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Inducible Nitric Oxide Synthase mRNA Expression and Nitric Oxide
Production in Silica-Induced Acute Inflammatory Lung Injury
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Stimulated alveolar macrophages and neutrophils produce nitric oxide, a free radical by an inducible
nitric oxide synthase(iNOS), which reacts with superoxide anion to form peroxynitrite, a more highly
reactive toxic species. The objectives of the present study were to evaluate acute inflammatory lung injury
and to determine iNOS mRNA induction and nitric oxide production by rat broncho-alveolar lavage cells
following intratracheal treatment of silica. After 4 h exposure to silica, differential counts of broncho-
alveolar lavage cells and lactate dehydrogenase(LDH) activity as well as total protein in the broncho-al-
veolar lavage fluid were determined. Broncho-alveolar lavage cells were also assayed for iNOS mRNA
and the productions of nitrite and nitrate measured in the cells cultured. Differential analysis of bron-
cho-alveolar lavage cells showed that the number of alveolar macrophages slightly decreased following
silica treatment; however, red blood cells, lymphocytes, and neutrophils significantly were increased by
9-, 14-, and 119-fold following silica treatment, respectively, compared with the saline control. It was
also found significant increases in the LDH activity and total protein in the lavage fluid obtained from
silica-treated rats, indicating silica-induced acute lung injury. Northern blot analysis demonstrated that the
steady state levels of iNOS mRNA in broncho-alveolar lavage cells were increased following silica
treatment. The productions of nitrite and nitrate in the cultured cells were significantly increased by 2-fold
following silica treatment, respectively, which were attenuated by the NOS inhibitor N  -nitro-L-ar-
ginine-methyl ester(L-NAME) and partially reversed by L-arginine. These findings suggest that nitric oxide
production in alveolar macrophages and recruited neutrophils is increased in response to silica. Nitric oxide

may contribute in part to acute inflammatory lung injury.
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INTRODUCTION

Interstitial lung disease caused by exposure to sil-
ica is the consequence of damage to lung cells and
the resulting lung scarring associated with activation
of the fibrotic process. Several mechanisms for the
development of silicosis have been proposed: first,
direct tissue damage by silicon-based radicals on the
surface of silica (Fubini, 1987; Vallyathan et al, 1988);
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second, stimulation of alveolar macrophages by silica
to release oxidants or enzymes which cause lung
damage (deShazo, 1982; Heppleston, 1982; Davis,
1986); third, stimulation of alveolar macrophages to
secrete inflammatory factors which recruit and
activate polymorphonuclear neutrophils causing
further lung damage (Futone & Ward, 1982; Martin
et al, 1972); fourth, stimulation of alveolar macro-
phages to secrete factors which induce fibroblast
proliferation and stimulate collagen synthesis (Sch-
midt et al, 1984; Prostlethwaite et al, 1984; Goldring
& Krane, 1986; Bronson et al, 1987). However, the
molecular mechanisms by which silica causes lung
disease are not known.

Several studies have shown that inducible nitric
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oxide synthase (iNOS) mRNA expression, protein,
and nitirc oxide (NO - ) production can be induced
in alveolar macrophages and polymorphonuclear
neutrophils by specific stimuli. For instance, iNOS
mRNA expression in murine macrophages is
increased by interferony (INFy ) and lipopolysac-
charide (Lyons et al, 1992). Jorens et al(1992)
demonstrated that nitrite production in IFNy
-stimulated alveolar macrophages was enhanced by
granulocyte macrophages-colony- stimulating factor
(GM-CSF) and muramyl dipeptide, a constituent of
the bacterial cell wall. Neutrophils have also been
shown to produce nitric oxide in response to LPS
(Yui et al, 1991). Not only inflammatory cells,
structural cells such as airway epithelial cells
(Munakata et al, 1990) and lung fibroblasts (Jorens
et al, 1992;) are but also capable of a source of iNOS
dependent-nitric oxide following exposure to
cytokines such as TNFo and IFN y.

Nitric oxide production in small amounts locally by
constitutive NOS (cNOS) activation may be beneficial
in relaxing airway smooth muscle in airway, but
much higher concentrations of nitric oxide from
iNOS may have deleterious effects on the airway and
lung parenchyma. High concentrations of nitric oxide
contributed to the epithelial shedding observed in
asthmatic patients (Radomski et al, 1990). N @ -ni-
tro-L-arginine methylester (L-NAME), NOS specific
inhibitor, protected rats against lung injury induced
by injection of immune complex and suppressed the
rise in nitrite levels in broncho-alveolar lavage fluid
of these animals (Mulligan et al, 1991), providing
further evidence for the involvement of nitric oxide
in this process.

Recent evidence suggests that alveolar macroph-
ages- and neutrophils-derived nitrogen free radicals
may have important roles in mediating cytotoxicity
through damping DNA and inhibiting the mitochon-
drial respiratory cycle (Stuehr & Nathan, 1989; Wink
et al, 1993). Nitric oxide may also combine with su-
peroxide anion to produce an even more cytotoxic
molecule, peroxynitrite (ONOO-)(Koppenol et al,
1992) which is a long-lived, reactive oxidant that
contributes to inflammatory tissue damage.

Since damage to the lung parenchyma may result
from silica-induced activation of pulmonary phago-
cytes to release reactive species that in turn, injure
lung cells, it is hypothesized that silica may induce
iNOS mRNA expression and increase nitirc oxide in
these cells. In the present study, this hypothesis was

tested by evaluating acute inflammatory lung injury
following exposure to silica and measuring iNOS
mRNA expression and nitric oxide production in
broncho-alveolar lavage cells.

METHODS
Experimental design

The experimental design consisted of two groups
of rats (specific pathogen-free male Sprague-Dawley
rats weighing 260~290 g): (1) a control group that
received an intratracheal treatment of 1 ml of LPS-free
saline (0.9% NaCl); (2) a silica-treated group that
received an intratracheal treatment of 5 mg silica
(Crystalline Min-U-Sil; U.S. Silica Corp.; 98% of the
quarts <5 pgm in diameter) in 1 ml LPS-free saline.

Intratracheal instillation

Rats were anesthetized with intraperitoneal injec-
tions of 0.5 ml of a 1% solution of sodium metho-
hexital. Once the rats were anesthetized, rats were
intratracheally instilled with saline or silica using
20-gauge, 4-inch ball-tip animal feeding needle (Brain
et al, 1976).

Isolation of broncho-alveolar lavage cells and cell
counts

4 h after treatment, the rats were anesthetized with
0.2 g/kg body weight of sodium pentobarbital. The
trachea was then cannulated and the lungs were
lavaged 10 times with 8 ml aliquots of Ca™ ", Mg* ™"
-free Hanks balanced salt solution (145 mM NaCl, 5
mM KCl, 1.9 mM NaH,PO,, and 5.5 mM dextrose;
pH=7.4). The broncho-alveolar lavagage was centri-
fuged (500X g for 5 min), and the broncho-alveolar
cells were washed and resuspended in Hepes-buf-
fered solution (145 mM NaCl, 5 mM KCl, 10 mM
Hepes, 5.5 mM dextrose, and 1.0 mM CaCl;
pH=7.4). Cell counts and differentials were deter-
mined using an electronic coulter counter with a cell
sizing analyzer (Coulter Model ZBIwith a channelizer
256; Coulter Electronics, FL, USA) as described by
Lane and Mehta (1990). Red blood cells (RBC), lym-
phocytes, polymorphonuclear neutrophils, and alve-
olar macrophages were distinguished by their char-
acteristic cell volumes (Castranova et al, 1990).
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Lactate dehydrogenase (LDH) activity and total pro-
tein measurement

The LDH activity and total protein were measured
in the first aliquot of the acellular broncho-alveolar
lavage fluid. The activity of LDH, a cytosolic enzyme
used as a marker for cytotoxicity, was measured by
the method of Cabaud & Wroblewski (1958). Using
bovine serum albumin as the standard, the measure-
ment of total protein was performed according to the
method of Hartreea (1972) to assess the permeability
of the bronchoalveolar-capillary barrier.

Total RNA isolation and northern blot analysis

The broncho-alveolar lavage cells from individual
rats were centrifuged (500X g for 10 min). Total
cellular RNA was extracted by a modification of the
acidic guanidinium thiocyanate-phenol-chloroform me-
thod (Chomczynski & Sacchi, 1987). The RNA pellet
was vacuum-dried for 0.5 h and resuspended in 0.5%
sodium dodecyl sulfate (SDS). The RNA was quanti-
fied in a spectrophotometer at 260 nm. Total cellular
RNA (20 pg) was diluted in loading buffer (N-mor-
pholinopropane-sulfonic acid [MOPS], 40% forma-
mide, and 15% formaldehyde). The RNA was electro-
phoresed on a 5.6% formaldehyde denaturing 1%
agarose gel. The RNA was vacuum-transferred onto
a Nytran membrane. The membrane was washed with
2 X SSC, dried at 65°C, and then UV crosslinked. The
membrane was gehybridized at 68°C for 30 min with
5 ml Quickhyb™ hybridization buffer plus 200 gl of
10 mg/ml herring sperm DNA boiled for 10 min.
Subsequently, the *P- ¢ -dCTP labeled murine ma-
crophage iNOS ssDNA probe (5x 10 cpm) was
added, and the hybridization was performed for 1 h
at 68°C. The membrane was washed at low strin-
gency 3 times with 50 ml of 2 XSSC, 0.1% SDS at
room temperature; washed again at high stringency for
30 min with 50 ml of 0.2XSSC, 0.1% SDS at 60°C;
and finally apposed to Kodak X-ray film at —70°C.

Nitrite and nitrate assay in cultured broncho-al-
veolar lavage cells

Broncho-alveolar lavage cells were suspended in
MEM (medium essential medium) with 10% fetal
bovine serum, 2 mM glutamine, 100 u/ml penicillin,
and 100 pg/ml streptomycin at a final concentration
of 1x10° alveolar macrophages/ml. From cell sus-

pension, 1 ml aliquots were added to 24 well plates
(Castar, MA, USA) and incubated for 2 h at 37°C
in a humidified atmosphere of 5% CO,. The
nonadherent cells were then removed with two 1 ml
washes of the frech MEM. The adherent cells were
further incubated in 1 ml of the MEM in the presence
or absence L-NAME (1 mM), L-NAME (1 mM)+
L-arginine (10 mM). After incubating for 24 h, the
cell cultures were centrifuged at 500 g for 15 min
and the supernates frozen at —70°C until they were
assayed.

Nitrite was assayed after adding 100 yl Griess re-
agent (1% sulfanilamide and 0.1% naphthylethylene-
diamide in 5% phosphoric acid) to 50 yl samples of
cell culture. Optical density at 550 nm (ODssp) was
measured using a microplate reader. Nitrite concen-
trations were calculated by comparison with ODsso of
standard solutions of sodium nitrite prepared in cell
culture medium and presented as nmole/mg protein.
To measure total nitrate (nitrite plus nitrate), nitrate
in the samples was first reduced to nitrite with nitrate
reductase, and the nitrite reaction was then deter-
mined with Greiss reagent.

Statistical analysis

Data were expressed as means *standard etrors of

75 OTOTAL

SAM
@ RBC

0 LYM

7 ®PMN

O 50

L)

©

]

c

]

= 25

E IL@‘

o

SALINE SILICA

Fig. 1. Cell counts and differentials in broncho-alveolar
lavage cells. The lavage cells were obtained 4 h after
intratracheal treatment of saline (1 ml saline) or silica (5
mg in 1 ml saline). Using an electronic coulter counter
with a cell sizing analyzer, total cells (TOTAL) were
counted and alveolar macrophages (AM), red blood cells
(RBC), lymphocytes (LYM), and polymorphonuclear
neutrophils (PMN) distinguished by their characteristic
cell volumes. Values represent means+ SEM (n=4).
*p<0.05 for significant difference compared with the
saline control.
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separate experiments. Statistical significance was de-
termined using a Student t-test with significance set
at p<0.05.

RESULTS

The number of total cells isolated in broncho-al-
veolar lavage fluid was significantly increased by
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3-fold in the silica-treated rats compared with sa-
line-treated rats (p<0.05)(Fig. 1). In addition,
differential analysis of these cells showed that the
number of RBC, lymphocytes and polymorphonuclear
neutrophils were also significantly increased by .9-,
14, and 119-fold in the silica-treated group, respec-
tively, above the level of saline control (p<0.05). In
contrast, the number of alveolar macrophages harvest-
ed by lavage slightly declined after exposure to silica
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Fig. 2. The activity of LDH (A) and total protein (B) present in broncho-alveolar
lavage fluid. Broncho- alveolar lavage fluid was recovered from the lungs 4 h after
the intratracheal treatment of saline (1 ml saline) or silica (5 mg in 1 ml saline).
Values represent means -+ SEM (n=4). *p<0.05 for significant difference compared

with the saline control.
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Fig. 3. Northern analysis in broncho-alveolar lavage cells showing autoradiographs
of blots probed with murine macrophage iNOS ssDNA probe (A) and methylene
blue staining of the rRNA (B). Intratracheal treatment groups include the following:
saline (1 ml saline; 1 lane) and silica (5 mg in 1 ml saline; 2 lane).
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below the the saline control.

The LDH activity and total protein in the lavage
fluid were measured to evaluate acute lung injury
following a 4 h exposure to silica. As shown Fig. 2,
the LDH activity and total protein were significantly

increased by 3- and 4-fold in silica-treated group,
respectively, compared with the saline control (p <0.05).

Fig. 3 shows a Northern blot demonstrating an
increased iNOS-specific mRNA expression after sili-
ca treatment, indicating up-regulation of iNOS mRNA
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Fig. 4. The productions of nitrite (A) and total nitrate (B) in broncho-alveolar
lavage cells cultured for 24 h. Rats were given an intratracheal treatment of saline
(1 ml saline) or silica (5 mg in 1 ml saline). After a 4 h exposure, broncho-alveolar
lavage cells including alveolar macrophages (1 X 10%/ml) were incubated for 24 h
and the supernates assayed for the presences of nitrite and nitrate as described in
“Materials and Methods.” Values represent means+SEM (n=4). * p<0.05 for
significant difference compared with the saline control.
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Fig. 5. The productions of nitrite (A) and total nitrate (B) in broncho-alveolar
lavage cells cultured for 24 h. Rats were given an intratracheal treatment of saline
(1 ml saline) or silica (5 mg in 1 ml saline). After a 4 h exposure, broncho-alveolar
lavage cells including alveolar macrophages (1 X 10°/ml) were incubated for 24 h
in the presence or absence of L-NAME (1 mM), L-NAME (1 mM) -+ L-arginine
(10 mM) and the supernates assayed for the presence of nitrite and nitrate as
described in “Materials and Methods.” Values represent means +SEM (n=4). * p<
0.05 for significant difference compared with the silica vehicle and ¥ p<0.05 for
significant difference compared with the saline vehicle.
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steady state levels in broncho-alveolar lavage cells.
Nitrite and nitrate which are oxidation end products
of nitric oxide, were measured in broncho-alveolar
lavage cells cultured after exposure to saline or silica.
Silica treatment significantly increased nitrite as well
as total nitrate by 2-fold above the levels of saline
control (p<0.05)(Fig. 4). These silica-induced pro-
ductions were completely inhibited by iNOS inhibitor,
L-NAME, and furthermore, addition of L-arginine to
the culture with L-NAME partially reversed L-
NAME-induced suppression of nitrite and total ni-
trate, indicating L-arginine-dependent productions of
nitrite and nitrate in the lavage cells (Fig. 5).

DISCUSSION

The results show that intratracheal treatment of
silica caused increases in the number of RBC, lym-
phocytes, and polymorphonuclear neutrophils harves-
ted by lavage. These findings are consistent with an
inflammatory injury to the respiratory air-blood bar-
rier (Beck et al, 1982). However, there was a de-
crease in the number of alveolar macrophages
obtained by broncho-alveolar lavage in silica-treated
rats, since activated macrophages after exposure to
silica may adhere more tightly to the air ways and
be more difficult to remove by broncho-alveolar
lavage (Willoughby et at, 1986). It was also found
that the LDH activity and total protein were
significantly increased in broncho-alveolar lavage
fluid obtained from silica-treated rats, indicating
silica-induced damage to the lung parenchyma and
the alveolar-capillary barrier.

An increase in iNOS mRNA steady-state levels in
the lavage cells including mainly alveolar macroph-
ages and polymorphonuclear neutrophils was found.
Furthermore, the productions of nitrite and nitrate in
these 24 h cultured cells were significantly increased
and this pathway was L-arginine dependent. The par-
allel increases in the parameters indicating inflam-
matory lung injury and nitric oxide production sug-
gests that a relationship may exist between inflam-
matory lung injury and nitric oxide production. Nitric
oxide has been implicated in the inflammatory
response following exposure to specific stimuli. For
instance, the production of iNOS protein as well as
nitric oxide by alveolar macrophages have been
shown following the inhalation of the pulmonary
irritant ozone (Pendino et al, 1993). Mulligan et al

(1991) demonstrated that immune complex-induced
lung injury was protected by the presence of L-argi-
nine analogue, N°-monomethyl-L-arginine (N-MeARG).
They also observed increases in the productions of
nitrite and nitrate in broncho-alveolar lavage fluid
from animals undergoing immune complex deposition
in lung. Nitrite production from activated alveolar
macrophages following intratracheal treatment of
bleomycin has been also reported by Huot & Hacker
(1990). L-arginine analogue, N°- monomethylargi-
nine (NMA) suppressed either DNA synthesis inhi-
bition or aconitase activity reduction induced in alve-
olar macrophages from bleomycin-treated rats. Corti-
costeroids have been exhibited to potently inhibit the
expression of iNOS and nitric oxide production (Di
Rosa et al, 1990), suggesting part of the anti-inflam-
matory and immunosuppressive actions of glucocor-
ticoids due to their inhibition of the induction of
iNOS.

In conclusion, this study has been shown that intra-
tracheal treatment of silica induces iNOS mRNA
expression and results in nitric oxide production in
alveolar macrophags and polymorphonuclear neutro-
phils. Nitric oxide as a reactive free radical may con-
tribute in part to acute inflammatory lung injury.
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