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ABSTRACT

Although, titanium dioxide nanoparticles (TiO;NPs) are nanomaterials commonly used in consumer
products, little is known about their hazardous effects, especially on central nervous systems. To examine
this issue, ALT astrocyte-like, BV-2 microglia and differentiated N2a neuroblastoma cells were exposed to
6 nm of 100% anatase TiO,NPs. A lipopolysaccharide (LPS) was pre-treated to activate glial cells before NP
treatment for mimicking NP exposure under brain injury. We found that ALT and BV-2 cells took up more
NPs than N2a cells and caused lower cell viability. TiO,NPs induced IL-1f in the three cell lines and IL-6 in
N2a. LPS-activated BV-2 took up more TiO,NPs than normal BV-2 and released more intra/extracellular
reactive oxygen species (ROS), IL-1, IL-6 and MCP-1 than did activated BV-2. Involvement of clathrin-
and caveolae-dependent endocytosis in ALT and clathrin-dependent endocytosis and phagocytosis in BV-
2 both had a slow NP translocation rate to lysosome, which may cause slow ROS production (after 24 h).
Although TiO;NPs did not directly cause N2a viability loss, by indirect NP exposure to the bottom
chamber of LPS-activated BV-2 in the Transwell system, they caused late apoptosis and loss of cell
viability in the upper N2a chamber due to H,0, and/or TNF-a. release from BV-2. However, none of the
adverse effects in N2a or BV-2 cells was observed when TiO,;NPs were exposed to ALT-N2a or ALT-BV-2
co-culture. These results demonstrate that neuron damage can result from TiO,NP-mediated ROS and/or
cytokines release from microglia, but not from astrocytes.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Titanium dioxide nanoparticles (TiO;NPs), due to good antimi-
crobial activity and high UV-absorption, are frequently used in
personal-care products, such as sunscreens, lotions, shampoos, lip
balm and toothpaste, or even as a food additive [1—6]. As a result of
their prevalence, many studies have evaluated potential toxicity
and toxic mechanisms of TiO,NPs through in vivo and in vitro

Abbreviations: TiO,NPs, titanium dioxide nanoparticles; LPS, Lipopolysaccha-
rides; ROS, reactive oxygen species; CNS, central nervous system; AD, Alzheimer’s
disease; PD, Parkinson’s disease; AP, amyloid-B; iNOS, inducible nitric oxide syn-
thase; TEM, transmission electron microscope; IBMX, isobutylmethylxanthine; FI,
fluorescence intensity; CPZ, chlorpromazine hydrochloride; MDC, mono-
dansylcadaverine; PAO, phenylarsine oxide; ICP-MS, inductively coupled plasma
mass spectrometry.
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studies in order to understand safety risks to humans [7].

In vivo studies have indicated that TiO;NPs would translocate
into central nervous system (CNS) and have been detected in brain,
mainly in the hippocampus, introduced by oral [8], intragastric [9]
or intravenous (IV) injection [10,11]. Compared with other organs
(liver, spleen, lung and kidney), the level of NP translocation to
brain was relatively low [10]. However, NPs might exhibit a longer
half-life in brain than in other organs. For instance, 80—150 nm
TiO2NPs could be detected in brain after 5 days of repeated intra-
venously applied doses and for 90 days of recovery [10]. Exposure
to 5 nm of anatase TiO;NPs in mouse brain resulted in decreased
enzyme activity and neurotransmitter release, increased inflam-
mation in gene expression (TNF-a, NF-kB, IL-1B, etc.), and signifi-
cantly impaired spatial memory behavior [9,12]. Therefore,
potential health risks to the brain exist when exposed to TiO,NPs.

The brain consists of neurons and other glial cells (astrocytes,
microglia, and oligodendrocytes). To recognize mechanisms of
nanoparticle-induced neurotoxicity, the individual effect of
TiO2NPs on each kind of cell has been studied [ 13—17]. For example,
25 nm of anatase TiO;NPs induced S-phase cell-cycle arrest,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbi.2016.05.024&domain=pdf
mailto:ilunshiou@gmail.com
mailto:a03039595@hotmail.com
mailto:s9812805@m98.nthu.edu.tw
mailto:d944530@oz.nthu.edu.tw
mailto:cychuang@mx.nthu.edu.tw
mailto:cfwang@mx.nthu.edu.tw
mailto:yjhuang@mx.nthu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbi.2016.05.024&domain=pdf
www.sciencedirect.com/science/journal/00092797
www.elsevier.com/locate/chembioint
http://dx.doi.org/10.1016/j.cbi.2016.05.024
http://dx.doi.org/10.1016/j.cbi.2016.05.024
http://dx.doi.org/10.1016/j.cbi.2016.05.024

L.-L. Hsiao et al. / Chemico-Biological Interactions 254 (2016) 34—44 35

apoptosis/necrosis and DNA damage, while not causing loss of
viability or reactive oxygen species (ROS) production, in human
SHSY5Y neuron cells [18]. On the other hand, reports show that
<50 nm TiO,NPs could induce strong oxidative stress, lipid per-
oxidation, mitochondria disruption and damage, and apoptosis in
human astrocytoma (U373) and rat microglia cells (C6) [19,20].
However, significantly less is known about the effects of TiO,NPs in
cell-cell interaction.

Cell-cell interaction plays a pivotal role in the development of
neurodegenerative disease, such as Alzheimer’s (AD) and Parkin-
son’s disease (PD). For instance, in AD, production and deposition of
amyloid-f (AB) have been shown to quickly increase intracellular
Ca”* in astrocytes, which leads to mitochondrial depolarization and
ROS production, causing neuronal death in astrocyte-neuron
interaction [21,22]. The AP also activated a nuclear factor-kappaB
(NFkB) dependent pathway required for cytokine production. It
also induced TNF-a release and led to iNOS-dependent neuronal
apoptosis in microglia-neuron interaction [23]. In astrocytes-
microglia interaction, Af-induced ATP release from astrocyte,
which triggered TNF-a. release from microglia, thus inducing a
proliferation of migration of microglia towards the injury site
[24,25].

Recent studies have found that either magnetic or silver NPs are
taken up mainly by astrocytes or microglia, not by neurons [26,27].
Thus, effects of TiO,NPs on microglia and astrocytes may play
important roles in the toxic mechanisms of NPs in CNS, which
strengthens the need to study their effects in neuron-glia interac-
tion. So far, few studies have found that TiO;NP-induced ROS or
cytokine release from microglia might damage neurons [28,29].
However, almost none of the study reports discuss astrocyte-
neuron and astrocyte-microglia interaction in the treatment of NPs.

Moreover, it is also essential to study cellular uptake mecha-
nisms and lysosomal translocation of TiO,NPs in the glia cells
because the interaction between NPs and the lysosomal compart-
ment has been regarded as an emerging mechanism for nano-
material toxicity [30]. On the other hand, as microglia and astrocyte
activation occur following almost all CNS pathologies, such as AD
and PD, it is also crucial to understand if NP exposure promotes
more serious responses under activated state.

In this study, we assumed that neurons could be damaged
indirectly by soluble factors (NO, ROS, cytokines) in microglia or
astrocytes through high amounts of TiO,NP uptake by endocytosis
pathways. Indirect effects could be enhanced in the activated state
of glial cells. To confirm this hypothesis, toxic responses of 6 nm of
100% anatase TiO,NPs to murine brain astrocyte-like (ALT),
immortalized microglia (BV-2) and differentiated neuroblastoma
(N2a) cells were studied. Cell viability, cell-death process (N2a),
uptake, intracellular ROS, extracellular nitric oxide (NO) and H,0»,
and cytokines (IL-1f, IL-6, TNF-a, and MCP-1) release in mono-
culture were first analyzed. The uptake mechanisms of TiO,NPs
and NP-lysosome co-localization in ALT, BV-2 and activated BV-2
were also studied. Indirect effects of TiO,NPs on N2a or BV-2
were studied via ALT-N2a, BV-2-N2a and ALT-BV-2 co-culture us-
ing the Transwell® system. Cell viability of N2a, or BV-2, and cell-
death process of N2a were used for identifying cell damage. Cell
uptake, intracellular ROS and cytokines release in both chambers
were analyzed. The effects of TiO,NP in activated states of the three
cell lines were investigated by co-administration of lipopolysac-
charides (LPS).

2. Materials and methods
2.1. Nanoparticle source

Alkali-modified TiO,NPs were synthesized in this study. The

alkali modification process has been shown to increase the density
of surface hydroxyl groups on the TiO,, and then enhance the
dispersion and photocatalytic activity [31]. First, 1 g of TiO; com-
mercial nanopowder (ST-01, 100% anatase, Ishihara Corporation,
Japan) was dispersed in a 100 mM H0, and 8 M NaOH mixed
aqueous solution. The crystalline diameter of the nanopowder was
7 nm. Then, the suspension was heated to 50 °C and kept for 24 h.
After centrifugation at 8000 rpm for 20 min, the particles were
washed twice with de-ionized water and re-dispersed in a 1.6 M
HNOj3 solution. The suspension was stirred for 3 h, and then
centrifuged at 13,500 rpm for 20 min. After three washes with de-
ionized water, the TiO,NPs were dried at 60 °C and re-dispersed in
water for subsequent experiments. Solutions had good stability in
storage for at least six months at 4 °C.

2.2. Nanoparticle physicochemical characterization

Before characterizing NP in water or cell medium, TiO,NP stock
solution (4000 pug/mL) was first ultrasonicated at 400 W for 10 min
(DC400H, DELTA New Instrument Ltd., Taiwan) at 25 °C to achieve
optimal dispersion. The size and morphology of the NPs in stock
solution were analyzed using a JEM2100 transmission electron
microscope (TEM) (JEOL, Japan). The hydrodynamic size and sur-
face charge of the NPs in water and cell medium (Dulbecco’s
Modified Eagle’s Medium, DMEM) with HEPES and L-Glutamine
(Gibco® Invitrogen, CA) supplemented with 10% Fetal Bovine Serum
(FBS) (Biological Industries, Israel)] was monitored using a Zeta-
sizer Nano ZS apparatus (Malvern Instruments, UK). For measure-
ments, particles were diluted to 100—5 pg/mL. To observe the
stability of NPs in cell media, variations in size after 24 h of incu-
bation were monitored.

2.3. Monoculture, LPS treatment and TiO,NP exposure

Murine brain astrocyte-like ALT (BCRC 60581, Taiwan), murine
microglial BV-2 cells (ATL0O3001, ICLC, Genova, Italy) and murine
neuroblastoma Neuro-2a (N2a) cells (BCRC 60026, Taiwan) were
used in the study. N2a cells were cultured in high-glucose DMEM
with -Glutamine supplemented with 10% FBS, 1% penicillin-
streptomycin (Biological Industries, Israel), and 1% sodium pyru-
vate (Invitrogen, CA). ALT cells and BV-2 cells were cultured in the
same medium as N2a cells, but without 1% sodium pyruvate. For
differentiation, N2a cells were treated with 30 pM forskolin and
200 puM isobutylmethylxanthine (IBMX) (Sigma-Aldrich, St. Louis,
MO, USA) in DMEM supplemented with 1% FBS for 2 days after 1
day of attachment [32]. Three cell lines were cultivated at 37 °C, 5%
CO, and 95% relative humidity.

Cells were seeded and attached for 24 h (9 x 10° cells/cm? for
ALT and BV-2; 5 x 102 cellsjcm? for N2a). To induce inflammation
responses prior to NP treatment, cells were pre-treated with LPS
from Escherichia coli 055:B5 (Sigma-Aldrich, St. Louis, MO,
USA)(0.2 pg/mL for BV-2 cells and 2 pg/mL for ALT and N2a cells) in
serum-free DMEM medium for 6 h. For non-LPS group, cells were
incubated only in serum-free medium. TiO,NPs were first diluted to
an indicated concentration (200—10 pg/mL) in DMEM/20%FBS, and
then the same volume of NP suspensions as pre-treatment use
were added to achieve final concentration of LPS (0.1 pg/mL for BV-
2 cells and 1 pg/mL for ALT and N2a cells) and TiO,NPs (100—5 nug/
mL) in DMEM/10%FBS medium.

2.4. Co-culture, LPS treatment and TiO;NP exposure
For co-culture of ALT and N2a/BV-2 and N2a, N2a cells

(5 x 103 cells/cm?) were first seeded in the upper chamber (insert)
of 24-well or 6-well Transwell plates (0.4 pm pore size, polyester



36 L.-L. Hsiao et al. / Chemico-Biological Interactions 254 (2016) 34—44

membrane) (Corning Inc. MA, USA)). After 24 h of attachment, cells
were differentiated by forskolin and IBMX for 2 days. On the third
day, ALT cells (9 x 103 cells/cm?) or BV-2 cells (1.6 x 107 cells/cm?)
were seeded in separate 24-well or 6-well plates. After 24 h of
attachment, the inserts and culture plates which contained differ-
entiated N2a cells and ALT or BV-2, respectively, were combined
before following LPS or NP exposure. For ALT and BV-2 co-culture,
BV-2 cells (1 x 10% cells/cm?) and ALT (9 x 103 cells/cm?) were
seeded separately in upper and bottom chambers of the Transwell,
respectively. After 24 h of attachment, the inserts and culture plates
were combined together before following up with LPS or NP
exposure. Cell density for the three co-cultured systems was
determined by the ratio between the initial number of seeding cells
which should be equal to 10% neuron, 9—18% microglia, and
72—81% astrocytes, and which corresponds to the cell ratio in a
human brain [33,34]. To induce inflammation responses prior to NP
treatment, bottom chamber cells were pre-treated with LPS (0.2 pg/
mL for BV-2-N2a and ALT-BV-2 and 2 pg/mL for ALT-N2a co-culture
system) in serum-free DMEM medium for 6 h. For the non-LPS
group, cells were incubated only in a serum-free medium. Then,
the same volume of NP suspensions for pre-treatment use were
added to achieve final concentrations of LPS (0.1 pg/mL for BV-2-
N2a and ALT-BV-2 co-culture system and 1 pg/mL for ALT-N2a co-
culture system) and TiO,NPs (100 and 30 pg/mL) in DMEM/10%FBS
medium in bottom chamber. In inserts, an equal volume of fresh
DMEM/20%FBS as serum-free medium was added.

2.5. Cell viability

After 24 and 48 h of TiO,NP exposure, all NP suspensions were
discarded and alamarBlue® (AbD Serotec, Kidlington, UK) was
added. Briefly, the alamarBlue® reagent was mixed 1:10 with fresh
DMEM/10%FBS, followed by a 1.5 h incubation at 37 °C. For co-
culture system, cells in insert and bottom chambers were incu-
bated 1.5 h separately in alamarBlue/DMEM/10%FBS mixture (e.g.,
inserts were moved into fresh well plates). Results were evaluated
by monitoring fluorescence at excitation wavelengths of 530 nm
with emissions at 590 nm using a top reading mode (Synergy HT,
BioTek, USA). The top reading mode prevented signal collection
from adherent cells, which minimized interference from intracel-
lular NP. Cell viability was calculated using the expression (fluo-
rescence intensity (FI) of test sample-FI of reagent blank)/(FI of
untreated control-FI of reagent blank) x 100.

2.6. Cell death process of N2a

Cell death process was evaluated for direct and indirect effects
of TiO,NPs on differentiated N2a cells. For direct exposure, N2a cells
(5 x 103 cells/cm?) were seeded in 6-well culture plates. For indi-
rect exposure, the co-culture groups of ALT-N2a and BV-2-N2a were
prepared based on above-mentioned procedures. Live, necrotic,
early- and late-apoptotic cells were distinguished using an Annexin
V-FITC/propidium iodide (PI) assay kit (biotool.com, Houston, TX,
USA). Sample preparation was conducted according to the manu-
facturer’s protocol. Fluorescence channel FITC and PerCP-Cy5.5
were used to detect Annexin V and PI in BD FACSCanto II flow cy-
tometer (BD Biosciences, San Jose, CA, USA), with 10,000 cells
collected. Data was analyzed using Flowing Software 2.

2.7. NP uptake potential and quantification

Uptake potential of TiO,NPs was measured by flow cytometry
light-scatter analysis developed by Suzuki et al. [35]. After 24 h of
NP exposure, suspensions were removed and the cells were rinsed
three times with phosphate-buffered saline (PBS). Next, the cells

were harvested. Evaluation of geometric mean SSC intensity was
carried out using a FACSCanto II, and data were analyzed using
Flowing Software 2. Data was calculated using the expression (SSC
intensity of test sample)/(SSC intensity of untreated control or LPS-
only treated control) x 100.

2.8. Intracellular ROS

Production of Hy0,, a major intracellular ROS, was measured
using 2',7’-dichlorofluorescin diacetate (DCFH-DA, Sigma-Aldrich,
MO, USA) as a reactive fluorescent probe. The intracellular ROS
and uptake potential could be measured simultaneously [36]. The
DCFH-DA working solution, obtained after diluting 20 mM DCFH-
DA of stock solution (in methanol) to 10 uM in serum and phenol
red-free DMEM, was added to each collected cell, followed by in-
cubation for 30 min at 37 °C. The solution was then centrifuged
(200g, 5 min) and the supernatant was removed. Prior to mea-
surement, the cells were re-suspended in PBS. Then 2 mM of H,0,
were treated for 15 min before the end of NP exposure as a positive
control. Fluorescence was determined at 528 nm after excitation at
488 nm using a FACSCanto II flow cytometer, with 10,000 cells
collected. Data was analyzed using Flowing Software 2. About 50%
of cell total that had higher fluorescence intensity in the control
sample were gated by histogram analysis. Any increased or
decreased distribution of fluorescence intensity from other samples
would get a higher or lower percentage of cells within the gating
range.

2.9. Extracellular NO and H,0,

Cells (1 x 10* cells/cm? for ALT and BV-2) were first seeded in
24-well plates. After 4 and 24 h TiO,NP exposure, the 0.5 mL sus-
pensions were collected. To avoid interference, most of the serum
in suspensions was removed using 10 kDa molecular weight cut-off
filters (Pall Corp., NY, USA) with 14,000 g centrifugal force at 4 °C.
Then, aliquot of samples (20 pL for Nitrite assay; 5 pL for HyO,
assay) were used based on the manufacturer’s protocols (Nitrate/
Nitrite fluorometric assay kit, Cayman Chemical Company, MI;
Hydrogen peroxide fluorescent detection kit, Arbor Assays, MI,
USA). After performing the assays, results were evaluated by
monitoring fluorescence at an excitation wavelength of 360 nm
with emission at 430 nm for nitrite assay, and an excitation
wavelength of 560 nm with emission at 590 nm for hydrogen
peroxide assay.

2.10. Chemokine/cytokine detection

Supernatants, which were collected from well plates (mono-
culture) or from bottom and upper Transwell chambers (co-cul-
ture) were used for cytokine measurement. They were stored in
—80 °C until used. Pro-inflammatory mediators IL-18, IL-6, TNF-o,
and MCP-1 were measured by a commercially available ELISA
Development Kit (eBioscience, Inc. CA, USA) according to the
manufacturer’s protocol.

2.11. Uptake mechanisms

For endocytic pathway inhibition experiments, ALT, BV-2, and
LPS-activated BV-2 cells were pre-incubated for 30 min with
different inhibitors at the following concentrations: genistein
(100 uM), filipin III (1.5 uM for ALT; 7.5 pM for BV-2), amiloride
hydrochloride (100 uM), chlorpromazine hydrochloride (CPZ)
(14 uM), monodansylcadaverine (MDC) (75 puM) and phenylarsine
oxide (PAO) (0.006 uM for ALT; 0.3 uM for BV-2) (all from Sigma-
Aldrich, St. Louis, MO, USA). TiO,NPs were then added and
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incubated for 1.5 h. After exposure, the suspensions were discarded
and cells were washed twice with PBS. Finally, cells were trypsi-
nized and harvested. To count the cell concentration, 10 pL of sus-
pension was taken from harvested cells. After centrifugation (250g,
5 min), supernatant was discarded and the cell pellet was acidified
with 1 mL HNO3s, plus 2 mL 5%HF. Suspensions were then digested
at 70 °C for 24 h and filled to 15 mL with 10 ppb of Y as internal
standard before analysis. 4’Ti and 8Y analysis was conducted using
a quadrupole ICP-MS (Agilent 7500a, USA). Prior to the experiment,
we had analyzed the cytotoxicity of the inhibitors after 2.5 h by
alamarBlue® and used only sub-cytotoxic doses (cell viability
higher than 80%) (data not shown). BODIPY-LacCer (lactosylcer-
amide complexed to BSA, 0.5 uM) (for Genistein and Filipin),
Transferrin-Alexa Fluor 488 (0.25 pg/mL) (for CPZ and MDC) and
Dextran-Oregon Green 488; 70,000 MW (12 ug/mL) (for Amiloride
and PAO) (all from Life Technologies, CA, USA) were used as control
substrates to measure the efficiency of inhibitors. The inhibitors
were pre-incubated for 30 min, and then the substrate was added
and incubated for 2 h. Fluorescence was determined at 528 nm
after excitation at 488 nm using a FACSCanto Il flow cytometer, with
10,000 cells collected.

2.12. Lysosome tracking

Cells were treated with TiO,NP (25 pug/mL) suspensions for 8, 16,
and 24 h after seeding 5.2 x 10> cells/cm? on coverslips in 12-well
culture plates. After incubation, 500 nM LysoTracker Green DND-26
(Life Technologies, CA, USA) was added and incubated at 37 °C for
10 min (for ALT) or 20 min (for BV-2 and LPS-activated BV-2). Cells
were washed with PBS three times, then fixed with 4% para-
formaldehyde (PFA) in PBS for 20 min at room temperature. Cov-
erslips were covered by ProLong® antifade mountant with 4’,6-
diamidino-2-phenylindole (DAPI) (Life Technologies, CA, USA) for
nuclei staining. Images were obtained from the combination of
fluorescence and dark field microscopy with 60 x Plan Fluor with
an iris diaphragm (Nikon Ti—U series microscopy, Japan).

2.13. Quantifying TiO,NPs in cells after direct or indirect exposure

Cells (5 x 103 cells/cm? for N2a; 1 x 10% cells/cm? for BV-2) were
seeded in the insert of 6-well Transwell plates (indirect exposure)
or 6-well plates (direct exposure). After attachment and differen-
tiation, cells were incubated in serum-free medium for 6 h. Then, a
final concentration of TiO,NPs (100 pg/mL) was added in the lower
chamber of Transwell plates, or culture plates, and incubated for
24 h. The NP suspensions were then discarded and cells were
washed with PBS three times. Procedures for ICP-MS quantification
of NPs in cells were the same as in the uptake mechanisms study
(2.11).

2.14. Statistics

Significant differences between control/LPS-only group and
treatment groups were analyzed in GraphPad Prism (version 5.02)
by one-way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison post-tests. For two-group comparison, Stu-
dent’s unpaired t—test was used. p < 0.05 was considered statisti-
cally significant.

3. Results
3.1. NP physicochemical characterization

From TEM images, the geometric mean primary size of TiO,NPs
was 5.8 nm, while they formed several agglomerates with sizes

between 30 and 60 nm (Fig. S1). Dynamic laser scattering (DLS)
measurement showed that TiO,NPs was 44.4 and 92 nm in water
and culture medium respectively, and had good stability after 24 h
(Table 1, Figs. 1 and S2). TiO,NP particles had a positive surface
charge (zeta potential) in water and negative charge in cell media
(Table 1). The positive charge of alkali-modified TiO,NPs in water is
mainly due to remaining acid (HNOs) in stock solution. On one
hand, the initial DLS sizes of TiO,NPs decreased with the decrement
of concentration (Fig. 1), which might be explained by different
ratios between TiO,NPs and DMEM/10%FBS medium.

3.2. Direct effects: cytotoxicity of TiO,NPs

Fig. 2A shows the cell viability of ALT, BV-2 and differentiated
N2a cells after 24 h exposure. TiO;NPs had a dose- and cell type-
dependent toxicity. They caused the highest cytotoxicity on ALT,
followed by BV-2, and the least on differentiated N2a. Uptake po-
tential was then analyzed by flow cytometry. The uptake profiles
were clearly dose- and cell dependent (Fig. 2B). ALT and BV-2 took
up similar amounts of TiO;NPs, and were higher than that in N2a.
The intracellular ROS of three cell lines were measured using the
DCFH-DA assay. ROS was significantly induced in ALT and BV-2 at
100 pg/mL after 24 h (Fig. 2C), while not induced in the three cell
lines after 4 h (Fig. S3). No ROS was induced in N2a after 4 or 24 h of
exposure (Fig. 2C, S3). The cell viability correlated well with the ROS
production in the three cell types. IL-1f, IL-6, TNF-a, and MCP-1
were selected as inflammation markers because these mediators
play a major role in prevention, but also enhance brain damage.
TiO,NPs induced IL-1f from all three cell lines and IL-6 from N2a
cells (Fig. 3A, B).

Treatment of LPS caused mild toxicity in ALT (85%) and BV-2
(74%) cells, while not showing toxicity in N2a (Fig. 2A). After co-
treatment of TiO;NPs with LPS for 24 h, the cell viabilities were
similar to NP-only treatment groups on ALT and N2a. Compared
with the LPS-only group, no significant decrease of cell viability was
found in BV-2 when co-treated with LPS and TiO,NPs (Fig. 2A). On
the other hand, LPS-activated BV-2 cells took up larger amounts of
TiO,NPs than normal BV-2 cells, while there were no differences in
NP uptake between LPS-treated and un-treated ALT and N2a cells
(Fig. 2B). LPS induced intracellular ROS in BV-2 after 24 h, and was
more enhanced after co-treatment with TiO,NPs (Fig. 2C). Similar
synergetic results could be found in the 4 h data (Fig. S3). LPS
induced IL-6 in BV-2 and N2a, TNF-« in BV-2, and MCP-1 release in
ALT and BV-2 (Fig. 3A—C, S4). Moreover, the induction was
enhanced after co-treatment with TiO,NPs in N2a (IL-1f), ALT (IL-
18) and BV-2 (IL-1B, IL-6 and MCP-1) (Fig. 3A—C), which especially
correlated well with above-mentioned ROS release results in BV-2
(Fig. 2C).

3.3. Direct effects: cell death progress of differentiated N2a

The cell death progress of neurons was measured because the
apoptosis cascades are involved in Alzheimer’s disease and other
human neurological disorders [37]. The cell death process of
differentiated N2a cells after direct TiO,NP exposure for 24 h was
detected by Annexin V/PI staining. The results are shown in Fig. 4.
TiO2NPs or TiO;NP-LPS induced late apoptosis and decreased viable

Table 1
Hydrodynamic diameters (Z-Average) and surface charges of TiO,NPs in water and
DMEM/10%FBS at 0 h incubation (Concentration of TiO,NPs: 100 pug/mL).

Samples Media DLS size (nm) pdl Zeta potential (mV)
TiO,NPs Water 444 + 0.2 0.15 471
DMEM/FBS 91.5+23 0.60 -144
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Fig. 1. Stability of TiO,NPs in DMEM/10%FBS. Dynamic light scattering measurements
were done at 0 and 24 h for AgNPs in different NP concentrations. The hydrodynamic
size (Z-Ave) decreased with the decrement of the NP concentration.

cells of differentiated N2a cells. No significant difference was
observed between LPS-only and control groups.

3.4. Direct effects: uptake mechanisms and lysosome trafficking in
ALT and BV-2

Since TiO;NPs were mainly taken up by astrocyte-like cells,
microglia and LPS-activated microglia, we studied the mechanisms
of NP uptake in those cells. This could be helpful to predict the
portion and velocity at which NPs can enter into lysosome, an
important place to trigger ROS. General active uptake mechanisms,
including clathrin-dependent, caveolae-dependent endocytosis,
macropinocytosis and phagocytosis were considered. Inhibitors
genistein, filipin (for caveoleo-dependent), chlorpromazine, MDC
(for clathrin-dependent), amiloride (for micropinocytosis) and PAO
(for phagocytosis/clathrin-dependent endocytosis) were used. We
have analyzed the efficiency of these inhibitors in our cell systems
by wusing transferrin (clathrin-dependent), lactosylceramide
(LacCer) (caveoleo-dependent) and dextran-70000 MW (for the
other two pathways) as substrates [38,39] (data not shown). Fig. 5
shows analysis of uptake mechanisms of TiO,NPs using different
inhibitors. Genistein and MDC could decrease the uptake of
TiO;NPs in ALT, which blocked caveolae and clathrin-mediated
endocytosis (Fig. 5A). Moreover, chlorpromazine and PAO inhibi-
ted the uptake of TiO,NPs in BV-2, which blocked clathrin-
dependent and phagocytosis pathways (Fig. 5B). Genistein, chlor-
promazine, MDC and PAO decreased the uptake of TiO,NPs in LPS-
activated BV-2, which means all pathways were involved except
micropinocytosis (Fig. 3C).

Whether or not TiO,NPs translocate into lysosome relates to its
toxicity. One reason is that NPs may induce ROS from lysosome,
which is a major source of cellular ROS release [40]. To elucidate
intracellular tracking of NPs, we investigated co-localization of
internalized TiO,NPs with Lysotracker Green which stains acidic
compartments, such as late endosomes and lysosomes. To view
NPs, we used dark-field microscopy [41]. A high co-localization
between TiO,NPs and lysosomes could be observed only after 16
and 24 h for ALT, BV-2 and LPS-activated BV-2 (Fig. 6); not after 8 h
of exposure (data not shown).

3.5. Direct effects: extracellular H>O, and NO production from ALT
and BV-2

Here, extracellular H,0; and nitrite released from BV-2 and ALT
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Fig. 2. Direct effects of TiO,NPs with (+) or without LPS co-treatment in ALT, BV-2
and differentiated N2a cells after 24 h. (A) cell viability; (B) uptake potential; (C)
intracellular ROS release. Data are presented as means + SD (for cell viability n = 4; for
others n = 3). (*) Significantly different from the control group. (®) Significantly
different from the LPS-only treatment group. (#) Significantly different between two
treatment groups.

were measured. After 24 h, BV-2 cells released significant amounts
of H,0O, in response to the presence of TiO,NPs (Fig. 7A). After 4 and
24 h, LPS-activated BV-2 cells released significant H,O, into me-
dium, and co-treatment of TiO,NPs enhanced the release (Figs. S5
and 7). LPS-activated microglia released significant NO into me-
dium, but co-treatment with TiO,NPs did not change the release
level (Fig. 7B). The results suggest that TiO,NPs might induce either
extracellular H,O; release from BV-2 or LPS-activated BV-2, and
indirectly damage N2a cells.

3.6. Indirect effects: cytotoxicity of TiO,NPs to N2a in ALT-N2a and
BV-2-N2a co-culture

To confirm the above-mentioned hypothesis, a co-culture
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experiment between ALT/BV-2 and N2a was conducted using
Transwell system. Basically, three types of co-cultured systems
were used frequently: (1) a conditioned medium-transfer system
(2) a direct co-culture system allowing cell-cell contact and
communication, and (3) a Transwell® system, which allows
communication through diffusible and soluble factors with no cell
contact [42]. We selected the Transwell system not only because it
allows cell-cell simultaneous interaction, thus avoiding loss of short
half-life species, such as ROS, when using a conditioned medium
transfer system, but it also distinguishes the effects on different
kinds of cells after TiO,NP exposure. To demonstrate the indirect
TiO,NP effects on N2a cells, it is essential to prove significantly less
uptake of TiO,NPs in the N2a cells of the Transwell system, which
minimized direct NP effects. We thus compared the amount of
TiO;NPs in each N2a cell between direct and indirect exposure at
the same concentration by ICP-MS (Fig. S6A). The indirect exposure
showed only 23.5% of Ti compared with direct exposure in N2a
(Fig. S6B). Indirect exposure of 100 pg/mL TiO,NPs to ALT or BV-2

did not induce more early- or late-apoptotic N2a cells (Fig. 8).
However, indirect exposure of TiO,NPs with LPS induced more late
apoptotic N2a cells in BV-2-N2a co-culture (Fig. 8), which was more
serious than the LPS-only effects on the N2a in the same co-culture
system (early apoptosis). Corresponding to the cell death process,
viability of N2a was not affected after indirect TiO,NP exposure in
ALT-N2a co-culture (Fig. S7A). The intracellular ROS was even
inhibited in N2a cells for both TiO,NP and TiO,NP-LPS co-treatment
groups (Fig. S7B). TiO;NPs inhibited IL-6, but induced MCP-1
release in both ALT and N2a supernatant (Fig. S7E, G). However,
there was no further secretion of both cytokines for TiO,NP-LPS co-
treatment groups. On the other hand, viability of N2a decreased
significantly to 58% and 64% when the TiO,NPs were co-treated
with LPS to BV-2 at 30 and 100 pg/mL (Fig. S7B), which also cor-
responds to the cell death progression results. In addition, intra-
cellular ROS were induced in both BV-2 and N2a cells for TiO,NP-
LPS co-treatment groups (Fig. S7D). IL-6, MCP-1 and TNF-a release
in supernatant of both chambers were also induced and enhanced
for TiO,NP-LPS co-treatment groups (Fig. S7F, H, I).

3.7. Indirect effects: cytotoxicity of TiONPs to BV-2 in ALT-BV-2 co-
culture

In addition to indirect effects of TiO,NPs on N2a, we also
investigated their indirect effects on BV-2 cells in a co-culture of
ALT cells. The amount of Ti in each BV-2 cell for direct and indirect
exposure was compared (Fig. S6). Indirect exposure showed only
9.1% of Ti compared to direct exposure in each BV-2 (Fig. S6B). In-
direct exposure of TiO,NPs or TiO,NP-LPS did not cause any further
toxicity to microglia (Fig. S8A). Corresponding to the cell viability
results, no ROS could be induced (Fig. S8B). Figs. SSC—E show the
level of IL-6, TNF-a and MCP-1 in the ALT- and BV-2-containing
chambers’ supernatants. Only indirect exposure of 30 pg/mL
TiO;NPs with LPS induced more TNF-u« release in the chambers
containing BV-2 (Fig. S8D).

4. Discussion

4.1. Astrocytes and microglia are more susceptible than neurons to
TiO,NPs

In our study, 6 nm of TiO,NPs caused the highest cytotoxicity on
astrocyte-like cells, followed by microglia, and the least on neuron-
like cells, which correlated well with uptake and intracellular/
extracellular ROS release results. Similar to our study, degussa P25
TiO,NPs caused neurotoxicity and stimulation of ROS in BV-2 while
showing nontoxicity to isolated N27 neurons [29]. In a mixed
neuron and astrocyte cell model, Haase et al. found that astrocytes
took up much more 20 nm peptide-coated AgNPs compared with
neurons, and also more vulnerable to NPs than neurons [27].
Generation of ROS also was found in mixed primary cortical cell in
the same report. Astrocytes and microglia account for about 90% in
CNS system. Astrocytes are found in the BBB, and are more easily
exposed to NPs than other brain cells. Thus, our findings suggest
that toxic mechanisms of NPs in CNS may arise from glia cells, not
neurons.

4.2. Activated microglia take up large amounts of TiO,NPs and
induce more ROS

Most studies have examined the uptake and toxicity of activated
microglia on magnetic NPs because they have a wide application as
magnetic resonance imaging contrast agents [43,44]. One report
indicates that LPS-mediated stimulation of magnetic NP uptake was
transient, and might be more related to early steps in the activation
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Fig. 5. Analysis of uptake mechanisms of TiO,NPs using different inhibitors. Cells were pretreated with various inhibitors (Genistein, Filipin, Chlorpromazine, MDC, Amiloride
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cell numbers. Data are presented as means + SD (n = 3). (*) Significantly different from the control group (TiO,NPs treatment without inhibitors).

process [26]. This study found that LPS-activated microglia were
induced to take up more TiO,NPs when pretreated with LPS for
short times (6 h) followed by NP exposure for 24 h, which supports
the suggestion. On the other hand, the synergetic ROS induction of
TiO,NPs in LPS-activated BV-2 may be explained by a higher
amount of NP uptake than normal BV-2 and/or a greater uptake of
LPS due to adsorption of LPS on NP surface [45]. This suggests that
when the brain has been injured, NP exposure may cause sustained
oxidative stress in activated microglia and finally damage the
neurons.

4.3. TiO,NPs were able to induce cytokines release, especially when
co-treated with LPS

In monoculture study, TiO,NPs were able to induce IL-1f in all
cell lines and IL-6 in N2a. In addition, co-treatment of LPS induced
more IL-1f in all cell lines, IL-6 and MCP-1 in BV-2 cells, which
indicated a synergistic cytokine release on TiO;NP-LPS co-
treatment group. In BV-2-N2a and ALT-BV-2 co-culture, TiO,NPs

were also able to induce more TNF-a from LPS-activated BV-2. In
agreement with our study, TiO,NPs induced IL-13, TNF- and IL-10
release in rat astrocyte [17], TNF-a, IL-1J, IL-6 release [28], and gene
expression of MCP-1, MIP-1¢. in rat primary microglia, and up-
regulated inflammation genes (NF-k B, IL-1, etc.) in BV-2 micro-
glia [29]. The synergistic inflammatory effect of TIO,NPs and LPS in
CNS has not been reported. However, one study found enhanced
inflammatory responses of macrophage in TiO2-LPS co-treatment
through a TLR4-dependent intracellular pathway. This finding
supports our results [45]. Transcription factor NF-«kB activity is
regulated by intracellular ROS, which then mediates release of pro-
inflammatory cytokines (IL-1f, IL-6, MCP-1, TNF-a) [46]. IL-1B
emission also was enabled through ROS-mediated NLRP3 inflam-
masome activation [47]. The induction of cytokine release corre-
lated well with intracellular or extracellular ROS production in BV-2
and ALT, which indicates ROS is a major factor in mediating in-
flammatory responses in astrocytes and microglia. These cytokines
play a major role in preventing, but also enhancing brain damage.
IL-1P release from microglia can activate astrocytes, promoting the
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repair of CNS [48]. In mild amounts, IL-6 enhances the differenti- regulate microglial movement, and protect human neurons and
ation and survival of neuron cells [49]. IL-6 has also been found to astrocyte damage against different stimuli. TNF-o. can stimulate
have neuroprotective effects in neurons exposed to glutamate survival and proliferation of neuron cells, and induce glutamate

excitotoxicity [50,51]. MCP-1, one of the chemokines, serves to release from astrocytes [52]. However, high and sustained release
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of TNF-a. can cause neuron damage [53]. Thus, the contribution of
NP-induced cytokines release on the survival and functionality of
neuron and glial cells should be further studied.

4.4. Uptake mechanism of TiO2NPs is cell-type dependent, but NPs
can translocate to the lysosome of both glia cells

In brain, phagocytosis occurs mainly in microglia and is
enhanced in activated state [54]. Our study also found that some
TiO2NPs were taken up by phagocytosis in BV-2 and LPS-activated
BV-2. In addition, activated BV-2 was involved in more uptake
mechanisms for engulfing NPs than normal BV-2 and ALT cells. This
can be expected, because the activated microglia act with
macrophage-like functions. In addition, uptake mechanisms of
TiO,NPs differed between ALT, BV-2 and LPS-activated BV-2. This
demonstrated cell type-dependent uptake mechanisms.

Uptake mechanisms of NPs would determine whether they
could be translocated into lysosome. In phagocytosis, formation of
phagosome vesicles will fuse with lysosomes within a few minutes
[55]. The translocation of NPs into lysosome via the pathway of
clathrin-mediated endocytosis primarily needs a few hours.

Caveolae-mediated endocytosis was the only pathway in this study
that could bypass lysosomes. Therefore, we could expect that
TiO2NPs can finally enter into lysosomes of all kinds of cells we
tested, because at least one lysosome-related uptake mechanism
was involved. Corresponding to our expectation, we found high co-
localization of TiO;NPs and lysosome in the three cells (Fig. 6).
However, the translocation rate of NP to lysosome was slow (after
16 h) (Fig. 2). This may explain a slow intra/extracellular ROS pro-
duction (after 24 h, not in 4 h) from ALT and BV-2.

4.5. TiO,NPs can damage N2a cells indirectly by H>0, and/or TNF-«
release from LPS-activated BV-2 cells

It is known that LPS can activate microglia, release soluble fac-
tors, such as IL-6, TNF-o, nitric oxide and ROS, and then destroy
neurons [56]. In this study, LPS treatment (1 pg/mL) to N2a did not
lead to more early/late apoptosis of cells (Fig. 4B). However, treat-
ment of low-concentrated LPS (0.1 ug/mL) in BV-2-N2a co-culturing
caused more early apoptotic N2a cells, which could be attributed to
the release of soluble factors [extracellular H;0, (3.7 uM), NO
(5.8 uM), and TNF-a. (15 pg/mL)] from BV-2 (Fig. 7) and served as a
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good positive control in the BV-2-N2a co-culture experiments. Our
BV-2-N2a co-culture study indicated that increased late apoptotic
and decreased viable N2a in indirect co-treatment of TiO;NPs, and
LPS could be mediated by BV-2. This may be explained by more
H,0, release (4.5 tM) and/or TNF-a. (20 pg/mL) from LPS-activated
BV-2 because previous studies have found H,0,-induced or TNF-a.-
mediated apoptosis in neuron cells [57,58]. On the other hand,
without LPS-pretreatment, even though H,0, (1.7 uM) was induced
from BV-2 when treated with TiO;NPs in the BV-2-N2a co-culture,
no toxic effects on N2a cells were observed. This could be explained
by low H,0, and no NO or cytokine release from BV-2. Unlike a
previous study using 20—45 nm TiO; [28], our study did not find
that TiO,NP-mediated NO production from microglia could damage
neuron cells, which presumably is because we used a lower dose
(01 mg/mL) than that used, according to that study’s report
(0.5 mg/mL).

Neither N2a nor BV-2 was affected by indirect TiO;NPs or
TiO;NP-LPS exposure to ALT-N2a or ALT-BV-2 co-culture, which
suggests that indirect neuron damage would not mainly arise from
TiO;NP-astrocyte interaction. Finally, more TNF-o was detected in
BV-2 in the co-treatment of TiO,NPs and LPS in ALT-BV-2, which
presumably is triggered by ATP release from astrocyte [25,59].
Although the induction of TNF-o. was not high enough to toxic
microglia, it may induce proliferation of microglia as a protection
process in CNS [60].

5. Conclusions

In this study, we first investigated toxic effects of TiO,NPs on
three individual cell lines. TiO,NPs were mainly taken up by ALT
and BV-2 cells, not by N2a. In addition, NPs were taken up via
clathrin- and caveolae-dependent endocytosis in ALT and clathrin-
dependent endocytosis and phagocytosis in BV-2, and needed 16 h
to enter into lysosome, which may explain the slow production rate
of intracellular ROS in the two cells. Moreover, TiO,NPs induced
H,0; and cytokines release from BV-2, as well as LPS-activated BV-
2. These results trigger our interests to further study the effects of
TiO;NPs with cell-cell interaction. By using Transwell system, we
first demonstrated that it was difficult to detect TiO,NPs in upper
chamber N2a or BV-2 cells, which excluded direct NP effects. Then,
we found that TiO,NPs damaged N2a indirectly by high H,0, and/
or TNF-a release from LPS-activated BV-2 in the bottom chamber of
Transwell. This indicates that the ability of TiO,NPs to induce H,0,
or cytokines from microglia is a key factor for determining neuro-
toxicity, especially when the brain has already been injured.
Neither N2a nor BV-2 were affected by indirect TiO,NP or TiO;NPs-
LPS exposure to ALT-N2a or ALT-BV-2 co-culture, which suggests
that indirect neuron damage would not be due mainly to TiO;NP-
astrocyte interaction.
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