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HIGHLIGHTS

» Exposure to TiO, NPs could be significantly accumulated in ovary.

» Exposure to TiO, NPs caused ovarian injury in mice.

» Exposure to TiO, NP decreased fertility or the pregnancy rate.

» Exposure to TiO, NP resulted in imbalance of sex hormones in mice.

» Exposure to TiO, NP caused alteration of 228 genes expression of known function in ovary.
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ABSTRACT

Although numerous studies have described the accumulation of titanium dioxide nanoparticles (TiO;
NPs) in the liver, kidneys, lung, spleen, and brain, and the corresponding damage, it is unclear whether
or not TiO; NPs can be translocated to the ovary and cause ovarian injury, thus impairing fertility. In the
current study, ovarian injury and gene-expressed characteristics in female mice induced by intragastric
administration of TiO, NPs (10 mg/kg) for 90 consecutive days were investigated. Our findings indicated
that TiO, NPs can accumulate in the ovary and result in ovarian damage, cause an imbalance of mineral
element distribution and sex hormones, decrease fertility or the pregnancy rate and oxidative stress in
mice. Microarray analysis showed that in ovaries from mice treated with TiO, NPs compared to controls,
223 genes of known function were up-regulated, while 65 ovarian genes were down-regulated. The
increased expression of Cyp17al following TiO, NPs treatment suggested that the increase in estradiol
biosynthesis may be a consequence of increased TiO, NPs. In addition, the elevated expression of Akr1c18
implied that progesterone metabolism was accelerated, thus causing a decrease in the progesterone
concentration. Taken together, the apparent regulation of key ovarian genes supports the hypothesis
that TiO, NPs directly affects ovarian function.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

called attention to the potential hazards arising from nanotechnol-
ogy [1-4]. For the past few years, titanium dioxide nanoparticles

Nanotechnology provides driving force to progress in life sci- (TiO, NPs) have increasingly been used in cosmetics, food additives,
ences and information technology. However, several studies have drug delivery vehicles, bio-medical ceramics and implanted bioma-

terial paints, waste water treatment, and sterilization, largely due to
their appropriate physicochemical properties. The toxicity of TiO,
NPs is associated with their physicochemical properties (e.g., size,
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TiO, NPs enter the systemic circulation, migrate to various organs
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and tissues, and exert adverse effects [6-9]. Our previous studies
have also shown that TiO, NPs exposure results in accumulation
and damage in the liver, spleen, and kidneys of female mice [10-19].
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We also demonstrated that TiO, NPs were translocated to the brain
and caused injury in female mice [20-22], which may have effects
on hormone secretion in the pituitary gland and female reproduc-
tion; however, whether or not TiO, NPs can be translocated to the
ovaries of mammals and affect reproduction is unknown. Recently,
the toxicologic characteristics of some nanomaterials in ovarian
cells in vitro have been reported. For instance, gold nanoparticles
were shown to enter rat ovarian granulosa cells and subcellular
organelles and alter estrogen accumulation in vitro [23], and were
able to traverse the cell membrane and enter Chinese hamster
ovary cells by the endocytic pathway [24]. In addition, calcium
phosphate nanoparticles entered granulosa cells, and were dis-
tributed in the membranous compartments, including lysosome,
mitochondria and intracellular vesicles, affected hormone produc-
tion, and caused apoptosis in human granulosa cells [25]. Silicon
carbide nanowires induced activation of mitogen-activated protein
kinase cellular signal transduction pathways in mammalian cells
[26], and confocal laser scanning microscopy observations showed
that the TiO, NPs easily moved to the cytoplasm of cultured Chi-
nese hamster ovary cells, and not to the nucleus [27]. TiO; or Al,03
NPs agglomerated on both the surface and inside of Chinese ham-
ster ovary cells and induced genotoxicity and cytotoxicity in these
cells [28]. The widespread occurrence of TiO, NPs, albeit in minimal
amounts, in the environment and in cosmetics makes the general
population vulnerable to exposure. Exposure to TiO, NPs can occur
viainhalation, transdermal absorption, and ingestion, therefore, we
speculate that the ovary might also be one of the target organs of
toxicity in mammals exposed to TiO, NPs.

The aim of the present study was to evaluate ovarian dysfunc-
tion and its gene-expressed profile following TiO, NPs exposure as a
possible mechanism of ovarian injury. The toxicogenomic approach
was used to determine the effects of TiO, NPs exposure on ovarian
gene expression by microarray analysis. The examination of ovar-
ian gene expression provides a full understanding of the effects of
TiO, NPs on the mouse ovary.

2. Materials and methods
2.1. Preparation and characterization of TiO, NPs

Nanoparticulated anatase TiO, was prepared via controlled
hydrolysis of titanium tetrabutoxide. The details of the synthesis
and characterization of TiO, NP have been previously described by
our group [20,29]. TiO, powder was dispersed on the surface of
0.5% (w/v) hydroxypropylmethylcellulose (HPMC) K4M solution,
and the solutions containing TiO, particles were treated ultra-
sonically for 15-20min and then mechanically vibrated for 2 or
3 min. X-ray-diffraction (XRD) patterns of TiO, NPs were obtained
at room temperature with a MERCURY CCD diffractometer (MER-
CURY CCD Co., Japan) using Ni-filtered Cu K« radiation. The particle
sizes of both the powder and the nanoparticles suspended in 0.5%
(w/v) HPMC solution after incubation for 12 h and 24 h (5 mg/ml)
were determined using a TecnaiG220 transmission electron micro-
scope (TEM) (FEI Co., USA) operating at 100 kV, respectively. Mean
particle size was determined by measuring more than 100 individ-
ual particles which were randomly sampled. XRD measurements
showed that TiO, NPs exhibit the anatase structure, and the aver-
age grain size calculated from the broadening of the (101) XRD
peak of anatase was approximately 6 nm using Scherrer’s equation.
TEM demonstrated that the average particle size of the powder sus-
pended in HPMC solvent after 12 h and 24 h incubation ranged from
5 to 6 nm. The surface area of the sample was 174.8 m?/g. The mean
hydrodynamic diameter of TiO, NP in HPMC solvent ranged from
208 to 330 nm (mainly 294 nm), and the zeta potential after 12 and
24 h incubation was 7.57 and 9.28 mV, respectively [20].

2.2. Animals and treatment

CD-1 (ICR) female mice were used in this study. One hundred
fifty CD-1 (ICR) female mice (23 + 2 g) were purchased from the Ani-
mal Center of Soochow University (China). All mice were housed in
stainless steel cages in a ventilated animal room. The room tem-
perature of the housing facility was maintained at 24 42 °C with
a relative humidity of 60+ 10% and a 12-h light/dark cycle. Dis-
tilled water and sterilized food were available ad libitum. Prior
to dosing, the mice were acclimated to the environment for 5
days. All procedures used in animal experiments conformed to the
U.S. National Institutes of Health Guide for the Care and Use of
Laboratory Animals [30] Studies were approved by the Soochow
University Institutional Animal Care and Use Committee.

In our preliminary experiments, TiO, NP suspensions at differ-
ent concentrations (2.5, 5, and 10 mg/kg of body weight [BW]) were
administered to mice by intragastric administration for 90 consec-
utive days. Treatment with 10 mg/kg BW TiO, NPs resulted in the
most severe organ damage [22,31], which was used as the highest
concentration for further experiments. The mice were randomly
divided into 2 groups (N =30), including the control group (treated
with 0.5% (w/v) HPMC) and experimental group (10 mg/kg BW TiO,
NPs). The mice were weighed, and the TiO, NP suspensions were
administered to the mice by intragastric administration every day
for 90 days. All symptoms and deaths were observed and carefully
recorded every day during the 90 days. In addition, after 90 days,
the fertility of treated females (10) was tested by caging with males
(10) of proven fertility.

After the 90-day period, all mice were weighed and then sac-
rificed after being anesthetized with ether. Blood samples were
collected from the eye vein by rapidly removing the eyeball. Serum
was collected by centrifuging blood at 2500 rpm for 10 min. The
ovaries were quickly removed and placed on ice and then dissected
and frozen at —80°C.

2.3. Elemental content analysis

The ovaries were removed from the freezer (80°C) and thawed.
Approximately 0.1 g of the ovary was weighed, digested, and ana-
lyzed for elemental content. Inductively coupled plasma-mass
spectrometry ([ICP-MS] Thermo Elemental X7; Thermo Electron
Co., USA) was used to analyze the titanium, sodium, magnesium,
potassium, calcium, zinc, and iron concentrations in the samples.

2.4. Histopathologic evaluation of the ovaries

For pathologic studies, all histopathologic examinations were
performed using standard laboratory procedures. The ovaries were
embedded in paraffin blocks, then sliced (5um thickness) and
placed onto glass slides. After hematoxylin-eosin (HE) staining,
the stained sections were evaluated by a histopathologist unaware
of the treatments, using an optical microscope (Nikon U-III Multi-
point Sensor System, Japan).

2.5. Observation of ovarian ultrastructure by TEM

Ovaries were fixed in a fresh solution of 0.1 M sodium cacody-
late buffer containing 2.5% glutaraldehyde and 2% formaldehyde
followed by a 2 h fixation period at 4°C with 1% osmium tetroxide
in 50 mM sodium cacodylate (pH 7.2-7.4). Staining was performed
overnight with 0.5% aqueous uranyl acetate. The specimens were
dehydrated in a graded series of ethanol (75%, 85%, 95%, and 100%),
and embedded in Epon 812. Ultrathin sections were obtained, con-
trasted with uranyl acetate and lead citrate, and observed with
a Hitachi H600 TEM (Hitachi Co., Japan). Ovarian apoptosis was
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determined based on the changes in nuclear morphology (e.g., chro-
matin condensation and fragmentation).

2.6. ROS and DNA oxidation assay of ovary

The assays of ROS (O,~ and H,0,) production in ovaries were
spectrophotometrically measured with a commercially available
kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).

Ovary DNA was extracted using DNeasy Tissue Mini Kit (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China) as described by
the manufacturer. The concentration of DNA was determined by
measuring absorbance at 260 nm using a DNA spectrophotome-
ter (Hitachi Co., Japan). Approximately 38 j.1 of DNA suspension
was incubated at 100°C for 2 min, treated with 3 pl of 250 mM
potassium acetate buffer (pH 5.4), 3 ul of 10 mM zinc sulfate, and
2l of nuclease P1 (6.25U/pl; Sigma-Aldrich) at 37 °C overnight,
and then treated with 6 ul of 0.5M Tris-HCl (pH 8.3) and 2 pl
of alkaline phosphatase (0.31U/pl; Sigma-Aldrich), at 37°C for
2 h. The formation of 8-OHdG was determined using the 8-OHdG
ELISA kit (Japan Institute for the Control of Aging, Haruoka, Japan).
This kit provides a competitive immunoassay for quantitative
measurement of the oxidative DNA adduct 8-OHdG. It was care-
fully performed according to manufacturer’s instructions using a
microplate varishaker-incubator, an automated microplate multi-
reagent washer, and a computerized microplate reader.

2.7. Sex hormone assays

Sex hormones were evaluated with serum levels of estra-
diol (E;), progesterone (P4), luteinizing hormone (LH), follicle
stimulating hormone (FSH), prolactin (PRL), testosterone (T), and
sex hormone binding globulin (SHBG) using commercial Kkits
(Biihlmann Laboratories, Switzerland). All biochemical assays were
performed using a clinical automatic chemistry analyzer (Type
7170A; Hitachi Co., Japan).

2.8. Microarray assay

Gene expression profiles for ovarian tissue isolated from control
and TiO, NPs-treated mice were compared by microarray analysis
using an [llumina BeadChip (Affymetrix, Santa Clara, CA, USA). Total
RNA was isolated using an Ambion Illumina RNA Amplification Kit
(cat#1755; Affymetrix) according to the manufacturer’s protocol,
and stored at —80 °C. RNA amplification has become the standard
method for preparing RNA samples for array analysis [32]. Total
RNA was then submitted to Biostar Genechip Inc. (Shanghai, China),
where RNA quality was analyzed using a BioAnalyzer and cRNA was
generated and labeled using the one-cycle target labeling method.
cRNA from each mouse was hybridized to a single array according
to the standard Illumina RNA Amplification Kit protocol for a total
array.

An Illumina BeadStudio Application was used to ana-
lyze data generated in this study. This program identifies
differentially expressed genes and establishes the biologi-
cal significance based on the Gene Ontology (GO) Consor-
tium (http://www.geneontology.org/GO.doc.html). Differentially
expressed genes were identified using Student’s t-test (two-tailed,
unpaired), and a threshold of 13.0 was used to limit the data set to
genes up- or down-regulated with a diffscore >13 or <—13.

2.9. Quantitative real-time PCR (qRT-PCR)

The levels of mRNA expression of Apoe, Bmf, Calm3, Cyp1ia,
Cypllal, Cypi7al, Cyp2f2, Cyp4f18, Degs2, Foxn4, Lgmn, Scarbl,
and Star 2 in the mouse ovary were determined using a real-time

quantitative RT polymerase chain reaction (RT-PCR) [33-35]. Syn-
thesized cDNA was used for real-time PCR by employing primers
that were designed using Primer Express Software, according to
the software guidelines; PCR primer sequences are available upon
request.

3. Statistical analysis

Statistical analyses were performed using SPSS 19 software.
Data are expressed as the means 4 standard error (SE). One-way
analysis of variance (ANOVA) was carried out to compare the dif-
ferences of means among the 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. Titanium and mineral element content

The content of titanium in mouse ovaries is shown in Table 1.
Titanium accumulated in the ovaries, while no titanium was
detected in non-exposed mice.

The content of ovarian mineral elements, including Ca, Na, K,
Mg, Zn, Cu, and Fe, was determined and is listed in Table 1. These
elements are important building blocks for cells and play impor-
tant roles in ovarian physiology. The changes in these elements
can provide useful information on the physiology and pathology
of ovaries. As shown in Table 1, TiO, NPs exposure resulted in
increased content of Ca, Na, K, and Zn, and decreased content of
Mg, Cu, and Fe in the ovary (P<0.05).

4.2, Fertility and development of young mice

Table 2 shows the changes in fertility and development of young
mice caused by exposure to TiO, NPs. TiO, NPs exposure resulted
in significant decreases in the mating rate, pregnancy rate, num-
ber giving birth, and number of fetuses (P<0.05). Twenty-eight
days after birth, the survival rate and body weight of young mice
were significantly decreased compared with control mice (P<0.05).
These results suggest that TiO, NPs exposure decreased fertility and
development of young mice.

4.3. Reproductive endocrinology

The levels of sex hormones in the sera of female mice were
detected and are listed in Table 3. TiO, NPs exposure caused sig-
nificant increases in E; and FSH, and reduction of P4, LH, and T
(P<0.05); however, the levels of PRL and SHBG had no significant
changes (P> 0.05). The results suggest that TiO, NPs impaired the
equilibrium of sex hormones in female mice.

4.4. Histopathologic evaluation

The ovarian histopathologic changes are shown in Fig. 1.
Significant histopathologic changes were observed in the ovar-
ian tissue compared with the control; specifically, the ovarian
tissue had abnormal pathologic changes, including ovarian atro-
phy, disturbance of primary and second follicle development,
irregular arrangement of cells, and a shapeless follicular antrum,
suggesting that the ovaries were damaged by long-term exposure
to TiOy NPs.
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Table 1

Accumulation of metal elements in the mouse ovary after an intragastric administration with 10 mg/kg BW TiO, NPs for 90 consecutive days.

Treatment Metal element contents (ng/g tissue)

Ti Ca Na K Mg Zn Cu Fe
Control Not detectable 24552 + 12.28 6214 + 311 1411 £ 70 269.4 + 1347 87.44 4+ 4.37 72.31 4+ 3.08 3124 + 15.62
TiO, NPs 3.26+0.16 280.00 + 14.00 9112 +£456° 2387 +£ 1197 24836 + 12.41 107.59 + 5.38" 61.58 + 3.08" 257.22 + 12.86

Values represent means & SE (N=5).

" Significantly different from the control (unexposed mice) at the 5% confidence level.
™ Significantly different from the control (unexposed mice) at the 1% confidence level.

100 um

Fig. 1. Histopathological observation of ovary caused by an intragastric administration with 10 mg/kg BW TiO, NPs for 90 consecutive days. (a) Control group (unexposed
mice): presents normal, regularity of ovarian follicle arrangement, normal of follicle development (black arrow shows); (b) TiO, NPs group: ovarian atrophy, no distinct
ovarian follicle, and premature ovarian failure (black arrow shows); (c¢) control group: ovarian follicle presents normal (black arrow shows); and (d) TiO, NPs group: atresia
of primary and second follicle development, irregularity of ovarian follicle arrangement (black arrow shows), blur of ovarian structure.

4.5. Observation of ovarian ultrastructure

The changes in ovarian cell ultrastructure in mouse ovaries are
presented in Fig. 2. It was observed that untreated mouse ovaries
(in the control group) contained elliptical nuclei with homoge-
neous chromatin (Fig. 2a); however, ultrastructure of ovarian cells
exposed to TiO, NPs indicated mitochondrial swelling and cristae
breakage, nucleus chromatin condensation and margination, and
irregularity of the nuclear membrane (Fig. 2b). The results suggest
that TiO, NPs exposure resulted in ovarian apoptosis. In addition,

Table 2

Effects of TiO, NPs on conception of female mice and development of young mice
after an intragastric administration with 10 mg/kg BW TiO, NPs for 90 consecutive
days.

Index Control TiO, NPs

Mating rate (%) 100 + 5 70 + 3.5

Pregnancy rate (%) 100 + 5 60 + 3°

Number of giving birth/fetus 13 + 0.65 7 +0.35"

Survival rate of young mice 98.51 +4.93 70.83 + 3.54"
after 28 days (%)

Body weight of young female 14.85 + 0.74 10.73 + 0.54°
mice after birth 28 days (g)

Body weight of young male 15.91 + 0.80 10.98 + 0.55

mice after birth 28 days (g)

Values represent means =+ SE (N=10).

" Significantly different from the control (unexposed mice) at the 5% confidence
level.

™ Significantly different from the control (unexposed mice) at the 1% confidence
level.

TiO, NPs conglomerates in the cytoplasm and nuclei of ovarian cells
were observed (Fig. 2b), indicating that TiO, NPs were deposited in
ovarian cells.

4.6. ROS accumulation and DNA peroxide levels

The effect of treatment with various doses of TiO, NPs on the rate
of O, and H,0, generation, and DNA damage (8-OHdg) in mouse
ovary are shown in Table 4. Significant ROS production and an
increase in 8-OHdg in the ovary caused by TiO, NPs were observed
(P<0.05 or 0.01), demonstrating that ROS accumulation led to DNA
peroxidation and apoptosis in the ovary under TiO, NPs-induced
toxicity.

Table 3
Sex hormone levels of serum in mice after an intragastric administration with
10 mg/kg BW TiO, NPs for the 90 consecutive days.

Sex hormone level Control TiO, NPs

E; (pmol/l) 88.06 + 4.40 99.01 + 4.95
P4 (nmol/l) 32.10 + 1.60 27.88 + 1.39
LH (IU/1) 0.11 + 0.005 0.02 + 0.001”
FSH (1U/1) 0.41 £+ 0.021 0.29 + 0.015
PRL (pg/l) 0.62 £ 0.031 0.65 + 0.033
T (ng/dl) 65.26 + 3.26 5447 +2.72°
SHBG (nmol/l) 0.40 £+ 0.02 0.40 £ 0.02

Ranks indicate mean and values represent means + SE (N=5).
" Significantly different from experimental groups at the 5% confidence level.
™ Significantly different from experimental groups at the 1% confidence level.
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Fig. 2. Ultrastructure of ovarian cell in female mice caused by an intragastric administration with 10 mg/kg BW TiO, NPs for 90 consecutive days. (a) Control group: nucleus
with homogeneous chromatin, mitochondria turn complete in ovarian cell; (b) TiO, NPs group: nuclear membrane collapse (red arrows), chromatin margination (yellow
arrows), mitochondria swelling and cristae breakage (blue arrows) in ovarian cell; presence of TiO, NPs agglomerates (green cycle). Magnify the green circle indicates that
TiO, NPs aggregated in the cytoplasm or nucleus of ovarian cell (b1-b3). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)

4.7. Gene expression profile

The global gene expression profile of ovaries, including the TiO,
NPs-treated and control groups, was detected using a microar-
ray. Cluster analysis of these ovarian genes revealed significant
changes in the levels of expression after TiO, NPs exposure, i.e.,
223 gene function was up-regulated (diffscore > 13, P<0.05), while
65 genes were down-regulated (diffscore < —13, P<0.05). Further-
more, 10 genes involving hormone levels and reproduction were
up-regulated (diffscore > 13, P<0.05; Table 5), and 3 genes were
down-regulated (diffscore < —13, P<0.05; Table 5), for example,
Cyp17al and Lgmn diffscores were 15.75862 and 59.11149, respec-
tively, which were confirmed by RT-PCR assay. 18 genes involving
apoptosis were up-regulated (diffscore > 13, P<0.05; Table 5), and
3 genes were down-regulated (diffscore < —13, P<0.05; Table 5),
forinstance, Bmf diffscore was 19.57678, which was also confirmed
by RT-PCR assay. Other differential genes of known function fall in
categories involved in response to oxidative stress, immune and
inflammatory responses, transcription, ion transport, regulation
of cell proliferation, and oxidoreductase activity of ovary (diffs-
core > 13 or diffscore < —13, P<0.05; Suppl table).

4.8. RT-PCR

To verify the accuracy of the microarray assays, 13 genes
that demonstrated significantly different expression patterns were
chosen for further RT-PCR assays due to their association with apo-
ptosis, hormone levels, reproduction, response to oxidative stress,
regulation of cell proliferation, oxidoreductase activity and tran-
scription. 13 genes were verified by RT-PCR, all of which displayed
expression patterns comparable with the microarray data (i.e.,

Table 4
ROS production and DNA peroxidation in ovary of mice after an intragastric admin-
istration with 10 mg/kg BW TiO, NPs for 90 consecutive days.

Index Control TiO, NPs

0,~ (nmol/mg prot min) 18 + 0.90 87 + 4.35
H,0, (nmol/mg prot min) 27 +1.35 115 + 5.75
8-OHdG (g/ml) 0.29 + 0.01 0.84 + 0.04

Values represent means + SE (N=10).
" Significantly different from the control (unexposed mice) at the 1% confidence
level.

either up- or down-regulation; Table 6), with the exception of
Foxn4, which showed discrepancy between the two methods, sug-
gesting possible problems with RNA handling or pipetting issues.

5. Discussion

In this study, the effects of TiO, NPs on ovarian function of
female mice were studied. After intragastric administration with
10mg/kg BW of TiO, NPs for 90 consecutive days, titanium was
significantly accumulated in the mouse ovaries (Table 1). It was
reported that TiO, NPs aggregate into units of micrometer size and
greater when exposed to calcium and magnesium which would
be present in gastric fluids [36,37]; however, aggregation in gas-
tric fluids in mice was not detectable in our laboratory due to
current limitations. A future study on how this problem can be
circumvented is required. One possible reason is that TiO, NPs
entered blood circulation from the digestive system and reached
the ovaries. In addition, our results also show that exposure to TiO,
NPs led to increased Ca, Na, K, and Zn contents, and decreased
Mg, Cu, and Fe contents (Table 1). The equilibrium of various
elements is necessary for immune integrity in organisms. An ele-
mental deficiency or overdosage would impair the physiologic
state, decrease immune capacity, and result in disease susceptibil-
ity. Moreover, accumulation of TiO, NPs caused atresia of primary
and secondary follicle development, and induced apoptosis in the
ovaries (Figs. 1 and 2).

Recently, Wang et al. [38] demonstrated that chronic exposure
to TiO, NPs disrupted zebrafish reproduction. Our data also suggest
that chronic TiO, NPs exposure resulted in a reduction of fertility
and development of young mice (Table 2). Follicle development
and fertility are associated with the levels of sex hormones. The
present study demonstrates that exposure to TiO, NPs significantly
decreased serum levels of P4, LH, T, and FSH, and increased the
concentration of E; (Table 3). In female reproduction, P4 plays key
roles in ovulation, implantation, and maintenance of pregnancy
[39], and has been shown to enhance the production of proteo-
lytic enzymes important for the rupture of follicles at ovulation
[40]. In the early stages of folliculogenesis, T appears to promote
follicular growth and facilitate the response of follicles to FSH. In
addition, T has wide ranging roles in ovarian function, including
granulosa cells, theca cells, oocytes, and interstitial cells, because
T enhances IGF-I and IGF-I receptor mRNAs in primates [41,42]. If
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Table 5

Differential expression of known function genes involving hormone levels, reproduction, and apoptosis in ovary of mice after an intragastric administration with 10 mg/kg

BW TiO; NPs for 90 consecutive days.

Function Symbol Name Diffscore
Steroid metabolic Cyp2b10 Cytochrome P450, family 2, subfamily b, polypeptide 10 —15.842
process Lgmn Legumain 59.11149
Soat1 Sterol O-acyltransferase 1 17.58913
Estrogen receptor signaling pathway Safb Scaffold attachment factor B 15.27988
Parturition Rxfp1 Relaxin/insulin-like family peptide receptor 1 15.89648
Progesterone metabolic process Akric18 Alde-keto reductase family 1, member C18 142.064
Regulation of hormone Cplx1 Complexin 1 —45.7665
levels Adh1 Alcohol dehydrogenase 1 29.58204
Star Steroidogenic acute regulatory protein 37.61993
Cyplila Cytochrome P450, family 11, subfamily a 41.38285
Cyplilal Cytochrome P450, family 11, subfamily a, polypeptide 1 15.07402
Cyp17al Cytochrome P450, family 17, subfamily a, polypeptide 1 15.75862
Safb Scaffold attachment factor B 15.27988
Scarb1 Scavenger receptor class B, member 1 29.73179
Lep Leptin —19.0027
Apoptosis Tsc22d3 TSC22 domain family, member 3 15.75121
Cfdp1 Craniofacial development protein 1 15.12578
Comp Cartilage oligomeric matrix protein 15.71373
Cryab Crystalline, alpha B 27.86917
Pik3ca Phosphatidylinositol 3-kinase, catalytic, alpha polypeptide 23.02136
Spp1 Secreted phosphoprotein 1 —27.4615
Tbx3 T-box 3 15.64415
Uba52 Ubiquitin A-52 residue ribosomal protein fusion protein fusion product 1 17.47084
Pik3cg Phosphoinositide-3-kinase, catalytic, gamma polypeptide 17.17405
Tchp Trichoplein, keratin filament binding 20.48037
Dap Death-associated protein 17.60245
Cib1 Calcium and integrin binding 1 16.13592
Bcl2alb B-cell leukemia/lymphoma 2 related protein A1b 17.69281
Rhob Ras homolog gene family, member B 18.4887
Fastkd1 FAST kinase domain 1 32.96398
Unc5b unc-5 homolog B 13.08512
Arhgef16 Rho guanine nucleotide exchange factor (GEF) 16 —13.7839
Serinc3 Serine incorporator 3 18.26062
bmf BCL2 modifying factor 19.57678
Lcn2 Lipocalin 2 —17.0589
1d3 Inhibitor of DNA binding 3 20.73859

Values represent means, N =3. We classified the function of these genes according to gene ontology in NCBI (http://www.ncbi.nlm.nih.gov/).

mice lack T and functional androgen receptors, the reproductive
lifespan is reduced due to accelerated aging of the ovary and these
mice are subfertile [42]. FSH and LH are the major components of
the hypothalamic-pituitary-gonadal axis, which regulates repro-
ductive function and ultimately the production of gametes and
fertility. E; is responsible for facilitating the differentiation of gran-
ulosa cells, including the induction of receptor systems for FSH, LH,
and PRL, and E; can influence post-receptor mechanisms. In con-
junction with LH and FSH, E; stimulates cAMP accumulation [43]
and increases the number of cAMP binding sites in granulosa cells
[44]. Therefore, the inhibition of primary and second follicle devel-
opment and the reduction of fertility caused by TiO, NPs exposure
were due to alterations of E,, FSH, P4, LH, and T levels.

To further confirm ovarian apoptosis, we detected ROS produc-
tion and DNA damage in the ovary. Oxidative stress is known to
induce cellular death by apoptosis or necrosis [45]. Our data showed
that significant production of ROS (such as O, and H,0, ) and DNA
peroxidation (8-OHdG increased) occurred in TiO, NPs-treated
mouse ovaries (Table 4), indicating that these TiO, NPs-treated
mouse ovaries underwent severe oxidative stress. Nanoparticles
have been demonstrated to mediate their toxicity through induc-
tion of ROS [46]. Increased cellular ROS levels have been shown
to be associated with induction of apoptotic and necrotic cell
death in cell cultures [47,48]. Moreover, it has been reported
that exposure to TiO, NPs resulted in significant production of
ROS (OH and 0,7) in liver, spleen, brain and lung of mice, and

caused apoptosis in these organs [13,17,20,49]. ROS generation has
also been shown to induce 8-OHdG or 2,6-diamino-4-hydroxy-
5-formamidopyrimidine formation [50,51]; however, 8-OHdG is
by far the most studied oxidative DNA lesion [52]. In this study,
DNA peroxidation in the ovary following exposure to TiO, NPs was
demonstrated by the enhancement of 8-OHdG (Table 4). This pro-
cess of ovarian apoptosis caused by TiO, NPs may be mediated by
the mitochondrial death pathway [17,20].

TiO, NPs-induced changes in hormone levels and ovarian injury
in mice may be related to alterations in ovarian gene expression.
In the current study we therefore investigated all of the genes
(N=45,000) in the mouse ovary, and the levels of expression of
288 genes of known function were significantly changed by long-
term exposure to TiO, NPs (Table 5). Table 5 shows the differential
expression of genes with known function in categories, and the
main results are discussed as follows.

In the current study, Akric18, Cyp17al, and Lgmn were shown
to be markedly up-regulated in genes of known function by
TiO, NPs exposure (Table 5). It is well-known that AKR1C18(20a-
HSD), which belongs to the AKR1C protein subfamily, has been
identified [53]. Hydroxysteroid dehydrogenase (HSD) belongs to
the aldo-keto reductase (AKR) superfamily. Aldo-keto reductases
(AKRs) represent a superfamily of monomeric oxidoreductases
that catalyze the NADP(H)-dependent reduction of a wide variety
of substrates, including simple carbohydrates, steroid hormones,
endogenous prostaglandins, and other aliphatic aldehydes and
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Fig. 3. Pathway of “Activation of BMF and translocation to mitochondria” obtained from network analysis of differentially expressed genes in ovary. MAPK8 phosphorylates
BMEF sequestered to dynein light-chains 2 (DLC2) on myosin V motor complex, and BMF is unleashed. Gene Spring software was used to construct and visualize molecular

interaction networks.

Table 6
Real time quantitative RT-PCR validation of selected genes from microarray data in
TiO, NPs treated groups.

AACt Fold Microarray diffscore

Apoe —0.55534 1.46946704 1.724512
Bmf —0.44536 1.361655739 2.109554
Calm3 —0.08884 1.06351693 1.674218
Cyplla —0.57756 1.49231904 2.911542
Cypllal —0.58492 1.560397941 1.820234
Cypl7al —0.71053 1.636404035 1.607409
Cyp2f2 0.756276 0.592022536 0.5654877
Cyp4f18 —4.99464 31.88122148 8.341696
Degs2 0.260948 0.834538204 0.4150108
Foxn4 —0.0654 1.046377918 0.3398899
Lgmn -1.767 3.4034502 2.555944
Scarb1 —-1.32764 2.509914118 33.22819
Star —1.49024 2.809362906 1.824105

Values represent means (N=3).

ketones [54,55]. AKR1C18 catalyzes the inactivation of proges-
terone in the ovary, and is distinguished from the enzyme found
in other steroidogenic tissues (adrenal and testis) where its
principal substrates may be 17a-hydroxypregnenolone or 17«a-
hydroxyprogesterone. In the ovary, AKR1C18 plays an important
role in converting progesterone (a potent progestin) into 20«-
hydroxyprogesterone (a weak progestin). Consequently, AKR1C18
plays an important role in the termination of pregnancy and
initiation of parturition by reduction of progesterone levels in
the serum and placenta. In steroid target tissues, AKR1C18
regulates the amount of progestin that can bind to the pro-
gesterone receptor, and in this regard may be important in
the placenta and endometrium [56,57]. CYP17A1, also known
as cytochrome P450 17A1, steroid 17a-monooxygenase, or 17a-
hydroxylase/17, 20 lyase/17, 20 desmolase, is a key enzyme in the
steroidogenic pathway that produces progestins, mineralocorti-
coids, glucocorticoids, androgens, and estrogens. CYP17A1 converts
pregnenolone and progesterone to the 17-hydroxy forms, and
converts 17-hydroxypregnenolone and 17-hydroxyprogesterone
to dehydroepiandrosterone (DHEA) and androstenedione, respec-
tively. Cyp17al encodes a member of the cytochrome P450
superfamily of enzymes. LGMN is also related to the steroid
metabolic process and negative regulation of multicellular organ-
ism growth, implying that overexpression of Akric18, Cyp17al, and
Lgmn results in E, elevation and reduction of P4, LH and T, further
leading to inhibition of follicle development (Fig. 1) and decreased
fertility of female mice with TiO, NPs exposure (Table 2).

In the present study we observed ovarian apoptosis caused
by TiO, NPs (Fig. 2). To further clarify the molecular mechanism
underlying apoptosis, we analyzed the apoptotic genes and showed
that 21 genes were altered significantly by TiO, NPs exposure
(Table 5). It is believed that apoptosis of the ovary initiates atresia
in those follicles that serve as the resting pool or are at the earliest
stages of maturation [58,59], and apoptosis of the follicular gran-
ulosa cells is likely the underlying cause of follicle degeneration
[60-63]. Although studies have shown that ovarian cell apoptosis
is regulated by an array of extracellular signals through endocrine,
autocrine, and paracrine mechanisms in a development-dependent
manner [64], insight based on characterization of conserved intra-
cellular effectors has suggested that intracellular pathways leading
to apoptosis in diverse organisms are regulated by a group of
evolutionarily-conserved genes, including ced3: caspases, ced-4:
Apaf-1, and ced-9: Bcl-2 gene families [65-68]. The present data
suggest that mRNA levels of the pro-apoptotic BH3-only proteins,
Bmf and Bcl2a1b, were up-regulated (Table 5). Activation of BMF
and translocation to the mitochondria pathway is presented in
Fig. 3. The Bcl2-modifying factor (BMF) is a pro-apoptotic BH3-
only member of the Bcl2 family of apoptosis-related proteins, and
BMF has been shown to be an apoptotic “trigger” protein that ini-
tiates programmed cell death in some epithelial cells [69]. BMF is
sequestered to the actin cytoskeleton in vivo from a myosin-binding
domain (DLC2), and dynein light-chains 2 (DLC2) forms part of the
actin-based myosin V motor as well as the microtubular dynein
motor complex [69]. When cells are subjected to conditions that
induce apoptosis, mitogen-activated protein kinase 8 (MAPKS, also
known as JNK1) phosphorylates BMF on specific serine residues
located within and directly adjacent to the BMF actin/myosin-
binding domain (DLC2) [70,71], and there is loss of actin-BMF
sequestration [70]. BMF proceeds to the mitochondria after being
freed from actin, and physically interacts with the death-opposing
Bcl2 protein, thus triggering the initiation of apoptosis [69]. Thus,
apoptosis of mouse ovarian cells caused by exposure to TiO, NPs
was via activation of BMF and translocation to the mitochondria
pathway.

TiO, is an inert and poorly soluble matter. A potential exposure
route for the general population is oral ingestion as TiO, is used as a
food additive in toothpaste, capsules, cachou, and so on. The quan-
tity of TiO, should not exceed 1% by weight of the food according
to the Federal Regulations of the US Government. In 1969, WHO
reported that the LD50 of TiO, for rats or mice was larger than
12,000 mg/kg BW after oral administration. In the present study,
mice were exposed to 10 mg/kg BW TiO, NPs every day. This was
equal to exposure of approximately 0.6-0.7 g TiO, NPs in a human
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with a body weight of 60-70 kg, which was a relatively safe dose.
However, we think attention should be focused on the application
of TiO, NPs and their potential long-term exposure effects espe-
cially in humans.

In summary, this is the first study to show that TiO, NPs can be
translocated to ovaries and aggregated within ovarian cells, leading
to ovarian dysfunction which may be closely associated with an
imbalance of sex hormones and significant alterations in functional
gene expression levels in the ovaries of mice.
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