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Effects of inducible nitric oxide synthase and xanthine oxidase
inhibitors on SEB-induced interstitial pneumonia in mice
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ABSTRACT: The authors have previously reported that intratracheal instillation of
staphylococcal enterotoxin-B (SEB) induced interstitial pneumonia (IP) in auto-
immune-prone mice. SEB-reactive T-cells were critically involved in the development of
IP in this model. Concern has arisen about the hazards of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) in the process of lung injury and fibrosis.
Therefore, the involvement of nitric oxide (NO) and superoxide anion (O,) in the
pathogenesis of IP in this autoimmune-prone model has been investigated.
Nitrite/nitrate levels were increased in bronchoalveolar lavage (BAL) fluid and
serum from SEB-injected mice. The signal of the NO-(N-(dithiocarboxy) sarcosine),-
Fe?* complex was detected in the SEB-injected lung and whole blood by electron
paramagnetic resonance (EPR) spectroscopy. NO production was significantly
decreased by aminoguanidine (AG) treatment. Xanthine oxidase (XO) activity in the
lung, BAL fluid, and plasma was increased with instillation of SEB, and 4-amino-6-
hydroxypyrazolo(3,4-d)-pyrimidine (AHPP) significantly inhibited XO activity. More-
over, both AG and AHPP significantly decreased production of pro-inflammatory
cytokines, numbers of infiltrated cells in BAL fluid, and the area of thickened alveolar
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septa in the SEB-injected lung.

In conclusion, the overproduction of nitric oxide and super oxide anion were
implicated in the pathogenesis of interstitial pneumonia, and inducible nitric oxide
synthase and xanthine oxidase inhibitors had protective effects against interstitial

pneumonia in this model.
Eur Respir J 2002; 19: 447-457.

Several types of interstitial pneumonia (IP) are
associated with autoimmune disease [1-3]. Although
the pathogenesis of autoimmune disease remains
unknown, genetic and environmental factors are
known to be contributing factors [4]. A current
theory of the pathogenesis of IP emphasizes the role
of alveolitis. Alveolitis associated with IP in auto-
immune disease is characterized by an increase in both
neutrophils and alveolar macrophages [J].

Upon binding to a particular T-cell receptor (TCR)
VB chain, bacterial superantigens, such as staphylo-
coccal enterotoxin-B (SEB), trigger T-cell activa-
tion, regardless of the TCR a-chain partner or TCR
specificity [6]. A much larger proportion of T-cells
react to superantigens than to conventional anti-
gens. The MRL-+/4 mouse strain, which carries
the wild-type Fas gene, develops a systemic lupus
erythematosus-like disease [7]. The authors have
previously reported pulmonary involvement in these
mice following administration of SEB [8]. Intratra-
cheal instillation of SEB induced more severe IP in
autoimmune-prone MRL-+/+ mice than in mice not
prone to autoimmunity. These results support the
notion that SEB-induced IP is triggered when the
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host’s immune system is activated, and recently, it
was shown that SEB-reactive T-cells in the broncho-
alveolar space triggered development of IP in this
autoimmune-prone model [9]. Furthermore, increases
in lymphocytes, alveolar macrophages and neutro-
phils in the bronchoalveolar lavage (BAL) fluid were
found in this model.

There has been an explosion of papers in the past
few years arguing that both reactive oxygen species
(ROS) and reactive nitrogen species (RNS) are
involved in the pathogenesis of lung injury and fibro-
sis. Nitric oxide (NO) is a gaseous free radical derived
from molecular oxygen and the guanidino nitrogen
of L-arginine in a reaction catalyzed by NO synthase
(NOS) [10]. At least three NOS genes have been
cloned: one for neuronal NOS (nNOS), one for
inducible NOS (iNOS), and one for endothelial NOS
(eNOS). iNOS is not normally expressed in macro-
phages, fibroblasts, T-helper 1 lymphocytes (Thl),
and neutrophils. However, when these cells are
activated by specific cytokines, iNOS is upregulated
[10, 11]. Early studies demonstrated that murine
macrophages produce NO, suggesting that it may be
important in immunity [12]. Extensive circumstantial
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evidence suggests that NO can function as a mediator
of tissue damage in autoimmune diseases [13, 14]. For
example, in MRL-lpr/lpr mice, which spontaneously
develop a lupus-like syndrome, an iNOS inhibitor
prevented the development of glomerulonephritis and
reduced the intensity of inflammatory arthritis [14].

Studies on the effect of NO on SEB-induced shock
have reached conflicting conclusions. SARAWAR et al.
[15] showed that aminoguanidine (AG), an iNOS
inhibitor, protected against SEB-induced shock in
lymphocytic choriomeningitis virus-infected mice.
On the contrary, FLORQUIN et al. [16] reported that
endogenous NO produced after SEB administration
had protective effects, since treatment with an iNOS
inhibitor dramatically increased the mortality rate
in BALB/c mice.

The authors hypothesize that the alveolar epithelial
cell-injury that characterizes IP associated with auto-
immune disecase may result, at least in part, from
enhanced oxidative and nitrosative stress, which
may exist in the lower respiratory tract. Therefore,
the effects of an iNOS and a xanthine oxidase (XO)
inhibitor on SEB-induced IP in MRL-+/+ mice was
evaluated. It was found that both NO and superoxide
anion (O,) were overproduced, and that inhibitors of
iNOS and XO have protective effects in the develop-
ment of IP in this model. These results suggest that
elevated NO and O, production is important in the
disease manifestation of autoimmune-associated IP
and that treatments that block the production of
NO or O, could be clinically valuable.

Materials and methods

Staphylococcal enterotoxin-B administration

SEB (Sigma Chemical Co., St Louis, MO, USA)
was instilled into the tracheas of 12-week-old, specific
pathogen-free MRL-+/+ mice (Japan SLC, Shizuoka,
Japan) as previously described [8]. Briefly, after
each mouse was anaesthetized and the trachea was
exposed, 40 or 2 pg of SEB in 40 pL of PBS, or 40 pL
of phosphate buffered saline (PBS) alone was instilled
on day 0.

Treatment of stapylococcal enterotoxin-B-instilled
mice with xanthine oxidase or inducible nitric oxide
synthase inhibitors

SEB-instilled mice were given 4-amino-6-
hydroxypyrazolo(3,4-d)-pyrimidine (AHPP: Acros
Organics, Geel, Belgium) orally at 1.0 mg-mouse™ in
0.2 mL of 0.1 M NaOH, every day from the day
before SEB administration and continuing through-
out the course of the experiment. Mice given oral
doses of 0.2 mL of 0.1 M NaOH served as controls. In
a separate experiment, instilled mice were given i.p.
100 mg-kg!' AG in 0.2 mL of saline twice a day at
the same time points that AHPP was administered.
A control group for AG treatment was given 0.2 mL
of saline i.p. twice a day.

Quantitative histopathology

Lung tissue was removed 7 days after intratracheal
instillation of 2 pg SEB and fixed-inflated to
20 cmH»0 pressure with 6% formalin. After fixation,
all lung lobes were cut sagittally through the centre.
Tissue sections were stained with haematoxylin-eosin
or azan. Alveolar septa that were thickened with
interstitial inflammation and fibroblast proliferation
were one of the pathological features in this model
[8]. The area of thickened and inflamed tissue in
comparison to the total arca of each lobe was
measured using NIH image to calculate the areas
of pathological change. Areas of thickened alveolar
septa were expressed as a percentage.

Measurement of nitritelnitrate in serum and
bronchoalveolar lavage fluid

Concentrations of nitrite/nitrate in deproteinized
serum and BAL fluid were quantified with an
autoanalyser system (TCI-NOX 1000; Tokyo Chemi-
cal Industry, Tokyo, Japan) by detection of a diazo
compound formed in a flow reactor with Griess
reagent, as described previously [17].

Measurement of nitric oxide production by electron
paramagnetic resonance spectroscopy

NO production in the mouse lung and whole
blood was determined by analysis of NO-(N-
(Dithiocarboxy) sarcosine (DTCS)),-Fe*" complex
production (Dojindo Laboratories, Kumamoto,
Japan)). The (DTCS),-Fe’" complex is formed
de novo in tissue after administration of DTCS and
FeSO,4 in mice. Electron paramagnetic reconance
(EPR) spectroscopy was performed as previously
described [18]. On day 3 after SEB injection, FeSOy4
solution and DTCS were given to mice subcuta-
neously and ip., respectively, 30 min before the
removal of plasma, lung, and whole blood for EPR
measurement. Samples kept in liquid nitrogen were
then subjected to EPR measurement with an X-band
EPR spectrometer (ESP380E; Bruker Instrument Inc.,
Rheinstetten, Germany) at 110 K. Absolute concen-
trations of the signal height of NO-(DTCS),-Fe?"
were determined by double integration of the EPR
spectrum, and a 1.0 mM Tempol solution was used
as a primary standard for the EPR spectrum. The
intensity of the EPR signal was assessed for each
NO-(DTCS),- Fe*" complex by measuring the signal
height from the baseline to the trough at the field of
2=2.025. In general, the signal height of EPR spectra
strictly reflects the concentration of each radical
species, e.g. of the NO-iron complexes formed.

Immunohistochemistry
Lung tissue was removed from mice 3 days after

intratracheal instillation of 40 pg SEB and fixed-
inflated to 20 cmH,O pressure with 6% formalin.
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After dehydration, 3 um thick paraffin sections were
cut, deparaffinized and subjected to immunostaining.
Sections were then stained with either anti-INOS
antibody (Wako, Osaka, Japan) at 1:500 dilution or
anti-nitrotyrosine antibody (Upstate Biotechnology,
Lake Placid, NY, USA) at 1:100 dilution, and
detection was by an indirect immunoperoxidase
method with peroxidase-labelled anti-rabbit immuno-
globulin (DAKO, Glostrup, Denmark) diluted 1:100.
Peroxidase activity was visualized with the use of 3,3'-
diaminobenzidine as the substrate.

Assay of xanthine oxidase and xanthine
dehydrogenase activity

XO and xanthine dehydrogenase (XD) activities
were assayed by a fluorometric method described
previously [19]. The samples were then subjected to a
fluorometric assay for XO/XD activity with pterine
(Sigma Chemical Co.) as the substrate. Isoxantopterin
(Aldrich Chemical Co., Milwaukee, WI, USA), a
reaction product, was measured with a spectrofluoro-
meter (F-4500; Hitachi Ltd, Tokyo, Japan) with excita-
tion at 345 nm and emission at 390 nm. The activity
was expressed as nmol isoxantopterin-min”'-mL" of
plasma, supernatant of BAL fluid (s-BAL), or total
lung homogenates.

Evaluation of inducible nitric oxide synthase and
xanthine oxidaselxanthine dehydrogenase messenger
ribonucleic acid levels in bronchoalveolar lavage cells

iNOS and XO/XD messenger ribonucleic acid
(mRNA) expressions were evaluated by semiquanti-
tative reverse transcription-polymerase chain reac-
tion (RT-PCR) assay. mRNA was extracted with a
Micro-FastTrack™ 2.0 kit (Invitrogen Corporation,
Carlsbad, CA, USA), according to the manufacturer’s
instructions. First-strand complementary deoxyribo-
nucleic acid (cDNA) was synthesized by reverse
transcriptase.

PCR amplication was performed with specific
synthesized primers (Gibco-BRL, Life Technologies,
Rockville, MD, USA). Each cycle comprised 1 min
at 94°C for denaturation, 2 min at 54°C for anneal-
ing, and 3 min at 72°C for extension. Prior
to and following thermal cycling, the PCR reactions
were incubated at 95°C for 10 min and at 72°C
for 5 min, respectively. For internal control, B-actin
was amplified to normalize the starting amount
of cDNA for each sample. The following primers
were used: iNOS, 5'-CCCTTCCGAAGTTTCTGG-
CAGCAGCGGC-3' (sense) and 5'-GGCTGTCAG-
AGCCTCGTGGCTTTGG-3" (antisense); XO/XD,
5'-CAGGGTCTTGGTCTTTTCAC-3’ (sense) and
5'-CGTTGGTTTCAGCGTCAGGA-3' (antisense);
and B-actin, 5'-AGGGTGTGATGGTGGGAATG-
3" (sense) and 5'-GGCTGGGGTGTTGAAGG-
TCTC-3' (antisense). Twenty-eight cycles were used
for B-actin, 38 cycles were used for iNOS and XO/
XD. The band intensities were determined by NIH
image and the iINOS or XO/XD to B-actin ratios

were calculated (densitometric ratio of iNOS or XO/
XD mRNA levels).

Quantitative analysis of nitric oxide synthase-inducing
activity

BAL was performed with Krebs-Ringer phosphate
buffer (pH 7.4). The iNOS-inducing ability of s-BAL
fluid from mice was tested by stimulating a mouse
macrophage cell line, RAW 264 (American Type
Culture Collection, Rockville, MD, USA), in culture,
as described previously [20]. Specifically, 250, 100, or
50 uL of s-BAL fluid from the mice treated with or
without SEB was added to the culture of RAW 264
in 24 well-plates with a final volume of 500 puL of
Dulbecco’s modified Eagle’s medium F:12 (DMEM/
F12: Gibco-BRL) and 10% foetal bovine serum. The
culture supernatant was obtained 48 h after stimula-
tion and was subjected to the nitrite/nitrate assay
previously described.

Tumour necrosis factor-o, interleukin-1§, and
interferon-y levels in bronchoalveolar lavage fluid

Tumour necrosis factor-oo (TNF-a), interleukin-1
(IL-1B), and interferon-y (IFN-y) levels in s-BAL fluid
were assayed with a commercially available TNF-o,
IL-1B, or IFN-y enzyme-linked immunoabsorbent
assay (ELISA) system (BioSource International Inc.,
Camarillo, CA, USA).

Statistical analysis

Values are reported as mean+seM. The unpaired
t-test was used to analyse differences between groups.
Differences were considered significant at p<0.05.

Results

Effects of aminoguanadine and 4-amino-6-
hydroxypyrazolol(3,4-d)-pyrimidine on pathological
changes of the staphylococcal enterotoxin-B
injected lung

To evaluate the involvement of NO and O, in the
pathogenesis of IP in SEB-instilled MRL-+/4 mice,
AG (iNOS inhibitor) and AHPP (XO inhibitor) were
used as potential therapeutic agents.

Cell infiltration into the alveolar septal wall and the
synthesis of pulmonary collagen fibres was decreased
with both AG and AHPP treatment (fig. 1). The
area in which the alveolar septa was thickened with
inflammatory cells and fibroblasts was decreased with
AG and AHPP treatment (fig. 2e¢).

There was a significant increase in total cells in
BAL fluid (day 3) between mice injected with SEB
(9.2x10° mL") and control mice (1.20x10° mL™)
(fig. 2a, p<0.001). The numbers of total cells, macro-
phages, and lymphocytes in BAL fluid from SEB-
instilled mice were also decreased with AG and AHPP
treatment. These findings suggest that NO and O
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Fig. 1.—Lung sections from control and staphylococcal enterotoxin-B (SEB)-instilled mice under various treatments. Lung tissues obtained
from phosphate-buffered saline (PBS)-instilled mice (a, ¢) and SEB-instilled mice with saline/NaOH treatment (b, f), with aminoguanidine
(AG) treatment (c, g), and with 4-amino 6-hydroxypyrazolo- (3,4-d)-pyrimidine (AHPP) treatment (d, h) were obtained on day 7. Tissues
were stained with haematoxylin and eosin (a-d) and azan (e-h). Significant inflammatory cell infiltration and synthesis of collagen fibres
in the alveolar septal walls are seen in the lung tissue from the SEB-injected mice (b, f). With AG and AHPP treatment, the inflammatory
cell infiltration and synthesis of collagen fibres reduced (c, g and d, h). Internal scale bar=50 pm.

play critical roles in the pathogenesis of IP in the SEB-
instilled MR L-+/+ mice. In addition, the inhibitors of
NO and O, may be potential therapeutic agents for
IP. To determine whether such a therapeutic protec-
tion is feasible, the production of NO and O, and the
effect of inhibitors on this production were examined.

Release of nitric oxide in the staphylococcal
enterotoxin-B instilled mice

To evaluate the involvement of NO in the SEB-
induced IP model, NO production was measured by
the Griess and EPR methods. The time course of
production of NO metabolites (nitrite/nitrate) in the
BAL fluid and serum from SEB-instilled mice is
shown in figures 3a and b. Overall, the amounts of
nitrite/nitrate in s-BAL fluid and serum increased
in the SEB-instilled mice. BAL fluid nitrite/nitrate
levels peaked 3 days after SEB instillation (19.27+
0.74 uM) and were significantly higher than peak
levels in PBS-instilled mice (11.84+1.70 uM; p<0.001).
Similarly, serum nitrite/nitrate levels peaked on day
3 and were significantly higher in SEB-instilled mice
than in the control mice (131.55£14.8 uM versus
19.84£2.81 uM; p<0.001).

Levels of nitrite/nitrate in both BAL fluid and serum
from SEB-instilled mice (p<0.001) did not differ
from control levels when AG was administered, and
there was no inhibitory effect on nitrite/nitrate pro-
duction with administration of AHPP (figs. 3¢ and d).

Using EPR spectroscopy, the characteristic super-
fine structure signals of NO-haemoglobin and
NO-haeme complex in the lung and whole blood
samples from SEB-instilled mice were detected (data
not shown). To increase sensitivity, (DTCS),-Fe*"

complex was used as a spin trapping agent for
NO detection (fig. 4). After treatment with DTCS
and FeSO,, a strong EPR signal indicative of NO-
(DTCS),-Fe*" complex was detected in the lung and
whole blood of mice instilled with SEB (fig. 4b). In
contrast, no significant EPR signals were observed in
the lung of PBS-injected control mice after adminis-
tration of DTCS and FeSO, (fig. 4a). The EPR signal
of NO-(DTCS),-Fe** complex was reduced with AG
treatment. The EPR signal of NO-(DTCS),-Fe*" com-
plex in both whole blood and lung tissue was increased
with AHPP treatment (figs. 4¢ and f). The increased
production of NO when treated with AHPP reflects the
amount of O, and peroxynitrite (ONOO"), because O,
rapidly reacts with NO to produce ONOO™ at almost
diffusion rate. In contrast, AHPP did not increase
the amount of nitrite/nitrate in Griess assay (figs. 3¢
and d) because the amount of ONOO™ was already
counted as nitrate, the decomposited product of
ONOO'".

Immunohistochemistry of lung and bronchoalveolar
lavage cells from staphylococcal enterotoxin-B
instilled mice

Immunohistochemistry with an anti-iINOS antibody
was also used to examine the induction of iNOS
protein in lung and BAL cells 3 days after SEB-
injection. iNOS staining was observed in macrophages
and neutrophils infiltrating the alveoli and alveolar
septal walls of the lung injected with SEB (figs. Sa
and b). Positive staining for iNOS was also observed
in macrophages and neutrophils of BAL cells from
mice instilled with SEB (fig. 5c). Little staining was
observed in PBS-injected control lungs (fig. 5d).
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To verify the local production of ONOO™ in lung and
BAL cells from SEB-instilled mice, the forma-
tion of nitrotyrosine, the well-known biomarker of
ONOO™-mediated protein nitration, was evaluated
by immunohistochemistry. Marked positive staining
for nitrotyrosine was observed in macrophages and
neutrophils in lung (figs. 5S¢ and f) and BAL cells
(fig. 5g). It is of considerable importance that the
staining pattern with antinitrotyrosine antibody was
similar to that with anti-iNOS antibody, as it indicates
that iNOS-derived NO may be converted to ONOO"
at the site of inflamed Iung.

Induction of xanthine oxidaselxanthine dehydrogenase
activity in the staphylococcal enterotoxin-B instilled mice

The O, production in this SEB-induced IP
model was evaluated and the therapeutic mechanism

ok

PBS

SEB+
Saline/NaOH

SEB+AG SEB+AHPP

Fig. 2.—The number of a) total cells, b) macrophages, c) lympho-
cytes, and d) neutrophils in bronchoalveolar lavage fluid from
mice with different treatments 3 days after instillation of staphylo-
coccal enterotoxin-B (SEB), (values are mean+SEM of eight mice
in each group). ) Area of lung inflammation in SEB-instilled mice
treated with saline/NaOH (OJ), aminoguanidine (AG; O), and
4-amino-6-hydroxypyrazolo(3.4-d)-pyrimidine (AHPP; @®). Values
are the mean+SEM of the area percentages of alveolar septa that
are thickened by interstitial inflammation and fibroblast prolifera-
tion of seven mice in each group. PBS: phosphate-buffered saline.
*: p<0.05; **: p<0.01; ***: p<0.001; #: p<0.005.

of AHPP was analysed. XO/XD activity from mouse
lung, s-BAL fluid, and plasma at various time points
after SEB or PBS (control) instillation is shown
in figure 6. In the SEB-injected mice, maximal XO/
XD activity in s-BAL fluid and lung was observed
3 days after instillation. XO/XD activity in s-BAL
fluid and plasma of the SEB-instilled mice was
significantly greater than that of the control mice on
day 3 (p<0.05), and an increase in XO/XD activity
in the lung was greater, though not statistically, than
that in control mice. XO/XD activity from mouse
s-BAL fluid and plasma was significantly decreased
by treatment with AHPP in comparison to control
on day 3 (fig. 6, p<0.05). There was no significant
difference between the AHPP treatment and control
in the XO/XD activity in the lung, possibly because
such activity is difficult to measure in the lung due
to the presence of inhibitory compounds.
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Fig. 3.—The time course of the nitrite/nitrate production in a) bronchoalveolar lavage fluid (BAL) and b) serum. Compared with
phosphate-buffered saline (PBS; [J), nitrite/nitrate formation was increased at day 3 after staphylococcal enterotoxin-B (SEB; @) injection
(PBS-instilled mice: n=6; SEB-instilled mice: n=6). Inhibitory effects of aminoguanidine (AG) and 4-amino-6-hydroxypyrazole (3,4-d)-
pyrimidine (AHPP) on nitrite/nitrate formation in ¢) BAL fluid and d) serum on day 3 after SEB administration. Compared with saline/
NaOH and AHPP, AG inhibited the nitrite/nitrate formation in BAL fluid and serum in SEB-instilled mice (Saline/NaOH treated mice:
n=6; AG treated mice: n=6; AHPP treated mice: n=6. Values are expressed as mean+SEM. ***: p<0.001.

Time course of inducible nitric oxide synthase and
xanthine oxidaselxanthine dehydrogenase messenger
ribonucleic acid levels in bronchoalveolar lavage cells
from staphylococcal enterotoxin-B instilled mice

Overproduction of NO and O, was confirmed via
induction of iNOS and XO/XD at the molecular level.
iINOS and XO/XD mRNA levels in BAL cells (1, 3,
5, 7, and 14 days after SEB administration) were
measured using RT-PCR and compared with those in
PBS-instilled mice (fig. 7). Both iNOS and XO/XD
mRNA levels increased in the SEB-instilled mice
and peaked on day 3. The differences between
SEB-instilled mice and PBS-instilled mice on day 3
were significant (p<0.05).

Inducible nitric oxide synthase-inducing activity and
cytokine production in bronchoalveolar lavage fluid
from staphylococcal enterotoxin-B instilled mice

To evaluate iNOS-inducing activity, the ability of
BAL fluid from SEB-injected mice to induce nitrite/
nitrate production in cell culture medium of RAW 264
cells was analysed. BAL fluid on day 3 after injection
of SEB stimulated RAW 264 cells to produce nitrite/

nitrate and this was not observed in BAL fluid from
PBS-instilled controls (fig. 8a). The effects of AG
and AHPP on pro-inflammatory cytokine levels in
s-BAL fluid on day 3 after SEB instillation are shown
in figures 8b—d. SEB instillation significantly increased
TNF-a, IL-1B, and IFN-y levels in s-BAL fluid in
comparison to levels in PBS-instilled controls. Treat-
ment with AG and AHPP significantly suppressed
IL-1B levels in the s-BAL fluid of mice instilled with
SEB by 50.4% and 38.3%, respectively. Similarly,
treatment with AG and AHPP significantly sup-
pressed IFN-y levels in the s-BAL fluid of mice
injected with SEB by 78.6% and 59.9%, respectively.
Though not statistically significant, AG treatment and
AHPP treatment also suppressed TNF-a levels.

These results indicate that both NO and O,  may
be involved in the expression of pro-inflammatory
cytokines, and both AG and AHPP may act as
anti-inflammatory agents via inhibition of pro-
inflammatory cytokine production.

Discussion

In this study, increased production of NO and O,
in a mouse model of autoimmune-associated IP was
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Fig. 4.—In vivo spin-trapping with NO-(N-(dithiocarboxy) sarcosine),-Fe*" (NO-(DTCS),-Fe?") complex formed in mouse lung injected
with staphylococcal enterotoxin-B (SEB) by electron paramagnetic resonance (EPR) spectroscopy. EPR spectra observed in mouse lung
injected with a) phosphate-buffered saline (PBS), b) SEB with saline/NaOH treatment, c¢) aminoguanidine (AG) treatment, and d)
4-amino-6-hydroxypyrazolo(3,4-d)-pyrimidine (AHPP) treatment. Concentration of NO-(DTCS),-Fe*" in lung and whole blood of PBS-
instilled or SEB-instilled mice with saline/NaOH, AG, and AHPP on day 3. Compared with saline/NaOH and AHPP, AG inhibited the
concentration of NO-(DTCS),-Fe*" in whole blood and lung in SEB-instilled mice. g: g-valve; G: Gauss. All data are shown as
mean+SEM (Saline/NaOH treated mice: n=3; AG treated mice: n=3; AHPP treated mice: n=3).
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Fig. 5.—Immunohistochemistry of mouse lung and bronchoalveolar lavage (BAL) cells 3 days after injection with staphylococcal
enterotoxin-B (SEB); specific antibody is against inducible nitric oxide synthase (iNOS) (a—d) and nitrotyrosine (e-h). Intense iNOS-
staining was observed in macrophages (arrows) and neutrophils (arrowheads) infiltrating into alveoli and alveolar septal walls in the
SEB-injected lung (a and b). A positive anti-iNOS antibody reaction was observed in macrophages (arrows) and neutrophils (arrowheads)
of BAL cells from mice injected with SEB (c). PBS-injected lung stained with anti-INOS antibody (d). The same results were obtained by
anti-nitrotyrosine antibody (e-h). Internal scale bar: a, d, e and h=50 pm, b, c, f and g=10 pm.
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Fig. 6.—Time course of xanthine oxidase/xanthine dehydrogenase (XO/XD) activity in a) the bronchoalveolar lavage (BAL) fluid, b) lung,
and c) plasma from staphylococcal enterotoxin-B (SEB)-instilled mice. Compared with phosphate-buffered saline ((J), SEB (@) increased
the XO/XD activity at day 3 after SEB injection. Inhibitory effect of 4-amino-6-hydroxypyrazolo(3,4-d)-pyrimidine (AHPP) on XO/XD
activity at day 3 for d) BAL fluid, e) lung, and f) plasma is also shown. Mean+SEM values at least five mice in each group. ***: p<0.001;

#. p<0.005.

found. Overproduction of NO and O, was closely
related to high-level production of TNF-a, IL-1p and
IFN-y in BAL fluid. Inhibition of NO and Oy
production by AG and AHPP (iNOS and XO
inhibitors, respectively) suppressed production of
pro-inflammatory cytokines and protected against
the development of IP. These results are important
in terms of understanding the mechanism of IP, and
may provide novel therapeutic approaches to auto-
immune diseases-associated IP.

Nitrite/nitrate production was increased in BAL
fluid and serum from SEB-injected mice and the
generation of NO was detected directly by EPR
spectroscopy. Similarly, XO/XD activity was highly
upregulated, with increased protein and mRNA levels,
and released into the alveolar space in the SEB-
injected lung. It has been reported that NO plays
an important role in the regulation of cell function
and has an anti-inflammatory role in lung injury [21,
22]. At inflamed sites in the lung, however, a high
concentration of O, in the alveolar space and the
generation of O, rapidly convert NO to RNS, such
as ONOO™ and nitrogen dioxide (NO,). RNS are
thought to be important mediators of pulmonary
inflammation and are highly toxic to pulmonary cells
[20]. In vivo detection of ONOO' is difficult because of
its short half-life and high reactivity. However, the
increase in the amount of NO-(DTCS),-Fe*" complex

following AHPP treatment due to the inhibition of O,
production, is indirect evidence of ONOO™ formation
in the lung injected with SEB. Moreover, the local
production of ONOO" at the site of inflamed lung was
verified by immunohistochemistry using an antinitro-
tyrosine antibody. Both AG and AHPP decreased the
number of macrophages, lymphocytes and neutro-
phils in BAL fluid, and thus reduced the area of the
pathological lung tissue damage. These results support
the notion that ONOO™ mediates lung injury and is a
factor in the pathogenesis of SEB-induced IP.

BAL fluid obtained from SEB-injected mice
induced iNOS activity in RAW 264 cells. Several
pro-inflammatory cytokines are implicated in induced
iNOS expression in macrophages. In addition, XO/
XD expression is regulated by pro-inflammatory
cytokines such as IL-1B. The XD (low O, generating
activity) is converted into XO (high O,  generating
activity) by processes including thiol oxidation and/or
proteolysis. In fact, cytokine (IFN-y, IL-1B and
TNF-a) levels in the BAL fluid from SEB-injected
mice were markedly elevated compared with levels
in control mice. These findings suggest that IFN-y
produced from SEB-activated Thl cells or IL-1f and
TNF-a produced from SEB-activated inflammatory
cells stimulate alveolar exudate macrophages to
induce iINOS gene expression. In addition, inhibition
of pro-inflammatory cytokine production by AG and
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Fig. 7.—Messenger ribonucleic acid (mRNA) levels in the bronchoalveolar lavage (BAL) cells from staphylococcal enterotoxin-B (SEB)-
instilled mice: a) inducible nitric oxide synthase (iNOS); b) xanthine oxidase/xanthine dehydrogenase (XO/XD). BAL cells were obtained
from three mice on day 3 after phosphate-buffered saline (PBS) instillation or on days 1, 3, 5, 7, or 14 after SEB instillation. Time course
of ¢) iNOS and d) XO/XD. Densitometric ratio of iNOS and XO/XD mRNA levels are expressed as mean+SEM levels against B-actin

mRNA levels for each sample. *: p<0.05.

AHPP indicates that NO and O, upregulate expres-
sion of these cytokines. A positive feedback loop
may be presumed between iNOS and XO, and cyto-
kine induction, causing overproduction of RNS and
ROS in the lung of SEB-injected mice.
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and activation protein 1 (AP-1) induce gene expres-
sion, which mediates the immune response, stress
response, cell growth, and cell survival. Activation
of NF-kB and/or AP-1 in vivo is necessary for the
production of early response cytokines, such as TNF-
a, IL-1B, iNOS, and IFN-y in lung inflammation
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Fig. 8.—a) Nitric oxide synthase (NOS)-inducing activity of bronchoalveolar lavage (BAL) fluid in RAW 264 cells in culture. Inducible
NOS induction was assessed by measurement of the nitrite/nitrate released in the culture after stimulation with serially diluted s-BAL fluid
(#Z 1x2; W: 1x5; B: 1x10). Mean+SEM (n=5) values are shown. b) Tumour necrosis factor (TNF)-a; c) interleukin-1 (IL-1p); d)
interferon-y (IFN-y). Cytokine concentrations detected in BAL fluid by enzyme-linked immunosorbant assay. BAL fluid samples were
obtained from mice injected with phosphate-buffered saline (PBS) or staphylococcal enterotoxin-B (SEB) and treated with saline/NaOH,
aminoguanidine (AG), or 4-amino-6-hydroxypyrazolo(3,4-d)-pyrimidine (AHPP) for 3 days after injection. MeantSEM values of at least
six mice in each group. **: p<0.01; *: p<0.05 versus mice injected with SEB alone.
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[23, 24]. NF-xB and AP-1 are known redox-sensitive
transcription factors and are activated by ROS and
RNS. Various studies have been conducted on the
mechanisms of ROS- and RNS-mediated activation
of the NF-«xB and AP-1 pathway. Signals from
cytokines are transduced along the signalling path-
way, from upstream protein kinase cascades to the
downstream transcription factors. ROS and RNS
directly activate cytokine receptors via dimerization
of the receptor or activation of receptor tyrosine
kinase (RTK), it activates a protein-kinase cascades,
such as the MAP kinase (MAPK) and IxB kinase
(IKK) [25]. Numerous papers argue that antioxidants
suppress cytokine gene induction via inhibition of
NF-xB and/or AP-1 activation [26]. Therefore, the
authors suggest that the effectiveness of treatment
with AG or AHPP against SEB-induced lung inflam-
mation and fibrosis resides in the ability of these
agents to inhibit NF-xB and AP-1 activation and
thereby to suppress the production of the pro-
inflammatory cytokines. The results of this study
suggest that inhibition of NO and O,  production by
AG and AHPP not only reduces the direct toxicity of
free radicals but also decreases free radical-mediated
cytokine production.

Previous studies of both human and murine
macrophages indicate that NO plays a regulatory
role in TNF-a and IL-1B production [20, 27, 28].
Endogenous NO was reported to upregulate TNF-a
production in U937 cells [28] and alveolar macro-
phages [27]. However, under certain conditions, NO
may downregulate cytokine production [20, 29]. This
discrepancy between studies is still not explained.
Concentration dependence of NO on the regulation
of NF-kB has been reported [30]. Low levels of
NO activated the NF-kB pathway via the activation
of IKKs. In contrast, high levels of NO partially
inhibited NF-kB via S-nitrosylation of ®*Cys of p50
subunit, which eliminates NF-kB DNA-binding
capacity. Growing evidence suggests that RNS, such
as ONOO™ or NO,, may activate NF-xB. Thus,
not all, but many of the cytotoxic effects of NO may
be mediated by ONOO", not by NO itself. Therefore,
the double-edged function of NO in cytokine-inducing
activity may depend on the source and level of NO,
the cell types, redox status, and the intra-/extracellular
status of ROS. Identification of the role of NO in
SEB-induced tissue injury will therefore provide
insight into the delicate balance.

To conclude, superantigens acting on VB8* T-cells
upregulated nitric oxide and super oxide anion
generation and pro-inflammatory cytokine produc-
tion in inflammatory sites in this mouse model of
autoimmune-associated interstitial pneumonia. Nitric
oxide interacted with super oxide anion to generate
perioxynitrite, an important mediator of pulmonary
inflammation in this model. The production of pro-
inflammatory cytokines was modulated by endo-
genous nitric oxide and super oxide anion or their
reaction product, perioxynitrite, which might partici-
pate in the injury process of interstitial pneumonia in
this model. Moreover, inhibitors of inducible nitric
oxide synthase and xanthine oxidase may be potential

therapeutic agents against alveolitis and/or fibrosis
in interstitial pneumonia.
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