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Abstract : The increasing uses of zinc oxide nanoparticles (nZnO) in industrial and personal care products raise possible
danger of using nZnO in human. To determine whether ZnO induces size-dependent anomalies during embryonic
organogenesis, mouse embryos on embryonic day 8.5 were cultured for 2 days under 50, 100, and 150 pg of nZnO
(<100 nm) or micro-sized ZnO (mZnO; 80 + 25 um), after which the morphological changes, cumulative quantity of
Zn particles, and expressions of antioxidant and apoptotic genes were investigated. Although embryos exposed to 50 ug
of ZnO exhibited no defects on organogenesis, embryos exposed to over 100 pg of ZnO showed increasing anomalies.
Embryos treated with 150 pg of nZnO revealed significant changes in Zn absorption level and morphological parameters
including yolk sac diameter, head length, flexion, hindbrain, forebrain, branchial bars, maxillary process, mandibular
process, forelimb, and total score compared to the same dose of mZnO-treated embryos. Furthermore, CuZn-superoxide
dismutase, cytoplasmic glutathione peroxidase (GPx) and phospholipid hydroperoxidase GPx mRNA levels were
significantly decreased, but caspase-3 mRNA level was greatly increased in nZnO-treated embryos as compared to normal
control embryos. These findings indicate that nZnO has severer teratogenic effects than mZnO in developing embryos.
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Introduction

Recently, a lot of nanomaterials have been produced and
widely applied as a result of rapid development of nano-
science, nanotechnology, and engineering [8, 11]. Nanoparti-
cles (NPs) which are smaller than size of human cells (< 100
nm) have been extensively used in solar energy capture, cos-
metics, electronics, and food and drug delivery systems and
have also been utilized in biological applications that require
long-term, multi-target, and highly sensitive imagings [4, 14,
22]. However, NPs have high catalytic activity and propen-
sity to absorb, penetrate and be internalized within biologi-
cal tissues and cells [16]. Therefore, possible harmful effects
of NPs on human health and environmental safety have been
increased [18, 26].

Zinc oxide NP (nZnO) is most commonly used and has
attracted a special attention worldwide due to outstanding
properties as compared to its bulk counterpart. The nZnO has
been widely utilized in paint formulation, ceramic manufac-
ture, photocatalysis, UV filters, biosensors, and personal care
products such as toothpaste, sun cream, beauty care prod-
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ucts, and hair care products [7, 11, 24]. However, toxicologi-
cal and environmental effects of nZnO vig its direct and
indirect exposures are unclear yet.

The NPs are able to enter various kinds of membranes
including the blood-brain barrier, the air-blood barrier in
lung, and the gastro-intestinal wall, as well as the placenta
and fetus of pregnant rat [23]. Previous studies have shown
that nZnO has pulmonary toxicities in rat, guinea pig and
rabbit [10], serious liver and kidney damages in mice [5], and
toxicities in human bronchial epithelial cells and cardiac
microvascular endothelial cells [12, 25]. nZnO down-regu-
lated the expression of survivin along with activation of
caspase-3 enzymes in human alveolar adenocarcinoma cells
[1]. The cytotoxicities of nZnO are mediated through reac-
tive oxygen species (ROS) generation and oxidative stress
[13, 30]. George et al. [9] recently found that nZnO expo-
sure could decrease the hatching rates of zebrafish embryo.
Although embryogenesis is highly sensitive to oxidative
damages such as ambient oxygen concentrations or the prod-
ucts of maternal disorders [3], it has not been clearly under-
stood whether nZnO affects mammalian embryogenesis.
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In the present study, we examined the in vitro response of
mouse embryo exposed to two types of ZnO particles (larger
or smaller than 100 nm in size) in order to confirm the terato-
genic effect of ZnO in cultured mouse embryo and deter-
mine the size- and dose-dependent toxicities of ZnO.

Materials and Methods

Chemicals and animals

Micro-sized ZnO (80 + 25 um; mZnO) and nZnO (< 100 nm)
powders (Sigma, USA) were diluted with saline. The suspen-
sions were continuously dispersed for 1h by a bath sonicator
to aid mixing and to maintain their stability. Male and female
ICR mice (8~10 weeks old) were purchased from a commer-
cial breeder (Biogenomics, Korea). One male and three
female mice were housed in a cage for mating. The environ-
mental conditions were controlled with an ambient tempera-
ture of 21 +2°C, relative humidity of 55+ 10%, air ventilation
rate of 10 cycles per hour, and a 12:12 h light : dark cycle.
The animals were fed standard mouse chow (Samyang,
Korea) and tap water ad libitum throughout the experimental
period. Pregnancy was confirmed the following morning (08:00)
by the presence of vaginal plugs or spermatozoa detected in a
vaginal smear collected after mating the previous evening
(20:00). This was considered to be embryonic day (E) 0.5.
Pregnant mice were sacrificed by cervical dislocation eutha-
nasia on E 8.5, after which embryos were obtained. All
experiments were approved and carried out according to the
Guide for Care and Use of Animals (Chungbuk National
University Animal Care Committee (CBNUA-588-13-02).

Rat serum preparation

Serum of Sprague-Dawley male rats (10~12 weeks old)
purchased from a commercial breeder (Biogenomics, Korea)
was prepared as embryo culture fluid as follows. After col-
lection, blood samples were immediately centrifuged for 10
min at 3,600 x g and 4°C to clear the plasma fraction of cells.
The supernatant was then transferred to new tubes, which
were centrifuged for 10 min at 3,600 x g and 4°C to separate
the blood cells. The clear serum supernatant was subse-
quently decanted and pooled, after which the pooled serum
was heat-inactivated for 30 min at 56°C in a water bath. The
samples were then used immediately or stored at —70°C.
Serum was incubated at 37°C and passed through a 0.2 um
filter prior to use in the whole embryo culture.

Whole embryo culture and ZnO treatments

The whole embryo culture system was based on a previ-
ously described model [19]. Briefly, animals were sacrificed
by cervical dislocation at E8.5 between 09:00 and 10:00, and
only embryos with somite number of 4~8 were utilized. After
removal of the decidua and Reichert’s membranes, embryos
with intact visceral yolk sacs and ectoplacental cones were
randomly placed into sealed culture bottles (three embryos/
bottle) containing 3 mL of culture medium and different con-

centrations (50, 100, and 150 pg/mL) of nZnO or mZnO dis-
solved in saline. In preliminary studies, the embryos exposed
to both nZnO and mZnO at lower concentration than 50 pg/
mL did not appear any defects on the growth and develop-
ment during organogenesis in mice (data not shown). There-
fore, ZnO quantities to check the embryonic toxicity were
determined at the concentrations of 50, 100, and 150 pg/mL
in culture serum. The culture bottles were initially gassed
with a mixture of 5% O,, 5% CO,, and 90% N, over a 17 h
period at a flow rate of 150 mL/min. Subsequent gassing was
performed at the same rate over 7 h (20% O,, 5% CO,, and
75% N,) and 24 h (40% O,, 5% CO,, and 55% N,). All
embryos were cultured for 48 h using a whole embryo cul-
ture system (Ikemoto Rika Kogyo, Japan).

Morphological scoring

At the end of the 48 h culture period, embryos were evalu-
ated according to a morphological scoring system developed
by Van Maele-Fabry ef al. [27]. Only viable embryos with
yolk sac circulation and a heartbeat were utilized for morpho-
logical scoring. Measurements of each viable embryo were
obtained with 17 standard scoring items for development,
plus the yolk sac diameter, crown-rump length, and head length
for growth. The developmental features that were assessed
included the embryonic flexion, heart, neural tube, brain
(forebrain, midbrain, and hindbrain), otic and optic systems,
olfactory organs, branchial bars, maxilla, mandible, limb buds
(forelimb and hindlimb buds), yolk sac circulation, allantois,
and somites.

Zn content analysis

Embryos were taken out and washed with phosphate buff-
ered saline. Embryos were weighed, digested and analyzed
for Zn content. Briefly, prior to elemental analysis, the embryos
were digested in 70% nitric acid. After adding hydrogen per-
oxide, the mixture was heated at about 160°C using a high-
pressure reaction container in an oven chamber until the sam-
ples were completely digested. The solutions were then
heated to remove the remaining nitric acid until the solutions
were colorless and clear. Finally, the remaining solution was
diluted to 5 mL with autoclaved water. Inductively coupled
plasma mass spectrometry (ICP-MS; Varian 820-MS; Palo
Alto, USA) was used to analyze the Zn concentration in the
embryos.

Quantitative real-time PCR analysis

Total RNA was isolated from cultured mouse embryos
using a TRIzol Reagent (Invitrogen, USA) according to the
manufacturer’s protocol. Total RNA concentrations were
determined by UV absorbance, after which total RNA (2 ug)
was used in a cDNA Synthesis kit (Invitrogen). Real-time
PCR was carried out in a 20 pg reaction volume using a
SYBR Green Master Mix (Applied Biosystems, USA) and
mouse embryonic cDNA (1.6 pug) as the template. Reactions
were performed using a 7500 Real-Time PCR System (Applied
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Table 1. Primer sequences used in the study

Gene Sequence (5' - 3')

Accession number

forward : TTT CCA GCC TTC CTT CTT GGG TAT G

B-actin NM_007393
reverse : CAC TGT GTT GGC ATA GAG GTC TTA C
forward : TGC GTG CTG AAG GGC GAC

CuZn-SOD NM 011434
reverse : GTC CTG ACA ACA CAA CCT GGT TC -
forward : TGT TTG AGA AGT GCG AAG TG

c¢GPx NM 008160
reverse : GTG TTG GCA AGG CAT TCC -
forward : TAA GAA CGG CTG CGT GGT

PHGPx NM 008162
reverse : GTA GGG GCA CAC ACT TGT AGG -
forward : AAA GCC GAA ACTCTTCATCA T

Caspase-3 NM_009810

reverse : GTC CCA CTG TCT GIC TCA

Biosystems), according to the manufacturer’s instructions.
Gene-specific primers were designed by TIB Mol-Bio Syn-
thesis (Germany). Primers to mouse cytoplasmic superoxide
dismutase (CuZn-SOD), cytoplasmic glutathione peroxidase
(cGPx), phospholipid hydroperoxide GPx (PHGPx), and
caspase-3 were used. In addition, beta-actin primers were
used as an internal standard to normalize target transcript
expression (Table 1). Data were analyzed from nine indepen-
dent runs using a comparative Ct method, as previously
described by Livak and Schmittgen [17].

Statistical analysis

Group differences were assessed via one-way analysis of
variance (ANOVA) followed by Tukey’s multiple compari-
son test. All analyses were conducted using the SPSS for
Windows software (ver. 10.0; SPSS, USA). Morphological
score data were compared using Kruskal-Wallis non-para-
metric ANOVA and Dunn’s multiple comparison post hoc
test. A p <0.05 was considered significant. All data are expressed
as the mean * SE.

Results

Organogenic changes in embryos exposed to ZnO

The embryos exposed to 50 pg of both mZnO and nZnO
had no defects in the growth and development of embryos
with surrounding yolk sacs (Fig. 1B1 and C1; Fig. 2B1 and
C1; Table 2). However, embryos exposed to 100 pug of mZnO
or nZnO showed slightly decreased sizes, thinned yolk sac
walls, and abnormal yolk sac circulations (Fig. 1B2 and C2;
Fig. 2B2 and C2) and exhibited anomalies in the growth and
development of mainly yolk sac diameter, heart, hindbrain,
midbrain, forebrain, otic system, optic system, maxillary pro-
cess, mandibular process, and olfactory system. All these
abnormalities were severer in nZnO-treated embryos than
mZnO-treated embryos (Table 2). Embryos exposed to
150 pg of both ZnO particles showed more severe abnormal
yolk sac and embryonic features (Fig. 1B3 and C3; Fig. 2B3
and C3). The morphological scores were significantly decreased
compared to those of control embryos (Table 2). Yolk sacs

Fig. 1. Yolk sac developments in embryos cultured with nano-
or micro-sized zinc oxide (nZnO or mZnO) for 48 h. Control
embryo (A) showed normal yolk sac vessel and size develop-
ment with typical vitelline vein and artery. Embryos treated
with 50 pg (B1 and C1), 100 pg (B2 and C2), and 150 pg (B3
and C3) of mZnO or nZnO, respectively. ZnO treatments showed
abnormal yolk sac vascularizations and remarkably smaller
sizes than those of control embryos. These changes were more
severe in nZnO-treated embryos than mZnO-treated embryos.
Scale bar =1 mm.

Fig. 2. Morphological changes in embryos cultured with nano-
or micro-sized zinc oxide (nZnO or mZnO) for 48 h. Control
embryo (A) showed normal embryonic feature. Embryos treated
with 50 pg (B1 and C1), 100 pg (B2 and C2), and 150 pg (B3
and C3) of mZnO or nZnO, respectively. Morphological anom-
alies were more severe in nZnO-treated embryos than mZnO-
treated embryos. Scale bar = 500 pm.
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Table 2. Organogenic changes in the embryos exposed to nano- or micro-sized zinc oxide (nZnO or mZnO)
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Dose of ZnO
0 50 pg 100 pg 150 ng
Items
Control mZnO nZnO mZnO nZnO mZnO nZnO
n=32 n=22 n=23 n=27 n=230 n=30 n=30
Yolk sac diameter (mm) 3.37£0.06 3.14+0.06 3.07£0.09 2.88£0.07* 2.62+0.06"> 2.66+0.06*> 227 & 0.04*>cdef
Crown-rump length (mm) 2.81+0.04 2.74+0.04 2.68+0.06 2.61£0.06 2.39+0.05% 231£0.06*> 1.96*0.07*><4¢
Head length (mm) 130+0.02 1.32+0.02 1.32+0.03 1.28+0.03 1.16+0.04° 1.12 +£0.03%¢ (.88 & 0.040cdef
Yolk sac circulation 4.05+0.06 4.02+0.06 4.02+0.04 3.89+0.07 3.62+0.06">¢ 3.59 £0.05*> 3.37 +0.05
Allantois 2.06£0.04 2.02+0.03 1.91£0.05 1.94+0.04 1.76+0.07**" 1.70 £0.05*>¢ 1.43 £0.05*4
Flexion 495+£0.03 495+002 4.62+0.13 478+0.08 436+0.11** 449+0.12°  3.76£0.18*<4f
Heart 478+0.05 4.65+0.10 4.51+0.12 442+0.09*° 3.98+0.08** 3.98+0.09**¢ 3.54+0.10*>4
Hindbrain 4444012 4.63+0.08 427+0.11 4.02+0.06* 3.80+0.09"* 3.91+0.07*° 3.46 +0.08*>4f
Midbrain 4.68+£0.07 4.83+0.08 4.48+0.11 4.07+0.07** 3.79£0.08** 3.83 £0.08*> 3.41 £0.08*"
Forebrain 553+0.10 545+0.14 508020 4.14+0.10*> 3.94+0.11*> 3.93+0.09*> 3.38 & (.09*>cdef
Otic system 492+0.03 4.83+0.06 4.66+0.11 431+0.09*" 4.13+0.08*> 4.29+0.10° 3.78 £0.12%¢
Optic system 495+£0.02 4.83+0.06 4.64+0.11 430+0.09*" 4.13£0.09> 4.14£0.08*>¢ 3.60 +0.11*><d
Branchial bars 344+0.07 3.57+0.11 343£0.12 3.19£0.09 2.70+0.07*¢ 2,79 +£0.13*>¢ 2,07 £0.13>cdf
Maxillary process 2.90+0.03 2.73+£0.08 2.61+0.10 2.20£0.11*® 1.77 £0.07**¢ 1.86 £0.06*>¢ 1.39 + 0.05*0<4f
Mandibular process 2.83+0.09 2.60+0.09 2.51+£0.10 2.15+0.10* 1.72+0.06*> 1.74 £0.06*> 1.25 +0.05*>4ef
Olfactory system 2.78£0.06 2.50+0.14 235%£0.15 1.79+0.15* 1.03 £0.10**¢ 0.75 £0.10*>¢ 0.49 £ 0.07> 4
Caudal neural tube 5.00+0.00 5.00£0.00 4.90x0.06 498+0.01 4.84+0.07 4.65+0.10 4.20 £ 0.14bede
Forelimb 2.88+£0.05 2.72+0.08 2.72+£0.08 2.59+0.07 2.37£0.09° 238+0.13° 1.63 & 0.10%bcdef
Hindlimb 0.77+£0.12 044%0.11 0.54+0.14 042+0.11  0.22+£0.07* 0.09 +£ 0.03* 0.03 +0.03%>¢
Somites 4.03+£0.03 395+0.04 4.04+£0.04 400+£0.00 3.93+£0.04 3.93+0.04 3.53 £ 0.09%¢
Total score 64.65+0.61 63.76 +0.92 57.00 + 1.43 61.30 + 1.07** 52.06 £ 0.95*> 52.07 £ 1.12*¢ 4433 & 1.22%beded

Data are presented as the mean + SE. *Control vs. ZnO groups (p < 0.05). *mZnO (50 pg) vs. nZnO (50, 100, and 150 pg) or mZnO (100 and
150 pg) groups (p < 0.05). “nZnO (50 pg) vs. mZnO (100 and 150 pg) or nZnO (100 and 150 pg) groups (p < 0.05). ‘mZnO (100 pug) vs.
nZnO (100 and 150 pg) or mZnO (150 pg) groups (p <0.05). “nZnO (100 pg) vs. mZnO (150 pg) or nZnO (150 pg) groups (p < 0.05).

'mZnO (150 pg) vs. nZnO (150 pg) group (p < 0.05).

and embryos exposed to 150 pg of both mZnO and nZnO
appeared opaque with few or no blood islands (Fig. 1B3 and
C3; Fig. 2B3 and C3). Furthermore, morphological parame-
ters such as yolk sac diameter, crown-rump length, head
length, yolk sac circulation, allantois, heart, hindbrain, mid-
brain, forebrain, optic system, branchial bars, maxillary pro-
cess, mandibular process, and olfactory system significantly
decreased by the treatments with 150 pg of both mZnO and
nZnO as compared to those of the low concentration groups.
Specifically, 150 pg of nZnO diminished significantly the
morphological parameters including yolk sac diameter, head
length, flexion, hindbrain, forebrain, branchial bars, maxil-
lary process, mandibular process, forelimb, and total score in
the embryos as compared to the same dose of mZnO-treated
embryos (Table 2). Morphological scores in the embryos
exposed to ZnO were significantly decreased in concentra-
tion- and size-dependent manners (p < 0.05).

30

ab
25 A

Zn concentrations(ng/g)

N

Control

mZn0Q nZnO

Fig. 3. Soluble Zn levels in embryos exposed to 150 pg of
nano- or micro-sized zinc oxide (nZnO or mZnO) using induc-
tively coupled plasma mass spectrometry analysis. Each value
(n=20) represents the mean + SE. a; vs. control group, b; vs.
mZnO group at p < 0.05.
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Fig. 4. Quantitative real-time PCR analyses of cytoplasmic superoxide dismutase (CuZn-SOD; A), cytoplasmic glutathione peroxidase
(cGPx; B), phospholipid hydroperoxidase GPx (PHGPx; C), and caspase-3 (D) mRNAs in the mouse embryos exposed to 150 pg of
nano- or micro-sized zinc oxide (nZnO or mZnO) for 2 days in vitro. Each value (n = 10) represents the mean £ SE. a; vs. control

group, b; vs. mZnO group at p < 0.05.

Zn cumulative levels in ZnO-treated embryos

In order to confirm Zn levels in embryos exposed to ZnO,
Zn concentration was analyzed in embryos with surrounding
yolk sac by ICP-MS assay. Zn contents were significantly
increased in embryos exposed to 150 pug of both mZnO and
nZnO as compared to those of the control embryos. More-
over, Zn content level was higher in nZnO-treated embryos
than mZnO-treated embryos (Fig. 3; p < 0.05).

Expression patterns of antioxidant enzyme genes in
ZnO-treated embryos

As compared to the control embryos, CuZn-SOD mRNA
level was significantly decreased in embryos exposed to 150 pg
of nZnO, but was not different in embryos exposed to 150 pg
of mZnO (Fig. 4A; p <0.05). cGPx mRNA expression were
significantly decreased in embryos exposed to 150 ug of both
mZnO and nZnO compared to the control embryos (p < 0.05).
Each ¢cGPx mRNA level was 0.39- and 0.64-fold of control
group (1-fold), respectively (Fig. 4B; p < 0.05). PHGPx mRNA
level was significantly decreased in embryos exposed to 150
pug of nZnO compared to control embryos (p < 0.05). How-
ever, PHGPx mRNA level in embryos exposed to 150 pg of
mZnO was not different from the control embryos (Fig. 4C).

Expression patterns of caspase-3 mRNA in ZnO-treated
embryos

Caspase-3 mRNA was significantly increased in embryos
exposed to 150 pg of both mZnO and nZnO to 1.14- and 1.2-
fold, respectively as compared to control embryos (p < 0.05).
However, there was no difference between mZnO and nZnO
embryos (Fig. 4D).

Discussion

Due to the versatile use of NPs in consumer products, the
possibility of their entrance into mammals and environment
is increasing [29]. Therefore, it is necessary to investigate
typical toxicological effects of NPs via a direct exposure into
mammalian ecosystems.

During pregnancy, maternal and fetal metabolic distur-
bances caused by nZnO exposure have potentially detrimen-
tal effects on embryo development [32, 35]. ZnO-treated
embryos remain unhatched and reveal bent spines in zebrafish
[9] and the mice treated with nano-zinc suspensions show the
symptoms such as lethargy, nausea, vomiting, abdominal cramps
and diarrhea [28]. In the present study, the toxic effects in
cases of different sizes and doses of ZnO on mouse embry-
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onic organogenesis were evaluated. Embryos exposed to 50
pg of mZnO and nZnO had no defects on the growth and
development of both yolk sac and embryos. However, embryos
exposed to 100 pg of mZnO and nZnO showed slightly
abnormalities and further severe anomalies were observed in
the embryos treated with 150 pg of mZnO and nZnO. In par-
ticular, nZnO embryos showed more toxic effects than mZnO
embryos. These findings indicate that ZnO is toxic to embryos
at doses of over 100 pg and further nZnO is more detrimen-
tal to the embryo than mZnO.

The uptake and translocation of nano-ZnO into zebrafish
inhibit embryo development [33]. NPs of ZnO are accumu-
lated within cells and penetrate into organism easily with
their size decreasing, leading to an oxidative stress response
to the cells [33]. In the present study, Zn absorption into
embryo was increased when the particle size of ZnO was
decreased and morphological defects by ZnO exposure were
the most remarkable in the nZnO-treated embryos, indicat-
ing that nZnO could permeate easily into yolk sac and
embryo than mZnO and subsequently affect the develop-
ment of each organ. Therefore, the absorption of ZnO into
embryo could be elevated with its size decreasing and embryo
toxicity might be caused by accumulation of ZnO during
organogenesis. This result is also consistent with previous
experimental data under fine and nano-particle exposure con-
ditions in vivo [23].

An oxidative damage by single-wall carbon nanotubes is a
main pathogenic mechanism in malformed placentas and
embryos [21]. Embryogenesis seems to be very sensitive to
high levels of ROS during early organogenesis [20]. Cellular
oxidative stress and ROS generation have been understood as
a possible mechanism of NPs’ toxicity [1]. ROS affect the
developing embryo by increase of oxidative stress and weak
antioxidant defense [20]. In the present study, mRNA levels
of the representative antioxidant enzymes such as CuZn-
SOD, ¢GPx and PHGPx were significantly decreased in nZnO-
exposed embryos than mZnO-exposed embryos. CuZn-SOD
is an antioxidant enzyme that converts superoxide to hydro-
gen peroxide in cells and is detected in embryos and
extraembryonic tissues from E8.5 to 18.5 of mouse [31].
c¢GPx mRNA is also an ubiquitous antioxidant that is expressed
in developing mouse embryos on E7.5-18.5 cell- and tissue-
specifically [2]. Furthermore, PHGPx is a unique antioxidant
enzyme to reduce peroxidized phospholipids within biomem-
branes that is detected in fetal tissues such as telencephalon,
diencephalon, spinal cord, and spinal ganglion on E13.5-18.5
of mouse [15]. These findings suggest that embryos are highly
susceptible to the exposure to ZnO NPs and oxidative stress
might be the primary mechanism for nZnO toxicity in mouse
embryos.

Apoptosis induces programmed cell death in reply to vari-
ous intrinsic or extrinsic death signals and is proved by series
of cysteine proteases known as caspases [6, 34]. ZnO nano-
rod induces apoptosis in human alveolar adenocarcinoma
cells [1]. Furthermore, pro-apoptotic caspase-3 acts as an excel-

lent molecular biomarker to assess the apoptotic response of
NPs [34]. In the present study, caspase-3 mRNA expression
was higher in nZnO-treated embryos than normal control and
mZnO-treated embryos. These results suggest that upregula-
tion of caspase-3 might be involved in the toxic effect of
nZnO on mouse embryonic organogenesis.

In conclusion, nZnO promoted anomalies in mouse embryos
by disturbances of antioxidant and cell survival systems in
size- and dose-dependent manners as compared to mZnO,
suggesting that nZnO has more severe teratogenic effects
than mZnO in developing embryos.
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