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a b s t r a c t

Previous studies demonstrate that the exposure to titanium dioxide nanoparticles (TiO2 NPs) damages the
central nervous system of mice; however, very little is known about the effects of TiO2 NPs on hippocam-
pal apoptosis or its molecular mechanism. The present study investigated the molecular mechanism
associated with hippocampal apoptosis in mice induced by intragastric administration of TiO2 NPs for
consecutive 60 days. Our findings indicate that TiO2 NPs accumulate in the mouse hippocampus, and this
eywords:
itanium dioxide nanoparticles
ice
ippocampus
poptotic pathway

accumulation, in turn, led to hippocampal apoptosis and impairment in spatial recognition memory in
mice. In addition, TiO2 NPs significantly activated caspase-3 and -9, inhibited Bcl-2, and promoted the
levels of Bax and cytochrome c. Furthermore, TiO2 NPs induced accumulation of reactive oxygen species
in the mouse hippocampus. These findings suggest that TiO2 NP-induced apoptosis in the mouse hip-
pocampus may result from an intrinsic pathway, and workers and consumers should take great caution
when handling nanomaterials.
. Introduction

Titanium dioxide nanoparticles (TiO2 NPs) are widely used
n water and air decontamination and as a coloring material in
he cosmetics, pharmaceutical and paint industries. However, the
mpact of these nanoparticles on organisms is not fully under-
tood. Therefore, the primary task of the present study was to
larify the information about safety and potential hazards of prod-
cts derived from nanomaterials to human health. In recent years,
tudies have unequivocally showed that TiO2 NPs accumulate in
he liver, kidneys, spleen, lungs, and heart of animals [1,2]. Impor-
antly, previous studies demonstrate that the administration of
iO2 NPs damage brain neurocyte in vitro [3,4], and the nanopar-
icles are translocated into the central nervous system (CNS) via

he olfactory pathway and brain tissue in vivo [1,2,5–9]. For exam-
le, these studies found that TiO2 NPs promoted reactive oxygen
pecies (ROS) production, interfered with mitochondrial energy
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production, and damaged dopaminergic function in brain microglia
in vitro [3,4]. Furthermore, Wang et al. indicated that TiO2 NPs were
translocated to the olfactory bulb through the olfactory nerve sys-
tem following inhalation or intranasal instillation, and caused the
development of brain lesions in mice, including vacuoles of neu-
rons and fatty degeneration, scattered Nissl bodies, enlarged cell
somata and an irregular appearance of neurons in the CA1 region
of hippocampus as well as higher inflammation responses [1,5,9].
TiO2 NPs have been shown to not only increase the lipid peroxida-
tion and protein oxidation in exposed mice, but also induce the
release of other specific neurochemicals [6]. For instance, stud-
ies have found that TiO2 NPs were accumulated in the damaged
brain of hairless mice after subchronic dermal exposure [10], and
promoted neuroinflammatory responses by enhancing microglial
activation in the pre-inflamed brain of mice [11]. Furthermore, TiO2
NPs have been shown to induce apoptosis and oxidative stress in
microglia, neurons [3–5,12,13], and Purkinje cells in vitro [14]. Our
previous studies indicated that TiO2 NPs exposure was associated
with an oxidative injury of the mouse brain [7], and impaired the
spatial recognition memory ability of mice [8]. Therefore, these
studies confirmed that TiO2 NPs could enter the CNS, resulting in

oxidative stress, inflammatory responses and spatial recognition
impairment.

The hippocampus provides a main target of TiO2 NPs, and hip-
pocampal cells are highly sensitive to ROS following exposure

dx.doi.org/10.1016/j.jhazmat.2011.04.027
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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o nanoparticles [15]. Hippocampus, a major component of the
rains of humans and other mammals, belongs to the limbic sys-
em, and plays an important role in long-term memory and spatial
avigation. We hypothesized that ROS accumulation and memory

mpairment caused by TiO2 NPs would be associated with hip-
ocampal apoptosis in mice. To date, studies in this area are limited.
herefore, we conducted an experiment to explore whether devel-
pmental TiO2 NPs exposure would cause hippocampal apoptosis
n mice, and we assayed apoptotic cytokine expression in the mouse
ippocampus. The primary purpose of our findings was to benefit
he understanding of TiO2 NP-induced effects in brain, and thereby,
o arouse the attention of the effects of TiO2 NPs exposure.

. Materials and methods

.1. Chemicals, preparation and characterization

Nanoparticulate anatase TiO2 was prepared via controlled
ydrolysis of titanium tetrabutoxide. The details of the synthesis
iO2 NP were previously described [16]. Briefly, colloidal titanium
ioxide was prepared via a controlled hydrolysis of titanium tetrab-
toxide. In a typical experiment, 1 mL of Ti (OC4H9)4 was dissolved

n 20 mL of anhydrous isopropanol, and was added dropwise to
0 mL of double-distilled water that was adjusted to pH 1.5 with
itric acid under vigorous stirring at room temperature. The tem-
erature of the solution was then raised to 60 ◦C, and maintained for
h to promote better crystallization of nanoparticulate TiO2 parti-
les. Using a rotary evaporator, the resulting translucent colloidal
uspension was evaporated yielding a nanocrystalline powder. The
btained powder was washed three times with isopropanol, and
hen dried at 50 ◦C until the evaporation of the solvent was com-
lete. A 0.5% (w/v) hydroxypropylmethylcellulose K4 M (HPMC,
4M) was used as a suspending agent. TiO2 powder was dispersed
nto the surface of 0.5% (w/v) HPMC solution, and then the suspend-
ng solutions containing TiO2 particles were treated ultrasonically
or 15–20 min and mechanically vibrated for 2 min or 3 min.

The particle sizes of both the powder and nanoparticle sus-
ended in 0.5% (w/v) HPMC solution after incubation for 12 h
nd 24 h (5 mg/mL) were determined using a TecnaiG220 trans-
ission electron microscope (TEM) (FEI Co., USA) operating at

00 kV, respectively. In brief, particles were deposited in suspen-
ion onto carbon film TEM grids, and allowed to dry in air. Mean
article size was determined by measuring more than 100 individ-
al particles that were randomly sampled. X-ray-diffraction (XRD)
atterns were obtained at room temperature with a MERCURY
CD diffractometer (MERCURY CCD Co., Japan) using Ni-filtered
u K� radiation. The surface area of each sample was determined
y Brunauer–Emmett–Teller (BET) adsorption measurements on
Micromeritics ASAP 2020M+ C instrument (Micromeritics Co.,
SA). The average aggregate or agglomerate size of the TiO2 NPs
fter incubation in 0.5% (w/v) HPMC solution for 12 h and 24 h
5 mg/mL) was measured by dynamic light scattering (DLS) using
Zeta PALS + BI-90 Plus (Brookhaven Instruments Corp., USA) at a
avelength of 659 nm. The scattering angle was fixed at 90◦. The

i4+ ions leakage from TiO2 NPs at time 0 and/or after 12, 24, 48 h of
ncubation in 0.5% (w/v) HPMC was measured by inductively cou-
led plasma-mass spectrometry (ICP-MS, Thermo Elemental X7,
hermo Electron Co., Finland) after sample centrifugation and fil-
ration. 20 ng/mL of indium was chosen as an internal standard
lement, and the detection limit of titanium was 0.074 ng/mL.
.2. Animals and treatment

It has been previously demonstrated by Wang et al. that sensi-
ivity to TiO2 exposure was higher in CD-1 (ICR) female mice than
Materials 191 (2011) 32–40 33

CD-1 (ICR) male mice [1]. Therefore, CD-1 (ICR) female mice were
used in this study. 80 CD-1 (ICR) female mice (24 ± 2 g) were pur-
chased from the Animal Center of Soochow University (China). All
mice were housed in stainless steel cages in a ventilated animal
room. Room temperature of the housing facility was maintained at
24 ± 2 ◦C with a relative humidity of 60 ± 10% and a 12-h light/dark
cycle. Distilled water and sterilized food were available for mice ad
libitum. Prior to dosing, the mice were acclimated to this environ-
ment for 5 days. All animals were handled in accordance with the
guidelines and protocols approved by the Care and Use of Animals
Committee of Soochow University (China). All procedures used in
animal experiments conformed to the U.S. National Institutes of
Health Guide for the Care and Use of Laboratory Animals [17].

For the experiment, the mice were randomly divided into four
groups (N = 20), including a control group (treated with 0.5% (w/v)
HPMC) and three experimental groups (5, 10, and 50 mg/kg BW
TiO2 NPs). The mice were weighed, and the TiO2 NP suspensions
were administered to the mice by an intragastric administration
every day for 60 days. Any symptoms or mortality were observed
and recorded carefully everyday during the 60 days. In addition, the
mice were regularly handled and weighed before the behavioral
experiments.

2.3. Behavioral apparatus and method

Following the 60 days of TiO2 NP administration, the acquisition
of spatial recognition memory was determined using the Y-maze
in mice (N = 20). To assess spatial recognition memory, the Y-maze
test consisted of two trials separated by an inter-trial interval (ITI).
During the first trial (10-min duration), the mouse was allowed to
freely explore only two arms (start arm and other arm) of the maze,
and the third arm (novel arm) of the Y-maze was blocked. After a
1 h ITI, the second trial (retention) was conducted where all three
arms were accessible, and novelty vs. familiarity was analyzed by
comparing the behavior in all three arms. For the second trial, the
mouse was placed back in the maze in the same starting arm with
free access to all three arms for 5 min. Using a ceiling-mounted CCD
camera, all trials were recorded on a VCR. The video recordings were
later analyzed to determine the number of entries and time spent in
each arm. Data were also expressed as percentage of total time, and
the distance spent in the arms was measured every 30 s and during
the total 5 min [18]. On the second trial, we also assessed which of
the arms was entered first as another reflection of recognizing the
novel arm as a measure of discrimination memory [18]. Because
retention in the Y-maze test does not last longer than a few hours,
this task can be assessed several times in the same animal [19].
Therefore, all mice were tested in the Y-maze three times using 1 h
ITI.

2.4. Coefficients of brain and preparation of hippocampus

After behavioral testing using the Y-maze, all mice were first
weighed, and then sacrificed after being anesthetized using ether.
The brains were quickly removed and placed on ice, and the hip-
pocampi were dissected and frozen at −80 ◦C.

2.5. Titanium content analysis

Hippocampi were removed from the −80 ◦C and then thawed,
and roughly 0.1 g of the hippocampus was weighed, digested and
analyzed for titanium content. Inductively coupled plasma-mass

spectrometry (ICP-MS, Thermo Elemental X7, Thermo Electron Co.)
was used to analyze the titanium concentration in the samples. For
the analysis, an indium concentration of 20 ng/mL was utilized as
an internal standard element, and the detection limit of titanium
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as 0.074 ng/mL. The data were expressed as nanograms per gram
resh tissue.

.6. Observation of hippocampal ultrastructure by TEM

Hippocampus was fixed by 2.5% glutaraldehyde in 0.1 mol/dm3

acodylate buffer for 2 h, and the samples were washed three times
ith 0.1 mol dm cacodylate buffer (pH 7.2–7.4) and post-fixed for
h in 1% osmium tetraoxide. The specimens were dehydrated by a
raded series of ethanol (75, 85, 95, and 100%), and embedded in
pon 812. Ultrathin sections were obtained, contrasted with uranyl
cetate and lead citrate, and the sections were visualized using a
EOL 1010 transmission electron microscope (TEM). Hippocampal
poptosis was determined based on the changes in nuclear mor-
hology (e.g., chromatin condensation and fragmentation).

.7. Analysis of integrity of the hippocampal DNA

DNA was extracted from the mouse hippocampi and purified as
escribed by the manufacturer (Takara company), and A260/A280
>1.8) indicated that the DNA sample was sufficiently free of pro-
ein. The purified DNA was resuspended in Tris–HCl buffer (pH 7.2),
nd then was stored at 4 ◦C. The integrity of the hippocampal DNA
rom various treatments was further examined utilizing agarose gel
lectrophoresis.

.8. Expression assay of apoptosis cytokines

The level of mRNA expression of apoptosis-related cytokines
i.e., caspase-3, caspase-8, caspase-9, Bax, Bcl-2, and cytochrome
) were determined using real-time quantitative RT polymerase
hain reaction (RT-PCR) [20–22]. Synthesized cDNA was used for
he real-time PCR by employing primers that were designed using
rimer Express Software according to the software guidelines
Table 1). The gene expression analysis and experimental system
valuation were performed according to the standard curve and
uantitation reports. To determine caspase-3, caspase-8, caspase-
, Bax, Bcl-2, and cytochrome c levels in the mouse hippocampus,
n enzyme linked immunosorbent assay (ELISA) was performed
sing commercial kits that are selective for each respective protein
R&D Systems, USA). Manufacturer’s instruction was followed. The
bsorbance was measured on a microplate reader at 450 nm (Var-
oskan Flash, Thermo Electron, Finland), and the concentration of
aspase-3, caspase-8, caspase-9, Bax, Bcl-2, and cytochrome c was
alculated from a standard curve for each sample.

.9. Biochemical parameter assay

Superoxide ion (O2
•–) in the mouse hippocampal tissues was

easured by determining the reduction of 3′-{1-[(phenylamino)
arbonyl]-3,4-tetrazolium}-bis (4-methoxy-6-nitro) benzenesul-
onic acid hydrate (XTT) in the presence of O2

•–, as described
reviously by Oliveira et al. [23]. The detection of hydroperoxide
H2O2) contents in the hippocampal tissues was carried out by the
ylenol orange assay [24].

The activity of superoxide dismutase (SOD) in the hippocampal
issues was assayed by monitoring its ability to inhibit the photo-
hemical reduction of nitroblue tetrazolium (NBT), and monitoring
he increase in absorbance at 560 nm followed the production of
lue formazan [25]. The activity of catalase (CAT) was measured
y analyzing the decrease in the H2O2 concentration for 15 s, and
hen reading the absorbance at 240 nm on a UV-3010 absorption

pectrophotometer according to Claiborne [26].

The activity of peroxidase (APx) was assayed using the method
escribed by Reuveni et al. [27]. In addition, the activity of glu-
athione peroxidase (GSH-Px) was determined by a modified
Fig. 1. The (1 0 1) X-ray diffraction peak of anatase TiO2 NPs. The average grain size
was about 5 nm by calculation of Scherrer’s equation.

coupled assay procedure of Paglia and Valentine [28]. In order
to determine reduced glutathione (GSH) and oxidized glutathione
(GSSG) levels, the hippocampi were homogenized as previously
described. However, the supernatants were not diluted five-fold
as described in the antioxidant enzyme assays. GSH and GSSG con-
tents were estimated using the method described by Hissin and
Hilf [29]. Ascorbic acid (AsA) and dehydroascorbic acid (DAsA)
determination was also determined using the method described
by Jacques-Silva et al. [30]. The content of protein was determined
following the Lowry et al. [31] method. Each parameter was deter-
mined in five animals.

3. Statistical analysis

Statistical analyses were conducted using SPSS 11.7 software.
Data were expressed as means ± standard deviation (SD). One-way
analysis of variance (ANOVA) was carried out to compare the dif-
ferences of means among multi-group data. Dunnett’s test was
performed when each dataset was compared with the solvent-
control data. Statistical significance for all tests was judged at a
probability level of 0.05 (p < 0.05).

4. Results

4.1. TiO2 NPs characteristics

X-ray diffraction measurements (Fig. 1) show that TiO2 NPs
exhibit the anatase structure, and the average grain size calcu-
lated from the broadening of the (1 0 1) XRD peak of anatase was
roughly 6.5 nm using Scherrer’s equation. The transmission elec-
tron micrographs demonstrated that the average particle sizes of
powder (Fig. 2a) suspended in HPMC solvent after 12 h and 24 h
incubation ranged from 6 to 7 nm, respectively (Fig. 2b and c), which
is consistent with the XRD results. The value of the sample sur-
face area was generally smaller than the one estimated from the
particle size, and it would seem that the aggregation of the par-
ticles may cause such a decline (Table 2). After the 12 h and 24 h
incubation, the mean hydrodynamic diameter of TiO2 NPs in HPMC
solvent ranged between 208 and 330 nm (mostly being 294 nm), as
measured by DLS (Fig. 3a and b), which indicates that the majority
of TiO2 NPs were clustered and aggregated in solution. In addi-
tion, the zeta potential was 7.57 mV and 9.28 mV, respectively, and
the particle characteristics for the TiO2 NPs used in this study are

4+
summarized in Table 2. The leakage of Ti ions from 12 h, 24 h
and 48 h incubation of TiO2 NPs in HPMC after centrifugation was
measured by ICP-MS. However, Ti4+ contents were not detected in
filtrate, which are higher than the detection limit of 0.074 ng/mL
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Table 1
Real time PCR primer pairs. PCR primers used in the gene expression analysis.

Gene name Description Primer sequence Primer size (bp)

Refer-actin mactin f GAGACCTTCAACACCCCAGC
mactin r ATGTCACGCACGATTTCCC 263

Caspase-8 mcaspase-8 F ATCTGCTGTATCCCAGC
mcaspase-8 R AGGCACTCCTTTCTGGAAGTTAC 180

Caspase-9 mcaspase-9 F GCGGTGGTGAGCAGAAAGA
mcaspase-9 R CCTGGGAAGGTGG AGTAGGA 190

Caspase-3 mcaspase-3 F CTGACTGGAAAGCCGAAACTC
mcaspase-3 R GACTGGATGAACCACGACCC 203

Bax mbax F GGATGCGTCCACCAAGAAG
mbax R CAAAGTAGAAGAGGGCAACCAC 194

Bcl-2 mbcl-2F TGTGGTCCATCTGACCCTCC
mbcl-2 R ACATCTCCCTGTTGACGCTCT 224

Cytochrome c mcytochrome c F CATCCCTTGACATCGTGCTT
mcytochrome c R GGGTAGTCTGAGTAGCGTCGTG 250

Fig. 2. Transmission electron microscope (TEM) image of anatase TiO2 NPs particles. (a) TiO2 NPs powder; (b) TiO2 NPs suspended in HPMC solvent after incubation for 12 h;
(c) TiO2 NPs suspended in HPMC solvent after incubation for 24 h. TEM images showed that the sizes of the TiO2 NPs powder or suspended in HPMC solvent for 12 h, 24 h
were distributed from 5 to 6 nm, respectively.

Table 2
characteristics of TiO2 NPs.

Sample Crystallite size (nm) Phase Surface area (m2/g) Composition Zeta potential (mV)

TiO NPs 6.5 Anatase 174.8 Ti, O 7.57a, 9.28b
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a Zeta potential after the 12 h incubation in HPMC solvent.
b Zeta potential after the 24 h incubation in 0.5% (w/v) HPMC solvent.

not listed). Therefore, these results suggested that the Ti4+ ions
eakage from TiO2 NPs.

.2. Titanium content

The contents of titanium in the mouse hippocampus are shown
n Fig. 4. With increasing intragastric doses of TiO2 NPs, the tita-
ium accumulation in the mouse hippocampus was significantly
levated (p < 0.01). This accumulation of titanium in hippocampus
ay damage the mouse hippocampus and impair spatial recogni-

ion memory in mice, which is confirmed by the further observation
f mouse hippocampal neuron ultrastructure and the behavioral
ssay of memory in mice.

.3. Hippocampal neuron ultrastructure evaluation

The changes of neuron ultrastructure in the mouse hippocam-
us are presented in Fig. 5. It was observed that the mouse neuron

n the control group and in the 5 mg/kg BW TiO2 NPs-treated group
ontained round nuclei with homogeneous chromatin (Fig. 5a and

), consistent with a normal neuron. However, the ultrastruc-
ure of the neuron from the 10 mg/kg BW TiO2 NPs-treated group
resented significant shrinkage of the nucleus (Fig. 5c), and hip-
ocampal neurons treated with 50 mg/kg BW TiO2 NPs indicated a
significant shrinkage of the nuclear membrane as well as chromatin
marginalization (Fig. 5d). These phenotypes represent classical
morphological characteristics of apoptosis. Thus, the results sug-
gested that TiO2 NP exposure caused neuron apoptosis in the mouse
hippocampus, which may affect spatial recognition memory in
mice.

4.4. Assay of DNA ladder from hippocampi

In order to further confirm whether TiO2 NP exposure is associ-
ated with apoptosis in the mouse hippocampus, we performed gel
electrophoresis (Fig. 6). Both the control and 5 mg/kg BW TiO2 NP-
treated group showed single stranded DNA. However, hippocampal
DNA from 10 and 50 mg/kg BW TiO2 NP-treated groups generated
a classical ladder; therefore, the higher doses of TiO2 NPs could
cause hippocampal apoptosis in mice, which would be consistent
with the TEM observation.

4.5. Apoptotic cytokines expression
Both the neuron ultrastructure observations and DNA lad-
der assay indicate that apoptosis is occurring in the mouse
hippocampal neurons. To confirm the role of the apoptosis-
induced signaling pathway in the TiO2 NP-induced hippocampal
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Fig. 3. Hydrodynamic diameter distribution of TiO2 NPs in HPMC solvent using DLS characterization. (a) Incubation for 12 h; (b) incubation for 24 h.

Table 3
Effect of TiO2 NPs on the amplification of apoptosis factor mRNA of the mouse hippocampus by real-time PCR analysis after intragastric administration with TiO2 NPs for
consecutive 60 days.

Ratio of gene/actin TiO2 NPs (mg/kg BW)

0 5 10 50

Caspase-8/actin 0.062 ± 0.003a 0.061 ± 0.003a 0.064 ± 0.003a 0.060 ± 0.003a
Caspase-9/actin 0.010 ± 0.000a 0.016 ± 0.001b 0.029 ± 0.001c 0.046 ± 0.002d
Caspase-3/actin 0.033 ± 0.002a 0.039 ± 0.002a 0.110 ± 0.006b 0.210 ± 0.011c
Bax/actin 0.006 ± 0.000a 0.007 ± 0.000a 0.012 ± 0.001b 0.040 ± 0.002c
Bcl-2/actin 0.097 ± 0.005a 0.070 ± 0.004b 0.043 ± 0.002c 0.021 ± 0.001d
Cytochrome c/actin 13.006 ± 0.650a 16.766 ± 0.838b 18.831 ± 0.942c 56 001 ± 2.800d

Treatments with different letters indicate significantly different values (p < 0.05). Values represent means ± SD, N = 5.

Table 4
Effect of TiO2 NPs on the apoptosis protein level of the mouse hippocampus by ELISA analysis after intragastric administration with TiO2 NPs for consecutive 60 days.

Protein expression TiO2 NPs (mg/kg BW)

0 5 10 50

Caspase-8 (pg/mg tissue) 8.71 ± 0.44a 8.64 ± 0.43a 8.91 ± 0.44a 8.88 ± 0.44a
Caspase-9 (pg/mg tissue) 84.47 ± 4.22a 102.89 ± 5.14b 114.98 ± 5.75c 120.67 ± 6.03c
Caspase-3 (pg/mg tissue) 35.61 ± l.78a 42.73 ± 2.14b 52.35 ± 2.62b 89.57 ± 4.48c
Bax (ng/mg tissue) 77.19 ± 3.86a 96.82 ± 4.84b 120.46 ± 6.02c 206.96 ± 10.35c
Bcl-2 (ng/mg tissue) 29.89 ± 1.49a 25.71 ± 1.29b 24.55 ± 1.23b 18.41 ± 0.92c

23.06

T lues r

a
t
p
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c

Cytochrome c (pg/mg tissue) 86.36 ± 4.32a 1

reatments with different letters indicate significantly different values (p < 0.05). Va

poptosis, real-time quantitative RT-PCR and ELISA were used
o detect alterations of the apoptosis-related genes and their
roteins levels in the TiO2 NP-treated mice (Tables 3 and 4).
ables 3 and 4 indicate that TiO2 NP exposure did not sig-
ificantly change the levels of caspase-8 expression (p > 0.05);

owever, TiO2 NP exposure did significantly induce caspase-9 and
aspase-3 expression in the treated mouse hippocampus (p < 0.05
r 0.01). Tables 2 and 3 also indicate that TiO2 NP exposure signifi-
antly suppressed Bcl-2 gene and protein expression, but promoted
± 6.15b 135.44 ± 6.77c 146.77 ± 7.34d

epresent means ± SD, N = 5.

the expression of Bax and cytochrome c in the hippocampus com-
pared with the control (p < 0.05 or 0.01).

4.6. ROS production and lipid peroxidation
Fig. 7 shows how exposure to TiO2 NPs changes the production
rate of O2

− and H2O2 in the mouse hippocampus. TiO2 NP expo-
sure caused a dramatic increase of the generating rate of ROS in
hippocampus in mice (p < 0.05 or 0.01).
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Fig. 6. Assay of DNA ladder from hippocampi of mice caused by intragastric admin-
istration with TiO2 NPs for consecutive 60 days. (1) DNA marker; (2) control exhibits
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ig. 4. The contents of titanium in hippocampus of ICR female mice after intragastric
dministration with TiO2 NPs for 60 days. Treatments with different letters indicate
ignificantly different values (p < 0.05). Values represent means ± SD, N = 5.

.7. Antioxidant capacity

Figs. 8 and 9 demonstrate the activities of enzymatic and non-
nzymatic antioxidants in the mouse hippocampus caused by
iO2 NP exposure. With increasing intragastric doses of TiO2 NPs,
he activities of SOD, CAT, APx and GSH-Px showed significant

ecreases, and the ratios of AsA to DAsA and GSH to GSSGG in hip-
ocampus also showed a significant reduction (p < 0.05 or 0.01).
hese findings suggest that TiO2 NP exposure decreased the antiox-
dant capacity of the mouse hippocampus.

ig. 5. Ultrastructure of hippocampal neuron in female mice caused by intragastric admi
ith homogeneous chromatin, and nucleolus is attached to nuclear membrane side in th
ith homogeneous chromatin in the hippocampus CA neuron; (c) 10 mg/kg BW TiO2 N

ompared with control and 5 mg/kg BW TiO2 NPs, respectively; (d) 50 mg/kg BW TiO2 NPs
arginalization ((red arrows)) in the hippocampus CA neuron compared with control, 5

olor in this figure legend, the reader is referred to the web version of the article.)
single strand DNA; (3) 5 mg/kg BW TiO2 NPs exhibits single strand DNA; (4) 10 mg/kg
TiO2 NP exhibits DNA ladder; (5) 50 mg/kg BW TiO2 NPs exhibits DNA ladder.

4.8. Evaluation of spatial recognition memory

Fig. 10 presents the effects of TiO2 NP exposure on the spatial
recognition memory in mice. The percentage of duration to explore

the novel arm was significantly higher than the start and other arms
for the unexposed mice (p < 0.01), and the percentage of duration
to explore the novel arm was significantly higher than the start and

nistration with TiO2 NPs for consecutive 60 days. (a) Control: chromatin is nucleus
e hippocampus CA neuron; (b) 5 mg/kg BW TiO2 NPs: chromatin exhibits nucleus
Ps exhibits shrinkage of nucleus in the hippocampus CA neuron (green arrows)
suggests significant shrinkage of nuclear membrane (green arrows)and chromatin

, and 10 mg/kg BW TiO2 NPs, respectively. (For interpretation of the references to



38 R. Hu et al. / Journal of Hazardous Materials 191 (2011) 32–40

Fig. 7. The ROS generating rate of hippocampus of ICR mice after intragastric admin-
istration with TiO2 NPs for consecutive 60 days. Treatments with different letters
indicate significantly different values (p < 0.05). Values represent means ± SD, N = 5.

Fig. 8. The activities of antioxidative enzymes of hippocampus of ICR mice after
intragastric administration with TiO2 NPs for consecutive 60 days. Treatments with
different letters indicate significantly different values (p < 0.05). Values represent
means ± SE, N = 5.

Fig. 9. The ratios of AsA to DAsA and GSH to GSSGG of the mouse hippocampus after
i
d
m

o
H
N
d
o
T

Fig. 10. Effect of TiO2 NPs on the spatial recognition memory of mice in Y-maze
ntragastric administration with TiO2 NPs for consecutive 60 days. Treatments with
ifferent letters indicate significantly different values (p < 0.05). Values represent
eans ± SD, N = 5.

ther arms for the 5 mg/kg BW TiO2 NP mice (p < 0.05), respectively.
owever, the percentage of duration for 10 and 50 mg/kg BW TiO2

Ps mice to explore the novel arm was not statistically significant
ifferent from the start arm, and lower than the duration in the
ther arm (p > 0.05). These findings suggest that higher doses of
iO2 NP exposure impair the spatial recognition memory in mice.
after intragastric administration with TiO2 NPs for the consecutive 60 days. Treat-
ments with different letters indicate significantly different values (p < 0.05). Values
represent means ± SD, N = 20.

5. Discussion

To understand the underlying mechanism for the brain injury
of mice caused by exposure to TiO2 NPs, the present study was
designed to investigate the relevant apoptosis pathways in the
mouse hippocampus. Our data indicate that titanium was signifi-
cantly accumulated in the mouse hippocampus (Fig. 4), and indicate
that TiO2 NPs can easily cross the blood–brain barrier (BBB) into
the hippocampus, depositing TiO2 NPs in the CNS and damaging
the barrier integrity [32–34]. Apoptosis is characterized by cellular
and nuclear shrinkage and condensation followed by DNA ladder,
nuclear fragmentation, cellular budding, and the formation of apo-
ptotic bodies [35]. Due to TiO2 NP deposition, we observed nuclear
shrinkage and chromatin condensation in the nucleus of neurons
(Fig. 5) and the DNA ladder in the mouse hippocampus (Fig. 6),
which are classical characteristics of apoptosis caused by TiO2 NPs.
Previous studies demonstrate that TiO2 NP exposure can induce
apoptosis or necrosis in different types of cells or organs, such as
microglia, neurons [3–5,12,13], Purkinje cells [14], mesenchymal
stem cells [36], fibroblasts [37], lymphoblastoid cells [38], human
bronchial epithelial cells [39], BEAS-2B cells [40], spleen [41], and
liver [42].

Apoptosis can be triggered through two principal signaling
pathways: (1) the death receptor-mediated extrinsic apoptotic
pathway and (2) the recruitment of adaptor proteins followed
by the activation of caspase-8 and the mitochondrion-mediated
intrinsic apoptotic pathway. The hippocampal apoptotic processes
may hypothetically occur via the mitochondrion-mediated path-
way. In this pathway mitochondrial permeability is first increased,
and then followed by the release of apoptogenic factors such as
cytochrome c and the activation of initiator caspase-9 and effector
caspase-3 of apoptosis-inducing factor. In addition, the Bcl-2 family
proteins are considered as critical regulators of mitochondria-
mediated apoptosis by regulating either promoters (e.g., Bax and
Bid) or inhibitors (e.g., Bcl-2) of the cell death process [43–45].
In the present study, we observed increases in caspase-3 gene
and protein expression associated with hippocampal apoptosis
in mice in response to TiO2 NP exposure, and this response
occurred in a dose-dependent manner. Moreover, TiO2 NPs expo-
sure also significantly increased the gene and protein expression
of caspase-9, Bax, and cytochrome c, and significantly suppressed

bcl-2 expression in hippocampus of mice (Tables 3 and 4). These
findings indicate that TiO2 NP-induced apoptosis in the mouse
hippocampus may be mediated via mitochondrial or the intrinsic
pathway.
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Apoptosis can also be triggered through the extrinsic pathway
hat involves the activation of caspase-8. The increase of caspase-
expression can either directly activate caspase-3 leading to cell

poptosis or indirectly activate caspase-3 resulting in the activa-
ion of caspase-9 and the mitochondrial pathway. In the present
tudy, our data indicate that TiO2 NP exposure activates caspase-9,
ut not the caspase-8 in the mouse hippocampus (Tables 3 and 4)
herefore, these findings indicate that the hippocampal apoptosis
aused by TiO2 NP exposure may not be mediated via the extrinsic
athway.

ROS is at least one of the triggers for intrinsic apoptosis. In order
o further confirm the apoptosis pathways in the hippocampus
ssociated with TiO2 NP exposure, we assayed ROS accumulation
nd antioxidant capacity. Our data suggest that the ROS levels
such as O2

•−, H2O2) significantly increased (Fig. 7), while the scav-
ngers of ROS (such as SOD, CAT, APx, GSH-Px, GSH, and AsA)
arkedly decreased in the hippocampus of TiO2 NP treated mice

Figs. 8 and 9), consistent with apoptosis. Previous studies demon-
trate that the toxicity of nano-sized particles is mediated through
he induction of ROS [45–47]. Likewise, ROS increases are closely
elated to the induction of apoptotic and necrotic cell death in cell
ultures [45,48]. TiO2 NPs could be phagocytized by neurons and
icroglia, which then release ROS (•OH and O2

•−) and cause apo-
tosis [3–5]. ROS has also been shown to increase the permeability
f mitochondrial membrane [49], and cause oxidative damage to
NA [50]. Therefore, the importance of ROS in triggering intrinsic
poptosis in TiO2 NP-induced apoptosis of the mouse hippocampus
s consistent with these findings.

Because the hippocampus plays important roles in long-term
emory and spatial navigation, TiO2 NP exposure that causes hip-

ocampal neuron apoptosis may also result in impairment in the
ippocampal function. Therefore, we evaluated the effect of TiO2
Ps on spatial recognition memory in mice. Utilizing the two-

rial Y-maze task, the present article demonstrates significant arm
ffects on the percentage of total duration and number of visits dur-
ng the retention test. However, after exposure to TiO2 NPs, the time
pent in the familiar start and other arms for mice were gradually
ncreased, while the time spent in the unfamiliar novel arm was
radually decreased. However, the time spent in the familiar start
nd other arms was lower than that of the unfamiliar novel arm for
nexposed mice (Fig. 10). Dellu et al. [19] clearly demonstrated that
he first choice for novel arm can be utilized to test discrimination

emory. The previous reports also demonstrate by Y-maze test-
ng that TiO2 NPs exposure decreased the learning and memory
bility of mice [6]. As compared to unexposed mice, this obvious
eduction of spatial recognition memory in mice was caused by
xposure to TiO2 NPs, and was associated with hippocampal apo-
tosis.

In summary, this study demonstrated that apoptosis induced
y exposure to TiO2 NPs in the mouse hippocampus was medi-
ted primarily through the intrinsic apoptosis pathway. In addition,
OS overproduction was among the probable triggers of TiO2 NP-

nduced apoptosis in hippocampus.
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