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Introduction

Nanoparticulate titanium dioxide-inhibited dendritic
development is involved in apoptosis and autophagy
of hippocampal neurons in offspring mice

Yingjun Zhou,7*°< Fashui Hong, & *12< Yusheng Tian,1*°< Xiangyu Zhao,*°
Jie Hong,? Yuguan Ze® and Ling Wang®

Background: Numerous studies have demonstrated that, upon maternal exposure, nano-TiO, can cross
the placental barrier, accumulate in offspring animals, and cause neurotoxicity. However, the neurotoxic
mechanisms are not fully understood. The aim of this study is to determine the effects of nano-TiO, on
the dendritic outgrowth of hippocampal neurons and confirm the role of apoptosis and excessive auto-
phagy in the neurotoxicity of offspring mice caused by nano-TiO,, as well as its molecular mechanisms.
Methods: Pregnant mice were intragastrically administered 1, 2, or 3 mg per kg body weight nano-TiO,
consecutively from prenatal day 7 to postpartum day 21. The ultrastructure, mitochondrial membrane
potential (MMP), levels of reactive oxygen species (ROS) and peroxides, and ATP contents, along with the
expression of apoptosis- and autophagy-related factors, were investigated. Results: The dendritic length
of hippocampal neurons was lower in the group treated with nano-TiO, than in the control group.
Apoptosis, excessive autophagy, and nano-TiO, aggregation in hippocampal neurons resulted from
maternal exposure to nano-TiO,. Maternal exposure to nano-TiO, also resulted in the over-production of
ROS, increases in malondialdehyde and protein carbonylation, reductions in MMP and ATP contents, up-
regulation of apoptosis- or autophagy-related factors including histone H2AX at serine 139 (yH2AX), cyto-
chrome C (Cyt C), caspase 3, phosphoinositide 3-kinase (PI3K3C), Beclin 1, c-Jun, LC3l, LC3Il, INK and
p-JINK expression, and an increase of LC3II/LC3I, as well as down-regulation of Bcl-2 expression in
hippocampal neurons of offspring mice. Conclusions: Maternal exposure to nano-TiO, inhibited the
dendritic outgrowth of hippocampal neurons. This effect is closely associated with excessive autophagy,
which is related to severe oxidative stress and alterations in the expressions of apoptosis- and autophagy-
related factors in the hippocampal neurons of offspring mice, due to maternal exposure to nano-TiO,.

nano-TiO, to the nervous system attracts considerable attention
because of the non-regeneration and susceptibility of neurons.”

Due to their novel physicochemical properties and functions,
nanomaterials are extremely attractive in various fields, includ-
ing industry, medicine, agriculture and food. Among the many
kinds of nanomaterials, nano-TiO, is widely used in paints,
wastewater treatment, cosmetics, food additives, sterilization,
implanted biomaterials, and so on. However, the toxicity of
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Recent studies have shown that inhaled or injected nano-
TiO, can enter the systemic circulation and accumulate in
various organs and tissues, causing adverse effects.” '’ In
particular, nano-TiO, can easily cross the blood-brain barrier
(BBB) and central nervous system (CNS) via the olfactory
pathway or by oral administration, damaging brain neurons
and resulting in neurodegenerative diseases and the impair-
ment of spatial recognition."' Nano-TiO, can also cross
the placental barrier, leading to neurotoxicity in offspring
animals." The body is in a stage of rapid cell growth and differ-
entiation during the developmental stage. In particular, neuro-
logical development is a sensitive biological endpoint to nano-
material exposure, and the ability of the body to remove
poison is low."®"? Therefore, we hypothesized that exposure to
nano-TiO, during pregnancy resulting from the use of nano-
TiO, in food additives, cosmetics, sunscreens,'* ' and ortho-
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paedic and dental implants will pose a neurotoxicity risk to
embryos and affect embryo or infant neural development.'”'®
Many studies have unequivocally shown that nano-TiO, admi-
nistered during the prenatal period and transferred from
pregnant mice to their offspring can damage the nervous system
and impair long-term memory and spatial navigation.'*?
Moreover, nano-TiO, can enter the cytoplasm or nucleus of rat
primary hippocampal neurons, inducing apoptosis and inhibit-
ing the growth of neuronal dendrites in vitro.”*>° The hippo-
campus, which is located in the infoldings of the cerebral cortex,
is responsible for learning and long-term memory. Accordingly,
we hypothesized that reductions in the long-term memory and
spatial navigation of offspring due to maternal exposure to nano-
TiO, may be associated with the inhibition of hippocampal
neuron development during embryo or infant development.

A neuron is a type of cell that has polarity, because axons
and dendrites grow in different directions. As for hippocampal
neurons, apical dendrites play a very important role in accept-
ing information, basal dendrites are featured in the feedback
loop, and axons determine the range of outgoing messages.
Therefore, dendritic morphology and development are of great
significance for signal transduction, signal processing, and
feedback loop formation in neurons. However, neuron dendri-
tic outgrowth may be related to autophagy since abnormal
autophagy has been shown to seriously damage organism
development and differentiation, accelerate the ageing
process,’’ > and cause several neurodegenerative diseases.*®
Numerous studies have reported that exposure to nano-TiO,
can induce autophagy in different types of cells, including
human keratinocytes,”’® normal lung cells,>**™*" vascular
endothelial cells, and podocytes.*>** Whether the suppression
of neuron dendritic growth caused by nano-TiO, exposure
involves autophagy is not yet clear.>*"*°

Therefore, in the present study, we examined the damage to
hippocampal neurons and suppression of dendrite develop-
ment caused by maternal exposure to nano-TiO,, along with
the mechanisms, in developing offspring mice. Pregnant mice
were consecutively administrated intragastrically with 1, 2, or
3 mg per kg body weight (BW) nano-TiO, from prenatal day 7
to postpartum day 21. The ultrastructure, mitochondrial mem-
brane potential (MMP), levels of reactive oxygen species (ROS)
and peroxides, and ATP contents, as well as the expressions of
apoptosis- and autophagy-related factors, were then deter-
mined in order to explore the developmental neurotoxicity and
molecular mechanism of nano-TiO, in the hippocampal
neurons of offspring mice.

Materials and methods
Chemicals

Nanoparticulate TiO, was prepared by the controlled hydro-
lysis of titanium tetrabutoxide. Details of the synthesis and
characterization of nano-TiO, are described in a previous
report by our group.** The nanoparticle characteristics were as
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follows: anatase phase; particle size = 6.5 nm; hydrodynamic
diameter = mainly 294 nm; surface area = 174.8 m* g~*; and
zeta potential = 9.28 mVv.**

Ethics approval

All animal experiments were conducted during the light/dark
cycle and approved by the Animal Experimental Committee of
Soochow University (Grant 2111270).

Animals and treatment

Female CD-1 (ICR) mice (20 + 1.5 g) and male mice (23 + 2 g)
were purchased from the Animal Center of Soochow University
(China). All mice were housed in stainless-steel cages in a ven-
tilated animal room. The temperature of the housing facility
was maintained at 24 °C + 2 °C with a relative humidity of 60%
+10% and a 12 h light/dark cycle. Distilled water and sterilized
food were available ad libitum. Prior to dosing, the mice were
acclimated to the environment for five days. Mice were kept in
cages according to the ratio of 2:1 (?:48) at 18:00 every
evening, and the vaginal suppository of female mice was
checked the next morning at 06:00-08:00. Female mice were
considered pregnant when the vaginal suppository was found
(day 0). Pregnant mice were randomly divided into four sub-
groups (N = 6 per group), including a control group treated
with 0.5% w/v hydroxypropylmethylcellulose (HPMC; Sigma-
Aldrich, St Louis, MO, USA, Cat. #: 09963) and three experi-
mental groups treated with 1, 2, or 3 mg per kg BW nano-TiO,
under SPF conditions. For appropriate dose selection, we con-
sulted a World Health Organization report from 1969.
According to the report, the LD50 of TiO, for rats is >12 g per
kg BW after oral administration. Dietary exposure to TiO, in
Western populations is 1-3 mg per kg BW per day on average
for children under the age of 10 years and approximately
0.2 mg per kg BW per day of TiO, for other age groups.
Assuming that 36% of food-grade TiO, is smaller than 100 nm
in at least one dimension, this exposure limit decreases to
approximately 0.1 mg of nanoscale TiO,/person each day.*>*
Animals received 1, 2, or 3 mg per kg BW nano-TiO, orally
using a gavage needle from prenatal day 7 to postnatal day
(PND) 21. The same schedule was applied to control pregnant
mice treated with 0.5% w/v HPMC. Thirty offspring mice in
each group delivered spontaneously were reared with their
respective dams until the time of initial experimentation at
PND 7. Thirty pups in each group were separated from the
mother at PND 21 and housed in cages in an isolated animal
room under SPF conditions for 21 days. The room environ-
ment was set up at 24 °C = 2 °C under 60% = 10% relative
humidity and a 12 h light/dark cycle.

All animal experiments were performed in accordance with
the Guiding Principles in the Use of Animals in Toxicology.

Isolation and identification of hippocampal neurons

After PND 21, neurons were prepared from the hippocampal
Cornus Ammon 1 (CA1) of offspring mice and treated with
0.25% trypsin (Gibco, New York, USA, Cat. #: 25200056) at
37 °C for 10 min. The cells were suspended in neurobasal
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medium (Gibco, New York, USA, Cat. #: 21103049) containing
2% B27 supplement (Gibco, New York, USA, Cat. #: 17504044)
and 1% glutamine (Gibco, New York, USA, Cat. #: 25030081)
and plated at a density of 1.0-5.0 x 10° cells per cm?® on poly-
t-lysine-coated cell culture clusters in a humidified 5% CO,
atmosphere at 37 °C for 24 h. The reaction was then termi-
nated by serum, and neurons were identified by immunocyto-
chemistry with an antibody against neuron specific enolase
(NSE, Thermo Fisher Scientific, USA), a marker for neurons.
A culture with more than 95% neurons was used in the follow-
ing experiments.

Observation of neuron ultrastructure

The primarily cultured hippocampal neurons from offspring
mice were fixed in a fresh solution of 0.1 M sodium cacodylate
buffer containing 2.5% glutaraldehyde for 2 h, washed 3 times
with 0.1 M sodium cacodylate (pH 7.2-7.4), and fixed for 1 h
in 1% osmium tetroxide at 4 °C. The specimens were de-
hydrated in a graded series of ethanol (30%, 50%, 70%, 80%,
90%, and 100%) and embedded in Epon 812. Ultrathin
sections were stained with 0.5% aqueous uranyl acetate and
lead citrate overnight and then observed using transmission
electron microscopy (HITACHI H600, HITACHI, Japan).
Dendrites were observed by scanning electron microscopy
(QUANTA250, FEI Co., USA). For morphological classification,
filopodia were defined as dendritic protrusions of 2-100 pm in
length with pointed tips. Primary dendrite length was
measured manual tracing using Image-Pro Plus 6.0 Image
analysis software (Media Cybernetics, USA).*

MMP assay

MMP in the primarily cultured hippocampal neurons from
offspring mice was measured using an MMP assay kit with
5,5',6,6'-tetrachloro-1,1',3,3'-tetrathyl-benzimidazolyl-carbo-
cyanine iodide (JC-1; Thermo Fisher Scientific, USA, Cat.
#: T3168), using confocal laser scanning microscopy (Leica SPS,
Bio-Rad, Hercules, CA, USA).*® JC-1 is a convenient voltage-sensi-
tive probe to monitor MMP. JC-1 showed red fluorescence when
J-aggregates formed in normal cells with high MMP; otherwise, it
showed red fluorescence when JC-1 maintained its monomeric
form in abnormal cells with low MMP. The relative proportions
of red and green fluorescence were used to measure the ratio of
mitochondrial depolarization.

Assay of titanium content

After postpartum day 21, the hippocampus tissues of offspring
mice (N = 5 per group) were thawed. Samples (~15 mg) were
digested, and their titanium contents were determined using
inductively coupled plasma-mass spectrometry (Thermo
Elemental X7, Thermo Electron Co., Waltham, MA, USA).” An
indium concentration of 20 ng ml™" was used as an internal
standard, and the detection limit of Ti was 0.074 ng ml™".

Assay of oxidative stress and ATP

ROS production and the levels of malondialdehyde (MDA) and
protein carbonylation (PC) in the primarily cultured hippo-
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campal neurons from offspring mice (N = 5 in each group)
were assayed using commercial assay kits (Beijing Solarbio
Science & Technology Co., Ltd, Beijing, China, Cat. #: CA1410
(ROS), Cat. #: BC0025 (MDA), Cat. #: BC1270 (PC)). ATP levels
in the primarily cultured hippocampal neurons from offspring
mice (N =5 in each group) were measured using commercially
available kits (Nanjing Jiancheng Bioengineering Institute,
China, Cat. #: A095-2). All commercial assay kits were used
according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed using commercial kits (Shanghai
Hushang Biotechnology Co., Ltd, Shanghai, China) to deter-
mine the levels of apoptosis- or autophagy-related factors
such as phosphorylation of YH2AX (Cat. #: BPE35695m), Cyt C
(Cat. #: BPE35771m), caspase 3 (Cat. #: BPE35623m), Bcl-2
(Cat. #: BPE35825m), PI3K3C (Cat. #: BPE35615m), Beclin |
(Cat. #: BPE35988m) and c-Jun (Cat. #: BPE35289m) in the pri-
marily cultured hippocampal neurons from offspring mice
(N = 5 in each group). The manufacturer’s instructions were
followed. Absorbance was measured on a microplate reader at
450 nm (Varioskan Flash, Thermo Electron, Finland), and the
concentrations were calculated from a standard curve for each
sample.

Western blotting

The primarily cultured hippocampal neurons from offspring
mice were harvested and resuspended in 0.1 mol L™ pre-
cooling Tris-buffered saline (TBS). Total proteins from the cell
suspensions were extracted using cell lysis kits (Thermo Fisher
Scientific, USA, Cat. #: 78510), centrifuged at 10 000g at 4 °C
for 10 min and quantified using BCA protein assay Kkits
(Thermo Fisher Scientific, USA, Cat. #: 23227). Protein samples
were separated using sodium dodecyl sulphate-polyacrylamide
gel electrophoresis and electroblotted onto polyvinylidene
fluoride membranes (Bio-Rad Laboratories, Inc., USA, Cat. #: 162-
0177). The membranes were first blocked with TBS containing
5% fat-free dry milk (5%BSA for P-JNK) for 1.5 h and then
incubated overnight at 4 °C with primary antibodies: anti-LC3I
(1:3000, Thermo Fisher Scientific, USA, Cat. #: PA5-22990),
anti-LC3II (1:3000, Thermo Fisher Scientific, USA, Cat. #: PA1-
16930), anti-JNK (1:2000, Thermo Fisher Scientific, USA, Cat.
#: AHO1362), anti-p-JNK (1:2000, Thermo Fisher Scientific,
USA, Cat. #: 700031) and anti-GAPDH (1 : 5000, Thermo Fisher
Scientific, USA, Cat. #: AM4300). After washing three times
with TBST (TBS + Tween 20), the membrane was incubated
with HRP-conjugated secondary antibodies (Anti-rabbit,
1:10000, Abcam Trading (Shanghai) Company Ltd, China,
Cat. #: ab6721; Anti-mouse, 1:5000, Cell Signaling
Technology, USA, Cat. #: 7076) for 1 h at room temperature,
followed by detection using enhanced chemiluminescence
(Thermo Fisher Scientific, Inc., IL, USA, Cat. #: 35055).
Immunoreactive bands were visualized using X-ray films. For
quantitative analysis, the bands were evaluated with Image
J software and normalized for reference GAPDH density.
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Statistical analysis

All data are expressed as mean + standard deviation (SD).
Statistical analysis was performed using SPSS 19.0 software
(SPSS, Inc., Chicago, IL, USA), and statistical comparisons were
made by one-way ANOVA followed by Dunnett’s pair-wise mul-
tiple comparison ¢-test. Differences with P values of less than
0.05 were considered significant.

Results
Nano-TiO, accumulation

To determine whether nano-TiO, crossed the blood-fetal
barrier to enter the brain of the offspring mice, we determined
the Ti contents in the hippocampus. We found significant
increases in Ti content in the hippocampus with increasing
nano-TiO, dose (Table 1, p < 0.05).

Evaluation of dendritic development

The effects of nano-TiO, on dendritic outgrowth on offspring
hippocampal neurons are shown in Fig. 1. Dendritic growth
was significantly suppressed in the three nano-TiO,-treated
groups. For nano-TiO, doses of 1, 2 and 3 mg per kg BW, the
primary dendrite length in hippocampal neurons was inhib-
ited by 24.71%, 63.82%, and 77.99% compared to the control
(p < 0.05), respectively.

Observation of neuron ultrastructure

The ultrastructures of the hippocampal neurons are presented
in Fig. 2. The hippocampal neurons of the control group con-
tained nuclei with obvious nucleoli, homogeneous chromatin
and intact lysosomes (Fig. 2). However, the ultrastructure in
the nano-TiO,-treated groups indicated apoptosis, including
significant mitochondrial swelling, carina disappearance,
nucleus shrinkage, chromatin marginalization, anomalous
nuclear membrane, and dilation of endoplasmic reticulum
accompanied by the emergence of autolysosomes and the for-
mation of vacuoles. Moreover, nano-TiO, aggregation was
observed in offspring hippocampal neurons (Fig. 2), indicating
that nano-TiO, can accumulate in offspring hippocampal
neurons by crossing the placental barrier.

MMP changes

To confirm further effects of nano-TiO, on mitochondrial
injury within offspring hippocampal neurons, the changes in
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MMP of hippocampal neurons were assayed under confocal
fluorescence microscopy (Fig. 3). The MMP values in the
groups treated with 1, 2, and 3 mg per kg BW nano-TiO, were
significantly reduced by 17.14%, 36.57%, and 51.43% com-
pared to the control (p < 0.05), respectively.

Oxidative stress and ATP content

To confirm the molecular mechanisms of nano-TiO,-induced
damages to the hippocampal neurons of offspring mice, oxi-
dative indices including ROS, MDA, and PC were examined. As
shown in Fig. 4, the ROS, MDA, and PC levels were signifi-
cantly elevated by 7.72%, 98.61%, and 98.78% for ROS;
17.37%, 57.09%, and 75.0% for MDA, and 78%, 193%, and
278% for PC (p < 0.05) in the groups treated with 1, 2, and
3 mg per kg BW nano-TiO, compared to the control, respect-
ively. To demonstrate the disruption of the mitochondrial elec-
tron transport chain (ETC) by nano-TiO,, we examined the
mitochondrial energy (ATP) and ADP that derived from the
hydrolysis of ATP (Fig. 4). The results showed that nano-TiO,
decreased the production of ATP, with reductions of 21.02%,
50.88%, and 59.85% in the groups treated with 1, 2 and 3 mg
per kg BW nano-TiO, compared to the control (p < 0.05),
respectively. This suggests that nano-TiO,-induced ROS
accumulation led to lipid and protein peroxidation in the
hippocampal neurons of offspring mice, thus decreasing the
production of ATP.

Expressions of apoptosis- and autophagy-related factors

To confirm the role of apoptosis- and autophagy-related
factors in nano-TiO,-induced apoptosis and autophagy in the
hippocampal neurons of offspring mice, the protein concen-
trations of apoptosis-related cytokines (YH2AX, Cyt C, caspase
3, and Bcl-2) and autophagy-related factors (PI3K3C, Beclin 1,
and c-Jun) were detected by ELISA. As shown in Table 2, com-
pared to the control, the expression of all apoptosis-related
factors was significantly increased in the nano-TiO,-treated
groups except for Bcl-2, in which it was dramatically decreased
(p < 0.05). The expression of autophagy-related factors was sig-
nificantly increased by nano-TiO, (p < 0.05).

To further confirm the effects of nano-TiO, on the
expression of LC3I, LC3II, JNK, and p-JNK, the expression of
these proteins was examined by western blot (Fig. 5). Nano-
TiO, markedly enhanced the expression of LC3II and
phosphorylated JNK (p-JNK) in a dose-dependent manner

Table 1 Effect of prenatal exposure to nano-TiO; on the titanium content of the hippocampus in offspring mice

Nano-TiO, (mg per kg BW)

Index
0 1

2 3

Ti(ng ml™") 0.03 + 0.001a

15.82 + 1.09b

24.85 +1.73¢ 38.86 +2.95d

Letters b and a indicate significant difference between the group treated with 1 mg per kg BW nano-TiO, and the control (p < 0.01); letters ¢ and
b indicate significant difference between the groups treated with 2 and 1 mg per kg BW nano-TiO, (p < 0.01); letters d and c indicate significant
difference between the groups treated with 3 and 2 mg per kg BW nano-TiO, (p < 0.01). Values are mean + SD (N = 5).
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Fig. 1 Neuronal morphometric changes of dendrites in the hippocampus CAl area of offspring mice at postnatal day 21 following the exposure
of pregnant mice to nano-TiO,. Letters b and a indicate significant difference between the groups treated with 1 mg per kg BW nano-TiO, and
the control (p < 0.05); letters c and b indicate significant difference between the groups treated with 2 and 1 mg per kg BW nano-TiO, (p < 0.01);
letters d and c indicate significant difference between the groups treated with 3 and 2 mg per kg BW nano-TiO, (p < 0.05). Values represent

mean + SD (N = 5).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Ultrastructures (5000x) of hippocampus neurons in offspring mice at postnatal day 21 following the exposure of pregnant mice to nano-
TiO,. The control group exhibited round nuclei, obvious nucleoli, and the emergence of lysosomes. Yellow arrows indicate autophagosomes; red
arrows indicate mitochondrial swelling; blue arrows indicate chromatin marginalization or nuclear pyknosis; green arrows indicate autophagic vacu-

oles; and blue ellipses indicate nano-TiO, aggregation.

(p < 0.05). The LC3II/LC3I and p-JNK/JNK ratios also markedly
increased in a dose-dependent manner (p < 0.05).

Discussion

Although recent studies have confirmed that maternal or pre-
natal exposure to nano-TiO, can induce brain injury and
decrease spatial recognition in offspring mice and rats,"*’
the mechanisms involving the development of hippocampal
neurons in offspring are not well elucidated. In this study, the
underlying mechanisms of neuronal injury and inhibition of
dendritic outgrowth in offspring mice caused by maternal
exposure to 1, 2, or 3 mg per kg BW nano-TiO, from prenatal
day 7 to postnatal day 21 were examined. The suppression of den-
dritic outgrowth (Fig. 1), and severe apoptosis (Fig. 2), excessive
autophagy (Fig. 2) as well as nano-TiO, accumulation in offspring
hippocampal tissues (Table 1) or nano-TiO, deposition in
offspring hippocampal neurons (Fig. 2) were observed by nano-

894 | Toxicol. Res., 2017, 6, 889-901

TiO, in a dose-dependent manner, and were coupled with over-
production of ROS, peroxidation of lipid and protein, reduction
in ATP production (Fig. 4), and alterations of apoptosis- or auto-
phagy-related factor expression (Table 2 and Fig. 5). Recently, we
demonstrated that exposure to nano-TiO, could reduce dendritic
length, the number of branches, and the spine density, and
could also impair mitochondrial function in the developing
neurons of primary cultured rat hippocampal neurons; however,
the mechanism involving suppression of neuronal development
is not well understood, due to nano-TiO,.2**°

Nano-TiO, is known to have biological activity to produce
ROS, which are phagocytized by neurons and microglia and
then released.”® After exposure to nano-TiO,, ROS overproduc-
tion can impair the dynamic balance between oxidation and
antioxidation in neurons, and ROS can further attack lipids,
proteins and DNA, resulting in peroxidation in neurons,
accompanied by increases in MDA and PC (Fig. 4).
Mitochondria are known to be the sites of ATP synthesis by the
electron transport chain (ETC), providing energy to the organ-

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Changes in mitochondrial membrane potential in offspring hippocampal neurons at postnatal day 21 following the exposure of pregnant
mice to nano-TiO,. (a) Representative confocal images showing mitochondrial injury in the hippocampal neurons of the control and nano-TiO,-
treated groups. (b) Levels of membrane potential, as indicated by the ratio of red to green fluorescence intensity, in the hippocampal neurons of the
control and nano-TiO,-treated groups. Letters b and a indicate significant difference between the group treated with 1 mg per kg BW nano-TiO,
and the control (p < 0.05); letters ¢ and b indicate significant difference between the groups treated with 2 and 1 mg per kg BW nano-TiO, (p <
0.05); letters d and c indicate significant difference between the groups treated with 3 and 2 mg per kg BW nano-TiO, (p < 0.05). Values represent

mean + SD (N = 5).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Oxidative stress and ATP contents in offspring hippocampal neurons at postnatal day 21 following the exposure of pregnant mice to nano-
TiO,. Letters b and a indicate significant difference between the groups treated with 2 or 3 mg per kg BW nano-TiO, and the control or the group
treated with 1 mg per kg BW nano-TiO, (p < 0.05) in (a), respectively. Letters b and a indicate significant difference between the group treated with
1 mg per kg BW nano-TiO, and the control (p < 0.05); letters c and b indicate significant difference between the groups treated with 2 and 1 mg per
kg BW nano-TiO; (p < 0.05); and letters d and c indicate significant difference between the groups treated with 3 and 2 mg per kg BW nano-TiO,
(p < 0.05) in (b), (c), and (d), respectively. Values represent mean + SD (N = 5).

Table 2 Alterations in the expressions of apoptosis- and autophagy-related proteins in the hippocampal neurons of offspring mice at postnatal day
21 following the exposure of pregnant mice to nano-TiO,

Nano-TiO, (mg per kg BW)

Protein expression (ng mg™" protein)

0 1 2 3
rH2AX 264.20 + 41.23a 302.14 + 31.16b 421.72 + 14.12c¢ 502.41 + 22.47d
Cyte 34.10 + 1.03a 62.23 £ 2.77b 156.87 £17.99¢ 242.22 +15.89d
Caspase 3 24.25 + 3.21a 32.57 £ 1.55b 51.75 £ 1.338¢ 91.58 + 3.03d
Bcl-2 17.19 £ 1.92a 13.69 £ 1.77b 8.34 + 0.31c 8.21 + 1.60d
PI3K3C 168.82 £ 13.37a 948.95 + 14.05b 1044.22 + 12.90c 1129.31 + 13.43c¢
Beclin 1 1313.33 + 36.04a 1517.01 + 38.75b 3873.67 + 43.56¢ 4135.34 + 32.11d
c-Jun 187.80 £ 35.70a 258.47 +41.43b 672.81 +£10.32¢ 973.42 + 65.90d

Letters b and a indicate significant difference between the group treated with 1 mg per kg BW nano-TiO, and the control (p < 0.05); letters ¢ and
b indicate significant difference between the groups treated with 2 and 1 mg per kg BW nano-TiO, (p < 0.05); letters d and ¢ indicate significant
difference between the groups treated with 3 and 2 mg per kg BW nano-TiO, (p < 0.05). Values are mean + SD (N = 5).

ism. However, ROS are also produced in this process. Thus,
mitochondria are a major source of ROS production but are
also a susceptible target of ROS.**>° Excessive ROS production
can increase the permeability of the mitochondrial membrane,
decrease MMP (Fig. 3) and ATP synthesis (Fig. 4), induce the
expression of the DNA-damaging marker yH2AX, and contrib-

896 | Toxicol Res., 2017, 6, 889-901

ute to the release of Cyt C from the mitochondria to the cyto-
plasm, which leads to the up-regulation of caspase 3 and even-
tually to apoptosis. Moreover, mitochondrially-mediated apop-
tosis is also controlled by the Bcl-2 family; for example, the
anti-apoptotic member Bcl-2 plays an important role in

deciding the fate of cells.

49-52

Our data show that nano-TiO,
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Fig. 5 Changes in the expressions of LC3l, LC3Il, INK, and p-JNK in offspring hippocampal neurons at postnatal day 21 following the exposure
of pregnant mice to nano-TiO,. Letters b and a indicate significant difference between the group treated with 1 mg per kg BW nano-TiO, and
the control (p < 0.05); letters c and b indicate significant difference between the groups treated with 2 and 1 mg per kg BW nano-TiO, (p < 0.05);
letters d and c indicate significant difference between the groups treated with 3 and 2 mg per kg BW nano-TiO, (p < 0.05). Values represent
mean + SD (N = 5).
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can induce apoptosis (Fig. 2), which is accompanied by the up-
regulation of yH2AX, Cyt C, caspase 3 and down-regulation of
the Bcl-2 in a dose-dependent manner (Table 2). Our results
are consistent with previous in vivo and in vitro findings.”®**
Mitoma et al suggested that cell necrosis or apoptosis
decreased dendritic outgrowth in immature neurons.>
Fukumitsu et al. indicated that oxidative stress induced a rapid
drop in ATP levels throughout the entire Purkinje cell,
although dendritic localization of mitochondria was required
to maintain the local supply of ATP in growing dendrites; the
authors thought that ATP generation by dendritic mitochon-
dria may be critical for the normal growth of Purkinje cell den-
drites.>® Accordingly, the suppression of dendritic outgrowth
may be closely associated with the oxidative stress, low ATP
levels, and apoptosis in offspring hippocampal neurons,
caused by maternal exposure to nano-TiO,.

Autophagy is a general term for pathways by which cyto-
plasmic material is delivered to lysosomes for degradation.
The autophagic machinery is considered to have evolved as a
stress response that allows unicellular eukaryotic organisms to
survive during harsh conditions.>®>° Autophagy can be rapidly
enhanced when organelles sustain injuries (e.g., attack by ROS,
nutrient starvation). Excessive autophagy not only leads to
major diseases, including autoimmune diseases, cardio-
vascular diseases, nervous system diseases, and metabolic syn-
drome, but also inhibits the growth and development of cells
and organisms and accelerates the aging process.*’° In the
present study, maternal exposure to nano-TiO, led to severe
inhibition of dendritic growth in offspring mice hippocampal
neurons, which may be associated with the excessive auto-
phagy of hippocampal neurons. Due to the excessive degra-
dation of mitochondria via autophagy, ATP production was
severely affected (Fig. 4), which contributed to the suppression
of dendritic growth in offspring hippocampal neurons (Fig. 1).

Yoshimori et al. indicated that the formation of autophagic
vacuoles is related to the conjugation process of Apgl2 and
that the modification of LC3. Apg12 can be activated by Apg7
and then conjugate with Apg5. The precursor of LC3 is pro-
cessed into LC3I, which is also catalyzed by Apg7, and then
converted to LC3II when the Apg12-Apg5-Apgl6L complex is
formed.®® The amount of LC3II is associated with the number
of autophagosomes. Autophagy results in the increased con-
version of LC3I to LC3II and the up-regulation of LC3
expression. Therefore, the alteration of LC3II expression can
be regarded as an important indicator of autophagy. LC3II in
autophagosomes can be degraded rapidly by lysosomal hydro-
lases when the autophagosomes fuse with lysosomes. Hence,
the concentration of LC3II or the ratio of LC3II to LC3I is posi-
tively correlated with the number of autophagic vacuoles.®!
Our data show that maternal exposure to nano-TiO, not only
induced the expression of LC3I and LC3II, but also increased
the ratio of LC3II to LC3I (Fig. 5), leading to excessive auto-
phagy (Fig. 2) in offspring hippocampal neurons.

As previously shown, the formation of autophagic vacuoles
is closely associated with PI3K3C. PI3K3C phosphorylates
phosphatidylinositol to produce phosphatidylinositol-3-P
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(PtdIns-3-P), recruits proteins containing -FYVE- or -PX-
domains to form pre-autophagosomal membranes, and conju-
gates with Beclin 1 to form the PI3K3C-Beclin 1 complex,
which plays an important role in autophagic response.®
Furthermore, a previous study revealed that the inhibitor of
PI3K3C can inhibit the formation of autophagosomes;
however, Bcl-2 can inhibit the Beclin-dependent autophagy to
antagonize apoptosis.®® Our data show that maternal exposure
to nano-TiO, induced the expressions of PI3K3C and Beclin 1
but inhibited Bcl-2 expression (Table 2), thus resulting in auto-
phagy. JNK has been suggested to promote autophagy by two
distinct mechanisms.®® In one mechanism, activated JNK is
translocated to the nucleus and promotes apoptosis by
increasing the expressions of pro-apoptotic genes through the
transactivation of c-Jun/AP1-dependent or p53/73 protein-
dependent mechanisms. In the second mechanism, activated
JNK is translocated to the mitochondria and phosphorylates
the BH3-only family of Bcl-2 proteins to antagonize the anti-
apoptotic activity of Bcl-2 or Bel-XL. JNK can also stimulate the
release of Cyt C from the mitochondrial inner membrane
through a Bid-Bax-dependent mechanism, promoting the for-
mation of apoptosomes consisting of Cyt C, caspase 9 and
Apaf-1.°> OQur data show that maternal exposure to nano-TiO,
induced the expressions of c-Jun, p-JNK, LC3, Beclin 1 and Cyt
C and attenuated Bcl-2 expression in offspring hippocampal
neurons (Table 2 and Fig. 5), which was obviously associated
with the activation of the JNK pathway. Lee et al. indicated that
neuronal autophagy may play an important role in the struc-
tural refinement of neuritic outgrowth or regeneration, neural
differentiation, synaptic growth, or synaptic plasticity; further-
more, the alteration of autophagy during neurodevelopment
and synaptic plasticity might result in abnormal development
and synaptic malfunction, thus inducing neurodevelopmental
disorders.®® Indeed, the suppression of neuritic outgrowth in
offspring hippocampal neurons induced by maternal exposure
to nano-TiO, may be closely related to excessive autophagy.
However, their mechanisms may be very complex and need to
be deeply explored in future studies.

Conclusions

The current study demonstrated that maternal exposure to
nano-TiO, can inhibit dendritic outgrowth in hippocampal
neurons in offspring mice. This effect involved a diminished
ATP level and the promotion of apoptosis and excessive auto-
phagy. The apoptosis and excessive autophagy were related to
severe oxidative stress and obvious alterations in the
expressions of apoptosis- or autophagy-related factors due to
maternal exposure to nano-TiO,. These findings contribute to
the understanding of the mechanisms involved in the suppres-
sion of neuronal dendrite outgrowth along with learning and
memory in offspring mice. The findings also illuminate the
mechanisms of apoptosis and autophagy caused by maternal
exposure to nano-TiO,.

This journal is © The Royal Society of Chemistry 2017
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