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effects in vitro. However, the in vivo behavior of nanoparticles can be influenced
significantly by their physicochemical characteristics. such as particle size, surface
charge, surface hydrophobicity. and particle shape. In addition, although aggrega-
tion appears to be a ubiquitous phenomenon among all nanoparticles, its influence
on their ADME profiles is unclear. Furthermore, many reports have examined the
effect of surface charge on the biodistribution of nanoparticles, but the results are

conflicting, and a consistent rule has not yet emerged. The discrepancy among these

studies likely results from the differences in the types of nanoparticles used, their
charged groups, and other factors. In this regard, the complexity of the various
experimental scenarios used to date complicates and perhaps even prevents the
comparison of data between studies. Consequently, to collect information useful for
developing general rules about the ADME profiles of nanoparticles, methodologies
must be developed that facilitate the overarching interpretation of resulting experi-
mental data. The data collected from such studies would contribute toward an
improved understanding of the potential risk of nanoparticles in human health.
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Abstract

production.

Although amorphous silica nanoparticles are widely used in the production of food products (e.g., as anticaking
agents), there is little information available about their absorption and biological effects after oral exposure. Here, we
examined the in vitro intestinal absorption and in vivo biological effects in mice of orally administered amorphous
silica particles with diameters of 70, 300, and 1,000 nm (nSP70, mSP300, and mSP1000, respectively) and of nSP70
that had been surface-modified with carboxyl or amine groups (nSP70-C and nSP70-N, respectively). Analysis of
intestinal absorption by means of the everted gut sac method combined with an inductively coupled plasma optical
emission spectrometer showed that the intestinal absorption of nSP70-C was significantly greater than that of
nSP70. The absorption of NnSP70-N tended to be greater than that of nSP70; however, the results were not statistically
significant. Our results indicate that silica nanoparticles can be absorbed through the intestine and that particle
diameter and surface properties are major determinants of the degree of absorption. We also examined

the biological effects of the silica particles after 28-day oral exposure in mice. Hematological, histopathological,
and biochemical analyses showed no significant differences between control mice and mice treated with

the silica particles, suggesting that the silica nanoparticles evaluated in this study are safe for use in food

Keywords: Biological effects; Everted gut sac method; Intestinal absorption; Silica nanoparticles

Background

Nanomaterials are currently used in a variety of applica-
tions, including the production of food products. For
example, amorphous silica nanoparticles are widely used
as stabilizers, anticaking agents, and carriers for fragrances
and flavors [1-3]. With the growing commercialization of
nanomaterial-derived food additives, the opportunities for
human oral exposure to nanomaterials are substantially
increasing; however, there have been few studies conduc-
ted, examining the safety of nanomaterials in food products.
Therefore, assessments of the absorption and biological
effects of nanomaterials after oral exposure are urgently
needed.
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The information currently available about the biological
effects and absorption of nanomaterials after oral exposure
is limited. For example, 56-nm silver nanoparticles have
been found to be distributed in rat liver, kidney, brain,
lung, and blood after 90 days of oral exposure at doses of
30, 125, or 500 mg/kg, and a no-observed-adverse-effect
level (NOAEL) of 30 mg/kg and a lowest-observed-ad-
verse-effect level (LOAEL) of 125 mg/kg have been sug-
gested for these nanoparticles [4]. However, there is little
information about the intestinal absorption and biological
effects of silica nanoparticles after oral exposure. Further-
more, an efficient method to determine the absorption of
silica particles in the human body is yet to be established.
Therefore, to evaluate the safety of silica nanoparticles
after oral exposure, practical in vitro methods that allow
prediction of the in vivo intestinal absorption and biological
effects of silica nanoparticles after long-term oral exposure
are urgently needed.

© 2014 Yoshida et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.
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The everted gut sac method is a useful tool for modeling
the in vitro absorption and intestinal metabolism of drugs.
This method, which was first described by Wilson and
Wiseman in 1954 and then later improved by Barthe
et al,, has been extensively used to investigate the pharma-
cokinetics of drug absorption, drug metabolism, and pro-
drug conversion in gastrointestinal segments [5-7]. This
method has also recently been used to obtain information
about the absorption of drugs contained in nanocarriers
such as liposomes [8]. The results of these studies suggest
that this method could be used to accurately measure the
intestinal absorption of silica nanoparticles.

In the present study, we used the everted gut sac
method to evaluate the intestinal absorption of amorph-
ous silica particles of various diameters. In addition, we
investigated the in vivo biological effects of 28-day oral
administration of the amorphous silica particles in mice.

Methods

Silica particles

We evaluated the following particles purchased from
Micromod Partikeltechnologie, Rostock/Warnemiinde,
Germany: amorphous silica nanoparticles (nSP) with a
diameter of 70 nm (nSP70), microsilica particles (mSP) with
diameters of 300 or 1,000 nm (mSP300 and mSP1000,
respectively), and nSP70 that had been surface-modified
with carboxyl or amine groups (nSP70-C and nSP70-N,
respectively). All the silica particles were sonicated for
5 min and vortexed for 1 min prior to use.

Animals

BALB/c mice (female, 6 weeks) were purchased from Japan
SLC (Shizuoka, Japan) and Wister rats (male, 8 weeks)
were purchased from Shimizu Laboratory Supplies Co
(Kyoto, Japan). The animals were housed separately in a
ventilated animal room that was maintained at 20°C + 2°C
under a 12-h light/12-h dark cycle. All the animal experi-
ments in this study were performed in accordance with the
National Institute of Biomedical Innovation and the Osaka
University Guidelines for the Welfare of Animals.

Everted gut sac analysis

Wistar rats (male, 8 weeks) were fasted for 12 h (ad libi-
tum access to water) prior to the experiment. The rats
were anesthetized with pentobarbital, subjected to abdom-
inal section, and exsanguinated by transection of the
descending aorta. The whole small intestine was isolated
and gently flushed with Tyrode’s buffer (NaCl, 137 mM;
KCl, 54 mM; NaH,POy, 0.16 mM; MgCl,, 0.5 mM; CaCl,,
1.8 mM; HEPES, 5 mM; pH 7.4). A 3- to 4-cm segment
of the small intestine was removed and everted over a
silicone tube. The bottom portion was tied with thread
and the segment was filled with 0.6 to 0.8 mL of Tyrode’s
buffer. The filled segment was then placed in 2.5 mL of
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Tyrode’s buffer only (control group) or a solution of silica
particles (12.5 mg/mL) in Tyrode’s buffer or/and incu-
bated at 37°C for 45 min. After incubation, the solution
on the serosal side of the segment was collected. An in-
ductively coupled plasma optical emission spectrometer
(ICP-OES; 735-ES, Agilent Technologies, Tokyo, Japan)
was used to determine the silicon content in the solution.

Oral exposure of mice to silica particles

BALB/c mice (female, 6 weeks) were orally exposed to
nSP70, mSP300, mSP1000, nSP70-C, nSP70-N, or water
(control group) at a daily dose of 2.5 mg/mouse adminis-
tered by means of oral gavage for 28 days. The mice were
weighed on days 7, 14, 21, and 28 of the study period.

Blood biomarker assay

Twenty-four hours after the final oral administration of
the silica particles, a blood sample was collected from
the heart of each mouse by means of a plastic syringe
containing 5 IU/mL of heparin sodium. Plasma was har-
vested by centrifuging the collected blood at 1,750 x g
for 15 min. The plasma levels of alanine aminotransferase
(ALT) and blood urea nitrogen (BUN) were determined
with a biochemical auto-analyzer (Fuji Dri-Chem 7000,
Fujifilm, Tokyo, Japan).

Histopathological examination

Twenty-four hours after the final oral administration of
the silica particles, the liver, kidney, brain, lung, spleen,
heart, stomach, small intestine, or large intestine of the
mice were excised and fixed immediately in 4% para-
formaldehyde. The tissues were embedded in paraffin
blocks and sectioned, and the sections were mounted on
glass slides.

Hematological analysis

Twenty-four hours after the final oral administration of
the silica particles, a blood sample was collected from the
heart of each mouse by means of a plastic syringe contain-
ing 0.1 mM EDTA, and the numbers of total white blood
cells, lymphocytes, monocytes, red blood cells, granulo-
cytes, and platelets in whole blood were determined with
an auto-analyzer (VetScan HMII Hematology System,
Abaxis, Sunnyvale, CA, USA).

Statistical analysis

Differences between the treated groups and the control
groups were compared with Tukey’s test after analysis of
variance.

Results

Physicochemical properties of silica particles

Previously, we confirmed by means of dynamic laser scat-
ter analysis that the mean secondary particle diameters of
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nSP70, mSP300, mSP1000, nSP70-C, and nSP70-N are 65,
322, 1,140, 70, and 72 nm, respectively [9]. Transmission
electron microscopy revealed that the silica particles are
well-dispersed smooth-surfaced spheres, indicating that
they remain stable and well dispersed in solution and do
not aggregate [9].

Intestinal absorption of silica particles

We used the everted gut sac method to evaluate the
intestinal absorption of silica particles. Tissue viability is
a limiting factor in everted gut sac analysis; however, the
viability and metabolic activity of intestinal tissue has
been reported as being retained for approximately 2 h
under physiological conditions [10]. Everted gut sac ana-
lysis revealed that the absorption of nSP70-C and nSP70-
N from the mucosal side to the serosal side of the sacs
was significantly greater than the absorption of the other
silica particles after incubation for 45 min. And the ab-
sorption of nSP70-C was significantly greater than that of
nSP70 (Figure 1). This suggested that silica nanoparticles
are absorbed through the intestine and that the surface
property of the particles is one of a determinant of the
degree of absorption.
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Figure 1 Measurement of the absorption of silica particles
using everted gut sac method. Measurement of the absorption of
silica particles in rat intestine by means of the everted gut sac
method combined with an inductively coupled plasma optical
emission spectrometer. Intestinal sacs were incubated in solutions of
the indicated silica particles (12.5 mg/mL) for 45 min. Values are
expressed as mean = SD (n=5 to 12). *P < 0.01 and **P <005
compared with the control group.
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Biological effects of silica particles

Oral exposure of BALB/c mice to nSP70, mSP300,
mSP1000, nSP70-C, and nSP70-N at 2.5 mg/mouse for
28 days produced no significant differences in body weight
in the treated mice compared with in the control mice
(Figure 2A). We observed no significant changes in the
plasma levels of ALT (marker of liver function) or BUN
(sensitive indicator of kidney damage) after oral adminis-
tration of the silica particles in treated mice compared
with control mice (Figure 2B,C). Although ALT values of
silica nanoparticle-treated group are slightly higher than
control group, the change of the ALT value was within
healthy range (the range was about below 43 U/L) among
all the groups. Therefore, we speculate that the level of
ALT among all the groups does not effect on liver’s func-
tion. Histopathological examination revealed no abnor-
malities in the liver, kidney, and large intestine (Figure 3)
or any other tissue (the brain, lung, spleen, heart, stomach
and small intestine; data not shown) in the treated mice.
Furthermore, the counts of total monocytes, granulocytes,
or platelets in the treated mice were also not significantly
different from those in the control mice (Figure 4). Al-
though the white blood cells, lymphocytes, and the red
blood cell counts in the treated mice were significantly
different from those in the control group, they were within
the normal, healthy range or slightly increase (the white
blood cells: 6 to 15 x 10°/L, lymphocytes: 3.7 to 7.4 x
10"%/L, red blood cells: 7 to 12 x 10'%/L) in all groups
(Figure 3A,B,F). Taken together, our results indicate that
oral administration of nSP70, mSP300, mSP1000, nSP70-C,
or nSP70-N for 28 days does not produce any abnormal
biological effects, suggesting that the silica nanoparticles
tested are safe for use in food production.

Discussion

In the present study, we attempted to quantify the
absorption of silica particles by using ICP-OES to measure
the silicon content in the liver and blood after 28-day oral
exposure. However, we did not detect the silicon content
in the biological tissue with this analytical protocol (data
not shown; detection limit of the protocol, 0.1 pg). ICP-
OES protocols are regarded to be suitable for measuring
silica; however, our attempt to measure ultratrace levels
of the silicon content derived from silica particles may
have been hindered by interference from nitrogen present
in the air. Other groups have also been unable to deter-
mine the level of the silicon content derived from with
ICP-OES after oral exposure because of interference [11].
We therefore tried to measure the absorption of silica par-
ticles through the intestine by means of a combination of
the everted gut sac method and ICP-OES. The advantages
of this model are that there is a relatively large surface
area available for absorption and that a mucus layer is
present. The absorption of nSP70-C and nSP70-N were
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Figure 2 Body weight, histopathological, and blochemical analyses after 28-day oral administration of the indicated silica particles.
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significantly higher than that of the other silica particles,
and the absorption of nSP70-C was also significantly
higher than that of nSP70 (Figure 1). This indicates that
the differences in intestinal absorption of nSP70-C and
nSP70-N may be a result of the particles being absorbed
via different proteins. Indeed, some groups have suggested
that interactions between proteins and nanomaterials play
important roles in the biological effects and biodistribution
of nanomaterials [12]. In the future, to understand the
mechanism of intestinal absorption, we will need to exam-
ine the relationships between intestinal absorption and
the binding proteins of nSP70, nSP70-C, and nSP70-N.
We found that the everted gut sac method was effective
for assessing the intestinal absorption of nanomaterials.
Although the relationship between models of in vivo
absorption and the everted gut sac model of in vitro
absorption must be further elucidated, we expect our
results to contribute to the development of methods
for determining the absorption of silica particles after
oral exposure.

We next exposed BALB/c mice to silica particles at
an oral dose of 2.5 mg/mouse, which is approximately
10 times the upper safe limit for consumption of silica by
adult humans set by the United Kingdom Food Standards
Agency’s Expert Group on Vitamins and Minerals (700 mg
silica/day) [13]. Since silica nanoparticles are already used
as food additives in some food products, for example,
coffee creamer (silica nanoparticle content, 1.0 g/kg) and
instant soup [1], we consider the dose used in the present
study (2.5 mg/mouse) to be high enough for the evalu-
ation of the biological effects of oral administration of the
particles. Histopathological, biochemical, and hematolo-
gical analyses showed no differences between the treated
mice and the control mice (Figures 2, 3, and 4). How-
ever, another research group has reported that silica
nanoparticles (diameter, 30 nm) have toxic effects on
the liver when administered orally at a total dose of
140 g/kg over 10 weeks [14], which is a dose approxi-
mately 20 times that used in the present study. Therefore,
to determine the NOAEL for orally administered silica
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Figure 3 Histopathological analysis after 28-day oral administration of the indicated silica particles. (A to F) liver, (G to L) kidney,
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nanoparticles, their effects on the liver must be precisely
elucidated.

Our previous study showed that intravenous or intra-
cutaneous administration of silica nanoparticles caused
pregnancy complications [9] and modulation of the im-
mune response [15]. Furthermore, it is possible that
intranasally administered silica nanoparticles induce
abnormal activation of the coagulation system and modu-
late the immune response [16,17]. Therefore, in which
tissues silica nanoparticles localize after oral exposure,

as well as their chronic, reproductive, and immune
toxicities, should be determined by using an oral expos-
ure model.

Conclusions

By using the everted gut sac method coupled with
ICP-OES, we examined the intestinal absorption of silica
particles and found that surface properties were major
determinants of the degree of intestinal absorption.
None of the particles tested showed toxic biological
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effects after 28-day oral administration. Our results
suggest that the everted gut sac method coupled with
ICP-OES could be one of the effective methods for
assessing the absorption of silica particles. The results
of this study will be useful for the development of methods
for assessing the safety of silica nanoparticles and for the
creation of safer nanoparticles.
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Asian dust is a springtime meteorological phenomenon that originates in the deserts of China and Mongolia. The dust is carried
by prevailing winds across East Asia where it causes serious health problems. Most of the information available on the impact of
Asian dust on human health is based on epidemiological investigations, so from a biological standpoint little is known of its effects.
To clarify the effects of Asian dust on human health, it is essential to assess inflammatory responses to the dust and to evaluate the
involvement of these responses in the pathogenesis or aggravation of disease. Here, we investigated the induction of inflammatory
responses by Asian dust particles in macrophages. Treatment with Asian dust particles induced greater production of inflammatory
cytokines interleukin-6 and tumor necrosis factor-a (TNF-«) compared with treatment with soil dust. Furthermore, a soil dust
sample containing only particles <10 ym in diameter provoked a greater inflammatory response than soil dust samples containing
particles >10 ym. In addition, Asian dust particles-induced TNF-« production was dependent on endocytosis, the production of
reactive oxygen species, and the activation of nuclear factor-«B and mitogen-activated protein kinases. Together, these results
suggest that Asian dust particles induce inflammatory disease through the activation of macrophages.

1. Introduction

Asian dust (also yellow sand) is a dominant springtime
aerosol in East Asia. The dust originates from the deserts of
East Asia, such as the Takla Makan and Gobi, and is spread
by prevailing winds not only locally to China and Mongolia
but also throughout East Asia to countries such as Korea,
Taiwan, and Japan. A similar phenomenon originating from
the Sahara has also been observed in Europe and the United

States [1, 2], raising concerns throughout the world about the
impacts of aeolian dust [3, 4].

Asian dust not only is responsible for financial loss
through crop damage, tree collapse, and flight cancellations
due to low visibility, but also it poses a major threat to
human health. Recent reports have shown that, in addition
to harmful chemicals, Asian dust particles contain lipopoly-
saccharides and B-glucan, which are components of the
bacterial cell membrane and fungal cell wall, respectively,



and that bacteria can adhere to the outer surface of the dust
particles [5, 6]. Indeed, morbidity rates for cardiovascular
and respiratory diseases in Central East Asian countries
increase during Asian dust storms [7-9]; in Korea, Asian
dust storms are correlated with a 2.2% increase in the rate
of patients over the age of 65 presenting with respiratory
symptoms [10]. The association between Asian dust levels
and the pathogenesis of childhood asthma has been clearly
demonstrated; Asian dust likely triggers the onset of this
and other inflammatory conditions through the induction
of excessive antigen-specific or nonspecific inflammatory
responses [11].

Although most of the information regarding Asian dust-
related health problems is based on epidemiological inves-
tigations, some experimental studies have demonstrated the
effects of Asian dust on allergic respiratory diseases in vivo
[12, 13]. For example, Asian dust particles are reported to
enhance both ovalbumin-induced eosinophil recruitment in
the alveoli and airway submucosa in mice [14] and nasal
allergic reactions in guinea pigs [15]. However, detailed infor-
mation on the mechanisms of these inflammatory responses
remains limited. To further our knowledge on the mech-
anisms through which Asian dust affects human health, it
is essential to evaluate the interplay among the physical
characteristics and the biological responses it provokes.

It is generally accepted that, like bacteria and viruses,
particulate matter such as Asian dust particles is eliminated
from the human body by phagocytes such as macrophages
[16,17]. Macrophages ingesting exogenous materials produce
interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-«)
and, through the activation of signal pathways such as the
mitogen-activated protein kinase (MAPK) pathways, expe-
dite the elimination of particulate matter by inducing inflam-
matory responses; however, excessive or chronic macrophage
activation results in inflammatory diseases such as bronchitis
or pneumonia [18]. It is therefore important to assess the
biological responses of macrophages to Asian dust particles,
in particular the inflammatory responses. In the present
study, we collected samples of suspended Asian dust particles
from Beijing, China, and soil dust from Loess Plateau, China,
which is a source of Asian dust, and evaluated their effects on
the macrophage inflammatory response.

2. Materials and Methods

2.1. Reagents. Samples of suspended Asian dust particles
which fell on the top of the building of the Beijing inner
city were collected each day for three successive days from
March 24, 2010 (defined as ADP1), and once on March 20,
2010 (ADP2). Samples of soil dust were collected on June 30,
2009, from three locations at Loess Plateau, China, as follows:
site 1: lat 35° 35’ 450" N, long 109° 10’ 074" E (SDP1); site 2:
lat 35° 42’ 324N, long 109° 25’ 390”E (SDP2); and site 3:
lat 35° 42" 279"'N, long 109" 25" 450" E (SDP3). These soil
dust particles were the same samples previously used by Yam-
aguchi et al. in [6]. In addition, sample SDP2 was partitioned
by using a soundwave vibrating screen (Tsutsui Rikagaku
Kikai Co., Ltd., Tokyo), and particles <10 ym in diameter
were collected (SDP4). Lipopolysaccharide (LPS), butylated
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hydroxyanisole (BHA), broad-spectrum ROS scavenger, and
diphenyleneiodonium chloride (DPI), a specific inhibitor
of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, were purchased from Sigma-Aldrich (St. Louis, MO).
U0126, an extracellular signal-regulated kinase (ERK) inhibi-
tor, and SP600125, a ¢-Jun N-terminal kinase (JNK) inhibitor,
were obtained from Merck (Darmstadt, Germany). SN50,
a nuclear factor-«B (NF-xB) inhibitor, was purchased from
Calbiochem (La Jolla, CA).

2.2. Cells. RAW264.7 cells (mouse monocyte/macrophage
cell line) were obtained from the American Type Culture
Collection (Manassas, VA) and cultured at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM; Wako Pure Chemical
Industries, Osaka, Japan) supplemented with 10% fetal bovine
serum and antibiotics.

2.3. Scanning Electron Microscopy Analysis. The Asian dust
particles and soil dust samples were adjusted to 0.25 mg/mL
with deionized water. Aliquots (50 L) of each sample were
then dried on a hot plate (Cimarec, Barnstead Thermolyne,
Dubuque, IA) and observed under a scanning electron
microscope (Jeol, Ltd., Tokyo, Japan).

2.4. Cytotoxicity and Cytokine Production Assays. RAW264.7
cells (1.5 x 10* cells/well) were seeded in 96-well plates
(Nunc, Rochester, NY), cultured at 37°C for 24 h, and then
treated with 6.25, 25, or 100 ug/mL of a suspension of Asjan
dust particles or soil dust or DMEM (negative control) or
1.5 ug/mL of LPS at 37°C for 24 h. The cytotoxicity of Asian
dust was assessed by methylene blue assay. The cells were fixed
with glutaraldehyde and stained with 0.05% methylene blue
for 15min. After washing with water, the methylene blue in
the wells was eluted using 200 yL of 0.33 N HClI for each of
the wells and absorbance was measured at 655 nm (subwave
length, 415 nm). Cell viability was calculated as the ratio of
absorbance in the treated cultures compared to the control
untreated cultures. Enzyme-linked immunosorbent assay
(ELISA) kits were used in accordance with the manufacturer’s
instructions to determine the levels of IL-6 (BD Pharmingen,
San Diego, CA) and TNF-« (eBioscience, San Diego, CA) in
the culture supernatants.

2.5. Inhibition Assay. RAW264.7 cells (1.5 x 10* cells/well)
were seeded in 96-well plates (Nunc), cultured at 37°C for
24h, and then preincubated for 0.5h with Cytochalasin D
(5 or 10uM), BHA (250 M), DPI (1 or 2uM), UOI26
(30 uM), SP600125 (50 uM), or SN50 (50 uM). The cells were
then treated with 100 ug/mL of a suspension of Asian dust
particles, soil dust, or DMEM (negative control) for 6 h. TNEF-
« in the culture supernatants were assessed by means of an
ELISA according to the manufacturer’s instructions.

2.6. Evaluation of Reactive Oxygen Species (ROS) Production.
RAW?264.7 cells (1.5 x 10* cells/well) were seeded in 96-well
plates (Nunc), cultured at 37°C for 24 h, washed three times
with phosphate buffered saline, and then incubated in phenol
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F1GURE 1: Scanning electron micrographs of two Asian dust particles (ADP1 (a) and ADP2 (b)) and three soil dust (SDPI (c), SDP2 (d), and
SDP3 (e)) samples. Prior to analysis, samples were adjusted to 0.25 mg/mL with deionized water and dried on a hotplate. Scale bars: 100 ym.

red-free DMEM containing 20 yM 2,7’ -dichlorodihydroflu-
orescein diacetate (Cell Biolabs, Inc., San Diego, CA) for
30 min at 37°C. After incubation, the cells were treated with
100 pug/mL a suspension of Asian dust particles, soil dust, or
DMEM (for negative control) for 6h and fluorescence was
measured at 485 nm (subwave length, 530 nm).

2.7. Statistical Analysis. All results are expressed as mean +
SD. Differences were compared by using Bonferroni method.

3. Results and Discussion

3.1. Characteristics of the Asian Dust Particles and Soil Dust
Samples. First, the two Asian dust particles samples (ADP1
and ADP2) and three soil dust samples (SDP1, SDP2, and
SDP3) were examined under a scanning electron micro-
scope (Figure1). We used soil dust samples as reference
dust because satellite information indicated that the source
regions of Asian dust are considered to be loess plateau, China
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FIGURE 2: Assessment of cytotoxicity and inflammatory responses induced by Asian dust particles and soil dust in RAW264.7 cells. (a)
RAW264.7 cells were treated for 24 h with 6.25, 25, or 100 ug/mL of Asian dust particles ADP1, ADP2, or with soil dust SDP1, SDP2, SDP3,
or SDP4 (particle diameter, <10 m). Cell viability was assessed by means of a methylene blue assay. (b, c) RAW264.7 cells were treated with
100 pg/mL of each dust sample or 1.5 yg/mL of lipopolysaccharide (LPS) for 24 h. Levels of interleukin-6 (IL-6) (b) and tumor necrosis factor-
a (TNF-a) (c) in culture supernatants were assessed by means of enzyme-linked immunosorbent assay. DMEM was used as control (Cont.).
Results are expressed as mean + SD; n = 6; ** P < 0.01; N.D., not detected.

[6]. Yamaguchi et al. demonstrated that all samples contained
particles with a coarse surface texture, that the particles
varied in form, and that some particles were condensed by
scanning electron microscopic analysis. They also showed
that silicon and aluminum were major components of Asian
dust particles and that significant quantities of iron, calcium,
and magnesium were also present [6]. In addition, large
numbers of particles with a diameter 2100 zm were observed
in the three soil dust samples (Figures 1(c), 1(d), and 1(e)) but
were not observed in the two Asian dust particles samples
(Figures 1(a) and 1(b)). Previously, Yamaguchi et al. showed

that the mean particle size of Asian dust particles was <1 ym
[6]. It represented that the mean size of the Asian dust
particles in our samples would be <1 ym.

3.2. Asian Dust Particles Induce an Inflammatory Response in
RAW264.7 Cells. Next, we evaluated the potential of Asian
dust particles or soil dust to induce an inflammatory response
in macrophages. Because our previous data show that parti-
cle-induced inflammatory responses are dependent on par-
ticle size [19-21], we also investigated whether the induction
of an inflammatory response by soil dust was dependent on
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particle size by partitioning the particles with a diameter
<10 ym (SDP4) from SDP2.

To evaluate the cytotoxicity of the Asian dust particles and
soil dust samples, RAW264.7 cells were treated with ADP],
ADP2 (Asian dust particles), SDP1, SDP2, SDP3 (soil dust), or
SDP4 (soil dust; particle diameter <10 um) and cell viability
was assessed. No significant cytotoxicity was observed in any
of the experimental groups (Figure 2(a)).

Next, to examine the macrophage inflammatory response
to Asian dust particles or soil dust, RAW264.7 cells were
exposed to 100 yg/mL of each sample for 24 h and cytokine
production was assessed. The levels of IL-6 (Figure 2(b))
and TNF-« (Figure 2(c)) in the culture supernatants after
treatment with ADP1 or ADP2 were markedly higher than
those of the control group. Moreover, they were equivalent
to or higher than those of lipopolysaccharide- (LPS-) treated
group. However, the levels of IL-6 after treatment with SDP,
SDP2, or SDP3 were almost equal to those of the control
group. In addition, the levels of TNF-« after treatment with
SDP1 or SDP3 were almost equal to those of the control group
but treatment with SDP2 could induce elevation of TNF-«
production. Furthermore, the level of TNF-« in the culture
supernatant after treatment with SDP4 was significantly
higher than that after treatment with SDP2. These results sug-
gest that Asian dust particles have greater potential to induce
inflammation compared with soil dust and that particle size
may affect the soil dust-induced macrophage inflammatory
response. Materials such as lipopolysaccharides or -glucan
and chemicals such as ammonium or nitrates have been
previously reported to adhere to Asian dust particles [5, 22].
Since the number of molecules that can adhere to particles
per unit weight increases as particle size decreases, this may
account for the increased production of IL-6 and TNF-« in
macrophages exposed to smaller soil dust.

3.3. Asian Dust Particles-Induced ROS Production Mediates
TNF-o Production in RAW264.7 Cells. Next, to assess the
mechanisms of the Asian dust particles-induced macrophage
inflammatory response, we evaluated the association between

inflammatory response and endocytosis. RAW264.7 cells .

were pretreated for 30 min with Cytochalasin D, an inhibitor
of phagocytosis, and then treated for 6 h with 100 yg/mL of
ADP1 or ADP2; TNF-« production was assessed. Cytocha-
lasin D significantly suppressed the production of TNF-«
induced by ADP1 or ADP2 in a dose-dependent manner
(Figure 3), suggesting that phagocytosis is a key aspect of
the Asian dust particles-induced macrophage inflammatory
response.

ROS activate various signal pathways, such as the NF-«xB
signaling pathway and the MAPK pathways, involved in the
production of inflammatory cytokines [23, 24]. To evaluate
the involvement of ROS in the macrophage inflammatory
response to Asian dust particles, RAW264.7 cells were incu-
bated with Asian dust particles (ADP1 or ADP2) or soil dust
(SDP1, SDP2, SDP3, or SDP4) for 6 h and the fluorescence
intensity of 2',7’-dichlorodihydrofluorescein was measured
as an index of ROS production. All dust samples induced
ROS production (Figure 4(a)). ADPI and ADP2 induced
significantly higher ROS production compared with that

TNF-w concentration (ng/mL)

8448
Z Z Z
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F1GUure 3: Cytochalasin D inhibited Asian dust particles-induced
tumor necrosis factor-& (TNF-«) production in RAW264.7 cells.
RAW?264.7 cells were pretreated for 30 min with Cytochalasin D, an
inhibitor of phagocytosis, and then treated for 6 h with 100 yg/mL of
Asian dust particles (ADP1 or ADP2) or 1.5 ug/mL of LPS. Dimethyl
sulfoxide (0.1%) vehicle was used as control (Cont.). The level of
TNF-« in culture supernatants was assessed by means of an enzyme-
linked immunosorbent assay. Results are expressed as mean + SD;
n=6;*"P < 0.01; N.D,, not detected.

induced by SDPI, SDP2, or SDP3. Furthermore, although
not statistically significant, SDP4 did tend to induce greater
ROS production than SDP1, SDP2, or SDP3, suggesting that
particle size may be an important factor for soil dust-induced
ROS production.

ROS are mainly produced by cell membrane, or endo-
some membrane, bound NADPH oxidase or by mitochondria
[25, 26]; to investigate the involvement of ROS in Asian dust
particles-induced TNF-« production, we measured TNF-«
production induced by Asian dust particles in the presence
of BHA, a broad-spectrum ROS scavenger, or DPI, a specific
inhibitor of NADPH oxidase. BHA significantly suppressed
the TNF-« production induced by ADP1 and ADP2 to almost
the same level as that of the control group (Figure 4(b)).
Furthermore, pretreatment with DPI also resulted in a dose-
dependent decrease in the TNF-« production induced by
ADP! and ADP2 (Figure 4(c)). These results suggest that
the Asian dust particles-induced production of inflammatory
cytokines was mediated by ROS and that Asian dust particles-
induced ROS production is dependent on NADPH oxidase.

3.4. Asian Dust Particles-Induced TNF-« Production Is Depen-
dent on the MAPK and NF-xB Signal Pathways. The MAPKs
are a family of proteins that includes the p38, ERK, and
JNK, which activate transcription factors involved in the
production of inflammatory cytokines in response to external



6 Journal of Immunology Research

300 — i Hok

250

200 —

150 —

100 —

ROS production (% of control)

50

ADP1  ADP2  SDP1 SDP2 SDP3 SDP4

(a)
9~ 77
6 —
= =)
E Es-
2 6 £
o
g S 44
g g
g g
s S
3 34 * * T 3
£, o 2
Z Z
& &
I
a2 a0
Z Z Z
0 0 -
Cont. LPS ADP1 ADP2 Cont. LPS
[] BHA OuM [] pproum

Il BHA 250 uM DPI 1 uM

B pri2um
(b ©

FIGURE 4: Asian dust particles-induced reactive oxygen species (ROS) production mediates tumor necrosis factor-a (TNF-«) production
in RAW264.7 cells. (a) RAW264.7 cells were incubated in phenol red-free Dulbecco's modified Eagle's medium containing 20 uM 2',7'-
dichlorodihydrofluorescein diacetate for 30 min. The cells were then treated for 6 h with 100 41g/mL of one of the Asian dust particles (ADPlor
ADP2) or soil dust samples (SDP1, SDP2, SDP3, and SDP4) or culture medium. ROS production was measured as the fluorescence intensity
of dichlorodihydrofluorescein. (b, c) RAW264.7 cells were preincubated for 30 min with (b) 250 uM of butylated hydroxyanisole (BHA), a
broad-spectrum ROS scavenger, or (c) 1 or 2 uM of diphenyleneiodonium chloride (DPI), a specific inhibitor of NADPH oxidase. The cells
were then treated for 6 h with 100 ug/mL of ADP1or ADP2 or 1.5 ug/mL of LPS. Dimethyl sulfoxide (0.1%) vehicle was used as control (Cont.).
The level of TNF-« in the culture supernatants was assessed by means of an enzyme-linked immunosorbent assay. Results are expressed as
mean + SD; n = 6 ** P < 0.01; N.D,, not detected.
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FIGURE 5: Asian dust particles-induced tumor necrosis factor-ac (TNF-«) production is dependent on mitogen-activated protein kinase and
nuclear factor-«B signaling pathways. RAW264.7 cells were pretreated for 30 min with (a) 50 M of SP600125, an inhibitor of c-Jun N-terminal
kinase; (b) 30 uM of U0126, an extracellular signal-regulated kinase (ERK) inhibitor; or (c) 50 uM of SN50, a nuclear factor-«B (NF-«xB)
inhibitor and then treated for 6 h with 100 yg/mL of ADP1 or ADP2 or 1.5 ug/mL of LPS. Dimethyl sulfoxide (0.1%) vehicle was used as

control (Cont.). The level of TNF-« in the culture supernatants was assessed by means of an enzyme-linked immunosorbent assay. Results
are expressed as mean + SD; n = 6; *P < 0.05, **P < 0.01; N.D., not detected.

stresses or cytokine stimulation [27]. To investigate the asso-
ciation between the MAPKs and Asian dust particles-induced
macrophage activation, RAW264.7 cells were incubated with
ADP1 or ADP2 in the presence or absence of an inhibitor
of the JNKs (SP600125) or ERKs (U0126), and the level of
TNF-¢ in the cell culture supernatant was measured. Both
SP600125 (Figure 5(a)) and U0126 (Figure 5(b)) significantly
suppressed the TNF-a production induced by ADPl or

ADP2, suggesting that MAPK activation plays an important
role in Asian dust particles-induced TNF-« production. Since
the MAPKSs stimulate transcription factors such as NF-«B,
which in turn regulate the expression of genes encoding
cytokines such as IL-1B, IL-8, and TNF-«, RAW264.7 cells
were incubated with ADP1 or ADP2 in the presence or
absence of an NF-xB inhibitor (SN50). SN50 significantly, but
not completely, suppressed the TNF-« production induced



by ADP1 or ADP2 (Figure 5(c)), indicating that NF-xB may
be partially involved in Asian dust particles-induced TNF-a
production.

Asian dust particles contain chemical substances such
as sulfates or nitrates derived from alkaline soil and micro-
biological materials [28] that may cause serious respiratory
health problems in humans. Heat treatment of Asian dust par-
ticles has been reported to suppress allergic responses, which
suggests that these adhered materials contribute to Asian
dust particles-induced inflammation [29]. Our data suggests
that as particle size decreases, the amount of chemicals or
other materials that adheres to Asian dust particles increases,
which may account for the different inflammatory responses
to soil dust seen in the present study. Further data is needed
on the attachment of these materials to Asian dust particles
and on their effects on biological responses. Furthermore,
it has been recently revealed that aerosols such as diesel
exhaust or Asian dust particles contain not only microsized
particles but also nanosized particles [30, 31]. Our recent
research demonstrates that particles with diameter <100 nm
show different biological responses and kinetics both in vivo
and in vitro compared with microsized particles [32-34],
suggesting that fine Asian dust particles have the potential
to induce adverse biological effects. As shown in the present
study, TNF-« production after treatment with SDP4 (soil
sample; particle diameter, <10 m) was significantly higher
than that after treatment with the other soil samples (SDP1,
SDP2, or SDP3). This implies that particle size contributed to
the macrophage inflammatory response to the soil samples;
therefore, it is necessary to evaluate the biological effects of
not only fine particles in the environment but also of fine
particles with diameters <100 nm.

Recent studies have shown that crystalline silica dis-
turbs the host immune system by activating the nucleotide-
binding oligomerization domain, leucine-rich repeat pyrin
domain containing 3 (NLRP3) inflammasome. The NLRP3
inflammasome has been examined for its role in the initial
inflammatory response to a diverse range of stimuli [35-37];
however, the mechanisms of the activation of host immunity
by Asian dust particles remain poorly understood. Therefore,
further analyses are necessary to clarify this mechanism.

It has been reported that particulate matter with a
diameter <1 ym reaches the alveoli of the lung when aspirated
[38]. However, there is little information on a global scale
about the in vivo kinetics of these particles, including whether
they infiltrate the body or not. The lack of data on particulate
matter has raised concerns on their effect on human health. It
is therefore important to clarify not only the in vivo kinetics
and biological responses of tissues or cells to particulate mat-
ter with a diameter <1 ym, but also the specific mechanisms
of the biological effects of Asian dust particles.

4. Conclusions

Our results indicate that Asian dust particles have greater
potential to induce inflammation compared with soil dust
and that the size of soil dust particles affects soil sample-
induced inflammatory responses. Furthermore, Asian dust
particles-induced activation of macrophages is dependent on
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ROS production and involves the activation of the MAPK
signal pathway.
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Size and surface modification of amorphous silica
particles determine their effects on the activity of
human CYP3A4 in vitro
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Abstract

Because of their useful chemical and physical properties, nanomaterials are widely used around the world - for
example, as additives in food and medicines - and such uses are expected to become more prevalent in the future.
Therefore, collecting information about the effects of nanomaterials on metabolic enzymes is important. Here, we
examined the effects of amorphous silica particles with various sizes and surface modifications on cytochrome P450
3A4 (CYP3A4) activity by means of two different in vitro assays. Silica nanoparticles with diameters of 30 and 70 nm
(nSP30 and nSP70, respectively) tended to inhibit CYP3A4 activity in human liver microsomes (HLMs), but the inhibitory
activity of both types of nanoparticles was decreased by carboxyl modification. In contrast, amine-modified nSP70
activated CYP3A4 activity. In HepG2 cells, nSP30 inhibited CYP3A4 activity more strongly than the larger silica particles
did. Taken together, these results suggest that the size and surface characteristics of the silica particles determined their
effects on CYP3A4 activity and that it may be possible to develop silica particles that do not have undesirable effects

on metabolic enzymes by altering their size and surface characteristics.

Keywords: Nanomaterials; Silica nanoparticles; Size; Surface modification; CYP3A4; Human liver microsomes

Background

The small size and high surface area of nanomaterials
(which are defined as materials with at least one external
dimension in the size range of 1 to 100 nm) give them
useful properties such as unique chemical reactivity, heat
conductivity, and ability to permeate tissues. Therefore,
nanomaterials are expected to be used for applications
in many fields [1,2]. In particular, amorphous silica
nanoparticles are among the most widely used nanoma-
terials because of their comparatively low cost, their
straightforward synthesis, and the ease with which their
surfaces can be modified [3]. Silica nanoparticles are
already widely used in cosmetics, food, and medicines
[4-6]. Therefore, collecting information about the safety
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of silica nanoparticles is important [7,8]. In previous
work, we found that they can penetrate the skin and
enter various tissues [9] and that at high doses, they are
more likely to induce consumptive coagulopathy and
liver damage than do silica microparticles [10].

Because silica nanoparticles are used in food and drugs,
their effects on metabolic enzymes such as cytochrome
P450s (CYPs) are of particular interest. Xenobiotics such
as drugs are metabolized by CYPs which are expressed at
the highest levels in the liver. Cytochrome P450 3A4
(CYP3A4) is the most abundant CYP isozyme expressed
in human liver tissue and is involved in the metabolism of
approximately half of the drugs in use [11,12]. Drugs,
some foods and beverages, and various chemicals such as
those in cigarette affect the activity of CYPs. For example,
ketoconazole, cyclosporine A, ritonavir, and grapefruit
juice inhibit CYP3A4 activity and thus can lead to side
effects when taken with drugs metabolized by CYP3A4
[13,14]. In contrast, rifampicin and St. John’s wort induce
CYP3A4 and thus reduce the efficacy of some drugs
that undergo CYP3A4-dependent metabolism [13,15].

© 2014 Imai et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.



