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Chronic lung disease (CLD) of prematurity is an inflammatory disease with a multifactorial etiology. The
importance of Ureaplasma urealyticum in the development of CLD is debated, and steroids produce some
improvement in neonates with this disease. In the present study, the capability of U. urealyticum to stimulate
rat alveolar macrophages to produce nitric oxide (NO), express inducible nitric oxide synthase (iNOS), and
activate nuclear factor kB (NF-kB) in vitro was characterized. The effect of NO on the growth of U. urealyticum
was also investigated. In addition, the impact of dexamethasone and budesonide on these processes was
examined. We found that U. urealyticum antigen (>4 3 107 color-changing units/ml) stimulated alveolar
macrophages to produce NO in a dose- and time-dependent manner (P < 0.05). This effect was further
enhanced by gamma interferon (100 IU/ml; P < 0.05) but was attenuated by budesonide and dexamethasone
(1024 to 1026 M) (P < 0.05). The mRNA and protein levels of iNOS were also induced in response to U.
urealyticum and inhibited by steroids. U. urealyticum antigen triggered NF-kB activation, a possible mechanism
for the induced iNOS expression, which also was inhibited by steroids. NO induced by U. urealyticum caused
a sixfold reduction of its own growth after infection for 10 h. Our findings imply that U. urealyticum may be an
important factor in the development of CLD. The host defense response against U. urealyticum infection may
also be influenced by NO. The down-regulatory effect of steroids on NF-kB activation, iNOS expression, and
NO production might partly explain the beneficial effect of steroids in neonates with CLD.

Chronic lung disease (CLD) is a major problem in the care
of very-low-birthweight infants (1), often leading to prolonged
ventilator care and sometimes to yearlong oxygen dependency.
The development of CLD is characterized by an initial increase
of inflammatory cells and mediators (12, 32). Monocytes/mac-
rophages, airway epithelial cells, endothelial cells, T lympho-
cytes, B lymphocytes, NK cells, leukocytes, and fibroblasts
seem to contribute to the inflammatory reaction (19). Exten-
sive release of proinflammatory cytokines (tumor necrosis fac-
tor, interleukin-1 [IL-1], IL-6), chemokines (IL-8, macrophage
inflammatory protein-2), lipid mediators (leukotriene B4,
platelet-activating factor, and prostaglandins), platelet factor
4, and platelet-derived growth factor in the alveolar space of
the neonates seem to play an important role in the inflamma-
tory response. Alteration in the balance of the complex net-
work of the inflammatory response normally changes the in-
flammation process into a healing and reparative process. If
CLD develops there is a predominance of lung fibrosis during
the later phases.

The etiology of CLD is multifactorial, and infections are
thought to be one of the major causes of neonatal lung injury
(19). There is evidence supporting the theory that vertically
transmitted colonization and infection with Ureaplasma urea-
lyticum is an important risk factor for CLD (21–23, 34, 35).
However, the contribution of U. urealyticum to the develop-
ment of CLD is still controversial (33). U. urealyticum has been
isolated from blood, cerebrospinal fluid, tracheobronchial as-
pirate fluid, and lung tissue (34), and evidence exists that it can

cause acute bronchiolitis, pneumonia, and CLD in preterm
neonates (1, 23, 35). A recent metaanalysis also supported an
independent role for U. urealyticum in the development of
CLD (36). These findings suggest that U. urealyticum can elicit
an inflammatory response in preterm infants.

Administration of steroids to infants who are oxygen or
ventilator dependent produces an improvement in pulmonary
mechanics and gas exchange, facilitating the discontinuation of
mechanical ventilation and possibly reducing the duration of
oxygen therapy and the incidence of severe CLD (4). Steroids
are thought to be effective by controlling inflammation (19),
and they can be administered either systemically (dexametha-
sone) or by inhalation (budesonide).

Nitric oxide (NO) is generated from L-arginine by three
different NO synthases. Of these, two are constitutive isoforms;
the third, inducible and Ca21-independent NO synthase
(iNOS), is expressed only following transcriptional activation
of its gene (16, 41), as occurs in acute and chronic inflamma-
tion (10). Biosynthesis of NO has been increasingly recognized
as an important intra- and intercellular messenger molecule in
vascular relaxation, platelet activation, and immune responses
(27) in human mononuclear cells. It plays important roles in
the pathogenesis of septic shock caused by gram-negative bac-
teria and of other infectious disease sequelae (37).

NF-kB is a ubiquitous transcription factor that governs the
expression of genes coding for cytokines, chemokines, growth
factors, cell adhesion molecules, and some acute phase pro-
teins. Presently, five mammalian NF-kB family members have
been identified. These include NF-kB1 (p50/p105), NF-kB2
(p52/p100), p65(RelA), RelB, and c-Rel. NF-kB is activated by
several agents, including bacterial and viral products (6).

In order to investigate the potential pulmonary pathogenic-
ity of U. urealyticum, we characterized the production of NO,
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the expression of iNOS, and the activation of NF-kB in direct
response to heat-killed U. urealyticum antigen in a rat alveolar
macrophage cell line and evaluated the effects of dexametha-
sone and budesonide. We also examined the influence of the
induced NO on the growth of U. urealyticum.

MATERIALS AND METHODS

Cell culture. A rat alveolar macrophage cell line (ATCC 8383, Rockville, Md.)
was maintained in Ham’s F-12 medium (Gibco Bethesda Research Laboratories
[BRL], Gaithersburg, Md.) and supplemented with 15% heat-inactivated fetal
bovine serum (Myoclone; Gibco BRL).

Preparation of U. urealyticum antigen. U. urealyticum serotype standard strain
8 (T960) (ATCC) was cultured at 37°C in 1.5 liters of ureaplasma broth medium
containing 22.5 g of trypticase soy broth/liter, 16.5% horse serum, a 7.5% solu-
tion of 25% fresh yeast extract, 0.36% urea, 380,000 U of penicillin G/liter, and
phenol red. Cells were harvested in late log phase by centrifugation at 30,000 3
g for 90 min at 4°C. The pellet was washed three times by resuspension in
phosphate-buffered saline and centrifugation as described above for 30 min.
After the final wash, the ureaplasmas were resuspended in a total volume of 2 ml
of phosphate-buffered saline. The number of color-changing units (CCUs) of the
concentrated suspension was determined in duplicate by a 10-fold titration in
ureaplasma broth. The remaining U. urealyticum suspension was heat killed by
incubation in a water bath at 56°C for 20 min. Complete killing was assured by
incubating 25 ml of the suspension on ureaplasma agar as well as incubation in
ureaplasma broth without urea supplement and subsequent subculturing on agar
on days 1, 3, and 7. The latter procedure was used since the heat-killed suspen-
sion of U. urealyticum produced a prompt color change in ureaplasma broth due
to urease activity. The Limulus amebocyte lysate (Charles River Endosafe,
Charleston, S.C.) test showed that the endotoxin level was less than 20 pg/ml in
4 3 108 CCU of U. urealyticum antigen per ml. The U. urealyticum antigen was
then stored at 280°C in 0.1-ml aliquots until use.

Study protocol. Rat alveolar macrophages were distributed into 24-microwell
plates at a concentration of 106 cells/ml in serum- and phenol-free medium and
stimulated with 4 3 106 to 4 3 108 CCU of U. urealyticum antigen/ml or 100 ng
of lipopolysaccharide/ml (LPS, O55:B5) (Sigma, St. Louis, Mo.) or in combina-
tion with 100 IU of gamma interferon (IFN-g) (Genzyme, Cambridge, Mass.) per
ml for 24 h at 37°C with 5% CO2. To evaluate the role of steroids, rat macro-
phages were incubated with 4 3 108 CCU of U. urealyticum/ml in the presence
of dexamethasone (1024 to 1026 M) or budesonide (1024 to 1026 M). To
examine if U. urealyticum could induce NO production directly, the macrophages
were incubated with 4 3 108 CCU of U. urealyticum/ml in combination with the
protein synthase inhibitor cycloheximide (CHX; Sigma) at a concentration of 1
mg/ml for 24 h. The experiments were repeated four to eight times.

Effects of NO on U. urealyticum growth. Rat alveolar macrophages were dis-
tributed into 24-microwell plates at a concentration of 106 cells/ml in serum- and
phenol-free medium and incubated with 1 3 105 and 2 3 105 CFU of live U.
urealyticum (ATCC 1484)/ml alone or in combination with 3 mM concentrations
of the NO synthase inhibitor NG-monomethyl-L-arginine (L-NMMA) or its in-
active enantiomer, NG-monomethyl-D-arginine (D-NMMA), for 10, 14, and 24 h,
respectively. The supernatant was collected and 100 ml was cultured on U.
urealyticum culture agar plates (which contained 29.1 g of trypticase soy broth,
242 ml of horse serum, 12 ml of IsoVitaleX enrichment, 12 ml of 25% yeast
extract, 1.2 ml of 20% urea, and 12 ml of penicillin [100,000 IU] per ml). After
4 days, the CFU of U. urealyticum growth was determined and cultures were
photographed using a light microscope (Nikon, Tykuo, Japan). The experiments
were repeated four times.

Nitrite assay. All the supernatants were collected after stimulation and stored
at 270°C for analysis of NO. The accumulation of NO2

2, a stable end product
of NO formation, in conditioned media was measured as an indicator of NO
production. A 100-ml aliquot of cell-free conditioned medium was incubated for
10 min with 100 mL of Griess reagent at room temperature, and the absorbance
at 540 nm was measured using a microplate reader. The concentration of NO2

2

in the samples was calculated from a standard curve of sodium nitrite.
Western blot analysis. Macrophages were lysed with Laemmli sample buffer

and denatured by boiling for 5 min. The protein concentration was determined
using a bicinchoninic acid kit (Pierce, Oud Beijerlands, The Netherlands). For
Western blot analysis, 10 mg of protein per lane was separated on sodium dodecyl
sulfate–7.5% polyacrylamide gels and electroblotted on hydrophobic polyvinyli-
dene difluoride (PVDF) membranes (Amersham, Little Chalfont, Buckshire,
United Kingdom). The membrane was blocked in 5% nonfat dry milk dissolved
in TTBS (150 mM NaCl, 10 mM Tris-HCl, and 0.1% Tween 20 [pH 7.4]) and
subsequently incubated for 1 h at room temperature with a monoclonal antibody
against macrophage iNOS (Transduction Lab, Lexington, Ky.) followed by in-
cubation for 1 h with horseradish peroxidase-conjugated sheep anti-mouse im-
munoglobulin (Amersham). Immunoreactive bands were visualized by using an
enhanced chemiluminescence kit (Amersham).

Reverse transcription (RT)-PCR. Total RNA was extracted from cells with
RNAzol B (Biotecx Laboratories, Houston, Tex.) after the different treatments,
according to the manufacturer’s instructions. First-strand cDNA synthesis of
total RNA was performed using SuperScript RNase H2 reverse transcriptase

(Gibco BRL) and random hexamer primers [pd(N)6; Amersham Pharmacia
Biotech, Uppsala, Sweden]. Specific oligonucleotide primers were synthesized
for rat iNOS (Clontech, Palo Alto, Calif.). The sequences of the 39 and 59 primers
used are CCCTTCCGAAGTTTCTGGCAGCAG and GGGCTCCTCCAAGG
TGTTGCCC (25). The rat G3PDH primers were obtained from Innovagen
(Lund, Sweden). The sequences are CTCAAGATTGTCAGCAATGC and
CAGGATGCCCTTTAGTGGGC (39). The PCR using Taq polymerase (final
concentration, 0.025 U/ml; Gibco BRL) was performed in a final volume of 25 ml
containing 2 ml of cDNA for iNOS and G3PDH in a DNA Thermocycler 480
(Perkin-Elmer, Norwalk, Conn.) for 33 cycles for rat iNOS under the following
conditions: 1 min denaturation at 94°C, 1 min annealing at 60°C, and 2 min
extension at 72°C. PCR was conducted for rat glyceraldehyde-3-phosphate de-
hydrogenase with 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C. The PCR
products were separated on a 1.5% agarose gel (Gibco BRL). The ethidium
bromide-stained gel was photographed under UV light with a DC120 digital
zoom camera (Eastman Kodak Company, Rochester, N.Y.), and the net inten-
sities of the PCR products were analyzed with the Kodak Digital Science Elec-
trophoresis Documentation and Analysis System 120 (Eastman Kodak).

Electrophoretic mobility shift assay (EMSA). Cells grown in serum-free me-
dium were stimulated with 4 3 108 CCU of U. urealyticum antigen/ml for 30 min
or pretreated with dexamethasone (1024 M) or budesonide (1024 M) for 1 h.
Nuclear extracts were prepared as described previously (43), and nuclear protein
concentrations were determined using the bicinchoninic acid method (Pierce,
Rockford, Ill.). The nuclear extract (3 mg of protein) was preincubated for 10 min
in the reaction buffer [10 mM HEPES (pH 7.9), 10% glycerol, 60 mM KCl, 5 mM
MgCl2, 0.5 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, and 2 mg of poly(dI-dC)], followed by incubation for 30 min at room
temperature with 50,000 cpm of 32P-labeled NF-kB probe (double-stranded
oligonucleotides containing an NF-kB consensus binding site, 59-AGT TGA
GGG GAC TTT CCC AGG C-39; Promega, Madison, Wis.). After 30 min at
room temperature, samples were separated on 4% native polyacrylamide gels in
a low-ionic-strength buffer (22.3 mM Tris borate, 0.5 mM EDTA; pH 8). Dried
gels were autoradiographed with intensive screens at 280°C. In some cases, the
incubation of nuclear extracts with 32P-labeled NF-kB probe was performed in
the presence of a 25- or 50-fold excess of unlabeled NF-kB probe or unlabeled
irrelevant oligonucleotide probe for AP-1 (Promega). For the supershift analysis,
rabbit anti-p50 and anti-p65 polyclonal antibodies (Santa Cruz Biotechnology,
Santa Cruz, Calif.) were incubated with the nuclear extracts for 15 min prior to
the addition of radiolabeled probe.

Immunolocalization of NF-kB and iNOS. Cells (3,000/well) were plated on
glass coverslips and incubated with 4 3 108 CCU of U. urealyticum/ml alone or
in combination with dexamethasone (1024 M) or budesonide (1024 M) for 24 h
for evaluating iNOS and for 30 min for evaluating NF-kB (additional cells were
also pretreated with steroids for 1 h). After treatment, the cells were fixed with
cold methanol and acetone. Intracellular p65 and iNOS were visualized by
indirect immunofluorescence using polyclonal rabbit-anti-p65 antibody (Santa
Cruz Biotechnology) and polyclonal rabbit-antimacrophage iNOS antibody (Af-
finiti BioReagents, Golden Colo.) followed by fluorescein isothiocyanate-labeled
goat-anti-rabbit immunoglobulin G (Daco, Copenhagen, Denmark).

Statistical analysis. Data from pooled experiments were reported as the mean
nitrite concentrations 6 the standard errors of the means. Data were analyzed by
a one-way analysis-of-variance test followed by the Newman-Keuls test for two-
mean comparison. A P value of less than 0.05 was considered to be significant.

RESULTS

NO production and iNOS expression after treatment with
U. urealyticum antigen. U. urealyticum stimulated alveolar mac-
rophage production of NO in a dose- and time-dependent
manner (Fig. 1). U. urealyticum at concentrations of $4 3 107

CCU/ml induced the production of NO (P , 0.05) at 24 h. A
concentration of 4 3 108 CCU of U. urealyticum/ml induced
the production of NO to levels (81.9 6 4.8 mM) similar to those
in cultures stimulated by LPS (100 ng/ml) (98.6 6 1.8 mM).
This effect could be further enhanced in the presence of IFN-g
(100 IU/ml; P , 0.05). The induced NO production could be
detected in the conditioned media after 4 h of stimulation with
U. urealyticum and reached peak levels at 36 h.

Because iNOS is regulated mainly at the transcriptional
level, we next examined iNOS transcripts by using RT-PCR.
Abundant iNOS mRNA was found in the U. urealyticum-stim-
ulated cells at 24 h compared to untreated cells (Fig. 2). The
level of iNOS protein showed the same pattern in the U.
urealyticum-stimulated cells, as determined by Western blot-
ting (Fig. 3) and immunostaining (Fig. 4A).

To determine if U. urealyticum has a direct effect on iNOS
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expression, we used the protein synthase inhibitor CHX (26) to
block the de novo synthesis of cytokines. As shown in Fig. 2,
CHX at 1 mg/ml did not affect U. urealyticum-induced iNOS
expression, indicating that induction of macrophage iNOS ex-
pression by U. urealyticum is not dependent on cytokine pro-
duction.

Down-regulation of NO production and iNOS expression by
steroids. Budesonide (1024 to 1026 M) and dexamethasone
(1024 to 1026 M) significantly inhibited the NO production
stimulated by U. urealyticum in rat alveolar macrophages (P ,
0.05) (Fig. 5), and the effect was regulated at the transcript
level, as determined by RT-PCR (Fig. 2), Western blotting
(Fig. 3), and immunostaining (Fig. 4A).

NF-kB activation. The effect of U. urealyticum on the NF-kB
signal transduction pathway in alveolar macrophages was de-
termined by using EMSA. After treatment of macrophages
with U. urealyticum for 30 min, a substantially enhanced NF-kB
binding complex was observed in the nuclear extract of mac-
rophages (Fig. 6). The specificity of the NF-kB-DNA complex
was ascertained by a competition study. As shown in Fig. 6, the

indicated NF-kB-DNA complexes were substantially removed
by excessive cold NF-kB probe but were not affected by exces-
sive unlabeled AP-1 probe. To identify components in the
NF-kB-DNA complex, nuclear extracts from U. urealyticum-
stimulated cells were incubated with antibodies against two
NF-kB members, p50 and p65. This resulted in a shift of bands,
as indicated in Fig. 6. Our results suggest that NF-kB-DNA
complexes are at least composed of p50 and p65 in nuclear
extracts derived from U. urealyticum-stimulated cells.

Activation of NF-kB was also evaluated in terms of the
intracellular translocation of p65 after 30 min of treatment
with U. urealyticum. In untreated macrophages, p65 was se-
questered in the cytoplasm, while treatment with U. urealyti-
cum resulted in the translocation of p65 into the nuclei of the
macrophages (Fig. 4B).

The down-regulatory effects on the expression of NF-kB by
budesonide and dexamethasone were observed by EMSA (Fig.
6) and immunostaining (Fig. 4B).

Effects of NO on growth of U. urealyticum. After addition of
the NOS inhibitor L-NMMA, the fold increase in CFU of live
U. urealyticum were 6.0 6 0.4 (at 10 h) and 4.6 6 0.9 (at 14 h),
compared to untreated cultures (P , 0.05) (Fig. 7). Unlike
L-NMMA, the inactive enantiomer D-NMMA had no signifi-
cant effect. After a 24-h incubation of live U. urealyticum with
macrophages, U. urealyticum grew only on the plates from the
samples to which L-NMMA had been added.

FIG. 1. U. urealyticum antigen-induced NO production by alveolar macro-
phages. Macrophages were stimulated with U. urealyticum (4 3 106 to 4 3 108

CCU/ml) or LPS (100 ng/ml), or in combination with IFN-g (100 IU/ml). NO
production was assessed by determining the NO2

2 concentration in conditioned
medium. (A) A dose-related induction of NO was seen after 24 h of stimulation
with U. urealyticum. (B) Kinetics of NO production by macrophages in response
to 4 3 108 CCU of U. urealyticum/ml.

FIG. 2. U. urealyticum antigen-induced expression of iNOS mRNA in alve-
olar macrophages. Macrophages were stimulated with U. urealyticum at a con-
centration of 4 3 108 CCU/ml for 24 h and mRNA was determined by RT-PCR.
iNOS mRNA was inhibited in the presence of budesonide (1024 M) and dexa-
methasone (1024 M). U. urealyticum (4 3 108 CCU/ml) antigen-induced iNOS
mRNA expression was not affected in the presence of CHX (1 mg/ml).

FIG. 3. Expression of iNOS protein in alveolar macrophages was assessed by
Western blot analysis with a monoclonal anti-iNOS antibody. U. urealyticum at a
concentration of 4 3 108 CCU/ml stimulated iNOS protein expression, com-
pared to unstimulated alveolar macrophages. iNOS protein expression was in-
hibited by budesonide (1024 M) and dexamethasone (1024 M).
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DISCUSSION

We demonstrated that heat-killed U. urealyticum antigen
could trigger rat alveolar macrophages to express iNOS and
thus produce NO in a dose- and time-dependent fashion. This
induction was significantly enhanced in the presence of IFN-g.
Moreover, U. urealyticum was capable of activating NF-kB. All
these responses were inhibited by steroids. We also found that
iNOS induced by live U. urealyticum caused a significant inhi-
bition on the growth of U. urealyticum itself. The protein syn-
thase inhibitor CHX did not influence the iNOS expression
stimulated by U. urealyticum, indicating that U. urealyticum
directly induced the high-output NO generation when other
iNOS gene activation pathways, such as cytokine synthase,
were blocked.

Clinical studies have suggested that NO is an important
inflammatory mediator in several human infections, especially
in fulminant early-onset neonatal pneumonia (2), sepsis, and
Leishmania infantum infection (20, 31, 40). Likewise, mono-
cytes and tissue macrophages isolated from patients with rheu-
matoid arthritis, tuberculosis, and malaria display higher levels
of iNOS and generate increased levels of NO in vitro (37). It is
known that there are species differences in NO production.

Weinberg (37) reviewed reports from 1989 to 1998 regarding
NO production and iNOS expression in human mononuclear
phagocytes in which some difficulties were reported in detect-
ing NO production, partly depending on the method used.
Rodent mononuclear phagocytes have been used for many in
vitro studies (18, 30), mainly because these cells seem to be
more sensitive.

NF-kB is known as a widespread rapid-response transcrip-
tion factor that is expressed in a variety of cells (14). Both
endogenous and exogenous stimuli induce NF-kB activation.
The role of NF-kB in iNOS gene expression has been well
elucidated (7). Stimulation of macrophages with LPS or cyto-
kines such as IL-1b leads to activation of NF-kB and subse-
quent binding to the kB response element of the iNOS pro-
moter (24). Activation of NF-kB is an essential mechanism
responsible for LPS- or oxidative stress-induced NO produc-
tion (42). Our data demonstrate that U. urealyticum is a potent
activator of NF-kB, as evidenced by the rapid and intense
NF-kB activation in macrophages. This suggests that NF-kB
activation may be of great importance for U. urealyticum-in-
duced iNOS expression. In addition, the potential role of
NF-kB in inflammation and immune modulation in U. urea-

FIG. 4. (A) Expression of iNOS protein in alveolar macrophages was assessed by immunostaining. U. urealyticum at a concentration of 4 3 108 CCU/ml stimulated
iNOS protein expression, compared to unstimulated alveolar macrophages. iNOS protein expression was inhibited by budesonide (1024 M) and dexamethasone (1024

M). Magnification, 3500. (B) U. urealyticum antigen (4 3 108 CCU/ml) activated NF-kB expression after 30 min of incubation, compared to unstimulated alveolar
macrophages. NF-kB expression was inhibited by budesonide (1024 M) and dexamethasone (1024 M). The intracellular location of p65 was detected by indirect
immunofluorescence with an anti-p65 antibody. Magnification, 3500.
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lyticum infection is not limited to transcriptional activation of
iNOS. In fact, NF-kB has been shown to have a crucial role in
the inducible expression of many inflammatory genes encoding
transcriptional factors, adhesion molecules, cytokines, and
growth factors (6). Therefore, U. urealyticum-induced NF-kB
activation in macrophages may represent a key mechanism
responsible for the inflammatory reaction associated with CLD.

Although the physiologic production of NO plays a key role
in the host defense against various intracellular pathogens, its
overproduction may be responsible in part for the pathophys-
iology of infection (3). Overproduction of NO is likely to con-
tribute to the hemodynamic instability of overwhelming sepsis
in humans (8). Animal studies suggest that the high-output NO
pathway is responsible for escalating the inflammatory re-
sponse (11). When the production of NO is left unattenuated,
especially under oxidative stress, direct cytotoxic effects of NO
can emerge through the formation of peroxynitrite as the result
of a reaction between NO and superoxide (5), which are im-
portant mediators of tissue injury and organ dysfunction (10).
The oxidative stress, DNA damage, and disruption caused by
excess NO can lead to cell death by apoptosis or necrosis (17).
It is thus likely that when the preterm infant is infected with U.
urealyticum in the lungs, alveolar macrophages and lympho-

cytes will infiltrate and result in elevated levels of NO, cyto-
kines such as tumor necrosis factor alpha, IL-6, and IL-8 (13,
15, 28, 29), and other inflammatory mediators, which may lead
to lung tissue injury and fibrosis.

FIG. 5. Down-regulation of U. urealyticum (4 3 108 CCU/ml) antigen-stim-
ulated NO production in the rat alveolar macrophage cell line by different doses
of budesonide and dexamethasone.

FIG. 4—Continued.
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There was a dose-response relationship between the concen-
trations of U. urealyticum and nitric oxide production. It is
difficult to compare in vitro bacterial concentrations with those
present in vivo in neonates. Very marked differences in bacte-
rial numbers have been found in vivo. The numbers of bacteria
adhering to the airway surface might also be very different to
those found in the bronchial fluid.

Another very interesting result in the present study was that
the high output of NO induced by U. urealyticum caused a
reduction in growth of U. urealyticum, compared to controls.
When the iNOS inhibitor L-NMMA was added, U. urealyticum
grew significantly more. Thus, the induced NO seems to have
dual effects: inhibiting growth of U. urealyticum and causing
injury to the airways of the host. Previously, NO was shown to
contribute to the host defense response against various intra-
cellular pathogens. It is likely that NO acts in concert with
reactive oxygen species to damage microbial DNA, proteins,
and lipids (9, 38).

Inhibiting high-output NO production by blocking iNOS
expression or its activity may be a useful strategy for treatment
of inflammatory disorders, e.g., CLD. We showed that both
budesonide and dexamethasone could down-regulate iNOS

expression, probably by decreasing NO production at the in-
flammatory site. This can perhaps partly explain why steroids
have a beneficial effect in the treatment of CLD in neonates.

It seems that steroids had a stronger effect on the iNOS
protein than on iNOS mRNA expression. The observed differ-
ences could be caused by an influence of steroids on different
steps. One influence is to inhibit iNOS at the transcription
level through inactivation of the NF-kB pathway. Another
influence may be a direct effect on the iNOS protein expression.

We also showed that budesonide and dexamethasone inhib-
ited the activation of NF-kB induced by U. urealyticum. Several
mechanisms have been proposed for the inhibition of NF-kB
by glucocorticoids (14). One is that glucocorticoids inhibit
NF-kB by enhancing the production of IkB-a; the other mech-
anism is by a direct protein-protein interaction in which glu-
cocorticoids and glucocorticoid receptor complexes directly
associate with NF-kB in the cytoplasm and nucleus.

In the clinical situation, inhibition of the iNOS system by
steroid treatment might also cause persistence of U. urealyti-
cum in patients. This might help to explain why steroid admin-
istration only has a moderate benefit to patients at high risk of
developing CLD (4). The consequences and interactions of U.

FIG. 6. EMSA of NF-kB-DNA complexes. U. urealyticum antigen (4 3 108 CCU/ml) activated NF-kB expression after 30 min of incubation, compared to
unstimulated alveolar macrophages. NF-kB expression was inhibited by budesonide (1024 M) and dexamethasone (1024 M). The 32P-labeled oligonucleotide
corresponding to a consensus kB site, the excessive cold NF-kB probe, and the AP-1 probe were incubated with 3mg of nuclear protein and antibodies to the p50 and
p65 subunits of NF-kB. S, supershift bands.

FIG. 7. Inhibition of U. urealyticum growth by macrophages producing NO. U. urealyticum was cultured for 4 days from the supernatant of a 10-h incubation with
macrophages alone or in combination with 3 mM L-NMMA or D-NMMA. Magnification, 345.
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urealyticum infection, iNOS production, and administration of
steroids need to be further studied.

In conclusion, our present study implies that U. urealyticum
may be an important etiological factor in the development of
CLD due to its ability to stimulate the expression of iNOS,
which is probably mediated through the activation of NF-kB;
also, NO could be involved in the host’s defensive response.
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