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Abstract: Tremendous efforts are applied in the ferroalloy industry to control and reduce exposure to
dust generated during the production process, as inhalable Mn-containing particulate matter has
been linked to neurodegenerative diseases. This study aimed to investigate the toxicity and biological
effects of dust particles from laboratory-scale processes where molten silicomanganese (SiMn) was
exposed to air, using a human astrocytoma cell line, 1321N1, as model system. Characterization
of the dust indicated presence of both nano-sized and larger particles averaging between 100 and
300 nm. The dust consisted mainly of Si, Mn and O. Investigation of cellular mechanisms showed
a dose- and time-dependent effect on cell viability, with only minor changes in the expression of
proteins involved in apoptosis. Moreover, gene expression of the neurotoxic biomarker amyloid
precursor protein (APP) increased, whereas APP protein expression decreased. Finally, induction of
gap junctional intercellular communication (GJIC) increased with higher doses and correlated with
the other endpoints. Thus, the effects of SiMn dust on 1321N1 cells are highly dependent on the dose
of exposure and involves changes in APP, apoptosis-related proteins and intercellular communication.
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1. Introduction

Silicomanganese (SiMn) is important for the production of steel and is used as an alloying element
in almost all types of steel. Characterization of the fumes collected in a SiMn plant indicated that
the aerodynamic diameter of the particles ranged from 7 nm to 10 µm [1]. Among these, 78% of
the particles were classified as ultrafine (aerodynamic diameter < 100 nm), whereof 40% had an
aerodynamic diameter below 30 nm. Moreover, the smallest fractions of the fume had a larger
dominance of Si than the larger fractions and the ultrafine sized particles contained a significantly
smaller amount of Mn than the larger particles [1]. Similar dust was generated in a more controlled
laboratory setting by Kero et al. and Ma et al. [2,3]. Characterization of such laboratory dust showed
that the particles are oxides and very often amorphous. Typically, the primary units are spheres that
may agglomerate and aggregate. The dust generated from SiMn production has been shown to be
quite different from other ferroalloy processes, such as ferrosilicon [1,4,5].
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It is known that a fraction of the particles that deposit in the respiratory tract after inhalation can
translocate across the epithelial linings and enter the circulation [6]. Moreover, ultrafine inorganic
particles may translocate to the brain by passage through the olfactory epithelium and olfactory
nerve [7,8]. Uptake of particles and their ability to cross the blood-brain barrier (BBB) depends highly
on their size, including the amount of aggregation, and other factors such as charge and coating from
contact with biological fluids. Accumulation of Mn in the brain and damage to the nervous system
of workers as a result of exposure to Mn under occupational settings may appear [9–12]. Moreover,
translocation of Mn from the respiratory system to different areas of the brain upon inhalation was
shown in a study using rodents that inhaled manganese oxide particles [13]. Manganese dioxide
nanoparticles were shown to induce toxicity and apoptosis in human neuronal cells [14]. Although
distribution of Mn particles was observed in neurons, Mn concentrations are thought to be higher
in astrocytes than neurons after exposure [15]. Currently, the mechanisms underlying astroglial
dysfunction as a result of Mn exposure are not completely understood. Mn exposure of primary
mouse astrocytes and a human astrocytic cell line showed that Mn exposure induced the release of
proinflammatory cytokines and exacerbated the inflammatory response [16]. There is also concern
on the potential of silica particles to induce inflammatory responses in the brain. A study using
amorphous SiO2 nanoparticles showed that exposure of neuronal cells decreased cell viability, induced
apoptosis by activating the p53-mediated signaling pathway and disturbed the cell cycle [17]. It was
also shown that the amorphous SiO2 nanoparticles induced similar responses in glioblastoma cells [18].

Astrocytes are the most abundant glial cells of the central nervous system and have been shown to
be important in the regulation of some brain immunological responses [19]. They regulate the functions
of neurons and are involved in the neuroinflammatory response, including neurodegenerative diseases.
Their activation occurs in most brain pathologies and is associated with altered gene expression, which
may exert inhibitory effects on the central nervous system [20]. By using an in vitro model for the BBB,
SiO2 nanoparticles induced loss of tight junctions and cytoskeleton arrangement, and increased the
inflammatory response [21]. Here, we investigated toxicological effects of molten, air-exposed SiMn
dust from a laboratory scale process, using an astrocytoma-derived cell line as model. Astrocytes are
important for communication between cells in the brain and deletion of astroglial connexins weakens
the BBB [22]. To analyze the effects of SiMn dust on the BBB, gap junctional intercellular communication
(GJIC) was investigated. Moreover, changes in the expression of the neurotoxicity marker, amyloid
precursor protein (APP), and regulation of proteins involved in apoptosis were studied.

2. Results

2.1. Characteristics of the Dust

Detailed characteristics of the SiMn dust produced in the laboratory have been published
previously [2]. Briefly, the dust was produced at 1500 ◦C and collected on a filter. The dust was
stored at ambient atmosphere. Investigation of the dust by scanning electron microscopy (SEM)
showed that it consisted of primary spherical particles of various sizes (Figure 1A). Measurement of
the diameter of the particulate matter indicated that 58% of the investigated primary particles were
between 20 and 100 nm in size (Figure 1B). The relative frequency for the size groups 31–40, 41–50 and
51–60 nm was 1.2%, 4.8% and 7.1%, respectively. For each of the other size groups, including 61–70,
71–80, 81–90 and 91–100 nm, the relative frequency was approximately 10% (Figure 1B). Analysis of
the elemental contents of the dust collected on the filter indicated a main content of Si, Mn and O, in
addition to trace elements of K, S, Al, Na and Cu (Figure 1C). The Cu intensity found in the spectrum
arises from the TEM grid. The spectrum was obtained by measuring over almost the entire area seen
in Figure 1A.
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Figure 1. Characterization of dry SiMn dust by SEM. (A) Representative SEM images. (B) The 
diameter (nm) of the dust particles was measured and the relative frequency in percentage is shown 
for the different size groups with specific focus on particles ≤ 100 nm (n = 252). (C) Energy-dispersive 
X-ray spectrum showing the elemental content of the dust particles. 

To expose the cultured cells, the dust was dispersed in solution containing bovine serum 
albumin (BSA) and subsequently, characterization of the dispersed dust was performed by SEM, in 
addition to dynamic light scattering (DLS). Representative SEM images of some of the particle 
structures of dispersed dust in solution are shown in Figure 2A. Due to the platinum coating of the 
dispersed specimens for SEM, the smallest particles were difficult to visualize; however, they were 
certainly present and support the obtained results from analysis of the dry dust, as shown in Figure 
1. Size measurements showed that most of the particles >100 nm were in the size ranges of 101–200 
nm (20.6%), 201–300 nm (25.8%), 301–400 nm (15.1%) and 401–500 nm (12.7%) (Figure 2B).  

Measurements of the hydrodynamic size by DLS indicated that the majority of the particles in 
the dissolved dust had an intensity weighted mean hydrodynamic size (Z-average) of 325.1 ± 8.1 nm 
with a stable size distribution (Figure 2C). For investigation of the dusts’ behavior in cell culture 
media, the size distribution and size stability toward agglomeration of SiMn was determined (Figure 
2C). To this end, three peaks were detected consisting of particles with the following sizes: 42.0 ± 14.7 
nm, 9.8 ± 0.0 nm and 3770.5 ± 0.0 nm.  

Figure 1. Characterization of dry SiMn dust by SEM. (A) Representative SEM images. (B) The diameter
(nm) of the dust particles was measured and the relative frequency in percentage is shown for the
different size groups with specific focus on particles ≤100 nm (n = 252). (C) Energy-dispersive X-ray
spectrum showing the elemental content of the dust particles.

To expose the cultured cells, the dust was dispersed in solution containing bovine serum albumin
(BSA) and subsequently, characterization of the dispersed dust was performed by SEM, in addition
to dynamic light scattering (DLS). Representative SEM images of some of the particle structures of
dispersed dust in solution are shown in Figure 2A. Due to the platinum coating of the dispersed
specimens for SEM, the smallest particles were difficult to visualize; however, they were certainly
present and support the obtained results from analysis of the dry dust, as shown in Figure 1. Size
measurements showed that most of the particles >100 nm were in the size ranges of 101–200 nm
(20.6%), 201–300 nm (25.8%), 301–400 nm (15.1%) and 401–500 nm (12.7%) (Figure 2B).

Measurements of the hydrodynamic size by DLS indicated that the majority of the particles in the
dissolved dust had an intensity weighted mean hydrodynamic size (Z-average) of 325.1 ± 8.1 nm with
a stable size distribution (Figure 2C). For investigation of the dusts’ behavior in cell culture media,
the size distribution and size stability toward agglomeration of SiMn was determined (Figure 2C).
To this end, three peaks were detected consisting of particles with the following sizes: 42.0 ± 14.7 nm,
9.8 ± 0.0 nm and 3770.5 ± 0.0 nm.
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Figure 2. Characterization of dispersed SiMn dust. (A) A volume corresponding to 100 µg dust was 
taken from a 1 mg/mL stock dispersed in 0.05% BSA and filtered through a 47 mm Whatman 
Nuclepore polycarbonate filter with 15 nm pore size. The dust was investigated by SEM and 
representative images are shown. Arrows point to nano-sized particles that were difficult to visualize 
due to the platinum coating. (B) The diameter (nm) of the dust particles was measured and the relative 
frequency in percentage is shown for the different size groups (n = 252). (C) Size distribution and 
average hydrodynamic diameter of the dispersed SiMn dust. One mL of the dispersed SiMn stock 
solution was used for DLS measurements to obtain the size distribution and average hydrodynamic 
diameter of the dust. 10 cycles were run. The graph showing the size distribution is representative of 
one measurement over 10 cycles. The Z-average from three independent dispersed batches is shown 
± standard deviation (SD). 

2.2. Cellular Responses of Exposure to SiMn Dust 

Toxicity assays with SiMn dust were performed. Exposure of the cells to increasing 
concentrations of dust indicated a dose- and time-dependent effect on cell viability (Figure 3A). The 
lowest doses (2 × 10−6 and 2 × 10−5 µg/cm2) induced a reduction of ~20% in cell viability after 24 h. 
However, after 48 and 72 h this effect was reversed. At higher doses (2 × 10−4–1 µg/cm2), a reduction 
in cell viability was present at all analyzed timepoints (Figure 3A). 

  
Figure 3. SiMn-induced cytotoxicity is dose and time dependent and affects apoptosis-related 
proteins. (A) Astrocytoma cells were grown and exposed to sham or to SiMn dust at the indicated 
concentrations for 24, 48 and 72 h before measurement of cellular cytotoxicity. Cell viability of sham-
treated cells was set to 100%. An average of three independent experiments in triplicate is shown. (B) 

Figure 2. Characterization of dispersed SiMn dust. (A) A volume corresponding to 100 µg dust was
taken from a 1 mg/mL stock dispersed in 0.05% BSA and filtered through a 47 mm Whatman Nuclepore
polycarbonate filter with 15 nm pore size. The dust was investigated by SEM and representative images
are shown. Arrows point to nano-sized particles that were difficult to visualize due to the platinum
coating. (B) The diameter (nm) of the dust particles was measured and the relative frequency in percentage
is shown for the different size groups (n = 252). (C) Size distribution and average hydrodynamic
diameter of the dispersed SiMn dust. One mL of the dispersed SiMn stock solution was used for DLS
measurements to obtain the size distribution and average hydrodynamic diameter of the dust. 10 cycles
were run. The graph showing the size distribution is representative of one measurement over 10 cycles.
The Z-average from three independent dispersed batches is shown ± standard deviation (SD).

2.2. Cellular Responses of Exposure to SiMn Dust

Toxicity assays with SiMn dust were performed. Exposure of the cells to increasing concentrations
of dust indicated a dose- and time-dependent effect on cell viability (Figure 3A). The lowest doses
(2 × 10−6 and 2 × 10−5 µg/cm2) induced a reduction of ~20% in cell viability after 24 h. However,
after 48 and 72 h this effect was reversed. At higher doses (2 × 10−4–1 µg/cm2), a reduction in cell
viability was present at all analyzed timepoints (Figure 3A).

To investigate if proteins involved in apoptosis were affected by SiMn exposure, a multiple
protein array containing proteins involved in the intrinsic and extrinsic apoptotic pathways was
used. The intensities of the protein spots on the arrays were quantified and fold changes for each
protein compared to control exposed cells are presented as a heatmap (Table S1) with changes of
more than 1.5-fold presented graphically in Figure 3B. B-cell lymphoma extra-large (Bcl-xl), an
anti-apoptotic protein, is significantly downregulated after 24 h (Figure 3B). In addition, catalase,
an enzyme important for protecting cells from oxidative damage by reactive oxygen species (ROS), is
significantly upregulated at the same time. After 48 h pro-apoptotic Bax increased more than 1.5-fold,
but only with 2 × 10−5 µg/cm2 (Figure 3B). Of interest is also cleaved caspase-3 that is increased
~1.3-fold after 48 h with 2 × 10−5 and 2 × 10−4 µg/cm2 (Table S1). Moreover, the cell cycle regulator
phospho-Rad17 is significantly decreased by 1.45-fold with 2 × 10−5 µg/cm2 after 48 h (Table S1).

Based on results from analysis of viability and apoptosis, the two doses (2 × 10−4 and 2 ×
10−3 µg/cm2), were chosen for further work. Expression analysis of APP indicated no significant
differences after 24 h exposure with the different SiMn dust concentrations (Figure 4A); however, after
48 h a significant increase is observed. Conversely, APP protein levels decreased with increasing dose
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(Figure 4B,C). Moreover, effects of exposure to SiMn dust on gap junctional intracellular communication
(GJIC) were analyzed. GJIC in the 1321N1 cells was significantly increased following 48 h of exposure
to SiMn dust; however, no significant changes were detected after 24 h of exposure (Figure 5).
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Figure 3. SiMn-induced cytotoxicity is dose and time dependent and affects apoptosis-related proteins.
(A) Astrocytoma cells were grown and exposed to sham or to SiMn dust at the indicated concentrations
for 24, 48 and 72 h before measurement of cellular cytotoxicity. Cell viability of sham-treated cells was
set to 100%. An average of three independent experiments in triplicate is shown. (B) The expression
levels of 35 proteins related to or involved in apoptosis were analyzed using the Proteome Profiler™
Human Apoptosis Array Kit. The results from three independent experiments were quantified and
significant changes (p ≤ 0.05) in fold change related to control-exposed cells are shown in the bar
graphs. A fold increase or decrease of 1.5 was set as cut-off and only the results for those proteins are
shown. Error bars: standard error (SE).
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Figure 4. Expression levels of APP after exposure to SiMn. Astrocytoma cells were exposed to SiMn for
24 and 48 h with the indicated doses. mRNA expression was investigated by qPCR. (A) APP mRNA
expression levels. An average from three independent experiments in triplicate is shown. (B) APP
protein expression levels. Representative western blot images are shown. (C) Quantification of APP
protein expression. An average from three independent experiments is shown. Values represent the
mean ± standard error (SE). * p ≤ 0.05 between exposed cells and the sham-treated control. Error
bars: SE.
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one well for each experiment as a control for dye uptake solely by the cut in the cell layer. Scrape 
loading was performed using Lucifer Yellow. Confocal microscopy was used to detect fluorescence 
and the levels of gap junctional intercellular communication were determined by means of the area 
of dye-coupled cells. Representative images are shown. Scale bar: 200 µm. Quantification of three 
independent experiments is shown. Bars: SE. *: p ≤ 0.05 indicates a significant difference between 
exposed cells and the corresponding sham-treated control. 
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the particles [23]. Results from different animal studies indicate that the solubility of inorganic 
manganese compounds can influence the delivery of manganese to target organs such as the brain. 
This in turn will then affect the possible induction of neurotoxicity, but the effect of the various 
oxidation states of the manganese is currently not well understood [24].  
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operations than others. This includes suction hoods for stationary and continuous operations that 

Figure 5. Gap junctional intercellular communication increases by SiMn dust exposure. Astrocytoma
cells were grown on coverslips and exposed to dispersion media alone as a control or to the indicated
doses of dispersed dust for 24 and 48 h. Carbenoxolone (CBX), an inhibitor of GJIC, was included
in one well for each experiment as a control for dye uptake solely by the cut in the cell layer. Scrape
loading was performed using Lucifer Yellow. Confocal microscopy was used to detect fluorescence
and the levels of gap junctional intercellular communication were determined by means of the area
of dye-coupled cells. Representative images are shown. Scale bar: 200 µm. Quantification of three
independent experiments is shown. Bars: SE. *: p ≤ 0.05 indicates a significant difference between
exposed cells and the corresponding sham-treated control.

3. Discussion

In this study, low doses of SiMn dust were used to investigate toxic effects on 1321N1 cells, and to
assess molecular mechanisms of brain inflammation such as cellular communication and expression
of APP. The use of astrocyte-derived cells is important and practically feasible in line with not using
animal studies and is the first step to evaluate responses of astrocytes to occupational relevant dust
particles. The doses used in this study are more relevant as they were considerably lower than those
used in previous in vitro studies. In a production facility, dust is generated through different processes.
These processes are either thermal or mechanical in nature. There are reasons to believe that the
smallest particles present in a plant are generated thermally in situations where liquid metal comes
into contact with ambient air. However, even the thermal processes can vary considerably in terms
of parameters such as temperature and metal flow turbulence. Such parameters will in turn affect
the properties of the dust particles, including the oxidation state. Thomassen et al. have shown that
the oxidation state of Mn in Mn-containing oxide dust determines the solubility of the particles [23].
Results from different animal studies indicate that the solubility of inorganic manganese compounds
can influence the delivery of manganese to target organs such as the brain. This in turn will then affect
the possible induction of neurotoxicity, but the effect of the various oxidation states of the manganese
is currently not well understood [24].
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The ventilation system in a plant is typically more effective in removing dust from certain
operations than others. This includes suction hoods for stationary and continuous operations that
effectively remove dust and other airborne pollutants. Fugitive emissions from batch-wise processes,
such as casting, where vehicle access is crucial to ensure safe and timely operation are often more
difficult to abate. On top of these considerations, industrial exposure of dust is never completely
isolated from other airborne pollutants, including gases, vehicle exhaust, etc. Industrial activities
and burning of fossil fuels leads to enhancement of manganese concentrations in the environment,
including soil and water. However, the present study does not deal with the effect and release of
silicomanganese in the environment.

In this study, the dust particles were produced in a manner that is thought to simulate conditions
for non-turbulent casting in dry atmosphere. This allowed for less variation in terms of particle
properties and ensured that dust was not contaminated by other agents. It is very important, however,
to keep in mind that the type of dust used here only represents one of many different dust types
that may be encountered in a SiMn smelter. Since the dust has been collected in a filter and stored at
ambient conditions for some time, the aggregation of dust particles in this study may be different from
the freshly generated particles dispersed in the air near the molten metal sources in a plant. Moreover,
the relatively weak bonds of aggregates are most likely broken in the sample preparation step where
the particles are dispersed in liquid solution for cell culture experiments. The effects of the liquid
solution on surface effects and/or aggregation has to date not been evaluated.

The size and elemental content of the particles in the dust is an important determinant for cellular
outcome. Investigation of the dry dust indicated that 58% of the particles were ≤100 nm in diameter,
reflecting presence of ultra-fine particles in the SiMn dust. The smallest nano-sized particles may
due to their small size and high surface area have easier access to organs and tissues in the body,
and have a larger impact on cell viability than larger sized particles [21]. Presence of nano-sized
particles in the dust was also shown by DLS on the cell culture media containing particles that cells
were exposed to. Studies show that nano-sized particles may disturb cellular functions in a larger
degree than particles >100 nm [21]. Elemental determination by EDX of the dust indicated presence
of mainly Si, Mn and O. Occupational exposures have shown that Mn-containing fumes can cause
neurological and neurobehavioral symptoms [25,26]. In general, there are few in vitro studies using Si-
and Mn-containing dusts, and cellular effects of silica on glial cells are limited, as reviewed in [27].
Astrocytes play an important role in maintaining the BBB, in regulating neurons and are involved in
neuroinflammatory responses [28–30]; therefore, a well-established astrocyte-derived astrocytoma cell
line was used in the present study. Moreover, astrocytes are increasingly linked to neurodegenerative
diseases [31–33]. Several studies have shown that particles may translocate through the BBB [34–37],
emphasizing the importance to gain knowledge of the actual mechanisms that are part of a possible
neurotoxic response. Currently, data is limited on the actual amount of particles that may translocate to
the brain through the various routes, either involving the pulmonary or olfactory pathways. Oxidative
stress and activation of oxidative-stress sensitive kinases have been implicated in Mn-induced adverse
effects, and Mn has been shown to enter the mitochondrial matrix [38–40]. In regard to silica, a
study found that surface-modified mesoporous silica nanoparticles entered the brain crossing the BBB
in vivo [41]. Moreover, it was shown that amorphous silica nanoparticles induced apoptosis, oxidative
stress and autophagy in glioblastoma cells [18], activated astrocytes and induced loss of tight junctions
and cytoskeleton arrangement [21]. Hence, both Si and Mn in the dust used in the present study may
be important for the observed effects on the endpoints investigated. This is in line with a recent study
of industrial relevant silica dust in 1321N1 cells that showed a dose- and time-dependent effect on cell
viability [42]. However, these studies are carried out in astrocytoma cells and it would be of interest to
compare the results obtained in astrocytoma cells, to healthy human glial brain cells to shed a light on
potential differences between healthy and diseased glial cells as the cells may respond differently to
the exposures.
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The observed restoration of cell viability with the lowest doses in the present study shows that the
effects may be acute and transient. For the higher doses, viability decreased with time. The apoptosis
protein array indicated small changes which may not be of biological relevance for cellular outcome
for most proteins. The downregulation of the anti-apoptotic protein Bcl-xl, with in parallel an increase
in catalase after 24 h, may suggest that the cells try to recover from the acute and transient inhibitory
effects of exposure to SiMn as these two proteins are important for protecting cells from oxidative
damage and from cell cycle arrest. Although Bax and cleaved caspase-3 are increased with 2 ×
10−5 µg/cm2 after 48 h, and phopho-Rad17, a regulator of the cell cycle, is decreased, this may be in
favor of cell death. However, with this dose, cell viability is restored to 100% after 72 h, and thus it is
likely that the regulation of proteins at the 48 h time point is transitory. Other studies that use much
higher doses have a much more robust effect on proteins involved in apoptosis. This is exemplified
by a study in PC-12 neuronal cells that were exposed to amorphous SiO2 nanoparticles with doses
up to 200 µg/mL. Here, an increase in expression of phospho-p53, p21, Gadd45 and Bax, but not of
anti-apoptotic Bcl-2, was observed [17].

Amyloid precursor protein (APP) is expressed by astrocytes, is increased upon cellular stress
and gives rise to the neurodegenerative marker Amyloid β. In this study, APP expression increased,
whereas APP protein decreased. A similar response, an increase in APP mRNA and a reduction in
APP protein, was observed in neuroblastoma cells that were irradiated with ultraviolet (UV) light [43].
APP cleavage gives rise to Amyloid β which is found in the brain of patients with Amyloid β-related
disorders and an increase in Amyloid β is associated with chronic inflammatory responses in the
brain [44]. Also, there is increased evidence that astrocytes secrete significant quantities of Amyloid
β [45]. A study in neuroblastoma cells showed an increase in Amyloid β expression after exposure
to amorphous SiO2 nanoparticles which also reduced cell viability and increased apoptosis [46],
supporting the results obtained with the 1321N1 cells. In addition, a recent study showed that both
amorphous and crystalline SiO2 particles had a similar effect on APP mRNA and protein in 1321N1
cells [42]. The physiological effect of the decrease in APP is currently unkown and actual formation
and deposition of Amyloid β would require further in vivo studies.

An important role of connexins and maintenance of gap junctional intercellular communication
(GJIC) between astrocytes was observed [19,22] and is involved in both cell invasion and resistance to
oxidative stress [47,48]. Previous studies have shown that GJIC is relatively low in the 1321N1 cell
line [42,49,50]. This is also indicated here by the small difference between CBX-treated and control
cells. As the effect on proteins involved in apoptosis is small after 48 h, in addition to an increase
in viability compared to the 24 h time point, it may be likely that the increase in GJIC is important
for the exchange of survival signals. The duration of this would, however, be uncertain, as viability
of the cells reduces after 72 h. The uptake of Lucifer Yellow was specific after scratching of the cell
monolayer as cells further away from the scratches did not take up the dye. Thus, with the doses used
here, disruption of the cell membrane as a result of SiMn exposure seems unlikely. An increase in GJIC
in 1321N1 cells was also observed for amorphous and crystalline silica particles [42]. On the contrary,
for example carbon nanotubes had a significant negative effect on GJIC and cell viability in a mouse
fibroblastoma cell line showing that both the cell type and type of exposure is of great importance for
GJIC [51].

In conclusion, the laboratory-generated dust that was collected on a filter after active oxidation of
an industrial standard grade SiMn metal, contained 58% nano-sized particles and consisted mainly
of Si and Mn. Analysis showed dose- and time-dependent effects on toxicological endpoints in
astrocytoma cells, where higher doses gave reduced viability, changes in expression of apoptotic
proteins, reduced expression of APP, and increased intercellular communication. It should, however,
be noted that this study does not consider the complexity of particle translocation from the alveolar
region of the lung to the circulation (air-blood-barrier), distribution to secondary organs and especially
translocation to the brain through crossing the blood brain barrier. Therefore, the doses used in this
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study cannot be directly compared with exposure scenarios in the industry, and relevant exposure
levels and accumulation in the brain remain to be established by in vivo studies.

4. Materials and Methods

4.1. Generation of the SiMn Dust

The SiMn dust employed in the current study was produced through active oxidation of an
industrial standard grade SiMn metal. The molten metal was kept at 1500 ◦C while being exposed
to an impinging air jet. The air flow was 3 L/min and synthetic air was used to ensure that moisture
did not interfere with the oxidation. The dust was collected in a filter fabric of industrial standard.
The technical details of the laboratory set-up and the thermodynamics and kinetics which govern the
dust generation process has been described in detail in previous publications [2,3].

4.2. Preparation of the Dust for Characterization and Cell Culture Experiments

For dispersion of the dust, the NANOGENOTOX protocol for dispersion of nanomaterials was
used with small adjustments [52,53]. Briefly, the dust was weighed and a solution of sterile-filtered
0.05% Bovine Serum Albumin (BSA; m/v in H2O) was added to obtain a stock solution of 1 mg/mL.
BSA was used to get a well-dispersed dust. The solution was then vortexed and sonicated at 10%
amplitude for 15 min using a probe sonicator (Sonifier 450S, Branson Ultrasonics, Danbury, CT, USA).
A stock that was freshly prepared was used for each experiment. The doses used for cell culture
exposures were 0, 2 × 10−6, 2 × 10−5, 2 × 10−4, 2 × 10−3, 0.02, 0.2 and 1.0 µg per cm2 surface area of
the cell culture dish. The reason for choosing these doses were to test doses that were significantly
lower than the doses reported in in vitro studies in the literature.

4.3. SiMn Dust Characterization

4.3.1. Dynamic Light Scattering

The ZetaSizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) was used to gain knowledge
of the hydrodynamic size distribution of the dust after dispersion. In this regard, 1 mL of sonicated
dust dispersion was added to a cuvette, left for 5 min on the bench, and was then left in the ZetaSizer
apparatus for an additional 5 min before measurement over 10 cycles. In addition, to obtain information
on the size distribution of the particles when dispersed in cell culture media, 1 mL of cell culture media
containing the highest concentration of particles used for experiments was measured using ZetaSizer
Nano ZS. For analysis of the data, ZetaSizer software (Malvern Instruments Ltd., Malvern, UK) was
used. All data come from three independent measurements.

4.3.2. Scanning Electron Microscopy

Both dry and dispersed dust was analyzed. Dry dust was prepared as follows: A Copper (Cu)
TEM grid with holey carbon film (Holey Carbon film on Copper H7, Agar Scientific, Stansted, UK) was
fixed onto a 25 mm PC-filter with a pore size of 1 µm. The particles were spread on an aluminum plate,
and collected on the Cu TEM grid using open-face graphite-filled 25 mm filter holders with 50 mm
extension tube (Gelman Air Monitoring Cassette, Gelman Sciences, Ann Arbor, MI, USA) through a
2 L/min nozzle. The particles on the Cu TEM grid were investigated without any further preparation.
For characterization of dispersed dust, a volume corresponding to 100 µg was taken from a 1 mg/mL
stock dispersed in 0.05% BSA which was sonicated as described above followed by filtering on a 47 mm
Whatman Nuclepore polycarbonate filter with 15 nm pore size. A sputter coater (Cressington 208HR
sputter coater, Watford, UK) was used to add a thin layer of platinum film on the filter. Thereafter,
pieces of 10 mm × 10 mm were cut from the filter and gently fixed on aluminum specimen stubs with
double-sided carbon adhesive discs. A Hitachi SU 6600 (Hitachi Industry and Control Solutions, Ltd.,
Ibaraki-ken, Japan) field emission scanning electron microscope (FE-SEM) equipped with a Bruker
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energy-dispersive X-ray (EDX) detector was used for SEM analysis. Accelerating voltage 15 keV and
working distance 10 mm were used during EDX elemental analysis. Images of the particles were
obtained by acquiring at slow scanning speed. Moreover, the specimens’ morphology and size were
examined in the SEM.

4.4. Cells and Cell Culture

The human astrocytoma 1321N1 cell line was used for all cell culture experiments (Sigma-Aldrich,
St. Louis, Missouri, MI, USA, catalogue no. 86030402). These are glial cells derived from a human brain
astrocytoma that was initially isolated in 1972 as a sub clone of the cell line 1181N1 [54]. The passage
number of the cells was kept below 30 and as a routine the cells were kept in a humidified 5% CO2

and 95% air incubator at 37 ◦C in Dulbecco’s Modified Eagle’s Medium (DMEM, Fisher Scientific,
Hampton, New Hampshire, NH, USA) added 10% fetal bovine serum (FBS, Biochrom, Cambridge,
UK), 50 U/mL penicillin and 50 µg/mL streptomycin (Thermo Scientific, Waltham, MA, USA).

4.5. Cytotoxicity Assay

For investigation of cell viability, 5000 cells were plated per well in triplicate in black 96-well plates
with a transparent bottom (Nunclon, Thermo Scientific, Waltham, Massachusetts, MA, USA). After 24 h
incubation, dispersed dust was added at the indicated doses. Then the medium was removed, and
PBS was used to wash the cells for removal of excess particles. For the measurement of cytotoxicity
levels, the Cell Counting Kit-8 (CCK-8) assay (Sigma-Aldrich, St. Louis, Missouri, MI, USA) was used
according to the manufacturer’s instructions. After incubation at 37 ◦C for 1 h, absorbance as optical
density (OD) was measured at 450 nm using a SpectraMax i3 (Molecular Devices, San Jose, California,
CA, USA). OD was also measured at 750 nm as a reference wavelength for background detection.
A standard curve with a known number of cells was established to calculate the number of cells in
each well.

4.6. Quantitative PCR (qPCR) for Measurement of APP Gene Expression

The mRNA level of the neurodegenerative marker Amyloid precursor protein (APP) was measured
by qPCR. Briefly, total RNA was extracted using RNA-Solv reagent (OMEGA bio-tek, Norcross,
Georgia, GA, USA). cDNA from one µg of RNA was prepared using qScript cDNA synthesis
kit (Quanta Biosciences, Beverly, Massachusetts, MA, USA) according to the manufacturers’
recommendations. qPCR was performed on a StepOne Real-Time PCR system (Applied Biosystems,
Foster By, California, CA, USA) with Perfecta SYBR Green FastMix, ROX (Quanta BioSciences, Beverly,
Massachusetts, MA, USA). For all the tested genes, pre-designed primers were purchased from
Sigma-Aldrich (St. Louis, Missouri, MA, USA). A serial diluted internal standard served as a control
for the qPCR reaction. Relative gene expression levels were calculated and normalized to the average
expression levels of β-actin, GAPDH and TBP.

4.7. Detection of APP by Western Blot Analysis

Western blot analysis was as described previously [55]. Briefly, protein concentrations were
measured using NanoDrop-8000 (Thermo Scientific, Waltham, Massachusetts, MA, USA). A total of
25 µg of each protein sample was resolved on AnykD Mini Protean TGX stain free gels (Bio-Rad
Laboratories, Hercules, California, CA, USA) and transferred to a PVDF membrane (Bio-Rad
Laboratories, Hercules, California, CA, USA). The Trans-Blot Turbo blotting system (Bio-Rad
Laboratories, Hercules, California, CA, USA) was used for transfer. Antibodies used were as follows:
APP (Cell Signaling Technology, Danvers, Massachusetts, MA, USA) and GAPDH (Santa Cruz
Biotechnology, Dallas, Texas, TX, USA). Horseradish peroxidase conjugated antibodies (Cell Signaling
Technology) were used prior to chemiluminescent detection (GE Healthcare, Chicago, Illinois, IL, USA).
Results were quantified using Image J.
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4.8. Apoptosis Protein Array

The expression levels of 35 proteins related to or involved in apoptosis were analyzed using the
Proteome Profiler™ Human Apoptosis Array Kit (R&D Systems, Minneapolis, Minnesota, MI, USA).
Following the manufacturer’s instructions cell lysis and protein detection were performed. 400 µg
of cell lysate was applied to the protein array membranes. The protein arrays were developed on
an AI600RGB imaging system (GE Healthcare, Chicago, Illinois, IL, USA) and the detected signal
intensities for each protein were quantified with ImageQuantTL software (GE Healthcare, Chicago,
Illinois, IL, USA).

4.9. Functional Assay of Gap Junctional Intercellular Communication (GJIC) by Scrape Loading

GJIC was determined by quantitative scrape loading [56]. 1321N1 cells were cultured on cover
slips in 12-well plates (NUNC) and grown until 80–90% confluency. The cells were then exposed to
the indicated doses of the dust for 24 and 48 h. Before scrape loading the confluent cell layer was
washed twice with PBS. Then 1 ml of 0.05% Lucifer Yellow (Sigma-Aldrich, St. Louis, Missouri, MI,
USA) dissolved in PBS w/o Ca2+ and Mg2+ was added to each well and the cell monolayer was cut
with a surgical scalpel four times. Cells were incubated with Lucifer Yellow for 4 min and then washed
with PBS four times before fixation in 3.7% formalin o/n. The following day the wells were washed
with PBS two times before mounting with Mowiol. During the whole experiment, cells from one well
were exposed to the gap junctional inhibitor carbenoxolone (CBX) (100 µM, Alfa Aesar, Haverhill,
Massachusetts, MA, USA) as a control for dye uptake solely by cutting the cell layer. Fluorescence
was observed using a laser scanning microscope (LSM 710, Zeiss, Oberkochen, Germany) with a
magnification of 20x and photographs were taken with an AxioCam camera (Zeiss, Oberkochen,
Germany). Ten images were taken for each exposure. The public domain NIH Image program was
used for analysis applying the same settings for each measurement. The distance of diffusion of the
dye away from the scalpel cut was used to determine the degree of GJIC.

4.10. Statistics

The data were analyzed in Sigma Plot 12.0 using T-test and non-parametric Mann-Whitney test as
appropriate, and p < 0.05 was considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/3/
740/s1.

Author Contributions: Y.J.A., Particle characterization, In vitro experiments, Writing—Original draft preparation
and finalization; T.K.E., Particle characterization, Writing—Review & Editing; J.S.E., Western blotting analysis,
Writing—Review & Editing; I.K., SiO2 dust generation, Writing—Original draft preparation; M.B.E., Western
blotting analysis; V.S., Conceptualization, Writing—Review & Editing; S.Z., Conceptualization, Supervision,
Project administration, Writing—Review & Editing.

Funding: This work was supported by a postdoctoral grant from the Research Council of Norway to YJA (RCN
grant no. 245216 O70).

Conflicts of Interest: None of the authors has any potential conflict of interest or financial interests to disclose.

References

1. Kero, I.; Naess, M.K.; Tranell, G. Particle size distributions of particulate emissions from the ferroalloy
industry evaluated by electrical low pressure impactor (ELPI). J. Occup. Environ. Hyg. 2015, 12, 37–44.
[CrossRef] [PubMed]

2. Kero, I.; Tranell, G. Active Oxidation and Fume Formation from Liquid SiMn. In 7th International Symposium
on High-Temperature Metallurgical Processing; Springer International Publishing: Cham, Switzerland, 2016;
pp. 77–84.

3. Ma, Y.; Kero, I.; Tranell, G. Fume Formation from Oxidation of Liquid SiMn Alloy. Oxid. Met. 2018, 89,
211–231. [CrossRef]

http://www.mdpi.com/1422-0067/20/3/740/s1
http://www.mdpi.com/1422-0067/20/3/740/s1
http://dx.doi.org/10.1080/15459624.2014.935783
http://www.ncbi.nlm.nih.gov/pubmed/25380385
http://dx.doi.org/10.1007/s11085-017-9780-y


Int. J. Mol. Sci. 2019, 20, 740 12 of 14

4. Kero, I.; Grådahl, S.; Tranell, G. Airborne Emissions from Si/FeSi Production. JOM 2017, 69, 365–380.
[CrossRef]

5. Kero, I.; Slizovskiy, D.; Wittgens, B.; Tranell, G. Fume Formation from Liquid Ferromanganese. In Sustainable
Industrial Processing Summit (SIPS)—Takano International Symposium on Metals and Alloys; Flogen Stars
Outreach: Antalya, Turkey, 2015.

6. Heusinkveld, H.J.; Wahle, T.; Campbell, A.; Westerink, R.H.S.; Tran, L.; Johnston, H.; Stone, V.; Cassee, F.R.;
Schins, R.P.F. Neurodegenerative and neurological disorders by small inhaled particles. Neurotoxicology 2016,
56 (Suppl. C), 94–106. [CrossRef] [PubMed]

7. Kreyling, W.G. Discovery of unique and ENM- specific pathophysiologic pathways: Comparison of the
translocation of inhaled iridium nanoparticles from nasal epithelium versus alveolar epithelium towards the
brain of rats. Toxicol. Appl. Pharmacol. 2016, 299, 41–46. [CrossRef] [PubMed]

8. Oberdorster, G.; Elder, A.; Rinderknecht, A. Nanoparticles and the brain: Cause for concern?
J. Nanosci. Nanotechnol. 2009, 9, 4996–5007. [CrossRef] [PubMed]

9. Cowan, D.M.; Fan, Q.; Zou, Y.; Shi, X.; Chen, J.; Aschner, M.; Rosenthal, F.S.; Zheng, W. Manganese exposure
among smelting workers: Blood manganese-iron ratio as a novel tool for manganese exposure assessment.
Biomarkers 2009, 14, 3–16. [CrossRef]

10. Cowan, D.M.; Zheng, W.; Zou, Y.; Shi, X.; Chen, J.; Rosenthal, F.S.; Fan, Q. Manganese exposure among
smelting workers: Relationship between blood manganese-iron ratio and early onset neurobehavioral
alterations. Neurotoxicology 2009, 30, 1214–1222. [CrossRef]

11. Dydak, U.; Jiang, Y.M.; Long, L.L.; Zhu, H.; Chen, J.; Li, W.M.; Edden, R.A.; Hu, S.; Fu, X.; Long, Z.;
et al. In vivo measurement of brain GABA concentrations by magnetic resonance spectroscopy in smelters
occupationally exposed to manganese. Environ. Health Perspect. 2011, 119, 219–224. [CrossRef]

12. Jiang, Y.; Zheng, W.; Long, L.; Zhao, W.; Li, X.; Mo, X.; Lu, J.; Fu, X.; Li, W.; Liu, S.; et al. Brain magnetic
resonance imaging and manganese concentrations in red blood cells of smelting workers: Search for
biomarkers of manganese exposure. Neurotoxicology 2007, 28, 126–135. [CrossRef]

13. Elder, A.; Gelein, R.; Silva, V.; Feikert, T.; Opanashuk, L.; Carter, J.; Potter, J.; Maynard, A.; Ito, Y.;
Finkelstein, J.; et al. Translocation of inhaled ultrafine manganese oxide particles to the central nervous
system. Environ. Health Perspect. 2006, 114, 1172–1178. [CrossRef] [PubMed]

14. Alarifi, S.; Ali, D.; Alkahtani, S. Oxidative Stress-Induced DNA Damage by Manganese Dioxide
Nanoparticles in Human Neuronal Cells. BioMed Res. Int. 2017, 2017, 5478790. [CrossRef] [PubMed]

15. Tuschl, K.; Mills, P.B.; Clayton, P.T. Manganese and the brain. Int. Rev. Neurobiol. 2013, 110, 277–312.
[PubMed]

16. Sarkar, S.; Malovic, E.; Harischandra, D.S.; Ngwa, H.A.; Ghosh, A.; Hogan, C.; Rokad, D.; Zenitsky, G.;
Jin, H.; Anantharam, V.; et al. Manganese exposure induces neuroinflammation by impairing mitochondrial
dynamics in astrocytes. Neurotoxicology 2018, 64, 204–218. [CrossRef] [PubMed]

17. Wu, J.; Wang, C.; Sun, J.; Xue, Y. Neurotoxicity of silica nanoparticles: Brain localization and dopaminergic
neurons damage pathways. ACS Nano 2011, 5, 4476–4489. [CrossRef] [PubMed]

18. Kretowski, R.; Kusaczuk, M.; Naumowicz, M.; Kotynska, J.; Szynaka, B.; Cechowska-Pasko, M. The Effects
of Silica Nanoparticles on Apoptosis and Autophagy of Glioblastoma Cell Lines. Nanomaterials 2017, 7, 230.
[CrossRef] [PubMed]

19. Boulay, A.C.; Gilbert, A.; Oliveira Moreira, V.; Blugeon, C.; Perrin, S.; Pouch, J.; Le Crom, S.; Ducos, B.;
Cohen-Salmon, M. Connexin 43 Controls the Astrocyte Immunoregulatory Phenotype. Brain Sci. 2018, 8, 50.
[CrossRef]

20. Pekny, M.; Wilhelmsson, U.; Pekna, M. The dual role of astrocyte activation and reactive gliosis. Neurosci. Lett.
2014, 565, 30–38. [CrossRef]

21. Liu, X.; Sui, B.; Sun, J. Blood-brain barrier dysfunction induced by silica NPs in vitro and in vivo:
Involvement of oxidative stress and Rho-kinase/JNK signaling pathways. Biomaterials 2017, 121, 64–82.
[CrossRef]

22. Ezan, P.; Andre, P.; Cisternino, S.; Saubamea, B.; Boulay, A.C.; Doutremer, S.; Thomas, M.A.; Quenech’du, N.;
Giaume, C.; Cohen-Salmon, M. Deletion of astroglial connexins weakens the blood-brain barrier. J. Cereb.
Blood Flow Metab. 2012, 32, 1457–1467. [CrossRef]

http://dx.doi.org/10.1007/s11837-016-2149-x
http://dx.doi.org/10.1016/j.neuro.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27448464
http://dx.doi.org/10.1016/j.taap.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26861261
http://dx.doi.org/10.1166/jnn.2009.GR02
http://www.ncbi.nlm.nih.gov/pubmed/19928180
http://dx.doi.org/10.1080/13547500902730672
http://dx.doi.org/10.1016/j.neuro.2009.02.005
http://dx.doi.org/10.1289/ehp.1002192
http://dx.doi.org/10.1016/j.neuro.2006.08.005
http://dx.doi.org/10.1289/ehp.9030
http://www.ncbi.nlm.nih.gov/pubmed/16882521
http://dx.doi.org/10.1155/2017/5478790
http://www.ncbi.nlm.nih.gov/pubmed/28596964
http://www.ncbi.nlm.nih.gov/pubmed/24209443
http://dx.doi.org/10.1016/j.neuro.2017.05.009
http://www.ncbi.nlm.nih.gov/pubmed/28539244
http://dx.doi.org/10.1021/nn103530b
http://www.ncbi.nlm.nih.gov/pubmed/21526751
http://dx.doi.org/10.3390/nano7080230
http://www.ncbi.nlm.nih.gov/pubmed/28825685
http://dx.doi.org/10.3390/brainsci8040050
http://dx.doi.org/10.1016/j.neulet.2013.12.071
http://dx.doi.org/10.1016/j.biomaterials.2017.01.006
http://dx.doi.org/10.1038/jcbfm.2012.45


Int. J. Mol. Sci. 2019, 20, 740 13 of 14

23. Thomassen, Y.; Ellingsen, D.G.; Hetland, S.; Sand, G. Chemical speciation and sequential extraction of
Mn in workroom aerosols: Analytical methodology and results from a field study in Mn alloy plants.
J. Environ. Monit. 2001, 3, 555–559. [CrossRef] [PubMed]

24. Williams, M.; Todd, G.D.; Roney, N.; Crawford, J.; Coles, C.; McClure, P.R.; Garey, J.D.; Zaccaria, K.; Citra, M.
Toxicological Profile for Manganese; Agency for Toxic Substances and Disease Registry: Atlanta, GA, USA, 2012.

25. Ordonez-Librado, J.L.; Gutierrez-Valdez, A.L.; Colin-Barenque, L.; Anaya-Martinez, V.; Diaz-Bech, P.;
Avila-Costa, M.R. Inhalation of divalent and trivalent manganese mixture induces a Parkinson’s disease
model: Immunocytochemical and behavioral evidences. Neuroscience 2008, 155, 7–16. [CrossRef] [PubMed]

26. Park, R.M.; Bouchard, M.F.; Baldwin, M.; Bowler, R.; Mergler, D. Respiratory manganese particle
size, time-course and neurobehavioral outcomes in workers at a manganese alloy production plant.
Neurotoxicology 2014, 45, 276–284. [CrossRef] [PubMed]

27. Murugadoss, S.; Lison, D.; Godderis, L.; Van Den Brule, S.; Mast, J.; Brassinne, F.; Sebaihi, N.; Hoet, P.H.
Toxicology of silica nanoparticles: An update. Arch. Toxicol. 2017, 91, 2967–3010. [CrossRef] [PubMed]

28. Alvarez, J.I.; Katayama, T.; Prat, A. Glial influence on the blood brain barrier. Glia 2013, 61, 1939–1958.
[CrossRef] [PubMed]

29. Banks, W.A. The blood-brain barrier in neuroimmunology: Tales of separation and assimilation. Brain Behav.
Immun. 2015, 44, 1–8. [CrossRef]

30. Campos-Bedolla, P.; Walter, F.R.; Veszelka, S.; Deli, M.A. Role of the blood-brain barrier in the nutrition of
the central nervous system. Arch. Med. Res. 2014, 45, 610–638. [CrossRef]

31. Finsterwald, C.; Magistretti, P.J.; Lengacher, S. Astrocytes: New Targets for the Treatment of
Neurodegenerative Diseases. Curr. Pharm. Des. 2015, 21, 3570–3581. [CrossRef]

32. Guillamon-Vivancos, T.; Gomez-Pinedo, U.; Matias-Guiu, J. Astrocytes in neurodegenerative diseases (I):
Function and molecular description. Neurologia 2015, 30, 119–129. [CrossRef]

33. Phatnani, H.; Maniatis, T. Astrocytes in neurodegenerative disease. Cold Spring Harb. Perspect. Biol. 2015, 7.
[CrossRef]

34. Hanada, S.; Fujioka, K.; Inoue, Y.; Kanaya, F.; Manome, Y.; Yamamoto, K. Cell-based in vitro blood-brain
barrier model can rapidly evaluate nanoparticles’ brain permeability in association with particle size and
surface modification. Int. J. Mol. Sci. 2014, 15, 1812–1825. [CrossRef] [PubMed]

35. Liu, D.; Lin, B.; Shao, W.; Zhu, Z.; Ji, T.; Yang, C. In vitro and in vivo studies on the transport of PEGylated
silica nanoparticles across the blood-brain barrier. ACS Appl. Mater. Interfaces 2014, 6, 2131–2136. [CrossRef]

36. Ye, D.; Anguissola, S.; O’Neill, T.; Dawson, K.A. Immunogold labeling reveals subcellular localisation of
silica nanoparticles in a human blood-brain barrier model. Nanoscale 2015, 7, 10050–10058. [CrossRef]

37. Barua, S.; Mitragotri, S. Challenges associated with Penetration of Nanoparticles across Cell and Tissue
Barriers: A Review of Current Status and Future Prospects. Nano Today 2014, 9, 223–243. [CrossRef] [PubMed]

38. Chen, C.J.; Liao, S.L. Oxidative stress involves in astrocytic alterations induced by manganese. Exp. Neurol.
2002, 175, 216–225. [CrossRef]

39. Erikson, K.M.; Dobson, A.W.; Dorman, D.C.; Aschner, M. Manganese exposure and induced oxidative stress
in the rat brain. Sci. Total Environ. 2004, 334–335, 409–416. [CrossRef] [PubMed]

40. Yin, Z.; Aschner, J.L.; dos Santos, A.P.; Aschner, M. Mitochondrial-dependent manganese neurotoxicity in rat
primary astrocyte cultures. Brain Res. 2008, 1203, 1–11. [CrossRef]

41. Zhou, M.; Xie, L.; Fang, C.J.; Yang, H.; Wang, Y.J.; Zhen, X.Y.; Yan, C.H.; Wang, Y.; Zhao, M.; Peng, S.
Implications for blood-brain-barrier permeability, in vitro oxidative stress and neurotoxicity potential
induced by mesoporous silica nanoparticles: Effects of surface modification. RSC Adv. 2016, 6, 2800–2809.
[CrossRef]

42. Arnoldussen, Y.J.; Kringlen Ervik, T.; Baarnes Eriksen, M.; Kero, I.; Skaug, V.; Zienolddiny, S. Cellular
reponses of industrially relevant silica dust on human glial cells in vitro. Int. J. Mol. Sci. 2019, 20, 358.
[CrossRef]

43. Almenar-Queralt, A.; Falzone, T.L.; Shen, Z.; Lillo, C.; Killian, R.L.; Arreola, A.S.; Niederst, E.D.; Ng, K.S.;
Kim, S.N.; Briggs, S.P.; et al. UV irradiation accelerates amyloid precursor protein (APP) processing and
disrupts APP axonal transport. J. Neurosci. 2014, 34, 3320–3339. [CrossRef]

44. Batarseh, Y.S.; Duong, Q.V.; Mousa, Y.M.; Al Rihani, S.B.; Elfakhri, K.; Kaddoumi, A. Amyloid-beta and
Astrocytes Interplay in Amyloid-beta Related Disorders. Int. J. Mol. Sci. 2016, 17, 338. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/b104479f
http://www.ncbi.nlm.nih.gov/pubmed/11785625
http://dx.doi.org/10.1016/j.neuroscience.2008.05.012
http://www.ncbi.nlm.nih.gov/pubmed/18565681
http://dx.doi.org/10.1016/j.neuro.2014.03.015
http://www.ncbi.nlm.nih.gov/pubmed/24721790
http://dx.doi.org/10.1007/s00204-017-1993-y
http://www.ncbi.nlm.nih.gov/pubmed/28573455
http://dx.doi.org/10.1002/glia.22575
http://www.ncbi.nlm.nih.gov/pubmed/24123158
http://dx.doi.org/10.1016/j.bbi.2014.08.007
http://dx.doi.org/10.1016/j.arcmed.2014.11.018
http://dx.doi.org/10.2174/1381612821666150710144502
http://dx.doi.org/10.1016/j.nrleng.2014.12.005
http://dx.doi.org/10.1101/cshperspect.a020628
http://dx.doi.org/10.3390/ijms15021812
http://www.ncbi.nlm.nih.gov/pubmed/24469316
http://dx.doi.org/10.1021/am405219u
http://dx.doi.org/10.1039/C5NR01539A
http://dx.doi.org/10.1016/j.nantod.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25132862
http://dx.doi.org/10.1006/exnr.2002.7894
http://dx.doi.org/10.1016/j.scitotenv.2004.04.044
http://www.ncbi.nlm.nih.gov/pubmed/15504526
http://dx.doi.org/10.1016/j.brainres.2008.01.079
http://dx.doi.org/10.1039/C5RA17517H
http://dx.doi.org/10.3390/ijms20020358
http://dx.doi.org/10.1523/JNEUROSCI.1503-13.2014
http://dx.doi.org/10.3390/ijms17030338
http://www.ncbi.nlm.nih.gov/pubmed/26959008


Int. J. Mol. Sci. 2019, 20, 740 14 of 14

45. Frost, G.R.; Li, Y.M. The role of astrocytes in amyloid production and Alzheimer’s disease. Open Biol. 2017, 7,
170228. [CrossRef] [PubMed]

46. Yang, X.; He, C.; Li, J.; Chen, H.; Ma, Q.; Sui, X.; Tian, S.; Ying, M.; Zhang, Q.; Luo, Y.; et al. Uptake of
silica nanoparticles: Neurotoxicity and Alzheimer-like pathology in human SK-N-SH and mouse neuro2a
neuroblastoma cells. Toxicol. Lett. 2014, 229, 240–249. [CrossRef] [PubMed]

47. Le, H.T.; Sin, W.C.; Lozinsky, S.; Bechberger, J.; Vega, J.L.; Guo, X.Q.; Saez, J.C.; Naus, C.C. Gap junction
intercellular communication mediated by connexin43 in astrocytes is essential for their resistance to oxidative
stress. J. Biol. Chem. 2014, 289, 1345–1354. [CrossRef] [PubMed]

48. Sin, W.C.; Aftab, Q.; Bechberger, J.; Leung, J.H.; Chen, H.; Naus, C.C. Astrocytes promote glioma invasion
via the gap junction protein connexin43. Oncogene 2016, 35, 1504–1516. [CrossRef]

49. Soroceanu, L.; Manning, T.J., Jr.; Sontheimer, H. Reduced expression of connexin-43 and functional gap
junction coupling in human gliomas. Glia 2001, 33, 107–117. [CrossRef]

50. Suadicani, S.O.; Flores, C.E.; Urban-Maldonado, M.; Beelitz, M.; Scemes, E. Gap junction channels coordinate
the propagation of intercellular Ca2+ signals generated by P2Y receptor activation. Glia 2004, 48, 217–229.
[CrossRef]

51. Arnoldussen, Y.J.; Anmarkrud, K.H.; Skaug, V.; Apte, R.N.; Haugen, A.; Zienolddiny, S. Effects of carbon
nanotubes on intercellular communication and involvement of IL-1 genes. J. Cell Commun. Signal. 2016, 10,
153–162. [CrossRef]

52. Jensen, K.; Kembouche, Y.; Christiansen, E.; Jacobsen, N.; Wallin, H.; Guiot, C. The Generic NANOGENOTOX
Dispersion Protocol. Standard Operation Procedure (SOP) and Background Documentation. Final Protocol
for Producing Suitable Manufactured Nanomaterial Exposure Media. Available online: https://www.anses.
fr/en/system/files/nanogenotox_deliverable_5.pdf. (accessed on 5 February 2019).

53. Phuyal, S.; Kasem, M.; Rubio, L.; Karlsson, H.L.; Marcos, R.; Skaug, V.; Zienolddiny, S. Effects on human
bronchial epithelial cells following low-dose chronic exposure to nanomaterials: A 6-month transformation
study. Toxicol. In Vitro 2017, 44, 230–240. [CrossRef]

54. Macintyre, E.H.; Wintersgill, C.J.; Thormar, H. The establishment of a line of visna virus-producing human
astrocytes (V-1181N1). Med. Res. Eng. 1972, 11, 7–13.

55. Arnoldussen, Y.J.; Skogstad, A.; Skaug, V.; Kasem, M.; Haugen, A.; Benker, N.; Weinbruch, S.; Apte, R.N.;
Zienolddiny, S. Involvement of IL-1 genes in the cellular responses to carbon nanotube exposure. Cytokine
2015, 73, 128–137. [CrossRef] [PubMed]

56. Opsahl, H.; Rivedal, E. Quantitative determination of gap junction intercellular communication by scrape
loading and image analysis. Cell Adhes. Commun. 2000, 7, 367–375. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1098/rsob.170228
http://www.ncbi.nlm.nih.gov/pubmed/29237809
http://dx.doi.org/10.1016/j.toxlet.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24831964
http://dx.doi.org/10.1074/jbc.M113.508390
http://www.ncbi.nlm.nih.gov/pubmed/24302722
http://dx.doi.org/10.1038/onc.2015.210
http://dx.doi.org/10.1002/1098-1136(200102)33:2&lt;107::AID-GLIA1010&gt;3.0.CO;2-4
http://dx.doi.org/10.1002/glia.20071
http://dx.doi.org/10.1007/s12079-016-0323-0
https://www.anses.fr/en/system/files/nanogenotox_deliverable_5.pdf.
https://www.anses.fr/en/system/files/nanogenotox_deliverable_5.pdf.
http://dx.doi.org/10.1016/j.tiv.2017.07.016
http://dx.doi.org/10.1016/j.cyto.2015.01.032
http://www.ncbi.nlm.nih.gov/pubmed/25748835
http://dx.doi.org/10.3109/15419060009109019
http://www.ncbi.nlm.nih.gov/pubmed/10830616
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Characteristics of the Dust 
	Cellular Responses of Exposure to SiMn Dust 

	Discussion 
	Materials and Methods 
	Generation of the SiMn Dust 
	Preparation of the Dust for Characterization and Cell Culture Experiments 
	SiMn Dust Characterization 
	Dynamic Light Scattering 
	Scanning Electron Microscopy 

	Cells and Cell Culture 
	Cytotoxicity Assay 
	Quantitative PCR (qPCR) for Measurement of APP Gene Expression 
	Detection of APP by Western Blot Analysis 
	Apoptosis Protein Array 
	Functional Assay of Gap Junctional Intercellular Communication (GJIC) by Scrape Loading 
	Statistics 

	References

