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ROLE OF INDUCIBLE NITRIC OXIDE SYNTHASE-DERIVED
NITRIC OXIDE IN SILICA-INDUCED PULMONARY
INFLAMMATION AND FIBROSIS
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Laboratory Division, and Department of Physiology and Pharmacology,
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Inhalation of crystalline silica can produce lung inflammation and fibrosis. Inducible nitric oxide
synthase (iINOS)-derived nitric oxide (NO) is believed to be involved in silica-induced lung
disease. To investigate the role of iINOS-derived NO in this disease, the responses of iINOS
knockout (KO) versus C57BI/6) wild-type (WT) mice to silica were compared. Male mice (8-10wk
old, mean body weight 24.0 g) were anesthetized and exposed, by aspiration, to silica (40 mg/kg)
or saline. At 24 h and 42 d postexposure, lungs were lavaged with saline. The first bronchoalveolar
lavage (BAL) fluid supernatant was analyzed for lactate dehydrogenase (LDH) activity, levels of
albumin, tumor necrosis factor-a (TNF-a), and macrophage inflammatory protein-2 (MIP-2), as
well as total antioxidant capacity (TAC). The cellular fraction of the total BAL was used to deter-
mine alveolar macrophage (AM) and polymorphonuclear leukocyte (PMN) counts, and zymosan-
stimulated AM chemiluminescence (AM-CL). In separate mice, lung histopathological changes
were evaluated 42d postexposure. Acute (24-h) silica exposure decreased AMSs, increased
PMNSs, increased LDH activity and levels of albumin, TNF-a, and MIP-2 in BAL fluid, and
enhanced AM-CL in both iNOS KO and WT mice. However, iNOS KO mice exhibited less AM
activation (defined as increased AM-CL and decreased AM yield) than WT. Furthermore, TAC
following acute silica decreased in WT but was maintained in iNOS KO mice. Pulmonary reac-
tions to subchronic (42 d) silica exposure were similar to acute. However, histopathological
and BAL fluid indices of lung damage and inflammation, AM activation, and lung hydroxypro-
line levels were significantly less in INOS KO compared to WT mice. These results suggest that
iNOS-derived NO contributes to the pathogenesis of silica-induced lung disease in this mouse
model.

Inhalation of crystalline silica in various occupational settings, including
sandblasting, quarrying, stone dressing, refractory manufacture, or foundry work,
can result in silicosis (Mossman & Churg, 1998). Various clinical and pathological
forms of the disease exist including acute, accelerated, and chronic silicosis,
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which depend on the level of dust exposure and the resulting latency period
for disease initiation and progression.

Silica occurs naturally either in noncrystalline (amorphous) or crystalline
forms. Crystalline silica, as compared to amorphous varieties, is known to be
more pathogenic in humans and is composed of silicon and oxygen (SiO,)
with trace quantities of Al, Fe, Mn, Mg, Ca, and Na (Mossman & Churg, 1998).
a-Quartz, used in the present study, is the most common form of crystalline
silica. This particular form comprises nearly 67% of granite, shale, and sand-
stone; thus, significant exposure can occur in occupations that involve blasting,
grinding, or fracturing of these rocks (Mossman & Churg, 1998).

Reactive species produced either by silica or silica-stimulated cells are pro-
posed to be mediators of silica-induced inflammation, cytotoxicity, DNA mod-
ifications, and fibrosis (Shukla et al., 2001; Vallyathan et al., 1998; Daniel
et al., 1993; Shi et al., 1998). Nitric oxide (NO) is a reactive nitrogen species
recently implicated in the pathogenesis of silica-induced lung disease (Porter
et al., 2002; Srivastava et al., 2002). NO is formed from the conversion of the
amino acid L-arginine to L-citrulline in the presence of various cofactors and
the enzyme nitric oxide synthase (NOS) (Rao, 2000). There are three
described isoforms of NOS, inducible NOS (iNOS or NOS2), and the constitu-
tive NOS isoforms endothelial (eNOS or NOS3) and neuronal (nNOS or
NOS1). iINOS is produced in various lung cells in response to inflammatory
stimuli, such as endotoxin (Mikawa et al., 1998).

The role of iINOS-derived NO in particle-induced lung disease remains
unclear with both anti-inflammatory and proinflammatory mechanisms being
described (Zeidler & Castranova, 2004). Conflicting data show NO may inhibit
or enhance the activation of nuclear factor-kB (NF-kB), which ultimately
affects the production of inflammatory cytokines (Chen et al., 1995; Kang
et al., 2000). NO also increases lung inflammation and damage by combining
with superoxide (O, ) to form peroxynitrite (OONO), a highly reactive
species that produces lipid peroxidation, mitochondrial and DNA damage,
and enzyme and protein inactivation (Hogg & Kalyanaraman, 1999; van der
Vliet et al., 1997; Haddad et al., 1996a, 1996b).

Intratracheal instillation and inhalation exposures in rats show increased NO
production is associated with the lung injury produced by silica. Blackford et al.
(1997) reported that iINOS mRNA induction in bronchoalveolar lavage (BAL)
cells and NO-dependent chemiluminescence from alveolar macrophages (AMs)
correlated with the degree of pulmonary inflammation produced by intratra-
cheal instillation of rats with silica, coal, carbonyl iron, or titanium dioxide.
Furthermore, a chronic rat silica inhalation study by Porter et al. (2002) showed
a temporal correlation between lung NO production and pulmonary inflamma-
tion and fibrosis. Immunohistochemistry data also revealed that silicotic lesions
in the lung were associated with iINOS staining and nitrotyrosine residues. In
humans, Castranova et al. (1998) reported that AMs harvested from coalminers
exposed chronically to silica-containing dusts displayed enhanced NO-dependent
chemiluminescence and iNOS mRNA induction compared to AMs from a healthy
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nonsmoking subject, with NO induction associated with disease progression
determined by chest radiographs.

The evidence presented thus far reported associations between
INOS-derived NO and silica-induced lung disease. However, a causal link has
yet to be determined. A model of iINOS-derived NO deficiency, the iINOS
knockout (INOS KO), mouse, has recently been employed in studies involving
endotoxin, asbestos, and silica to further examine the role of this inflammatory
mediator. Intratracheal instillation of asbestos in INOS KO mice, for example,
resulted in an enhanced pulmonary inflammatory response [higher tumor
necrosis factor-a (TNF-a) production and neutrophil influx] but attenuated
oxidant-promoted lung tissue damage as measured by decreased protein leak-
age and lactate dehydrogenase (LDH) release into the alveolar space (Dorger
et al., 2002). In addition, attenuation of silica-induced lung disease in iINOS
KO mice was reported in a histological study by Srivastava et al. (2002). The
present study will further investigate INOS-derived NO in a model of silica-
induced pulmonary damage, inflammation, and fibrosis by comparing the
acute (24h) and subchronic (42d) pulmonary responses in wild-type (WT)
versus iNOS KO mice.

METHODS

Animals

Breeder pairs of iNOS knockout (B6.129P2-Nos2™") mice along with
wild-type strain mice (C57BI/6J) were purchased from Jackson Laboratories
(Bar Harbor, ME). Offspring of iNOS knockout mice and wild type mice were
age and weight matched for this study, that is, 8-10wk old with a mean body
weight of 24.0g (23.4¢g for KO mice and 24.8g for WT mice). Animals were
housed in an AAALAC-accredited, specific-pathogen-free, environmentally
controlled facility and allowed to acclimate at least 5d prior to use. The mice
were free of endogenous viral pathogens, parasites, mycoplasms, Helicobacter,
and CAR Bacillus. Mice were kept in ventilated cages, which were provided
HEPA-filtered air, with Alpha-Dri virgin cellulose chips and hardwood
Beta-chips for bedding. Food and tap water were given ad libitum. All animal
procedures were performed in accordance with an approved ACUC protocol
(number 02-VC-M-018).

Mouse Pharyngeal Aspiration

Mouse pharyngeal aspiration was performed as described by Rao et al.
(2003), except the present study anesthetized the mice using a mixture of
ketamine and xylazine (50 and 2 mg/kg subcutaneous in the abdominal area,
respectively). Following anesthesia, the animals were placed on a board in a
near vertical position and the animal’s tongue extended with lined forceps.
A suspension (—30 ul) of heat-sterilized aged Min-U-Sil 5 silica (98.5% crystalline
silica, particle diameter <5um, U.S. Silica, Berkeley Springs, WV) at a dose of
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40mg/kg was placed posterior in the throat and the tongue held until the sus-
pension was aspirated into the lungs. Control mice were administered sterile
Ca* +Mg?*-free phosphate-buffered saline (PBS) vehicle (pH 7.4). The mice
revived unassisted after approximately 30-40 min. All mice survived this pro-
cedure. Rao et al. (2003) have shown that the pharyngeal aspiration technique
results in a uniform deposition of particles within the mouse lung. Mice were
sacrificed either 24h or 42d following aspiration. These postexposure times
were chosen to evaluate the role of iINOS-derived NO in both the acute and
subchronic response to silica exposure.

Bronchoalveolar Lavage

Mice were weighed (mean body weight 24.0g) and euthanized with an
intraperitoneal injection of sodium pentobarbital (>100mg/kg). The trachea
was cannulated with a blunted 22-gauge needle and bronchoalveolar lavage
(BAL) was performed using cold sterile Ca®"+Mg®*-free PBS at a volume of
0.6 ml for first lavage (kept separate) and 1 ml for subsequent lavages. Approxi-
mately 10 ml BAL fluid per mouse was pooled and collected in sterile centri-
fuge tubes. Typically, BAL fluid from two to three mice was pooled to obtain a
sufficient cell number to conduct assays for a single experiment. Pooled BAL
cells were washed in PBS by alternate centrifugation (600xg for 10min at
4°C) and resuspension. Acellular first-fraction BAL aliquots were frozen or
kept on ice for later analysis. The final cell pellet was suspended in 10mM
HEPES buffer (145mMNaCl, 5mMKCI, 10mMHEPES, 1 mM CaCl,, 5.5mM
glucose) at pH 7.4.

Cell Counts and Differentials

Cell counts were performed using an electronic cell counter equipped
with a cell sizing attachment (Coulter model Multisizer 1l with a 256C chan-
nelizer, Coulter Electronics, Hialeah, FL). Alveolar macrophages or polymor-
phonuclear leukocytes were identified by their characteristic cell diameter
(Castranova et al., 1990).

First Bronchoalveolar Lavage Tumor Necrosis Factor-«,
Macrophage Inflammatory Protein-2, and Transforming Growth
Factor-31 Assays

First BAL fluid was assayed using a mouse TNF-a, a multispecies trans-
forming growth factor-1 (TGF-31) (BioSource International, Camarillo, CA),
or a mouse macrophage inflammatory protein-2 (MIP-2) enzyme-linked
immunosorbent assay (ELISA) kit (R & D Systems, Minneapolis, MN) according
to manufacturers’ instructions. First BAL fluid was diluted 1.9-fold in the
TGF-B1 assay and the TNF-a and MIP-2 assays required undiluted first BAL
fluid. Concentrations of TNF-a, TGF-1, and MIP-2 were determined as pico-
grams per milliliter based on the appropriate standard curve. ELISA plates were
read at 450nm using a Spectramax 250 microplate spectrophotometer
(Molecular Devices Corporation, Sunnyvale, CA).
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Primary Mouse Alveolar Macrophage Zymosan-Stimulated
Chemiluminescence

Alveolar macrophage (AM) chemiluminescence was determined as
described by Porter et al. (2002) using an automated luminometer (Berthold
Autolumat LB 953, EG & G, Gaithersburg, MD) at 390-620 nm for 15 min with
a total assay volume of 0.25ml. Briefly, 1 x10° alveolar macrophages/ml from
control or silica-exposed mice were incubated in HEPES buffer, and resting
chemiluminescence was determined by adding 5-amino-2,3-dihydro-
1,4-phthalazinedione (luminol) at a final concentration of 0.08 pug/ml. Zymosan-
stimulated chemiluminescence was determined by adding unopsonized
zymosan A (Sigma, St. Louis, MO) at 2 mg/ml immediately before measurement.
Unopsonized zymosan has been shown to stimulate chemiluminescence from
alveolar macrophages but not polymorphonuclear leukocytes, which only
respond to opsonized particles (Castranova et al., 1987a; Hill etal., 1977;
Allen, 1977). Zymosan-stimulated chemiluminescence was calculated as counts
per minute (cpm) in the zymosan-stimulated assay minus cpm in the resting
assay.

First Bronchoalveolar Lavage Fluid Albumin

Albumin concentration (mg/ml) was determined colorimetrically at 628 nm
based on albumin binding to bromcresol green (Albumin BCG diagnostic
kit, Sigma, St. Louis, MO) using a Cobas Mira Plus transfer analyzer (Roche
Diagnostic Systems, Montclair, NJ).

First Bronchoalveolar Lavage Fluid Lactate Dehydrogenase

Lactate dehydrogenase (LDH, U/L) activity was determined by monitoring
the LDH-catalyzed oxidation of pyruvate coupled with the reduction of NAD
at 340nm using a commercial kit and a Cobas Mira Plus transfer analyzer
(Roche Diagnostics Systems, Montclair, NJ).

First Bronchoalveolar Lavage Fluid Total Antioxidant Capacity

Total antioxidant capacity was assessed using the Bioxytech AOP-490
assay (Oxis Research, Portland, OR), which is based on the reduction of Cu?*
to Cu* by all antioxidants in the sample. Using a SpectraMax 250 microplate
spectrophotometer (Molecular Devices Corporation, Sunnyvale, CA) set to
490nm, data were obtained from a standard curve of known uric acid con-
centrations and expressed as “mM Uric Acid Equivalents.”

Determination of NOx: Nitrate (NO;~) and Nitrite (NO,7)

AMs (2 x 10° cells/well) from WT mice exposed to silica or saline in vivo for
42 d were plated in a 24-well tissue culture plate and allowed to adhere for
90 min at 37 °C. The wells were washed three times to remove nonadherent
cells. Cells were incubated for an additional 18 h and after centrifugation the
acellular supernatants were harvested and NOx was determined by flow injection
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analysis colorimetry at 540 nm, using the Griess reaction (Quick-Chem 8000,
Lachat Instruments, Milwaukee, WI) as described by Porter et al. (2002).

Lung Hydroxyproline

Mice were euthanized using sodium pentobarbital ip (>100 mg/kg) at 42d
postexposure. Lungs were removed en bloc, weighed, and snap frozen in
liquid nitrogen then frozen at —80°C for later analysis. Lung tissue was pro-
cessed to determine hydroxyproline content, according to previously described
methods (Kivirikko et al., 1967; Ma et al., 1999). Briefly, lungs were finely
minced and placed in individual capped glass test tubes with 1 ml of 6 NHCI.
Lungs were acid digested for 2d at 110°C. Samples were centrifuged (500 xg)
for 1 h, and the hydrolysate was neutralized to pH 7 using KOH and brought
to a final volume of 3.7 ml in deionized H,O. In capped glass test tubes, 0.3 ml
hydrolysate was added to 2.2 ml borate-alanine buffer (2:1 ratio of potassium
borate buffer [12.37 g boric acid and 45gKCI in 200 ml deionized H,O, pH
8.7] and alanine solution [10g alanine in 100ml deionized H,0O), pH 8.7]).
Saturating amounts of solid KCI were added to samples and hydroxyproline
standards (standard range 0-28 ug) followed by 0.6 ml of 0.2M chloramine T
(2.254 ¢ in 40 ml ethylene glycol monomethyl ether). After oxidation at room
temperature for 40 min, 2ml of 3.6 MNa,S,0, was used to stop oxidation.
After addition of 2.5ml toluene, samples were placed in a boiling water bath
for 30 min, then centrifuged (500 x g) for 10 min. The organic phase (1 ml) was
placed in glass tubes and 0.6 ml of Ehrlich’s reagent (1:1 ratio of [2.74ml of
10NH,SO, in 20ml of 200-proof ethyl alcohol] and [1.2g p-dimethylamino-
benzaldehyde in 20ml 200-proof ethyl alcohol]) was added followed by
immediate vortexing. After standing at room temperature for 40 min, samples
were read on a Shimadzu ultraviolet-visible (UV-VIS) recording spectrophoto-
meter (Shimadzu Scientific Instruments, Columbia, MD) at 560 nm against a
blank. Hydroxyproline content was quantitated from the standard curve
and expressed as total hydroxyproline per lung (ug hydroxyproline detected
multiplied by 11).

Lung Histopathology

Lung histopathology was performed as previously described (Hubbs et al.,
2002). Briefly, mice were weighed and euthanized with an intraperitoneal
injection of sodium pentobarbital (>100mg/kg). The abdominal aorta was
transected for exsanguination. The lungs were removed and weighed (lung
wet weight). Whole lungs were inflated with 1 ml of 10% neutral buffered for-
malin. Tissues were trimmed the same day, with sections of the right and left
lung lobes and the tracheobronchial lymph node, if found, also trimmed.
Tissues were processed overnight and embedded the following day in paraffin.
Slides were stained with hematoxylin and eosin (H&E). All slides were interpreted
blindly by a board-certified veterinary pathologist. Pathology scores for each
section were the sum of the distribution (O=none, 1=focal, 2=locally exten-
sive, 3=multifocal, 4=multifocal and coalescent, 5=diffuse) and severity
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scores (0=none, 1=minimal, 2=mild, 3=moderate, 4 =marked, 5=diffuse) as
previously described by Hubbs et al. (1997). The final pathology score was the
mean of the pathology scores from the left and right lung sections of each
mouse.

Statistical Analysis

Statistical significance was obtained using a Tukey’s test following analysis
of variance (ANOVA) with p<0.05. In the cases where cells were pooled from
multiple mice, the n is indicative of the number of individual experiments
and not the number of mice pooled (i.e., 2-3 mice pooled equaled an n=1).
For histopathology scoring, a Wilcoxon score (rank sums) nonparametric test
was used.

RESULTS

Bronchoalveolar Lavage Alveolar Macrophage Yield

Figure 1 shows the AM yield from WT and iNOS KO mice exposed to
silica at 24 h (panel A) and 42 d postexposure (panel B). There was a significant
decrease, from the respective control, in number of AMs harvested by broncho-
alveolar lavage at 24h postexposure. AM yield returned to control levels at
42 d postexposure. There was a significant difference between the WT and
iNOS KO silica-treated AM yield at 24 h but not 42 d postexposure. Note: No
differences were found between the WT and iNOS KO control AM yields at
24h or 42d after exposure to saline.

Bronchoalveolar Lavage Polymorphonuclear Leukocyte Yield

Figure 2 represents the PMN vyield from WT and iNOS KO mice 24h
(panel A) and 42d (panel B) postexposure. After exposure to silica, there was a
significant increase, from the respective control, in PMNs at 24 h for the WT
and iINOS KO. At 42d postexposure to silica, further increases in PMNs were
evident for the WT and iNOS KO mice. Note: No significant difference was
found between the WT and iNOS KO PMN counts at 24 h or 42d from either
control or silica-exposed mice.

First Bronchoalveolar Lavage Fluid Lactate Dehydrogenase

First BAL fluid LDH activity, a measure of cytotoxicity, is shown in Figure 3.
Panels A and B represent 24 h and 42d postexposure to silica, respectively.
LDH activity was significantly increased from the corresponding WT or iNOS
KO control at 24 h postexposure to silica. At 42d postexposure, silica-induced
cytotoxicity in the WT and iINOS KO mice remained significantly elevated
from the respective control. The iNOS KO mice, however, exhibited significantly
less silica-induced cytotoxicity as compared to WT mice. Note: No significant
difference was found between the WT and iNOS KO control levels at 24 h
or42d.
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FIGURE 1. Alveolar macrophage yield per mouse at (A) 24 h and (B) 42 d postexposure to silica or saline
vehicle. Letter a indicates a significant decrease from the corresponding control alveolar macrophage yield
at 24 h; b indicates a significant difference between the WT and iNOS KO groups (p <.05).
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FIGURE 2. Polymorphonuclear leukocyte yield per mouse at (A) 24 h and (B) 42 d postexposure to silica or
saline vehicle. Letter a indicates a significant increase from the corresponding control polymorphonuclear
leukocyte yield (p <.05).
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FIGURE 3. First bronchoalveolar lavage fluid lactate dehydrogenase activity at (A) 24 h and (B) 42 d post-
exposure to silica or saline vehicle. Letter a indicates a significant increase from the corresponding control
lactate dehydrogenase activity; b indicates a significant difference between the iINOS KO and WT treated
groups (p <.05).
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First Bronchoalveolar Lavage Fluid Albumin

An indicator of damage to the air-blood barrier is first BAL fluid albumin
concentration (Figure 4). Albumin was significantly increased by silica expo-
sure, to the same extent, in both WT and iNOS KO mice at 24 h postexposure
(panel A). By 42d postexposure, silica-induced air-blood barrier damage
decreased somewhat in both the WT and iNOS KO (panel B). Although values
remained significantly elevated from control, the INOS KO mice exhibited a
marked attenuation of air-blood barrier damage by 42 d postexposure in com-
parison to the WT. Note: No differences were found between the control
states at either 24 h or 42d. In addition, respective control levels did not differ
at either 24 h or 42d between the WT and iNOS KO mice.

Lung Wet Weight

Figure 5 represents the whole lung wet weight (indicative of pulmonary
edema, lipoproteinosis, and/or increased matrix proteins) at 42d after expo-
sure to silica. Greater pulmonary mass was found in the WT mice as shown by
a significant increase from control lung wet weight. In contrast, lung wet
weight did not change in response to silica exposure in the INOS KO mice.

First Bronchoalveolar Lavage Fluid Tumor Necrosis Factor-a

Concentrations of the inflammatory cytokine TNF-a were significantly
increased from control levels in the WT and iNOS KO mice at 24 h after silica
exposure (Figure 6A). By 42d after silica exposure (Figure 6B), TNF-a levels
had decreased when analyzed as a percent of control (data not shown). How-
ever, silica-induced TNF-a levels at 42d postexposure remained significantly
elevated from control in the WT but not in the iINOS KO mice, and TNF-a
levels of INOS KO mice were significantly lower than for WT at this time.
Note: Control levels of TNF-a did not differ between the WT and iNOS KO
mice at either timepoint.

First Bronchoalveolar Lavage Fluid Macrophage Inflammatory Protein-2

At 24 h postexposure to silica, MIP-2 levels in BAL fluid were significantly
increased for both the WT and iNOS KO mice with no significant difference
between the WT and iNOS KO mice at this time (Figure 7A). At 42d post-
exposure to silica, levels of MIP-2 in the first BAL remained significantly
elevated from the respective controls and again did not differ between the WT
and iINOS KO (Figure 7B) mice. Note: Control levels of MIP-2 did not differ
between the WT and iNOS KO at 24 h or 42d. From 24 h to 42d postexpo-
sure to silica, levels of MIP-2 did not significantly change in the WT mice,
however, levels significantly decreased in the INOS KO mice.

First Bronchoalveolar Lavage Fluid Total Antioxidant Capacity

The total antioxidant capacity is represented in Figure 8 for the 24-h
(panel A) and 42-d (panel B) timepoints. At 24h and 42d postexposure to
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FIGURE 4. First bronchoalveolar lavage fluid albumin at (A) 24 h and (B) 42 d postexposure to silica or
saline vehicle. Letter a indicates a significant increase from the corresponding control albumin levels; b indi-
cates a significant difference between the INOS KO and WT treated groups; asterisk indicates a significant
decrease between the 24-h and 42-d corresponding treated groups (p < .05).
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FIGURE 5. Lung wet weight at 42 d postexposure to silica or saline vehicle. Letter a indicates a significant
increase from the WT control (p < .05).

silica, levels of antioxidants were significantly decreased in the WT but were
maintained in the iINOS KO mice. Note: Control total antioxidant capacity at
24 h or 42d did not differ between the WT and iNOS KO mice.

Basal NOx Production by WT Alveolar Macrophages Ex Vivo: Nitrate

(NO;7) and Nitrite (NO,"7)

At 42d postexposure, silica-exposed WT AMs had increased basally
produced NOx concentrations, approximately five fold over the control AMs
(data not shown). AMs harvested from WT mice 24 h postexposure to silica did
not exhibit a change in basal NOx production compared to saline control (data
not shown). It was shown previously that phagocytes from iNOS KO mice do
not produce NO in response to various stimulants (Zeidler et al., 2003).

Primary Mouse Alveolar Macrophage Zymosan-Stimulated
Chemiluminescence

The reactive species production of the iINOS KO AMs, previously exposed
to silica in vivo, was significantly less than for the WT upon ex vivo stimulation
with zymosan at 24 h and 42 d postexposure (Figure 9). At 24 h postexposure,
the WT AMs exhibited approximately a 2.5-fold higher zymosan-stimulated
AM-CL compared to the INOS KO AMs (Figure 9A). At 42d postexposure,
levels of AM-CL decreased in both types of mice but were still significantly
elevated from the respective controls (WT AMs exhibited approximately a two
fold higher AM-CL compared to iINOS KO AMs) (Figure 9B). Note: Control
AM-CL did not differ at either time point between the WT and iNOS KO mice.
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FIGURE 6. First bronchoalveolar lavage fluid TNF-a at (A) 24 h and (B) 42 d postexposure to silica or saline
vehicle. Letter a indicates a significant increase from the corresponding control TNF-a levels; b indicates a
significant difference between the iNOS KO and WT treated groups (p< .05).
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FIGURE 7. First bronchoalveolar lavage fluid MIP-2 at (A) 24 h and (B) 42 d postexposure to silica or saline
vehicle. Letter a indicates a significant increase from the corresponding control MIP-2 levels; asterisk indi-
cates a significant decrease at 42 d compared to 24 h postexposure to silica (p< .05).



1016

1.4

1.2 1

1.0 1

0.8

0.6 1

mM Uric Acid Equivalents

0.4 1

0.2 -

0.0

P. C. ZEIDLER ET AL.

[ ] wTn>se
iINOS KO n>7

Y

1.6 -

1.4

1.2 1

1.0 1

0.8 A

0.6

mM Uric Acid Equivalents

0.4 1

0.2 |

Control Silica

[ ] wrn>s
iINOS KO n>4

- T

0.0

Control Silica
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antioxidant capacity (p < .05).
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cence; b indicates a significant difference between the iNOS KO and WT treated groups at 24 h or 42 d; aster-
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First Bronchoalveolar Lavage Fluid Transforming Growth Factor-1

At 42d post silica exposure, TGF-31 levels in the first BAL fluid were signi-
ficantly increased from control for both the WT and iNOS KO mice (Figure 10).
However, no difference was noted between the WT and iNOS KO mice.
Note: Control levels of TGF-B1 did not differ between the WT and iNOS KO
mice at 42 d postexposure.

Whole-Lung Hydroxyproline

Lung hydroxyproline content was assessed to determine pulmonary fibro-
sis at 42d postexposure to silica in the WT and iNOS KO mice (Figure 11). It
was found that the WT mice exhibited significant pulmonary fibrosis
compared to control (approximately 26% over control), while the iINOS KO
mice did not (approximately 3% over control). The fibrotic response of the WT
mice was significantly greater than the iNOS KO mice.

Lung Histopathology

Table 1 represents the histopathology scores for the WT and iNOS KO
mice at 42 d postexposure to silica. Representative lung tissue sections, stained
with H&E, are shown in Figure 12. Silica exposure increased histological evi-
dence for alveolitis and lipoproteinosis from saline control levels for both WT
and iINOS KO mice. Statistically significant differences were found between
the WT and iNOS KO mice for the severity and distribution of alveolitis and
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FIGURE 10. First bronchoalveolar lavage fluid TGF-3 levels at 42 d postexposure to silica or saline vehicle.
Letter a indicates a significant increase from the corresponding control TGF-f3 levels (p < .05).
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FIGURE 11. Lung hydroxyproline content at 42 d postexposure to silica or saline vehicle. Data are pre-
sented as percent of control (dashed line represents 100%). Letter a indicates a significant increase in fibro-
sis from the corresponding control; b indicates a significant difference between the iINOS KO and WT
treated groups (p < .05).

TABLE 1. Histopathology Scores at 42 d Post Silica Exposure

Control WT iNOS KO
Alveolitis 0 4.8+0.3% 2.3+0%°
Lipoproteinosis 0 4.7+0.46% 1.9+0%°

Note. Values represent the sum of the lesion severity and distribution
scores and are means = SE (n=> 3). Histologic scores for both WT and iNOS
KO control mice were 0 for both alveolitis and lipoproteinosis.

2 Significant difference from the corresponding control.

b Significant difference between the WT and iNOS KO mice (p < 0.05).

lipoproteinosis; that is, silica exposure resulted in approximately 50% less alveolitis
and lipoproteinosis in the INOS KO mice compared to the WT mice after 42d.

DISCUSSION

The objective of this study focused on NO derived from iNOS and its
role in the acute and subchronic response to silica in iINOS KO and WT
(C57Bl/6J—Dbackground strain) mice. It was observed that iNOS KO mice
exhibited lower AM-CL and a maintained total antioxidant capacity compared
to WT mice at 24 h postexposure to silica. At 42d post silica exposure, iNOS
KO mice exhibited less pulmonary damage, oxidative stress (lower AM-CL and
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FIGURE 12. Photomicrograph of (A) control lung, (B) WT silica-exposed lung, and (C) iNOS KO silica-
exposed lung at 42 d postexposure. Alveolitis (A) and lipoproteinosis (L) are evident in the silica-exposed
lungs as indicated. Neither alveolitis nor lipoproteinosis was seen in any control lungs from either WT or

iNOS KO mice.

maintained antioxidant capacity), and TNF-a production than WT mice. In
addition, markers of lung fibrosis and histopathological scores for alveolitis and
lipoproteinosis revealed an attenuated subchronic response to silica in the
INOS KO mice, suggesting iNOS-derived NO assumes a deleterious role in this

experimental model.

Following acute exposure to silica, AM yield in the INOS KO mice differed
significantly from the WT mice. It has been reported that lavageable AMs may
decrease following acute exposure to certain occupational dusts due to AM
activation and increased adherence to the alveolar wall (Castranova et al.,
1987hb). Therefore, the stronger adherence to the alveolus makes recovery by
BAL difficult, resulting in a lower yield, implying a higher AM activation status
(Castranova et al., 1987b). The present study observed higher lavageable AMs
in the INOS KO mice, compared to the WT mice, 24 h after silica exposure. By
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42d post silica exposure, AMs harvested from the WT and iNOS KO mice
returned to control levels and these yields (control or treated) were not differ-
ent between the two types of mice. Histologically, increased rather than
decreased numbers of phagocytic cells (including AMs) were evident in the
alveolar space of both the WT and iNOS KO lungs 42d postexposure versus
control lungs. Thus, BAL recovery only serves as an approximate indicator of
the in vivo situation and should not be considered solely.

As mentioned earlier, the AM vyield data implied a lower silica-induced
activation status of the INOS KO AMs. This was further supported by a
decreased zymosan stimulated AM-CL for iNOS KO mice compared to the
WT AMs at both 24 h and 42 d postexposure to silica. Furthermore, total anti-
oxidant capacity in the first BAL, a nonspecific measure of antioxidants from all
pulmonary cell types, was maintained after silica exposure in the iNOS KO but
significantly decreased from control in silica-exposed WT mice at both time
points. Considered together, lower AM-CL and maintenance of total antioxi-
dant capacity indicate a lower silica-induced lung oxidant burden in the INOS
KO mice.

The data show that the absence of iINOS-derived NO did not affect the
levels of the TNF-a and MIP-2 in the first BAL fluid following acute silica expo-
sure; that is, both the WT and iNOS KO mice had equally elevated levels of
these inflammatory mediators versus the respective control. At 42d postexpo-
sure to silica, however, TNF-a remained elevated versus control in the WT but
not in the INOS KO mice. It has been reported that silica-induced reactive
species, including NO, may regulate TNF-a gene expression, possibly through
the transcription factor NF-kB (Baeuerle, 1991; DeForge et al., 1993; Gossart
et al., 1996; Rojanasakul et al., 1997; Savici et al., 1994). TNF-a is an impor-
tant proinflammatory cytokine that has been implicated in the initiation and
progression of pulmonary fibrosis (Piguet & Vesin, 1994). The present study
supports the notion that silica-induced oxidant stress may influence NF-kB
activation and subsequent TNF-a production, and that NO plays a role in this
oxidant stress.

PMNs were increased equally by exposure to silica in both the WT and
INOS KO mice after 24 h. Silica-induced PMNSs further increased by 42d. This
correlates with the equally elevated MIP-2 levels in WT and iNOS KO mice
exposed to silica. Evidence does exist that NO attenuates leukocyte adhesion
and recruitment into the lung in certain models of lung inflammation (Gaston
et al., 1994; Hickey & Kubes, 1997; Lin et al., 2001; Sato et al., 1999). How-
ever, no marked difference in PMN infiltration in INOS KO mice was observed
in this experimental model.

Markers of lung injury and blood-air barrier damage, measured as LDH
activity and albumin concentration, respectively, were comparably increased
in the WT and iNOS KO mice 24 h after silica exposure. By 42d, these mark-
ers were attenuated in the iNOS KO mice versus the WT but remained ele-
vated above the respective control. In addition, lung wet weight, at 42d
postexposure to silica, was elevated in the WT but not in the iNOS KO. These
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data suggest that the absence of NO derived from INOS appears to exert a
beneficial role, in terms of lung injury, which is more evident in the subchronic
model than the acute model of silica exposure.

The subchronic inflammatory phase was also evaluated via histopathology
(Figure 12 and Table 1). The lung sections and pathology scores noted signifi-
cant attenuation of alveolitis and lipoproteinosis, that is, inflammatory cell infil-
tration into the alveoli and increased production of phospholipids and
surfactant proteins by alveolar Type Il epithelial cells, respectively, in the INOS
KO versus the WT mice 42d after silica exposure. The BAL data showed no
differences in cell yields between the WT and iNOS KO mice at 42d postex-
posure. As mentioned, BAL recovery of activated phagocytes is often difficult;
therefore, histopathological analysis may be a more adequate determinant of
the extent of the alveolitis. The histopathology data complemented the other
parameters measured that revealed less injury and damage in the iINOS KO
mice in the subchronic phase of the response to silica.

Whole-lung hydroxyproline analysis for pulmonary fibrosis showed a statis-
tically significant difference existed between the WT and iNOS KO mice, with
the silica-induced fibrotic response being significantly greater than control only
in WT mice. This decreased fibrotic response in iNOS KO mice in response to
silica exposure correlates with lower inflammation and damage and less AM
activation in iNOS KO mice 42 d postexposure.

Both animal and human data support a detrimental role for NO in silica-
induced lung injury and disease as mentioned previously (Blackford et al.,
1994; Kang et al., 2000; Porter et al., 2002; Castranova et al., 1998). The
present data agree with those reported by Porter et al. (2002), which indicated
a temporal and anatomical relationship between iNOS induction and pulmo-
nary response to silica and suggested that iINOS-derived NO is involved in the
progression of silica-induced lung disease. A mouse silica inhalation study
(250 mg/m?, 5h/d for 10 d) by Srivastava et al. (2002) also correlates with the
present findings. However, Srivastava and colleagues noted that at 1, 6, and
12wk after exposure, silica did not induce significant pulmonary inflammation
in the iINOS KO mice. These data do not agree with the present report, where
at 24 h marked lung inflammation was observed that was comparable between
the WT and iNOS KO mice, and this inflammation remained elevated above
control, but less so in INOS KO mice, at 42d postexposure. It is likely this may
be due to differences such as, exposure dose and method (aspiration [40 mg/
kg] vs. inhalation [250 mg/m?]), analysis (BAL parameters and histopathology
vs. histopathology alone), and time points (24h and 42d vs. 1, 6, and 12 wk)
between the present study and Srivastava et al. (2002). In general, however,
both studies conclude that absence of iNOS-derived NO reduces the pulmo-
nary response to silica.

In contrast to the present data, it has been reported that the absence of
NO from iNOS enhances pulmonary inflammation in response to various stim-
uli. For example, asbestos instillation in iINOS KO mice resulted in attenuated
oxidant-promoted lung tissue damage, but inflammatory parameters, such as



ROLE OF iNOS IN SILICOSIS 1023

TNF-a production and neutrophil influx, were increased in the iINOS KO
versus the WT (Dorger et al., 2002). NO, in acute lung injury induced by
ozone, has been associated with both enhanced damage and protection in
studies using iINOS KO mice (Fakhrzadeh et al., 2002; Kenyon et al., 2002).
Furthermore, hyperoxia-induced acute lung injury is increased in the absence
of iINOS (Kobayashi et al., 2001). Susceptibility to certain microbial pathogens
has also been reported in INOS KO mice, including respiratory challenge with
Bordetella pertussis (Canthaboo et al., 2002).

In summary, the role of NO in the acute response to silica centered on the
oxidant status of the lung. Due to the absence of INOS, the formation OONO™
is limited, thus possibly accounting for the majority of the decreased lung oxi-
dant burden. The silica-induced lung response in the longer term was signifi-
cantly less in the INOS KO mice, but some evidence of pulmonary damage
and inflammation was still noted in these animals. This suggests that NO
derived from iNOS contributes to the pathogenesis of silica-induced lung dis-
ease in the mouse model but does not account for all of the lung pathology.
Perhaps contributions from other inflammatory mediators or reactive species
produced by cells or silica particles directly account for the injury and damage
still observed in the INOS KO mice. TNF-a has been proposed as an important
initiator of the inflammatory and fibrotic response of the lung to silica exposure
(Driscoll & Guthrie, 1997). Indeed, treatment of mice with TNF-a antibody
has been reported to be protective against silica-induced pulmonary fibrosis
(Piguet et al., 1990). Recently, Srivastava et al. (2002) suggested that inter-
leukin-1 beta (IL-1[) was a key mediator of silica-induced pulmonary response.
They reported that silica-induced INOS expression, apoptosis, and histopatho-
logical evidence of inflammatory lesions were significantly lower in IL-1(3
knockout mice compared to wild-type mice. However, neither TNF-a or IL-1[3
appears to the sole driver of pulmonary responses to silica, since Castranova
etal. (2002) noted that most markers of silica-induced pulmonary damage,
inflammation, and fibrosis appear to precede a marked increase in TNF-a or IL-
1B levels in the bronchoalveolar lavage fluid in a rat inhalation model. It is likely
that the pulmonary response to silica is complex and is affected by interplay of
multiple oxidants, chemokines, and cytokines (Castranova, 2000).
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