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groups (PND 1: CB-NP, 2.00 £ 0.15 g and control,
1.94 £0.18 g; PND 3: CB-NP, 2.83  0.36 g and control,
2.87 £0.29 g: PND 5: CB-NP, 3.33 £ 0.29 ¢ and control,
3.46+0.29 g; PND 14: CB-NP, 7.85 « 1.98 g and control,
7.99 £0.73 g) [F (1, 80) = 0.19, P = 0.66]. Body weight
of female offspring was not affected by prenatal CB-NP
exposure (PND 5: CB-NP, 3.20 & 0.43 g and control,
3.05 £ 0.39 g). No death or malformation was observed in
the CB-NP exposed and control offspring mice.

Immunophenotype of lymphocytes in the spleen

The effect of CB-NP on the immunophenotypes of
lymphocytes in the spleen of male pups was examined by
flow cytometry. Splenic lymphocyte count was not signif-
icantly affected by CB-NP treatment in 1-, 3- and 5-day-
old offspring (Fig. 2A). CB-NP significantly decreased
the splenic CD3*, CD4* and CD8* cells in the newborn
mice (Fig. 2B-D); the counts recovered at 14 days post-
partum (Supplemental Data 1), There was no significant
difference in B220* cells between the groups in the new-
born offspring mice (Fig. 2E, Supplemental Data 1).

mRNA expression and cytokine production

Splenic gene expression was examined for both male
and female 5-day-old offspring mouse in order to inves-
tigate the sex difference in the developmental effects of
CB-NP (Jackson et al., 2012b). Target genes were select-
ed from a microarray data deposited in Gene Expression
Omnibus (GSES0432), which shows gene expression pro-
file related to the effects of prenatal CB-NP exposure on
the spleen. Quantitative RT-PCR showed an increase in
expression level of /715, which plays an important role in
T cell survival (Schluns and Lefrancois, 2003), after pre-
natal CB-NP treatment in the spleens of male offspring
(Fig. 3). Splenic expression levels of Cc//9 and Cer7
were significantly increased in female offspring by pre-
natal CB-NP treatment (Fig. 3). In contrast, expression of
splenic mRNA of //7, which also encodes a cytokine reg-
ulating T cell survival (Schluns and Lefran¢ois, 2003) was
not significantly altered (Fig. 3). To investigate the mech-
anism underlying the decrease in T cells in the spleens of
5-day-old offspring mice, production of IL-2, a cytokine
promoting T cell proliferation, by splenocytes was exam-
ined. [L-2 production in the culture supernatant of splen-
ocytes from 5-day-old mice was not detected (< 8 pg/ml
in the culture supernatant) even after Con A-stimulation.
Expression of splenic mRNAs encoding /{7, /115, Foxp3,
Gata3, and Thx2! in the mother mice was not influenced
by CB-NP treatment {Supplemental Data 2).
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DISCUSSION

This study investigated the elfects of prenatal CB-NP
treatment on splenic phenotypes by using a CB-NP sus-
pension prepared without bulk agglomeration or any dis-
persant, and showed that treating the pregnant mothers
with CB-NP decreased splenic CD3+ (T) cells of newborn
mice. The data indicate the effects of CB-NP exposure
during early gestation before embryonic lymphoid tissue
development (Blackburn and Manley, 2004). On intratra-
cheal instillation, CB-NP can traverse the air-blood bar-
rier through large gaps between alveolar epithelial cells
(Shimada et al., 2006), causing pulmonary inflammation
and translocating (o the mediastinal lymph nodes (Shwe
et al., 2005) and other extrapulmonary tissues (Kreyling
et al., 2002; Oberdérster er al., 2002). Effects of nano-
particles administered by intranasal instillation have been
also reported (Tin-Tin-Win-Shwe et al., 2006; Wang e/ al.,
2009; Yokota e/ al., 2011). The exposure route is one of
the model of nanoparticle inhalation, which results in its
deposition through the nasopharyngeal, tracheobronchial,
and alveolar regions (Oberddrster et al., 2005). Inhalation
exposure to carbon nanotubes is known to suppress B cell
function and may cause immunosuppression in adult mice
(Mitchell et al., 2009), indicating that the spleen may be a
major target of carbon nanoparticles. However, the effect
of maternal exposure to CB-NP on lymphoid tissues of
neonates was unknown.

The spleen, a secondary lymphoid organ, plays an
important role in the defense system against invading
pathogens, particularly against encapsulated bacteria
(Mebius and Kraal, 2005). Our data showed that T cells
in the spleen were decreased by CB-NP in newborn off-
spring, while the body weight and total number of lym-
phocytes in the spleen of offspring was not influenced.
Additionally, the number of both CD4* and CD8&* cells
were significantly decreased in the newborn offspring
mouse. Neonates are not intrinsically deficient in T cells
and have the capacity to mount adult-like Thl and cyto-
toxic T cell responses (Adkins, 1999). Thus, a decrease in
T cells as a whole may be linked to an immunosuppressed
phenotype in the infantile period (Verbsky et al., 2012).

Furthermore, the number of lymphocyte exponential-
ly increases during neonatal development (Fagoaga et
al., 2000); therefore, it is possible that prenatal CB-NP
treatment may have influenced the proliferation of lym-
phocyte in the offspring during the newborn period. How-
ever, mRNA expression of //7, encoding a cytokine cru-
cial for the development and homeostasis of lymphocytes
(Surh and Sprent, 2008), in the spleen was not affected
by CB-NP treatment. Production of 1L-2, a cytokine that
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Fig. 2. Effect of maternal exposure to CB-NP on splenic lymphocyte phenotype of newborn (1-5-day old) mouse. Populations
of splenic lymphocytes were analyzed by flow cytometry. Data are shown as mean = S.D. Two-way ANOVA showed a
significant main effect of CB-NP on (B) CD3~ cell count [F (I, 57) = 6.78, *P < 0.05] with CB-NP/age interaction
[F (1, 57)=4.13, P <0.05]. Post hoc Tukey-Kramer’s test showed that CD3~ cell count was significantly decreased on
PND 5 (P <0.001). Two-way ANOVA also showed a significant main effect of CB-NP on (C) CD4~ cell [F (1, 56) = 5.03,
*P < 0.05] and (D) CD8* cell counts [F (1, 56) = 4.26, *P < 0.05] without CB-NP/age interaction.

is important for T cell proliferation (Boyman and Sprent, ~ was not mediated by T cell proliferation mechanism.

2012), was not detected in the culture supernatant of stim- The decrease in T cells in the spleen had recovered
ulated splenocytes of 5-day-old mice in any groups. Thus, by 14 days after birth. The mRNA expression profile in
the decrease in T cells in the spleen of the exposure group  the spleens of 5-day-old mice provided insights into the
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Fig. 3.  Effect of maternal exposure to CB-NP on mRNA ex-

pression in the spleen of S-day-old offspring mouse.
mRNA expression levels in the spleens were examined
by quantitative RT-PCR. Data are shown as mean =
SD. Data were statistically analyzed using Student’s
#-test to compare between control and CB-NP groups
for each sex, and corrected with Bonferroni’s method.
The level of significance was set at P < 0.05.

mechanism of this recovery. Naive T cells continuous-
ly circulate between blood and lymphoid tissues under
homeostatic conditions. T cell homing to secondary lym-
phoid tissue is mainly regulated by Cer7 and its two lig-
ands, Ccll9 and Ccl21 (Forster ef al., 2008). These lig-
ands are produced only by fibroblastic reticular cells and
in inflammation also by dendritic cells, and are essentially
involved in the chemotaxis of various subpopulations of
T cells and antigen-presenting dendritic cells to lymphoid
tissues (Forster ef al., 2008). In our study, mRNA expres-
sion levels of Cel19, Cer7, and 115 which contributes to
T cell survival in the spleen were significantly increased
in 5-day-old male or female offspring mice of the treat-
ed group. Splenic mRNA change profiles by CB-NP were
similar between male and female offspring. These factors
may increase the migration of T cells to the spleen in 5-14
day-old offspring in the group. Because the gene expres-
sion change in the spleen did not indicate the mechanism
underlying T cell decrease by prenatal CB-NP exposure,
the thymus, which is an important organ for the T cell
development, may be the primary target of CB-NP.
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[n the neonatal immune system, vigorous differen-
tial proliferation of lymphocytes occurs by weaning age,
when maternal (transplacental) serum antibodies and
milk-borne antibodies and cells are declining (Harris et
al., 2006). Hence we need to know under what circum-
stances there would be a positive or a negative effect on
the development of the offspring’s own immune system
(Hasselquist and Nilsson, 2009). In the present study, no
significant effect of CB-NP on the maternal immune sys-
tem was observed. Whether carbon nanoparticle induces
oxidative stress in biological organs remains controver-
sial (Oberdérster, 2004; Tin-Tin-Win-Shwe ef al., 2006;
Ryan et al., 2007). CB-NPs induced apoptosis in bronchi-
al epithelial cells in vitro via a ROS-dependent mitochon-
drial pathway (Hussain et al., 2010). However, the dose
of nanoparticle exerting an effect on lymphocytes in off-
spring mice seems to be lower than that used in previous
studies. A previous study showed that single-wall carbon
nanotube but no CB-NP affects placental morphology and
induces oxidative stress in placenta and fetus (Pietroiusti
et al., 2011). Our preliminary data also indicated that the
low dose of CB-NP do not increase any markers of oxi-
dative stress in blood and tissue samples of offspring
mice (data not shown). Especially, the level of 8-OHdG,
an oxidative stress marker, was decreased in the lung of
mothers at 21 days post-partum (Supplemental Data 3).
These data indicate that the decreased number of T cells
in the spleen of neonatal mice could be modified by expo-
sure to CB-NP even in the absence of induction of oxida-
tive stress or inflammation in the mother mice.

In conclusion, the present study showed that mater-
nal exposure to CB-NP during carly gestation decreased
T cells in the spleen in newborn mice. The decrease in
splenic T cells in the treated group recovered at 14 days
after birth. Increased expression of splenic /{15, Ccr7 and
Ccll19 may contribute to the recovery process during the
infantile period. CB-NP and other nanomaterials have
applications in industrial use and nanomedicine. This is
the first report of developmental effect of nanoparticle on
the lymphatic phenotype. The effect of nanoparticles on
the neonatal immune system supports a creative approach
to the development of such nanotechnology, particular-
ly nanomedicine employing inorganic nano-sized carbon
material, and also provides a method for hazard assess-
ment of nanoparticle exposure during early pregnancy.
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There is extensive evidence that nanoparticles (NPs) cause adverse effects in multiple organs, including
liver, though the mechanisms involved remain to ‘b;e,,funy established. Kupffer cells'are macrophages
resident in the liver, and play important roles in liver inflammation induced by various toxic agents,
including lipopolysaccharide (LPS}, Interleukin=1:(IL-1) family members IL-To, are released from LPS-
primed macrophages exposed te NPs, including silica NPs (SNPs); via activation of:nucleotide-binding
oligomerization domain-like receptor family pyrindomain=containing 3 inflammasomes. Here, we inves-
tigated the mechanism of production of IL-1p via-activation of inflammasomes in mouse Kupffer cell line
KUP5, focusing on the role of purinergic signaling via P2X; receptor.

Kequrds;
Silica nanoparticle:
Kupffer celt

I 1[3 IL-1B production by LPS-primed KUPS cellsexposed to SNPswas increased dose-dependently,and was
faflammasome greatestin response to SNPs with a.diameter of 30:nm (SNP30), as-compared with.70-nm and 300-nm
ATP SNPs (SNP70 and SNP300). ATP release was‘also hwhest in cells exposed ‘to SNP30. Treatment of LPS-

P2X; receptor’ primed KUPS cells with ATP also induced a high level of 1L-1f production, similar to thatiinduced by
SNP30. IL-1§ production was swmﬁcantly inhibited by apyrase (an ecto-nudeoudase} and A438079 (a
P2X; antagonist/ATP-release inhibitor). Production of reactive- oxygen species’ (ROS) was confirmed in
cells exposed to SNP30.

In conclusion, ATP released from P2X;- receptorin respotise to stimulation of KUP5 cells with SNP30
induces ROS production via cell-mémbrane NADPH oxidase: The ROS causes activation ofinflammasomes,
leading to caspase-1-dependéent processing of IL-1f3.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Various types of nanoparticles (NPs) with novel electrical, cat-
alytic, ‘magnetic, mechanical, photonic and thermal properties,
have been developed and are already in use or are being tested
in a wide range of consumer products, including sunscreens, com-
posites,.and medical and electronic devices. Specific properties of
NPs, such as their small size, shape, high surface area, and special
structure, make these compounds promising candidates for indus-
trial and biclogical applications (Luo-et al.,, 2006; Yang et al., 2008;
Uskokovi¢, 2013; Zhang et al,, 2013). However, there is increasing

* Corresponding-author. Tel.: +81 47121 3613: fax: +81 47121 3613.
E-mail address: kima@rs,noda:tus.acjp (5. Kojima).

htip: i[dx doi.orgf10.1016/}.tox.2014.03.008 3
0300-483X/© 2014 Elseviertreland Ltd. All rights reserved

evidence of adverse effects of NPs (Aillon et al., 2009; Borm and
Kreyling, 2004; Crosera et:al., 2009; Donaldson etal, 2005; Medina
et al., 2007; Xia et al,,-2006). There have been extensive human
health and environmental safety mvestlgatxons of commercially

available NPs, such as silica, titanium ox:de(Tsz) silver, chrysotile
asbestos, carbon nanotubes, and some magnetic particles, inin vitro
and-in vivo-experimental systems. Exposure to NP is likely to occur
through inhalation, dermal contact, or injection. NPsarethen trans-
ferred to blood, and may cause adverse effects in various organs,
including liver, spleen; lungs, kidneys; testis and brain. Silica NPs
(SNPs) in particular have found extensive applications: in various
fields, e.g.,-as additives in cosmetics; medical supplies, printer ton-
ers, and foods. Nevertheless, there isincreasing concern about their
possible effects.on human health (Napierska et al.,, 2010). The liver
isa primary target organ for NPs, including SNPs. It has been shown
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that SNPs induce liver injury both directly and indirectly (Chen
etal, 2013; Hasezaki et al,, 2011; [soda et al, 2013; Liu et al., 2012;
Yuetal, 2013).

Kupffer cells are macrophages resident in the liver, and
are involved in immune functions such as phagocytosis and
antigen-presenting ability, leading to induction of regeneration,
fibrogenesis, inflammation, and necrosis (Kolios et al., 2006). They
also participate in the acute and chronic responses of the liver to
toxicagents{Laskinand Pilaro, 1986; Thakuretal,, 2007; Westetal,
1989; Winwood and Arthur, 2006), which activate these cells, lead-
ing to hepatic damage through the release of toxic molecules, such
as radical oxygen species (ROS) and pro-inflammatory cytokines
(Feder et al., 1993; Laskin et al,, 1988; Liu et al, 2010; McCloskey
et al., 1992. Michael et al., 1999; Pilaro and Laskin, 1986; Yee
et al., 2003), Recent reports show that interleukin-1 family mem-
bers IL-1c,p are released from LPS-primed macrophages exposed
to certain NPs, including SNPs, via activation of nucleotide-binding
oligomerization domain-like receptor (NLR) family pyrin domain-
containing 3 (NLRP3) inflammasomes (Deng et al., 2011; Morishige
et al., 2010; Reisetter et al., 2011; Sandberg et al, 2012; Schanen
et al., 2009; Winter et al,, 2011; Yazdi etal, 2010).

Nucleotides, such as ATP and UTP, are physiologically released
from cytoplasm into the extracellular space in various types of
cells both under basal conditions and in response to various stimuli
(Burnstock, 2007, 2014; Corriden and Insel, 2010; Lazarowski et al.,
2011). Extracellular ATP, in particular, plays an important role
in rapid intracellular signaling. These nucleotides bind to specific
plasma membrane receptors called purinergic (P2) receptors, and
immediately activate them (Bodin and Burnstock, 2001; Yegutkin,
2008). Two large families of P2 receptors are known, ligand-gated
fonotropic P2X,-7 receptors and G-protein-coupled metabotropic
P2Y{ 2.4,6.11-14 Feceptors (Burnstock, 2014). Released ATP is rapidly
degraded to ADP (an agonist of P2Y receptors), AMP and adeno-
sine (an agonist of P1 receptors) by ecto-nucleotidase (Yegutkin,
2008; Lazarowski et al,, 2003). The P2X; receptor is unique among
P2X receptors in that it is activated by LPS and other inflammatory
stimuli, leading to'Ca?* influx (Bianchi et al, 1999), non-selective
pore(non-selective channel)opening (Surprenantetal., 1996}, ROS
production via activation of NADPH oxidase (Noguchi et al., 2008;
Ohshima et al,, 2011; Suh et al,, 2001), IL-1§ release (Ferrai et al,
2006; Humphreys and Dubyak, 1998)..and cell death (Tsukimoto
et al., 2006). Since the non-selective P2X7 channel allows the pas-
sage of hydrophilic molecules with asize of 400-900 Da, it provides
aroute for release of ATP (MW: 507 Da) from cells (Di Virgilio et al.,
1998; Ohshima et al., 2010; Surprenant et al., 1996).

The extracellular ATP-gated cation channel P2X; is an impor-
tant upstream activator of inflammasomies (Franchi et al., 2012;
Pelegrin and Surprenant, 2006; Riteau et al., 2010; Zambetti et al.,
2012). More recently, participation of ATP in the activation of
NLRP3 inflimmasomes by NPs has also been suggested, and it
was shown that uric acid, silica, and alum partlcles induce active
release of intracellularATP from human macrophages to the extra-
cellular compartment via mechanisms dependent upon purinergic
signaling (Riteau et al., 2012). However, the precise mechanism of
P2X; receptor-mediated purinergic signaling involved in activa-
tion of NLRP3, leading to IL-1p release, is unclear. In this study, we
investigated the mechanism of IL-1B production induced by SNPs
in LPS-primed mouse Kupffer cell line KUPS5, focusing on the role
of purinergic signaling via activation of P2Xy receptor.

2. ‘Materials and methods
2.1, Reagents
SNP with diameters of 30, 70, and 300 nm (designated as SNP30, SNP70 and

SNP300) were purchased from Micromod Partikeltechnol ogie GmbH. High-glucose
type Dulbecco's modified Eagle’s medium (DMEM containing 4.5 g glisccose/L),

low-glucose type (DMEM containing 1.0 g glucose/L), F12 medium, penicillin, strep-
tomycin, and ascorbic acid (Asc) were purchased from Wako Pure Chemical
Industries (Osalka, Japan). ATP, apyrase {an ecto- -nucleotidase), diphenyleneiodo-
nium chloride (an inhibitor ‘of NADPH-oxidase, DPI) were purchased tfmm
Sigma~Aldrich {St:Louis, MO). Fetal bovine serum (FBS) was obtained from Biow-
et (Nuaillé, France). A438079(a selective antagonist of P2Y7) was obtained from
Tocris Bioscience (Bristol, UK). All other chemicals used were of the highest purity
available.

2.2. Characterization of silica NPs

The particle size distribution of SNP30, SNP70, and SNP300 in DMEM was eval-
uated by dynamic light-scattering (DLS), using NICOMP 370 (Particle Sizing System,
Co., Tokyo, Japan). Briefly, 2.5 mg of each' SNP was suspended in 1 mL low-glucose
type DMEM, mixed thoroughly with vortex mixture, and immediately subjected
to DLS analysis at room temperature. Morphology of SNPs prepared by the same
method was assessed at room temperature by transmission electron microscopy
(TEM), using a JEOL JEM 2010 (JEOL Ltd, Tokyo, Japan). Each SNP suspended in
low-glucose type DMEM was dropped on the 400 mesh grid coated with carbon
membrane, kept for 2h at 37<C, and then dried. The dried SNP was observed by
TEM.

2.3. Isolation and cultivation of mouse liver Kupffer cells

Liver macrophages/Kupffer celts were isolated from mixed primary culture of
C57BLI6 mouse liver cells as described, and immortalized by retroviral transductic™
of human ¢-myc (Kitani etal, 2011; Takenouchi et al,, 2005). The clonal Kupfferc,,
line (KUP5) was cultivated with Dulbecco's modified Eagle's medium ( high glucose'
type), containing 10% FBS, 100 units/mL penicillin, 100 ug/mLstreptomycin, insulin
(10 pg/mL), and 2-mercaptoethanol (100 WM} in an atmosphere of 5% CQO3, 95% air
at 37°C. In most experiments, cells were: seeded on Plates 24 h before stimulation
with LPS (1 pug/mL).

24. Assay of IL-p

KUPS cells cultivated with DMEM for 24 h were stimulated withi LPS (1 jug/mL)
for 4h, and then exposed to SNPs. The culture supernatants were collected and
the concentration-of IL-15 was measured by enzyme-linked immunosorbent-assay
as described below. A 9G-well plate was coated with purified anti-mouse IL-18
mAb (1:250) (eBioscience) and incubated overnight at 4°C. The plate was washed
with phosphate-buffered saline (PBS) containing 0.05% Tween 20. PBS containing’
1% BSA was added; and the plate was incubated at room temperature to block non-
specific binding, then washed, and the supernatants were added. ncubation was
continued for 2 h at room temperature. The plate was washed again, and biotin-
conjugated anti-mouse 1L-13 mAb (1:500) (eBioscience) was added for 1h atroom
temperature, The plate was washed, and avidin-hotseradish peroxidase (Sigma)was
added for30 min at room. ,temperamre. The plate was further washed, and 3,3',5,5'-
tetramethylbenzidine was added tostain the cells. After a few minutes, the reaction
was stopped by adding 2.5 M H;S0... The absorbance at 450 nm.was. measured with
aWallac 1420 ARVO Fluoroscan (Wallac, Turku, Finland). Inan experimenit concern-
ing the effects of DPl and Ascon SNP30-induced IL-1( production, LPS-primed KUP5
cells'were pretreated with DPI (100 LM) or ascorbic acid (Asc, 1mM) foi 30 min
before expostre to SNP30 at a concentration of 10 pg/cm?. The concentration’ \
IL-1B was estimated by interpolation on the standard curve, Pre-treatments ate.
post-treatments with reagents were-carried out at'the indicated times.

2.5. Assay of cell viability

A colorimetric assay ‘with WST-1 reagent was used to evaluate cell- viability
in.accordance with the manufacturer's directions. KUP5 cells (1 x.10%/mL) were
primed for 4 h-with LPS (1 wg/mL) and then exposed to different concentrations
ranging from 1 to 30 g/cm? of SNP30, SNP70 and SNP300 for 24 h. Then 10iL
of WST-1 reagent, diluted 4-fold it phosphate buffer, was added to each well and
incubation was continued:for another4h at-37°C. The absorbance of the wells at
450 nm was measured-‘with a plate reader. Relative cell viability was calculated as
a percentage of the control group, to which SNPs had not been added.

2.6.- Assay of extracellular ATP

Extracellular’ ATP concentration was measured using ENLITEN® Luciferase/
Luciferin Reagent (Promega, Madison, WI). KUP5 cells (3.0 x 10% cells/well) were
inciibated in 500 1L of RPMI1640 medium containing 1%.FBS for 161 in a 12-well
culture plate. For investigation of SNPs-induced ATP release, ana liquot (40 L) ofthe
canditioned medium was collected as a control sample for background ATP release.
The cells were then incubated with SNPs for the indicated time. After incubation,
40 ul-of conditioned medium was collected at the indicated time points. Eachrsam-
ple was centrifuged at 600 » g for 5 min and 10 j.L of the supernatant was used for
ATP determination. The concentration of ATP Was determined by measuring chemi-
luminescencewith a TR717™ Mieroplate Luminometer (Applied Biosystems, Foster
City, CA) 1.6 5 after adding 100 L of luciferin-luciferase reagent.to 10 L of sample
solution.
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Fig. 1. Characteristics of silica nanoparticles (SNPs) observed by transmission electron microscopy. Micrographs of SNP 30 (A), SNP70 (B), and SNP300 {(C) in high-glucose

type DMEM. Scale bars: 50, 100 or 500 nm, as indicated,

2.7. Immunoblotting

LPS-primed KUP5 cells were dissolved in sample buffer (25% glycerin, 1% SDS,
62.5mM Tris=Cl, 10 mM DTT)and boiled for 5 min. Aliquots. of samples containing
10 jig of proteinwere analyzed by 15% SDS-PAGE and transferred onto a PVDF niem-
/brane. Blots were incubated at 4°C overnight.in TBST with 1% BSA, and then with

rabbit anti-cleaved IL- 1@ antibody (1:1000)(Cell Signaling Technology. Inc.; Beverly,
MA). anti-mouse pro-iL1f3 antibody (1:1000) (Cell Sighaling Technology. Inc., Bev-
erly. MA) or mouse anti-actin antibody (1: 200) (Santa Criiz’ Biotechnology, Santa
Cruz, CA)dt room temperature for 1.54. After havmg been washed with TBST, blots
were incubated with.goat HRP-conjugated anti-rabbit 1gG antibody (1:20,000)(Cell
Signaling Technology) or goat HRP-conjugated anti-mouse'igG antibody { 1:20,000)
(Santa Cruz Biotechnology) for 1.5h at room temperature. The blots were further
washed with TBST, and specsﬁc proteins weré visualized by using ECL Western
blotting detection reagents (GE Healthcare, Piscataway, NJ).

2.8. Determinatioi-of intracellular reactive oxygen species (ROS)

Intracellular ROS levels were monitored by using the fluorescent dye 27"~
dichloro= dzhydmﬂuorescem diacetate (HzDCFDA) KUPScells (1.0 x IOJ[well)were
incubated in RPMI1640 medium containing 1% FBS for 24 h in a 96-well culture
plate. Then, the supernatant was:removed and the cells were further incubated in
RPMH 640 medium containing 10 ].LM HyDCEDA for 30'min. The cells were washed
twice with'DMEM, and exposed to SNPs (10 wglem?). DCF fluorescence was mon-
itored for 10 min with a Wallac 1420 ARVO-SX multi-label.counter (Perkin- -Elivier,
Yokohama, Japan) (excitationfemission =485 nm/535 nm). For the study on inhibi-
tion of SNP30~induced ROS ge’nei‘&tion cells were pre-treated with DPI (100 M)
or A438079 (50 p.M ) for 30.min before exposure to SNP30 at a concenrranon of
10 pgfom?.

2.9, Statistics

Results are expressed as the mean  S.E.M. The statistical significance of differ-
ences between two groupswas calculated by using the unpaired Student’s t-test. The
statistical significance of differences between control and other groups was calcu-
lated byusing Dunnett’s test. The criterion of significance was P <0.05 as determined
with the Instatversion:3.0 statistical package (Graph Pad Software, San Diego, CA).

3. Results
3.1. Characterization of silica NPs

Since NPs often agglomerate in solution, the sizes of SNP30,
SNP70, and SNP300 suspended in DMEM were estimated using
TEM and dynamic light scattering (DLS) measurements. As-shown
in Fig, 1A~C, TEM micrographs revealed that the majority of SNP30
particles had a primary particle size of <50 nm and were approx-
imately uniformly dispersed in high-glucose type DMEM. On the
other hand, the particles of SNP70 and SNP300 appeared to be
loosely aggregated. The results of DLS (not shown) indicated that
the average sizes of SNP30, SNP70 and SNP300 were 35.1nm,
65.6 nmand 278.7 nm, respectively, in low-glucose type DMEM and
were 34.3 nm, 230.0 nm and 309 nm, respectively, in high-glucose
type DMEM.

3.2. Dose- and size-dependence of the effects-of SNPs on IL-15
production and cell viability in LPS-primed KUPS cells

First, the effects of SNP30, SNP70 and ‘SNP300 on IL-1B
production by LPS-primed KUP5'cells were examined at 24 h post-
exposure. As shown in Fig. 24, 1L-1B3 production was increased
dose-dependently by all SNPs. SNP30 induced the greatest increase
(P<0.001 at the dose of 10 pug/cm? or more).

Second, KUP5 cells were incubated for-4 h with LPS and then
exposed to various concentrations of 'SNP30. Cleaved mature IL-
1B 'was detected by westerr blotting. As shown in Fig. 2B, mature
IL-1( was released from LPS-primed KUP5 cells exposed to SNP30
(1-10 pig/cm?) in a'dose-~dependent manner.

Third. the time-dependence: of the effect ‘was examined with
SNP30 at a fixed dose of 10 jig/cm?. As shown in Fig. 2C, the release
of IL-1f was increasing during 24h.

Finally, the effects of SNP30, SNP70 and SNP300 on the viability
of LPS-primed KUP5 cells were: examined at 24h post—treatment
by means of WST-1 assay. As shown in Fig. 2D, the viability was
dose-dependently reduced by all SNPs. The greatest reduction'was
observed in KUP5 cells exposed to SNP30 at the dose 10 pg/cim? or
more. Initerestingly, the effect of SNP70 on viability was similar to
that of SNP300. This might be due to specific aggregation behavior
of SNP70, since DLS analysis gave an average size of about 230 hin
for SNP?O as compared with 309nm for SNP300, in high-glucose
type DMEM.

3.3, Dose-and time-dependence of the effects of SNPs on ATP
release from LPS-primed KUP5 cells

The time-dependence of the effect of SNP on ATP release from
LPS-primed KUP5 cells was examined with SNP30 at the fixed dose
of 10 ug/cm?. As showd in Fig. 3A, the release was significantly
increased 20'min post-treatment, reached a maximum at 25 min,
and thereafter declined.

Next, ATP release was compared among SNP30, SNP70 and
SNP300 at 25 min post-treatment. As shown in Fig. 3B, significant
release ' was-obtained with SNP30 at the dose of 5 wg/cmi? or more.

34. Effectof ATPon IL-1 B production by LPS-primed KUP5 cells

Since IL1R production closely paralleled ATP release, we hypoth-
esized that extracellular ATP plays a role in IL-18 production by
LPS-primed KUPS cells. Thus, we examined the effect of ATP on
IL-1B production by LPS-primed KUPS cells. As shown in Fig. 4A,
IL-1( production was increased by 1 mM ATP to the same extent
as by SNP30 at the dose of 10 {.g/cm?. Furthermore, apyrase (an
ecto-nucleotidase) and A438079 (a P2X7 antagonist/ATP-release
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Fig. 2. Dose- and time-dependence of the effects of SNPs on IL~18 production and viability of LPS-primed KUPS cells. (A) Dose- -dependence of SNP30-, SNP70-, and SNP300-
induced IL-B production, Cultivated KUPS cells were stimirlated with LPS (1 pgfmL) for 4 h, and then exposed to SNPs for 24 h.at concentrations ranging from 1 pgfem?
to 20 pgfem?. The culture supernatants were collected and the.coricentration of IL-13-was measured by enzyme-linked immunasorbent assay. Each value represents the
mean £ 5,EM. of 4 independent assays. ***P< 0,001 vs. each SNP conc. 0 (ugfem?) group. (B) Dose-dependence of the effect of SNP30 on IL-1 secretion. Cultivated KUP5 cells
were stimulated with LPS (1 pg/mL) for 4 h, and then treated ' with SNP30 at- doses of 1, 5 and 10 pgfem? for 24'h. The cell culturé supernatants were concentrated and 1L-18
expression was analyzed by Western blotting with anti-mouse mature 1L-1f antibody ¢ 1:250) and anti-mouse pro-IL13-antibody. SN; Culture supernatant, Cell; Whole cell.
(C) Time-dependence of SNP30-induced IL-3 production. Cultivated KUPS cells were stimulated with LPS (1 ug/mL) for 4 h, and then éxposed to SNP30 at a fixed dose of
10 pgfem? for the indicated time. The culture supernatant was collected at each time paint and the concentration of IL-16 was measured by enzyme-linked immunosorbent
assay. Each value represents the mean#S.EM. of 4 mdependem assays. ""P<0.001 vs. the 0 h'time point. (D) Effect of SNPs-oni cell viability, IUP5 cells (1 x IOSImL) were
primed-for 4 h with LPS (1 wg/mLyand then exposed to SNP30, SNP?O or SNIP300 inthe concentration range from 1 to 30 ;.t.glcm2 for 24 h. Then 10 uL of WST-1 reagent
was added to'each well and incubation was. continued for' 4 h at 37+C. The absorbance of each well at 450 nm was measured with a plate reader; Relative cell viability was
calculated as a percentage with respect to the control group (no SNP added).
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measured by means of luciferin/luciferase assay: Each value represents the mean £S.EM. of4 mdependent assays. ***P<0.001 vs.each SNP conc, 0. (p,g/cmz) group.

inhibitor) significantly irihibited SNP30-induced IL-18 production
(Fig-4B), strongly supporting the involvement of ATP in IL-1[3-pro-
duction by LPS-primed Kupffer cells.

3.5. Eﬂ‘ect of SNPs on ROS production by KUP5cells

ROS production by KUP5 cells was examined by using fluo-
rescence reagent H,DCEDA. First, we compared ROS production
induced by SNP30, SNP70 and SNP300. As shown in Fig. 5A,
only SNP30 induced significant ROS production. As shown in
Fig. 5B, the increase was blocked by A438079 (50LM) and DPI
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{a NADPH-oxidase inhibitor, 100 1LM). These results may indicate
that SNP30 causes ATP release via the non-selective channel P2X7,
leading to activation of P2 receptors, followed by 'ROS production
via membrane NADPH oxidase in Kupffer-cells:.

3.6. Inhibitory effect of antioxidant and DPI on IL<18 prodiiction
in LPS-primed KUPS5 cells

The inhibitory effects of antioxidant (ascorbic acid; Asc) and

NADPH oxidase inhibitor (DPI) on IL-1B praduction were con-
firmed. As shown in Fig. 6, DPI (100wM) almost -completely
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Fig. 4. ATP-induced [L-1B production.and the inhibition of SNP30-induced [L-18 production by apyrase and A438078 in LPS-primed KUPS cells. (A} ATP-induced IL-13
production. Cultivated KUPS cells were stimulated with hLPS(1 g/mLyfor4h, and then treated with ATP(1 mM) or SNP30 (10 jagjcm?) for24 h. The culture supernatants were
collected and the concentrationof IL-1(3 was measured hy means of enzyme-linked immunosorbent assay. Each value represents the mean £ S.E.M. of 4 independentassays.
=**p<0.001 vs. [SP-alone-treated group. (B) Inhibition of SNP30-induced IL-1[ praduction by apyrase and P2X; antagonist A438079. Cultivated KUP5 cells were stimulated
with LPS {1 wg/mL) for4 b, then incubated with-apyrase (5 U/mL}or A438079 (50 1M} for 30 min, followed by SNP30 (10 g /cmz) for 24 hi: The culture supernatants were
collected and the concentration of [L~1B was measured by means of enzyme-linked immunosorbent assay. Each value represents the mean£S.E.M. of 4 independent assays.
*+p<0.001 vs. Vehicle. #P<0.05, ###P<0.001 vs.(LPS plus SNP)-treated group.
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or DPI (100 1LM) before exposure to SNP30.at a concentration of 10 jxgfem?. DCF fluorescence was monitored for 10 min. **P<0.01 vs. Vehicle. #P <0.05 vs, SNP30-treated

group.

inhibited IL-18 production and significant suppression was also
observed with Asc (1 mM), supporting the involvement of ROS in
the cleavage of mature IL-1f.

4, Discussion

Activation of toll-like receptors (TLRs) by LPS triggers synthe-
sis of inactive pro-iL-1f. This is cleaved to generate biologically
active mature [L-183 by caspase-1, which is activated within large
multi-protein complexes, termed inflammasomes. The' NLRP3 and
its adaptor protein apoptosis-associated speck-like protein (ASC),
whichare also componentsofinflammasomes, mediate caspase-1-
dependent processing of pro-IL-1{ (Agostini et al.,(2004); Schroder
and Tschopp, 2010). NLRP3 inflammasomes are activated by avari-
ety of endogenous orexogenous stimtli such as ATP, monosodium
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LPS + SNP30 (10 pg/ent?) plus

Fig.6. Inhibition of NSP30-induced-iL-1 production by antioxidants. Effects of DPI
and Ascon SNP30-induced [L-1 3 production. LPS-ptimed cells were pretreated with
DPI (100'xM) or ascorbic acid (Asc, t mM)-for30 min before exposure toSNP30 at a
concentration of 10 jigfem?. The cell culture supernatants were concentrated and IL-
1B production was measured by enzyme-linked immunosorbent assay. ***P<0.001
vs: Vehicle. *P<0.05, #*#P<0.001 vs. (EPS plus SNP30}-treated group.

urate (MSU) crystals, ROS, environmental pollutants silica and
asbestos, and so-called danger signals including pathogen-
associated molecular patterns (PAMPS) and danger-associated
molecular patterns (DAMPs) (Agostini et al., 2004; Pétrilli et al,,
2007; Schroder and Tschopp; 2010; Tschopp and Schroder, 2010).
However, the mechanisms of activation ‘of inflammasomes are
not known in detail, Nevertheless, involvement of ROS seems to
be common to all of the danger signals. In addition, it is known
that extracellular ATP induces ROS production via cell-membrane
NADPH oxidase via purinergic signaling (Noguchi et al,, 2008;
Ohshima et al., 2011; Suh et al,, 2001; Uratsuji et al, 2012). Thus,
it seems likely that both ATP and ROS participate in production
of IL-1B through activation of inflammasomes via multiple signal
transduction systems, Therefore, in this study, We looked in detail
at the SNP-induced production of IL-1f in:mouse Kupffer cell line
KUPS, focusing on the roles of ATP release and purinergicsignaling.

First, we examined the relation between IL-18 production
and ATP release in LPS-primed KUP5 cells. IL-13 production was

increased in a dose-dependent manner by each of SNP30, SNP70,

anid SNP300. The dose-dependency of IL-1f production was also *
confirmed by the release of mature [L=18 from LPS-primed KUP5
cells exposed to SNP30 which was shown the greatest IL-18 pro-
duction in these SNPs. The highest [L-18 production was observed
at 24 h post-treatment with SNP30 at. the dose of 10 pgfcm? or
more. Similarly, ATP release was highest in the cells exposed
to SNP30 at the dose of 10ug/cm? or more. In addition, LPS-
pririied KUP5 cells treated with ATP alone showed almost the
same level of [L-1P production as that treated with SNP30 alone.
These results strongly suggest the involvement of extracellular
ATP in [L-1f production by LPS-primed KUP5 cells. Next, to con-
firm the involvement of ATP, we examined the effects of the
ecto-nucleotidase apyrase and the P2X; antagonist/ATP-rélease
inhibitor A438079 on IL-1f production by LPS-primed KUP5 cells
exposed to 10jLg/cm? SNP30. IL-15 production was significantly
inhibited by both apyrase and A438079.

[t has been reported that ATP is released from cells after various
kinds of stimuli, including pH change, UV, ionizing radiation,
osmotic pressure, and Ni?s, leading to a variety of receptor-
mediated physiological effects. With fegard to NPs, it has been
reported that uric acid, silica, or alum particles induce release of
intracellular ATP from human macrophages to the extracellular
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space through P2X; receptor and connexin/pannexin channels
(Riteau et al., 2012). We also showed that gamma-irradiation-
induced ATP release depends on P2X; receptor, and further
found that gap junction hemichanne! connexin 43 is. involved in
radiation-induced ATP release in B16 melamona cells (Ohshima
et al,, 2012) Building on these findings, we examined ATP release
from the LPS-primed KUP5 cells exposed to SNP in detail. Indeed,
SNPs caused release of ATP, and the pattern of ATP release was
consistent with that of IL-18 production.

ROS is well known to be involved in the activation of inflam-
masomes induced by danger signals, including PAMs and DAMPs.
However, the precise mechanisms involved are. still unknown.
Here, we confirmed that exposure of LPS-primed KUP5 cells to
SNP30 at the dose of 10 pg/em? efficiently produced ROS, and the
ROS production was inhibited by A438079 (a P2X; receptorantago-
nist) and DPI (an inhibitor of NADPH oxidase), supportmg previous
reports thatextracellular ATP induces ROS formation via activation
of cell-membrane NADPH oxidase through purinergic signaling
mediated by activation of P2Y (Noguchi et al, 2008; Ohshima et al.,
2011; Xia et al,, 2006). These data suggest that ATP is released
from P2X7 receptor upon stimulation with NSP30, and degraded
to ADP, leading to activation of P2Y receptor, followed by ROS pro-
duction mediated by cell-membrane NADPH oxidase..However, a
more detailed examination of the mechanisms underling SNP30-
mediated NADPH oxidase activation is needed.

Although ROS appears to be commonly involved in triggering
adverse effects induced by many kinds of nanoparticles (Manke
et al., 2013; Xia et dl, 2006), the swnalmg pathway(s) linking
nucleotide release and ROS production have not been well studied
(Dekali et al,, 2012; Kobayashi et al., 2010; Palomaki et al., 2011;
Xiaetal, 2006). Meanwhile, it was reported that small latex beads
(20 nm) mciuced the IL-1B production via ATP-P2X;-dependent
pathway, though IL-1§ producmon by the latex beads was inde-
pendent of ROS (Adachietal. . 2013). This resultis contradictory to
our present one. Itis thought that this might be due to the cell type
used or distinct surface properties of NPs. ,

In the present work, we have shown that ROS production in
response to SNPS is atleast partly mediated by purinergic signaling.
This pathway may also contribute to ROS prodiction stimulated by
otherkinds of NPs.

5. Conclusion

Our results indicate that stimulation of KUP5 celis with SNPs
induces ATP reléase from P2X; receptor, leading toROS production
via membrane NADPH oxidase. The ROS activates inflammasomes,
leading to production of mature IL-18,
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ARTICLE INFO ABSTRACT

We have prevxously reported that PZYH recéptor ‘mediates IFN-y-induced IL-6 production in human
keratinocytes, suggesting the importance of purinergic signaling in skin inflammatory diseases. In: this
study, the involvement of various P2 receptors in 1L-6 production induced by silica nanoparticle 30
(SNP30) was examined in a hurnan keratinocyte cell line, HaCaT. Exposure to SNP30 increased IL-6 pro-
duction in the cells. Ecto-nuclectidase (apyrase), a non«selectlve antagonist of P2Y receptors {suramin),

and a selective P2Y11 receptorantagonist (NF157)allinhibited 1L-6 production. Nucleotides such as. ATP
SNP30 and UTP themselves also sxgmﬁcantly increased IL-6 production in the cells. Tt was further confirmed that
11.-6 production ATPwas released from HaCaT cells exposed to SNP30. These results support the possible role of ATP in
AP SNP30-induced 1L-6 production by HaCaT cells.

P2Y11 receptor In conclusion, these data demonstrate that P2v11 receptor also mediates SNP30-induced IL-6 produc-
Skin inflammation tion'in human keratinocytes, confirming that the ATP-P2Y11 pur inergic signaling is a common pathway
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1. Introduction

~._ Various types of nanoparticles (NP) with novel electrical, cat-
_alytic, magnetic, mechanical, photonic and thermal properties have
been developed and are already being used or tested in a wide
range-of consumer products, such as sunscreens, composites, and
medical and electric devices. Specific properties of NP, such as
their small size, shape, hxgh surface area, and special structure,
make these compounds promising candidates in both industries
and biological applications (Luo et al., 2006; Uskokovié, 2013; Yang
et al,, 2008; Zhang et al., 2013). However, in recent years, there
has been increasi'ng evidence of the adverse effects of NP (Aillon
et al., 2009; Crosera et al., 2009; Donaldson et al., 2005; Medina
etal, 2007; Xiaetal, ,2006). In the face of using NP, assessment of
human health and environmental safety is now urgently required.
On commercial available NP, such as silica, titanium oxide (TiO3),
silver, chrysotile asbestos, carbon nanotubes, and some magnetic
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particles, their biosafety and cytotoxicity have been now exten-
sively investigated in vitro and in vivo experimental systems.

Silica NP (SNP), non-metal oxides, have been found extensive
applications as additives such as cosmetics, medical supplies, the
toner of the printer, the food, in various fields. Meanwhile, it is also
concerned thata particle is uptaken by the hvmg bodyina process
to use as a manufacturing process and a product, and: unfavorable
inflience to the hurnan body (Napierska et al., 2010).

The skin is composed of epidermis, dermis, and subcutaneous

tissue, and serves to protect internal organs from potentiaily

hazardous external factors, including mechanical stimuli; chem-
ical stimuli, ultraviolet (UV) radiation, bacteria and so on. In
the outer epidermal layer, about 95% of the cells are kerati-
nocytes which produce various cytokines, such as interleukin-1
(IL-1), IL-6, IL-8, tumor necrosis factor-alpha (TNF-a), transform-
ing growth factor-beta(TGF-B), platelet-derived growth factor, and
chemokines (Ansel et al., 1990; Elder et al., 1989; Kock et al., 1990;
Neuner etal., 1991; Schwarz and Luger, 1989). Production of these
cytolkinesincreases inresponse to environmental stimuli and injury
(Kirnbauer et al., 1991; Kondo et al., 1993; Neuner et al., 1991).
IL-6, a well-studied inflammatory cytokine that plays.a central
role in immune responses, is produced by T cells, macrophages,
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fibroblasts, keratinocytes, and endothelial cells, In keratinocytes,
IL-6 induces proliferation and migration, thereby promoting skin
repair (Bowman et al, 1997) and leading to skin diseases, such
as psoriasis (Kawakami et al., 1997). UV is one of the hazardous
external factors and produces IL-6 in the keratingeytes, resulting in
thermal damage (Gallucci et al,, 2004; Urbanski et al., 1990).

ATP is used as an energy source in cells, but extracellular ATP
also acts as an intercellular signaling factor (Burnstock, 1997).
Extracellular ATP is degraded to ADP, AMP, and adenosine by ecto-
nucleotidases (Lazarowski et al.,, 2000). Purinergic receptors are
receptors of these nucleotides, and are expressed on the mem-
brane of cells. Activation of purinergic receptors induces various
physiological effects (Dubyak and el-Moatassim, 1993). Purinergic
receptors are categorized into adenosine receptor P1 receptors and
ATP or ADP receptor P2 receptors. P2 receptors are classified into
the ionotropic P2X1-7 receptor subtypes and the G-protein cou-
pled P2Y1-14 receptor subtypes (Abbracchio and Burnstock, 1994 ).
Purinergicreceptorsare expressed in human keratinocytes(Pastore
et al,, 2006), though the expression pattern of purinergic recep-
tor subtypes depends on the grade of keratinocyte differentiation
(Burrell et al., 2003; Dixon et al., 1999; Greig et al., 2003; Koegel
and Alzheimer, 2001).

Cells, including keratinocytes, release ATP in response to vari-
ous stimuli, such as mechanical stimuli, hypoosmotic stimuli,.and
radiation (Azorin et al,, 2011; Koizumi et al,, 2004; Mizumoto et al.,
2003). The mechanisms of this release include -a maxi-anion chan-
nel, P2X7 receptor/pore, a volume-sensitive outwardly rectifying
chloride channel, a member of the ATP-binding cassette protein
family, a gap junction hemichannel, and vesicular exocytosis (Fitz,
2007; Hisadome et al., 2002; Ohshima et al., 2010; Pankratov et al.,
2006; Pellegatti et al., 2005; Sabirov et al, 2001; Sprague et al.,
1998; Stout et al., 2002). ATP released from cells via these path-
ways activates P2 receptors in an autocrine or-a paracrine manner
(Corriden and Insel, 2010). Recently, it has been found that extra-
cellular ATP induces [L-G production via P2Y receptors (Inoue et al,,
2007; Ishimaru et al., 2013; Yoshida et al., 2006). Moreover, it
has already been reported that SNP produces IL-6 by keratino-
cytes under UV exposure, but not in the dark condition (Koizumi
et al.,, 2004). However, the mechanism of cytokine-induced IL-6
production by keratinocytes is not fully understood. In this study,
we investigated the involvement of extracellular ATP and various
P2 receptors in IL-6 production induced by 30-nanometer silica
nanoparticle (SNP30) in a human keratinocyte cell line, HaCaT.

2, Materials and methods
2.1. Reagents

SNP of diameters with 30; 70, and 300am (designated as SNP30, SNP70
and SNP300) were purchased from Micromod Partikeltechnologie GinbH).
Dulbecco’s modified Eagle’s medium containing 1.0g glucose/L (low-glucose
type DMEM), 100U/mL penicillin, 0.1 mg/mL streptomycin, dithiothreitol (DTT),
polyoxyethylene sorbitan monolaurate (equivalent of Tween-20), and 10%FBS
were purchased from Wako Pure Chemical Industries (Osaka Japan). ATP, UTP,
and apyrase were from Sigma-Aldrich (St. Louis, MO).-Fetal bovine serum (FBS)
was from Biowest (Nuaillg, France). The broad-spectrum P2X antagonist pyridoxal
phosphate-6-azo (benzene-2,4-disulfonic acid) tetrasodiun salt hydrate (PPADS),
the P2Y12 antagonist clopidogrel and the broad-spectrum P2Y antagonist suramin
sodium’ salt (suramin) were obtained from Sigma-Aldrich (St. Louis, MO). The
P2X7 antagonist N-[2-[[2-{(2-hydroxyethyl)-amino]ethyljaminc]-5-quinolinyl]-
2-tricyclo-[3.3.1.13,7]-dec-1-ylacetamide dihydro-chloride (AZ10606120), the
P2Y1 antagonist 2'-deoxy-N-6-methyl-adenesine 3’,5?-bi5phosphatg tetrasodium
salt {MRS2179), the P2Y6 antagonist NN*-T.4-butanediylbis[N'-(3-isothioc
yanatophenyl)thiourea (MRS2578). the P2Y13 antagonist 2-[(2-chloro-5-
‘nitrophenyljazo}-5-h ydroxy—ﬁ—methyl~3-{(phosphonoow)~methy!} 4-pyridine
carboxaldehyde disodium salt (MRS2211), and the P2Y11 antagomst 8.8~
[carbonylbis[imino-3,1-phenylene  carbonylimino  (4-fluoro-3,1-phenylene)
carbonyl-imino}} bis-1,3,5-naphthalenetrisuifonic’ acid hexasodium salt (NF157)
were from Tocris Bioscience (Ellisville, MO). All-other chemicals used were of the
highest purity available.

2.2. Characterization of silica NPs

The particle. size distribution of SNP30, SNP70, and SNP300 in DMEM was
evaluated by dynamic light-scattering (DLS), using NICOMP 370 (Particle Sizing
system, Co., Tokyo Japan). Briefly, 2.5mg of each SNP was suspended in 1mL.
low-glucose type DMEM, mixed thoroughly with vortex mixture, and immediately
subjected to DLS analysis at room temperature. Morphology‘deNP:ZO‘prgpared
by the same method was assessed at room temperature by transmission election
microscopy(TEM), using a JEOL JEM 2010 (JEOLLtd., Tokyo, Japan). SNP30 suspended
in low-glucose type DMEM was dropped on the 400 mesh grid coated 'with carbon
membrane, kept for 2h at 37°C, and then dried. The dried SNP30 was observed by
TEM.

2.3. Reverse transcription polymerase chain reactiont (RT-PCR)

Total RNA was isolated from HaCaT cells using a Relia Pre™ RNA cell Minipre
System kit(Promega Co., WI), The first-strand cDNA was synthesized from total RNA
with PrimeScript Reverse Transcriptase (Takara Bio). Specific primers were designed
with PrimerQuest ™{Integrated DNA Technologies, inc., Coralville, IA) and synthe-
sized by Sigma Genosys. The-sequences of specific primers used.in this study are
shown in Table 1. GAPDH mRNA was determined as a positive control. PCR- was car-
ried out by incubating each ¢cDNA sample with the primers (0.5 M each), PrimeSTAR
HS DNA Polymerase (1.25 units, Takara Bio), and adeoxynucleotide mixture (0 2mM
each, Takara Bio). After the samples were incubated at 95°C for 2 min, amplification
was carried out for 35 cycles (each cycle: 95 °Cfor 305, annealing at 65<C for 1 m# ™
and incubated at 72°C for 10 min. The products were then subjected to 2% aga
gel electrophoresis. Bands were stained with ethidium bromide and pllotographed

24, Assay of extracellular ATP

Cells were exposed to SNP30 and the extracellular ATP concentration was mea-
sured using ENLITEN rLuciferasefLuciferin Reagent (Promega, Madison, WI). At the
indicated time points, each sample was centrifuged at 600 x g for T min'and 10 pLof
the stipernatant was collected for ATP determination. The concentration of ATPwas
determined by measuring chemiluminescence with a Wallac 1420 ARVO flugroscan
(Wallac, Turku, Finland) after adding 100 L of luciferin-luciferase reagent to 10 L
of sample solution.

2.5. Assay.of IL-6, TNF-a, and IFN-y

HaCat cells were stimulated with SNPs and incubated. The culture supernatants
were collected and measured the concentrations of IL-6 and TNF-a..by enzyme-
linked immunosorbent assay as mentioned below. The cells were exposed to.various
doses of SNP30 for 24 h. The culture supernatants were collected and the concentra-
tion of TNF-cx was measured by enzyme-linked immunosorbentlassay. in another
experiment, the cells were pre-incubated with apyrase (5U/mL) for 10min, and
PPADS (100 M), AZ10606120 (10 M), suramin (100 uM), MRS2179 (100 M),
MRS2578 (10LM), NF157 (50 jiM), clopxdogrel (30 M), or MRS2211 (100 M) for
30min, and further incubated for 24 h,.and the concentration ‘of IL+6 in super-
narants'was assayed. A 96-well plate was coated with punﬁed anti-human o
or TNF-c mAB (1:500) (eBiosc¢ience) and incubated overnight at 4°C. The plate We
washed with PBS containing 0.05% Tween 20, Phosphate-buffered saline containing
1% BSA was added to the plate and the plate was incubated at:room’témperature
to block the non-specific binding. The plated was washed, and added the: super-
natants were added for 2l at room temperature. After washing, biotin- comugated
anti-human [L-6:mAb (1:1000) or TNF-c¢ mAb (1:500) (eonscxence) was added for
1 h room temperature. The plate was washed, and added avidin- hdrseradish perox-

“idase (Sigma) for 30 min at room temperature. The plate was further washed, and

added 3,3",5,5'-tetramethylbenzidine for a few minutes to stain. The reaction was
stopped by-adding 2.5M H;S0,. The absorbance at 450'nm was measured with a
Wallac 1420 ARVO fluoroscan (Wallac, Turku, Finland). The concentration of IFN-
v was measured using Quantikine ELISA kit for human [FN~y (R&D Systems, Inc.,
MN, USA) following manufacturer’s instructions, A standard curve was established
with recombinant human IL-6 (15.6-1000 pg/mL), IFN-y (15.6-1000 pg/mL),or TNF-
« (15.6-1000 pg/mL) {eBioscience), and the concentration of IL-6 or TNF-a.was
estimated from the standard curve,

2.6. Cell viability

A colorimetric assay with WST-1 reagent was used to evaluate cell viability
in.accordance with the manufacturer's directions, HaCaT cells (1 x10°/mL) were
exposed to 5 pgfcm?* of SNP30 for 24 h: Then 10 LL of WST-1 reagent, diluted 4-
fold in:phosphate buffer, wasadded to each well and incubation'was contipued for
another 41y at 37°C. The absorbance of the wells at 450 nm was meastred with a
plate reader. Relative cell viability was calculated as.a percentage of the control
group, to which SNP30 had not been added.
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Table 1
Primers of P2 receptors. ;

Gene Primers (forward and reverse) Accession number in GenBank Produ'ct size (bp)‘v

PIX1 5-CCAGCTTGGCTACGTGGTGCAAGA-3' U45448 226
5-ACGGTAGTTGGTCCCGTTCTCCACAA-3

P2X2 5-CCCGAGAGCATAAGGGTCCACAAC-3 AF190823 208
5"-AATTTGGGGCCATCGTACCCAGAA-3

P2X3. 5’ -CCCCTCTTCAACTTTGAGAAGGGA-3! NMO002559 245
5'-GTGAAGGAGTATTTGGGGATGCAC-3'

P2X4 5'-CCTTCCCAACATCACCACTACTTACC-3 U85975 256
5'-AGGAGATACGTTGTGCTCAACGTC-3'

P2X5 5'-AGCACGTGAATTGCCTCTGCTTAC-3' AFO16709 183
5'-ATCAGACGTGGAGGTCACTTTGCTC-3 ,

P2X6 5'-GGTITCCGTCACTCAGATCAAGG-3 AF065385 290
5"-GGCACCAACTCCAGATCTCAC-3"

P2X7 5'-CTGCTCTCTTGAACAGTGCCGAAA-3 Y09561 270
5'-AGTGATGGAACCAACGGTCTAGGT-3' :

P2Y1 5'-ACCTCAGACGAGTACCTGCGAAGT-3" NM002563 353
5'-AGAATGGGGTCCACACAACTGTTGAG-3'

P2Y2 5'-GTGTCTGGGCGTCTTACGACCTCT-3 NM176072 215
5'-AGAATGGGGTCCACACAACTGTTGAG-3" :

P2Y4 5-GTGTCCTTTTCCTCACCTGCATCA=3 NMO002565 311
5-ACGAGCCATGAGTCCATAGCAAAC-3'

p2P6 5-TTCAGGCTGAGGAGATGGGT-3 HSU52464 286,
5'-GCCAGAGCAAGGTTTAGGGT-3

P2Y11 5'-AGAAGCTGCGTGTGGCAGCGTTGGT-3 AY449733 369
5'-ACGGTTTAGGGGCGGCTGTGGCATT-3

P2Y12 5-GGAACAGGACCACTGAGAAC-3" AF313449 302
5'-TCATGCCAGACTAGACCGAA-3'

P2Y13 5-CCTTTCAAAATCCTCTCTGACTC-3 NM023914 266
5'-TCCTIGTTGCTCAAGATCGT=3!

P2Y14 5/-CTCTGCCGTGCTCTTCTACGTCAA-3 NM014879 275
5/-TTAATGCTTTGTGCCACTTCCGT-3

GAPDH 5'-GAAGGTGAAGGTCGGAGTC-3" NM002046 242

5'-GAAGATGGTGATGGGATTTC-3'

2.7. Statistics

Results are expressed as the mean = S.E:M, The statistical significance of differ-
encesbetween two groups was calculated by using the unpaired Student's t-test. The
statistical significance of differences between control and other groups was calcu-
lated by using Dunnett's test. The criterion of significance was £<0.05 as determined
with'the Instat version 3.0 statistical package (Graph Pad Software, San.Diego; CA).

3. Results
3.1. Characterization of SNPs

. Since NPs often agglomerates in culture medium, the average
“sizes of SNP30, SNP70, and SNP300, suspended in low-glucose type

DMEM, were analyzed by DSL. Furthermore, the form of SNP30

in the low-glucose type DMEM were observed by TEM. As shown

in Fig. TA-C, the average particle diameters.of SNP30, SNP70 and
SNP300were 35.1, 65.6 and 278.7 nm, respectively, in the medium.
TEM micrographs revealed that the majority of SNP30 had the pri-
mary particle size of less than <50 nm and were approximately
uniformly dispersed in the medium (Fig. 1D).

3.2. Dose- and time-dependent effects of SNP30 on IL-6
production by HaCaT cells

Dose- and time-dependent effects of SNP30 on IL-6 produc-
tion in HaCaT cells was examined. As shown in Fig. 2B, IL-6 was
increased from doses of 5pgfcm? up to 50 uglcm?, in a dose
dependent manner. As shown in Fig. 2B, IL-6 production was
increased in a. time-dependent manner up to 24h in the cells
exposed to SNP30. it'is noted that the viability of SNP30-exposed
cells were not reduced at 24 h post-treatment by means of WST-1
assay (data not shown) in comparison with the control group. These
results suggest that SNP-30 induces IL-6 production by HaCaT cells.

Inthe following experiments, assay of IL-6 was fixed the time at
24 h after the exposure to 5 pg/cm? of SNP.

3.3. Size-dependent effect of SNPs on IL-6 production in HaCat
cells

Effect of three different sizes of SNPs, including SNP30, SNP70
and SNP300, on 1L-6 production by HaCaT cells was examined at
a fixed dose of 5 pgfcm?. As shown in Fig. 3, among these SNPs
with different sizes, SNP30 efficiently produced 1L-6 at-24 h after
the exposure.

3:4. Effects of SNP30 on production of TNF-& and INF-y by HaCdT
cells

Since TNF-o and IFN-y are important modulators in immune
responses, the production was also examined at different doses of
SNP30. As shown in Fig. 4, the productivity by HaCaT cells was sig-
nificantly low at 24 hafter SNP30 exposure, and significant changes
were not observed at any doses. As to IFN-y, the level of IFN-y
released from HaCaT cells exposed to SNP30 was very low, and

could notbe detected.

3.5. Involvement of P2 receptors in- SNP-induced I1L-6 production
by HaCaT cells

First, the expression of P2Y11 receptor in HaCaT cells was con-
firmed by RT-PCR. The cells strongly expressed P2Y11 together
with P2X2, 4, 5 and P2Y1, 2, 6 receptor subtypes (Fig. 5A). Recep-
tors of P2X7 and P2Y4, 12, 14 were shown some expression.
Next, effect of ecto-nucleotidase apyrase and non-specific/specific
P2 receptor antagonists on IL-6 production were éxamined in
order to investigate whether P2 receptors are involved in SNP30-
induced IL-6 production. The sample in the absence of SNP30
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Fig. 1. Distribution of SNP30, SNP70, and SNP300 in DMEM by dynamic light-scattering (DL5) and morphology of SNP30 in PBS by transmission electron microscopy (TEM).
(A)-(C) Distribution of SNP30, SNP70, and SNP300 by DLS, respectively. (D) Micrograph of SNP 30 in DMEM by TEM. A.D., average particle diameter. Scale bar, 100 nm.

(vehicle) was measured as a control. {L-6 production was signifi-
cantly decreased by pre-treatmentwith apyrase, a broad antagonist
of P2X receptor PPADS and a non-specific antagonist of P2Y recep-
tors (suramin), and the P2Y11 receptor-specific antagonist NF157
(Fig. 5B), suggesting that P2Y11 receptor is involved in SNP30-
induced IL-6 production in HaCaT cells. Whereas antagonists of
the P2Y12 receptor- and the P2Y13 specific-receptor, clopidogrel
and MRS2211, respectively, significantly increased [L-6 production.
These data may suggest that both receptors were involved in the
suppression of IL-6 production.
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3.6. Induction of IL-6 production by P2 receptor agonists and
their blockage by antagonists

P2 receptor agonist-induced IL-6 production and its blockage
by-suramin and NF157 were examinedin HaCaT cells. As shown in
Fig. 6, agonists, such as ATP and UTP, significantly increased IL-
6 production by HaCaT cells at 24 h after the treatments. These
increases induced by ATP and UTP were significantly blocked
by suramin. Furthermore, the P2Y11 receptor-specific antagonist
NF157 further reduced IL-6 production.
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Fig. 2. Dose~ and time-dependent effects of SNP30 on {L-6 production by HaCaT cells. (A) Dose-dependent effect of SNP30.on IL-6 production by the cells. HaCaT cells
(1 x 10%/mL) were exposed to SNP30 for 24 h at various doses from 1 to 50 pig/cm?. The culture supernatants were collected and the concentration of {L-6 was measured
by enzyme-linked immunosorbent assay. Each value represents the mean £S.EM. of four independent assays. ***P<0.001 vs. the SNP conc. 0 (pglem?®) group. (B) Time-
dependent effect of SNP30 on IL-6 production by thecells. HaCaT cells were exposed to SNP30 at a fixed dose of 5 ugfcm? for the indicated time. The culture supernatants were
collected at'each time and the concentration of IL-6 was measured by enzyme-linked immunosorbentassay. Each point-fepresents the mean+ S.EM. of four independent

assays. **P<0.001 vs. the time O'h point.
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Fig. 3. Size-dependent effect of SNP30, SNP70, and SNP300 on IL-6 production by
HaCaT cells. HaCaT cells were exposed-to SNPs:for 24 h at a dose of 5 pgfcm?.
After incubation, 1L-6 in the culture medium was ‘measured by enzyme-linked
immunosorbentassay. Each value represents the mean £ S.EM. of fourindependent
assays. *P<0.05,***P<0.001 vs. Vehicle group.

3.7, Effect'of SNP30 exposure on extracellular ATP release and its
comparison with SNPs with a different size

The time-deperident effect of SNP30 on ATP release from HaCaT
cells was examined at the fixed dose of 5 jug/cm?. As shown in
Fig. 7A, the release was significantly increased between 40 and
50min post-treatment, and followed by returning to the control
level. Then, the ATP release was examined among these three SNPs,
SNP30, SNP70 and SNP300, at 40 min post-treatment. As shown
in Fig. 7B, significant ATP release was obtained in SNP30, and the
moderate release was in SNP70. The release by SNP300 was almost
similar to the SNP-non-treated control.
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Fig.4. Dose-dependent effects of SNP30 on TNF-a production by HaCaT cells. HaCaT
cells were exposed to various doses of SNP30 for 24 h. The culture supernatants
were collected :and the concentration of TNFsa was measured by enzyme-linked
immunosorbent assay. Each value represents the mean = S.EM. of four independent
assays.

4. Discussion

Though it ‘has been well known that metal-based nanoparti-
cles produce IL-6 production in skin keratinocytes (Manke et al.,
2007), there are only a few reports concerning SNP-induced IL-
6 production in the keratinocytes; SNP produces IL-6 under UVB:
exposure in HaCaT cells (Wilkin et al., 2001). As to the mechanism,
it is suggested that SNP generates radical oxygen species, leading
to triggering the proinflammatory cytokines such as IL-1, IL-6, and
TNF-a. First of all, whether SNP induces [L-6 production human
keratinocyte celi line, HaCaT. The production of IL-6 was increased
in HaCaT cells exposed to SNP30, The increase was markedly sup-
pressed by a P2X broad antagonist, a non-selective P2Y receptor
antagonist and a P2Y11 receptor-selective antagonist, while other’
P2 receptor selective antagonists had no effect. These results sug-
gest that P2Y11 receptor is mainly involvéd in SNP30-induced [L-6
production.

it has already been shown that extraceliular ATP induces IL-6
production in human keratinocytes (Inoue et al.,, 2007; Yoshida
et al.,. 2006). Then, involvement of extracellular ATP and P2 recep-
tors in IL-6 production was examined. As a result, ATP itself
markedly increased IL-6 production by HaCaT cells at 24 h after
the treatment, Besides, another agonist UTP, also significantly
increased the production. These increased production were' sig-
nificantly blocked by surdamin and NF157, stiongly supporting
involvements of extracellular ATP and P2Y11 receptor in IL-6 pro-
duction by HaCaT cells: Then effect of ecto-nucleotidase apyrase
on SNP30-induced IL-6 production was examined. Pre-treatment
with apyrase significantly. inhibited 1L-6 production, suppotting
that extracellular ATP activates P2Y11 receptor and induces IL-6
production.

Finally, release of ATP from the HaCaT cells exposed to'SNP30
was examined. It'was found that the released ATP into the culture:
medium from the cells was significantly increased by exposure to
SNP30 during the times between 40 and 50 min after SNP30 treat-
ment, indicating that HaCaT cells exposed to SNP30 release ATP.
Comparing with the extent of ATP release among SNPs with a dif-
ferent size, the release from the:cells exposed to SNP30 at 40 min
post-treatmentwas much higher than those of SNP70 and SNP300..
These results were ‘well accorded with those of production of [L-6
by HaCaT cells.

Ithasbeen wellestablished that ATP releases from keratinocytes
in response to-mechanical stimuli (Corriden and Insel, 2010). As for
the pathway of ATP release from HaCaT cells exposed to SNP30,
our previous report indicated that [FN=y<induced 1L-6 produc-
tion was reduced by anion transporter blocker FFA, cystic fibrosis
transmembrane conductance regulator blocker gliberclamide, and
maxi-anion channe! blocker'GdCls, indicating that anion channels
are involved in the ATP release. It has already been reported that
HaCaT cells irradiated with ~y-rays also release ATP via a similar
pathway (Tsukimoto et al.; 2010). Thus, anion channels may be
the key pathway of ATP release in response to various external
stimuli in HaCaT cells. Thus, it is:thought that SNP30 also induces
ATP release and physiological action in the same ways, iot experi-
menting in this study.

Recent studies have shown that P2Y receptors play an impor-
tant role incellularresponses. For examples, this receptor mediates
the anti-apoptotic effect of ATP in human neutrophils (Manke
et al,, 2007). Nucleotides induce cytokine release via P2Y11 recep-
tor in human monocyte-derived dendritic cells (Wilkin et al.,
2001). In bile duct epithelia, extracellular ATP enhances IL-6
production via P2Y11 receptor (Bingle et al, 2007). Other sub-
types of purinergic receptors also have 1mp0rtant functions;
Monaesodium urate crystal produced 1L-6 via P2Y6 receptor
sivnaling ‘pathways (Boudreault and Grygorczyk, 2004; Uratsuji
etal, 2012).
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Fig. 5. Involvement.of P2 receptors in SNP30-induced 1L-6 in HaCaT cells. (A) The expression of P2 receptor subtypes in HaCaTcells. Total RNA was extracted from HaCaT
cells, and the expression of P2 receptors mRNA in these cells was analyzed by RT-PCR. GAPDH mRNA was determined as a positive control. (B) The effect of ecto-nucleotidase
and P2 receptor antagonists on SNP-induced I1L-6 production. HaCaT cells were pre-incubated with apyrase (Apy., 5U/mL) for 10min, and PPADS (100 uM), AZ10606120
(10 M), suramin (100 M), MRS2179 (100 M), MRS2578 (10 wM), NF157 (50 M), clopidogrel (30 M), or MRS2211 (100 uM) for 30 min. At:24 h after the expoposure
to SNP30 (5 jug/em?), the concentration of IL-6 in supernatants was measured by ELISA. Each value represents the mean == S.E:M. of four independent assays. **P<0.01 vs:
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Fig. 6. Effect of P2 receptor agonists on [L-6 production and.theit inhibition by P2Y antagonist:suramin in HaCaT cells. HaCaT cells were incubated with.agonists such as
ATP and UTP instead of SNP30 for 24 h and the concentration of IL-6'in supernatants was assayed. In another experiment, the cells were pre-incubated with P2Y-antagonist
suramin {100 1M} or NF157 (50 uM) for 30 min and forther incubated with ATP or UTP»for 24'h, and the concentration of IL-6 in supernatants was assayed: Eaclhi value
represents the mean+S.EM. of four independent assays. ***P<0.001 vs. Vehicle group. ¥¥P<0.001 vs. ATP alone-treated group. ¥P<0.001 vs. UTP alone-treated group.
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Fig. 7. ATPrelease from HaCaT cells exposed to SNP30 and its comparison among. SNP30, SNP70 and SNP300. (A) Time-dependent effect of SNP30 on ATP release from
HaCaT cells. The cells were exposed to SNP30 forthe indicated times. After incubation, the concentration of ATP int the culture meditiih was measured by luczferm/luuferase
assay. Each value represents the mean+S.EM of four independent assays. ***P<0.01 vs. the time 0 min. (B) Comparison-of ATP release from HaCaT-cells among SNP30,
SNP70 and SNP300 The cells were exposed to each SNP at a dose of 5 wgfcm? for 40 min. After incubation, the concentration Of ATP in.the culture medium was measured by
luciferinfluciferase assay. Each value represents the mean « S.E.M of four independent assays. ***P<0.01 vs: Vehicle group.

There are many kinds of cytokines, among which pro-
inflammatory cytokines, such as IL-1, IL-6, TNF-c, [FN-y, IL-8, are
essential for-immune functions. Namely, IL-1c, IL-1, and TNF-a
enhance the synthesis of IL-6 (Kirnbauer et al., 1989; Partridge
et al., 1991). IL-6 induces cell proliferation and migration, play-
inga phyéiologlcal role in wound repair (Lazarowski et-al, 2000).
Besides, IFN~y is a factor required for IL-6 production in keratino-
cytes (Farrarand Schreiber, 1993; Grone, 2002). We also assayed
[FN-vy in this study. However, the level of IFN-y released from
HaCaT cells exposed to SNP30 was very low, and could not be

detected. These results would suggest that the production of IL-6.

will be induced through other IFN-y-independent signaling path-
ways. ‘Furthermore, it is already revealed that ATP induces these
pro-inflammatory cytokines in immune cells such as macrophages
(Ferrari et al., 1997). Thereby, such an indirect:action of [FN-y via
ATP release will enhance the level of pro-inflammatory cytokines,
resulting in‘a synergistic IL-6 production in various cells including
keratinocytes. Study of SNP30-induced IL-6 production associated
with these cytokines is now underway.

In conclusion, it would be suggested SNP30 induces [L-6 pro-
duction via ATP signaling in HaCaT cells through P2Y11 receptor.
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