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Abstract
Background: Inhalation of crystalline silica induces a pulmonary fibrotic degeneration called
silicosis caused by the inability of alveolar macrophages to dissolve the crystalline structure of
phagocytosed quartz particles. Ascorbic acid is capable of partially dissolving quartz crystals, leading
to an increase of soluble silica concentration and to the generation of new radical sites on the
quartz surface. The reaction is specific for the crystalline forms of silica. It has been already
demonstrated an increased cytotoxicity and stronger induction of pro-inflammatory
cyclooxygenase-2 (COX-2) by ascorbic acid pre-treated quartz (QA) compared to untreated
quartz (Q) in the murine macrophage cell line RAW 264.7.

Methods: Taking advantage of the enhanced macrophage response to QA as compared to Q
particles, we investigated the first steps of cell activation and the contribution of early signals
generated directly from the plasma membrane to the production of TNF-α, a cytokine that
activates both inflammatory and fibrogenic pathways.

Results: Here we demonstrate that TNF-α mRNA synthesis and protein secretion are significantly
increased in RAW 264.7 macrophages challenged with QA as compared to Q particles, and that
the enhanced response is due to an increase of intracellular ROS. Plasma membrane-particle
contact, in the absence of phagocytosis, is sufficient to trigger TNF-α production through a
mechanism involving membrane lipid peroxidation and this appears to be even more detrimental
to macrophage survival than particle phagocytosis itself.

Conclusion: Taken together these data suggest that an impairment of pulmonary macrophage
phagocytosis, i.e. in the case of alcoholic subjects, could potentiate lung disease in silica-exposed
individuals.
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Background
Inhalation of crystalline silica can induce a pulmonary
inflammation characterized by the slow formation of lung
fibrotic nodules that cause impairment of pulmonary
function, eventually leading to death [1].

The severity of the pathology strictly depends on the struc-
tural characteristics of quartz particles. The dimension
and composition of the dust and the chemical history of
the solid matter from which the fractured silica derives,
are a fundamental aspect for the generation of the disease
[2,3].

It is commonly accepted that the disease originates from
phagocytosis of quartz particles by alveolar macrophages:
the inability of the cells to completely dissolve the crystal-
line structure then develops into a chronic inflammation
[4].

Ascorbic acid (AA) has been shown to partially dissolve
the quartz surface: the chemical erosion of the quartz
releases soluble silica into the medium and generates rad-
ical sites on the quartz surface [5,6]. This reaction is spe-
cific for the crystalline forms of silica, the amorphous ones
remaining unchanged [6,7]. These findings could be rele-
vant to mammalian quartz toxicity as AA is present in the
lung epithelium surfactant [8]: the surface modifications
of the quartz crystals induced by AA may increase reactive
oxygen species (ROS) production in the alveoli enhancing
quartz fibrogenicity and carcinogenicity [1]. Indeed, the
fact that AA specifically interacts with crystalline and not
with amorphous silica could explain the requirement for
crystalline silica for development of the fibrotic lesions
[9].

We recently demonstrated increased particle cytotoxicity
and induction of pro-inflammatory cyclooxygenase-2
(COX-2) by AA pre-treated quartz (QA) compared to
untreated quartz (Q) in the murine macrophage cell line
RAW 264.7, a cell model widely used [10,11].

Alveolar macrophages, activated by quartz particles,
release fibrogenic factors and cytokines [12-14], among
which TNF-α plays a crucial role as modulator of both the
fibrogenic and inflammatory responses [15].

Macrophages exposed to silica in vitro release significant
amounts of TNF-α [16,17], which in turn activates impor-
tant pathways leading to the transcriptional up-regulation
of fibrogenic proteins and TNF-α itself [18,19]. Mice
exposed to silica and treated with an anti-TNF-α antibody
show significantly reduced lung collagen deposition; con-
versely administration of recombinant TNF-α increases
lung fibrosis [20]. Today, still little is known on the early
macrophage response to silica particles, when the dust

comes in contact with the plasma membrane through the
scavenger receptors leading to phagocytosis.

We investigated the early events leading to release of TNF-
α by quartz-stimulated murine RAW 264.7 macrophages,
taking advantage of the increased macrophage response to
AA-treated (QA) compared to untreated quartz (Q).

Results obtained indicate that lipid peroxides, generated
directly from contact of the plasma membrane with
quartz are sufficient to trigger a significant transcription
and production of TNF-α, even in the absence of phagocy-
tosis.

Methods
Materials
All reagents were acquired from SIGMA-ALDRICH
(Milan, Italy), unless otherwise stated.

Cell cultures
The mouse macrophage cell line RAW 264.7 was obtained
from the American Type Culture Collection (Rockville,
MD, USA). Rat alveolar macrophages were obtained by
bronchoalveolar lavages (BAL) from healthy animals as
described below. Cells were cultured at 37°C in a humid-
ified, 5% CO2 atmosphere in D-MEM with glutamax
(Lonza Milano srl, Milan, Italy), supplemented with 10%
Defined Fetal Bovine Serum (HyClone, Logan, Utah,
USA) (complete medium). Cell stimulation using differ-
ent concentrations of sterilized quartz (MIN-U-SIL 5: US
Silica, Berkeley Spring Plant, SSA BET = 5.2 m2/g) was
obtained by adding 15, 50 or 100 μg/ml of distilled water-
(Q) or AA-treated (QA) particles [prepared as described in
10, 7]. In detail, in terms of surface area/incubation vol-
ume 15, 50 and 100 μg/ml of MIN-U-SIL quartz particles
corresponded to 0.75, 2.6 and 5.2 cm2/ml. Before use,
sterilized quartz particles were assayed for the presence of
endotoxin by using an end-point chromogenic assay (LAL
Pyrochrome Kit, International PBI SpA, Milan, Italy) and
following the manufacturer's instructions. Endotoxin
content was always comprised between 0.005 and 0.01
EU/ml corresponding to 1–2 pg/ml of lipopolysaccharide
(3 log below the lowest concentration commonly used on
these cells to study its effects).

Collection of alveolar macrophages from BAL samples
Male Sprague Dawley rats (8–10 weeks) were purchased
from Harlan Italy (S. Pietro al Natisone, Italy) and housed
at the animal facility of the Biochemistry Section in the
Department of Experimental Medicine of the University
of Genova. The program of animal use was approved by
the CBA ethics committee, and all procedures involving
animals were performed under protocols approved by the
European Community directives.
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Alveolar macrophages were obtained from bronchoalveo-
lar lavages (BAL) as we have previously described [7].
Cells were then resuspended in complete medium, 1–1.5
× 106 cells/well (depending on the number of cells col-
lected from each group) were seeded onto 60 × 15 mm tis-
sue culture dishes (Falcon Becton Dickinson, Franklin
Lakes, NJ, USA) and cultured for 6 hours at 37°C. The
medium containing non-adherent cells was discarded,
100 μg/ml of Q or QA particles in complete medium was
added to the cultures which were further incubated for 6
hours at 37°C. TNF-α production was quantified as
described below.

Measurement of murine TNF-  production
Production of murine TNF-α in RAW 264.7 macrophages
after 6 or 18 hours incubation with 15, 50 or 100 μg/ml
of AA-treated (QA) or untreated quartz (Q) in the pres-
ence or absence of 1 ng/ml murine Interferon-γ, in RAW
264.7 cells or in rat alveolar macrophages, was quantified
in the culture medium. Untreated cultures were used as
controls. Alternatively cells were pre-incubated in the
presence or absence of 100 μg/ml dextran-sulphate (DXS)
for 45 min, or 500 μg/ml butylated hydroxytoluene
(BHT) for 15 min before adding 100 μg/ml Q or QA par-
ticles. Briefly, 3 × 106 cells were seeded onto 60 × 15 mm
tissue culture dishes (Falcon BD) and cultured as
described above; after 18 hours the stimuli were added to
the culture media and cells were further incubated for 6 or
18 hours at 37°C. The culture media collected at 6 or 18
hours were centrifuged at 900 g for 5 min (Allegra X-22R
centrifuge, Beckman Coulter SpA, Milan, Italy) and TNF-
α concentration then quantified on the supernatants.

Two procedures of TNF-α assay were followed, using a
Mouse TNF-α (Mono/Poly) OptEIA kit (BD Biosciences,
Pharmingen, San Diego, CA, USA) and a cytotoxicity-
based assay using the murine fibroblast L929 cell line
[21,22]. The two procedures were applied to the first TNF-
α quantification in RAW 264.7 cell supernatants after
incubation with 15, 50 and 100 μg/ml Q or QA particles
(see Figure 1A) yielding quite comparable results, there-
fore for all the following quantifications only the second
method was used.

In detail, TNF-α released by stimulated RAW 264.7 cells
was assayed by measuring its apoptotic effect on the
murine fibroblast cell line L929. Experiments were per-
fomed in quaduplicate on 96-well plates, target cells were
seeded at a concentration of 3 × 104 cells/well; after 18
hours, the culture medium was removed and the RAW
264.7 cell culture supernatants, ten-fold diluted in fresh
medium, were added to the wells together with 1 μg/ml
actinomycin D. A standard curve of TNF-α toxicity was
obtained in parallel by adding recombinant murine TNF-
α at concentrations ranging from 25 to 800 pg/ml. After

24 hours culture, cell viability was determined with the
MTT-reduction assay [23]. Briefly, 20 μl of a 5 mg/ml solu-
tion of MTT (3-(4,5-dimethylthiazol-2-yl) 2-5-diphenyl-
tetrazolium bromide) were added to each well, the plates
were further incubated for 90 min at 37°C, the superna-
tant was then carefully removed from each well and the
blue formazan crystals were solubilized with 200 μl/well
DMSO. The optical absorbance at 570 nm was deter-
mined with a Bio-Rad Microplate reader 450 (Bio-Rad
Laboratories srl, Milan, Italy).

Quantitative RT-PCR
Total RNA from RAW 264.7 macrophages was extracted
using RNAeasy Mini Kit (Qiagen SpA, Milan, Italy) and
RNase-Free DNase Set (Qiagen) according to the manu-
facturer's instructions, from a starting material of 2 × 106

RAW 264.7 cells grown onto 60 × 15 mm tissue culture
dishes (Falcon BD) in the presence of 100 μg/ml Q or QA
for 30 min, 3 h and 24 h. Total cell cDNA was synthesized
from 1 μg RNA in the appropriate buffer containing 5 mM
MgCl2, 40 U ribonuclease inhibitor (RNASEOUT; Invitro-
gen), 10 mM dithiothreitol, and 200 U Superscript™ III
(Invitrogen), at 50°C for 50 min. Complementary RNA
was then removed using 1 μL Escherichia coli RNase H
(Invitrogen) at 37 C for 20 min. The amount of TNF-α
mRNA, normalized to the relative GAPDH control, was
determined by real-time quantitative PCR using a
Chromo 4 instrument (MJ Research, Bio-Rad). PCR was
performed in a 20-μl volume nuclease-free water contain-
ing 10 μl 2 × master mix iQ SYBR Green® (Bio-Rad), 0.2
μM each primer, and 0.5 μl cDNA or negative control. All
samples were analyzed in triplicate. The following PCR
conditions to analyze TNF-α mRNA were used: 10 min
initial denaturation followed by 40 cycles of denaturation
at 95°C for 15 s, annealing and elongation at 60°C for 60
s. The fluorescence was measured at the end of each elon-
gation step. In order to generate a melting temperature
curve a slow heating (1°C per sec) of the amplified prod-
uct from 55°C to 92°C was performed. This curve served
as a specificity control. The entire cycling process, includ-
ing data analysis, was performed using the DNA ENGINE

OPTICON® 2 REAL-TIME DETECTION SYSTEM Software program
(2.03 version). The sequences of the GAPDH (M32599)
primers were: 5'-TCTCCCTCACAATTTCCATCCCAG-3'
(forward primer) and 5'-GGGTGCAGCGAACTTTATT-
GATGG-3' (reverse primer). The sequences of the TNF-α
primers were 5'-GACGTGGAAGTGGCAGAAGAG-3' (for-
ward primer) and 5'-TGCCACAAGCAGGAATGAGA-3'
(reverse primer). To detect the PCR efficiency for each
couple of primers, an amplification curve was performed,
using four different dilutions of cDNA. Data analysis to
detect the relative gene expression of TNF-α, using the
cDNA from untreated cells as calibrator sample, was per-
formed with the comparative threshold Ct method [24]
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TNF-α production in quartz-incubated RAW 264.7 cellsFigure 1
TNF-α production in quartz-incubated RAW 264.7 cells. (A) TNF-α concentration detected in RAW 264.7 cell super-
natants after 6 hrs (black bars) and 18 hrs (white bars) stimulation with quartz, as determined using the L929 bio-assay. Cells 
were challenged with untreated (Q) or AA-treated (QA) quartz particles at 15, 50 and 100 μg/ml. Values are the mean ± SD 
from 4 experiments. The asterisks indicate a statistically significant difference between Q and QA values, at all particle concen-
trations at 6 h (T test, p < 0.0005). The symbols § indicate a statistically significant difference between Q and QA values at all 
particle concentrations, at 18 h (T test, p < 0.0005). (B) TNF-α concentration detected in RAW 264.7 cell supernatants after 
6 h (black bars) and 18 hrs (white bars) stimulation with QA or Q particles in the presence of murine Interferon-γ (1 ng/ml). 
Values are the mean ± SD from 4 experiments. The asterisks indicate a statistically significant difference between Q and QA 
values at all particle concentrations, at 6 h (T test, p < 0.0005). The symbols § indicate a statistically significant difference 
between Q and QA values at all particle concentrations, at 18 h (T test, p < 0.0005). (C) TNF-α production in rat alveolar 
macrophages stimulated with 100 μg/ml QA or Q particles was evaluated after 6 h incubation. Values are the mean ± SD from 
3 experiments. The asterisk indicates a statistically significant increase of TNF-α expression between Q100 and C samples (T 
Test, p < 0.0005), while the symbol § indicate a statistically significant difference between Q100 and QA100 TNF-α values (T 
Test, p < 0.0005).
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via GENEX software for the iCycler iQ Real Time Detection
System (Bio-Rad) [25].

Scavengers treatment
TNF-α production in RAW 264.7 macrophages after stim-
ulation with 100 μg/ml Q and QA particles was also
assessed in the presence of 4000 U/ml catalase (Sigma),
50 mM mannitol (Sigma) and 2 mM desferoxamine
(Sigma). Cells were cultured as described above and the
scavengers were added together with the quartz particles
for a total incubation time of 6 hors. Subsequently, cul-
ture media were assayed for TNF-α presence as described
above.

Confocal microscopy analyses
All images were obtained using a Leica TCS SL confocal
microscope equipped with argon/He-Ne laser sources and
a HCX PL APO CS 63.0 × 1.40 oil objective.

For imaging quartz phagocytosis in RAW murine macro-
phages, cells were seeded in 4-well Lab-Teck chamber
slides (Nalge Nunc Int., Naperville, IL, USA) at 100,000
cells/well; the day after cells were incubated for 45 min in
the presence or absence of 100 μg/ml DXS or 2 μg/ml
Cytocalasin B and then challenged with 100 μg/ml quartz
for 1 hour. Images of living cells (4 × digital zoom) were
then acquired, in single stacks, in the phase contrast mode
while quartz autofluorescence was detected with the 633
nm laser line in an emission range of 635–700 nm.

For imaging lipid peroxidation on RAW 264.7 cells, mac-
rophages were seeded in 4-well Lab-Teck chamber slides
at 100,000 cells/well. The day after cells were incubated
with or without 100 μg/ml DXS for 45 min 37°C and then
with the specific lipid peroxidation dye BODIPY 581/591
C11 (Molecular Probes, Invitrogen, Carlsbad, CA, USA) at
5 μM concentration in complete medium for 30 min at
37°C. Cells were then washed with HBSS medium and
then challenged with or without 100 μg/ml quartz parti-
cles. Images (8 × digital zoom) were then immediately
acquired during 35 min-time lapse experiments recording
1 image/min. An energy laser of 15% was applied to the
488 nm line while a 40% energy was used with the 543
nm line. The increase in green fluorescence was moni-
tored in the 500–535 nm emission range, meanwhile the
decrease in red emission was observed in the 580–620 nm
range, in the same interval of time.

Quantification of free soluble silicates in RAW 264.7 cells
3 × 106 RAW 264.7 cells were plated onto 60 × 15 mm tis-
sue culture dishes and allowed to adhere for 4 hours at
37°C. Cells were then pre-incubated in the presence or
absence of 100 μg/ml DXS or of 2 μg/ml Cytocalasin B for
45 min before stimulation with 100 μg/ml quartz for 6 or
24 hours at 37°C. At the end of the incubation cells were

washed twice with ice-cold PBS to completely remove
extracellular quartz and lysed with a cell scraper in 400 μl
silica-free water (Carl Roth Gmbh & Co, Karlsrue, Ger-
many). Each sample was briefly sonicated and ultracentri-
fuged in a TL100 (Beckman) for 1 hour at 100,000 g at
4°C. Silicates were then measured on 100 μl supernatant
by a Silicate Kit (silicic acid) (Merck Sharp & Dohme SpA,
Rome, Italy) based on a colorimetric method according to
the manufacturer's instructions.

Lipid peroxidation analysis
A quantitative analysis of lipid peroxidation on RAW
264.7 cells, challenged with 100 μg/ml Q or QA particles
in the presence or absence of DXS or Cytocalasin B, was
obtained by fluorimetric measurement using the specific
dye BODIPY 581/591 C11. Experiments were performed
in quadruplicate on 96-well plates. RAW 264.7 cells were
plated at a density of 50,000 cells/well, allowed to adhere
over night, and then incubated with 100 μg/ml DXS or 2
μg/ml Cytocalasin B, for 45 minutes at 37°C. Cells were
then incubated for 30 min at 37°C with 5 μM BODIPY
581/591 dye. After incubation with dye, cells were washed
with HBSS Solution, incubated at 37°C for 15 minutes
and then challenged with 100 μg/ml Q or QA particles for
1 hour. The plates were finally read on a Fluostar Optima
BMG (Labtechnologies Gmbh, Offemburg, Germany)
using 485/520 excitation/emission wavelengths.

ROS detection
Experiments were performed in quadruplicate on 96-well
plates. RAW 264.7 cells were plated at a density of 50,000
cells/well, allowed to adhere over night, and then incu-
bated with or without 100 μg/ml DXS or with 2 μg/ml
Cytocalasin B, for 45 minutes at 37°C. Cells were then
washed once with HBSS Solution and incubated for 30
min at 37°C with 10 μM 2',7'-dichloro-dihydro-fluores-
cein diacetate dye (Molecular Probes, Invitrogen). After
incubation with dye, cells were washed with HBSS Solu-
tion, incubated at 37°C for 15 minutes and then chal-
lenged with 15, 50 or 100 μg/ml Q or QA particles for 1
hour. The plates were finally read on a Fluostar Optima
BMG using 485/520 excitation/emission wavelengths.

Cell viability/cytotoxicity
Experiments were performed in quadruplicate on 96-well
plates. RAW 264.7 were plated at a density of 25,000 cells/
well and allowed to adhere overnight. Cells were incu-
bated with 100 μg/ml DXS for 45 minutes or 500 μg/ml
BHT for 15 minutes at 37°C and then Q or QA particles
were added at 100 μg/ml final concentration for 24 hours
at 37°C.

Reference standard curves were assayed in parallel during
each experiment and cell number was deduced by linear
regression analysis. The SYTOX DNA-staining assay was
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performed to evaluate both cell viability and cell death as
already described [10]. Briefly, for cell viability test,
medium with debris and dead cells was removed from
wells, then adherent cells were gently washed with PBS at
37°C and lysed with 100 mM Tris pH 7.4, 154 mM NaCl,
1 mM CaCl2, 0.5 mM MgCl2, 0.1% NP40. Cell DNA was
then stained adding 1 μM SYTOX Green Nucleic® Acid
Stain (Molecular Probes, Invitrogen). Conversely, to esti-
mate cell death, 1 μM SYTOX Green was added directly to
the wells without washing in order to stain only DNA
from dead cells. After incubation with dye at room tem-
perature for 15 min, the plates were read on a Fluostar
Optima microplate reader using 485/520 ex/em wave-
lengths.

The rate of apoptosis in the same set of experiments was
assessed by FACS analysis of plasma membrane phos-
phatydilserine-positive cells. To perform the analysis 3 ×
106 RAW 264.7 cells were plated onto 60 × 15 mm dishes
in complete medium and allowed to adhere overnight.
Cells were then incubated with 100 μg/ml DXS for 45
minutes or 500 μg/ml BHT for 15 minutes at 37°C and
then Q or QA particles were added at 100 μg/ml final con-
centration for 24 hours at 37°C. At the end of the incuba-
tion cells were washed with ice-cold HBSS and gently
detached from the plate with a cell scraper in 300 μl HBSS.
A 100 μl aliquot of each sample was then incubated, for
20 min on ice and in the dark, in the presence or absence
of 5 μg/ml of anti-phoshatidylserine Alexa-488 conjugate
monoclonal antibody (Upstate Inc., Charlottesville, VA,
USA). Cells were then washed with 5 ml ice-cold HBSS
and centrifuged at 400 × g for 5 min and then resus-
pended in 500 μl HBSS and counterstained with propid-
ium iodide (1 μg/ml final concentration). Flow
cytometric analyses were performed by FACS Canto flow
cytometer (BD Biosciences) and data were analysed by
DIVA software.

Statistical analyses
All parameters were tested by paired t-test. p values < 0.05
were considered significant.

Results
TNF-  release by QA- versus Q-stimulated macrophages
The TNF-α production in RAW 264.7 murine macro-
phages stimulated with 15–50–100 μg/ml of AA-treated
(QA) or untreated (Q) Min-U-sil quartz was quantified in
the cell supernatant after 6 and 18 hours of incubation,
using the standard cytotoxicity-based assay on murine
fibroblast L929 cell line [22].

The TNF-α concentration in the medium of cells incu-
bated for 6 (Figure 1A, black bars) or 18 hours (white
bars) was significantly increased by QA and Q treatment
as compared to control cells (C). Samples obtained from

cells challenged with Q particles showed no significant
differences between values recorded at 18 hours as com-
pared to values obtained at 6 hours, except for cells incu-
bated with 15 μg/ml of Q particles, where TNF-α release
at 18 hours was higher than that recorded at 6 hours.

TNF-α production in cell cultures challenged with QA par-
ticles was always significantly higher compared to that
measured in cultures stimulated with Q particles (p <
0.0005), ranging from 2.4- to 3-fold increase at 6 hours
and from 1.5- to 1.6-fold increase at 18 hours.

RAW cells were also challenged with Q and QA particles
co-stimulated with 1 ng/ml of murine Interferon-γ (IFN-
γ), a cytokine released by activated lymphocytes, mimick-
ing in our model a later stage of inflammation, when lym-
phocytes infiltrate the lung tissue in large number and
contribute to the development of a chronic inflammatory
state. In the presence of IFN-γ, TNF-α release into the
medium was significantly increased by treatment of cells
with Q and QA, by the particle concentration and by the
incubation time in a dose- and time-dependent fashion
(Figure 1B). Specifically, co-stimulation of RAW 264.7
cells with Q particles together with IFN-γ induced a higher
increase of TNF-α production in all samples ranging from
2.6- to 7.9-fold increase at 6 hours (black bars), and from
7.7- to 25.2-fold increase at 18 hours (white bars), com-
pared to the corresponding values in the absence of IFN-γ
(Figure 1A).

Similarly to what observed in cells stimulated with Q par-
ticles, TNF-α release from cells challenged with QA parti-
cles was significantly increased in the presence of IFN-γ,
with an increase ranging from 2.7 to 11.6 at 6 hours and
from 7.7 to 25.7 at 18 hours as compared to cells stimu-
lated with quartz particles alone. Furthermore, TNF-α
release from cells stimulated with increasing concentra-
tions of QA particles for 6 and 18 hours, in the presence
of IFN-γ was always significantly higher compared to val-
ues recorded in the media of cells challenged with Q par-
ticles in the same conditions (p < 0.0005), with values
ranging from 2- to 2.6-fold increase at 6 hours and from
1.4- to 2.2-fold increase at 18 hours.

TNF-α production was also evaluated in primary cultures
of rat alveolar macrophages (AM) isolated from broncho-
alveolar lavage (BAL) of healthy animals and challenged
for 6 hours with or without 100 μg/ml Q or QA particles.
TNF-α release (Figure 1C) in the cell medium was signifi-
cantly increased by incubation with Q (1.7-fold) or with
QA particles (2.8-fold) compared to control, untreated
cells (C) (p < 0.0005), however this increase was signifi-
cantly lower as compared to the amount of TNF-α
released by Q- or QA-stimulated RAW 264.7 cells at the
same particle concentration. This difference could be due
Page 6 of 16
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to various reasons: i) the number of AM recovered from
BALs of rats did not allow to attain the same concentra-
tion of cells as in RAW 264.7 experiments (1–1.5 × 106

cells/well for AM treatments against 3 × 106/well for RAW
264.7 treatments), and ii) it has already been reported the
production of lower levels of TNF-α stimulated by con-
centrations of quartz similar to the ones used in our exper-
iments in AM primary cultures as compared to other
macrophage cell line cultures [11,26].

All the data obtained were further confirmed by use of
monoclonal EIA Kit (see Material and Methods for
details) yielding closely comparable results (not shown).

Time-course of TNF-  mRNA synthesis in QA- versus Q-
stimulated RAW 264.7 macrophages
TNF-α mRNA synthesis was measured by quantitative RT-
PCR analysis in RAW 264.7 macrophages incubated with
100 μg/ml Q or QA particles for 30 min, 3 hours or 24
hours and compared to values recorded at the same time
points on untreated, control cells (Figure 2).

TNF-α transcription was significantly induced 30 min and
3 hours after cell exposure to both Q (black bars) and QA
particles (white bars), while for both stimuli TNF-α
mRNA returned to basal, unstimulated values after 24
hours. QA particles induced a significant higher TNF-α
transcription than Q particles (2.8-fold vs. 2.1-fold
increase over controls, mean of values recorded at 30 min
and 3 hours, QA vs Q p < 0.025).

Role of oxygen radicals in quartz-induced TNF-  
production
ROS production was evaluated with a ROS-specific fluo-
rescent probe after 1 hour incubation of RAW 264.7 cells
in the presence of Q or QA particles (Figure 3A). For both
stimuli ROS production was dose- and time-dependent,
with QA inducing a significantly higher increase com-
pared to Q particles at all concentrations tested. The most
relevant differences were recorded at 100 μg/ml particles
concentration with a 2.6-fold increase in ROS production
in QA-stimulated cells as compared to control, untreated
cells, and 1.8-fold increase as compared to Q-stimulated
cells.

To verify whether the increased ROS generation induced
by QA vs. Q particles was responsible for the increased
TNF-α production observed with QA vs. Q particles, we
explored the effect of ROS scavengers on TNF-α release by
RAW 264.7 cells challenged with Q or QA. Cells were
incubated for 6 hours with Q or QA particles in the pres-
ence or absence of an excess of the ROS scavengers cata-
lase (H2O2), mannitol (OH•) or desferoxamine (Fe2+

chelant) and TNF-α release was quantified in the cell
supernatant. The three compounds alone were devoid of

any effect on TNF-α production in these cells (not
shown). TNF-α production, induced by Q and QA parti-
cles, was inhibited by catalase and mannitol, while desfer-
oxamine showed no effect Figure 3B). In particular,
catalase significantly inhibited (51%) TNF-α release
induced by Q particles (Q versus Qc bar, p < 0.0005), the
inhibition more effective in cells challenged with QA par-
ticles (75%; QA versus QAc bar, p < 0.0005).

Mannitol was similarly efficient in the inhibition of TNF-
α production stimulated by Q and QA particles in RAW
264.7 macrophages. In particular, the cells showed a sig-
nificant, 55% inhibition of TNF-α release when chal-
lenged with Q particles in the presence of mannitol (Q
versus Qm bar, p < 0.0005), while in the presence of QA
particles the mannitol-induced inhibition of TNF-α pro-
duction reached 46% value (QA versus QAm bar, p <
0.0005).

Summarizing, catalase significantly reduced TNF-α release
triggered by Q and QA particles, indicating a fundamental
role of H2O2 in the signal transduction pathway leading to
the cytokine production. The similar extent of inhibition
exerted by mannitol on Q and QA-induced TNF-α pro-
duction suggests a role also for OH• radicals in stimulating
protein synthesis. Conversely, the absence of any protec-
tive effect by desferoxamine (at the concentrations tested)
suggests that redox reactions involving free iron, such as
the Fenton reaction, are not involved in the eventual
induction of TNF-α.

The scavenger receptor antagonist dextran-sulphate 
inhibits quartz phagocytosis in RAW 264.7 cells
It is known that macrophage scavenger receptors are the
main route of internalization of Q particles in phagocytes
[27]. In order to investigate whether the scavenger recep-
tor activation triggered by contact with quartz particles is
a necessary step to initiate quartz internalization in our
cell model, RAW 264.7 cells were incubated with the scav-
enger receptor inhibitor DXS [28-30] or a well known
inhibitor of phagocytosis, Cytocalasin B, at a concentra-
tion of 2 μg/ml, and then challenged with 100 μg/ml Q
particles. Phagocytosis was then evaluated by confocal
microscopy observation in time-course experiments while
the concentration of intracellular soluble free silicates was
quantified after 6 and 24 hours of incubation (Figure 4).

As shown in Figure 4A panel I, RAW 264.7 cells were able
to internalize almost all surrounding Q particles, which
could be easily observed within the cells after 1 hour incu-
bation, due to Q auto-fluorescence (red staining). Con-
versely, co-incubation of RAW 264.7 cells with DXS or
with Cytocalasin B (Figure 4A, panel II and III, respec-
tively) significantly impaired Q phagocytosis; after 1
Page 7 of 16
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hour, the majority of Q particles being still on the cover-
glass surface.

The amount of intracellular free silicates in RAW 264.7
cells after internalization of Q and QA particles was quan-
tified, in the presence or absence of DXS and of Cytocala-
sin B, by a colorimetric method. Surprisingly, the
intracellular free silicates concentration in cells incubated
with both Q and QA particles increased over values
recorded in control, untreated cells indicating a partial
erosion of the crystals (Figure 4B, two-fold after 6 h, Q and
QA vs C, p < 0.0025; three-fold after 24 h, Q and QA vs C,
p < 0.0005). Conversely, RAW 264.7 cells incubated with
Q or QA particles in the presence of DXS or of Cytocalasin
B (Q+D and Q+Cyto bars, respectively) showed no
increase of the intracellular free silicates concentration as
compared to control cells, confirming the inhibition of
quartz phagocytosis by DXS and Cytocalasin observed by
confocal microscopy (Figure 4A).

Effect of DXS and Cytocalasin B on lipid peroxidation and 
ROS production in RAW 264.7 cells challenged with quartz
The observation by confocal microscopy that RAW 264.7
cells incubated with DXS and then challenged with Q par-
ticles were unable to phagocytose but retained the ability

to establish a contact with crystalline silica, prompted us
to explore the possibility that the first step of the macro-
phage response to quartz, i.e. when the plasma membrane
interacts with the particles, is sufficient to trigger macro-
phage activation and TNF-α release.

We studied the effect of quartz on plasma membrane by
evaluating the rate of lipid peroxidation on RAW 264.7
cells, challenged with Q and QA particles, in the presence
or absence of DXS.

Qualitative confocal microscopy studies were performed
using a membrane intercalating fluorescent probe, BOD-
IPY 581/591 C11 [31-33], which reveals lipid peroxida-
tion through a specific fluorescence emission shift from
red to green. Figure 5A shows the result of time-course
experiments in which probe-loaded RAW 264.7 macro-
phages were monitored for lipid peroxidation in the pres-
ence of various stimuli. Control, untreated cells (panels A-
B) showed no fluorescence shift during an observation
time of 35 min (1 slide/min), while a clear shift from red
to green was observed when cells were challenged either
with quartz alone (panels C-D) or with quartz in the pres-
ence of DXS (panels E-F). Fluorimetric measurment of the
green fluorescence of the same samples, allowed a quanti-

RT-PCR of TNF-α mRNA in quartz-treated RAW 264.7 cellsFigure 2
RT-PCR of TNF-α mRNA in quartz-treated RAW 264.7 cells. TNF-α mRNA transcription was monitored in RAW 
264.7 macrophages by RT-PCR analysis from 0.5 to 24 h following cell stimulation with 100 μg/ml of QA (white bars) or Q par-
ticles (black bars). Results are the mean of three independent experiments performed in triplicate, and are expressed as TNF-
α mRNA, normalized on the GAPDH transcription, relative to control cells at time-zero. The asterisks indicate a significant dif-
ference between samples challenged with Q and QA particles (T Test, p < 0.025).
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ROS and TNF-α production in quartz-stimulated cells in the presence of ROS scavengersFigure 3
ROS and TNF-α production in quartz-stimulated cells in the presence of ROS scavengers. (A) Fluorimetric meas-
urement of ROS production in RAW 264.7 macrophages challenged with 15, 50 and 100 μg/ml Q or QA particles. Values are 
the mean ± SD from 4 experiments. The symbol § indicates a statistically significant difference of QA-challenged cells compared 
to control, untreated cells (C), (T test, p < 0.0005); the asterisk indicates a statistically significant difference of Q-challenged 
cells compared to C (T test, p < 0.0005). (B) TNF-α production was evaluated in RAW 264.7 cells after 6 hrs incubation with 
100 μg/ml Q or QA particles (black bars: Q samples; white bars: QA samples) in the presence of 4000 U/ml catalase (Qc, QAc 
bars), 50 mM mannitol (Qm, QAm bars) and 2 mM desferoxamine (Qd, QAd bars). Values are the mean ± SD from 4 experi-
ments. The symbol § indicates a statistically significant difference between Q and Qc bars and between QA and QAc bars (T 
test, p < 0.0005). The asterisks indicate a statistically significant difference between Q and Qm, and between QA and QAm 
bars (T test, p < 0.0005).
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Phagocytosis in quartz-stimulated cells in the presence of DXS and Cytocalasin BFigure 4
Phagocytosis in quartz-stimulated cells in the presence of DXS and Cytocalasin B. (A) Confocal microscopy analy-
sis of quartz phagocytosis in RAW 264.7 cells (single stacks acquired with oil objective 63.0 ×, digital zoom 4 ×), red staining 
marking quartz autofluorescence. I, cells challenged for 1 h with 100 μg/ml quartz particles; II, the same in the presence of 100 
μg/ml DXS, and III in the presence of 2 μg/ml Cytocalasin B. The white bar spans 8 μm. (B) Analysis of free intacellular silicates 
in RAW 264.7 cells challenged with or without (C) 100 μg/ml Q or QA in the presence (Q+D, QA+D and Q+Cyto, 
QA+Cyto) or absence of 100 μg/ml DXS or 2 μg/ml Cytocalasin B, after 6 h (black bars) or 24 h (white bars). Values are the 
mean ± SD from 4 experiments. The asterisk indicates a statistically significant difference between Q or QA and C at 6 h (T 
test, p < 0.0025), while the symbol § indicates a statistically significant difference between Q or QA and C at 24 h (T test, p < 
0.0005).
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fication of the lipid peroxidation rate under these condi-
tions. Results are shown in Figure 5B. As expected Q and
QA particles increased lipid peroxidation in RAW 264.7
macrophages as compared to untreated, control cells, with
QA showing significantly higher values than Q (p <
0.0005). The peroxidation values measured on RAW
264.7 cells incubated with DXS or Cytocalasin B, in the
presence of Q (Q+D and Q+Cyto bars, respectively) or QA
particles (QA+D and QA+Cyto bars) showed a further
increase as compared to Q and QA particles alone (Q+D
vs Q, p < 0.005; QA+D vs QA, p < 0.0005).

In parallel to the estimation of membrane lipid peroxida-
tion, ROS production was measured in RAW 264.7 cells
after 1 hour of incubation with Q and QA in the presence
or absence of DXS and of Cytocalasin B. Along with lipid
peroxidation ROS production was also increased in cells
challenged with Q and, particularly QA particles (Figure
3A and Figure 5C). In contrast to lipid peroxidation,
which increased in the presence of DXS and Cytocalasin B,
ROS production in RAW 264.7 cells incubated with either
Q or QA particles was significantly reduced both in the
presence of DXS and of Cytocalasin B(Q+D and Q+Cyto
vs Q, p < 0.0025; QA+D and QA+Cyto vs QA, p < 0.0005),
in line with inhibition of phagocytosis by DXS and Cyto-
calasin B (Figure 4A) and of the subsequent respiratory
burst.

Effect of DXS and BHT on TNF-  production and cell 
viability in RAW 264.7 cells stimulated with quartz
The effect on TNF-α production and cell viability of the
lipid peroxidation triggered by cell membrane-quartz par-
ticle contact was investigated.

RAW 264.7 macrophages were incubated with Q or QA
particles in the absence (controls) or in the presence of the
scavenger receptor inhibitor DXS or of the lipid peroxida-
tion scavenger BHT [34-36]. TNF-α production was quan-
tified after 6 hours in the cell supernatant and cell
viability, as well as apoptosis, was evaluated at 24 hours.
When quartz particle phagocytosis was inhibited by DXS,
TNF-α production was significantly increased in cells
stimulated with either Q or QA particles (3.9- and 2.5-
fold, respectively), over TNF-α release from cells chal-
lenged with Q or QA in the absence of DXS (Figure 6A,
Q+D vs Q, p < 0.0005; QA+D vs QA, p < 0.0005). The
stimulation of TNF-α release observed in Q- or QA-treated
cells in the presence of DXS was prevented by BHT, indi-
cating a causal role of lipid peroxides in the cytokine syn-
thesis (Q+D+B and QA+D+B bars).

In line with a higher TNF-α production driven by the sus-
tained membrane lipid peroxidation in RAW 264.7 cells
stimulated with Q or QA particles in the presence of DXS,
cell viability was also significantly affected. After 24 hours

cell viability was reduced by 30% in cells incubated with
Q particles and by 70% in cells challenged with QA parti-
cles compared to control, untreated cells (Figure 6B, Q
and QA bars versus C). Cell viability was further reduced
in cells co-incubated with DXS and Q particles, a 30% less
as compared to cells incubated with Q alone (Q+D vs Q,
p < 0.0005), while 97% cell death was observed in RAW
264.7 macrophages incubated with DXS and QA particles
(QA+D vs QA, P < 0.0005). Pre-incubation of cells with
the antioxidant BHT completely preserved cell viability in
the presence of Q or QA particles co-incubated with DXS
(Figure 6B, Q+D+B and QA+D+B bars).

The percentage of apoptotic cells was evaluated in parallel
in the same set of experiments (Figure 6C). FACS analyses
of phosphatydilserine-positive plasma membranes in
cells challenged with Q or QA particles revealed a very low
extent of apoptosis (3.6–3.7%) for both treatments.
Necrosis, in turn, amounted to 32% in Q-treated cells and
55% in QA-treated cells after 24 hours. DXS-pre-treatment
before addition of Q or QA resulted in even a higher level
of necrosis with no significant variations of apoptosis
compared to Q and QA treatments alone. Finally, BHT
pre-incubation of cells before addition of particles in the
presence of DXS, completely prevented both necrosis and
apoptosis.

Discussion
The toxicity of crystalline silica in mammals is known
since many years to the medical community involved in
the field of occupational diseases [1]. Development of a
long-term lung disease upon inhalation of silica particles
is known to correlate with silica properties such as the
crystalline structure and the presence of freshly fractured
particle surfaces [2,3,37,38]. Cell response to quartz parti-
cles appears to be strictly related to the abundance of sur-
face radicals, which trigger macrophage activation by
means of specific inflammatory and pro-apoptotic path-
ways [39].

Our group recently demonstrated that specific chemical
modifications occurring on the quartz surface after expo-
sure to ascorbic acid (AA) increase quartz cytotoxicity and
macrophage activation, evaluated through the expression
of cyclooxygenase-2 and production of prostaglandins in
the murine cell line RAW 264.7 [7,10].

It is well known the presence of micromolar concentra-
tions of AA in the lung fluids, where this molecule is
believed to give a prominent contribution to the antioxi-
dant defense [8]. Conversely, our findings are suggesting
a new, peculiar role for AA in the pathogenesis of quartz-
induced lung disease. The ability of AA to enhance the
cytotoxic and pro-inflammatory properties of quartz par-
ticles in the lung may explain the specific reactivity of
Page 11 of 16
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Lipid peroxidation and ROS production in quartz-stimulated cells in the presence of DXS and Cytocalasin BFigure 5
Lipid peroxidation and ROS production in quartz-stimulated cells in the presence of DXS and Cytocalasin B. 
(A) Confocal microscopy analysis of lipid peroxidation of RAW 264.7 cells (single stacks acquired with oil objective 63.0 ×, dig-
ital zoom 8 ×) using the specific fluorescent probe BODIPY 581/591 in time-lapse experiments, with acquisitions of 1 slide/min. 
A, C, E show the decrease of red fluorescence during 35 min, while B, D, F show the contemporary increase of green fluores-
cence in the same cells. A, B control, untreated cells; C, D cells challenged with 100 μg/ml quartz particles; E, F cells challenged 
with quartz particles in the presence of 100 μg/ml DXS. (B) Fluorimetric quantitation of lipid peroxidation in RAW 264.7 cells 
challenged with 100 μg/ml Q or QA (white bars) particles in the presence (Q+D, QA+D and Q+Cyto, QA+Cyto) or absence 
of 100 μg/ml DXS or of 2 μg/ml Cytocalasin B for 1 h. Values are the mean ± SD from 4 experiments. The symbol § indicates a 
statistically significant difference between Q and QA challenged cells (T test, p < 0.0005); the asterisk indicates a statistically 
significant difference between Q+D or Q+Cyto and Q-challenged cells (T test, p < 0.005), while the symbol # indicates a sta-
tistically significant difference between QA+D or QA+Cyto and QA-challenged cells (T test, p < 0.005). (C) Fluorimetric 
measurement of ROS production in RAW 264.7 macrophages in the same conditions of (B) after 1 h incubation. Values are the 
mean ± SD from 4 experiments. The symbol § indicates a statistically significant difference between Q and QA challenged cells 
(T test, p < 0.0005); the asterisk indicates a statistically significant difference between Q+D or Q+Cyto and Q challenged cells 
(T test, p < 0.0025), while the symbol # indicates a statistically significant difference between QA+D or QA+Cyto and QA-
challenged cells (T test, p < 0.0005).
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TNF-α production and cell viability in quartz-stimulated cells in the presence of DXSFigure 6
TNF-α production and cell viability in quartz-stimulated cells in the presence of DXS. (A) TNF-α production in 
cell supernatants after 6 h incubation with 100 μg/ml Q or QA (white bars) particles in the presence or absence of 100 μg/ml 
DXS (Q+D, QA+D), and of 500 μg/ml BHT (Q+D+B, QA+D+B). Values are the mean ± SD from 4 experiments. The symbol 
# indicates a statistically significant difference between Q and QA challenged cells (T test, p < 0.0005); the asterisk indicates a 
statistically significant difference between Q and Q+D challenged cells (T test, p < 0.0005), while the symbol § indicates a sta-
tistically significant difference between QA and QA+D treated cells (T test, p < 0.0005). (B) RAW 264.7 cell viability after 24 h 
incubation with 100 μg/ml Q or QA (white bars) particles in the presence or absence of 100 μg/ml DXS (Q+D, QA+D), and of 
500 μg/ml BHT (Q+D+B, QA+D+B). Values are the mean ± SD from 4 experiments. The symbol # indicates a statistically sig-
nificant difference between control, untreated cells (C) and Q and between C and QA (T test, p < 0.0005); the asterisk indi-
cates a statistically significant difference between Q and Q+D challenged cells (T test, p < 0.0005), while the symbol § indicates 
a statistically significant difference between QA and QA+D treated cells (T test, p < 0.0005). (C) Percentage of RAW 264.7 cell 
death (measured by Sytox Green DNA assay, see Methods) and apoptosis (measured by FACS analysis of phosphatidylserine-
positive cells, see Methods) after 24 h incubation with 100 μg/ml Q or QA particles in the presence or absence of 100 μg/ml 
DXS (Q+D, QA+D), and of 500 μg/ml BHT (Q+D+B, QA+D+B). Values are the mean ± SD from 3 experiments.
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mammals towards quartz among the different structural
forms of silica.

Results from other research groups have already put in evi-
dence an involvement of AA in the development of
quartz-induced lung injury in vivo, with the observation
that guinea pigs fed an ascorbate-rich diet and exposed to
quartz show a higher degree of infiltration of inflamma-
tory cells in lung fluids compared to controls fed low
doses of AA [40,41].

Taking advantage from the ability of AA to enhance mac-
rophage response to quartz particles, we investigated the
early events following quartz contact with the macro-
phage plasma membrane and triggering the synthesis and
release of TNF-α, a key cytokine in the development of
lung fibrosis after silica inhalation [20].

Results obtained demonstrate that TNF-α secretion and
mRNA synthesis are significantly increased in RAW 264.7
macrophages challenged with AA-treated quartz (QA)
compared to untreated quartz (Q) (Figure 1 and Figure 2),
and that the higher pro-inflammatory effect of QA over Q
is even more evident in the presence of IFN-γ (Figure 1b).
This cytokine is produced by activated lymphocytes
recruited by macrophages at a later stage of the inflamma-
tory process [4]. These results suggest that the quartz sur-
face modifications caused by AA could be relevant not
only during the first steps of the lung inflammatory
response but also subsequently. The long-lasting presence
of quartz particles in the lung and their continuous expo-
sure to AA, inducing the chemical modifications already
demonstrated in vitro [6,10] may indeed favour an escala-
tion of the inflammatory response, as observed during the
development of silicosis [42].

Intracellular ROS play a fundamental role in the silica-
induced transduction pathway leading to TNF-α produc-
tion [43,44]. In our experimental model, both H2O2 and
OH• radicals were found to be key signals in the enhanced
production of TNF-α in QA-stimulated cells (Figure 3), as
cytokine synthesis was significantly reduced by presence
of the two specific ROS scavengers catalase and mannitol.
Conversely, the divalent-iron chelator desferoxamine, had
no effect, suggesting a mechanism different from the Fen-
ton reaction for generation of OH• radicals. In fact, in vitro
experiments have already demonstrated the generation of
OH• radicals from the direct reaction of H2O2 with the
quartz surface, a mechanism strongly enhanced by the
previous AA treatment of the crystalline dust [6,7,10,45].

To assess the direct role of the plasma membrane in the
silica-induced TNF-α production, we focused on the very
first step of macrophage phagocytosis of quartz which is
known to be mediated by scavenger receptors [27,46,47].

Thus, we used a specific scavenger receptor inhibitor, dex-
tran-sulphate (DXS), to impair phagocytosis of Q and QA
particles in RAW 264.7 cells and establish the role of the
contact between particle and plasma membrane in trigger-
ing TNF-α synthesis.

Pre-incubation with DXS, as well as with Cytocalasin B, a
common phagocytosis inhibitor, completely inhibited
quartz phagocytosis in RAW 264.7 cells as demonstrated
by confocal microscopy images showing an absence of
quartz internalization (Figure 4A, lane II and III).

Phagocytosis of quartz particles by RAW 264.7 cells was
followed by a significant (three-fold) increase of the intra-
cellular concentration of free silicates (Figure 4B), indicat-
ing that a partial dissolution of quartz indeed occurs after
internalization, in contrast to the currently held inability
of macropahges to dissolve quartz [1-4].

DXS treatment of the cells, and Cytocalsin B as well, also
prevented the increase of the intracellular silica concentra-
tion, in line with its inhibitory effect on phagocytosis.
DXS treatment prevented quartz phagocytosis and partial
digestion by macropahges, but not the ability of cells to
establish contact with the particles, as observed by confo-
cal microscopy on living RAW 264.7 cells (Figure 4A).
Membrane lipid peroxidation was significantly higher in
QA- compared to Q-treated cells, and DXS pre-treatment
further increased lipid peroxidation in both cell samples
(Figure 5A and Figure 5B). These results, confirmed also
by use of Cytocalsin B, another phagocytosis inhibitor,
indicate that contact of quartz particles with the plasma
membrane, which is prolonged in the absence of quartz
internalization, is responsible for lipid peroxidation.

Conversely, pre-treatment of RAW 264.7 cells with DXS
prior to challenge with Q and QA particles, significantly
reduced ROS production which is secondary to phagocy-
tosis.

Pointedly, in DXS-pretreated cells production of TNF-α
increased signficantly after exposure to Q, and even more
to QA, compared to cytokine release from cells where
phagocytosis was not inhibited (Figure 6A). This result
indicate that membrane lipid peroxides generated inde-
pendently of phagocytosis induce production of TNF-α.
This conclusion is further sustained by the complete inhi-
bition of both Q- and QA-induced TNF-α synthesis in the
presence of DXS by the lipid peroxide scavenger BHT.
Both the two mechanisms, i.e. ROS production after
quartz internalization and lipid peroxides generation dur-
ing membrane-particle contact, are likely to happen phys-
iologically and consequently being synergistic in
activating macrophage response.
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In line with the increased oxidative damage of the plasma
membrane, viability of DXS-pretreated cells was severely
reduced after 24 hours incubation with Q and, even more,
with QA (Figure 6B and Figure 6C). The observed reduced
cell viability was almost due to necrosis while the extent
of apoptosis was minoritary (Figure 6C). The lipid perox-
idation inhibitor BHT prevented cell death in cells chal-
lenged with Q or QA in the presence of DXS.

In conclusion, this study demonstrates that reaction of
quartz with AA increases toxicity of crystalline silica
inducing a higher macrophage production of TNF-α, the
pro-inflammatory cytokine currently believed to be
mainly responsible for generation of lung fibrosis after
exposure to silica [20]. Furthermore, this is the first dem-
onstration that plasma membrane contact with quartz, in
the absence of phagocytosis, is sufficient to trigger mem-
brane lipid peroxidation, TNF-α release and cell death and
this appears to be even more detrimental to macrophage
survival than particle phagocytosis itself.

Taken together these data suggest that an impairment of
macrophage phagocytosis could exacerbate lung disease
in silica-exposed individuals. This could be the case in
alcoholic subjects, where pulmonary macrophage func-
tion is compromised, resulting in defective phagocytosis
[48]. This would imply that alcohol abuse or other patho-
logic conditions impairing macrophage phagocytosis
could be a risk factor for silica-induced lung disease and a
detrimental condition facilitating complications by
means of the prolonged macrophage contact with
unphagocytosed particles.

Abbreviations
AA: ascorbic acid; Q: untreated quartz; QA: ascorbic acid-
pretreated quartz; ROS: reactive oxygen species; COX-2:
cyclooxygenase-2; TNF: tumor necrosis factor; BAL: bron-
cho-alveolar lavage; DXS: dextran sulphate; Cyto: Cytoca-
lasin B; BHT: butyl hydroxytoluene; MTT: dimethylthiazol
diphenyl-tetrazolium bromide; HBSS: Hank's balanced
salt solution.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
SS: conception and design, acquisition of data, analysis
and interpretation, manuscript writing; MM: conception
and design, acquisition of data, analysis and interpreta-
tion; CF: acquisition of data, analysis and interpretation;
MP: acquisition of data, analysis and interpretation; FB
acquisition of data, analysis and interpretation, UB: criti-
cal revision and final approval; MG conception and
design, critical revision and final approval.

Acknowledgements
This work was partially supported by 2004 CIPE Regione Liguria funds. We 
are deeply indebted to Professor Antonio De Flora and Professor Elena 
Zocchi for scientific discussion and critical reading of the manuscript. We 
acknowledge the U.S. Silica Company (Brekley Springs, WV, USA) for pro-
viding Min-U-Sil 5.

References
1. Ding M, Chen F, Sh X, Yucesoy B, Mossman B, Vallyathan V: Diseases

caused by silica: mechanisms of injury and disease develop-
ment.  Int Immunopharmacol 2002, 2:173-82.

2. Fubini B: Surface chemistry and quartz hazard.  Ann Occup Hyg
1998, 42:521-530.

3. Donaldson K, Borm PJ: The quartz hazard: a variable entity.
Ann Occup Hyg 1998, 42:287-294.

4. Kreyling WG: Intracellular particle dissolution in alveolar
macrophages.  Environ Health Perspect 1992, 97:121-126.

5. Bavestrello A, Benatti U, Cerrano C, Cattaneo-Vietti R, Cortesogno
L, Gaggero L, Giovine M, Tonetti M, Sarà M: Quartz dissolution by
the sponge Chondrosia reniformis (Porifera, Demospongiae).
Nature 1995, 378:374-376.

6. Fenoglio I, Martra G, Coluccia S, Fubini B: Possible role of ascorbic
acid in the oxidative damage induced by inhaled crystalline
silica particles.  Chem Res Toxicol 2000, 13:971-975.

7. Scarfì S, Benatti U, Pozzolini M, Clavarino E, Ferraris C, Magnone M,
Valisano L, Giovine M: Ascorbic Acid-pretreated quartz
enhances cyclo-oxygenase-2 expression in RAW 264.7
murine macrophages.  FEBS J 2007, 274:60-73.

8. Skoza L, Snyder E, Kikkawa Y: Ascorbic acid in bronchoalveolar
wash.  Lung 1983, 161:99-109.

9. Johnston CJ, Driscoll KE, Finkelstein JN, Baggs R, O'Reilly MA, Carter
J, Gelein R, Oberdorster G: Pulmonary chemokine and muta-
genic responses in rats after subchronic inhalation of amor-
phous and crystalline silica.  Tox Sci 2000, 56:405-413.

10. Giovine M, Pozzolini M, Fenoglio I, Scarfì S, Ghiazza M, Benatti U,
Fubini B: Crystalline silica incubated in ascorbic acid acquires
a higher cytotoxic potential.  Toxicol Ind Health 2003, 18:249-255.

11. Gozal E, Ortiz LA, Zou X, Burow ME, Lasky JA, Friedman M: Silica-
induced apoptosis in murine macrophage: involvement of
tumor necrosis factor-alpha and nuclear factor-kappaB acti-
vation.  Am J Respir Cell Mol Biol 2002, 27:91-98.

12. Driscoll KE, Lindenschmidt RC, Mauer JK, Higgins M, Ridder G: Pul-
monary response to silica or titanium dioxide: inflammatory
cells, alveolar macrophage-derived cytokines, and histopa-
thology.  Am J Respir Cell Mol Biol 1990, 2:381-390.

13. Zhang Y, Lee TC, Guillemin B, Yu MC, Rom WN: Enhanced Il-1
beta and tumor necrosis factor-alpha release and messenger
RNA expression in macrophages from idiopatic pulmonary
fibrosis or after asbestos exposure.  J Immunol 1993,
150:4188-4196.

14. Orfila C, Lepert JC, Gossart S, Frisach MF, Cambon C, Pipy B: Immu-
nocytochemical characterization of lung macropahge sur-
face phenotypes and expression of cytokines in acute
experimental silicosis in mice.  Histochem J 1998, 30:857-867.

15. Miyazaki Y, Araki K, Vesin C, Garcia I, Kapanci Y, Whitsett JA, Piguet
PF, Vassalli P: Expression of a tumor necrosis factor-α trans-
gene in murine lung causes lymphocytic and fibrosing alveo-
litis.  J Clin Invest 1995, 96:250-259.

16. Driscoll KE, Mauer JK: Cytokine and growth factor release by
alveolar macrophages: potential biomarkers of pulmonary
toxicity.  Toxicol Pathol 1991, 19:398-405.

17. Savici D, He B, Geist LJ, Monick M, Hunninghake GW: Silica
increases tumor necrosis factor (TNF) production, in part,
by upregulating the TNF promoter.  Exp Lung Res 1994,
20:613-625.

18. Segade F, Claudio E, Wrobel K, Ramos S, Lazo PS: Isolation of nine
gene sequences induced by silica in murine macrophages.  J
Immunol 1995, 154:2384-2392.

19. Welgus HG, Campbell Z, Bar-Shavit Z, Senior RM, Teitelbaum SL:
Human alveolar macrophages produce a fibroblast-like col-
lagenase and collagenase inhibitor.  J Clin Invest 1985,
76:219-224.
Page 15 of 16
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11811922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11811922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11811922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9838865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9729916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1396446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1396446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11080045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11080045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11080045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17222177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17222177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17222177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6221162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6221162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12091251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12091251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12091251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2157474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2157474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2157474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8473757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8473757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8473757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10100728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10100728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10100728
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7542280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7542280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7542280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1667554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1667554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1667554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7882909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7882909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7882909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7868905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7868905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2991337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2991337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2991337


Respiratory Research 2009, 10:25 http://respiratory-research.com/content/10/1/25
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

20. Piguet PF, Collart MA, Grau GE, Sappino AP, Vassalli P: Require-
ment of tumor necrosis factor for deveolpment of silica-
induced pulmonary fibrosis.  Nature 1990, 344:245-247.

21. Vercammen D, Vandenabeele P, Beyaert R, Declercq W, Fiers W:
Tumour necrosis factor-induced necrosis versus anti-Fas-
induced apoptosis in L929 cells.  Cytokine 1997, 9:801-808.

22. Ruff MR, Gifford GE: Purification and physico-chemical charac-
terization of rabbit tumor necrosis factor.  J Immunol 1980,
125(Suppl 4):1671-1677.

23. Mossman T: Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxic assays.  J
Immunol Methods 1983, 65:55-63.

24. Aarskog NK, Vedeler CA: Real-time quantitative polymerase
chain reaction. A new method that detects both the periph-
eral myelin protein 22 duplication in Charcot-Marie-Tooth
type 1A disease and the peripheral myelin protein 22 dele-
tion in hereditary neuropathy with liability to pressure pal-
sies.  Hum Genet 2000, 107:494-498.

25. Vandesompele J, De Preter K, Poppe B, Van Roy N, De Paepe A, Spe-
leman F: Accurate normalization of real-time quantitative
RT-PCR data by geometric averaging of multiple internal
control genes.  Genome Biol 2002, 3(Suppl 7):0034.1-0034.12.

26. Corini E, Giani A, Lucchi L, Peano S, Viviani B, Galli CL, Marinovich M:
Resistance to Acute Silicosis in Senescent Rats: Role ofAlve-
olar Macrophages.  Chem Res Toxicol 2003, 16:1520-1527.

27. Kobzik L: Lung macrophage uptake of unopsonized envirno-
mental particulates. Role for scavenger-type receptors.  J
Immunol 1995, 155:367-376.

28. Shimaoka T, Kume N, Minami M, Hayashida K, Kataoka H, Kita T,
Yonehara S: Molecular cloning of a novel scavenger receptor
for oxidized low density lipoprotein, SR-PSOX, on macro-
phages.  JBC 2000, 275:40663-40666.

29. Lysko PG, Wienstock J, Webb CL, Brawner ME, Elshourbagy NA:
Identification of a small-molecule, nonpeptide macrophage
scavenger receptor antagonist.  J Pharmacol Exp Ther 1999,
289:1277-1285.

30. Campa VM, Iglesias JM, Carcedo MT, Rodriguez R, Riera J, Ramos S,
Lazo PS: Polyinosinic acid induces TNF and NO production as
well NF-kB and AP-1 transcriptional activation in the mono-
cyte-macrophage cell line RAW 264.7.  Inflamm Res 2005,
54:328-337.

31. Naguib YMA: A fluorometric method for measurement of per-
oxyl radical scavenging activities lipophilic antioxidants.  Anal
Biochem 1998, 265:290-298.

32. Bapat S, Post JA, Braam B, Goldschmeding R, Koomans HA, Verkleij
AJ, Joles JA: Visualizing tubular lipid peroxidation in intact
renal tissue in hypertensive rats.  J Am Soc Nephrol 2002,
12:2990-2996.

33. Aitken RJ, Wingate JK, De Iuliis GN, McLaughlin EA: Analysis of
lipid peroxidation in human spermatozoa using BODIPY
C11.  Mol Hum Reprod 2007, 13:203-211.

34. Roca J, Gil MA, Hernandez M, Parrilla I, Vazquez JM, Martinez EA:
Survival and fertilità of boar spermatozoa after freeze-thaw-
ing in extender supplemented with butylated hydroxytolu-
ene.  J Androl 2004, 25:397-405.

35. Lin MY, Yen CL: Inhibition of lipid peroxidation by Lactobacillus
acidophilus and Bifidobacterium longum.  J Agric Food Chem 1999,
47:3661-3664.

36. Garcia YJ, Rodriguez-Malaver A, Penaloza N: Lipid peroxidation
measurement by thiobarbituric acid assay in rat cerebellar
slices.  J Neurosc Meth 2005, 144:127-135.

37. Vallyathan V, Shi XL, Dalal NS, Irr W, Castranova V: Generation of
free radicals from freshly fractured silica dust. Potential role
in acute silica-induced lung injury.  Am Rev Respir Dis 1988,
138:1213-1219.

38. Diociaiuti M, Bordi F, Gataleta L, Baldo G, Crateri P, Paoletti L: Mor-
phological and functional alteration of human erythrocytes
induced by SiO2 particles: an electron microscopy and die-
lectric spectroscopy study.  Environ Res 1999, 80:197-207.

39. Castranova V: Generation of oxygen radicals and mechanisms
of injury prevention.  Environ Health Perspect 1994, 102(Suppl
10):65-68.

40. Ghio AJ, Kennedy TP, Crissman KM, Richards JH, Hatch GE: Deple-
tion of iron and ascorbate in rodents diminishes lung injury
after silica.  Exp Lung Res 1998, 24:219-232.

41. Titkova VA: Effect of novocaine and vitamin C on the fibro-
genic action of quartz dust.  Arkh Pathol 1967, 29(6):71-76.

42. Porter DW, Hubbs AF, Mercer R, Robinson VA, Ramsey D, McLaurin
J, Khan A, Battelli L, Brumbaugh K, Teass A, Castranova V: Progres-
sion of lung inflammation and damage in rats after cessation
of silica inhalation.  Toxicol Sci 2004, 79:370-380.

43. Shi X, Dong Z, Huang C, Ma W, Liu K, Ye J, Chen F, Leonard SS, Ding
M, Castranova V, Vallyathan V: The role of hydroxyl radical as a
messenger in the activation of nuclear transcription factor
NF-kappaB.  Mol Cell Biochem 1999, 194(1–2):63-70.

44. Rojanasakul Y, Ye J, Chen F, Wang L, Cheng N, Castranova V, Vally-
athan V, Shi : Dependence of NF-kappaB activation and free
radical generation on silica-induced TNF-alpha production in
macrophages.  Mol Cell Biochem 1999, 200:119-125.

45. Shi XL, Dalal NS, Vallyathan V: ESR evidence for the hydroxyl
radical formation in aqueous suspension of quartz particles
and its possible significance to lipid peroxidation in silicosis.
J Toxicol Environ Health 1988, 25:237-245.

46. Palecanda A, Paulauskis J, Al-Mutairi E, Imrich A, Qin G, Suzuki H,
Kodama T, Tryggvason K, Koziel H, Kobzik L: Role of the Scaven-
ger Receptor MARCO in Alveolar Macrophage Binding of
Unopsonized Environmental Particles.  J Exp Med 1999,
189(9):1497-1506.

47. Hamilton RF, Thakur SA, Mayfair JK, Holian A: MARCO Mediates
Silica Uptake and Toxicity in Alveolar Macrophages from
C57BL/6 Mice.  JBC 2000, 281:34218-34226.

48. Brown LA, Ping XD, Harris FL, Gauthier TW: Glutathione availa-
bility modulates alveolar macrophage function in the
chronic ethanol-fed rat.  Am J Physiol Lung Cell Mol Physiol 2007,
292:L824-L832.
Page 16 of 16
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2156165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2156165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2156165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9367540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9367540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9367540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6606682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6606682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11140948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11140948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11140948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14680365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14680365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14680365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7541421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7541421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10336517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10336517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10336517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16158333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16158333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16158333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9882405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9882405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17327268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17327268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17327268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15064318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15064318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15064318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10552700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2849348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2849348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2849348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10092440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10092440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7705309
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7705309
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9555578
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9555578
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9555578
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15056817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15056817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15056817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10391125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10391125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10391125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10569191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10569191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10569191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2845112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2845112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17122355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17122355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17122355
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Materials
	Cell cultures
	Collection of alveolar macrophages from BAL samples
	Measurement of murine TNF-a production
	Quantitative RT-PCR
	Scavengers treatment
	Confocal microscopy analyses
	Quantification of free soluble silicates in RAW 264.7 cells
	Lipid peroxidation analysis
	ROS detection
	Cell viability/cytotoxicity
	Statistical analyses

	Results
	TNF-a release by QA- versus Q-stimulated macrophages
	Time-course of TNF-a mRNA synthesis in QA- versus Q- stimulated RAW 264.7 macrophages
	Role of oxygen radicals in quartz-induced TNF-a production
	The scavenger receptor antagonist dextran-sulphate inhibits quartz phagocytosis in RAW 264.7 cells
	Effect of DXS and Cytocalasin B on lipid peroxidation and ROS production in RAW 264.7 cells challenged with quartz
	Effect of DXS and BHT on TNF-a production and cell viability in RAW 264.7 cells stimulated with quartz

	Discussion
	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

