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ABSTRACT

Amorphous Silica Nanoparticles Inhibit
Gap Junctional Intercellular
Communication via

Mitogen-Activated Protein Kinase Pathway

Lee Gwang Hoon, D.V.M.
Graduate School of Translational Medicine, Department of Medicine

Seoul National University

Amorphous silica nanoparticles (SiNPs) are widely applied in various industries.
Due to their relatively safe properties in comparison with crystalline silica
nanoparticles, SiNPs have been used in medical field (such as targeted drug/DNA
delivery, cancer therapy, enzyme immobilization, and dentistry as an abrasive agent)
as well as food industry, cosmetics, and automotive industry. However,
nanoparticles should be used with caution because of their unique physical and
chemical characteristics. Some studies have revealed that SiNPs possess toxicity in
recent years. Data on their potential toxicities are insufficient. Thus, the objective of

this study was to focus on effects of SiNPs to gap junctional intercellular



communication (GJIC) in WB-F344 rat liver epithelial cells. For characterization,
SiNPs was measured by ransmission electron microscopy (TEM) and dynamic light
scattering (DLS). Particle diameter of SiNPs measured by TEM was 62.79 + 11.26
and hydrodynamic size of SiNPs measured by DLS was 69.35 nm. For GJIC
experiment, the highest concentration that showed no significant cytotoxicity was
determined to be 5,000pg/ml in cytotoxicity test. SiNPs inhibited dye transfer the
most (by 37.75%) at 12 hours after treatment compared to negative control in time
course study of scrape/loading dye transfer. Furthermore, SiNPs inhibited GJIC in a
dose-dependent manner based on results of scrape/loading dye transfer,
immunofluorescence staining, and western blot analysis. SiNPs phosphorylated
ERK1/2 and MEK Kkinases, but not PKC kinases, in a dose-dependent manner.
Inhibition of GJIC induced by SiNPs was significantly recovered by ERK1/2
inhibitor and MEK inhibitor, but not by PKC inhibitor. Taken together, these results
suggest that SiNPs can activate a hierarchical kinase program of MAPK signaling
and induce inhibition of GJIC in WB-F344 rat liver epithelial cells. SiNPs are
currently applied in clinical use, so appropriate dose should be used clinically,
referring to this study, in which relatively high concentrations of SiNPs inhibited

GlJIC.
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INTRODUCTION

Nanoparticles are substances that have at least one dimension below 100 nm. Due
to their unique physical and chemical properties in comparison with their micro-
sized or bulk counterparts, nanotechnology has become a significant technology in
various fields such as electronics, chemistry, physics, and medicine in recent years.
With fast-growing market of nanotechnologies, nanoparticles are very close to our
everyday life. Benefits from nanotechnologies will produce sustainable development
and new job, reaching a market of $3 trillion and creating 6 million jobs with
essential societal needs and mass application by 2020 [1-5]. Silicon is one of the
most abundant soil minerals on the earth. Silica dioxide is its oxide form and major
constituents of sand and quartz contributing to 90% of the earth’s crust [6]. This
suggests that many people might have been exposed to silica dioxide. The
Organization of Economical Cooperation and Development (OECD) Working Party
on Manufactured nanomaterials has developed a strategic research plan on
toxicology for nanoparticles. Silica dioxide dioxide was chosen as one of the
OECD’s priority list of representative manufactured nanomaterials for testing.

Silicon based materials are important for industrial products such as building,
construction, cosmetics, adhesive, electronics, and food industry [6, 7]. Silicon can
exist in three forms: crystalline silica, amorphous silica, and fused silica. It is well
known that diseases related to silica such as silicosis and lung cancer are only
associated with crystalline silica [8]. Contrary to crystalline silica, amorphous silica

has been used in medical field (such as targeted drug/DNA delivery, cancer therapy,



enzyme immobilization, and dentistry as an abrasive agent), automotive industry,
food industry, and cosmetics due to its relatively safe properties [1, 4, 9, 10]. For
example, with encapsulation of enzymes, amorphous silica nanoparticle can prolong
shelf life of bacteria and cells without changing their metabolic activities [6].

However, some recent studies have revealed that amorphous silica nanoparticles
have toxicities, although some studies have shown that amorphous silica
nanoparticles do not have toxicity. Wiemann et al. have studied pulmonary toxicity
of amorphous silica both in vitro and in vivo [11]. Dose dependent release of LDH,
GLU, TNF-a, and H2O; in vitro, increased neutrophil in blood, and increased
lymphocytes, polymorphonuclear neutrophils, atypical cells, and eosinophils in
bronchoalveolar lavage fluid were found after exposure to amorphous silica [11].
Ahamed [10] has found that amorphous silica nanoparticle have cytotoxicity,
causing oxidative stress and apoptosis of human skin epithelial cells and
human lung epithelial cells. In contrast, Farcal et al. [4] have shown that
amorphous silica nanoparticles do not induce cytotoxicity, cell transformation, or
genotoxicity in mouse fibroblast cells. Ryu et al. [12] did not find any toxicity or
change in organs after skin had contact with amorphous silica nanoparticle.

Due to unique physical properties of nanoparticles such as small size, large surface
area, and surface reactivity that are different from those of microparticles or bulk,
health effects of nanoparticles have received a lot of attention [13, 14]. Recently,
adverse effects of nanoparticles have been reported from numerous studies. For
example, Hackenberg et al. [15] have found that zinc oxide nanoparticles have
cytotoxicity, genotoxicity, and inflammatory potential in nasal mucosa cells.

Magaye et al. [16] have presented data showing that cobalt, nickel, and copper based
2



nanoparticles have genotoxicity and carcinogenicity. Warheit et al. [17] have found
that nanoscale TiO; rods and nanoscale TiO; dots can induce transient inflammatory
cells after pulmonary instillation in rats.

Gap junctional intercellular communication (GJIC) is composed of gap channel-
forming integral membranes known as connexon, composed of six connexins with
molecular mass of 26 to 56 kDa, that directly link cytoplasms of neighboring cells
and allow passage of ions and signaling molecules, nucleotides, inositol triphosphate,
Ca2+, second messengers, and other molecules less than 1kD in size that are essential
cellular components for maintaining homeostasis, cell growth, proliferation,
differentiation, tissue homeostasis and so on [24, 25].

Dysfunctional GJIC has recently been associated with lots of disease such as
neuropathy [26], hereditary deafness [27], cataract [28], skin disease [29] and heart
disease [30]. In addition to, as is widely known, dysfunctional GJIC is strongly
linked to carcinogenesis because GJIC control cell growth [30, 31]. Most tumor cells
have dysfunctional GJIC [32] and numerous reports have revealed the data that
treatment of cells with tumor promoters can lead to decrease in gap junctional
communication [30]. For example, Carcinogens such as DDT, 12-0-
tetradecanoylphorbol-13-acetate, dieldrin and heptachlor epoxide inhibited GJIC

[33-35]. In addition to, oncogene transfection induced inhibition of GJIC [36] and
unknown substances such as ascorbic acid 6-palmitate and 18a-glycyrrherinic acid
are tested by studying GJIC [37, 38].

Among connexin, Cx43 is major protein of connexin and phosphorylation of Cx43

is important to evaluate functional gap junctions [38]. Because WB-F344 rat liver



epithelial cells are stem-like cells and inherently express abundant connexin43,
unlike most other cell lines, this cell line was chosen in the present study [39].
Nanoparticles can inhibit cells through a few routes. First, nanoparticles can affect
various messenger proteins to trigger biological effect. Chang et al. [18] have found
that Pep-1l-coated quantum dots can inhibit GJIC by ERK dependent
phosphorylation of Cx43. Chen et al. [19] have demonstrated that iron nanoparticle
can inhibit osteogenic differentiation and affect signaling mechanism of -catenin, a
cancer/testis antigen, SSX, and matrix metalloproteinase 2 (MMP2) in human
mesenchymal stem cells. Second, nanoparticles can pass through the cell membrane
and into the nucleus to inhibit mMRNA level, thus inhibiting the expression of protein.
Tao et al. [20] have found silica nanomaterials in nuclei and cytoplasm by TEM.
Arnoldussen et al. [21] have shown that carbon nanotubes can inhibit expression of
Gjb1, one of connexin, at MRNA level. Third, nanoparticles can arouse reactive
oxygen species known to have adverse effects on cells. Raghunathan et al. [22] have
reported that chrome nanoparticle has genotoxicity by inducing reactive oxygen
species. Kim et al. [23] have found that silver nanoparticles have toxicities by
causing oxidative stress in human hepatoma cells. Furthermore, numerous studies
have revealed toxicity and carcinogenicity of nanoparticles with their mechanisms.
For example, zinc oxide nanoparticles have cytotoxicity, genotoxicity, and
proinflammatory potential to human nasal mucosa cells examined by MTT test and
single cell microgel electrophoresis (comet) assay. Titanium nanoparticles have
respiratory toxicology. Cobalt-, nickel-, and copper-based nanoparticle have

genotoxicity and carcinogenicity [15-17].



Lots of studies have been conducted on the toxicities of SiNPs, however, there has
been no study about effect to GJIC of SiNPs. Accordingly, the aim of this study was
to investigate cytotoxicity and effect to GJIC of SiNPs and determine the underlying
related molecular mechanisms of gap junctional inhibition in WB-F344 rat liver

epithelial cells.



MATERIALS AND METHODS

Chemical and reagents

SiNPs (Declared particle size: 15-20nm) was purchased from Nanostructured &
Amorphous Materials Inc (Houston, TX, USA). Stock suspensions of particles were
prepared in ddH.O by sonication for 1hour (pulse on 30s/off 30s by one cycle) in
dark room for preventing the effect of light before all experiments. Bovine serum
albumin was purchased from Amresco (Solon, OH, USA). Lucifer yellow CH
dilithium salt powder, dimethlsulfoxide(DMSO), 12-O-tetradecanocylphorbol-13-
acetate (TPA), The ERK inhibitor PD98059 and MEK inhibitor U0126 were
purchased from Sigma-aldrich. PKC inhibitor bisindlymaleimide | (BIM 1) was

purchased from Calbiochem (San Diego, CA, USA).

Physic-chemical characterization

Particle size and morphology of SiNPs and silica micro particle (SiMPs) was
evaluated with a transmission electron microscope (TEM, JEOL 2010f instrument).
This suspension in water was pipetted onto formvar/carbon-coated TEM grid. After
droplets were left to dry at room temperature, they were photographed. Sizes of 20
particles on the grid were measured and their average value was calculated.
Hydrodynamic size and zeta potential of SiNPs and SiMPs were determined by

Dynamic Light Scattering (DLS) with a Zetasizer Nano-ZS instrument. After the



stock solution was sonicated and diluted to concentration of 0.1 mg/ml

recommended by the manufacturer, sizes were measured.

Cytotoxicity assay

Cytotoxicity was measured by trypan blue exclusion assay as described by Strober
[40] with some modifications. In brief, WB-F344 cells were seeded onto a 24-well
plate and grown in D-medium (Gibco, Carlsbad, CA, USA) supplemented with 5%
FBS (Gibco), 0.5% PSN antibiotic mixture (Gibco), sodium bicarbonate (Amresco,
Solon, OH, USA), sodium pyruvate (Sigma-Aldrich), d-glucose (Sigma-Aldrich),
and sodium chloride (Sigma-Aldrich) at 37 C in a 5% CO2 humidified incubator. To
determine the concentration that would result in 70~80% viability compared to
negative control, WB-F344 cells were exposed to SiNPs at different concentrations
(0-5,000 pg/ml) for 24 hours. Stained and unstained cells were counted after a
mixture of 0.4% trypan blue and cell suspension was incubated at room temperature
for 3 minutes before applying to a hemocytometer. Viability was determined as the
percentage of cells with clear cytoplasm (viable cells) versus cells that contained
trypan blue in the cytoplasm (dead cells). All experiments were performed in

triplicate.

Scrape-Loading/Dye Transfer assay for GJIC

Scrape-Loading/Dye Transfer (SL/DT) assay was used to measure GJIC using

published method [35]. In brief, for time-dependent inhibition study of GJIC, WB-



F344 cells were incubated with 5,000 pg/ml SiNPs suspension as optimal dose
determined by cytotoxicity test for up to 24 hours. For dose-dependent inhibition
study of GJIC, cells were incubated with 5,000 pug/ml, 1,000 pg/ml, and 200 pg/mi
of SiNPs for 24 hours. After cells were washed 3 times with D-PBS (PBS without
Ca2+ and Mg2+), 0.05% lucifer yellow in D-PBS was added to cells and six scrapes
were made with a surgical steel surgical blade. After 9 minutes of incubation at room
temperature, lucifer yellow was discarded. Cells were washed 3 times with D-PBS

and fixed with 4% formaldehyde solution in D-PBS.

Immunofluorescence staining of Cx43

Immunofluorescence staining was carried out to verity the quantification and
localization of Cx43 protein expression. WB-F344 cells were seeded onto the 8 well
chamber slide and treated with same concentration as dose-dependent SL/DT assay
of SiNPs. WB-F344 cells were blocked with 3% bovine serum albumin in PBS
containing 0.05% Tween 20 for 1 hour at room temperature. After supernatant was
discarded, cells were incubated overnight at in 1:1500 rabbit polyclonal anti-Cx43

antibody (Sigma-Aldrich, St. Louis, MO, USA) in PBS with 1% BSA at 4C for

overnight. After washed 3 times, The cells were incubated with 1:800 goat anti rabbit
IgG Alexa fluor 488 secondary antibody (Molecular Probes, Eugene, OR, USA) in
PBS with 1% BSA for 1 hour at room temperature. Cells were washed 3 times with
D-PBS and fixed with 4% paraformaldehyde for 20 minutes at room temperature.

Cells were observed and photographed with inverted microscope and quantified by

8



counting the number of communicating cells to judge the activity of the gap junction
channel. Samples were mounted in vectashield with DAPI (Vector Laboratory,

Burlingame, CA, USA) and photographed on inverted fluorescent microscope.

Western blot analysis of Cx43

Western blot analysis was used to measure the phosphorylation state of Cx43,
ERK, MEK and PKC. After WB-F344 cells was treated with same concentration as
dose-dependent SL/DT assay and immunofluorescence of SiNPs, proteins were
extracted by RIPA buffer (Millipore, Bedford, MA, USA) containing 0.1% protease
inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor cocktail 2 (Sigma-
Aldrich), phosphatase inhibitor cocktail 3 (Sigma-Aldrich) and centrifuged at

13,000rpm for 20 minutes at 4 C. The protein contents were determined using BCA

protein assay kit (Pierce Biotechnology, Rockford, IL, USA) and 20ug proteins
determined from each sample were mixed with 2X Laemmli sample buffer and
separated on 12% SDS-polyacrylamide gel at 80v for 20min and then 110v for 3
hours and transferred to polyvinylidene difluoride membranes (Bio-Rad, Richmond,
CA, USA) at 100V for 1 hour. Membrane was blocked with 5% skim milk in Tris-
buffered saline (TBST) solution for 1 hour to reduce non-specific binding. After
membrane was washed three times for 15 minutes respectively with TBST,
membranes was incubated with anti-Cx43 (1:3000, Sigma-Aldrich) in 3% BSA, anti-
pPERK1/2 (1:2000, Cell signaling Technology, Beverly, MA, USA), anti-ERK1/2
antibodies (1:2000, Cell signaling Technology), anti-pMEK inhibitors (1:2000, Cell

signaling Technology), anti-MEK inhibitors (1:1000, Cell signaling Technology),
9



anti-PKC inhibitors (1:1000, Santa Cruz Biotechnology, CA, USA) or anti-pPKC
inhibitors (1:1000, Biovison Incoporated, CA, USA) in 5% BSA in TBST for
overnight at 4C. After washing 3 times, membrane was incubated with secondary
antibody conjugated to horseradish peroxidase for 2 hours at room temperature. ECL
kit was used to provide chemiluminescence and the western blot analysis including
relative band intensity and phosphorylation state was quantified by an image-
analysis program using Image J (Bethedsa, MD, USA) or Scion Image (NIH,

Bethesda, MD, USA) [41].

Recovery effect of inhibitors on the inhibition of GJIC

For study on recovery effect of inhibitors on the inhibition of GJIC, WB-F344
cells were pretreated with 50uM ERK PD98059, 10uM of MEK inhibitor U0126,

and 10pM PKC inhibitor BIM 1 for 30 minutes before exposure to SiNPs.

Statistical analysis

The data were expressed as means = SD. Statistical analysis was performed using
a one-way ANOVA or Student’s t-test using SPSS software version 24 (SPSS Inc.,

Chicago, IL, USA). P values<0.05 were considered statistically significant.

10



Results

Particle characterization of SINPs

The measured TEM-size of SiNPs was 62.79 £ 11.27nm and 357.20 £ 76.30nm
(Fig. 1). DLS-analysis showed a hydrodynamic size of SiNPs with 70.34 nm. The

zeta potential of SiNPs in water diluted to 0.1mg/ml was -32.2mV (Fig. 2).

11



®

SiNPs SiMPs

SINPs SiMPs

Figure 1. Morphology and size of SiNPs and SiMPs obtained by transmission
electron microscopy (TEM).

TEM image of SiNPs (A) and SiMPs (B). Size distributions of SiNPs and SiMPs

measured by TEM (C). Primary particles showed sizes of SiNPs and SiMPs were

62.79 + 11.27nm and 357.20 = 76.30nm, respectively. Asterisks indicate a

statistically significant difference from SiNPs (*P<0.05, **P<0.01).
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Figure 2. Hydrodynamic size and zeta potential values of SiNPs and SiMPs
measured by dynamic light scattering (DLS) in water.

(A) DLS-analysis showed hydrodynamic size of SiNPs and SiMPs were 70.34 nm

and 479.9nm.

(B) The zeta potential of SiNPs and SiMPs were -32.2mV and -41.2mV,

respectively.
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Table 1. Physico-chemical characterization of SiNPs

Particle Diameter (nm) # Hydrodynamic size (nm) ® Zeta-potential (mV)°

62.79 + 11.26 69.35 -32.2

2 Diameter determined in deionized water by TEM
® Hydrodynimic size determined in deionized water by DLS

¢ Zeta-potential determined by DLS

14



Cytotoxicity assay of SINPs

We conducted trypan blue exclusion assay to measure cytotoxicity. Different
concentrations (0-5,000ug/ml) of SiNPs was treated. When 5,000ug/ml of SiNPs
was treated, 70~80% cells viability was observed. Cell viability was 76.99% when
5,000ug/ml of SiNPs was treated (Fig. 3). The dose of SiNPs was determined as
optimal dose for the following GJIC experiments to assess the highest levels of

toxicity.

15
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Figure 3. The effects of SiNPs on cell viability in WB-F344 cells.

When 5,000ug/ml of SiNPs was treated, 70~80% cells viability was observed. Cell
viability was 76.99% when 5,000ug/ml of SiNPs was treated. All data were means
+ S.D. of independent experiments performed in triplicate. Asterisks indicate a

statistically significant difference from the control group (*P<0.05, **P<0.01).

16



SiNPs inhibited dye transfer time dependently in SL/DT assay

The function of GJIC was evaluated in a time course study using SL/DT method.
SiNPs inhibited GJIC the most (by 37.75%) at 12 hours compared to normal control
in 24 hours. The optimal time point was determined to be 12 hours for following

dose dependent manner study of GJIC (Fig. 4).
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Figure 4. SiNPs inhibited dye transfer time dependently in WB-F344 cells in SL/DT
assay.

(A) SL/DT assay after treatment with 5,0001g/ml SiNPs
(Original magnification x100).

(B) Quantitative analysis of relative dye transfer.

SiNPs inhibited GJIC the most at 12 hours by 37.75% compared to normal control
in 24 hours. All data were means + S.D. of independent experiments performed in
triplicate. Asterisks indicate a statistically significant difference from the control

group (*P<0.05, **P<0.01).
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SiNPs inhibited dye transfer dose dependently in SL/DT assay

According to the results of cytotoxicity, 5,000ug/ml, 1,000ug/ml and 200ug/ml
of SiNPs was selected for dose dependent manner study of GJIC. SiNPs inhibited
dye transfer in dose dependent manner by 38.57% at 5,000ug/ml and 25.35% at

1,000ug/ml by SiNPs (Fig. 5).
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Figure 5. SiNPs inhibited dye transfer dose dependently in WB-F344 cells in SL/DT
assay.
(A) SL/DT assay after treatment with SiNPs (original magnification x100).

(B) Quantitative analysis of relative dye transfer.

SiNPs inhibited dye transfer dose dependently by 38.57% at 5,000pg/ml, 25.35% at
1,000ug/ml by SiNPs. All data were means + S.D. of independent experiments
performed in triplicate. Asterisks indicate a statistically significant difference from

the control group (*P<0.05, **P<0.01).
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SiNPs inhibited expression of Cx43 dose dependently in

immunofluorescence staining

Immunofluorescence staining was performed to determine expression level and
localization of Cx43 protein. The expression of Cx43 decreased in dose dependent
manner after treatment of SiNPs for 12 hours (Fig. 6). This result supported the

results of SL/DT assay.
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Figure 6. SiNPs inhibited expression of Cx43 dose dependently in WB-F344 cells
in immunofluorescence staining.

Expression level and localization of Cx43 by immunofluorescence staining (Green).
Nuclei was stained with DAPI (Blue) (Original magnification X640). SiNPs

decreased the expression of Cx43 after treatment in dose dependent manner for 12

hours.

22



SiNPs phosphorylated Cx43 dose dependently in western blot

assay

Western blot analysis was performed to see how SiNPs inhibit GJIC in protein
level. Three major bands (PO, P1 and P2) were detected on membrane at 39-44kDa
with the Cx43 antibody, and mobility shifts from band PO to P1 or P2 indicate the
hyperphosphorylation of Cx43. In untreated cells, Cx43 was detected on only PO and
P1 band but cells exposed to SiNPs decreased the phosphorylation ratio (P2/P0) of
Cx43 in dose dependent manner by 0.72 at 5,000pg/ml and 0.54 at 1,000ug/ml (Fig.

7A and 7B).

23



A) (B)

—— = 2 3.50
Cx43 = — =n
x43 | — — = .
Alpha-tubulin | &
<—/P2 "‘? 1.00
-«<——P1 &£
PO &
Control TPA SiNPs SINPs SiNPs ;}
(10ng/ml) 5,000 1,000 200 =
ng/ml ng/ml pe/ml

1

0.00

Control  TPA(10wml)  SiNPs SiNPs SiNPs
5,000pg/ml 1.000pg/ml  200pg/ml

Figure 7. SiNPs phosphorylated Cx43 dose dependently in WB-F344 cells in
western blot assay.

(A) Western blot assay of Cx43 after treatment with SiNPs.

(B) Quantitative analysis of P2 density/P0 density.

Phosphorylation ratio (P2/P0) of Cx43 decreased in dose dependent manner by 0.72

at 5,000ug/ml, 0.54 at 1,000g/ml and 0.34 at 200ug/ml of SiNPs.
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SiNPs activated MAPK pathway

Western blot analysis was performed to determine phosphorylation state of kinases
including ERK1/2, MEK and PKC. SiNPs activated phosphorylation of ERK1/2 and
MEK kinase in a dose dependent manner (Fig. 7A, 7B and 7C). Interestingly, SiNPs

did not activated phosphorylation of PKC (Fig. 7A and 7D).
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Figure 8. SiNPs activated MAPK pathway in WB-F344 cells.

(A) Western blot assay of kinases after treatment with SiNPs.

(B, C, D) Quantitative analysis of relative density.

EKR1/2 and MEK were phosphorylated in dose dependent after treatment of

SiNPs. However, PKC was not phosphorylated by SiNPs.

26



SiNPs recovered inhibition of GJIC with MAPKSs pathway inhibitors

We further determined the inhibition effect of ERK1/2 and MEK kinases on GJIC
by using inhibitors. Inhibitions of dye transfer of lucifer yellow and expression of
Cx43 induced by 5,000ug/ml of SiNPs for 12 hours was significantly recovered with
pretreatment with ERK1/2 inhibitor and MEK inhibitor prior to treatment with SiNPs
while PKC inhibitor did not recover SiNPs-induced inhibition of GJIC. Dye transfer
was inhibited in cells threated with only 5,000ug/ml of SiNPs by 38.47% compared
to normal control and pretreated with inhibitors of ERK1/2 and MEK were recovered
up to 22.83% and 18.63% compared to normal control, respectively in SL/DT assay
(Fig. 9A and 9B). Furthermore, result of immunofluorescence staining supported
result of SL/DT assay. Decreased expression level of Cx43 by 5,000ug/ml of SiNPs
was significantly recovered after pretreatment with ERK1/2 inhibitor and MEK
inhibitor prior to treatment with SiNPs while PKC inhibitor did not recovered the
decreased expression level of Cx43 in immunofluorescence staining (Fig. 9C).
Phosphorylation of Cx43 induced by 5,000 pg/ml of SiNPs was significantly
recovered with pretreatment with ERK1/2 inhibitor and MEK inhibitor prior to
treatment with SiNPs. However, PKC inhibitor did not recovered phosphorylation

of Cx43 (Fig. 9D and 9E).
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Figure 9. SiNPs recovered inhibition of GJIC with MAPKSs pathway inhibitors in

WB-F344 cells.
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(A) SL/DT assay after treatment with 5,000 ug/ml SiNPs and inhibitors.
(Original magnification X100)
(B) Quantitative analysis of relative transfer.
(C) Immunofluorescence assay after treatment with 5,000 pg/ml SiNPs and
inhibitors.
(Original magnification X640).
(D) Western blot assay after treatment with 5,000 g/ml SiNPs and inhibitors.
(E) Quantitative analysis of P2 density / PO density
(A, B) Dye transfer was inhibited in cells threated with only SiNPs by 38.47%
compared to normal control and pretreated with inhibitors of ERK1/2 and MEK were
recovered up to 22.83% and 18.63% compared to normal control, respectively in
SL/DT assay. All data were means = S.D. of independent experiments performed in
triplicate. Asterisks indicate a statistically significant difference from the control
group (*P<0.05, **P<0.01).
(C) Decreased expression level of Cx43 by 5,000ug/ml of SiNPs was recovered after
pretreatment with ERK1/2 inhibitor and MEK inhibitor prior to treatment with SiNPs
while PKC inhibitor did not recovered the decreased expression level of Cx43.
(D, E) Phosphorylation of Cx43 was recovered after pretreatment with ERK1/2
inhibitor and MEK inhibitor prior to treatment with SiNPs while PKC inhibitor did

not recovered phosphorylation of Cx43.
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Discussion

Nano-sized silica which is widely used in recent years should be investigated in
diverse aspects including medical field due to different biocompatibility of
nanoparticles from microparticles or bulk. Because amorphous silica is known to
relative safe material in contrast to crystalline silica, it used in medical field [1, 4, 6,
9]. However, study about amorphous silica nanoparticle is still lack and a number of
papers have recently been published on toxicity about amorphous silica nanoparticle
[10, 11]. The aim of this study was to evaluate effect of amorphous silica about gap
junctional intercellular communication.

Characterization of nanoparticles is a basic step to evaluate their potential
toxicities because their toxicities have been revealed by many studies. Because a
nanoparticle is defined as an object with at least one dimension of less than 100 nm,
sizes of SiNPs can be verified to be below 100 nm by measuring them with TEM
and DLS. In addition, TEM can characterize particles with respect to size and
morphology and DLS can evaluate hydrodynamic size and zeta potential [15]. Shape
of SiNPs was sharp and round-like. There was no impurity except for particles.

Experiment using agglomerated particle dispersions could result in misleading
conclusions [42]. In the current study, SiNPs was not agglomerated based on results
of TEM and DLS. First, sizes of SiNPs measured by DLS was slightly larger than
hydrodynamic sizes measured by TEM. Hydrodynamic size is measured by adding
particle diameter and electrical double layer by DLS. Agglomerative state can

significantly increase the hydrodynamic size. Small gap of TEM-size and

31



hydrodynamic size indicate that SiNPs is not agglomerated. Thus, they are
appropriate for nanotoxicity experiment. Second, zeta potential absolute value was
more than 30 mV. The magnitude of absolute values of zeta-potential guarantees the
stability of suspension. It has been reported that zeta potential absolute values of 30
mV or more are stable enough to overcome aggregation caused by the action of Van
der Waals forces [43].

The ultra-small size property of nanomaterial makes it possible that nanomaterial
may translocate biological barriers [44]. Nano-sized silica dioxide can be exposed
via lots of routes and deposited in target organs [45].

We performed cytotoxicity test to determine optimal dose which would lead to
70~80% cell viability prior to GJIC study. Based on our results, 5,000 pg/ml of
SiNPs was determined as optimal doses. Inhibition of GJIC is strongly involved in
carcinogenesis because it causes failure of homeostasis which modulates cell
proliferation and growth in multicellular organisms. SL/DT assay is the most
frequently used assay for the assessment of GJIC because it is a simple functional
assay for simultaneous assessment of GJIC [46]. Optimal dose of SiNPs determined
by cytotoxicity test inhibited GJIC the most at 12 hours in a time course study by
SL/DT assay. SiNPs inhibited dye transfer dose-dependently in SL/DT assay and
expression of Cx43 dose-dependently in immunofluorescence staining. These results
support our suggestion that SiNPs can inhibit.

We tried to investigate the cause of alteration in expression of Cx43 by western
blot. It was generally attributed to two mechanisms. First, phosphorylation of Cx43
in the plasma membrane can induce alteration of assembly and stability in gap

junctions [38]. Phosphorylation of connexin is associated with channel junctionality
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and inhibition of GJIC. Second, production of main gap junction protein itself such
as Cx43 can be decreased at MRNA level [47]. Numerous studies have shown that
the phosphorylation state of connexin is affected by several exogenous chemicals
such as 18alpha-glycyrrhetinic acid, 12-0-tetradecanoylphorbol-13-acetate, dieldrin,
and heptachlor epoxide [34, 38]. At much higher dose of SiNPs, Cx43 was much
more phosphorylated. If GJIC is inhibited at MRNA level, density of Cx43 will be
decreased compared to loading control. The finding that SiNPs inhibited GJIC by
phosphorylation of Cx43 was confirmed by western blot analysis.

To investigate the mechanism of inhibition of GJIC with SiNPs, we determined
which kinase was phosphorylated by SiNPs using inhibitors prior to treatment with
SiNPs. Activation of MAPK pathway has been reported to play a major role in the
inhibition of gap junction by phosphorylation in response to various extracellular
stimuli. The MAPK pathway is a chain of proteins in the cell that can communicate
a signal from a receptor on the surface of cells. Serine/threonine-selective protein
kinases (ERK) and serine/tyrosine/threonine kinase (MEK) can activate connexon,
each of which is formed by six connexins by exposure to a substance in a series of
kinases cascades. Once Src is activated, it in turn activates MAPK pathway and
induces conformational change of connexin [38].

The inhibitory activity of SiNPs on GJIC was restored by ERK inhibitor and MEK
inhibitor, but not by PKC inhibitor. This indicates a positive link between SiNPs-
induced inhibitory effect of GJIC and MAPK pathway. Increased MEK and ERK
phosphorylation has been reported in response to well-known several carcinogens

such as TPA and DDT [48, 49].
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We hypothesized that SiNPs induced inhibition of GJIC. SL/DT assay,
immunofluorescence staining, and western blot analysis were performed to evlaluate
effect of SiNPs to GJIC and to elucidate the related mechanism. Our results
demonstrate that SiNPs can induce inhibition of GJIC time dependently and dose
dependently. The inhibition of GJIC was involved to phosphorylation of Cx43 by
MAPK pathway.

Further studies are needed based on this study. In vivo carcinogenicity test should
be performed to clarify the carcinogenic effect of GJIC inhibition. Additionally, the
mechanism study should be performed because MAPK mechanism can be realted to
Ras/Raf pathway [50].

Considering the result of this study, we should consider the risk of SiNPs being
exposed to humans. For example, in medical field, silica as cancer-targeted probe is
exposed a concentration of about 0.1pg/ml in circulatory system [51]. According to
this study, amorphous silica of 0.1ug/ml did not affect cytotoxicity and GJIC, so it
may be safe to use an appropriated amount of amorphous silica. However, when
injecting SiNPs into a high concentration, the effects on GJIC should be considered
by referring to this study. As there are advantages and disadvantages of SiNPs, the
benefit and risk should be considered carefully.

In conclusion, we consider that this is the first study to clarify the inhibition
activity of GJIC with SINPs and its mechanism, and this study can provide the

toxicological information about the potential risk of SiNPs.
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