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Abstract

Alternariol (AOH) and ochratoxin A (OTA), two mycotoxins found in many foods worldwide, exhibit cytotoxicity and embryotoxicity,
triggering apoptosis and cell cycle arrest in several mammalian cells and mouse embryos. The absorption rate of AOH from dietary
foodstuff is low, meaning that the amount of AOH obtained from the diet rarely approaches the cytotoxic threshold. Thus, the potential
harm of dietary consumption of AOH is generally neglected. However, previous findings from our group and others led us to question
whether a low dosage of AOH could aggravate the cytotoxicity of other mycotoxins. In the present study, we examined how low
dosages of AOH affected OTA-triggered apoptosis and embryotoxicity and investigated the underlying regulatory mechanism in mouse
blastocysts. Our results revealed that non-cytotoxic concentrations of AOH (1 and 2 μM) could enhance OTA (8 μM)-triggered apoptotic
processes and embryotoxicity in mouse blastocysts. We also found that AOH can enhance OTA-evoked intracellular reactive oxygen
species (ROS) generation and that this could be prevented by pretreatment with the potent ROS scavenger, N-acetylcysteine. Finally,
we observed that this ROS generation acts as a key inducer of caspase-dependent apoptotic processes and subsequent impairments of
embryo implantation and pre- and post-implantation embryonic development. In sum, our results show that non-cytotoxic dosages
of AOH can aggravate OTA-triggered apoptosis and embryotoxicity through ROS- and caspase-dependent signaling pathways.
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Introduction
Alternariol (AOH) is a major secondary metabolite pro-
duced by the genus Alternaria. This mycotoxin may be
found in various foods, such as fruits, vegetables, cereals
and their related manufactured foods (e.g. juice, wine
and cereal-based infant food) [1–4]. The concentrations
of AOH found in various foods are within 0.65– 54 μg/kg
[5, 6]. In Italy, 56% of 45 food samples were positive
for contamination with AOH, which was found at lev-
els of 270.7 μg/kg in fresh, 428.4 μg/kg in dried, and
1110.8 μg/kg in ground samples [7, 8]. Thus, both humans
and livestock are chronically exposed to AOH via their
daily food intake [9]. Previous studies have demonstrated
that AOH has cytotoxic activity in several cell lines, trig-
gering intracellular ROS generation and causing various
deleterious effects, including DNA damage, cell apoptosis
and cell cycle arrest [10–18]. Importantly, recent inves-
tigations showed that AOH exerts hazardous effects on
porcine oocyte maturation and initial embryonic devel-
opment in vitro [19]. Moreover, we recently reported that
AOH (5 μM in vitro and 3 mg/kg/day in vivo) triggers ROS-
mediated apoptosis predominantly in the inner cell mass

(ICM) of blastocysts, leading to impairment of pre- and
post-implantation embryonic development both in vitro
and in vivo [20]. Thus, AOH has a high potential to be an
embryotoxic risk factor and teratogen.

Ochratoxin A (OTA), a major metabolite produced by
Aspergillus and Penicillium, is a mycotoxin that is com-
monly found as a contaminant of various foods, includ-
ing beans, grains, cereals and spices, and their manu-
factured food products [21]. OTA has also been found in
coffee, grape juice, wine, beer and bread [22]. Because
OTA is found in so many common consumables, it is very
difficult to avoid being exposed to this mycotoxin [23, 24].
A hazardous effects analysis found that OTA has nephro-
toxic and hepatotoxic activities and can cause neurode-
generative disease [25]. OTA has also been demonstrated
to be a potent carcinogen that can induce various tumors,
such as kidney, mammary gland and liver cancers [26–
28]. Importantly, our previous investigation found that
OTA could trigger apoptosis in the mouse blastocysts via
ROS- and mitochondrion-dependent pathways to cause
deleterious effects on pre- and post-implantation embry-
onic development [29]. Moreover, OTA also significantly
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impaired mouse oocyte maturation, decreased fertiliza-
tion rates, and inhibited subsequent embryonic develop-
ment in vitro and in vivo [30]. These studies emphasized
that OTA is a potent teratogen that can impair normal
embryonic development.

Apoptosis is an important regulatory mechanism
through which redundant or abnormal cells are removed
during normal embryonic development [31, 32]. The
induction of apoptosis in a pre-implantation-stage
embryo (from zygote to blastocyst stage) could cause
various deleterious effects on embryogenesis and/or sub-
sequent embryonic development [33–36]. Our previous
studies showed that OTA triggers apoptosis-mediated
impairments in mouse oocyte maturation and/or blas-
tocyst embryonic development via reactive oxygen
species (ROS) generation and promotes mitochondrion-
dependent apoptotic signaling processes to cause delete-
rious effects on subsequent embryonic development [29,
30]. In the present study, we investigated whether non-
embryotoxic dosages of the apoptosis-inducing terato-
gen, AOH, could aggravate OTA-triggered injury effects
on embryonic development, and further examined the
potential underlying regulatory mechanisms.

Materials and Methods
Chemicals and reagents
Ochratoxin A, alternariol, dimethyl sulfoxide (DMSO),
pregnant mare serum gonadotropin (PMSG), bovine
serum albumin (BSA), polyvinylpyrrolidone (PVP), propid-
ium iodide (PI), bisbenzimidine, 2′,7′-dichlorofluorescin
diacetate (H2DCF-DA), N-acetylcysteine (NAC), human
chorionic gonadotropin (hCG), sodium pyruvate, Z-IETD-
FMK, Z-LEHD-FMK and Z-DEVD-FMK were acquired
from Sigma (St. Louis, MO, USA). The TUNEL in situ
cell death detection kit (product number: 11684817910)
was purchased from Roche (Mannheim, Germany).
CMRL-1066 medium was obtained from Thermo Fisher
Scientific (Waltham, MA, USA). TRIzol reagent and the
reverse transcriptase kit were from Takara Biomedicals
(Tokyo, Japan).

Collection of mouse embryos
ICR mice were obtained from the National Laboratory
Animal Center (Taiwan, ROC). All study processes in
animals were approved by the Animal Research Ethics
Board of Chung Yuan Christian University (Taiwan,
ROC). ICR mice were given food and water ad libitum
and housed in standard 28 cm × 16 cm × 11 cm
(height) polypropylene cages with wire-grid tops under
a 12 h/12 h night–day regimen, following the Guide to
The Care and Use of Experimental Animals (Canadian
Council on Animal Care, Ottawa, 1993; ISBN: 0-919087-
18-3). For in vitro and in vivo experiments, 6–8 mice were
used in each mycotoxin-treated group.

For induction of superovulation in mice, 6- to 8-week-
old nulliparous female ICR mice were injected with 5 IU
PMSG. Forty-eight hours later, the PMSG-injected mice

were further injected with 5 IU hCG and female ICR
mice were each housed with a single fertile ICR male
mouse (one pair per cage) overnight for mating. The
next day morning, vaginal plugs were checked; plug-
positive female mice were defined as being at Day 0 of
gestation and separated for further embryo collection.
Cervical dislocation was carried out to sacrifice mice for
embryo collection. On the afternoon of gestation Day 3,
morulae were collected by flushing of uterine tubes. Blas-
tocysts were obtained by flushing of the uterine horn on
Day 4. CMRL-1066 medium containing 1 mM glutamine
and 1 mM sodium pyruvate was used as the flush-
ing solution for the collection of morulae and blasto-
cysts. Pools of embryos collected from different females
were randomly allocated to the various experimental
groups.

Assessment of morula developmental potential
in vitro
Measurement of morula developmental potential in vitro
was carried out according to our previously reported
protocol [33]. Briefly, morulae were treated in vitro with
culture medium containing various concentrations of
AOH and/or OTA as indicated or 0.5% DMSO (vehicle
control) at 37◦C for 24 h. The embryos were transferred
to mycotoxin-free culture medium and further cultured
for an additional 24 h at 37◦C. Embryos incubated with
0.5% DMSO exhibited no significant difference relative to
the phosphate-buffered saline (PBS)- or medium-treated
(pure control) embryo groups, strongly demonstrating
that 0.5% DMSO does not exert hazardous effects (data
not shown). Thus, in our experiments, 0.5% DMSO-
treated embryos were used in the vehicle control groups,
which are indicated in the study figures as being treated
with 0 μM mycotoxin (AOH and/or OTA). Blastocyst num-
bers were counted and developmental percentages were
calculated under phase-contrast microscopy (Olympus
BX51, Tokyo, Japan).

TUNEL analysis of apoptotic cells in embryos
Embryos were treated with various concentrations of
AOH and/or OTA as indicated. AOH and/or OTA were
dissolved in DMSO at a final concentration of up to
0.5% (v/v) for 24 h. The terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay was used
to measure apoptotic cell numbers. In brief, embryos
were washed three times in embryo culture medium
and then fixed with 4% paraformaldehyde at room tem-
perature for 2 h. The embryos were then permeabilized
and labeled following the protocol provided with the
utilized TUNEL assay kit. Briefly, each group of embryos
was incubated with 20 μl TUNEL reaction mixture (2 μl
enzyme solution and 18 μl labeling solution contain-
ing fluorescein-conjugated nucleotides) for 30 min at
37◦C, washed three times with PBS containing 0.3% (w/v)
BSA and further incubated with converted POD solution
(20 μl) for 30 min at 37◦C. Each group of embryos was then
incubated with 20 μl 3,3′-diaminobenzidine substrate
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solution for 2 min, and apoptotic cells were visualized
using fluorescence microscopy. Black spots represent-
ing apoptotic (TUNEL-positive) cells were counted under
light microscopy.

Measurement of cell proliferation
Blastocysts were incubated with or without the indicated
concentrations of AOH and/or OTA for 24 h and washed
three times with mycotoxin-free culture medium. Dual
differential staining to facilitate counting of cell numbers
in the ICM and trophectoderm (TE) was performed
according to a previously reported protocol [37]. In brief,
embryos were incubated with 0.4% pronase in M2-BSA
medium (M2 containing 0.1% BSA) to remove the zona
pellucida, and the denuded blastocysts were treated
with 1 mM trinitrobenzenesulfonic acid in BSA-free M2
medium containing 0.1% PVP at 4◦C for 30 min [38].
The embryos were then washed three times with M2
medium and further incubated with anti-dinitrophenol-
BSA complex antibody (30 μg/ml in M2-BSA) at room
temperature for 30 min. Following three washes with M2-
BSA, the embryos were incubated with M2 supplemented
with 10% whole guinea pig serum (as a complement
source), bisbenzimide (20 μg/ml) and PI (10 μg/ml) at
room temperature for 30 min. The cell numbers of the
ICM and TE were estimated by counting nuclei under
fluorescence microscopy. In the differential staining,
nuclei of ICM cells (which take up bisbenzimidine but
exclude PI) emitted blue fluorescence while TE cells
(which take up both PI and bisbenzimide) emitted
orange–red fluorescence.

Assessment of embryonic development in vitro
The status of in vitro blastocyst development was
monitored based on morphological analyses and pre-
vious reports [33]. In brief, blastocysts were cultured in
fibronectin-coated dishes and incubated with culture
medium (1 mM glutamine, 1 mM sodium pyruvate,
50 IU/ml penicillin and 50 mg/ml streptomycin in CMRL-
1066 medium) supplemented with 20% heat-inactivated
human placental cord serum for 8 days. At the same
time each day, embryonic development status was
assessed and recorded by photography under phase-
contrast microscopy. After continuous recording for
8 days, morphological scores of development status
in each group were classified according to previously
established methods [33] as attachment only, ICM (+),
ICM (++) or ICM (+++). Attachment-only status was
defined as embryo implantation (binding) with no
further development. ICM (+), ICM (++) and ICM (+++)
were defined according to shape, ranging from compact
and rounded ICM (+++) to a few scattered cells (+) over
the trophoblastic layer [33, 39, 40].

Embryo transfer assay
The embryo transfer assay was performed as described in
our previous reports [33, 35]. Forty ICR female mice were

used as recipient (dams) for the embryo transfer assay.
In brief, pseudopregnant recipient mice were prepared
for embryo transfer by mating ICR females (white skin
color) with vasectomized males (C57BL/6 J; black skin
color). To assess the implantation of mycotoxin-treated
or control blastocysts into the uteri of dams and their
subsequent post-implantation developmental status,
blastocysts were cultured in medium containing various
concentrations of AOH and/or OTA, or 0.5% DMSO
(control group). After incubation for 24 h, embryos were
washed three times with medium, and 16 embryos were
transferred to each pseudopregnant recipient mouse.
Eight mycotoxin-treated day-5 embryos were transferred
into the left uterine horn, and eight control embryos
were transferred into the right uterine horn of each
recipient mouse. All recipient mice were sacrificed on
Day 13 post-transfer (Day 18 post-coitus), and embryonic
developmental status (number of implantation sites
and placental and fetal weights) was assessed. Embryo
resorption sites (white appearance), which are formed
by implanted embryos that did not further develop into
healthy fetuses and were subsequently resorbed, were
counted.

The ratio of survival or implantation followed by
resorption was calculated as the number of surviving
or resorbed fetuses, respectively, per the number of
total transferred embryos. The percentage of implan-
tation, resorption or survival represents the number
of implantations, resorbed fetuses or surviving fetuses
per the number of transferred embryos × 100. Weights
of surviving fetuses and placenta were measured and
recorded immediately after dissection.

Assessment of intracellular ROS generation
Intracellular ROS generation was measured by stain-
ing with the ROS-detecting, cell membrane-permeable
fluorescence dye, 2′,7′-dichlorodihydrofluorescein diac-
etate (H2DCF-DA; 20 μM) [41]. H2DCF-DA (representing
the reduced state) has low fluorescence; it penetrates
into the cell cytosol, where intracellular esterases cleave
it to form the oxidized H2DCF− (DCF), which is highly
fluorescent. Blastocysts were pre-incubated with H2DCF-
DA (20 μM) for 30 min, washed three times with PBS and
treated with or without AOH (0.5, 1, or 2 μM) plus 8 μM
OTA or 0.5% DMSO alone (control) for a further 24 h.
The fluorescence intensity of intracellular ROS in each
group was observed and measured under fluorescence
microscopy. The fluorescence intensity was quantita-
tively analyzed using the Image J software.

Statistical analysis
Statistical analysis of experimental data was performed
using one-way analysis of variance followed by Dunnett’s
test for multiple comparisons. Data are presented as
means ± standard deviation (SD) and P < 0.05 was taken
as representing a significant difference.
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Results
Non-cytotoxic concentrations of AOH aggravate
OTA-triggered embryotoxicity in mouse
blastocysts
To analyze the effects of AOH and OTA on mouse
embryos, we first treated blastocysts with AOH (0–4 μM)
or OTA (0–8 μM) for 24 h and measured apoptotic cells
by TUNEL assay. The results revealed that treatment
with 4 μM AOH or 8 μM OTA could effectively induce
cell apoptosis (Fig. 1A and B). To assess whether a non-
cytotoxic concentration of AOH could aggravate OTA-
induced embryonic toxicity, blastocysts were treated
with AOH (0, 0.5, 1, or 2 μM) plus 8 μM OTA for
24 h. Our results revealed that treatment with 1 or
2 μM AOH plus 8 μM OTA significantly increased cell
apoptosis compared with OTA alone (Fig. 1C and D). To
further determine the impact of AOH plus OTA on cell
proliferation, differential staining was used to facilitate
cell counting of the ICM and TE of each blastocyst.
Embryos co-treated with 1 or 2 μM AOH plus 8 μM OTA
had significantly fewer ICM cells and total cell numbers,
and those treated with 2 μM AOH plus 8 μM OTA had
slightly fewer TE cells, compared to the vehicle (control)
group or the group treated with 8 μM OTA alone (Fig. 1E).
Our results therefore suggested that 1 or 2 μM AOH
plus 8 μM OTA induced a major hazardous effect on
ICM cells and a minor hazardous effect on TE cells. The
significantly lower ICM and total cell numbers in groups
treated with 1 or 2 μM AOH plus 8 μM OTA are consistent
with the idea that non-cytotoxic concentrations of AOH
enhance the ability of OTA to cause deleterious effects on
blastocysts by inducing apoptosis of ICM cells (majorly)
and TE cells (to a smaller degree) and possibly triggering
cell cycle arrest and/or inhibiting proliferation in mouse
blastocyst-stage embryos.

Non-cytotoxic concentrations of AOH aggravate
the deleterious effects of OTA on in vitro
embryonic development
To further investigate whether AOH can enhance the
ability of OTA to negatively impact the developmental
potential of embryos, we analyzed the ratio at which
morulae developed to blastocyst-stage embryos. The
morula-to-blastocyst developmental ratios of groups
treated with 1 or 2 μM AOH plus 8 μM OTA were
significantly lower than that of the group treated with
OTA alone (Fig. 2A). To further investigate the effects of
AOH plus OTA on embryo post-implantation potential
in vitro, blastocysts were incubated with AOH (0, 0.5, 1,
or 2 μM) plus 8 μM OTA for 24 h and then cultured on
fibronectin-coated dishes for 7 days. The developmental
characteristics of each embryo were assessed and
recorded daily. Our results revealed that the embryo
implantation potential (the proportion of blastocysts
that attached to the fibronectin-coated culture dish) was
significantly lower in the groups treated with 1 or 2 μM
AOH plus 8 μM OTA compared to those treated with OTA
alone or the vehicle (control) group (Fig. 2B).

We used the embryonic development morphology
index to further assess the post-implantation status
of embryos on fibronectin-coated culture dishes. Our
results clearly showed that embryos treated with 1
or 2 μM AOH plus 8 μM OTA had lower development
scores than those treated with OTA alone (Fig. 2C). These
findings collectively demonstrated that non-cytotoxic
concentrations of AOH aggravated the OTA-induced
decrease in post-implantation development potential to
cause deleterious effects on embryo implantation and
post-implantation potential.

Effect of AOH plus OTA on embryonic
development potential in vivo
Embryo transfer assays were further used to analyze
embryonic development potential in vivo. Blastocysts
were treated with 0–2 μM AOH and/or 8 μM OTA or
vehicle (control) for 24 h and transferred to the uteri
of pseudopregnant recipient mice. At 13 days post-
transfer (Day 18 post-coitus) embryonic development
status in the uterus was assessed. The results revealed
that groups treated with 1 or 2 μM AOH plus 8 μM OTA
showed lower implantation ratios and higher embryo
resorption rates than those treated with 8 μM OTA
alone (Fig. 3A). The measurement of placental weights
revealed that this parameter was significantly lower
in the group treated with 2 μM AOH plus 8 μM OTA
compared with those treated with either toxin alone or
with 0–1 μM AOH plus 8 μM OTA (Fig. 3B). Our group and
others previously reported that about 35–40% of fetuses
weigh >600 mg at Day 18 of pregnancy in mouse embryo
transfer assays, and the average weight of a Day-18 fetus
is ∼600 ± 12 mg [33, 42–46]. Fetal weight is accepted
as an important indicator and parameter for assessing
fetal developmental status in various pregnancy periods.
Based on the abovementioned reports, we applied the
average fetal weight of the untreated control group as a
key standard index and indicator for monitoring the fetal
developmental status in the AOH and/or OTA-treated
groups. The fetal weights of groups treated with 1 or 2 μM
AOH plus 8 μM OTA were markedly lower than that of
the group treated with 8 μM OTA alone (Fig. 3C). Overall,
we observed a significantly lower proportion of fetuses
weighing >600 mg in the groups treated with 1 or 2 μM
AOH plus 8 μM OTA compared to that treated with 8 μM
OTA alone (Fig. 3C).

Role of ROS generation in AOH-aggravated
OTA-triggered impairment of embryonic
development
Our previous studies demonstrated that ROS generation
is an important mediator of the abilities of AOH or OTA
to exert deleterious effects on embryonic development
[20, 29]. Here, we further investigated whether oxidative
stress generation is involved in AOH aggravated OTA-
induced apoptosis and subsequent impairment of
embryonic development. The intracellular ROS levels of
groups treated with 1 or 2 μM AOH plus 8 μM OTA were
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Figure 1. Effects of combined treatment with AOH plus OTA on mouse blastocysts. Mouse blastocysts were exposed to various concentrations of AOH
and/or OTA as indicated for 24 h. Vehicle (0.5% DMSO)-treated mice were used as a control group. Cell apoptosis was detected by TUNEL staining.
Apoptosis-positive cells were observed as black spots under light microscopy and counted per blastocyst. (A) Apoptotic cells in AOH (0.5, 1, 2, and
4 μM)-treated groups were counted and the numbers of apoptotic cells per blastocyst were determined. (B) Apoptotic cells in OTA (1, 2, 4, and
8 μM)-treated groups were counted and the numbers of apoptotic cells per blastocyst were determined. (C and D) Apoptosis-positive cells in groups
treated with AOH (0–2 μM) plus 8 μM OTA were detected (C) and counted (D). (E and F) Cells of the ICM and TE of blastocysts were subjected to
differential staining (E) and counted (F). Data were obtained from 240 blastocysts per group. Values are presented as means ± SD of eight
determinations. Different symbols indicate significant differences at P < 0.05. Scale bar = 20 μm.

significantly higher than that in the group treated with
8 μM OTA alone (Fig. 4A and B). Pre-incubation with NAC,
a well-known ROS scavenger, effectively prevented this
ROS generation (Fig. 4C). The cell apoptosis of blastocysts

treated with 1 or 2 μM AOH plus 8 μM OTA or 8 μM
OTA alone was effectively prevented by pretreatment
with NAC or Z-LEHD-FMK (LEHD), specific inhibitors of
caspase-9, or Z-DEVD-FMK (DEVD), specific inhibitors of
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Figure 2. In vitro development of mouse embryos treated with AOH plus OTA. (A) Mouse morulae were treated with or without AOH (0.5, 1 or 2 μM)
plus 8 μM OTA for 24 h and cultured for an additional 24 h. Morulae treated with 0.5% DMSO were used as the control (vehicle) group. Blastocyst
percentages were calculated. (B, C) Mouse blastocysts were incubated with or without AOH (0.5, 1 or 2 μM) plus 8 μM OTA for 24 h, and then cultured
in fibronectin-coated dishes for 7 days. After 24 h, blastocysts attached to dishes were defined as implanted and percentages were calculated (B). After
7 days in culture, morphological assessment was performed and the embryo outgrowth status was classified as attachment only, ICM+, ICM++ or
ICM+++, as described in the Materials and Methods section (C). Values are presented as means ± SD of six determinations. Data were obtained from
160 blastocysts per group. Different symbols indicate significant differences at P < 0.05.

caspase-3, but no such rescue effect was observed with
the Z-IETD-FMK (IETD), a specific inhibitor of caspase-
8 (Fig. 4D). Embryo transfer assay experiments showed
that pretreatment with NAC or specific inhibitors of
caspase-9 or caspase-3, but not caspase-8, effectively
prevented the ability of 1 or 2 μM AOH plus 8 μM OTA
or 8 μM OTA alone to decrease implantation and fetal
survival, increase the resorption rate (Fig. 5A) or decrease
the fetal weight (Fig. 5B) at 13 days post-transfer. In
contrast, the specific inhibitor of caspase-8 had no such
rescue effect (Fig. 5A and B). These results suggest that
ROS-dependent processes involving caspase-9 and -3
can regulate AOH-aggravated OTA-triggered apoptosis
and impairment of embryonic development, and that
ROS is an important upstream regulator of caspase-
9 and caspase-3 activation and downstream apoptotic
cascades in this context.

Discussion
The developmental processes of early-stage embryos are
very complex and precisely orchestrated, especially in
pre-implantation and implantation embryos. At these
embryonic stages, various external teratogens, including
chemical, physical and biological factors, have high
potential to cause hazardous impacts and disturb nor-
mal embryonic development, even leading to abortion.
It is thus important to detect and investigate various
potential teratogens that can impact embryogenesis,
such as the mycotoxins that may contaminate common
daily-intake foods. We previously reported that OTA
triggers cell apoptosis specifically in the ICM, with no
cytotoxic effect on the TE of mouse blastocysts, and
that it exerts its embryotoxic effects through ROS-
and mitochondrion-dependent pathways to impair
embryonic development and viability in vitro and in
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Figure 3. Effects of AOH plus OTA on the in vivo implantation, resorption, fetal survival and fetal weights of mouse blastocysts. (A) Mouse blastocysts
were exposed to AOH (0, 0.5, 1 or 2 μM) plus 8 μM OTA or with vehicle only (0.5% DMSO as control group) for 24 h. Embryo implantation, fetal
resorption, and fetal survival were analyzed via embryo transfer assay, as described in the Materials and Methods section. The implantation
percentage represents the number of implanted embryos in uteri per the number of transferred embryos × 100. The percentage of resorption or
survival signifies the number of resorbed or surviving fetuses per the number of transferred embryos × 100. (B) Average placental weights from 40
pseudopregnant recipient mice (dams). (C) Day 13 post-transfer surviving fetuses (Day 18 fetuses) from embryo transfer of 320 total blastocysts across
40 recipients were analyzed. Fetal weight distributions were measured and analyzed. Different symbols indicate significant differences at P < 0.05.

vivo [29, 30, 34]. We also demonstrated that AOH
induces apoptosis predominantly in the ICM and to
a minor extent in TE of mouse blastocysts to cause
deleterious effects on cell viability and subsequent
pre- and post-implantation embryonic development in
vitro and in vivo [20]. Mechanistically, we reported that
intracellular ROS generation acts as a critical upstream
regulator of caspase-9 and caspase-3 activation and
related apoptotic processes, leading to impairments
of early-stage embryogenesis in OTA-treated embryos
[29, 34]. Daily-intake foods have high potential to be
contaminated with multiple exotoxins and/or secondary
metabolites of microorganisms. For this reason, we
herein studied for the first time whether a sub-cytotoxic
dosage of AOH could aggravate OTA-induced apoptotic
processes and embryotoxicity, and further examined
some regulatory mechanisms in mouse blastocysts. Our
results revealed that ROS act as important upstream
mediators of AOH-aggravated OTA-induced deleterious
effects on embryonic development.

Accumulating evidence indicates that cells exposed to
risk factors that trigger intracellular ROS generation at

levels exceeding the buffering ability of the endogenous
ROS protection system or redox buffering system
can trigger various injury effects on cell fate. Excess
intracellular ROS has been reported to harm critical
biomolecules, including DNA, lipids and proteins, and
cause damage to cell membranes [47]. Several studies
showed that AOH can induce ROS via AOH metabolic
processes and/or products in various mammalian cell
lines [13, 15, 17]. We very recently reported that intra-
cellular ROS levels in AOH-treated blastocysts trigger
hazardous effects on early-stage mouse embryonic
development, and that intravenous injection of pregnant
mice with AOH was associated with significantly higher
ROS contents in liver cell extracts of 1-day-old newborn
mice [20]. These previous study results emphasize that
AOH is a potent ROS inducer in mammalian cells and
early-stage embryos.

Our prior investigation also revealed that OTA can
induce intracellular ROS generation to trigger apoptosis,
leading to serious hazardous impacts on early-stage
embryonic development, and that NAC pretreatment
can significantly, but not fully, prevent OTA-induced ROS
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Figure 4. Effects of NAC and caspase inhibitors on the developmental status of AOH plus OTA-treated embryos. Mouse blastocysts were pre-incubated
with 5 mM NAC, 300 μM Z-IETD-FMK (IETD), 300 μM Z-LEHD-FMK (LEHD) or 300 μM Z-DEVD-FMK (DEVD) for 30 min or left untreated, followed by
treatment with or without AOH (0.5, 1 or 2 μM) plus 8 μM OTA or 0.5% DMSO alone (control) for a further 24 h. (A and C) ROS generation was measured
by staining with 20 μM H2DCF-DA fluorescence dye. (B and C) The fluorescence intensity of intracellular ROS in each group was quantitatively
analyzed using the Image J software. (D) Assessment of apoptosis via TUNEL staining. Mean numbers of apoptotic (TUNEL-positive) cells per blastocyst
were calculated. Values are presented as means ± SD of five determinations. Data were obtained from 150 blastocysts per group. Different symbols
indicate significant differences at P < 0.05. Scale bar = 20 μm.

generation and deleterious effects in mouse blastocysts
[29]. This incomplete inhibition suggested that OTA may
trigger apoptotic processes via one or more additional
pathways beyond intracellular ROS generation, such
as through chemical covalent modification of nucleic
acids to form the DNA adducts. Several types of AOH-
triggered DNA damage have been reported, including
single-stranded breaks, double-stranded breaks, and
oxidative DNA damage [3]. AOH has also been reported to

interact with DNA topoisomerase to inhibit the enzyme
activity of topoisomerase I and II [17, 48]. Given this, it is
not unexpected that the antioxidant failed to fully block
AOH plus OTA-triggered ROS generation and apoptosis
in mouse blastocyst-stage embryos (Fig. 4D and E). The
present study shows for the first time that a non-ROS-
inducing dosage of AOH can synergistically evoke ROS
generation in OTA-treated embryos, potentially explain-
ing why a non-embryotoxic dosage of AOH can aggravate
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Figure 5. Effects of NAC and caspase inhibitors on post-implantation developmental status of AOH/OTA-treated embryos subjected to embryo
transfer. Mouse blastocysts were pre-incubated with 5 mM NAC, 300 μM Z-IETD-FMK (IETD), 300 μM Z-LEHD-FMK (LEHD) or 300 μM Z-DEVD-FMK
(DEVD) for 30 min or left untreated, followed by treatment with or without AOH (0.5, 1 or 2 μM) plus 8 μM OTA or 0.5% DMSO alone (control) for a
further 24 h. (A) Embryo implantation, fetal resorption, and fetal survival were analyzed via an embryo transfer assay as described in the Materials
and Methods section. (B) Weight distribution of surviving fetuses on Day 18 (Day 13 post-transfer) was measured. Values are presented as means ± SD
of five determinations. Data were obtained from 240 blastocysts per group. Different symbols indicate significant differences at P < 0.05.

OTA-induced apoptosis and embryonic impairments in
mouse blastocyst-stage embryos. Although additional
investigations will be required to analyze this possibility
in detail, our present work provides important new
insights into the negative impacts of AOH plus OTA on
early embryonic development.

Two major apoptotic signaling cascades have been
identified: intrinsic and extrinsic. The extrinsic pathway
is triggered through the specific binding of an extracel-
lular ligand to membrane death receptors. This activates
cytosolic caspase-8 to turn on downstream apoptotic
cascades. The intrinsic pathway, in contrast, is triggered
through the generation of reactive free radicals or ROS,
which damage cell structures, such as membranes
and/or DNA. These damages activate a mitochondrion-
dependent apoptotic cascade that includes the induction
of cytochrome c release, loss of mitochondrial membrane
potential, activation of caspase-9 and development
of subsequent apoptotic events. Our previous studies
demonstrated that OTA and AOH trigger ROS generation
to induce intrinsic apoptotic signaling events leading
to mitochondrion-dependent apoptotic processes in
mouse blastocyst cells [20, 29]. In the current study,
our results demonstrate that AOH-aggravated OTA-
triggered apoptosis occurs through intrinsic apoptosis
cascades, involving in ROS generation and the activations
of caspase-9 and caspase-3, with no involvement of
caspase-8 (representing extrinsic apoptosis) (Fig. 4D). Our
results further show that this intrinsic apoptotic sig-
naling leads to impairment of embryonic development,
and that ROS is an important upstream regulator of
caspase-9 and caspase-3 activation and downstream
apoptotic cascades in this context (Fig. 5).

Blastocyst-stage embryos are primarily comprised of
TE and ICM cells. The TE plays important roles in the
implantation of the embryo in the uterus and there-
after collaborates with inner lining cells of the uterus to
form the placenta [49, 50]. ICM cells largely develop to
form the fetus, and make some contribution to embryo

implantation [51]. Several studies have demonstrated
that factors leading to loss or impairment of TE cell
lineages can exert hazardous effects on embryo implan-
tation potential, promoting abortion [33, 37, 52–54]. The
loss and/or impairment of ICM cells can also cause major
injury to post-implantation fetal development [33, 53–
56]. We previously reported that OTA triggered apop-
tosis in ICM cells, but not TE cells, whereas AOH trig-
gered apoptosis in ICM cells and (minorly) in TE cells
[29]. In this study, we further demonstrated that a non-
embryotoxic dosage of AOH plus an embryotoxic dose
of OTA aggravated cell death predominantly in the ICM
and minorly in the TE (Fig. 1E). These results reveal that
TE cells have higher tolerance than ICM cells for ROS-
caused apoptosis and damage, and point out that differ-
ent differentiation fates of embryo cells (such as TE and
ICM) have different tolerances and thresholds for ROS-
triggered injury effects. The contribution of ICM cells to
embryo implantation could reasonably explain why AOH
aggravates OTA-induced impairments not only for post-
implantation embryonic and fetal development, but also
for embryo implantation and placenta development in
vitro and in vivo (Figs 2 and 3).

Conclusion
Our present results for the first time demonstrate that
non-embryotoxic dosages of AOH can aggravate OTA-
induced apoptotic processes and deleterious effects in
mouse blastocyst-stage embryos. Apoptotic cells are
detected predominantly in the ICM and to a minor
extent in the TE of mouse blastocysts, and these changes
decrease cell viability and the potential for embryonic
implantation and development both in vitro and in vivo.
Our further results showed that this aggravating effect
of AOH on the OTA-induced impairments of embryonic
development occur via increased ROS generation: AOH
plus OTA triggers intracellular ROS generation to activate
caspase-9 and caspase-3, causing hazardous impacts on
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pre- and post-implantation embryonic development in
mouse blastocysts. These finding importantly show that
the mycotoxins, AOH and OTA, have synergistic embry-
otoxic properties and should be viewed as important
potential embryotoxic agents.
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