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Oxidative stress increased hepatotoxicity
induced by nano-titanium dioxide in BRL-3A
cells and Sprague-Dawley rats

Baoyong Sha®™<, Wei Gao®, Shuqgi Wang®, Xingchun Gou?®, Wei Li',
Xuan Liang?, Zhiguo Qu", Feng Xu®** and Tian Jian Lu*

ABSTRACT: Extensive studies have shown that titanium dioxide (TiO,) nanomaterials (NMs) can cause toxicity in vitro and
in vivo under normal conditions. However, an adverse effect induced by nano-TiO, in many diseased conditions, typically
characterized by oxidative stress (0S), remains unknown. We investigated the toxicity of nano-TiO, in rat liver cells
(BRL-3A) and Sprague-Dawley (SD) rat livers under OS conditions, which were generated using hydrogen peroxide
(H20,) in vitro and alloxan in vivo, respectively. In vitro results showed that cell death ratios after nano-TiO, exposure
were significantly enhanced (up to 2.62-fold) in BRL-3A cells under OS conditions, compared with normal controls.
Significant interactions between OS conditions and nano-TiO, resulted in the rapid GO/G1 to S phase transition and
G2/M arrest, which were opposite to GO/G1 phase arrest in cells after NMs exposure only. In vivo results showed that
obvious pathological changes in rat livers and the increased activities of four enzymes (i.e. aspartate aminotransferase, alanine
aminotransferase, lactate dehydrogenase and alkaline phosphatase) owing to liver damage after nano-TiO, exposure under
0S conditions, compared with their healthy controls. In addition, compared with increased hepatotoxicity after nano-TiO,
exposure, micro-TiO, showed no adverse effects to cells and rat livers under OS conditions. Our results suggested that OS
conditions synergistically increase nano-TiO, induced toxicity in vitro and in vivo, indicating that the evaluation of
nanotoxicity under OS conditions is essentially needed prior to various applications of NMs in foods, cosmetics and potential
treatment of diseases. Copyright © 2013 John Wiley & Sons, Ltd.

= Supporting information can be found in the online version of this article.
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Introduction
|

Titanium dioxide (TiO,) nanomaterials (NMs) have been widely * Correspondence to: Feng Xu, MOE Key Laboratory of Biomedical Information

used in foods, sunscreens, sports clothes, surface cleaning
agents, automobile coatings and computer devices, because of
their unique physicochemical properties such as heterogeneous
and photocatalytic catalysis (Chen and Mao, 2007; Kocbek et al.,
2010; Magrez et al., 2009; Sha et al., 2013a; Veronesi et al., 2012).
However, the use of nano-TiO, has raised concerns owing to the
increasing reports on their adverse effects in cell lines and
animal models. For example, nano-TiO, can lead to cellular
dysfunction, mRNA overexpression, oxidative damage and
apoptosis in rat and human cells (sha et al., 2013b; Jugan et al.,
2012; Kocbek et al., 2010; Qu et al, 2013). In addition, nano-
TiO, can impair the spatial recognition memory, affecting
biological functions of the knee joint and liver tissues in rodents
(Fabian et al., 2008; Hu et al.,, 2010; Umbreit et al.,, 2012; Wang
et al., 2009a). Although a great deal of effort has been made to
reduce the toxicity of nano-TiO, (e.g. surface modification)
(Warheit et al. 2005), stringent evaluations of nanotoxicity are
still needed for their wide applications in daily life.

Nowadays, the adverse effects of nano-TiO, have been pri-
marily assessed under normal conditions where healthy cells
and experimental animals are exposed to TiO, NMs. However,
as the mainstream NMs, the adverse effects of nano-TiO, under
diseased status, especially oxidative stress (OS), have not been
fully understood (Vicent and Duncan, 2006). OS is generally
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caused by the imbalance between oxidants and antioxidants,
which represents the conditions of cells, tissues, organs, playing
important roles in disease progression of fatty liver disease, type
2 diabetes, Parkinson’s disease and heart failure (Codoner-
Franch et al., 2010; Desai et al., 2010; Dut et al., 2008; Hoek and
Pastorino, 2002; Jenner, 2003; Mantena et al., 2008; Nojiri et al.,
2006; Van Gaal et al., 2006). In previous reports, it was found that
the OS conditions of human bronchial epithelial cells can
increase the cytotoxicity of ZnO NMs in vitro (Heng et al., 2010).
Thus, it would be essential to understand the mutual effects
between TiO, nanotoxicity and OS conditions in vitro and in vivo
so as to guide the use of nano-TiO, in diseased conditions.

Kupffer cells and macrophages in the liver can clear the circu-
lating NMs from various exposure routes [e.g. ingestion, breath,
skin, intravenous (i.v.) and intraperitoneal (i.p.) injection] and
accumulate them in liver tissues (Asakura et al., 2010; Sadauskas
et al., 2009). For example, after injection of 5mgkg™" nano-TiO,
to Male Wistar rats for 24 h, the liver is the dominant organ
where NMs accumulate in normal conditions (Fabian et al.,
2008). For i.p. injection of nano-TiO,, the highest distribution of
nano-TiO, was exhibited in ICR mice liver after short-term NMs
exposure (Liu et al., 2009). As a result of the obvious accumulation
of NMs in the liver, we focus on the NMs-induced hepatotoxicity
under OS conditions.

In this study, we used hydrogen peroxide (H,0,) and alloxan
to induce artificial OS conditions in liver cell (BRL-3A cell line)
and Sprague-Dawley (SD) rat liver, separately. Then, the
responses of cells and rats were tested after nanoscale and
microscale TiO, exposure. Compared with the normal cell control,
we observed that nano-TiO, significantly decreased cell viability
and led to an aberrant cell cycle in BRL-3A cells under OS condi-
tions. We also observed that OS conditions enlarged rat hepatic
damage after nano-TiO, exposure. However, micro-TiO, showed
no significant in vitro and in vivo effect under OS conditions. This
study suggested that nano-TiO, and OS conditions reacted syner-
gistically and significantly enhanced the hepatotoxicity in vitro and
in vivo, highlighting the importance to understand the NMs-
induced toxicity in diseased status for biomedical applications.

Materials and Methods

Reagent preparation

All reagents and chemicals were supplied by Sigma-Aldrich
Trading Co. Ltd (Shanghai, China). Fetal calf serum (FBS) and cell
culture media were obtained from Thermo Fisher Scientific
(Beijing, China). Glutathione (GSH), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), lactate dehydrogenase
(LDH) and alkaline phosphatase (ALP) enzyme linked immuno-
sorbent assay (ELISA) kits were purchased from Roche Ltd.
(Shanghai, China) and Jiancheng Bioengineering Company
(Nanjing, China).

Characterization of TiO,

Microscale TiO, powder (rutile phase, 1-5pum in diameter
and >99.9% trace metals basis) was obtained from Sigma-Aldrich
Co. Ltd. For nano-TiO,, the morphology and structure were mea-
sured using high-resolution transmission electron microscopy
(HRTEM, JEOL JEM-2100F), scanning electron microscope (SEM,
JSM-6700F) and X-ray diffraction (XRD, XRD-7000s), respectively.
Dynamic light scattering (DLS) was used to obtain the zeta potential

and size distribution of nano-TiO, (Zetasizer Nano ZS90) (Asakura
et al, 2010). The surface area of nano-TiO, was performed via
the Brunauer-Emmett-Teller method (Micromeritics ASAP 2020®
Accelerated Surface Area and Porosimetry analyzer) (Ribeiro
et al, 2007).

Cell culture

The BRL-3A cell line was supplied by the Cell Bank of Type
Culture Collection of Chinese Academy of Sciences (Shanghai,
China). The BRL-3A cell was cultured in RPMI 1640 with 10%
(v/v) FBS at 37 °C with 5% CO, using a cell incubator (Thermo
Forma 371; Thermo Fisher Scientific). After the dissociation of
adherent cells with Trypsin- ethylenedinitriletetraacetic acid
(EDTA) (0.25%), cells was counted using a hemocytometer and
transferred to new culture flasks for cell subculture. The cell
density was fixed at 300 cells per mm? and all cells were incu-
bated in 96-well culture plates throughout the cell experiments
(Taurog et al. 1952).

MTT assay

The MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] method was used to test cell viability after H,O, and/
or TiO, exposure (Taurog et al, 1952). The difference between
optical density (OD) values of formazan at 570 and 630 nm was
collected to avoid the potential interference of physicochemical
properties of TiO, (Ghosh et al, 2010; Sha et al., 2011). Each
experimental concentration has six independent replicates for
the statistical analysis.

H,0, induced OS conditions in BRL-3A cells

BRL-3A cells were incubated with different concentrations of
H,0, (0.01, 0.1, 1, 10, 100 uM, 1, 10, 700 mM, 1 and 10 M) for 1,
6, 12 and 24 h to induce OS conditions. During exposure periods,
we kept the cell incubator as a dark room. The intracellular OS
endpoints were determined in no light environment immedi-
ately after H,O, exposure. The generation of superoxide anion
(O5)) in the BRL-3A cell was measured using the conversion of
dihydroethidium to ethidium bromide (Bautista et al., 1990).
Cellular lipid peroxidation was assessed by determining the level
of malondialdehyde (MDA) according to the protocol reported
in the literature (Buege and Aust, 1978). For antioxidant enzyme,
the level of superoxide dismutase (SOD) was monitored through
its ability to inhibit the photochemical reduction of nitroblue
tetrazolium to blue formazan (Kuo et al,, 2011). The change in
the GSH level was determined using the ELISA kit, because
GSH can react with 5, 50-dithiobis (2-nitrobenzoic acid) (DTNB)
and lead to the generation of glutathione disulfide (GSSG)
and 2-nitro-5-thiobenzoic acid (Wang et al., 2009b). Finally,
three concentrations of H,O, (1, 10 and 100 uM) and 1-h incu-
bation time were chosen to induce the OS conditions before
cell-TiO, interactions.

Toxicity assessment in BRL-3A cells

For cell experiments, TiO, suspensions were prepared in phosphate-
buffered saline (PBS) according to previous literature (Chen
et al., 2006; Sha et al., 2011). After 30 min of ultrasonication, four
different concentrations (0.1, 1, 10 and 100 pgml™") of nano-
scale or microscale TiO, suspensions were added to cells
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immediately. For the toxicity assessment of TiO, under OS condi-
tions, BRL-3A cells were incubated with H,O, (1-100 uM) for 1h
followed by exposure to TiO,. Then, all cells were incubated with
H,0, and TiO, together for 6 h. The effects of TiO, on BRL-3A cells
in terms of cell viability were assessed to detect the potential
changes of toxicity among different cell growth microenvironments.

Analysis of cellular DNA content

The cell cycle has distinct phases with different cellular DNA
contents. DNA content analysis can reveal the percentage of cells
in GO/G1, S and G2/M. In this study, the DNA content changes of
synchronized BRL-3A cells after H,0, and/or NMs exposure was
checked by flow cytometry (Kim et al,, 2012). Briefly, the collected
cells were fixed in 75% ice-cold ethanol overnight at 4°C. Then,
the cells were washed with PBS buffer and lysed by RNase
A. Propidium iodide (PI, Excitation/Emission=488/620 nm) was
added to the cell lysate. Finally, the percentage of cells in the
GO0/G1, S and G2/M phase was obtained through a Becton
Dickinson FACScalibur flow cytometer (Wang et al., 2009b).

Rat groups

All animal experiments and procedures used in this study were
approved by the Ethics Committee of Animal Experiments of
Xi'an Jiaotong University (Permit Number: XA-20121010),
according to the recommendations in the Guide for the Care
and Use of Laboratory Animals in our institutes. All surgery was
performed under pentobarbital anesthesia with minimum
suffering. Healthy male SD rats [Experimental animal center of
The Fourth Military Medical University, body weight (BW) of
195 + 20 g] were housed in stainless-steel cages with 30 lux light
intensity, 25°C room temperature, 60% relative humidity,
distilled water and sterilized food. SD rats were randomly
divided into six groups: The control group (0.9% normal saline),
the NMs group (nano-TiO,), the MMs group (micro-TiO,), the OS
group (alloxan), the OS-MMs group and the OS-NMs group. The
NMs group, MMs group, OS-MMs group and OS-NMs group
included three subgroups based on the different dosages (0.5,
5 and 50 mgkg™' BW) of TiO,. Sterilized TiO, was suspended in
0.9% normal saline with a 30-min ultrasonic treatment before
use in animal experiments. For the NMs group and MMs group,
TiO, suspensions were injected slowly and gently into the
abdominal cavity of rats and left for 24 h. For the OS group,
alloxan (70 mgkg™ BW) was used to induce the OS conditions
in rats by gentle intramuscular injection and left for 24-72h.
For the OS-NMs group and OS-MMs group, TiO, (0.5-50 mg/kg
BW) were injected slowly via i.p. injection after alloxan induced
the occurrence of OS conditions in rats.

At the end of experimental procedure, rats were anesthetized
by i.p. administration of pentobarbital (45 mgkg™ BW). Blood
was collected through a femoral arterial cannula. The sera were
obtained from rat whole blood by centrifuge at 2000g for
20 min. Liver tissues were excised for the assessment of OS
conditions and histopathological analysis.

Alloxan-induced OS conditions in rats

After homogenization and centrifugation, the components of rat
liver tissues in the OS group were used to determine the
changes of 0,7, MDA, SOD and GSH levels, according to previous

methods (Bautista et al., 1990; Buege and Aust, 1978; Kuo et al.,
2011; Wang et al., 2009b).

Histopathological assay

In histopathological analysis, liver tissues were isolated and fixed
using 10% phosphate-buffered formalin for 48 h, and embedded
in paraffin. The sections of liver were stained using hematoxylin
and eosin (H&E) (Rubin and Lieber, 1974). Digital photomicro-
graphs of tissue sections were examined using an Axiocam HRc
camera (Zeiss). Six random fields of each tissue section were
selected to analyze pathological changes, according to the defini-
tion of grade 2 and 3 hepatic damage, such as hemorrhage,
neutrophil infiltration, nuclear pyknosis and the loss of distinct cel-
lular borders (Camargo et al., 1997). The percentage of hepatic
pathological changes was calculated using Image-Pro Plus 6.0
(Silver Spring, MD, USA) (Anderson et al., 2005; Doherty et al., 2011).

Biochemical measurements of rat liver damage

As the biomarkers of liver damage, the activities of AST, ALT,
LDH and ALP in rat sera were assayed after alloxan and/or
nano-TiO, injection (Bagchi et al, 1995; Osuna et al., 1977;
Shakoori et al., 1994; Tietz, 1976), according to the ELISA kits with
the manufacturer’s instructions.

Statistical analysis

All results were presented as the mean + standard deviation
(SD). Statistically significant differences were performed using
Student’s t-tests, one-way analysis of variance (anova) and
two-way anova with Tukey’s post-hoc test wherever appropri-
ate. P-values less than 0.05 were considered statistically significant.

Results

Characterization of Nano-TiO,

Based on the TEM and SEM images, nano-TiO, showed the rod-
like shape with a size of 12-18 nm (diameter) x 40-80 nm
(length) (Fig. 1A, B). For the X-ray diffraction (XRD) pattern of
nano-TiO,, strong diffraction peaks were shown at 28°, 36°and
54° (Fig. 1C), which were consistent with a standard spectrum
of rutile nano-TiO, (Thamaphat et al., 2008). Based on XRD
results, we analyzed the proportion of the rutile phase, which
was 99.92% (Hanaor and Sorrell, 2011). Further, the selected area
electron diffraction (SAED) pattern of nano-TiO, was in accor-
dance with the XRD data (Fig. 1A), indicating nano-TiO, in the
rutile phase (Fig. 1D). The crystal lattice plane of nano-TiO, was
exhibited in a high-resolution TEM (HRTEM) image, showing a
110 crystal lattice plane with 0.313 nm d-spacing (Fig. 1E). The
zeta potential of nano-TiO, was -41.7 +54mV (Fig. 1F). The
size distributions of nano-TiO, suspended in RPMI 1640 with
10% (v/v) FBS and 0.9% normal saline are shown in Fig. 1G.
The surface area of nano-TiO, was 150-171m?g".

Induction of OS conditions in BRL-3A cells

To induce the OS conditions in BRL-3A cells, we incubated cells
with 0.01 M to 10 M of H,0, for 1, 6, 12 and 24 h. We observed
that cell viability was significantly reduced at all four incubation
periods when cells were exposed to H,O, concentrations

J. Appl. Toxicol. 2014; 34: 345-356

Copyright © 2013 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jat




w
S
oo

Journal of

AppliedToxicology 5. sha et al.

!

(110)

Intensity (a. u.)

20 25 30 35 40 45 50 55 60 65 70
20 (degree)

-100
Zeta potential (mV)

72.3+18.6 , 1056251 : :
0\3 DO §i s s s /\,\ ........... .................
b 15 ................ I}. .. .'(Il ............. .................
g 104 ,’ B S
| I— AT P A
0 F ! : :

10 100 1000 10000

Size (d. nm)

Figure 1. Characterization of nano-titanium dioxide (TiO,). (A) Transmission electron microscopy (TEM) image of ethanol-dispersible nano-TiO,; (B)
scanning electron microscope (SEM) image of nano-TiO,; (C) X-ray diffraction (XRD) pattern of nano-TiO,; (D) selected area electron diffraction (SAED)
pattern of nano-TiO,; (E) high-resolution transmission electron microscopy (HRTEM) image of nano-TiO,; (F) zeta potential of nano-TiO, (0.1 mg ml™),
the value was the average of 15 runs of 30 measurements; (G) size distribution of nano-TiO, (0.1 mg ml'1), the data were the average of 15 runs of 20
measurements. Nano-TiO, were suspended in 0.9% normal saline with 30-min ultrasonic treatment before the measurement of size distribution. Nano-
TiO, were incubated in RPMI 1640 with 10% fetal calf serum (FBS) (0.1 mg ml™") for 24 h at 37 °C before the measurement of size distribution.
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above 1 mM (1-24h) (Fig. 2). Further, viabilities of BRL-3A cells
obtained at 1, 10, 100mM, 1 and 10 M of H,0, demonstrated
that H,0, induced the cytotoxicity in a time-dependent manner,
which exhibited a significant reduction in cell viability (P < 0.05)
from 87.8+5.0%, 63.1+1.6%, 13.1+1.5%, 11.6+1. 7% and
79409 % after 1-h incubation to 53.3 +4.8%, 29.9+8.1 %,
89+26 %, 55+3.1 % and 3.9+ 3.1 % after 24 h, respectively

BRL-3A cell

o
<}
T

21k
E=éh
£J12h
EEE 24 h

Cell viability (%)

[}
(=]
T

Z: Vi 73! 12 £=N:: B #= J=N
Control 0.01pM 0.14uM 1M 10pM 100pM 1mM 10mM 100mM 1M 10M

Concentration of H,0,

Figure 2. Changes in BRL-3A cell viability after hydrogen peroxide
(H,0,) exposure. Ten concentrations of H,0, (0.01 M to 10 M) and four
incubation periods (1-24 h) were used to explore the effects of H,0, in
BRL-3A cells. After BRL-3A cells were incubated with H,0,, cell viability
was measured using the MTT assay. Based on the observed insignificant
reduction of cell viabilities after 1 hr H,O, exposure, the concentrations
of H,0, lower than 100 uM were suggested to induce OS conditions in
BRL-3A cells. P < 0.05, compared with the related control at each
incubation time (1, 6, 12 and 24 h) (one-way anova, Tukey'’s post hoc test);
*p<0.05, comparison amongst results of 1- to 24-h exposure times at
each concentration of H,0, (one-way ANovA); n=6.

(Fig. 2). Importantly, 0.01-100 uM of H,O, induced insignificant
cytotoxicity after 1-h exposure, indicating that these concentra-
tions of H,0, can be used to mimic the OS conditions in BRL-3A
cells without causing a significant effect on cell viability.

To ensure the OS conditions in BRL-3A cells, we checked the
changes in O,7, MDA, SOD and GSH levels after 0.01-100 uM of
H,0, exposure (1 h) (Fig. 3). We observed a significant increase
in O, and MDA contents and a reduction in SOD and GSH levels
when the H,0, concentrations were higher than 1 uM, compared
with the H,O,-free cell control. These results demonstrated that
H,0, resulted in the OS conditions in BRL-3A cells. Thus, we
selected 1, 10 and 100 uM of H,0, and a 1-h exposure period to
induce the OS conditions (without significant effects of cell
viability) in subsequent cellular toxicity experiments.

Adverse effects of TiO, under OS conditions in BRL-3A cells

To evaluate the adverse effects of TiO,, we checked BRL-3A cell
viability after 0.1, 1, 10 and 100 ug ml™" of microscale and nano-
scale TiO, exposure under OS conditions. Based on our previous
results, nano-TiO, did not significantly reduce viabilities of
normal BRL-3A cells at these four concentrations when the incu-
bation time was less than 6 h (Supplementary Fig. 1). However,
one-way ANovA analysis showed that nano-TiO, exposure led to
cytotoxicity in a concentration-dependent manner under OS
conditions (1-100 uM) (Fig. 4). For example, compared with
normal cells after NMs exposure, the viabilities of BRL-3A cells with
OS conditions (100 uM H,0,) significant decreased to 80.1 + 3.5%,
76.7 £ 8.7 %, 75.1 + 6.8 % and 74.9 + 6.3% after exposure to 0.1, 1,
10 and 100 pg ml™" of NMs, respectively (Fig. 4). Furthermore, cell
viabilities decreased with the increase in H,O, concentrations
when BRL-3A cells were exposed to an equivalent concentration
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Figure 3. Changes in oxidative stress (OS) indexes in BRL-3A cells after 1-h hydrogen peroxide (H,0,) exposure. To detect the OS conditions induced
by 0.01-100 uM of H,0,, the levels of intracellular O,”, malondialdehyde (MDA), superoxide dismutase (SOD) and glutathione (GSH) were measured.
Significant changes in four OS indexes were obtained when the concentrations of H,0, were above 1 uM. P < 0.05, compared with the related control
of each OS index (one-way anova, Tukey’s post hoc test) , n=6.
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Figure 4. Changes in BRL-3A cell viability after nano-titanium dioxide
(TiO,) exposure under oxidative stress (OS) conditions. Nano-TiO,
(0.1-100 pg ml™") were added to BRL-3A cells for 6 h after they were
incubated with hydrogen peroxide (H,O,) (1-100 uM) for 1h. The H,0,
exposure time in controls was 7 h. P <0.05, compared with the related
control (H,O,-free) at the same exposed concentration of nano-TiO,
(0.1, 1, 10 or 100 pug mli™) (one-way anova, Tukey’s post hoc test); *P<0.05,
comparison amongst results of nano-TiO, (0-100 pg ml™) exposure at each
concentration of H,0, (one-way ANOVA); n =6.

of nano-TiO,. For example, the loss of BRL-3A cells enhanced by
239+0.18, 248+ 0.21 and 3.72+0.09 fold after 1, 10 and
100 pM of H,0, exposure at 100 ug ml™ of nano-TiO,, respectively
(Fig. 4). For micro-TiO,, compared with H,O,-treated controls, the
cell viability of BRL-3A cells showed no significant changes after
0.1, 1,10 and 100 pg mI™" of micro-TiO, exposure under OS condi-
tion (Supplementary Fig. 2).

Effect of Nano-TiO, on cell cycle distribution in BRL-3A cells

To investigate the potential mechanism of nano-TiO, toxicity
under OS conditions, we checked the cell-cycle distribution
using flow cytometry. The cell cycle is shown with three phases
based on DNA content, including the GO/G1 (resting/growth)
phase, the S (DNA synthesis) phase and the G2/M (division)
phase. Based on the significant cytotoxicity of nano-TiO,
(0.1-100 pg mI™") under OS conditions (Fig. 4), we analyzed
the changes in cell cycle distribution after 100 uM of H,0,
exposure (Fig. 5). Compared with the normal BRL-3A cells,
100 uM of H,0, (NMs free) inhibited the GO/G1 phase to
the S phase transition (Fig. 5F), which was similar to the effects
of nano-TiO, (above 1 g ml™", H,0, free) on the cell cycle distribu-
tion in normal cells (Fig. 5C-E). However, nano-TiO, prevented
normal cells from entering the S phase, which was opposite to
their role in cells under OS conditions (Fig. 5G-J). Compared with
the NMs exposed normal cells (Fig. 5B-E), the accumulation of
GO/G1 phase arrest was attenuated after nano-TiO, exposure
under OS conditions, which accelerated GO/G1 progression to
the S phase (0.1-100pgmi™" of nano-TiO,) and significantly
enhanced G2/M phase arrest (10-100 ugml™" of nano-TiO,). For
the GO/G1 phase, two-way anova analysis exhibited a significant
effect of H,0; [F(1,50)=38.13, P=4.94 x 107%] but not TiO, NMs
[F(a,50)=2.09, P=0.12], and a significant interaction [F4s0)=57.92,
P=1.03 x 107'°. For the S phase, two-way anovA revealed a
significant effect of TiO, NMs [F450=5.04, P=0.006] but
not H,0, [F(150)=0.40, P=0.54], and a significant interaction
[Fia,50=22.86, P=3.20 x 1077]. For the G2/M phase, two-way
ANovA results showed a significant effect of H,0, [F(;50)=37.67,
P=537 x 107%] but not TiO, NMs [Fi450=2.71, P=0.059], and a
significant interaction [F so)=27.71, P=6.61 x 1078]. These results
suggested that the synergistic interaction of 100 uM H,0, with
nano-TiO, affected the changes of cell cycle distribution.
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Figure 5. Cell cycle distribution in normal and oxidative stress (OS) BRL-3A cells after nano-titanium dioxide (TiO,) exposure. DNA content was
measured by flow cytometry. (A)-(E) Normal BRL-3A cells were exposed to nano-TiO, (0.1-100 pug ml_1) for 7h. (F)-(J) Cells were exposed to nano-
TiO, (0.1-100 png ml'1, 6h) after H,0, (100 uM, 1h) incubation. # GO/G1 phase, bs phase, P < 0.05, comparison between normal cells and OS-cells
(100 uM of H,0,) without NMs exposure. ‘P <0.05, compared with the related control of each phase in normal cell cycle (GO/G1 phase, S phase or G2/M
phase); *p < 0.05, compared with the related control of each phase in OS cells (100 uM H,0, incubation); one-way anova, Tukey’s post hoc test; n=6.
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0S conditions in rats BW (Fig. 71). However, based on H&E images of rat livers,
micro-TiO, did not induce the obvious hepatic pathological
changes in healthy or alloxan-treated rats, even after 50 mg kg™
BW of micro-TiO, exposure (Supplementary Fig. 4). Then, all these
indicated that OS conditions led to increased lesions of rat liver
with increasing NMs dosages.

To further examine the effects of TiO, under OS conditions, we
performed animal test using a SD rat as the animal model. We
used alloxan to induce OS conditions in rats, measuring the
content or level changes of 0,7, MDA, SOD and GSH after alloxan
injection (Fig. 6). The significant increase in O, and MDA
contents and reduction in SOD and GSH levels were obtained
after 24-h injection of alloxan, and the occurrence of OS
conditions in rats lasted for at least 72 h. However, we observed
histopathological changes and a significant difference in liver To confirm the liver damage induced by nano-TiO, under OS
damage biomarkers (AST, ALT, LDH and ALP) in rat sera after conditions, we measured the activities of liver damage
72-h alloxan injection (Supplementary Fig. 3), suggesting that biomarkers in rat sera (i.e. AST, ALT, LDH and ALP). The activities
alloxan led to liver damage in rats. Based on the above results, rats of AST (Fig. 8A), ALT (Fig. 8B), LDH (Fig. 8C) and ALP (Fig. 8D) in
i.p. injected with TiO, (0.5-50 mg kg™ BW) for 24 h were selected alloxan-induced rats were significant higher than healthy rats
to perform the acute toxicity experiments after 24-h alloxan treat- after 0.5, 0.5, 50 and 0.5mgkg™" BW injection of nano-TiO,. For
ments. The total exposure time of alloxan was 48 h, excluding the example, compared with healthy rats, there was 1.19+0.11,
negative influences of alloxan to liver tissues. 1.434+0.27 and 1.37 £0.32 folds increase in the activity of AST

in OS rats after receiving 0.5, 5 and 50mgkg™' BW of nano-

TiO,, respectively. Results of two-way anova analyzes suggested
Histopathological assay of rat liver that the synergistic interactions of OS conditions and nano-
TiO; significantly enhanced the hepatotoxicity in vivo compared
with the individual effect of nano-TiO, (Supplementary Table
S1), coinciding the results of histopathological changes in
healthy and alloxan-treated rats (Fig. 7).

Changes of liver damage biomarkers in rats

To explore the liver damage after TiO, injection, we further
checked the histopathological characteristics of liver tissues
under normal and OS conditions (Fig. 7). In the NMs subgroups
and OS-NMs subgroups, liver damage was worse with the
increasing dosages of nano-TiO,. Under healthy conditions, we
observed histopathological changes when the dosages of

nano-TiO, were higher than 5mgkg™' BW. These changes Discussion
included cell infiltration (Fig. 7C) and hepatocyte necrosis In this study, we investigated the hepatotoxicity of nanoscale
(Fig. 7D). In contrast, hepatic histopathological changes and microscale TiO, under OS conditions both in vitro and
appeared at the lowest dosages (0.5mgkg™" BW) of NMs and in vivo. Our in vitro results suggested that the interactions
became obvious at high dosages of NMs under OS conditions between OS conditions and nano-TiO, significantly increased
(Fig. 7 F). Further, we quantified the percentages of pathological nanotoxicity in cultured liver cells, compared with NMs exposure
changes, which showed the significant difference between only. The presence of OS conditions enhanced cytotoxicity
alloxan-treated and healthy rats when NMs dosage was 50 mg kg™ (reduced cell viability) in BRL-3A cells when exposed to various
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Figure 6. Changes of oxidative stress (OS) indexes in rat sera after alloxan injection. Levels of O,7, malondialdehyde (MDA), superoxide dismutase
(SOD) and glutathione (GSH) in rat sera were measured after intraperitoneal injection of alloxan [70 mg kg™ body weight (BW)] for 24, 48 and 72 h.
P < 0.05, compared with the related control of each OS index (one-way anova, Tukey’s post hoc test), n=6.
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(1)

—=—Nano-Ti0,
—e— Alloxan + Nano-TiO,

0 mg/kg 0.5 mg/kg 5 mg/kg 50 mg/kg
Dosages of Nano-TiO,

Figure 7. Histopathology of rat liver after alloxan and/or nano-titanium dioxide (TiO,) exposure. (A-J) hematoxylin and eosin (H&E) stain, 200x.
(A) Control (24 h): normal appearance of the liver; (B) 0.5 mg kg_1 nano-TiO,: normal appearance of the liver; (C) 5mg kg_1 nano-TiOy: cell infiltration
(arrows); (D) 50 mg kg'1 nano-TiO,: hepatocyte necrosis (arrows); (E) Alloxan (48 h): normal appearance of the liver; (F) Alloxan+ 0.5 mg kg'1 nano-
TiO,: cell infiltration (arrows); (G) Alloxan + 5 mgkg ™' nano-TiO,: hepatocyte necrosis (arrows); (H) Alloxan + 50 mg kg™ nano-TiO,: hepatocyte necrosis
and destruction of hepatic architecture (arrows); (I) Representative micrographs of H&E-stained liver were selected to calculate the pathological
changes by Image-Pro Plus 6.0. The significant difference in pathological change proportion between the NMs group and OS-NMs group were analyzed

(*P < 0.05, Student’s t-test).

concentrations of nano-TiO,, which may be caused by the syner-
gistic effects of nano-TiO, and OS conditions upon cell cycle
distribution (Fig. 5). In addition, in vivo experiments showed
more obvious hepatic pathological changes and elevated activi-
ties of AST, ALT, LDH and ALP in rats under alloxan-induced OS
conditions than healthy rats after nano-TiO, exposure (Figs 7
and 8). Compared with the no toxic effect of micro-TiO,, the syn-
ergistic interactions of OS conditions and nano-TiO, in vitro or
in vivo could enhance adverse effects relative to those individu-
ally under normal/healthy conditions.

Physicochemical properties of NMs were important during the
assessments of nanotoxicity. The shape of nano-TiO, was rod
like in this study, which was similar to the morphology of
commercially available pigment particles (231 + 93 nm) (Hussain
et al, 2012). Rod-like particles can enhance an adverse effect
through evading phagocyte-mediated clearance or aggregation
(Brown et al., 2007), such as TiO, nanobelts (15-30 um long,
60-300nm wide) led to significant cytotoxicity in alveolar
macrophage compared with TiO, nanospheres (diameter
60-200nm) (Hamilton et al, 2009). In addition, based on the
DLS results, the sizes of nano-TiO, were different after being
suspended in culture medium and saline. Compared with the
dimension of NMs in 0.9% normal saline, the components in RPMI
1640 culture medium (with 10% FBS) led to an increase of nano-

TiO, size, as observed in CdSe-ZnS quantum dots (Galeone et al.,
2012; Maiorano et al,, 2010). There was no change in the shape
and size of nano-TiO, after 24-h incubation with 100 uM H,0,
(data not shown).

OS conditions were induced by H,0, and alloxan in BRL-3A
cells and rat livers (Wang et al., 2008; Wexler 1981), respectively.
H,0, is a naturally produced by-product of oxidative metabo-
lism (Campbell et al., 2001). The excessive H,0, can lead to the
risk of OS in human lens epithelial cells (50 uM H,0, for 1-8 h)
(Goswami et al, 2003) and intense airway inflammation in
guinea pigs (10-1000 mM for 10 min) (Misawa and Arai, 1993).
Furthermore, the concentrations of H,0, used in our cytotoxicity
experiments were similar to levels in freshly voided human urine
(0.4-109.6 uM) (Halliwell et al., 2000) and concentrations in the
inflammatory phase of murine cutaneous wounds (0.1-0.2 mM)
(Roy et al., 2006). Alloxan (2,4,5,6-pyrimidinetetrone) can selec-
tively destroy insulin-producing pancreatic beta cells in rodents,
inducing diabetes through the generation of ROS in a cyclic
reaction with dialuric acid (Szkudelski, 2001). A previous study
showed that 70mgkg™ BW alloxan induced diabetes after 72-h
injection in albino rats (Sciences et al., 2007).

As an endpoint of OS condition, the activity of SOD was
reduced after H,0, and alloxan treatment. SOD is one important
component of the antioxidant defense system, which leads to
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Figure 8. Changes in rat liver biomarkers after alloxan and/or nano-titanium dioxide (TiO,) injection. Aspartate aminotransferase (AST) (A), alanine
aminotransferase (ALT) (B), lactate dehydrogenase (LDH) (C) and alkaline phosphatase (ALP) (D), as the biochemical markers of liver damage, were
monitored after 24-h nanomaterials (NMs) injection with/without oxidative stress (OS) conditions. P< 0.05, compared with control (one-way ANovA,
Tukey's post hoc test); p< 0.05, compared with alloxan (48 h) (one-way anova, Tukey's post hoc test); &~ 0.05, comparison between activities of liver
biomarkers in healthy rats and OS rats after nano-TiO, exposure, Student’s t-test; n=6.

the dismutation of O, into H,0, and O, (Fridovich, 1995). Previ-
ous studies have confirmed that the SOD activity can increase
first and then decreases after periods of exposure to H,0,
(Lassoued et al, 2010; Vu et al, 2012). For example, 10 uM
H,0, enhanced SOD activity after 2-h treatment, whereas H,0,
reduced SOD activity at 24 h in cultured bovine luteal endothe-
lial cells (Vu et al, 2012). In addition, some investigators have
demonstrated that diabetes mellitus (OS conditions) can
decrease the SOD activity (Cohen, 1995; Loven et al., 1986;
Wohaieb and Godin, 1987). As SOD decreases after H,0O, or
alloxan treatment, Karasu (1999) speculated that increased
generation of oxygen-derived free radicals reduced the activity
of SOD, resulting in an increase in O,. As a consequence of
increased production of O, , a continuous increase of -OH
production can result in a decrease in SOD activity through a
negative feedback mechanism (product inhibition) (Chang
et al, 1993; Hunt et al., 1988).

Several potential mechanisms have been suggested to
explain the cytotoxicity of NMs in vitro, such as the changes of
cell cycle distribution. Based on our cell cycle analysis (Fig. 5),
NMs-free normal cells were readily arrested in the GO/G1 phase
after 100 uM H,0, exposure, which was in accordance with the
effects of peroxides in human fibroblasts and Chinese hamster
ovary cells (Clopton and Saltman, 1995; Shackelford et al.,
2001). Single exposure of nano-TiO, also arrested BRL-3A cells

in the GO/G1 phase in a concentration-dependent manner.
TiO, nanotoxicity in normal BRL-3A cells enhanced GO/G1 phase
arrest, which may not only maintain the non-proliferative status
of cells (Chapman et al., 2000) but also induce DNA damage,
abnormal DNA synthesis, and decrease the cell number in the
S phase (Li et al., 2010; Trouiller et al., 2009). However, compared
with the only NMs exposed normal cells, nano-TiO, accelerated
the transition from GO/G1 to the S phase under OS conditions.
Importantly, OS conditions and nano-TiO, synergistically
provoked G2/M phase arrest (Fig. 5). The synergistic interaction
between OS conditions and nano-TiO, may activate the func-
tions of factors such as clusterin, which can induce G2/M arrest
and apoptosis (Scaltriti et al., 2004).

Acute toxicity of nano-TiO, to SD rat liver under OS conditions
was observed simultaneously, because BRL-3A cells can lose the
biological function rapidly when cells are maintained in vitro and
the lack of biological function may affect the cells’ response to
toxin (Boess et al, 2003; Casley et al. 1995). The enhanced
adverse effects caused by NMs under OS conditions in vivo were
shown and maybe as a result of aggravating pathological
changes (necrosis and dysfunction) of liver tissue, which was
coincident with the increased sensitivity to endotoxin liver
damage in obese animals (Yang et al, 1997). The increase in
LDH and ALP is considered as a result of progressive liver necro-
sis (Bagchi et al., 1995; Tietz, 1976). The leakage from hepatocyte
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can enter the blood stream when liver dysfunction, which can
increase activities of AST and ALT enzymes (Navarro et al,
1993; Shakoori et al., 1994). Severe hepatocellular death and liver
dysfunction can lead to acute liver failure (Malhi et al., 2006),
which shows an important relationship to rapidly progressive
hepatic encephalopathy, leading to devastating complications
(Bernal et al., 2010).

Slight to severe changes in liver pathology in OS rats were
obtained after 0.5-50 mg kg™ BW nano-TiO, exposure. The maxi-
mum dose of nano-TiO, used in the acute toxicity assessment of
OS rat livers was 50mg kg™ BW, which was less than the doses
in other relative studies of healthy rats (560-1000 mg kg™ BW)
(Fabian et al., 2008; Warheit et al,, 2007). This dosage could be
viewed as 3.5g nano-TiO, for 70-kg sick humans with such an
exposure. Although some people think that 50 mgkg™ BW
might be an unreachable daily dosage, we should take the
accumulation effect of NMs into consideration, because the
clearance rate of NMs may be very slow after exposure to NMs
containing air, foods and daily necessities (Christensen et al.,
2011). For instance, most of the 40-nm gold nanoparticles will
remain in the liver during the mice life span after i.v. injections
(Sadauskas and others 2009). The concentration of nano-TiO,
(< 100 nm) in the rat liver was retained for at least 28 days after
a5mgkg™' BW injection (Fabian et al., 2008). For human beings,
an epidemiological cohort study from six European countries
indicated a significantly increased risk of lung cancer in workers
in the nano-TiO, production industry than the general popula-
tion, although the estimated average exposure of workers
was less than the permissible exposure limits of occupational
safety and health administration (15 mg m~) and immediately
dangerous to life or health concentrations (7500 mgm™) for
nano-TiO, (Baan et al., 2006; Zhang et al., 2011).

Nowadays, approximately 250 nanomedicine products are
being assessed in humans, and most of them are used as imaging,
diagnostics and vehicles for drugs to treat diseases (Marshall,
2011). Many researchers think that the NMs are non-toxic in a
healthy body; for example, quantum dots showed no adverse
response to healthy non-human primates after 90days i.v.
injection (25mgkg™' BW) (Ye et al,, 2012). Even so, clinical trials
in patients are still not subject to standardized oversight of
adverse effects of NMs (Marshall, 2011), which become ever more
necessary and specialized to future nanomedicine.

Conclusions

In summary, to evaluate the nanotoxicity under OS conditions,
we studied the adverse effects of TiO, in BRL-3A cells and
SD rat livers. The synergistic effect of H,O, with nano-TiO,
enhanced the cytotoxicity in vitro through the abnormal GO/G1
and S phase transition and G2/M arrest. In vivo, the alloxan-
induced OS rats showed obvious hepatic pathological changes,
and significant increased activities of hepatic damage indicators
when the dosage of nano-TiO, was increased. This study
suggests the importance of NMs-induced toxicity in diseased
status, which should be carefully considered when patients are
exposed to NMs-containing products.
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