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ARTICLE INFO ABSTRACT

Keywords: Thiamethoxam (TMX) is a neonicotinoid insecticide. It has specific high toxicity to insects. Residues of TMX have
Thiamethoxam been detected in various crops. Early embryo quality is vital for fertility. Excessive production of reactive oxygen
Porcine blastocyst species (ROS) can override embryonic antioxidant defenses, producing oxidative stress that triggers apoptosis,
ROS necrosis, and/or permanent DNA damage responses in the early embryo. Comparative studies have indicated
]gg?c‘:,i;:age that TMX hepatotoxicity is significant in mammals in acute tests, but little is known about accumulated chronic

toxicity in early embryonic development. Porcine embryos were obtained here by the parthenogenetic activation
of meiosis II oocytes and cultured in the PZM-5 medium with or without TMX. These embryos were evaluated by
various methods. The expansion and hatching of blastocysts treated with TMX decreased by 21.73% and 16.71%,
respectively, as compared with controls. In an analysis of 5-bromo-2-deoxyuridine (BrdU) incorporation, the rate
of cell proliferation was 44.33% lower as compared with expanded blastocysts of the control group. ROS and
yYH2AX levels were higher in the TMX group than in the control group. Real-time reverse-transcription poly-
merase chain reaction showed that Sod1 expression increased and the expression of Mnsod, Gpx1, Igta5, and
Cox2 decreased. A CDK1 kinase assay revealed that maturation-promoting factor (MPF) activity diminished by
31.41% in expanding blastocysts. In conclusion, these results suggest that TMX inhibits blastocyst expansion and
hatching by ROS-induced DNA damage checkpoint activation, which inhibits the activation of MPF and cell cycle

progression in porcine blastocysts.

1. Introduction

Neonicotinoids are applied at various crop stages and during post-
harvest storage and play important roles in food security and quality
preservation. They are the fastest growing class of insecticides [1] and
act selectively on the central nervous system of insects, with minimal
effects on beneficial insects and with low toxicity toward mammals,
including a lack of teratogenic or mutagenic effects [2]. Among these
insecticides, imidacloprid (IMI), thiamethoxam (TMX), thiacloprid
(THI), nitenpyram (NIT), acetamiprid (ACE), and clothianidin (CLO)
are most widely used [3]. However, they have an inherent degree of
embryotoxicity, and TMX has a significantly greater effect on early
embryonic development at a low concentration as compared to THI,
ACE, and CLO in mice and rabbits [4]. Nevertheless, the mechanism by
which the toxicity of TMX decreases the developmental potential of
mammals at the molecular level is still unknown. In addition, residues
of TMX have been detected in various crops, such as rice hulls, bran,
and polished rice grains, and the highest concentrations have been

* Corresponding author.
E-mail address: xscui@cbnu.ac.kr (X.-S. Cui).
1 These authors contributed equally to this study.

https://doi.org/10.1016/j.cellsig.2018.08.014

observed in hulls and in rice bran [5]. Therefore, it is necessary to
further investigate the mechanisms underlying the toxicity of TMX.

The pig, a traditional livestock species, is a major source of meat.
Porcine reproductive performance is frequently investigated to acquire
large farrows. Early embryo quality is vital for porcine fertility. Factors
that influence embryo quality—such as cleavage interruption, cavity
failure, hatching failure, and embryonic death—can induce pregnancy
failure. Therefore, porcine preimplantation embryos were employed to
evaluate TMX toxicity in this study.

A large amount of oxygen, which is proportional to the concentra-
tions of reactive oxygen species (ROS), has detrimental effects on early
embryos, and the effects on precompaction embryos are irreversible,
with the stress culminating in a significant loss of viability post-
implantation [6-9]. Excessive production of ROS can override anti-
oxidant defenses in embryos, thus yielding oxidative stress that triggers
apoptosis, necrosis, and/or permanent cell cycle arrest in the devel-
oping early embryo [10-13]. Oxidative stress can affect the DNA da-
mage response either by the direct production of several DNA lesions,
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necessitating different DNA repair pathways, or by modifying key re-
pair proteins, thereby decreasing DNA binding; additionally, both ROS/
RNS-mediated DNA damage and the redox-mediated inhibition of DNA
damage response proteins can cause structural alterations in DNA; these
alterations if unrepaired lead to the formation of mutations and/or
apoptosis [14]. In the zebrafish liver, TMX increases ROS levels,
whereas catalase (CAT), superoxide dismutase (SOD), and glutathione
S-transferase (GST) are activated at an early exposure time point. The
antioxidant defense system functions but is not sufficient. In addition,
TMX and the resulting ROS at a high concentration of the drugs over
long periods result in severe DNA damage [15]. In mice, TMX blocks
early embryonic development before the blastocyst stage, reduces the
total cell number, and increases the number of dead cells in blastocysts
[4].

In the present study, it was hypothesized that TMX impedes porcine
preimplantation embryonic development via an ROS-dependent DNA
damage checkpoint response.

2. Materials and methods
2.1. Oocyte collection, in vitro maturation, and embryo culture

Ovaries from prepubertal gilts were obtained from a local slaugh-
terhouse, maintained in saline at 37 °C, and transported to the labora-
tory. Cumulus oocyte complexes were isolated from follicles and wa-
shed three times in Tyrode's lactate-4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid. The cumulus oocyte complexes were
cultured in tissue culture medium 199 (TCM 199) supplemented with
10% of porcine follicular fluid, 0.1 g/1 sodium pyruvate, 0.6 mM r-cy-
steine, 10 ng/ml epidermal growth factor, 10IU/ml luteinizing hor-
mone, and 10 IU/ml follicle-stimulating hormone at 38.5 °C for 44 h in
a humidified atmosphere of 5% CO, and 95% air. After maturation,
cumulus cells surrounding oocytes were removed by treatment with
0.1% hyaluronidase for ~1 min and repeated pipetting. For partheno-
genetic activation, oocytes with first polar bodies were selected and
activated by two direct current (DC) pulses of 1.1 kV/cm for 60 pus and
then incubated in a porcine zygote medium (PZM-5) containing 7.5 pg/
ml cytochalasin B for 3h. Finally, the embryos were cultured in the
PZM-5 medium for 7 days at 38.5 °C in a humidified atmosphere of 5%
CO, and 95% air. On the fifth day, fetal bovine serum was added to the
medium to a total concentration of 10%. To observe the effect of TMX
(37,924; Sigma, St. Louis, MO, USA) on porcine early embryonic de-
velopment, TMX was added to the medium. For a BrdU incorporation
assay, embryos were exposed to 100 uM BrdU in the medium for 6 h
before cultivation was completed.

2.2. Immunofluorescent staining and confocal microscopy

Embryos were fixed in 3.7% paraformaldehyde for 1h at room
temperature, washed three times with phosphate-buffered saline/
polyvinyl alcohol (PBS/PVA), permeabilized with PBS/PVA containing
1.0% Triton X-100 at 37 °C for 1 h, and washed three times with PBS/
PVA. For the TUNEL assay, embryos were incubated with terminal
deoxynucleotidyl transferase (In Situ Cell Death Detection Kit; Roche,
Basel, Switzerland) in the dark for 1h at 38.5°C. For the BrdU in-
corporation assay, permeabilized embryos were treated with PBS con-
taining 2N HCI for 40 min and washed three times with PBS/PVA.
Then, all the embryos were blocked in PVA-PBS containing 1.0% of
bovine serum albumin at 37 °C for 1 h. Subsequently, the embryos were
incubated overnight at 4°C with an anti-yH2AX antibody (pS139,
1:100; Cell Signaling Technology, Danvers, MA, USA), anti-ATM anti-
body (pS1981, 1:100; Cell Signaling Technology), anti-CDC25C anti-
body (sc-5620, 1:100; Santa Cruz Biotechnology, Dallas, TX, USA), anti-
TOM20 antibody (sc-17764, 1:200; Santa Cruz Biotechnology), anti-
P53 antibody (sc-6243, 1:100; Santa Cruz Biotechnology), anti-P21
antibody (P1484, 1:100; Sigma-Aldrich), or an anti-BrdU antibody.
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After three washes in PBS/PVA, the embryos were incubated at 37 °C
for 1h with a secondary IgG antibody, stained with Hoechst 33342
(bisBenzimide H33342 trihydrochloride, 1:2000; Sigma Life Science)
for 15 min, washed three times in PBS/PVA, mounted onto slides, and
examined under a confocal microscope (Zeiss LSM 710 META; Jena,
Germany). Images were processed in the Zen software (version 8.0,
Zeiss).

2.3. Real-time reverse-transcription polymerase chain reaction

mRNA was extracted from 30 blastocysts per group with a
Dynabeads mRNA Direct Kit (DynalAsa, Oslo, Norway). The cDNAs
were obtained by reverse transcription using the Express 1st Strand
cDNA Synthesis System Kit (Thermo Fisher Scientific, Waltham, MA,
USA) and amplified by means of WizPure qPCR Master with the Super
Green Kit (Wizbio Solutions, Seongnam, South Korea). The amplifica-
tion cycling conditions were as follows: 95 °C for 10 min; followed by
40 cycles of 95 °C for 15's, 55 °C or 60 °C for 25, and 72 °C for 10 s; and
final extension at 72 °C for 5min. The relative gene expression levels
were normalized to internal porcine Gapdh mRNA levels by the 2 ~44CT
method. The sequences of primers for Sod1 were 5-GAGACCTGGGCA
ATGTGACT-3’ (forward) and 5-CCAAACGACTTCCAGCATTT-3’ (re-
verse). The other primers used for RT-PCR were from previous studies
[16,17].

2.4. ROS and mitochondrial peroxide staining

The ROS contents of the treated and untreated embryos were
measured at the blastocyst stage. ROS content was quantified by the
dichlorodihydrofluorescein diacetate (DCHFDA, Molecular Probes,
Invitrogen, Carlsbad, CA, USA) method, as described elsewhere (31).
For mitochondrial peroxide staining, embryos were incubated in
MitoSOX Red Mitochondrial Superoxide Indicator diluted with the
PZM-5 medium (M36008, 1:250; Thermo Fisher Scientific) for 30 min
and then washed three times with PBS/PVA. Live imaging and quan-
titation were conducted using a fluorescence microscope (Nikon,
Tokyo, Japan) and Photoshop (CS2; Adobe, San Jose, CA, USA).

2.5. Western blot analysis

Each sample contained 150 porcine blastocysts in 15 pul SDS sample
buffer and was heated at 95 °C for 10 min. Proteins were separated by
SDS-PAGE according to molecular weight and transferred to poly-
vinylidene fluoride membrane. The membrane was cut into different
regions according to the positions of detected proteins. These fragments
of membrane were blocked in Tris-buffered saline (TBS) containing
0.1% Tween 20 and 5% skim milk for 1 h, incubated at 4 °C overnight
with rabbit anti-CHK1 (1:1000; ab47318; Abcam), mouse anti-CDK2
(1:1000; MA5-17052; Thermo Scientific) or mouse anti-B-actin anti-
bodies (1:1000; 3700; Cell Signaling Technology), washed three times
with (TBS) containing 0.1% Tween 20 and then incubated with
horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG
(1:2000; Santa Cruz Biotechnology) at room temperature for 1 h. The
contents of proteins were detected with Pierce ECL Western blotting
substrate (Thermo Fisher Scientific). To quantify these proteins, band
intensity values were determined using Image J software.

2.6. An in vitro p34cdc2 kinase (CDK2) assay

The embryos were exposed to 20 ng/ml colcemid 12h before the
collection of samples. Thirty embryos, as a sample, were lysed with 5 pl
of sample buffer (50 mM Tris-HCI [pH 7.5], 0.5M NaCl, 5mM EDTA,
2mM EGTA, 0.01% Brij-35 (v/v), 1 mM PMSF, 0.05 mg/ml leupeptin,
50 mM 2-mercaptoethanol, 25 mM B-glycerophosphate, and 1 mM so-
dium orthovanadate) and stored at —80°C. Embryo extracts were
quantified by an ELISA via the MESACUP cdc2 Kinase Assay Kit (MBL
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International, Nagoya, Japan), and the optical density of each well was
read at 492 nm on a microplate reader.

2.7. Statistical analysis

All data were presented as the mean = standard error of mean
(SEM). The differences between the treatment groups were assessed by
the least significant difference test in the Statistical Package for Social
Sciences (SPSS) software. Fluorescent intensity of DNA and p53 signals
was calculated with Image J in Fig. 5c. The difference between 2 groups
was analyzed with paired sample t-test. The significant difference
(p < .05) and the great significant difference (p < .01) were respec-
tively marked with “*” and “**”. As for comparison among > 2 groups,
one-way ANOVA was used to analyze the difference and the difference
was marked with lowercases. There was significant difference
(p < .05) if no same lowercases between groups. Each experiment was
conducted at least in triplicate. The relative value of each repeat in the
control group or score 4-6 group was set to 1.

3. Results
3.1. TMX inhibited blastocyst expansion and hatching

To determine the toxicity of TMX during early embryonic devel-
opment, a concentration gradient of TMX was set up. Early embryos
were exposed to various concentrations of TMX during preimplantation
development to determine the proper concentration of TMX. To get a
high blastocysts rate and further investigate the development of blas-
tocysts such as expanding and hatching, these embryos were cultured
for 7d [18,19]. When embryos were cultured for 7d, a high con-
centration of TMX did not appear to have an effect on the number of
blastocysts (Fig. 1a). These blastocysts were next subdivided into 6
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classes based on a score from 1 to 6 according to the criteria established
by Gardner [20]. When blastocysts were stained with Hoechst 33342,
the majority of them with a score of 1 had few nuclei, and the nuclei
were irregular. These results indicated that blastocysts with a score of 1
were dead on the seventh day. Therefore, these dead blastocysts were
removed from the total blastocysts, and the blastocyst rate was calcu-
lated. TMX at a concentration of 1.6 mM decreased the blastocyst rate
significantly (47.68 = 1.12% vs. 29.25 + 1.23%, p < .05, Fig. 1b).
In addition, blastocysts in the TMX group were smaller than those in the
control group, as evidenced by the significant reduction in expanded
blastocysts (score 4, 21.73 * 6.02% vs. 0%, p < .05) in the TMX
group. There were no full-size (score 4-6, 40.36 + 2.28% vs. 0%,
p < .01) and hatching or hatched blastocysts (score 5-6), but there
were much more unexpanded and expanding blastocysts in the TMX
group than in the control group (score 2-3, 40.17 = 2.75% vs.
55.67 = 5.97%, p < .05, Fig. 1a, c, d). These results suggested that
TMX treatment could effectively inhibit blastocyst expansion and sub-
sequent hatching.

3.2. TMX inhibited the proliferation of blastocysts

Blastocysts of different sizes contain different numbers of cells.
Therefore, cell proliferation was evaluated by a 5-bromo-2’-deoxyur-
idine (BrdU) incorporation assay. As blastocysts grew, the number of
cells detected by Hoechst 33342 staining increased. Compared to
blastocysts with score 3, the cell counts for blastocysts with a score of
4-6 were significantly higher in the control group (99.67 *+ 5.36 vs.
51.00 = 4.04, p < .05), but there was no difference between the
control and TMX group at the same score (score 2: 28.00 * 1.73 vs.
24.33 = 4.81; score 3: 51.00 = 4.04 vs. 55.33 + 4.81, Fig. 2a, b).
Nevertheless, the number of nuclei according to BrdU fluorescence was
significantly lower in the TMX group than in the control group for score
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Fig. 1. Effect of TMX toxicity on porcine blastocyst formation. (a) Blastocyst morphology at 7 d. The white arrow: score 1, the yellow arrow: score 2, the green arrow:
score 3, the blue arrow: score 4, the red arrow: score 5, and the black arrow: score 6. Scale bar = 200 pm. (b) Effects of TMX at various concentrations on blastocyst
rates. (c) Percentages of blastocysts exposed to TMX for each score. (d) The influence of TMX on the size and hatching of blastocysts. Small size: score 2-3; full size:
score 4-6; hatch: score 5-6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Cell proliferation in blastocysts exposed to TMX. (a) Immunofluorescence
individual blastocysts. (¢) The numbers of cells with BrdU staining in a blastocyst.

3 (64.33 £ 7.69% vs. 28.33 * 6.48%, p < .05, Fig. 2a, c). These
results indicated that the stage corresponding to score 3 is the start of
extensive proliferation, and TMX mainly inhibits cell proliferation at
this stage.

3.3. Increased ROS production resulted from TMX

The ROS content of blastocysts was determined. A greater average
relative intensity of DCDHF per blastocyst was found in the TMX group
than in the control group (64.33 *+ 7.69 vs. 28.33 + 6.48, p < .05,
Fig. 3a, b). This finding suggested that TMX induced the production of
ROS. Then, mitochondria in blastocysts were tracked with MitoSOX and
TOM20, which are markers of superoxide-rich and all mitochondria,
respectively. Compared to the control group, blastocysts in the TMX
group had a higher ratio of the MitoSOX to TOM20 signal intensity
(0.61 = 0.04 vs. 1.09 = 0.12, p < .05, Fig. 3¢, d). In addition, al-
though mitochondria tracked by TOM20 were in the cytoplasm in both
the control and TMX groups, MitoSOX signals in the blastocysts exposed
to TMX had nuclear localization (Fig. 3c). These results indicated that
the large amount of superoxide induced by TMX may bind to nucleic
acids and have an effect on DNA in the nucleus. The expression of genes
related to ROS, such as Sodl, Mnsod, and Gpx1, was analyzed by RT-
PCR (Fig. 3e). The mRNA levels of all of these genes increased sig-
nificantly from score 2-3 to score 4-6 in the control group. Sod1 mRNA
levels were higher in the TMX group than at a score of 2-3 in the
control group (0.55 = 0.09 vs. 1.47 = 0.02, p < .05). By contrast,
mRNA levels of Mnsod and Gpx1 did not differ between groups “con-
trol” and “TMX” at score 2-3, although there was a significant differ-
ence between the control group at score 4-6 and the TMX group at
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score 2-3. These results indicated that high expression levels of Sod1,
Mnsod, and Gpx1 are necessary for blastocyst growth and hatching, and
in response to increased ROS amounts induced by TMX, the rapid in-
crease in sodl expression cannot reverse the situation.

3.4. The DNA damage checkpoint induced by TMX influenced blastocysts

According to the localization of superoxide in cell nuclei of blas-
tocysts, we speculated that DNA might be damaged in the TMX group.
Therefore, DNA damage was evaluated by YH2AX staining. The relative
number of nuclei with yH2AX signals in score 2-3 of TMX group
(33.52 = 2.82) was greater than the number of score 2-3
(8.16 = 1.26, p < .01) or score 4-6 (4.84 = 1.51, p < .05) of the
control group (Fig. 4a, b). This result supports our speculation. On the
other hand, there were no obvious differences in terminal deox-
ynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) signals
between the groups, suggesting that the DNA damage was not suffi-
ciently severe to trigger apoptosis (Fig. 4a). Next, to clarify whether the
DNA damage checkpoint is functional, the related pathways were
evaluated. Immunofluorescent staining of phosphorylated ataxia-tel-
angiectasia mutated (ATM) showed that the amounts of phosphorylated
ATM in nuclei were significantly greater in the TMX group compared to
those in the control group for a score of 2-3 or 4-6 (Fig. 4c, d). Sub-
sequent western blot blotting showed revealed increased upregulation
of checkpoint kinase 1 (CHK1) at in the TMX group (Fig. 4e, f). CDC25C
levels were also significantly increased compared to those for score 2-3
in the control (Fig. 4g, h). The active ATM caused by DNA damage
positively regulated CHK1 and inhibited CDC25C. In addition, the
p53-p21 pathway also played a role in this checkpoint, as evidenced by
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Fig. 3. Oxidative stress in blastocysts exposed to TMX. (a) DCHFDA staining for ROS in blastocysts. Scale bar = 200 um. (b) The relative average level of ROS in a
blastocyst. (¢) Peroxide tracking with MitoSOX and immunofluorescence staining of mitochondrial TOM20. Scale bar = 35 um. (d) The relative average level of
peroxides in a blastocyst. (e) The relative mRNA levels of Sodl, Mnsod, and Gpx1. The value of control group or score 4-6 group was set to 1.

the increased localization of p53 in the cytoplasm (Fig. 5a—c) and p21 in
nuclei (Fig. 5d, ) in nuclei in the TMX group compared to the score 4-6
control group. These findings indicated that the DNA damage check-
point is important for the blastocyst response to TMX toxicity.

3.5. DNA damage was caused by increased ROS amounts

According to some studies [21,22], it is possible that ROS
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production induced by TMX triggers DNA damage. To verify this hy-
pothesis, blastocysts in the TMX group were exposed to 10 uM KU55933
(an ATM inhibitor) [23] or 1 uM (-mercaptoethanol (an ROS inhibitor)
[22]. As presented in Fig. 6a—c, B-mercaptoethanol attenuated the TMX-
induced increases in ROS and phosphorylated ATM amounts
(1.74 = 0.16 vs. 1.02 £ 0.15, p < .05; 1.71 = 0.08 vs.
1.28 + 0.32, p < .05). By contrast, KU55933 could not decrease the
large amount of ROS caused by TMX but reduced the amount of
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phosphorylated ATM (1.74 * 0.16 vs.
1.71 = 0.08 vs. 1.20 + 0.17,p < .05).

1.95 + 0.20, p > .05;

3.6. The cell cycle was blocked by G1 and G2 phase arrest

CDK2-cyclin E complex regulates G1/S transition and CDK2 can
negatively respond to DNA damage checkpoint [24]. Therefore, the
western blotting was performed and the result showed the significantly
decreased level of CDK2 in TMX group compared to the control (Fig. 7a,
b). Moreover, Active maturation-promoting factor (MPF), consisting of
CDK1 and cyclin B, is vital for the entry into mitosis metaphase from G2
phase [25], and CDK1 is a target of the DNA damage checkpoint re-
sponse [26]. Therefore, the activity of CDK1 was likely to be repressed
by a functional DNA damage checkpoint. The significantly lower ac-
tivity of CDK1 in the TMX group as compared with score 2-3 or 4-6 in
the control group was consistent with the expectation (Fig. 7c). In ad-
dition, genes related to blastocyst expansion and hatching, e.g., Fnl,
Igta5, and Cox2, were also evaluated. Fnl was not significantly affected
by TMX, but the expression levels of Igta5 and Cox2 were significantly
lower in the TMX group than in score 4-6 controls (Fig. 7d).
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4. Discussion

Neonicotinoids, such as imidacloprid, TMX, and nitenpyram, act as
agonists against nicotinic acetylcholine receptors (nAChRs), but they
possess immunotoxicity, hepatotoxicity, and nephrotoxicity and have
antireproductive cytotoxic effects on animals via increased ROS or RNS
formation in vivo [27-29]. Xu et al. have evaluated the mechanism
underlying neonicotinoid adverse effects [30] and found that neoni-
cotinoids can attack mitochondria, and then the impaired mitochondria
produce increased amounts of ROS. Subsequently, the increased oxi-
dative stress induced by ROS results in changes of antioxidant genes
expression (such as Gpx and Sod), protein oxidation, lipid oxidation,
DNA oxidation, function of androstane receptor and pregnane X re-
ceptor and activation of ERK and p38. Finally, hepatocellular pro-
liferation, a carcinogenic potential, apoptosis, and DNA damage in-
crease. TMX induces oxidative stress and an antioxidant response in the
zebrafish liver [15]. In the present study, TMX induced high levels of
ROS as determined by DCHFDA levels, consistent with these previous
studies. In addition, hyperoxides, as evaluated by means of MitoSOX, in
the TMX group showed strong colocalization with DNA. 8-Hydro-
xydeoxyguanosine (8-OHdG), an oxidized form of guanine, produced
by ROS can be incorporated by DNA polymerases into a DNA strand



Z.-W. Nie et al.

a
CTR
TMX
TMX+ATMi
TMX+B-ME
b
53
g«n:
-1
£¢
- Q0
E S
g 3

& ¥
g .\3&
N

& &
&

Cellular Signalling 53 (2019) 294-303

Hoechst33342

pATM

C
5 E
2%
2%
KE )
.E%
Q
23
s ¢
o O
x 3
N
68' «é.\. &Q ,QQ/
NN

Fig. 6. The ROS-dependent DNA damage checkpoint in blastocysts exposed to TMX. (a) DCHFDA staining and immunofluorescent staining of phosphorylated ATM
after KU55933 or f-mercaptoethanol treatment. Left scale bar = 200 pm. Right scale bar = 35 pm. (b) Relative levels of ROS after KU55933 or f-mercaptoethanol
treatment. (c) A relative amount of phosphorylated ATM after KU55933 or -mercaptoethanol treatment. The value of control group was set to 1.

from the deoxynucleotide pool [31]. Taken together with the above
studies, this finding indicates that TMX can induce DNA oxidation.
Consistent with the increased hyperoxide levels, Mnsod and Gpx1 were
expressed more weakly, but Sod1 manifested higher expression in the
TMX group than in the control group. The activity of SOD in the zeb-
rafish liver increases on day 7 or 14 but decreases and is subsequently
inhibited after exposure to TMX [15]. Therefore, the high level of Sod1
expression may be the result of oxidative stress, and SOD1 may be the
primary enzyme defending against oxidative damage induced by TMX.

In one way, ROS can cause DNA damage [32]. In particular, ROS,
such as H,0,, can result in the oxidation of bases, DNA single-strand
breaks and double-strand breaks [33,34]. In the other way, DNA da-
mage can upregulate ROS. For example, ATM deficiency, which results
in severe DNA damage, significantly reduces total antioxidant capacity
[35], and cells lacking ATM are more sensitive to oxidative stress than
normal cells are [36]. An ATM deficiency can lead to increased oxi-
dative stress [37,38]. Therefore, we evaluated the causal relation by
means of the ATM inhibitor KU55933 and ROS inhibitor B-mercap-
toethanol. The observation that TMX resulted in ROS-induced DNA
damage is in line with the former way, but inconsistent with the latter
way.

The DNA damage checkpoint is involved in many cellular processes
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via a variety of mechanisms during the G1 phase, S phase, and G2 phase
of the cell cycle [39]. The major pathways include ATM (or ATR)-CHK1
(or CHK2) and p53. The final target proteins include the Cyclin E (or
A)-CDK2 complex of the G1 and S phase and the Cyclin B-CDK1
complex of the G2 phase. In the G2 phase of LCL-N cells, the p53-
p21%3f! pathway induced by DNA damage is not under the control of
ATM [40]. According to another study, when telomere damage (a type
of DNA damage) occurs, active ATM inhibits CDC25C by the phos-
phorylation of p53; as a result, the activity of the Cyclin B-CDK1
complex decreases, but the p53-p21"af! pathway can also inhibit Cyclin
B-CDK1 directly under the control of ATM [41]. In addition to CDK1,
p21 induced by p53 during DNA damage inhibits CDK2 [42]. In
agreement with these previous findings, when DNA damage was ob-
served (as determined by yH2AX), phosphorylated ATM, p53, and p21
were upregulated here, and CDC25C was downregulated. As a result,
CDK1 and CDK2 were inactive or downregulated.

In addition, cytoplasmic p53 can reduce ROS levels [43]. P53 ac-
cumulates in the cytoplasm in response to DNA damage and can trigger
apoptosis and inhibit autophagy [44]. Indeed, the p53 amount was
reduced in nuclear fractions and aggregated in the cytoplasm of blas-
tocyst cells in the TMX group. Nonetheless, cytoplasmic p53 in that
group could not induce apoptosis. It is possible that the cytoplasmic p53
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Fig. 7. Blastocysts arrested in G1 and G2 phases during exposure to TMX. (a) Western blotting for CDK2 and B-tubulin. (b) Relative levels of CDK2. (c) Relative
activity of CDK1. (d) The transcript levels of Fnl, Igta5, and Cox2. The value of control group or score 4-6 group was set to 1.

amount increases only in response to ROS produced by mitochondria.
With respect to p21, research indicates that DNA damage leads to the
nuclear accumulation of p21 in HCT116 and leukemic cells [45,46];
this finding is consistent with our results. In particular, DNA damage
responses are stage-specific during mouse preimplantation develop-
ment; the p21l-mediated cell cycle arrest starts at the midblastula
transition stage [47]. Our results suggest that TMX indeed induces DNA
damage checkpoint activity in blastocysts via the p53-p21 pathway.
Complexes Cyclin E-CDK2 and Cyclin B-CDK1, as regulators of the
G1 phase and G2 phase, perform important functions in early em-
bryonic development. In addition, blastocysts with score 3 are ex-
panding, and grow rapidly through many cell cycles. Therefore, the
bulk of ROS production and DNA damage occurs at this stage during
blastulation. Our results show that this arrest is more frequent in
blastocysts having a score of 3. As a result, blastocysts could not hatch
from the zona pellucida. Decreased expression levels of genes related to
hatching proved that blastocysts indeed lose their ability to hatch.

5. Conclusions

These results suggest that TMX induces oxidative stress and disrupts
mitochondrial function. These changes result in an imbalance in the
oxidation-reduction reaction and increased ROS amounts, which induce
DNA oxidation and subsequent DNA damage. Substantial DNA damage
accumulates due to rapid cell proliferation in blastocysts with a score of
3. The ROS-dependent DNA damage response arrests the cell cycle in
expanding blastocysts via the ATM-CHK1-CDC25C and ATM-p53-p21
pathways (Fig. 8).

302

~
rcytoplasm nucleus
DNA damage
sob1f
mnSOD|
GPX1|
hyperoxide
ROST
G2 phase arrest G1 phase arrest
\, J

TMX
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