
INTRODUCTION

Particulate air pollutants [including ultrafine particles 
(UFPs), particulate matter (PM) under 2.5 μm in diame-
ter (PM2.5), PM under 10 μm in diameter (PM10), diesel 
exhaust particles, and silica particles] and mineral fibers 
(including asbestos and man-made mineral fibers) acti-
vate inflammatory cells to release oxidants such as super-
oxide anion, hydrogen peroxide, and hydroxyl radicals  
(Ciencewicki et al., 2008). Oxidants can contribute to 
inflammation and injury in the lower respiratory tract, and 
oxidants from macrophages may play a central role in the 
biological effects of various dusts (Rom, 2011). The bio-
logical effects of these particles have been studied. For 

example, chronic exposure to UFPs produces deleterious 
effects on the lung; UFPs also cause oxidative stress and 
enhance proinflammatory effects in airways of patients 
with chronic obstructive pulmonary disease (Mehta et al., 
2008). Moreover, occupational exposure to crystalline sil-
ica is associated with the development of pulmonary sili-
cosis (Reiser and Last, 1979), and alveolar macrophages 
play a critical role in the biological effects of silica parti-
cles (Davis, 1986). However, no clear relationship exists 
between particle size and the ability to induce oxidant 
release from macrophages. We previously suggested that 
macrophages non-specifically induce the release of super-
oxide on exposure to different types of mineral fibers, 
depending on fiber length; moreover, the increase rate of 
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active than small ones.

Key words:  Silica, Quartz, Man-made mineral fibers, Reactive oxygen species, Superoxide,  
Macrophage

 

Correspondence: Masayuki Ohyama (E-mail: ohyama@iph.pref.osaka.jp)

Original Article

The Journal of Toxicological Sciences (J. Toxicol. Sci.)
Vol.39, No.4, 551-559, 2014

Vol. 39 No. 4

551



the ability to induce chemiluminescence (CL) depends on 
fiber width. We demonstrated a strong correlation between 
geometric-mean fiber length and the ability to induce CL 
(largest r2 = 0.9760) and a negative correlation between 
geometric-mean fiber width and the increase rate of the 
ability to induce CL (largest r2 = 0.7473) in seven types 
of mineral fibers (Ohyama et al., 2000, 2001). Therefore, 
we consider that the reactivity of the superoxide response 
from macrophages not only depends on fiber geometry 
but also on particle size. 

Alveolar macrophages play a critical role in the proc-
ess of fibrosis caused by silica particles and mineral fibers 
(Davis, 1986; Mossman and Churg, 1998). Zhang et al. 
(2000) reported that superoxide from macrophages medi-
ates silica genotoxicity. 

In contrast, in non-asbestos mineral fiber (i.e., man-
made mineral fibers) studies, fiber length has been found 
to be a major descriptor of tumorigenicity (Stanton et al., 
1981; Roller et al., 1996). Further, larger α-quartz crys-
tals have been reported to produce severe inflammation 
and fibrosis in an instillation experiment (Wiessner et al., 
1989; Goldstein and Webster, 1966). 

The purpose of this study was to compare the role of 
silica particle size with mineral fiber geometry in the abil-
ity to induce superoxide release from rat alveolar mac-
rophages. Although PM includes many components, the 
role of only silica particle size was investigated in the 
present study.

MATERIALS AND METHODS

Mineral samples
Particles: Silica (S-5631, Particle size: 0.5-10 μm) 

was obtained from Sigma Chemical Co. (St. Louis, MO, 
USA). We suspended silica particles in distilled water, 
and four samples (A, B, C and D) of different parti-
cle sizes were obtained depending on the sedimentation 
rate of the suspension. The diameters of particles in the 
four samples were measured using a laser scattering par-
ticle size distribution analyzer (LA-700, Horiba Ltd.,  
Kyoto, Japan). Silica particle numbers per unit weight 
were counted using a hemocytometer under an optical 
microscope (Microphot-FX, Nikon Co., Tokyo, Japan) 
(objective lens: (20; eyepiece: (10; intermediate magni-
fier: (2; resolving power of lens: λ/2N.A. = 0.3667 μm, 
where λ = 0.55 μm and numerical aperture (N.A.) = 0.75). 
We used an X-ray diffractometer (Rint-1100, Rigaku Co., 
Tokyo, Japan) for identification of silica samples. The 
form of silica in all silica samples was α-quartz. 

Mineral fibers: We used the Japan Fibrous Material 
standard reference samples provided by the Japan Asso-

ciation for the Study of Fiber Materials (Tokyo, Japan). 
The fiber samples were rock wool (RW1, geometric-mean 
length: 16.5 μm; geometric-mean width: 1.8 μm; number 
of fibers per unit weight: 1.7 × 103/μg), refractory ceramic 
fiber (RF1, 12.0, 0.77, and 8.8, respectively), and silicon 
carbide whisker (SC1, 6.4, 0.30, and 410, respectively). 
The characterization of these fibers has been documented 
elsewhere (Kohyama et al., 1997; Yamato et al., 1998). 
For example, chemical composition of these fibers has 
been demonstrated by X-ray fluorescence analysis. Sili-
con was the common and principal element in these fib-
er samples (RW1, chemical composition of SiO2: 36%, 
Al2O3: 13%, CaO: 43%; RF1, SiO2: 50%, Al2O3: 49%; 
SC1, SiC: 99.6%). Fe2O3 was the only iron compound 
detected in these samples (RW1, chemical composition of 
Fe2O3: 0.41%; RF1, 0.15%; SC1, 0.07%). 

All particle and fiber samples were dried and heat-ster-
ilized at 80°C for 48 hr and suspended in fetal bovine 
serum (FBS) at concentrations of 1 mg/ml. The suspen-
sions were incubated for 15 min at 37°C, and spin-washed 
three times in Hanks’ balanced salt solution (HBSS) at 
900 × g for 20 min. Pellets were resuspended at 0.77, 
3.08, and 5.38 mg/ml, except SC1, which was adjusted to 
one-tenth the concentration of other samples. These sus-
pensions were stored at 4°C. 

Cell isolation
The experiments were conducted on 6 week-old male 

F344 rats obtained from Japan SLC, Inc. (Hamamatsu, 
Japan) that were placed in a clean air exposure chamber 
at room temperature of 25 ± 2°C 1-2 week with food and 
water ad libitum. The exposure chamber system has been 
described (Ohyama et al., 2010). In brief, clean air was 
supplied by filtering room air with approximately 5 kg of 
activated granular charcoal and 15 sheets of American air 
filter for vinyl isolator (Clea Japan, Inc., Tokyo, Japan). 
The wind velocity in the chambers was suppressed to less 
than 0.05 m/sec.

Bronchoalveolar lavage was performed on the domes-
ticated F344 rats to isolate alveolar macrophages for in 
vitro experiments. Briefly, rats were injected peritoneal-
ly with 5% pentobarbital sodium at 25 mg/kg. The lungs 
were lavaged with cold (4°C) HBSS containing 100 U 
of penicillin and 100 μg of streptomycin per 1 ml with 
a 10 ml plastic syringe. This process was repeated until 
a total of 50 ml lavage fluid was collected. The lav-
age fluid was centrifuged at 250 × g, for 10 min at 4°C. 
The pellet was resuspended in 5 ml of RPMI-1640 medi-
um (HEPES modification, Sigma Chemical Co.) with 
10% FBS and penicillin (100 U/ml) and streptomycin  
(100 μg/ml). A smear of Giemsa Stain Solution (Wako 
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Pure Chemical Industries, Ltd., Osaka, Japan) and part 
of the cell suspension was used to confirm that granulo-
cyte content was less than 5%. In all experiments, the via-
bility of cells was higher than 95% as measured by the 
trypan blue exclusion test. The suspension stored at 4°C 
until an assay. All procedures associated with this study 
were reviewed and approved by the Institutional Animal 
Care and Use Committee at Osaka Prefectural Institute of 
Public Health. 

CL measurements
The method for measuring lucigenin-dependent CL 

from the macrophages exposed to various sample dust 
particles has been described in previous reports (Ohyama 
et al., 2001; Nyberg and Klockars, 1990; Ohyama et al., 
2000).

The isolated cells (1.5 × 105) were transferred to a 
luminometer tube containing sample suspension (65 μl), 
10% FBS, 0.1 mM lucigenin, and in some experiments 
1,000 unit/ml superoxide dismutase (SOD). The final vol-
ume of each tube was 1 ml. The light emission of each 
sample was detected at 15-min intervals using a lumines-
cence reader (ALOKA BLR-201, Mitaka, Tokyo, Japan). 
The CL response of all samples, including the negative 
control (no dust), was measured at constant rotation every 
15 min using a stock suspension of cells. We performed 
all reactions at 37°C in RPMI 1640, and each measure-
ment three times. 

Statistical analysis 
We estimated the ability to induce CL per sample fib-

er for exclusion of sample dose effects, as described pre-
viously (Ohyama et al., 2000, 2001). Briefly, we plotted 
the relationships between the administered numbers of 
fiber samples and CL response by each of the samples. A 
slope (β1) of linear regression of the administered num-
bers of fiber samples and CL was estimated as the abil-
ity to induce CL per sample fiber. As β1 was a constant, 
it was possible to universally compare with each sample 
and to examine relationship between the ability to induce 

CL and fiber geometries. For example, we examined the 
relationship between geometric-mean length of fibers 
and β1 by linear regression; we found a strong correlation 
between them (largest r2 = 0.9760). Moreover, we calcu-
lated the increase rate with two continuous β1 over a time 
course, and examined the relationship between fiber width 
and the increase rate of β1; we found a negative correla-
tion between them (largest r2 = 0.7473). The accuracy of 
this analysis is dependent on the linearity of the relation-
ship between the fiber dose (number) and CL response. 
Therefore, it is important to experiment within the high 
linearity between dose and response in each sample. The 
dose was reduced for SC1.

RESULTS

Silica size and dust number per unit weight
Table 1 shows the results of silica samples from the 

laser scattering particle size distribution analyzer, and the 
results of particle number per unit weight of silica sam-
ples using a hemocytometer and an optical microscope. 
Each diameter at 90% distribution was considerably dif-
ferent. However, according to the laser scattering parti-
cle size distribution analysis, the proportion of particles 
under 0.51 μm was similar in four samples. We used the 
mode diameter (maximal value of distribution) as the par-
ticle size. 

The silica particle numbers in Table 1 represent the 
number confirmed using an optical microscope. As the 
proportion of particles under 0.51 μm was similar in the 
four samples, it was assumed that the ratios of silica par-
ticle numbers shown in Table 1 were approximate with 
those of silica particle numbers including unconfirmed 
particles using the microscope.

Relationship between CL and sample weight
We measured the CL response of all samples at con-

stant rotation every 15 min using the same stock suspen-
sion of cells. The CL response of each sample increased 

Table 1.   Particle diameter and number per unit weight of silica samples
Sample A B C D
median diameter (μm) 3.79 2.89 0.99 0.68
mode diameter (μm) 6.72 5.87 2.27 1.15
diameter %: 10.00 μm (%) 97.3 99.2 100 100
diameter %: 0.51 μm (%) 34.1 33.5 33.5 36.7
% diameter: 90.0% (μm) 8.09 6.71 2.95 1.39
number per unit weight (/μg) 6,650 9,255 55,286 340,500
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in a time-dependent manner, and the relative relationship 
of the samples was similar at each time point. Howev-
er, the CL response in many samples decreased after 90 
min. Fig. 1 shows a representative relationship between 
sample weight and CL at 45 min, because the time-de-
pendent CL response of all samples gradually increased at 
30-75 min. Although four silica samples had particles 
with different diameters and numbers per unit weight, 
in comparison with the sample dose, they induced simi-
lar levels of CL. However, the orders of CL values in the 
samples fluctuated each time. No role was observed in 
the order results upon comparison with the sample dose. 
In comparison with the sample dose, three mineral fi ber 
samples induced higher levels of CL than four silica par-
ticle samples. 

Time course of the ability to induce CL per dust 
particle (β1) 

We calculated β1 to compare the CL response of each 
sample at a value not related to the number of dust par-
ticles administered. Table 2 shows β1 and r2 values of the 
regression line with CL and number of dust particles. All 
samples dose-dependently induced a CL response. Each 
response was almost completely inhibited by SOD, which 
is a superoxide scavenger (data not shown). Although the 
relative relation of β1 was similar at each time point, sam-
ples with large silica particles tended to gradually enhance 
β1 at 15-75 min. Fig. 2 shows a representative relation-
ship between the number of dust particles and CL at 
45 min, because the β1 of all samples gradually increased 
at 30-75 min. The ability to induce CL tended to depend 
on the diameter of the particles and length of the fi bers. 
Long mineral fibers (RW1 and RF1) were more active 
than the four silica particle samples. Similar length fi b-
ers (SC1) with the mode diameter of silica (A and B) par-
ticles were less active than silica particles in samples A 
and B. 

Relationship between dust size and β1 
Fig. 3 shows a representative relationship between 

dust size (mode diameter of particles and geometric-mean 
length of fibers) and β1 in the two groups (silica parti-
cles and mineral fi bers) at 45 min. A close correlation was 
found between dust particle size and β1 in both the groups 
at 15-120 min. However, the intersection of the regression 
line of the silica samples and mineral fi ber samples with 
the horizontal axis was 1.27 ± 0.11 and 6.96 ± 0.11 μm 
(average ± standard deviation) at 15-120 min, respective-
ly. Table 3 presents the slope (i.e., β2) and r2 of the regres-

Fig. 1. The relationship between sample weight and CL 
response at 45 min.

Table 2.   Slope (β1) and r2 of the regression lines for CL and number of dust particles 
Timea 0 15 30 45 60 75 90 105 120

β1
b r2c β1 r2 β1 r2 β1 r2 β1 r2 β1 r2 β1 r2 β1 r2 β1 r2

A -0.62 0.59 25.24 0.73 40.47 0.99 66.19 0.95 103.9 0.97 151.3 0.99 174.7 0.98 166.4 0.95 145.6 0.95

B -0.07 0.01 18.80 0.72 35.44 1.00 59.92 1.00 101.5 1.00 139.2 0.99 148.4 0.99 139.5 0.96 118.6 0.95

C -0.03 0.05 1.16 0.54 4.11 0.96 8.97 0.99 15.51 0.99 22.87 0.99 25.38 0.99 23.36 0.96 19.01 0.92

D -0.01 0.86 0.11 0.14 1.19 0.99 1.80 0.99 2.48 1.00 3.19 0.99 3.74 0.99 3.76 0.97 3.46 0.96

RW1 1.49 0.06 501.6 0.98 1103 0.96 1,517 0.94 1,708 0.94 1,722 0.95 1,656 0.96 1,529 0.96 1,374 0.97

RF1 -0.35 0.66 241.4 0.96 454.4 0.92 553.8 0.88 603.5 0.85 603.6 0.84 553.2 0.83 491.9 0.82 415.8 0.81

SC1 -0.04 0.32 0.86 0.60 6.12 1.00 12.1 0.98 15.5 1.00 19.41 1.00 22.2 0.99 22.48 1.00 23.00 0.99
aTime after administration (min). bβ1 (× 10−8) is the slope of the regression line for the estimated number of dust particles administered 
and CL response with three concentrations and a duplicate negative control. The CL response is the mean value of the three 
measurements. cSquare of the correlation coeffi cient of the regression line.
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sion lines with dust size and β1. A close correlation was 
found between dust particle size and β1 at each time-point 
in both the groups. Long mineral fi bers were more active 
than large silica particles. β2 of mineral fi ber samples was 
8.25 ± 3.66 times higher than that of silica samples at the 
average measurement period using mode diameter. How-
ever, silica particles in samples A and B were more active 
than similar length sized fi bers (SC1). 

Role in the increase rate of β1 
We calculated the increase rate of β1 to compare the 

response pattern to each sample (Fig. 4). In the pow-
er regression, there was a close correlation between time 
and the increase rate of β1 in mineral fi ber samples; how-
ever, silica particle samples showed various response pat-
terns. The response patterns of silica particles in samples 

B and C were similar to those of mineral fi ber samples. 
Moreover, the reason for the various response patterns 
of silica particles in samples A and D were that the par-
ticles in samples A and D showed a low and high val-
ue of the increase rate of β1 at 15-30 min, respectively. 
Both smaller particles and thinner fibers cause a larger 
acceleration in increase rate of β1 at the initial phase. The 
relationship between dust size and increase rate of β1 at 
15-30 min is shown in Fig. 5. Silica particle samples had a 
close correlation between mode diameter and the increase 
rate of β1 in the power regression only at 15-30 min 
(r2 = 0.9544). The time-dependent decrease of the increase 
rate of β1 was rapid for silica particles in sample D and 
slow for those in sample A. Mineral fi ber samples showed 
a correlation between fi ber width and the increase rate of 
β1 (r2 = 0.6808). The order of values of the increase rate 

Fig. 2. The relationship between number of dust particles and CL response at 45 min. The lines represent regression lines (RF1: y = 
553.8 × 10−8x + 374.6 × 10−8; RW1: y = 1517 × 10−8x + 178.4 × 10−8; A: y = 66.2 × 10−8x + 92.3 × 10−8; B: y = 59.9 × 10−8x 
+ 74.3 × 10−8; SC1: y = 12.1 × 10−8x + 80.0 × 10−8; C: y = 9.0 × 10−8x + 64.4 × 10−8; and D: y = 1.8 × 10−8x + 82.6 × 10−8). 
The slope (β1) of the line was taken as a measure of the ability to induce CL per dust particle. 

Table 3.   Slope (β2) and r 2 of the regression lines for β1 in Table 2 and dust size 
Timea 15 30 45 60 75 90 105 120

β2
b r2c β2 r2 β2 r2 β2 r2 β2 r2 β2 r2 β2 r2 β2 r2

Silicad 4.606 0.98 7.524 0.99 12.32 0.99 19.9 0.98 28.28 0.99 31.8 1.00 30.06 1.00 26.1 0.99

Fibere 49.31 0.99 107.5 0.97 146.9 0.95 165.1 0.95 166 0.94 159.1 0.93 146.5 0.93 131.2 0.91

Ratiof 10.71  14.29 11.92 8.30 5.87 5.00 4.87 5.03
aTime after administration (min). bβ2 (× 10−8) is the slope of the regression line for β1 in Table 2 and dust size (mode diameter of silica 
samples or geometric-mean length of fi bers). cSquare of the correlation coeffi cient of the regression line for β1 in Table 2 and dust 
size. dGroup of four silica samples. eGroup of three mineral fi ber samples. fβ2 of fi ber / β2 of silica.
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of β1 did not fl uctuate with time in mineral fi ber samples. 
Although both smaller particles and thinner fi bers caused 
larger acceleration and increased the rate of β1 at the ini-
tial phase, the silica relationship did not continue. 

DISCUSSION

We found a close positive correlation between the 
size of silica particles and the ability to induce CL from 

rat alveolar macrophages per number of silica particles. 
Furthermore, the ability of silica samples to induce CL 
was weaker than that of long fiber samples; this abili-
ty induced at a larger rate in small particle and thin fi b-
er samples than large particle and thick fi ber samples at 
the initial stage of administration. However, silica parti-
cles were more active than mineral fi bers (dust size under 
7 μm) and silica particles that were approximately less 
than 1 μm were less active. 

Fig. 3. The relationship between dust size (mode diameter of particles and geometric-mean length of fi bers) and β1 in Table 2. The 
lines represent regression lines (Silica: y = 12.32 × 10−8x – 15.08 × 10−8; Fiber: y = 146.9 × 10−8x + 1015 × 10−8). Data at 
45 min.

Fig. 4. Time course of increase rate of β1. The lines represent power regression lines. A: r2 = 0.685; B: r2 = 0.826; C: r2 = 0.985; 
D: r2 = 0.791; RW1: r2 = 0.951; RF1: r2 = 0.961; and SC1: r2 = 0.868 (r2 is square of the correlation coeffi cient of power 
regression). 
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These results suggest that depending on dust size, the 
kinetics of the induction of superoxide release from mac-
rophages is similar between silica particles and mineral 
fi bers. On considering per sample weight, there were no 
clear differences in the CL responses between the four sil-
ica samples. However, on considering per dust particle 
number, large silica particles were more active than small 
ones; the ability of large silica particles to induce CL was 
slowly enhanced in comparison with that of small ones. 
Further, the role of mode diameter of silica particles coin-
cided with the role of length and width of mineral fi bers. 

Epidemiological and pathological studies have estab-
lished that occupational exposure to crystalline sili-
ca is associated with the development of pulmonary sili-
cosis (Reiser and Last, 1979) and an increased risk for 
lung cancer (IARC, 1997). However, only experiments 
using rats have demonstrated the carcinogenicity of sil-
ica (Wagner et al., 1980; Hessel et al., 2000). The pul-
monary response to silica considerably varies across dif-
ferent species, with mice developing silicosis but no lung 
cancer and hamsters simply showing the storage of silica 
in lung macrophages with no apparent pathology (IARC, 
1987; Saffi otti, 1992).

A similar phenomenon is reported with non-asbestos 
mineral fi bers. For example, on exposure to certain min-
eral fi bers, hamsters do not develop lung tumors, where-
as rats show a relatively high incidence of lung tumors 
(Mast et al., 1994; Hesterberg et al., 1995). 

Our fi ndings are consistent with the fi nding that alve-
olar macrophages play an important role in the process 
of fi brosis caused by silica particles and mineral fi bers. 

Moreover, our results suggest that long fi bers contribute 
to a greater extent to lung injury than silica particles. It is 
notable that Dörger et al. (2000) reported that in compari-
son with hamster alveolar macrophages, rat alveolar mac-
rophages release higher amounts of superoxide, support-
ing the important role of reactive oxygen species (ROS) 
in fi ber-induced lung disorders, as the incidence of lung 
tumors was higher in rats than in hamsters. 

The phenomenon of rat lung overload following expo-
sure to low-toxicity particles has recently received consid-
erable attention because of its importance in extrapolating 
data for human risk assessment (ILSI, 2000). Several tox-
icological studies have documented increased toxicity of 
materials in the form of UFPs compared to the same mass 
of materials in the form of FPs (Donaldson and Tran, 
2002). A clue to the mechanism underlying this difference 
may be found in the fact that a given mass of UFPs has a 
much greater surface area than the same mass of FPs. 

However, our results suggest that particles under 1 μm 
(including UFPs) are not effi cient at inducing superoxide 
release in large quantities from macrophages. Moreover, 
we previously showed that a sample of PM induces much 
more superoxide from macrophages than a sample of sil-
ica with similar particle size (Ohyama et al., 2007) and 
that the superoxide response by macrophages to PM is 
similar to that of 3-nitrobenzanthrone-coated non-reactive 
particles (Ohyama et al., 2012). Therefore, the superox-
ide response by macrophages is not dependent on particle 
size only. We believe that it is necessary to notice particle 
aggregation in overload experiments caused by low-toxic-
ity particles and that it is necessary to consider the effects 

Fig. 5. The relationship between dust particle size (mode diameter of particles and geometric-mean width of fi bers) and increase 
rate of β1. Silica: r2 = 0.954; and Fiber: r2 = 0.681 (r2 is square of the correlation coeffi cient of power regression). Data at 
15-30 min. 
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of some components in ultrafine air pollutants. 
Both in vitro and in vivo experiments indicate a caus-

al relationship between ROS and development of sil-
ica-induced cell damage, inflammation, and pulmo-
nary fibrosis (Dörger et al., 2000; Huang et al., 1998;  
Castranova, 1994; Janssen et al., 1994; Yamano et al., 
1995). However, silica is not directly genotoxic (Sobti and  
Bhardwaj, 1991; Driscoll et al., 1997), and Janssen et al. 
(1992) indicated that exposure to silica causes a dramatic 
increase in the steady-state levels of manganese-contain-
ing SOD mRNA and that exposure to asbestos results in 
an overall increase in catalase activity. Moreover, Zhang 
et al. (2000) observed that superoxide from macrophag-
es mediates silica genotoxicity. These results suggest that 
the amount of superoxide released from macrophages 
reflects the genotoxicity or biological effects of various 
mineral dust particles. Therefore, our results are consist-
ent with other in vivo tumorigenicity studies on mineral 
dust particles.

In conclusion, our results indicate that alveolar macro-
phages play a critical role in the biological effects of sil-
ica particles and non-asbestos mineral fibers. Our results 
suggest that the kinetics of the induction of superoxide 
release from macrophages is similar between silica parti-
cles and mineral fibers; moreover, particles that are under 
1 μm are not efficient at inducing superoxide release in 
large quantities from macrophages. 
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