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Introduction
Macrophages are one of the cells which bears central role in 
immune system and their major function is phagocytosis of various 
materials such as microbes, foreign particles and dead cells. These 
phagocytized materials are usually carried to the lysosome and 
adequately disposed by the lysosomal enzymes. Macrophages are 
known to engulf indigestible particles such as silica, asbestos and 
carbon. Silica is as multiple crystalline formsandnon-crystalline 
(amorphous) forms. Particularly, the crystalline silica particles 
are known to induce inflammation and cell death [1,2]. Chronic 
exposure to respilable crystalline silica particles leads to silicosis, 
a potentially lethal disease that is marked by inflammation and 
fibrosis of the lung. Resident alveolar macrophages normally 
play a protective role in the lung by cleaning foreign materials 

[3,4]. However, scavenging of crystalline silica particles by the 
macrophages leads to direct release of inflammatory cytokines, 
which seems to be linked to development of silicosis [5,6]. Upon 
continuous exposure to crystalline silica, a decrease in the number 
of alveolar macrophages was observed in vivo [7]. In vitro studies 
have indicated that crystalline silica particles induce cell death in 
alveolar macrophages and macrophage cell lines [8-10].

A persistent overproduction of the pro-inflammatory cytokine 
interleukin-1β (IL-1β) was observed in silicosis, and it seemed to 
act as a key inflammatory regulator [11,12]. Crystalline structure 
of particles such as silica, asbestos and alum has been reported 
to trigger the release of IL-1β from macrophages [13-17]. IL-
1β response is regulated by two separate mechanisms which are 
Toll-like receptors activation [18] and Nod-like receptors (NLRs) 
activation [19]. The latter is involved with the production of IL-1β 
by crystalline silica particles. Nod-like receptor family protein 3 
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Abstract
Objective: When cells are incubated with various particles in phagocytosis experiment, the cells include two 
populations. One is the population which engulfed the particles; the other is the population which did not engulf them. 
We separated both populations by use of a cell sorter and evaluated the cell death of the population which engulfed the 
particles to clarify the cytotoxic effect by the phagocytized particles in this study.

Methods and Results: Thioglycollate-elicited peritoneal macrophages engulfed 100 nm and 1000 nm of non-crystalline 
silica and polystyrene particles. Phagocytosis of these particles increased depending on the quantity of added particles. 
The treatment of the cells with 1000 nm silica particles induced release of lactate dehydrogenase (LDH) and production 
of interleukin-1β (IL-1β). On the other hand, 100 nm silica particles did not increase the LDH release and the IL-1β 
production. Polystyrene particles also did not have cytotoxic and inflammatory effects. To elucidate the relation of 
phagocytosis and cytotoxicity, the cells incubated with 1000 nm silica particles were divided into non-phagocytic and 
phagocytic population by use of a cell sorter. As most of dead cells stained by propidium iodide were observed in the 
phagocytic cells population, the phagocytosis of 1000 nm silica particle was associated with cell damage directly. The 
silica-induced cell death was not accompanied with the externalization of phosphatidylserine in the plasma membrane.

Conclusions: These results indicated the following things: (1) The engulfment of certain size of the silica particles 
induced cell death in the macrophages, (2) The cell death was not typical apoptosis and (3) The cell death was 
accompanied with the activation of inflammasome.
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(NLRP3)constitutes Nod-like receptor family protein 3 (NLRP3) 
inflammasome with an adaptor protein and procaspase-1 [20]. 

Phagocytosis of crystalline or particulate structures triggers 
disintegration of endolysosomal organelles and the release of 
lysosomal contents into the cytosol. Crystalline or particulate 
structures are known to activate NLRP3 inflammasome via 
lysosomal rupture or production of reactive oxygen species 
(ROS) [13,15,21-24]. NLRP3 inflammasome is platforms for 
caspase-1 activation and mediates two caspase-1-dependent 
inflammatory processes: (1) Processing of IL-1β and IL-18 and 
(2) Inflammasome-dependent cell death called pyroptosis. Recent 
study has shown that not only crystalline silica particle but also 
on-crystalline silica particles increase IL-1β release via NLRP3 
inflammasome.

Thus many findings have been reported about the association 
between phagocytosis of various crystalline and non-crystalline 
particles and the inflammasome activation. When cells are 
incubated with various particles in phagocytosis experiment, the 
cells include two populations. One is the population which engulfed 
the particles; the other is the population which did not engulf them. 
However, these populations were handled as one cell population 
treated with the particles, and both were not separately evaluated 
in previous studies. Therefore we separated both populations by 
use of a cell sorter and evaluated the cell death of the population 
which engulfed the particles to clarify the cytotoxic effect by the 
phagocytized particles in this study.

Materials and Methods
Ethics statement
This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of Laboratory 
Animals of the Ministry of Education, Culture, Sports, Science and 
Technology in Japan. The protocol including euthanasia method 
was approved by the Animal Research Committee of Kobe Gakuin 
University (Permit Number: A14-49). All surgery was performed 
under deep anesthesia, and all efforts were made to minimize 
suffering.

Particles
Sicastar®green-F fluorescent silica particles were purchased 
from micromod Partikeltechnologie GmbH (Rostock, Germany). 
Fluoresbrite® yellow-green fluorescent polystyrene microspheres 
were purchased from Polysciences Inc. (Warrington, PA). 
All experiments were conducted with carboxylate-modified 
microspheres. The particles were sonicated by ultrasonic bath for 
5 minutes before using.

Macrophage preparation
Male ddY mice (7-8 week-old) were purchased from Japan 
SLC, Inc. (Shizuoka, Japan). Thioglycollate-elicited peritoneal 
macrophages from ddY mice were obtained by the peritoneal 
lavage technique. Four days after peritoneal injection of 3% 
w/v thioglycolate medium (0.1 ml/g mice), mice were ethically 
sacrificed by deep anesthesia. The lower abdominal area was 

incised small, and 4ml of cold phosphate buffed saline (PBS) 
was injected into the peritoneal cavity with Pasteur pipette. The 
wound was clipped with forceps and the abdomen was raised and 
shaken to wash the peritoneal cavity. Pasteur pipette was inserted 
into the upper part of the abdomen and peritoneal fluids were 
collected. Above handling was repeated three times. The resultant 
cell suspension was centrifuged at 350×g for 5 minutes and then 
the cells were treated with hypotonic saline solution to burst 
erythrocytes. This cell suspension was centrifuged at 350×g for 
5 minutes and the cell pellet was resuspended with RPMI-1640 
(Nacalai Tesque, Kyoto, Japan) including 5% decomplemented 
fetal bovine serum (FBS, GIBCO®/Life Technologies, Carlsbad, 
CA). The cells were seeded in 8-well chambers (0.8 cm2, 1.5×105 
cells/well) for morphological observation, 24-well plates (1.9 cm2, 
3.0×105 cells/well) for flow cytometry analysis, 96-well plates 
(0.32 cm2, 7.0×104 cells/well) for ROS measurement and 60 mm 
dishes (20 cm2, 4×106 cells/dish) for cell sorting. The cells were 
incubated at 37˚C and 5% CO2. After 1 hour, the cells were washed 
to separate out any non-adhesive cells. 

The next day, the cells were used various experiments. Macrophage 
purity was immunologically determined by flowcytometry 
analysis and morphological observation using the specific markers 
of macrophages such as CD68 and F4/80.

Morphological observation of phagocytosis
The particles were suspended in RPMI 1640 medium with 1% 
bovine serum albumin (BSA). BSA was added to dispersant 
to prevent adsorption to the vessels. BSA had no effect on 
phagocytosis of particles (data not shown). Various concentrations 
of the particle suspensions were prepared. The particle suspensions 
were sonicated by ultrasonic bath for 5 minutes before using and 
applied to the cells for 24 hours. At the end of the incubation 
period, cells were washed twice with phosphate buffered saline and 
observed by a laser-scanning microscope (FV1000-D, Olympus 
Corporation, Tokyo, Japan).

LDH and IL-1β measurement
To evaluate cell damage, lactate dehydrogenase (LDH) leakage 
from the cells was measured. The culture supernatants were 
collected after the incubation with the particles. The supernatants 
were centrifuged at 750×g for 10 minutes and applied to LDH-
Cytotoxic Test Wako (Wako Pure Chemical Industries, Ltd., Osaka, 
Japan). The release of interleukin-1β (IL-1β), an inflammatory 
cytokine, was determined by use of Mouse IL-1 beta/IL-1F2 
Quantikine ELISA Kit (R&D systems, Inc., Minneapolis, MN).

ROS measurement
To determine reactive oxygen species (ROS) production in the 
cells, the culture supernatants were removed after the incubation 
with the particles. CellROX® Green reagent (Molecular Probes/
Life Technologies, Carlsbad CA) were added to the cells. The 
cells were incubated at 37˚C for 30 minutes and then washed 
twice with PBS. The fluorescence was measured by micro plate 
spectrofluorometer (Gemini EM, Molecular Devices, Sunnyvale, 
CA).
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Cell sorting
The particles were suspended in RPMI 1640 medium with 1% BSA. 
BSA was added to dispersant to prevent adsorption to the vessels. 
BSA had no effect on phagocytosis of particles (data not shown). 
The particle suspensions were sonicated by ultrasonic bath for 5 
minutes before using. Peritoneal macrophages were incubated with 
1000 nm silica particles (100 particles/cell) for 1 hour. After the 
incubation, the cells were washed twice with PBS and to remove 
free particles and harvested by trypsinization. The harvested cells 
were suspended in PBS and analyzed and separated by cell sorter 
(FACSAria, BD Biosciences, Franklin Lakes, NJ). The cells were 
sorted by non-phagocytic and phagocytic populations and then the 
sorted cells were re-cultured in RPMI 1640 medium including 5% 
FBS for 12 or 24 hours.

Morphological observation
The 1000 nm silica particle suspensions were applied to the cells 
in the 8-well chambers for indicated times. After the incubation, 
the cells were washed twice with PBS to remove free particles. 
The cells were stained to evaluate cell death by propidium iodide 
(PI) or Annexin V conjugated Alexa 647 (Molecular Probes/Life 
Technologies, Carlsbad CA) and observed by a laser-scanning 
confocal microscope.

Results
Characterization of thioglycollate-elicited peritoneal macrophages
Peritoneal macrophages from ddY mouse were immunologically 
stained by using the macrophage specific markers such as CD68 
and F4/80. The cells were applied to quantitative analysis and 
morphological observation. As indicated in figure 1, the mean 
percentages of CD68- positive and F4/80- positive cells were 
90.48 ± 0.15 and 93.26 ± 0.14, respectively.

Figure 1: Characterization of thioglycollate-elicited peritoneal 
macrophages from mouse.

Cells were harvested by trypsinization and immunologically 
stained by use of anti-mouse CD68 antibody and anti-mouse F4/80 
antibody. The stained cells were analyzed by flow cytometory. The 
cells which stained by use of the specific antibodies were indicated 
by red lines and the cells which added only fluorescent secondary 
antibody were indicated by black lines (upper panel). 

Cells seeded in the glass bottom chamber were immunologically 
stained by use of anti-mouse CD68 antibody and anti-mouse 
F4/80 antibody and then observed by a laser-scanning confocal 
microscope (lower panel). Bar, 20 µm.

Morphological observation of phagocytosis
Cells were incubated with 100 nm and 1000 nm of fluorescent 
particles for 24 hours. Peritoneal macrophages phagocytized both 
sizes of non-crystalline silica and polystyrene particles (Figure 2). 
Phagocytosis of these particles increased according to the additive 
amount of the particles (data not shown).

Figure 2: Phagocytosis of silica and polystyrene particles by peritoneal 
macrophages.

Cells seeded in the glass bottom chamber were incubated with 
100 nm (100000 particles/cell) or 1000 nm (100 particles/ cell) of 
fluorescent particles for 24 hours. After the incubation, the cells 
were washed 2 times and observed by a laser-scanning confocal 
microscope. Bar 10 µm.

Measurement of LDH leakage and ROS and IL-1β production
To evaluate whether the phagocytized particles cause cell damage 
or not, we measured LDH leakage from the cells to culture 
supernatants. Peritoneal macrophages were incubated with 1000 
nm silica and polystyrene particles for 24 hours (Figure 3a). 

Phagocytosis of 1000 nm silica particles induced cell damage 
depending on the amount of particles. Meanwhile, LDH leakage 
was not detected in the cells incubated with 1000 nm polystyrene 
particles. 

We also performed the same examination using 100 nm silica 
particles. The small particles did not show the cytotoxicity 
regardless of quantity of the addition (Figure 3b).
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Figure 3: Phagocytosis of silica particles induces cytotoxicity. 
(a-d): Cells were incubated with 100 nm or 1000 nm of fluorescent 
particles for 24 hours. After the incubation, the culture medium was 
collected and assayed the release of LDH (a and b) and IL-1β (c and d). 
(e): At the same time, the production of ROS in the cells was assayed. Cell 
lysate and menadione treatment were used as positive control. *, p<0.05 
vs. control.

IL-1β production and release was measured in the culture 
supernatants of peritoneal macrophages incubated with various 
particles. The cells were incubated with 1000 nm and 100 nm of 
silica particles for 24 hours. Large amount of IL-1β release were 
observed in the cells incubated with 1000 nm silica particles 
(Figure 3c). The IL-1β release increased depending on the additive 
amount of particles. On the other hand, 100 nm silica particles 
hardly accelerated IL-1β production (Figure 3d). The exposure of 
polystyrene particles to the cells was not caused by the increase of 
IL-1β production regardless of their sizes and the additive amount 
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(data not shown). To determine ROS production, peritoneal 
macrophages were incubated with various amounts of 1000 nm 
silica and polystyrene particles for 3 hours. Phagocytosis of the 
particles did not affect ROS production regardless of their base 
materials and the additive amount (Figure 3e).

Cell sorting
Peritoneal macrophages were incubated with 1000 nm silica 
particles for 1 hour and then sorted by the amount of phagocytized 
particles. We defined the cells which engulfed large amount of 
the particles as the phagocytic population, and non-phagocytic 
population and phagocytic population were separately collected 
(Figure 4a). These cells were re-cultured in culture medium without 
the particles. After 24 hours later, PI-positive dead cells were 
increased in the cells collected as phagocytic cells (Figure 4b). The 
percentage of PI-positive cells in the cells which were collected 
as non-phagocyte population was equal to control macrophages 
(Figure 4c). To evaluate whether this cell death is apoptosis or 
not, we examined externalization of phosphatidylserine in plasma 
membrane. The non-phagocytic and phagocytic cells were stained 
by annexin V conjugated with Alexa 647. Many annexin V-positive 
cells were found in the phagocytic population, but circular staining 
of plasma membrane which is one of the features of apoptotic cell 
death was hardly observed (Figure 4d).

Figure 4: Phagocytosis of silica particles induces cell death of peritoneal 
macrophages.
(a): Cells were incubated with 1000 nm fluorescent silica particles (100 
particles/ cell) for 1 hour. After the incubation, the cells were harvested 
by trypsinization and two populations were sorted by a cell sorter. These 
populations were re-seeded in the glass bottom chamber and cultured 
for 24 hours. The cells were observed by a laser-scanning confocal 
microscope. Bar, 10 µm. (b and c): The cells re-seeded in glass bottom 
chamber were stained by PI and observed bya laser-scanning confocal 
microscope. Bar, 20 µm. PI-positive cells were counted in four images 
and the percentages were calculated. (d) The cells re-seeded in glass 
bottom chamber were stained by Annexin V conjugated Alexa 647 and 
observed by alaser-scanning confocal microscope. Bar 20 µm.

Discussion
Phagocytosis of 1000 nm non-crystalline silica particles induced 
cell death of peritoneal macrophages. In this study, we tried 
to separate the phagocytic cell population and to evaluate the 
cytotoxicity of them. Although cells were incubated with the silica 
particles for 1 hour, dead cells were hardly present in the non-
phagocytic population. The cell death was not induced only by the 
transient contact with the particles. This result indicated that the 
engulfment of the particles triggered the cell death.

The cytotoxicity of the particles seemed to be involved in the base 
materials and particle sizes. Since phagocytized particles occupy 
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the space in the cells, we estimated that total surface area or total 
volume of added particles participate in the cytotoxicity of silica 
particles. Consequently, 100 nm silica particles were added to the 
cells at the same total surface (20000 particles/cell, 200 πµm2/cell) 
area and same total volume (200000 particles/cell, 33.4 πµm3/cell) 
with 1000 nm particles (200 particles/cell, 200 πµm2/cell, 33.4 
πµm3/cell). The particles were taken into the cells depending on 
the additive amount. On the other hand, 100 nm silica particles 
hardly had cytotoxic effect regardless of its amount. These results 
indicated that the cytotoxicity of silica particles had no relevance 
to the total surface area and the total volume of added particles. In 
previous studies, the inflammatory effect of carbon nano particles 
depended on the surface area of the particle [25,26]. The small 
particles that surface area per weight was big showed strong 
inflammation in this study. However, we were not able to find 
the relation between the surface area and the cytotoxicity. The 
polystyrene particles had no effect on LDH release and IL-1β 
production regardless of their sizes or amounts. In consequence, 
the occupation of the inner space in the cells with indigestible 
particles does not seem to be a direct cause of cytotoxicity.

Generally cell death is classified as either apoptosis or necrosis. 
Apoptosis is described as a programmed process of autonomous 
cellular dismantling that avoids eliciting inflammation. Necrosis 
has been characterized as accidental cell death resulting from 
environmental perturbations with uncontrolled release of 
inflammatory cellular contents [27]. After the incubation of 
the cells with 1000 nm silica particles, annexin V-positive cells 
increased but typical externalization of phosphatidylserine was not 
observed in the phagocytic population. Internalization of annexin 
V by the plasma membrane rupture was suspected. Moreover, 
the cytotoxicity of 1000 nm silica particles was accompanied 
with the release of IL-1β. The level of cytotoxicity by the silica 
particles correlated with the release of IL-1β. IL-1β is one of 
the proinflammatory cytokines and produced from proIL-1β by 
caspase-1 [28]. Caspase-1 is one of the proinflammatory caspases 
and it exists as pro-caspase-1 which is inactive form in cytosol. 
Pro-caspase-1 is a component of inflammasome. Inflammasome 
is a multi-protein complex of over 700 kDa that is responsible 
for the activation of the caspase-1 which is essential for pro IL-
1β processing and mature IL-1β secretion. The formation of 
inflammasome induces assembly of pro-caspase-1 via adaptor 
molecule and activation of caspase-1 by self-digestion [20]. Since 
the silica particles-induced cell death was accompanied with 
the release of IL-1β, this cell death seemed to be dependent on 
caspase-1 activation. These results suggest that 1000 nm silica 
particles induce pyroptosis which is inflammasome-dependent cell 
death.

NLRP3 is one of NLR family proteins and a constituent of 
NLRP3 inflammasome NLRP3 inflammasome is the most studied 
inflammasomes [20]. NLRP3 inflammasome was activated by 
various inducers, for example, ingredients derived from microbes 
dsDNA and ATP which are released by damaged cells and particulate 
chemical materials such as asbestos and silica [1,13,15,29-33]. 
Crystal-dependent NLRP3 inflammasome activation is known to 

go through ROS-dependent or cathepsin B-dependent pathway 
[20]. Phagocytosis of crystalline or particulate structure leads to 
lysosomal damage, resulting in cytosolic release of lysosomal 
contents such as cathepsins [16]. The lysosomal protease was 
reported to activate NLRP3 inflammasome directly. In this 
study, we examined cytotoxicity of macrophages following 
phagocytosis of 100 nm and 1000 nm of silica or polystyrene 
particles. Phagocytosis of only 1000 nm silica particles induced 
release of LDH and IL-1β. Production of ROS was not detected 
in the cells which phagocytized polystyrene and silica particles. 
These results suggest that phagocytosis of 1000 nm silica particles 
leads to activation of NLRP3 inflammasome following lysosomal 
damage. The size of silica particle or base materials of particles 
may be involved with lysosomal damage by engulfment of them. 
The cell death induced by 1000 nm silica particles did not show 
typical characteristic of apoptosis such as phosphatidylserine 
externalization and was accompanied with release of IL-1β. Our 
results suggest that the certain size of silica particles induce the 
activation of inflammasome and pyroptosis.
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