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Abstract: Although nanoscale titanium dioxide (nano-TiO,) has been extensively used in industrial
food applications and daily products for pregnant women, infants, and children, its potential toxicity
on fetal development has been rarely studied. The main objective of this investigation was to establish
the effects of maternal exposure of nano-TiO, on developing embryos. Female imprinting control
region mice were orally administered nano-TiO, from gestational day 0 to 17. Our findings showed
that Ti concentrations in maternal serum, placenta, and fetus were increased in nano-TiO,-exposed
mice when compared to controls, which resulted in reductions in the contents of calcium and zinc in
maternal serum, placenta, and fetus, maternal weight gain, placental weight, fetal weight, number
of live fetuses, and fetal crown—rump length as well as cauda length, and caused an increase in the
number of both dead fetuses and resorptions. Furthermore, maternal nano-TiO, exposure inhibited
development of the fetal skeleton, suggesting a significant absence of cartilage, reduced or absent
ossification, and an increase in the number of fetuses with dysplasia, including exencephaly, spina
bifida, coiled tail, scoliosis, rib absence, and sternum absence. These findings indicated that nano-
TiO, can cross the blood—fetal barrier and placental barrier, thereby delaying the development of
fetal mice and inducing skeletal malformation. These factors may be associated with reductions
in both calcium and zinc in maternal serum and the fetus, and both the placenta and embryos may
be major targets of developmental toxicity following maternal exposure to nano-TiO, during the
prenatal period. Therefore, the application of nano-TiO, should be carried out with caution.
Keywords: nanosized titanium dioxide, maternal exposure, embryonic toxicity, skeleton
developmental suppression

Introduction
Nanoscale titanium dioxide (nano-TiO,) is widely used in various applications,
including industry, medicine, and in consumer products such as cosmetics, sunscreens,
food products, toothpaste, and sterilization and environmental control measures.'®
Initially, nano-TiO, was thought to exhibit relatively low toxicity as compared with
other nanomaterials.”'® However, numerous studies have suggested that following
exposure via various routes including inhalation, injection, dermal deposition, and
gastrointestinal tract absorption, nano-TiO, can be found in various organs including
the lung, liver, kidney, spleen, thymus, heart, stomach, brain, ovary, and testis poten-
tially inducing toxic effects.!'!* Thus, based on a recent assessment, the International
Agency for Research on Cancer has classified TiO, as a human group 2B carcinogen.'
Despite the fact that increased use and production of nano-TiO, may result in health
impacts due to its various uses, there is still a lack of knowledge regarding the
adverse effects of nano-TiO, on pregnant dams and embryo—fetal development.

It is known that the development of humans and animals, in particular developing
embryos, is significantly influenced by environmental factors.'>!¢ The ability to scavenge
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toxins in the body is low as the developing embryo lacks
the feedback protection mechanism,'”'® and may be more
sensitive to the effects of nano-TiO, compared with mature
organisms. Recently, maternal exposure to manufactured
nanoparticles (NPs) which induced toxicity during embryo
development has attracted considerable attention.!*? It was
reported that maternal exposure to a variety of manufactured
NPs was associated with harmful effects on mouse and rat
embryos.?2 NPs were detected in prenatally exposed off-
spring thereby indicating that NPs were transferred to the
developing conceptus across the placenta. However, nano-
CdO was detected in the placenta and maternal organs of
treated mice but not in their fetuses.?*2® Exposure of pregnant
female mice or rats to different types of NPs may result in
a variety of adverse pregnancy outcomes such as embryo
mortality, intrauterine growth retardation, and structural
anomalies in the prenatally exposed offspring,” as devel-
opmentally toxic NPs crossed the placenta, embryos were
directly exposed, and the embryotoxic effects of NPs seemed
to have been secondary to maternal and/or placental toxicity.>*
Philbrook et al indicated that the intragastric administration
of hydroxyl-modified single-walled carbon nanotubes to
pregnant mice resulted in increased skeletal defects, such
as forked cervical vertebrae, reduced ossification of sternebrae
and phalanges, and morphological abnormalities.’ It was
proved that exposure to nanosilica (70 nm) led to fetal resorp-
tion and inhibition of fetal growth.® Pregnant female rats
were orally treated with nano zinc oxide (ZnO) for 15 days,
during gestational days (GDs) 5-19, at doses of 100, 200,
and 400 mg/kg/day, and it was found that nano ZnO had no
impact on embryo—fetal development in rats.*' Following
maternal exposure to nano-TiO,, it was demonstrated that
nano-TiO, migrated into the uterus, affected the embryo, and
caused abortion; for example, 500 mg/kg led to significant
decreases in the total length of limb buds, arm skin thickness,
number of proliferating chondrocytes in the arm, red blood
cells in the fingers, and mesenchymal cells in the palm and
wrist.’>*> Maternal exposure to nano-TiO, was also reported
to affect the development and function of the central ner-
vous system in mouse and rat offspring.’**" Therefore, we
hypothesized that maternal exposure to nano-TiO, may lead
to disorders in embryo—fetal development, especially fetal
bone development.

Accordingly, we determined whether mouse embryonic
development was influenced by the toxic effects of nano-
TiO, as there is evidence to suggest that fetuses are affected
more than adults by a variety of environmental toxins, due
to physiological immaturity. Female imprinting control
region (ICR) mice were selected as the experimental model

and exposed to nano-TiO, via oral (gavage) administration
from GD 0 to 17. After the 18-day gestational period, Ti,
Ca, and Zn contents in maternal serum, placenta, and fetus,
maternal weight gain, fetal crown—rump and cauda length,
body weight (BW) and placental weight, and numbers of
live fetuses, dead fetuses, and resorption sites as well as fetal
bone development were examined following maternal nano-
TiO, exposure, with a view to clarifying its toxic effects on
developing mouse embryos.

Methods

Chemicals

Nanoparticulate TiO, was prepared by controlled hydroly-
sis of titanium tetrabutoxide. Details of the synthesis and
characterization of nano-TiO, are described in a previous
report by our group.*’ NP characteristics were as follows:
anatase phase, 6.5 nm particle size, mainly 294 nm hydro-
dynamic diameter, 174.8 m?/g surface area, and 7.57 mV
zeta potential.*!

Ethics approval

All animal experiments were conducted during the light
phase of the light-dark cycle and approved by the Animal
Experimental Committee of Soochow University (grant
2111270). Procedures were performed in accordance with
the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals.

Animals and treatment

Female CD-1 (ICR) mice (20£1.5 g) and male mice (2312 g)
were purchased from the Animal Center of Soochow
University (China). All mice were housed in stainless steel
cages in a ventilated animal room. The room temperature
of the housing facility was maintained at 20°C-25°C with
a relative humidity of 45%-55% and a 12-hour light/dark
cycle. Distilled water and sterilized food were available
ad libitum. Prior to dosing, the mice were acclimated to
the environment for 5 days. Mice were kept in cages at a
ratio of 2:1 (female:male) from 18:00 every evening, and
the vaginal suppository of female mice was checked the
next morning at 06:00-08:00. Female mice were consid-
ered pregnant when the vaginal suppository was found
(day 0). Twenty pregnant mice were randomly divided
into four subgroups (n=5 per group), including a control
group treated with 0.5% w/v hydroxypropylmethylcel-
lulose (Sigma-Aldrich Co., St Louis, MO, USA) and three
experimental groups treated with 25, 50, and 100 mg/kg
BW nano-TiO,. For appropriate dose selection, previous
reports were consulted.*>* A report by the World Health
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Organization from 1969 was also consulted, and according
to this report, the lethal dose 50 of TiO, for rats was found
to be >12 g/kg BW after oral administration. In addition,
US Food and Drug Administration states that the quantity
of nano-Ti0O2 should not exceed 1% by weight of the food.
Animals received 25, 50, and 100 mg/kg BW nano-TiO,
orally (gavage) from GD 0 to 17 in an isolated animal room
under specific pathogen-free conditions. After the 18-day
gestational period, all pregnant mice were weighed and
then sacrificed after being anesthetized with ether. Blood
samples were collected from the eye vein by rapidly remov-
ing the eyeball. Serum was collected by centrifuging blood
at 1,200x g for 10 minutes. The uterus was quickly removed,
the numbers of live fetuses, dead fetuses, and resorption
sites were counted and recorded for each litter, the weight
of live fetuses in each litter was recorded, and the length
of the fetal crown—rump and cauda were measured. Every
effort was made to minimize animal suffering. All experi-
ments were performed in accordance with the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

Element content analysis

Two milliliters of maternal sera and ~0.1 g of the placenta
and the fetuses were digested, and analyzed for element
contents. Inductively coupled plasma-mass spectrometry
(Thermo Elemental X7; Thermo Electron Co, Waltham, MA,
USA) was used to analyze the Ti, Ca, and Zn concentrations
in the samples.*** An indium concentration of 20 ng/mL
was used as an internal standard, and the detection limit of
Ti was 0.074 ng/mL.

Evaluation of fetal skeleton development
The skeletal development of fetuses was evaluated using
Menegola’s method.* The selected fetal mice were soaked

in hot water at 80°C for 10 seconds, the skin and viscera
were carefully removed with eye forceps and scissors, and
stained with alcian blue dye solution for 48 hours. The car-
tilage in the specimen appeared blue (slightly deeper than
the color of the stain solution) when viewed with a stereo
microscope (Olympus SZ61; Olympus Corporation, Tokyo,
Japan) during the staining period; the specimen was then
rinsed 2-3 times with tap water, immersed in alizarin red
dye solution for 36-48 hours; the solution was renewed
every 12 hours until the bone was purple, and thereafter
again the specimen was gently rinsed 2-3 times with tap
water. The double stained fetuses were placed in a new
transparent solution containing 1% potassium hydroxide
for 36-48 hours.*** The blue embryonic cartilage and
purplish red skeletal ossification were observed under the
stereo microscope.

Statistical analysis

Data were analyzed using Statistical Analysis Software
(SAS 9.1) (Chicago, IL, USA). The significance of the
differential expression between groups was assessed using
one-way analysis of variance (ANOVA) followed by Tukey’s
honestly significant difference post hoc test, and the results
are presented as means * standard deviation. Differences
were considered statistically significant at p<<0.05.

Results

Element contents in maternal serum and
fetuses

In order to confirm whether nano-TiO, entered the blood
circulation in pregnant mice and crossed the blood—fetal
barrier to enter the fetus, we observed and found signifi-
cant increases in the Ti contents in the maternal serum,
placenta, and fetus (Table 1, p<<0.05). Furthermore, to

Table | Effects of nano-TiO, on element contents in maternal serum, placenta, and fetus

Index Nano-TiO, (mg/kg BW)
0 25 50 100
Maternal serum Ti (ng/mL) 0.05+0.00 1.51+0.04%%* 2.0610.07%** 3.25+0.09%**
Ca (ug/mL) 157.81+7.11 148.7348.95 136.87+6.21* 129.86+5.59*
Zn (ug/mL) 1.71+0.06 1.6310.04 1.51£0.05* 1.46+0.03*
Placenta Ti (ng/g placenta) 0.08+0.00 15.98+1.06%+* 22.03+].73%%* 35.07+2.3 |+
Ca (ug/placenta) 302.27£13.79 250.13+8.22* 176.42+1.29%+* 163.51£1.7 I+
Zn (ug/placenta) 109.35+5.31 98.28+7.05 59.6142.15%* 52.76+1.53**
Fetus Ti (ng/g fetus) 0.01£0.00 10.25+0.35%** 14.59 +0.89+** 21.5340.72%%*
Ca (ug/fetus) 246.13£8.95 232.22+6.66 214.61£8.12* 205.79+7.53*
Zn (ug/fetus) 85.61£3.35 80.36+2.71 70.66t1.89* 65.17£2.34*

Notes: Results marked with an asterisk, double asterisks, or three asterisks mean they are significantly different from the control (no nano-TiO,) at the p<<0.05, p<<0.01,

and p<<0.001 confidence level, respectively. Values represent mean + SD (n=5).

Abbreviations: nano-TiOZ, nanoscale titanium dioxide; BW, body weight; SD, standard deviation.
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Table 2 Effects of nano-TiO, on maternal weight (g) gain during

pregnancy

Day of Nano-TiO2 (mgl/kg BW)

pregnancy o 25 50 100

0 27.62+1.04  27.13%1.15 26.98+l .06 27.4610.92
3 28.96+1.01  28.65+1.13 28.55+1.12 28.91+0.82
6 31.35¢1.15  31.27£1.22 31.08+1.05 31.12+1.06
9 3451£1.23  34.08%l.19 33.95+1.29 33.32+1.18
12 42.98+1.57 42.08+0.99 41.45+1.55 40.77£13.2
15 53.69+2.06 51.58+1.18 51.09£1.71 48.96+1.28*
18 64.71£2.51  60.11+2.07% 59.32+2.14%  56.79+2.15*%

Notes: Results marked with an asterisk mean that they are significantly different
from the control (no nano-TiO,) at the p<<0.05 confidence level. Values represent
mean + SD (n=5).

Abbreviations: nano-TiO,, nanoscale titanium dioxide; BW, body weight; SD,
standard deviation.

confirm the effects of maternal exposure to nano-TiO, on
embryonic development, we also examined the changes
in Ca and Zn contents in maternal serum, placenta, and
fetus, and found that the contents of Ca and Zn decreased
significantly in the high dose nano-TiO,-treated groups
(Table 1, p<<0.05).

Maternal weight gain

Pregnant mice were exposed to different concentrations of
nano-TiO, from GD 0 to 17, and the weight of pregnant mice
atdays 0, 3,9, 12, 15, and 18 during pregnancy is presented
in Table 2. It can be seen that maternal weight gain gradu-
ally increased with pregnancy duration in the control group
and nano-TiO, groups, whereas maternal weight gain in the
nano-TiO,-exposed groups at day 18 was significantly lower
than that of the control (Table 2, p<<0.05).

Fetal growth

Pregnant mice were sacrificed at GD 18, and the cesarean
section was performed to measure the crown—rump and cauda
length, and fetal BW and placental weight of the live fetal
mice (Table 3). Compared with the control, both fetal crown—
rump and cauda length, and fetal BW and placental weight

Table 3 Effects of nano-TiO, on fetal growth of mice

in the 100 mg/kg nano-TiO,-treated group were markedly
lower than that in the control (Table 3, p<<0.05).

Survival and mortality of fetuses

After GD 18, the numbers of live, dead, and resorption sites
were counted and are shown in Table 4. Compared with
the control, the number of live fetuses in the 100 mg/kg
nano-TiO,-treated group was significantly lower than that
in the control, whereas the numbers of dead fetuses and
resorption sites were obviously higher than those in the
control (Table 4, p<<0.05), respectively.

Fetal skeletal development

Table 5 and Figure 1 show that fetal skeleton development
in the 100 mg/kg nano-TiO,-exposed group was significantly
slower than that in the control, suggesting the absence of
significant cartilage, non-ossification of the sternum and
metacarpal bones, or incomplete ossification of the sternum.
Following maternal exposure to nano-TiO,, fetal dysplasia
was also observed compared with the control; dysplasia
included exencephaly, spina bifida, coiled tail, scoliosis, rib
absence, and sternum absence.

Discussion
Recently, knowledge on the toxicity of different types of
nano-TiO,, including damage to the liver, lung, kidney,
spleen, heart, brain, testis, and ovary of mice or rats,'' stomach
and thymus of mice,'*!* inflammatory response, membrane
injury, and cytotoxicity,!! has increased, resulting in several
toxicity studies of nano-TiO, in different biological systems,
such as zebrafish and Caenorhabditis elegans.”** However,
evidence of developmental toxicity caused by nano-TiO,
in mammals is still limited. It is highly desirable and necessary
to have a better understanding of the possible developmental
toxicity of nano-TiO, as humans are often exposed to
nano-TiO, both intentionally and unintentionally.

This study was conducted to examine the maternal
and developmental toxic potential of nano-TiO, orally

Index Nano-TiO, (mg/kg BW)

0 25 50 100
Fetal crown—rump length (cm) 2.4240.11 2.1610.13* 1.73£0.08** 1.59+0.09%*
Fetal cauda length (cm) 0.77+0.03 0.76+0.02 0.56+0.02* 0.49+0.0 1 **
Fetal body weight (g) |.35+0.04 1.37+0.03 1.3140.03 |.24+0.02%
Placental weight (mg) 105.23+4.15 98.08+4.32 81.08+1.17* 80.16+2.53*

Notes: Results marked with an asterisk or double asterisks mean they are significantly different from the control (no nano-TiO,) at the p<<0.05 and p<<0.01 confidence level.

Values represent mean * SD (n=5).

Abbreviations: nano-TiO,, nanoscale titanium dioxide; BW, body weight; SD, standard deviation.
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Table 4 Effects of nano-TiO, on survival and mortality in mouse fetus

Index Nano-TiO, (mg/kg BW)

0 25 50 100
Number of live fetuses 12.98+0.39 12.73+0.34 11.89+0.31 10.35£0.36*
Number of dead fetuses 0.29+0.01 0.31£0.01 0.51+0.02%* 0.55+0.0 | **
Number of resorption sites 0.4140.02 0.43+0.01 1.32+0.04%* 1.39+0.04%*

Notes: Results marked with an asterisk or double asterisks mean they are significantly different from the control (no nano-TiO,) at the p<<0.05 and p<<0.01 confidence level.

Values represent mean + SD (n=5).

Abbreviations: nano-TiO,, nanoscale titanium dioxide; BW, body weight; SD, standard deviation.

administered to mice during GD 0-17 of pregnancy. Our
findings showed that following maternal exposure, nano-
TiO, crossed the blood—fetal barrier or placental barrier
and was deposited in maternal serum, placenta, and fetus,
leading to significant decreases in Ca and Zn in the maternal
serum, placenta, and fetus. In addition, maternal exposure
to 100 mg/kg nano-TiO, markedly reduced maternal weight
gain, placental weight, fetal weight, number of live fetuses,
and fetal crown—rump length as well as cauda length, and
increased the numbers of both dead fetuses and resorption
sites. Skeletal development in fetal mice following maternal
exposure to 100 mg/kg nano-TiO, lagged behind that of the
control group, and resulted in absent or reduced ossification,
and fetal dysplasia. The main results of the present study are
discussed subsequently.

Most of the skeletal system is derived from mesoderm,
which is mainly from the ventral and medial mesenchyme of
the segment. The critical period of fetal organ development in
mice or rats is 7.5—18 days. Therefore, the administration of

drugs during this stage can be used to examine their effects
on the organs of fetal mice or rats. In the study of embryonic
developmental toxicity, evaluation of skeletal deformities is
often a major part of the assessment of the effects of external
compounds on the body, and bone development is often
determined by bone staining. The bones of fetal mice are only
partially ossified and cartilage is still present at GD 18. In the
present study, we observed that fetal vertebrae, carpal, and
metatarsophalangeal bones in the control showed uniform
cartilage at GD 18. However, maternal exposure to nano-TiO,
resulted in retardation of skeletal development, for example,
cartilage was absent, the ossification centers of some bones
were absent, the scale of the ossification center was less than
that in the control group, and skeletal deformities (such as
scoliosis, vertebral fusion, rib deformity) occurred.

The suppression of embryonic bone development and
skeletal abnormalities in fetuses caused by nano-TiO, may
be related to the following factors. 1) The placenta is one of
the target organs of nano-TiO,; thus, nano-TiO, can affect

Table 5 Effects of nano-TiO, on skeletal ossification in mouse fetuses (n=10)

Index Nano-TiO, (mg/kg BW)
0 25 50 100
Cranial Frontal bone  Obvious ossification ~ Lamellar ossification Lamellar ossification Small and reticulate
brain ossification
Parietal bone Most ossification Incomplete ossification Small and reticulate Incomplete ossification; or
ossification unossified
Occipital bone  Ossification of Ossification of the base and Condylar ossification, Condylar ossification
the base, occipital occipital condyle; incomplete incomplete ossification
condyle, and squama  partial squamous ossification of the base
Nasal bone Ossification Ossification Ossification Small extent of ossification
Pharyngeal Maxillary bone Ossification Small extent of ossification Punctate ossification Discontinuous
skull ossification
Mandible Ossification Ossification Ossification Partial ossification
Axial bone Vertebrae Ossification of the Ossification of the neck, sacrum, Ossification of the cervical, Thoracolumbar ossification
cervical, sacral, and and part of the thoracolumbar sacral, and lumbar arches
thoracolumbar arches arches
Rib Ossification Ossification Ossification Ossification
Limb bone Ossification from Ossification from limb to Small extent of ossification Small extent of ossification

limb to phalanx metatarsal bone

from limb to metatarsal bone from limb to metatarsal bone

Abbreviations: nano-TiO,, nanoscale titanium dioxide; BW, body weight.
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Control 25 mg/kg BW 50 mg/kg BW 100 mg/kg BW

Figure | Maternal exposure to nano-TiO, induced dysplasia of skeleton in mice
embryos at gestational day 18.

Notes: Blue indicates cartilage. Purplish red indicates ossification. Red indicates
incomplete ossification.

Abbreviations: nano-TiO,, nanoscale titanium dioxide; BW, body weight.

the normal development of embryos by interfering with
placental blood flow, substance transport, and endocrine as
well as substance metabolism. In this study, we found that
maternal exposure to nano-TiO, not only caused intrauterine
developmental retardation of the fetus, but also affected bone
ossification, which may have been due to nano-TiO, interfer-
ing with the permeability of Ca*" in the placenta. Further-
more, we also observed that nano-TiO, caused deformities
including exencephaly, spina bifida, coiled tail, scoliosis, rib
absence, and sternum absence. 2) Nano-TiO, reduced the
levels of Ca in pregnant mice and fetuses, which may be an
important aspect of nano-TiO,-induced toxicity. In general,
the active transport of Ca by osteoblasts is broadly divided
into three stages: firstly, Ca channels are open and Ca** enters
the cells; secondly, Ca** binds to the Ca binding protein in
the cytoplasm and rapidly spreads from the free surface side
of the cell to the basal surface; finally, the Ca pump on the
basal plane uses energy from the hydrolysis of ATP to pump
Ca?" from the cells to the extracellular region.* Exposure to
nano-TiO, may decrease Ca absorption and increase excre-
tion, leading to a negative Ca balance, and a subsequent
reduction in Ca levels in the embryo. Ossification of bone,
whether osteogenesis or Ca deposition of endochondral
ossification, is an important step in bone formation.
Our data suggested that maternal nano-TiO, exposure
interfered with Ca metabolism in embryos (Ca reductions
in maternal serum, placenta, and fetus), and thus affected
ossification in the fetus. Nano-TiO, may bind to proteins on
the cell membrane, thereby changing membrane function
and signal transduction resulting in toxicity. The effects of
nano-TiO, on bone Ca included two aspects: on one hand, the
inhibition of bone Ca deposition may lead to the formation of
a barrier in the ossification center during bone development;*

on the other hand, damage to osteoblasts and chondrocytes,
and increased osteoclast activity may result in an increase
in bone Ca dissolution.”*! 3) Nano-TiO, reduced the levels
of Zn in pregnant mice, placenta, and fetuses, which may
also be an important aspect of nano-TiO_-induced toxicity.
It has been shown that Zn is closely related to bone develop-
ment, metabolism, and function during normal development
of the embryo or fetus.”? Osteoblasts secrete organic sub-
stances, such as collagen and proteoglycan, which are called
osteoids. Osteoblasts are gradually embedded by osteoids and
become osteocytes. Serum phosphatase (AKP) is a marker
of osteoblasts, and catalyzes the decomposition of phosphate
compounds to produce free phosphates that combine with
Ca in the intercellular substance to form Ca phosphate,
which is involved in the regulation of calcification. AKP
is a Zn-dependent enzyme. Zn can stabilize AKP confor-
mation and maintain AKP activity. When Zn is deficient,
the conformation and function of AKP are compromised.
Epidemiological findings suggest that Zn deficiency delays
growth and bone age in animals and humans; a severe lack
of Zn in animals can cause skeletal deformities.” Nano-TiO,
may play a direct role as a promoter of the metallothionein
(MT) gene, and induce MT synthesis in maternal liver,
kidney, and in placental trophoblast cells. MT rapidly com-
bines with Zn?*, and then decreases the Zn concentration in
maternal blood and impairs placental Zn*" transport, which
results in an insufficient supply of Zn to the embryo, leading
to a slow ossification center or incomplete calcification of
fetal bones. Exposure to nano-TiO, has been demonstrated
to increase MT level in fish and Daphnia.>*> A previous
study showed that exposure to Cd in pregnant rats caused
significant reductions in maternal serum and fetal Zn levels.*
In addition, maternal Zn supplementation during pregnancy
significantly decreased fetal malformations and growth
retardation in mice caused by Cd.*” In the present study, the
levels of Zn, Ca, and Ti in the maternal serum of control
mice were determined by the contents of Zn, Ca, and Ti in
the diet and drinking water, which were strictly controlled
according to the standards of mouse rearing from the Animal
Center of Soochow University (China) to meet the needs for
growth and development of mice. These findings indicate
that reductions of Ca and Zn in the maternal serum may be
an important cause of nano-TiO -induced growth retardation
in fetal mice.

The placenta is an important link between the mother
and the fetus, and has substance transport, barrier, and
endocrine functions. In the current study, placental weight
in the nano-TiO,-treated group was lower than that in the
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control group, suggesting that maternal nano-TiO, exposure
inhibited placental growth, which may be associated with
decreases in the relative volume of placental villus space,
the relative surface area of fetal capillaries, and the absolute
volume of the placenta.’® Furthermore, our data suggested
that nano-TiO, content in the maternal blood was positively
correlated with placental and fetal nano-TiO, levels, and
negatively correlated with placental and fetal weight. These
findings indicate that placenta and embryo may be the
second target organs of nano-TiO, toxicity, and the abnormal
development of placenta may be one of the causes of nano-
TiO,-induced fetal growth retardation. Taken together, these
findings demonstrate that consecutively maternal exposure to
nano-TiO, could suppress embryonic development in mice;
however, the underlying molecular mechanism requires
further study.

Conclusion

In this experimental study, exposure to nano-TiO, in pregnant
mice caused fetal growth retardation, which was associated
with embryonic toxicity and bone toxicity due to nano-TiO,
accumulation in fetal mice. These effects may be due to the
direct role or the indirect role of nano-TiO, interfering with
Ca, Zn, and other metabolic processes, or may be the result
of a combination of several factors, which require further
investigation in the future. Therefore, the use of nano-TiO,
and exposure to nano-TiO,, especially during pregnancy
in humans, should be thoroughly investigated.
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