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have not been fully elucidated. This study aimed to examine

influence of silica�induced lung injury on autophagy. Suspensions

of crystalline silica particles were administered transnasally to

C57BL/6j mice. Immunohistochemical examination for Fas and p62

protein expression was performed using lung tissue specimens.

Two�dimensional and quantitative analysis of silica deposits in

the lungs were performed in situ using lung tissue sections by an

in�air microparticle induced X�ray emission (in�air micro�PIXE)

analysis system, which was based on irrradiation of specimens

with a proton ion microbeam. Quantitative analysis showed a

significant increase of iron levels on silica particles (assessed as

the ratio of Fe relative to Si) on day 56 compared with day 7

(p<0.05). Fas and p62 were expressed by histiocytes in granulomas

on day 7, and the expressions persisted for day 56. Fas� and p62�

expressing histiocytes were co�localized in granulomas with silica

particles that showed an increase of iron levels on silica particles in

mouse lungs. Iron complexed with silica induces apoptosis, and may

lead to dysregulations of autophagy in histiocytes of granulomas,

and these mechanisms may contribute to granuloma development

and progression in silicosis.
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IntroductionOccupational and environmental exposure to silica leads to
the development of silicosis.(1) The cellular mechanisms

involved in silicosis have been investigated, and T cells and
macrophages have been proven to be key participants in its
initiation and progression.(2–4) Granulomas develop in lungs with
silicosis, and apoptosis has been demonstrated to be a pathway
with a role in their development. Proapototic Fas protein and Fas
ligand (FasL) are expressed by T cells and macrophages in animal
models of silicosis and in patients with silicosis.(5,6) In experi-
mental model, the methodological difference of acute and chronic
is that acute silicosis is induced by high dose silica instillation to
trachea, but chronic silicosis is induced by low dose silica expo-
sure using an aerosol chamber.(7) Acute silica exposures induce
glanulomatous changes with loose aggregate of activated foamy
histiocytes and lymphocytes, however chronic silica exposures
induce well organized nodular structures consisting of epitheloid
macrophages and multinucleated giant cells.(8) In a mouse model

of acute silicosis, apoptosis has been proved to be important for
granuloma development.(5) On the other hand, in chronic silicosis
model rats, apoptosis was less important during the late stage of
granuloma development.(8) In a murine model of acute silicosis,
Fas- and FasL-expressing cells located in granulomas were
almost macrophages positive for F4/80+. Small number of Fas-
and FasL-expressing cells were lymphocytes negative for F4/80+.(5)

Macrophages phagocytose silica, and regulate the inflammatory
production of cytokines such as interleukin-4 (IL-4), tumor
necrosis factor-α (TNF-α), and interleukin-10 (IL-10). These
cytokines have been proposed to play a role in fibrosis and
granuloma formation.(9–12)

Oxidative stress play a role in silica-induced lung injury, and
iron complexed with silica (ICS) generates reactive oxygen
species (ROS), with increased amounts of iron enhancing ROS
production. Fenton reaction defined as Fe2+ + H2O2 goes
Fe3+ + •OH + OH− has been a proposed mechanism for slicate-
induced ROS production.(13) Silica dust obtained from the lungs
of rats that received intratracheal instillation of silica had iron
complexes on its surface, accompanied by elevation of ROS as
shown by bronchial lavage.(14–17) In rats, high amounts iron with
silica produce more ROS in vitro than low amounts of iron with
silica.(13) An iron chelator diminished ROS production by THP-1
macrophages after silica exposure, and had the same effect in an
in vivo rat silicosis model.(18,19) The proposed mechanism of
surface modification of inhaled silica involves the accumulation
of ferritin and lactoferrin, as well as phospholipids and surfac-
tant.(20–22) Another potential source of iron that can complex with
silica is the non-protein bound cellular iron pool associated with
various low molecular weight compounds such as ATP, ADP,
GTP, citrate, and free amino acids.(23)

Autophagy is a regulated cellular pathway that is involved in
the turnover of organelles and proteins by lysosomal-dependent
processing.(24) Autophagy also acts as a survival mechanism
under conditions of stress, maintaining cellular integrity by regen-
erating metabolic precursors and clearing subcellular debris.(25–27)

Triggers for the initiation of autophagy are stressors such as
starvation or oxidative stress. Extrinsic particles can induce
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autophagy via stress based on ROS production.(28,29) Autophagy
has been investigated in chronic obstructive pulmonary disease
(COPD), pulmonary arterial hypertention, cystic fibrosis, lymph-
angiomatosis, idiopathic pulmonary fibrosis (IPF), and acute
hyperoxic lung injury,(30) however there have been no reports
about it in silicosis. Inhibition of autophagy is correlated with an
increase of p62, so analysis of p62 can assist in assessing the
impairment of autophagy.(31)

In-air microparticle induced X-ray emmission (in-air micro-
PIXE) analysis is a method of performing elemental analysis by
irradiation of the test material with a 3 MeV proton ion micro-
beam. Irradiated samples yield specific X-ray patterns for various
elements, and based on these patterns and their strength, an in-air
micro-PIXE analysis system can visualize the spatial distribution
and quantities of substances at a resolution of 1 μm.(32,33) This
system had been employed to investigate the association between
the accumulation of particles in lung tissue and various pulmonary
diseases, such as asbestosis, IPF, cryptogenic organizing pneu-
monia, interstitial pneumonia, and secondary pulmonary alveolar
proteinosis.(34) Elemental analysis is also one of the methods for
assessing particle deposition in tissues.

In this study, we employed in-air micro-PIXE analysis system
to confirm the relation between silica deposition and expression
of proteins related to apoptosis (Fas) and autophagy (p62) in
granulomas by showing the co-localization of these proteins with
silica particles. The spatial distribution of silica and iron, and
quntitative analysis of iron on silica particles were also assessed
by in situ analysis of lung tissue sections.

Materials and Methods

Animals. Pathogen-free C57BL/6j mice from Japan SLC
(Shizuoka, Japan) were used for these experiments as described
previously.(35) All animals were 6 to 8-week-old males and were
maintained under standard conditions with free access to water
and rodent laboratory food at the Division of Animal Research in
the Teikyo University.

Instillation of silica. Acute lung injury was created by intra-
nasal instillation of crystalline silica particles as described pre-
viously.(2,35) Silica particles were obtained from Japan Association
for Working Environment Measurement (Tokyo, Japan), and were
suspended in saline at 200 mg/ml and ultrasonicated prior to use.
The 40 μl of suspension was administered intranasally twice to
each mouse (a total 16 mg/body) under anesthesia on day 0. As a
control, PBS was administered intranasally in a silmilar manner.
Mice were sacrificed under anesthesia with either on day 7 or day
56. The lungs were fixed in 10% formalin at a constant pressure
(10 cm H2O) overnight. Then the lungs were removed surgically
for use in histological examination and elemental analysis. This
study was approved by the Institutional Animal Care Committee
of Teikyo University and Gunma University.

Immunohistochemical examination. Paraffin-embedded 
murine lung tissue specimens were cut into sections 4 μm thick
and hematoxylin–eosin (HE) staining was performed as described
previously.(36) For immunohistochemical staining, an anti-Fas
rabbit polyclonal antibody (Calbiochem, Novabiochem, Boston,
MA) and an anti-p62/sequestome (SQSTM1) rabbit polyclonal
antibody (abcam, Cambridge UK) were used as the primary anti-
bodies. The secondary antibody for Fas or p62 and a Simple Stain
Mouse MAX PO (R) system (universal immunoperoxidase
polymer for mouse tissue sections) were also used. Sections were
examined under an Olympus BX53 microscope (Olympus, Tokyo,
Japan), and a polarizing filter was used to detect silica particles
in the immunostained sections.

In�air micro�PIXE analysis of silica in lung tissue sections.
Serial paraffin-embedded murine lung tissue specimens used for
immunohistochemistry were cut into sections 5 μm thick. Each
section was dried, place onto 5 μm polycarbonate film, and fixed

in the sample folder. Then elemental analysis was performed and
deposition of silica particles in lung tissue was analysed in situ as
reported previously.(37) Proton ion microbeam irradiation was done
at the TIARA facility of the Japan Atomic Energy Agency (JAEA,
Takasaki, Japan), and in-air micro-PIXE analysis was performed.
Calculation of the relative quantity of each element was also
performed as described previously.(37)

The quantities of element A and element B were compared as
follows:

where Y is the net count of the elements, M is the atomic weight
of the element (amu), m is the quantity of the element in grams (g),
eff is the detection efficiency for the element, and σ is the cross-
sectional area of the specific X-ray peak for the element.

The ion microbeam was focused on areas ranging from
980 μm × 980 μm to 50 μm × 50 μm, so the peaks of elements
and two-dimensional elemental maps were obtained. The back-
ground lung tissue specimen is not homogenous and sulphur (S)
is regarded as being representative of the total cell count and
background tissue.(38) Therefore, to normalize Silica (Si) X-ray
data for the background lung tissue, the Si/S ratio was calculated.
Phosphorus (P) reflects cell morphology, because P is a major
component of cell membranes. Therefore, mapping of P was used
to identify cells in two-dimensional analysis.(39)

In the first analysis, to confirm the amount of silica particles
in the lung tissue sections, the Si/S ratio was assessed in
980 μm × 980 μm of large areas. Five lung tissue specimens from
mice were observed in each group (n = 5). In the second analysis,
to investigate iron (Fe) levels on Si particles in lung tissue sec-
tions, the ion microbeam was focused on silica particles located
in granulomatous lesions. The Fe to Si (Fe/Si) ratio was assessed
in 50 μm × 50 μm small areas on day 7 and day 56. Four silica
particles deposited in granulomas in a lung tissue section were
examined in a silica treated mouse. Therefore, a total of 20 silica
particles of each mouse lung tissue section were examined on day
7 and day 56. Gating method to silica particles by in-air micro-
PIXE analysis were described as previously.(37)

Statistical analysis. Differences between groups were
assessed by Student’s t test. Results are presented as the
mean ± SD. Statistical analyses were performed using GraphPad
Prism software and significance was accepted at *p<0.05.

Results

Instillation of crystalline silica particles into mice caused
interstitial pneumonitis with thickening of the alveolar septae
and formation of granulomas, as demonstrated previously.(2) These
lesions appeared by day 7, and were also seen on day 56. In
contrast, such lesions were not observed in control mice on day 7
or day 56 (Fig. 1a–f).

In the first elemental analysis, which was performed to quantify
the content of crystalline silica particles in lung tissue, the ion
microbeam was focused on large areas (980 μm × 980 μm) of the
tissue sections. On both day 7 and day 56, lung tissue sections
from mice treated with silica particles showed higher Si peaks than
sections from control mice (Fig. 2a–d). The ratio of Si to S (Si/S
ratio) on day 7 and day 56 was calculated by the in-air micro-PIXE
analysis system. The mean Si/S ratio was 4.3 ± 5.1 in silicosis
mice and 0.5 ± 0.1 in control mice on day 7 (n = 5). On day 56,
the mean Si/S ratio was 2.2 ± 0.9 in silicosis mice and 0.5 ± 0.1 in
control mice (n = 5). Statistical analysis showed that Si content
was significantly higher in lung tissue sections from silicosis mice
than control mice on both day 7 and day 56 (Fig. 2e and f).

In the second elemental analysis, which was done to examine
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the co-localization of iron and silica in the lungs, or the changes
of iron (Fe) levels in a silica particle, the ion microbeam was
focused on smaller areas (50 μm × 50 μm) of silica particles in
granulomatous lesions on day 7 and day 56. Peaks of Si (red), Fe
(blue) and P (light blue) were indicated in day 7 (Fig. 3a) and day
56 (Fig. 3b). P mapping was used to identify the location of cells
around the silica particles. Both peaks of Si and Fe were high in
day 7 (Fig. 3a) and day 56 (Fig. 3b). Then analysis was done by
gating on silica particles using the in-air micro-PIXE analysis
system, as previously.(37) When two-color elemental maps that
displayed the spatial distribution of Si (red) and Fe (green) in lung
tissue were overlayed using the in-air micro-PIXE system, ICS
was shown as yellow (the red of Si mixed with the green of Fe) in
the lung tissue of from silicosis mice on day 7 (Fig. 3c) and day 56
(Fig. 3d). The size and number of accumulated Fe atoms on the
surface of silica particles were increased on day 56 compared with
day 7. Fe/Si ratio was calculated by in-air micro-PIXE analysis
system. The mean Fe/Si ratio was 0.0021 ± 0.0028 on day 7 and
0.0067 ± 0.0071 on day 56 (n = 20). Statistical analysis showed
that the Fe/Si ratio was significantly higher on day 56 than on day
7 (Fig. 3e). There were fine green-outlined shapes, which were
considered histiocytes, around silica particles on day 56 (Fig. 3d).
To confirm the increased intracellular iron levels, Fe/P ratio was
calculated. Sulphur (S) is regarded as being representative of the
total cell count and background tissue and P was used to assess
cell morphology. P is well reflected cell morphology, but not well
refelects other components of lung tissue. On day 7, elemental
map showed that silica particles (Fig. 3f) were surronded with
cells, which were identified by P (Fig. 3g). On day 56, elemental
map showed that silica particles (Fig.3h) were surronded with
cells, which were identified by P (Fig. 3i). Both day 7 and day 56
of silica particles were surronded with cells. When identification
of cells by P mapping by in air micro-PIXE analysis, cells located
in around crystalline silica particles were found to be high Fe
(green) content on day 56 compared to day 7 (Fig. 3c and d). To
calculate the intracellular Fe content, the cells were gated on two
demensional map, and the calculation was done by in air
microPIXE system as previously.(37) The mean P/S (cell/back-
ground tissue) ratio was not statistically different between day 7

(1.47 ± 0.5) and day 56 (1.41 ± 0.3) on cells, but the mean Fe/P
(intracellular Fe/cell) ratio was statisticalley higher on day 56
(0.013 ± 0.005) compared to day 7 (0.010 ± 0.012) (p = 0.0018,
graphs of P/S and Fe/P were not shown).

Iron deposited in tissues has been reported to cause marked
oxidative stress. To explore the possible roles of ICS in lung tissue
damage, the expression of proteins related to apoptosis and
autophagy was examined in lung tissue sections by immuno-
histochemical analysis. On day 7, proapoptotic Fas protein was
expressed by histiocytes accumulating in granulomatous lesions
of the peripheral bronchioles adjacent to the alveoli, as well as
by type II pneumocytes, histiocytes in the alveolar septae, and
bronchial epithelial cells in silicosis mice (Fig. 4a–c). In contrast,
Fas was not expressed in control mice on day 7 (Fig. 4d–f). An
increase of p62 is correlated with inhibition of autophagy. On
day 7, p62 was expressed by histiocytes accumulating in granulo-
matous lesions of the peripheral bronchioles adjacent to the
alveoli, but it was not expressed by type II pneumocytes, histio-
cytes in the alveolar septae, or bronchial epithelial cells in silicosis
mice (Fig. 5a–c). In addition, p62 was not expressed in control
mice on day 7 (Fig. 5d–f).

On day 56, there was increased Fas expression by histiocytes in
the granulomatous lesions of peripheral bronchioles adjacent to
the alveoli, as well as by type II pneumocytes, histiocytes in the
alveolar septae, and bronchial epithelial cells of silicosis mice
(Fig. 6a–c). Co-localization of silica particles and these Fas-
expressing cells was confirmed by polalizing microscopy
(Fig. 6d). There were Fas positive histiocytes phagocytosed silica
particles (Fig. 6e) or accumulated around the silica particles
(Fig. 6f). In contrast, Fas was not expressed in control mice on day
56 (Fig. 6g and h). In silicosis mice, polarizing microscopic
analysis showed increased Fas expression by type II pneumocytes
and bronchial epithelial cells corresponding to the sites of heavy
silica particle deposition rather than the sites of low silica particle
deposition (Fig. 7a and b).

On day 56, p62 expression by histiocytes of granulomatous
lesions in the peripheral bronchioles adjacent to the alveoli
(Fig. 8a). p62 was not expressed in bronchial epithelial cells or
type II pneumocytes (Fig. 8b and c). Co-localization of crystalline

Fig. 1. Interstitial pneumonitis and granulomas induced by instillation of crystalline silica particles. Instillation of crystalline silica particles caused
interstitial pneumonitis with thickening of the alveolar septae (arrow) and formation of granulomas (arrowhead) as shown by hematoxylin–eosin
(HE) staining. Intrestitial pneumonitis (a) and granuloma (b) were observed in silica�treated mice (silicosis mice) on day 7, while instillation of PBS
(control mice) did not cause such changes on day 7 (c). Intrestitial pneumonitis (d) and granulomas (e) were observed in silica�treated mice (silicosis
mice) on day 56. Control mice did not show inflammatory changes on day 56 (f). Silica�induced inflammatory changes of the lungs appeared at an
early stage (day 7) and also persisted to day 56 (magnification: 400×).
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silica particles and p62-expressing cells was confirmed by polar-
izing microscopy (Fig. 8d). There were p62 positive histiocytes
phagocytosed silica particles (Fig. 8e) or accumulated around
the silica particles (Fig. 8f). In contrast, p62 was not expressed in
control mice on day 56 (Fig. 8g and h).

Discussion

It is known that apoptosis is associated with silica-induced
acute lung injury.(1,5,40) In a murine silicosis model, the concentra-
tion of TNF-α in bronchoalveolar lavage fluid (BALF) was found
to be increased, and proapoptotic Fas and FasL mediated the
apoptosis of T lymphocytes and alveolar macrophages.(5,40) The
present study showed prominent accumulation of Fas-expressing
histiocytes in pulmonary granulomas. Fas expression was ob-
served at an early stage (day 7) in these sites, and the expressions
persisted to day 56, in accordance with previous reports.(5,40) Fas-
and FasL-expressing cells located in granulomas were almost
macrophages positive for F4/80+. Small number of Fas- and FasL-
expressing cells were lymphocytes negative for F4/80+.(5) Based
on these reports, the histiocytes seen in granulomas in the present
study were possibly also macrophages. In an analysis of BALF
obtained from patients with silicosis, Fas/FasL pathway-mediated
apoptosis of alveolar macrophages was demonstrated to be

involved in silicosis.(41) Thus, Fas-mediated apoptosis of macro-
phages has been proven to make a contribution to silica-induced
lung injury.

In a rat model of experimental chronic silicosis, most silica
particles were cleared from the lungs, but smaller number of
silica particles phagocytosed by macrophages were retained in
the lungs.(8) In an acute silicosis animal model, however, there has
been no report about the comparison in lung content of silica in the
early (day 7) and late stages (day 56). The present study employed
in-air micro-PIXE analysis to assess silica particles in lung tissue
sections, and revealed a decrease of silica particles to half the
amount on day 56 compared with day 7. As the seen in chronic
silicosis models, silica particles in acute model induced the
development of glamulomas in the lung parenchyma in a time-
dependent manner, as we and others have previously demon-
strated on the basis of histological scores in acute silicosis
models.(2,42) This also suggested that silica particles can be
removed from the lungs after acute exposure by expectoration, but
residual particles contribute to promote granuloma formation.

Although Fas-mediated apoptosis makes a proven contribution
to silica-induced lung injury, to explore other mechanisms
underlying garanuloma development in the acute silicosis model,
we investigated the role of autophagy. Microtubule-associated
protein light chain (LC3) is one of the autophagy-related (ATG)

Fig. 2. Confirmation of crystalline silica deposition in lung by the analysis on large area (980 µm × 980 µm) of lung tissue section. Peaks of Si in
silicosis and control mice were analysed by in�air micro�PIXE analysis. Analysis was done on lung tissue sections from mice. Peaks of Si (red) were
higher in silicosis mice (a) than control mice (b) on day 7. Peaks of Si (red) were also higher in silicosis mice (c) than control mice (d) on day 56. The
background lung tissue specimen is not homogenous and sulphur (S) is regarded as being representative of the total cell count and background
tissue. Therefore, to normalize Si X�ray data for the background lung tissue, the Si/S ratio was calculated. The peaks of S were indicated as blue.
Quantitative analysis of lung tissue sections showed that the Si/S ratio was significantly higher in silicosis mice than in control mice on day 7 (e) and
day 56 (f) (*p<0.05).
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proteins that is located on autophagosomes.(24) The protein p62
binds ubiquitin and LC3, and is a selective substrate of autophagy
that regulates the formation of protein aggregates.(43)

In the present study, elevated expression of p62 was mostly
observed in the histiocytes of granulomas. The expression was
observed in the early stage on day 7 and persisted to day 56 during
the present study. As mentioned above, the cells in granulomas
were almost all macrophages positive for F4/80+,(5) and cells
expressing p62 in the granulomas were considered to be macro-
phages. The increase of p62 expression in macrophages from the
granulomas indicated that impairment of autophagy occurred from
an early stage (day 7) in these cells and continued to day 56.

There have been many reports that surface modification of iron
on silica enhances lung injury with elevation of ROS. Triggers
for the initiation of autophagy are stressors such as starvation or
oxidative stress.(28,29) Extrinsic particles can induce autophagy via

stress based on ROS production. Phospholipid is a component of
alveolar surfactant, and exposure of oxidative stress is associated
with an accumulation of surfactant in alveoli.(44) We did not
directly showed the elevation of oxidative stress markers in
present study, however we previously reported the elevatuion of
phospholipid in BAL after silica instiilation to lung.(2) A previous
report showed that phospholipid concentration after silica instilla-
tion to lung was associated with complexed Fe3+ on silica surface.(15)

The proposed mechanism of increase in iron (Fe) levels in a
silica particles in lung were that inhaled silica binds the accumu-
lated ferritin and lactoferrin, as well as phospholipids and surfac-
tant in lung.(20–22) Another potential source of iron that can
complex with silica is the non-protein bound cellular iron pool
associated with various low molecular weight compounds such as
ATP, ADP, GTP, citrate, and free amino acids.(23) Similar changes
had been reported in surface modification of asbestos.(45)

Fig. 3. Increase in Fe level in a silica particle located in the granulomas and histiocytes around the silica particles of silicosis mice after two month
from silica instillation. Ion�microbeam was irradiated to the silica particles located in garanuloma (50 µm × 50 µm). Peaks of Si (red), Fe (blue) and P
(light blue) were indicated in day 7 (a) and day 56 (b) of silicosis mice lung tissue sections. P mapping was used to identify the locations of cells
around the silica particles. Both peaks of Si and Fe were high in day 7(a) and day 56 (b). Two�color elemental maps that displayed the spatial
distribution of Si (red) and Fe (green) in silica were overlayed using the in�air micro�PIXE analysis system. ICS is shown as yellow (red of Si mixed with
green of Fe) on day 7 (c) and day 56 (d) in silicosis mice. The size and number of Fe on the surface of crystalline silica particles were increased in lung
tissue sections from silicosis mice on day 56 compared to day 7. Scale bar = 5 µm. Quantitative analysis of Fe focused on silica particles showed that
the Fe to Si (Fe/Si) ratio was significantly higher on day 56 than day 7(e) (*p<0.05). On day 56, weak green�outlined cells, which were inflammatory
cells identified by P mapping, appeared around the silica particles (d). To show the increased iron levels in cells around silica particles on day 56,
elemental map analysis was done on Si and P. On day 7, elemental map showed that silica particles (f) were surronded with cells, which were
identified by P (g). On day 56, elemental map showed that silica particles (h) were surronded with cells, which were identified by P (i). Both day 7
and day 56 of silica were surronded with cells. However on day 56, weak green�outlined cells, which were inflammatory cells identified by P
mapping, appeared around the silica particles (d), but there were no such green�outlined cells around the silica particles on day 7 (c). Two�color
elemental maps that displayed the spatial distribution of Si (red) and Fe (green) in figure c and d, as above described. Therefore, on day 56, these
green�outlined cells contained increase in intracellular iron compared to day 7. The statistical results for quantitative analysis of Fe/P were described
in the results section.
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Intracellular iron levels evaluated by Fe/P ratio were elevated
on day 56. Increase in Fe levels of cells have been reported in
silica particle exposure to cells.(46) Exposure of both silica and
ferric acid enhanced the increase in intracelluar non-heme iron and
ferritin compared to only silica exposure. Increase of intracellulare
Fe levels was protective mechanisms of cells against oxidative
stress associated with particle matter exposure.(46) The reason of
elevation of Fe/P ratio in cells on day 56 might reflect the protec-
tive mechanisms of cells against oxidative stress, which was
caused by increase in iron levels on silica particles.

Since ICS produces ROS, which trigger autophagy, we
employed in-air micro-PIXE analysis to investigate ICS in
granulomas by in situ analysis of lung tissue sections. In air micro-
PIXE analysis revealed an existence of ICS in the lung granulomas
by both two-dimensional and quantitative analysis, and iron
levels in silica particle was increased on day 56 compared with
day 7. These findings suggested that increased ROS production
might accompany the increase in iron levels of silica particle,
leading to impairment of autophagy by macrophages in the

granulomas, and that impairment of autophagy might play a role
in the development of granulomas associated with silicosis.

Impairment of autophagy along with an increase of p62 has
already been documented in IPF and COPD. In IPF, p62 protein
levels were increased in whole lung lysate, and impairment of
autophagy due to TGF-β1 production was involved in the
mechanism of fibrogenesis.(47) Interestingly, peripheral blood
macrophages from smokers show impairment of autophagy with
increased expression of p62 protein.(48) Although impairment of
autophagy along with increased expression of p62 protein has
thus been demonstrated in IPF lung tissue and in the macrophages
of cigarette smokers,(47–49) the role of autophagy in silicosis has
not been explored. Inhibition of autophagy is correlated with an
increase of p62, so analysis of p62 can assist in assessing the
impairment of autophagy.(24,31)

The present study showed both Fas and p62 expressions in
granulomas. There have been several reports about Fas and p62
crosstalk. p62 acts as a signaling adaptor in apoptosis and
autophagy.(50,51) When lung injury occurs, hyperoxia disrupts the

Fig. 4. Fas expression in lung tissue sections from silicosis mice on day 7. Fas was expressed by histiocytes in granulomatous lesions of the peripheral
bronchioles adjacent to the alveoli (a, arrow), and also by type II pneumocytes (b, arrowhead), histiocytes in alveolar septae (b, arrow), and bronchial
epithelial cells (c, arrowhead) on day 7 in silicosis mice. In contrast, Fas was not expressed in these cells of control mice on day 7 (d–f). There were no
granulomas in control lung, and accumulated cells observed in lung tissue specimens also did not express Fas (d)(magnification: 400×).

Fig. 5. p62 expression in lung tissue sections from silicosis mice on day 7. p62 was expressed by histiocytes in granulomatous lesions of the
peripheral bronchioles adjacent to the alveoli (a, arrows). p62 was not expressed by type II pneumocytes (b, arrowhead). Histiocytes located in
interstitium were seen (b, arrow). Bronchial epithelial cells did not expressed p62, but several interstitial histiocytes expressed p62 (c, arrow). p62
was not expressed in lung tissues from control mice on day 7 (d–f). There were no granulomas in control lung. Accumulated cells observed in lung
tissue specimens also did not express p62 (d) (magnification: 400×).
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Fig. 6. Fas expression was persistent in lung tissue sections from silicosis mice on day 56. Fas was expressed by histiocytes in granulomatous lesions
of the peripheral bronchioles adjacent to the alveoli, (a, arrows), type II pneumocytes (b, arrowhead) and histiocytes in the alveolar septae (b,
arrow), as well as by bronchial epithelial cells (c, arrowheads). Co�localization of crystalline silica particles and Fas�expressing cells in granulomas was
confirmed by polarizing microscopy (polarized on figure a) (magnification: 400×). Silica particles were seen as white dots (d, arrows). There were Fas
positive histiocytes phagocytosed silica particles (e) or accumulated around the silica particles (f). Arrows indicate silica particles (magnification: oil
immersion, 1,000×). In control mice, Fas was not expressed in lung tissues on day 56 (g and h) (magnification: 400×).

Fig. 7. Fas expression was higher at the sites of heavy silica particle deposition area compared to light deposition area in silicosis mice lung on day
56. Polarizing microscopic analysis indicates the heavy silica particle deposition and light silica deposition areas (a, yellow squares). In heavy silica
particle deposition area, dense silica particles were seen as white dots (arrows). Fas expressions by histiocytes of peripheral bronchioles adjacent to
the alveoli were higher at the sites of heavy silica particle deposition (b, black arrowheads) than at the sites of light particle deposition (b, white
arrowhead). (magnification: 400×).
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p62-Fas complex, and p62 regulates apoptosis after hyperoxia.
LC3b is an autophagy-related ubiquitin-like modifier, and it
forms a complex with p62 to regulate cytoprotection of alveolar
epithelial cells after hyperoxia.(52) These findings suggest that
apoptosis can occur at the same time as autophagy,(24) so synchro-
nous Fas and p62 expression in the macrophages of silicosis
granulomas indicated crosstalk between these molecules in the
present study. Instillation of crystalline silica particles led to
accumulation of particles complexed with iron in granulomas.
The amount of iron associated with silica increased over time
along with increased expression of Fas and p62. The accumulation
of ICS may induce apoptosis and impairment of autophagy in
macrophages by promoting ROS production, contributing to
granuloma development in silicosis.

There are several limitations of this study. We investigated
ICS for the purpose of assessing the mechanisms underlying ROS-
mediated apoptosis and impairment of autophagy in a mouse
model of acute silicosis. It was proven that an increase of ROS
levels is dependent on the iron level, but whether p62 expression
is affected by iron was not directly demonstrated. There have been
a few reports of metals on autophagy. Brain iron accumulation and
p62-positive glial inclusions are found in Huntington’s disease.(53)

Iron oxide nanoparticles induce ROS, leading to mitochondrial
damage and autophagy in lung epithelial cancer cells.(54) SiO2

nanoparticles induce less autophagy than copper oxide, while iron

oxide nanoparticles appeared to have no cytotoxic effect on A549
lung cancer cells.(55) Thus, whether p62 expression is affected
by iron has not been established. The size of crystalline silica
particles can influence the cellular response. Rat macrophages
show a stronger apoptotic response to smaller silica particles
than larger particles.(56) The crystalline silica particles used in the
present study ranged from 2 μm to 20 μm as assessed by in-air
micro-PIXE analysis, and these sizes were similar to those used in
previous reports.(16,57) Whether p62 expression can be affected by
silica particle size has not been established. Furthermore, over
expression of p62 is not necessary related to impairement of
autophagy, and in some conditions, the expression is related to
activation of autophagy.(52)

Taken together, the present study showed co-localization of Fas
and p62 expression in the macrophages of granulomas along with
silica particles that displayed an increase of ICS in mice with acute
silicosis. Investigation of whether different amounts and sizes of
ICS have different effects on autophagy in silicosis will need to be
done in the future.
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