'. The PCR products were
analysed on ethidium bromide-stained 1% agarose gels.

Immunohistochemical staining for nitrotyrosine

Paraffin-embedded specimens of whole lungs were cut into 3-um
sections, placed on silane-coated slides, dewaxed with xylene and
dehydrated through graded concentrations of ethanol. The tissue
was then incubated with 3% hydrogen peroxide in absolute methanol
for 20 minutes to reduce endogenous peroxidase activity. Specific
immunohistochemical studies were performed using a mouse
monoclonal antinitrotyrosine IgG antibody (20 wg/ml; Cayman
Chemical, Ann Arbor, MI, USA) or a mouse control IgG
monoclonal antibody as primary antibodies for 2 h at ambient
temperature. The tissue sections were then labelled using a
Universal DAKO LSBA 2 kit containing an appropriate,
biotinylated secondary antibody and streptoavidin-conjugated

peroxidase (DAKO, Capinteria, CA, USA). For immunohisto-
chemical visualization, 3,3’-diaminobenzidine (Sigma Chemical
Co, St Louis, MO, USA) was used as a substrate, and the cell
preparations and sections were counterstained with Harris’s
haematoxylin.

Statistical analysis

The significances in the survival of untreated or DEX-treated mice
after treatment with SMT or saline were analysed by Kaplan—
Mayer methods. The comparison of bacterial densities in blood
and lung tissue, the cell number and the levels of MIP-2, KC and
TNF-a in BAL fluids between untreated and DEX-treated mice
were analysed by unpaired Student’s #-test. Data were considered
statistically significant if P-values were less than 0-05.

RESULTS

Bacterial densities in pneumonia model

The mean bacterial number in lung tissue from untreated mice was
found to be 5 x 10° CFU/g at 6 h postchallenge (Fig. 1a). The
bacterial densities in the lung tissues from untreated mice
decreased slowly, reaching a level of 4 x 10> CFU/g at 72 h
postchallenge. In contrast, the bacterial densities in lung tissue of
DEX-treated mice reached approximately 2 x 10" CFU/g of lung
tissue by 6 h and 1 x 10° CFU/g by a 24-h postchallenge. No
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Fig. 3. Comparisons of concentrations of MIP-2 (a), KC (b) and TNF-«
(c) in bronchoalveolar lavage (BAL) fluids between from untreated (open
circles) and dexamethasone (DEX)-treated (closed circles) mice after an
intratracheal challenge of P. aeruginosa It-1 strain at a dose of 2-4 x 10°
CFU/mouse. Data represent the mean * s.d. of five animals. *P < 0-05.
*#*P < 0-01 (versus untreated mice).

bacteraemia was detected in the untreated mice (Fig. 1b), while
bacteraemia developed with a bacterial number of 1 x 103 and
2 x 10° CFU/ml in plasma of DEX-treated mice at 12 h and 24 h
postchallenge, respectively.

Kinetics of BAL cells in pneumonia model

The numbers of alveolar macrophages in BAL from DEX-treated
mice showed a slight but significant decrease at 6 h after
challenge, compared with those from untreated mice (Fig. 2b).
The levels of neutrophil influx in the BAL fluids from untreated
mice increased progressively within 24 h, and declined at 72 h
and 144 h after bacterial challenge (Fig. 2c). On the other hand,
the levels of total cells and neutrophil influx in BAL fluids from
DEX-treated mice also increased progressively up to 5 x 106
cells within 12 h, reaching a plateau at 24 h after infection
(Figs 2a,c). A progressive increase in total cells and neutrophils
appeared to be correlated with an increased density of bacteria in
the lungs of DEX-treated mice. The levels of lymphocyte
migration in BAL fluids increased rapidly between 12 h and
24 h, reaching a plateau at 24 h after a bacterial challenge in
untreated mice (Fig. 2d). No lymphocyte migration was found in
BAL fluids from the DEX-treated mice until 24 h.

Kinetics of CXC chemokines and TNF-« in BAL fluids

The levels of CXC chemokines in BAL fluids from DEX-treated
mice were slightly but significantly lower than those in untreated
mice only at 3 h postchallenge for MIP-2 (P < 0-05) and at 3 h
(P < 0-05) and 6 h postchallenge (P < 0-01) for KC (Fig. 3a,b).
The levels of TNF-« in BAL fluids from DEX-treated mice were
completely suppressed, compared with those from untreated mice
up to 6 h postchallenge (P < 0-01, Fig. 3c). In contrast, the levels
of these CXC chemokines and TNF-a in BAL fluids from DEX-
treated mice increased significantly as a function of bacterial
densities at 12 h after infection, compared with those from
untreated mice (P < 0-01), and attenuated at 24 h after infection.
The levels of CXC chemokines and TNF-« in BAL fluids from
untreated mice decreased progressively 3 h or 6 h after infection.

INOS mRNA in lung tissue

The complete suppression of iNOS mRNA expression in lung
tissues from DEX-treated mice was observed (Fig. 4b), while
iNOS mRNA expression was clearly detected in the lung tissues
from untreated mice at 12 h and 24 h postinfection (Fig. 4a).

Immunohistochemical staining for nitrotyrosine

A strong immunoreactivity for nitrotyrosine was detected within
alveolar phagocytic cells such as alveolar macrophages and
neutrophils (Figs 5a,b) and bronchial epithelium (Fig. 5b) of
untreated mice at 24 h postinfection. In contrast, the nitrotyrosine
formation was not detected in the lung section of DEX-treated
mice (Fig. 5¢) nor for untreated mice immediately prior to
infection (Fig. 5d). Lung tissue of untreated mice at 24 h
postinfection was not stained with a control monoclonal antibody
(data not shown).

Effects of SMT on the survival and bacterial number

To determine whether iNOS is responsible for pulmonary
antibacterial defence in DEX-treated mice, the effects of an
intraperitoneal administration of SMT was examined relative to
the survival of untreated and DEX-treated mice after an
intratracheal challenge of P. aeruginosa. Treatment with SMT
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Fig. 4. iNOS mRNA expression in lung tissues of untreated (a) and
dexamethasone-treated (b) mice after an intratracheal challenge of P.
aeruginosa It-1 strain at a dose of 2-4 x 10° CFU/mouse. RT-PCR was
used for G3PDH mRNA in the lung tissue as the control. Representative
results of four animals are shown.

decreased the survival of untreated mice significantly (62-5%),
compared with untreated mice that had received saline (100%;
P < 0-01, Fig. 6a). In contrast, no significant difference was
found for the survival of DEX-treated mice between the group
receiving SMT (51-:2%) and saline (52-3%; Fig. 6b). We
examined further the effects of intraperitoneal administration of
SMT on bacterial density in the lung tissues and blood of
untreated and DEX-treated mice. A significant increase in

bacterial density was found in lung tissues from untreated mice
at 24 h postinfection by treatment with SMT, compared with those
of the group that received saline in untreated mice (P < 0:01,
Fig. 6¢). No bacteraemia was found in either the group receiving
SMT and saline in untreated mice at the same time point. In
contrast, no significant difference was evident on the bacterial
density in the lung tissues and blood between the group receiving
SMT and saline (Fig. 6d).

Effects of SMT on TNF-« production and the formation of
nitrotyrosine

The effects of SMT on the on the levels of TNF-a in BAL fluids
as well as the formation of nitrotyrosine in lung tissue were
evaluated further in the untreated mice. The administration of
SMT had no effect on the levels of TNF-«a in BAL fluids of mice
(2428 £ 743 pg/ml at 3 h, 1472 = 415 pg/ml at 6 h in mice
receiving SMT) compared with those of mice receiving saline
during the early phase of pneumonia, while nitrotyrosine
formation was markedly inhibited in the lung sections of mice
receiving SMT (Fig. Se).

DISCUSSION

In this study, we demonstrated that pretreatment with a high dose
of DEX for 5 days led to an alteration in pulmonary defence
susceptibility to infection with P. aeruginosa in mice. An
increased bacterial density in the lung resulted subsequently in
bacteraemia in DEX-treated mice. These data imply that a long-
term treatment with a high dose of glucocorticoid may impair
pulmonary defence. It is also important to note that a complete
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Fig. 5. Immunohistochemical localization of nitrotyrosine in lung tissues from untreated (a and b) and dexamethasone (DEX)-treated mice
(c) at 24 h postchallenge of P. aeruginosa It-1 strain at a dose of 2:4 x 10° CFU/mouse. Alveolar phagocytic cells (a and b, arrowheads) and
bronchial epithelium (b, arrows) were stained with an antinitrotyrosine monoclonal antibody in the lung tissues from untreated mice, while
no immunoreactivity with the same monoclonal antibody was detected in the lung tissues from DEX-treated mice (c). The lung tissue of
untreated mice immediately before infection (d) was not stained with the same monoclonal antibody (d). The lung tissues of mice that
received SMT as described in the Materials and methods at 24 h postinfection were not stained with antinitrotyrosine monoclonal antibody

(e). Original magnification; x 200 in a, b and ¢, x 400 in d and e.
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Fig. 6. Effects of S-methyl-isothiourea (SMT) treatment on the survival of untreated (a) and dexamethasone (DEX)-treated mice (b). All 24
untreated mice received SMT or saline and all 42 DEX-treated mice received SMT (closed circles) or saline (open circles), and evaluated for
survival. Effects of SMT on the bacterial density in lung tissue (hatched bars) and blood (closed bars) of untreated (c) and DEX-treated mice
(d) at 24 h postchallenge of P. aeruginosa It-1 strain. The challenge doses of 2-4 x 10° CFU/mouse for untreated mice and 2-4 x 10* CFU/
mouse for DEX-treated mice were employed, respectively. Untreated mice and DEX-treated mice received SMT or saline as described in
Materials and methods. Data represent the mean * s.d. of five animals. **P < 0-01 (versus the group receiving saline, a, c).

suppression of iNOS mRNA expression in the lung was
documented in DEX-treated mice with fatal pneumonia (Fig. 4).
We also found a complete suppression of TNF-a production in
BAL fluids during the early phase of pneumonia (Fig. 3c). These
in vivo findings can be explained by the fact that glucocorticoids
are known to suppress various gene expressions which are subject
to NF-kB-regulation, such as iNOS and TNF-a [15,16].
Furthermore, a recent study has demonstrated that DEX inhibits
iNOS gene transcription in rat hepatocytes which had been
stimulated with proinflammatory cytokines by increasing I-«kB a
expression and decreasing NF-«B activity [26].

Previous studies have reported that inhibitors of NO
synthesis abolished alveolar macrophage- or neutrophil-mediated
bactericidal activity [8,27], although the precise mechanism for
how NO mediates the regulation of bactericidal activities remains
unknown. One possible reason for the antibacterial effect of NO is
the bactericidal action of reactive nitrogen species such as
peroxynitrite (ONOQO") which is produced as a result of the
reaction of NO with O, , even though NO itself is not a potent
microbicidal molecular species [28—30]. Peroxynitrite, which is
generated in lung tissue, can be assessed indirectly via the
immunohistochemical detection of nitrotyrosine [31,32]. Umeza-
wa et al. have demonstrated previously that both O, and NO are
major effector molecules in the host defence against Salmonella
typhimurium infection in mice [25]. The authors concluded that
antimicrobial activity found in the infected liver might be

mediated through the formation of peroxynitrite rather than O,
or NO per se. We found an intense immunoreactivity for
nitrotyrosine within the bronchial epithelium as well as alveolar
phagocytic cells of untreated mice after bacterial infection
(Fig. 5a,b). These findings can be explained in part by the
induction of iNOS expression in alveolar macrophages, neutro-
phils and bronchial epithelial cells as the result of bacterial
infection [33-35]. We demonstrated further an association
between the impairment of bacterial clearance and a lack of
nitrotyrosine formation in the lungs of DEX-treated mice after
infection, although an increased number of neutrophils was
observed in BAL fluids from these mice. Decreased O,
production in neutrophils, as well as a lack of NO production,
may also contribute to a decrease in the level of nitrotyrosine
formation in the lung tissue of Pseudomonas-infected animals
after treatment with glucocorticoids [6]. These lines of evidence
suggest strongly a pivotal role for peroxynitrite as a bactericidal
molecule in the airways of infected mice. The findings herein also
support the view that the administration of SMT, a selective
inhibitor of NO synthase, had no effect on the survival of and the
numbers of bacteria in the lung and blood of DEX-treated mice,
while the administration of SMT suppressed the survival
significantly and led to an increase in bacterial density in the
lung of untreated mice after bacterial infection.

Previous studies have reported that the intrapulmonary
production of TNF-a has a protective role in Gram-negative
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bacterial pneumonias using the neutralization of endogenous
TNF-a [7,19,36] or a TNF agonist peptide [37]. A recent study
has reported a 19-fold and a threefold decrease in the efficiency of
P. aeruginosa clearance from lung relative to the wild mice for
TNF-a and iNOS-deficient mice, respectively [9]. These
published findings suggest that a significant suppression of
intrapulmonary TNF-a levels may be another factor in the
impairment of antibacterial pulmonary defence in DEX-treated
infected mice in this study. We also found obvious differences of
the effects between DEX and SMT on the survival and bacterial
densities in the lungs of mice (Figs 1, 6). These data can be
explained by the fact that the administration of DEX completely
suppressed peroxynitrite and TNF-a production during the early
phase of pneumonia in the lung, while treatment with SMT
markedly inhibited peroxynitrite production, but not TNF-«
production (Fig. Se).

MIP-2 has been shown to be important for pulmonary
defence in a murine pneumonia model due to K. pneumoniae
[10]. In addition, the overexpression of KC in the lung
resulted in increased bacterial clearance and survival in a
murine model due to the same pathogen [11]. The levels of
neutrophil influx were found to be closely correlated to the
production of MIP-2 and KC in BAL fluids in both untreated
and DEX-treated mice in the present study. We found a
slight but significant decrease in levels of MIP-2 and KC in
BAL fluids from DEX-treated mice within 6 h after bacterial
infection, compared with those from untreated mice, although
the levels of these CXC chemokines in BAL fluids from
DEX-treated mice increased in parallel with the increased
bacterial load at 12 h after infection. These results indicate
that the production of these CXC chemokines may not affect
the DEX-induced impairment of pulmonary defence. On the
other hand, murine MIP-2 appears to be regulated by NF-«B,
because inhibitors of NF-«kB completely or partially blocked
MIP-2 mRNA expression in an Orientia tsutsugamushi-
infected murine macrophage cell line [38]. The administration
of DEX, however, suppressed MIP-2 production weakly in
the airways during the early phase of infection, while a
marked inhibition of iNOS gene expression and TNF-a
production was observed in our pneumonia model. These data
may suggest the involvement of transcription factors other
than NF-«B in the induction of the MIP-2 gene.

In summary, a complete suppression of iNOS gene expression
associated with the formation of nitrotyrosine and TNF-«
production in the lung during the early phase of pneumonia is
clearly associated with the progression of fatal pneumonia due to
P. aeruginosa in DEX-treated mice. Our data suggest that a lack of
generation of peroxynitrite as a bactericidal molecule in the lung
as well as the suppression of TNF-« production in the early phase
of pneumonia are responsible for the impairment of pulmonary
antibacterial defence in immunocompromised hosts who are
receiving high-doses of glucocorticoid.
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