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=ABSTRACT =

Alveolar macrophages play a pivotal role in the pathogenesis of silicosis since the macrophages
may release a wide variety of toxic and inflammatory mediators as well as mitogenic growth factors.
In the present study, the effects of in vitro exposure to silica on release of various mediators such
as reactive oxygen species, platelet activating factor(PAF), and interleukin-1 (IL-1) by alveolar
macrophages were examined. First, hydrogen peroxide release from alveolar macrophages was
monitored by measuring the change in fluorescence of scopoletin in the absence or presence of graded
concentration of silica. Significantly enhanced release of hydrogen peroxide was observed at 0.5 mg/ml
and above. A maximal enhancement of 10 fold above control was observed at 5 mg/ml silica. Similarly,
in vitro exposure to silica also significantly stimulated the generation of chemiluminescence from
alveolar macrophages at 0.5 mg/ml and above with a maximal enhancement of 8 fold at 5§ mg/ml
silica. Second, PAF release from alveolar macrophages after 30 min incubation at 37T in absence
or presence of zymosan and silica was determined by measuring *H-serotonin release ability of the
conditioned macrophage supernates from platelets. 5§ mg/ml zymosan as a positive control for the
PAF assay increased PAF release by 19 % of total serotonin release. Furthermore, silica also resulted
in significant enhancement of the PAF release compared with that in unstimulated (control) cells,
i.e,, 17.715.8% and 24.0+4.9% of total serotonin release at 5 mg/ml and 10 mg/m! silica, respectively,
which represents the release of nanomole levels of PAF. Lastly, IL-1 production by alveolar
macrophages was analysed following their stimulation with lipopolysaccharide (LPS) and silica by
their capacity to stimulate thymocyte proliferation. 10 gg/mi LPS resulted in an 11 fold increase in
IL-1 production. In comparison, 50 pg/ml silica resulted in a 4 fold increase in TL-1 release. These
data indicate that in vitro exposure of alveolar macrophages to silica activates the release of various
bioactive mediators such as reactive oxygen species, PAF and IL-1 which thus contribute to
amplification of inflammatory reactions and regulation of fibrotic responses by the lung after
inhalation of silica.
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Interleukin-1
disease caused by inhalation and deposition of dust
containing silicon dioxide or silica (8i02) in
INTRODUCTION various forms. Several mechanisms for the devel-
opment of silicosis have been proposed. One of
Silicosis is an inflammatory and fibrotic lung these involves direct tissue damage by silica.
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Recently, the presence of silicon-based radicals on
the surface of freshly ground silica particles has
been demonstrated and these silicon-based radicals
resulted directly in lipid peroxidation and
membrane damage to lung cells (Farber, 1982;
Maridonneau et al, 1982; Vallyathan et al, 1988).

Another proposed mechanism for the develop-
ment of silicosis suggests that interactions between
silica and alveolar macrophages play pivotal roles

in the pathogenesis of silicosis (Heppleston & °

Styles, 1967; Bateman et al, 1982). Inhaled silica
comes in contact with or is phagocytized by al-
veolar macrophages, throughout the time the
particles remain in the lung. The macrophages are
stimulated to secrete reactive forms of oxygen,
proteolytic enzyrhes, and lysosomal enzymes cap-
able of damaging lung parenchyma (deShazo,
1982; Heppleston, 1982; Davis, 1986). At the same
time, activated alveolar macrophages may release
a wide variety of inflammation mediators such as
chemotactic factors (Lugano et al, 1981; Reynolds,
1983), complement Cs, (Reynolds, 1983), leuko-
triene B-4 (Martin et al, 1984), prostaglandin E;
(Hsueh et al, 1980) and platelet activating factor
(Amoux, 1980; Rylander & Beijer, 1987). These
mediators would act to attract neutrophils into
pulmonary airways. Finally, activated macrophages
and recruited neutrophils would secrete increased
amount of reactive products resulting in a cycle of
inflammation, significant tissue damage, and fibro-
sis. Recently, platelet activating factor (PAF, 1-O-
alkyl-2-acetyl-sn-glycerol-3-phosphorylcholine) has
emerged as a potentially crucial mediator in pul-
monary inflammation, fibrosis, edema, emphy-
sema, bronchoconstriction and bronchial asthma
since PAF is produced by various cell types
including alveolar macrophages (Rylander &
Beijer, 1987; Amoux, 1980), neutrophils(Betz &
Henson, 1980), and basophils (O’Donnel et al,
1978) exposed to allergic or nonallergic stimulants.

Silica-activated alveolar macrophages have also

been hypothesized to stimulate fibroblast prolifera-
tion, and enhance collagen production through the
release of growth factors, i.e., interleukin-1, plate-
let derived growth factor, alveolar macrophage-
derived growth factor, or fibronectin (Bitterman et
al, 1982; Schmidt et al, 1984). Interleukin-1 (IL-1)
is a major macrophage-derived cytokine that has
been shown to exhibit multiple biological effects
on a variety of target cells. It is known to cause
leukocyte (Sauder et al, 1984) and endothelial cell
activation (Movat et al, 1987), and to affect the
synthesis and maintenance of the extracellular
matrix by stimulation of fibroblast proliferation
(Prostlethwaite et al, 1984; Schmidt et al, 1984),
synthesis of collagens (Goldring & Krane, 1986)
and glucosaminoglycans (Bronson et al, 1987) and
prostaglandin E; production (Dayer et al, 1979). In
addition, IL-1 plays an important role in the
initiation of an immune response through its direct
activation of lymphocytes and stimulation of the
production of other cytokines, such as interferons
and hemopoietic colony-stimulating factors needed
for the expression of an immune response
(Dinarello, 1989). ;

The objectives of the present investigation are to
determine whether in vitro exposure to silica in-
duces release of various bioactive mediators such
as reactive oxygen species, PAF, and IL-1 from
alveolar macrophages.

METHODS

Measurement of the release of reactive forms of
oxygens

Cell preparation: Alveolar macrophages were
harvested from pathogen-free male Sprague-
Dawley rats (250~300 g) by bronchoalveolar
lavage with Ca™", Mg'* free Hank’s balanced salt
solution (145 mM NaCl, 5 mM KCl, 1.9 mM
NaH,PO4 and 5.5 mM glucose, pH=7.4). Macro-
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phages were centrifuged at 500 g for S5min, wash-
ed, and resuspended in HEPES-buffered solution
(145 mM NaCl, 5 mM KCl, 1 mM CaCl,, 10 mM
HEPES and 5.5 mM glucose, pH=7.4). Cell
numbers and purity were measured using an
electronic cell counter with a cell sizing attachment
(Castranova et al, 1979).

Silica-induced activation of the respiratory
burst in alveolar macrophages was monitored
by measuring hydrogen peroxide release and
chemiluminescence generation

H;0: release: Hydrogen peroxide release was
measured fluorometrically at an excitation wave-
length of 330 nm and an emission wavelength of
460 nm by monitoring the oxidation of scopoletin
(1.2 uM) in the presence of horseradish peroxidase
type IX (6.6 units/ml) (Van Scott et al, 1984).
Briefly, alveolar macrophages (4 X 10% were prein-
cubated at 37C in 3 ml of HEPES-buffered
medium for 10 min. After preincubation, sco-
poletin (1.2 uM) and type IX horseradish per-
oxidase (6.6 units/ml) were added and fluorescence
at rest or in the presence of silica (0.005~10
mg/ml; Min-U-Sil, 99% < 5 um, 98.5% silica). In
this assay, the rate of hydrogen peroxide secretion
was expressed as nmol/4 X 10° cells/3 min using a
standard curve.

Chemiluminescence generation: The ability of
silica to activate alveolar macrophages was also
determined measuring cellular chemiluminescence
using a liquid scintillation counter (Model 2002,
Packard Instrument Co., IL, U.S.A)) as described
by Jones et al (1981). Briefly, alveolar macro-
phages (4 X 10%) were preincubated at 37°C for 10
min in 5ml of HEPES-buffered medium containing
luminol (10°M). After preincubation, chemilumi-
nescence generation was monitored for 20 min at
rest or in the presence of silica (0.05~10mg/ml),
and expressed as total light, i.e., integrated counts,
generated over 20 min measured gravimetrically.

Measurement of the release of PAF

The reasons why rabbits were used in stead of rats
in order to determine PAF release by alveolar
macrophages after in vitro exposure to silica were
as follow. First, rat platelets do not possess high
affinity binding sites, whereas these have been
found in rabbit platelets (Godfroid & Braquet,
1986). Second, large blood volume(above 50 ml)
should be collected to obtain sufficient number of
platelets to accomplish the PAF assay. Therefore,
rats are not appropriate animal to test the PAF
release.

Cell preparation: Alveolar macrophages were
harvested from New Zealand white rabbits (2 kg)
by bronchoalveolar lavage as described previously.
To obtain rabbit platelets, whole blood was
collected by cardiac puncture with siliconized 18
gauge needle attached to a 50ml syringe containing
8 ml of 3.2% sodium citrate. Platelets were par-
tially purified by the method of Ardlie et al (1970).
Platelet-rich plasma was obtained by centrifugation
of blood at 120 g for 15 min at room temperature.
The supernate was collected and platelets pelleted
at 1100 g 15 min at room temperature. The pel-
leted platelets were washed once in Tyrode’s
solution A (136.9 mM NaCl, 2.63 mM KCl, 2.2
mM MgCl;, 12.1 mM NaHCO; 5.6 mM glucose,
2.5 g/l gelatin, and 0.038 g/l EGTA; pH=6.5).
Platelets were then resuspended in 3 ml of
Tyrode’s solution B (Tyrode’s A without EGTA )
and incubated for 20 min at 37°C with 0.75 uci
of 3H—Stf:rotonin/ml (30.4 ci/mM specific activity;
New England Nuclear, MA, U.S.A.). After load-
ing, platelets were washed once with Tyrode’s
solution A, once with Tyrode’s solution B, and
resuspended in 2 ml of Tyrode’s solution (Tyrode
B plus 1.3 mM CaCly; pH=7.3).

PAF release: Rabbit alveolar macrophages (1 X
107) were suspended in 1 ml RPMI-1640 con-
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taining 3x10° HEPES and 2.5 g/l BSA and
incubated for 30 min at 37°C in the absence or
presence of zymosan (5 mg/ml), and silica (5
mg/ml, 10 mg/ml). After incubation, suspensions
were centrifuged for 5 min at 560 g and 22C. PAF
content of alveolar macrophages supernates was
estimated from the ability of these samples to
induce serotonin release from platelets (O’Donnell
et al, 1978). Briefly, 100 ul of the supernate from
alveolar macrophage suspensions was added to an
100 ul suspension of platelets loaded with

*H-serotonin, and incubated for 10 min at 37°C."

The reaction was stopped by the addition of 50 ul
of 8mM EDTA and centrifuged at 2000 g for 5
min. 100 yl of the supernate was added to 10ml
of aquasol and *H-serotonin monitored in a liquid
scintillation counter (Model 2425, Packard Tri
Carb L.Q. Spectrometer, IL, U.S.A.). The total
intracellular serotonin available for release was
determined by measuring *H-serotonin in samples
of platelet suspensions treated with 100 ul of 0.2%
Triton X 100. All test values were corrected for
resting serotonin release by subtraction of dPM
values from control samples containing only cells
and buffer. Release values then were calculated as
percentage of total cellular serotonin and converted
to nmoles of PAF released using PAF standard

curves.

Measurement of the release of IL-1

Alveolar macrophage cultures and supernate
preparation: Alveolar macrophages were obtained
from male Sprague-Dawley CD rats (200~250 g)
by bronchoalveolar lavage as previously. Lavage
cells were washed with 50ml of the same buffer
solution and resuspended in RPMI-1640 media
(Whittaker, U.S.A.) containing 2mM glutamine,
100 units/ml mycostatin, and 10% heat-inactivated
fetal calf serum. Cell number and purity of
macrophage preparation were determined using an

electronic cell counter equipped with a cell sizing
attachment. Aliquots of Iml containing 1X 10°
cells were added to 24 well plates (Costar, MA,
U.S.A)) and incubated at 37°C in a humidified
atmosphere of 5% CO; for 2h. The nonadherent
cells were then removed with two 1ml washes of
the RPMI media. The adherent cells were further
incubated in 1ml of the RPMI media containing 10
ug/ml LPS from Escherichia coli (Difco, MI,
U.S.A)), and 50 pg/ml silica dust. After incubating
the cell cuitures for 20 h, the supernates were
collected, filtered through a 0.22 ym Miller filter
(Millipore, MA, U.S.A)), and frozen supernates
were thawed when the thymocyte proliferation
assay was performed.

Thymocyte proliferation assay for IL-1: IL-1
production by silica-exposed alveolar macrophages
were determined by their capacity to stimulate thy-
mocyte proliferation as modified the method of
Lackman et al (1980). Briefly, thymocytes were
obtained from male CD-1 mice (6~10 weeks of
age) and suspended in RPMI-1640 media with 2
mM glutamine, 100 units/ml penicillin, 100 ug/ml
streptomycin, 100units/ml mycostatin, 10% heat-
inactivated fetal calf serum, and 2X 10° M
mercaptoethanol. Cells were counted using an
electronic cell counter and adjusted to a concen-
tration of 10x 10° cells/ml. An aliquot of 100 ul
of the macrophage-conditioned supernates was
added in quadruplicate to 96-well microculture
plates, and 100 yl of thymocyte suspension was
placed in each well. After 48h incubation at 37°C
in 5% CO,, the cultures were pulsed for 4-6 h with
*H-thymidine (1.0 pCijwell, activity; 2.0 Ci/fmmol,
Dupont NEN Products, MA, U.S.A)), and har-
vested using a PHD cell harvester (Cambridge
Technology, Inc., ME, U.S.A)). The radioactivity
in the collecting glass filter disks was measured
using a liquid scintillation counter (1214 Rackbeta,
Wallac, Finland). The levels of IL-1 activity in the

tested macrophage supernates were expressed as
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counts per minutes and then calculated as a
percentage of the unstimulated control sample
response.

Statistics

Data were expressed as means * standard er-
rors of n experiments. Statistical significance was
determined using a Student’s t test with signifi-
cance set at P < 0.05.

RESULTS

The present study attempted to determine whether
in vitro exposure to silica activated the respiratory
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Fig. 1. Silica-induced hydrogen peroxide release.

Alveolar macrophages (4 X 10° cells) were exposed in
vitro to silica (5 mg/ml) and the change in fluorescence
of scopoletin in the presence of horseradish peroxidase
was monitored at 37 C. The slope of the fluorescence
change is proportional to the rate of hydrogen peroxide
release. Values are from a single experiment which is
representative of results from six separate experiments.

burst in alveolar macrophages. End points mea-
sured were hydrogen peroxide release and chemi-
luminescence generation.

Hydrogen peroxide release from alveolar macro-
phages was monitored by measuring the change in
fluorescence of scopoletin while the cells were
resting and while they were being stimulated by
silica (5 mg/ml) (Fig. 1). The slope of the fluo-
rescence change is proportional to the rate of
hydrogen peroxide release. These data indicate that
unstimulated cells did not exhibit hydrogen per-
oxide release activity. In contrast, in vitro ex-
posure of alveolar macrophages to silica sub-
stantially activated hydrogen peroxide release. The

Hydrogen Peroxide Release
(nmoles/3 min/4x10° cells)

[ Silica ]
(mg / ml)

Fig. 2. Silica-induced hydrogen peroxide release.

Alveolar macrophages (4 X 10° cells) were exposed in
vitro to silica (0.05~10 mg/ml) and hydrogen peroxide
secretion measured at 37 C. Values represent means *
standard errors for six separate experiments for each
exposure level. Asterisks indicate significant increases
above rest at p < 0.05 using the Student’s t-test.
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Fig. 3. Silica-induced chemiluminescence.
Alveolar macrophages (4 X 10°) were exposed in vitro to

silica (2.5 mg/mi) and generation of chemiluminescence
measured at 37 C. Values are from a single experiment
which is representative of results from five separate
experiments.

dose-response  relationship for silica-activated
hydrogen peroxide with alveolar macrophages is
given in Fig. 2. Statistically significant (p < 0.05)
elevations were noted at silica exposure 0.5 mg/ml
and above. A maximal enhancement of 10 fold
above control was observed at 5 mg/ml silica.
Above this dose of silica, hydrogen peroxide
release activity began to decline slightly. In vitro
exposure to silica also stimulated the generation of
chemiluminescence by alveolar macrophages (Fig.
3). In unstimulated (control) cells a low level of
chemiluminescence was generated. Chemilumi-
nescence was enhanced in silica-treated cells
reaching a peak 1.5 min after exposure to 2.5
mg/ml silica. The data indicate that in vitro
exposure to silica activated chemiluminescence by
7 fold above control. Chemiluminescence was

significantly enhanced in a dose related manner at

Chemiluminescence (g9)
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Fig. 4. Silica-induced chemiluminescence.

Alveolar macrophages (4 X 1 0%) were exposed in vitro to
silica (0.05~10 mg/ml) and chemiluminescence measured
at 37 C. Values represent means 7 standard errors from
five separate experiments for each exposure level.
Asterisks indicate significant increases above rest at p <
0.05 using the Student’s t-test.

silica exposure of 0.5 mg/ml and above (Fig. 4).
A maximal stimulation of 8 fold was observed at
5 mg/ml silica. Above this dose of silica, the
activation began to decline. _

In vitro exposure of alveolar macrophages to
silica resulted in secretion of PAF ( Fig. 5). As ex-
pected little or no PAF release was observed with
unstimulated cells while in vitro exposure of alve-
olar macrophages to zymosan (5 mg/ml) induced
PAF release and was used as a positive control for
the PAF assay. Furthermore, exposure of alveolar
macrophages to silica also resulted in significant
increase in the PAF secretion compared with that
in unstimulated (control) cells, ie., 17.7+5.8%,



—Effects of Silica on Alveolar Macrophages — 7

30 ¢ *

35t

20 ¢

15F

10 |

PAF Release (% *H-serotonin)

0 A A A
Cont ZYM(5Smo/mb  Slilca(Sme/ml)  Silicat10ma/mD)

Fig. 5. Silica-induced PAF release.

Alveolar macrophages(1 X 10°) were exposed in vitro to
zymosan (5 mg/ml) and silica (5 mg/ml, 10 mg/ml) for
30 min at 37C. PAF release was monitored by
measuring *H-serotonin release Jfrom platelets. Data are
expressed as % of total platelet-associated serotonin
after subtractions of dPM values from control sample
containing nonstimulated cells. Values represent means
+ standard errors of four separate experiments.
Asterisks indicate significant increases from control at
P < 0.05 using the Student’s t-test.

and 24.0+£4.9% of total serotonin release at 5
mg/ml and 10 mg/ml silica, respectively, which
represent the release of nanomole levels of PAF
using a standard curve of % ‘H-serotonin release
from platelets vs concentration of PAF.

Fig. 6 shows the levels of IL-1 activity, as a per-
centage of the unstimulated (control) samples, in
supernates from the alveolar macrophages treated
with LPS and silica. LPS (10 gg/ml) resulted in an
11 fold increase in IL-1 production, and was used
as a positive contro] for the thymocyte proliferation
assay. In comparison, silica (50 ugfml) resulted in
a 4 fold stimulation of IL-1 release. Addition of
the stimulants (LPS, silica) to thymocyte cultures
did not show any effect on the thymocyte
incorporation of *H-thymidine.

1200 ¢ L1
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800 }
800 }
400 P

200

IL-1 Activity(% of Control)

Control LPS Sllica

Fig. 6. Silica-induced IL-1 release.

Alveolar macrophages were cultured in the presence of
LPS (10 ug/ml) and silica (50 ug/ml) for 20 h at 37T,
and IL-1 production by alveolar macrophages was
monitored by measuring thymocyte incorporation of
3H-thymidine by macrophage supernates. Data are
expressed as percentage increase over control levels of
nonstimulated cells. Values represent means =+ standard
errors of three experiments. Asterisks indicate significant
increases from control at p < 0.05 using the Student’s
t-test.

DISCUSSION

While the mechanism of pulmonary silicosis is
still not clear, many studies have suggested that the
fibrotic sequel is related to inflammatory process
produced by macrophage activation, involving the
release of oxygen-derived free radicals (i.e., super-
oxide anion, hydrogen peroxide, hydroxyl radical
and singlet oxygen), and various inflammatory and
fibrogenic mediators.

In the present study, in vitro exposure to silica
activates the respiratory burst in alveolar macro-
phages with dose-related pattern, i.e., hydrogen
peroxide release (Fig. 2) and chemiluminescence
generation (Fig. 4). Maximal stimulation of H,O,
secretion and chemiluminescence was observed at
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the same exposure dose of silica (5 mg/ml). Above
this dose, the stimulation declined suggesting cyto-
toxic effects of silica on alveolar macrophages.
These results are consistent with findings with
in vivo exposure of silica-induced activation of
alveolar macrophages reported by Castranova et al
(1990) where alveolar macrophages harvested 30
days after intratracheal instillation of silica exhi-
bited 2 fold enhanced hydrogen peroxide secretion
when challenged with zymosan. Furthermore,
Vallyathan et al (1991) have reported that freshly
ground silica caused significantly greater increase
in hydrogen peroxide release and chemilumi-
nescence generation than did aged silica. Excessive
secretion of reactive forms of oxygen from alveolar
macrophages exposed to silica may result in lung
tissue destruction (Weiss & LoBuglio, 1982) as
well as initiate and potentiate inflammatory re-
sponses through direct toxic effects on cells and
through modification of protein, lipid, and struc-
tural components of tissues (Fantone & Ward,
1982). Therefore, silica-induced stimulation of
oxidant release from pulmonary phagocytes may
play a role in the development of silicosis.
Recently, PAF has emerged as a potentially cru-
cial mediator in pulmonary inflammation, fibrosis,
edema, emphysema, bronchoconstriction and bron-
chial asthma. Amoux et al (1980) have reported
that in vitro treatment with particles such as
zymosan can cause PAF release from rat and rabbit
alveolar macrophages. PAF release from alveolar
macrophages has also been shown after in vivo
treatment of guinea pigs with aerosolized bacterial
endotoxin (Rylander & Beijer, 1987). Results from
the present study are the first to indicate that in
vitro exposure of alveolar macrophages to silica
results in signigicant increase in PAF secretion
(Fig. 5). Released PAF exhibits a variety of bio-
logical effects on the pulmonary tissue. PAF in-
duces neutrophil activation resulting in an increase

in lysosomal enzymes (Shaw et et al, 1981; Smith

et al, 1983), secretion of reactive forms of oxygen
(Van Dyke et al, 1987), arachidonic acid meta-
bolism (Lin et al, 1982), chemotaxis (Humphrey et
al, 1982), bronchoconstriction (Cuss et al, 1986;
Rubin et al, 1987), thickening of the alveolar septa
and pulmonary fibrosis( Camussi et al., 1983).
PAF has also been shown to act directly upon
endothelial cells, increasing vascular permeability
(Pinckard, 1983). These results suggest that PAF
involvement in the pulmonary responses to silica
inhalation is possible.

In the present study, supernates from LPS-acti-
vated macrophages were used as a positive control
for the thymocyte IL-1 assay. Supernates of
LPS-stimulated alveolar macrophages exhibit IL-1
activity at levels 11 fold greater than the control.
Silica results in a 4 fold increase in macrophage
production of IL-1 activity (Fig. 6). These results
on the silica stimulation are consistent with finding
from other laboratories. An increase in macrophage
IL-1 secretion was reported by Gery et al (1981)

when peritoneal macrophages were exposed to
silica for 4 or 20 h. Schmidt et al (1984) showed

that IL-1 release from monocytes after in vitro
exposure to silica was capable of regulating
fibroblast proliferation. Although Driscoll et al
(1989) reported that in vitro exposure of alveolar
macrophages to silica did not activate the release
of IL-1, other studies have suggested that such
disagreement may be due to differences in stages
of cell activation or conditions of the culture media
(Rosenthal et al, 1989). Released IL-1 has been
shown to stimulate fibroblast proliferation
(Prostlethwaite et al, 1984; Schmidt et al, 1984),
synthesis of collagens (Goldring & Krane, 1986)
and glucosaminoglycans (Bronson et al, 1987).
Furthermore, IL-1 may play role as an important
mediator in the communication between macro-
phages and lymphocytes in silicosis as well. This
concept implies that macrophages influence and
activate lymphocytes, which then feed back to
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amplify the response by stimulating the same or
other recruited macrophages (Nathan et al, 1980;
Unanue, 1980).

In conclusion, in vitro exposure of alveolar
macrophages to silica activates the release of
various bioactive mediators such as reactive
oxygen species, PAF and IL-1 which is in line
with the current understanding of the inflammation
and fibrotic process after inhalation of silica.
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