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Abstract

Alternariol (AOH), a mycotoxin belonging to the genus Alternaria, has been shown to induce cytotoxicity, including apoptosis
and cell cycle arrest, in several mammalian cell types. However, its effects on early-stage embryonic development require
further investigation. Here, we have shown that AOH exerts embryotoxic effects on mouse blastocyst-stage embryos and
long-term adverse effects on immunity in one-day-old newborn mice of the next generation. Significant apoptosis and
decrease in total cell number, predominantly through loss of inner cell mass (ICM), and to a minor extent, trophectoderm
(TE) cells, were observed in AOH-treated blastocysts. Moreover, AOH exerted detrimental effects on pre- and
post-implantation embryo development potential and induced a decrease in fetal weight in in vitro development and embryo
transfer assays. Injection of pregnant mice with AOH (1, 3 and 5 mg/kg body weight/day) for 4 days resulted in apoptosis of
blastocyst-stage embryos and injurious effects on embryonic development from the zygote to blastocyst stage or embryo
degradation and a further decrease in fetal weight. Furthermore, AOH exerted a long-term impact on the next generation,
triggering a significant increase in total oxidative stress content and expression of genes encoding antioxidant proteins.
Lower expression of CXCL1, IL-1β and IL-8 related to innate immunity was detected in liver tissue extracts obtained from
one-day-old newborns of AOH-injected pregnant mice (5 mg/kg body weight/day) relative to their non-treated counterparts.
In addition, ROS served as an upstream regulator of AOH-triggered apoptotic processes and impairment of embryonic
development. Our collective results highlight the potential of AOH as an embryotoxic and immunotoxic risk factor during
embryo and infant development stages in mice.
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Introduction
Alternariol (AOH), the major secondary metabolite produced by
the genus Alternaria, is a member of the dibenzo-alfa-pyrone
group detected in various fruits, vegetables and grains, including
cereal-based infant food and processed fruit products, such as
juice and wine [1–4], within a concentration range of .65–54 μg/kg
[5, 6]. For analysis of AOH contamination, two tomato producers
in Spain were examined, which revealed that 35% organic and
21% non-organic tomato products contained AOH. In addition,
47% concentrates from non-organic tomatoes were contami-
nated with AOH [7]. Analysis of 45 samples in Italy disclosed
contamination with AOH in 56% of the samples. Notably, AOH
levels reached 270.7 μg/kg in fresh, 428.4 μg/kg in dried and
1110.8 μg/kg in ground samples [8, 9]. These findings indicate
that both humans and livestock are chronically exposed to AOH
from their daily food intake [10]. Importantly, the range of AOH
concentrations was determined as 1.0–15.2 ng/kg body weight
per day in adults with chronic dietary exposure, which is higher
than the threshold of toxicological concern (TTC) for potential
genotoxic compounds (2.5 ng/kg body weight per day) [1].

AOH is reported to induce cytotoxicity, including apoptosis
and cell cycle arrest, in several mammalian cells [11–14], and
produce ROS that trigger oxidative stress-mediated hazardous
effects [14–19]. Moreover, AOH exerts genotoxic effects that cause
unscheduled DNA synthesis, inhibition of DNA synthesis and
DNA breaks in mammalian cells [20–23]. Recent investigations
on the effects of AOH on porcine female gametes revealed dis-
ruption of in vitro maturation of porcine oocytes and deleterious
effects on initial embryo development [24]. Regulated apoptosis
processes are known to play important roles at various stages
of embryogenesis, in particular, early-stage embryo development
[25, 26]. However, these processes do not occur from zygote
to pre-implantation blastocyst-stage embryos and inappropriate
triggering of programmed cell death can exert hazardous effects
on embryo implantation, post-implantation and fetal develop-
ment [27–32]. However, the potential hazardous effects and regu-
latory mechanisms of AOH on the reproductive system, embryo
development and fetal development in vivo require further inves-
tigation.

Several studies have highlighted that oxidative stress triggers
bidirectional interactions with apoptosis and the immune sys-
tem [33, 34]. ROS and programmed cell death significantly affect
the cytokine responses of lymphocytes and immune cells [35,
36]. Recently, we showed that intravenous injection with either
rhein, a glucoside chemical compound derived from rhubarb
root, or enniatin B1, a mycotoxin produced by Fusarium genus,
into female mice leads to a significant increase in liver oxidative
stress content and expression of antioxidant-related genes in
next-generation one-day old newborns. Moreover, three innate
immunity-related genes (CXCL1, IL-1β and IL-8) were significantly
downregulated in next-generation one-day-old newborns [37,
38]. Based on the accumulating evidence and our recent results,
the bidirectional interactions among ROS, apoptosis and immu-
nity are believed to be interdependent. However, the bidirectional
interactions of apoptosis, cytokine responses and physiological
immune responses affected in response to AOH remain unclear.

In this study, mouse blastocyst-stage embryos were used to
investigate whether AOH, a ROS producer and apoptosis inducer,
has a deleterious impact on pre- and post-embryonic devel-
opment and immunity of next-generation newborns. Our find-
ings clearly demonstrate that the mycotoxin promotes oxidative
stress generation and immunotoxicity during mouse embryonic
development.

Materials and Methods
Chemicals and reagents

Alternariol, dimethyl sulfoxide (DMSO), pregnant mare serum
gonadotropin (PMSG), bovine serum albumin (BSA), polyvinylpyr-
rolidone (PVP), propidium iodide (PI), bisbenzimidine, 2′,7′-
dichlorofluorescin diacetate (DCFDA), N-acetyl cysteine, human
chorionic gonadotropin (hCG) and sodium pyruvate were
purchased from Sigma (St. Louis, MO, USA). The TUNEL in situ
cell death detection kit (production number: 11684817910) was
acquired from Roche (Mannheim, Germany) and CMRL-1066
medium from Thermo Fisher Scientific (Waltham, MA, USA).
TRIzol reagent and the reverse transcriptase kit were obtained
from Takara Biomedicals (Tokyo, Japan).

Collection of mouse morulas and blastocysts

ICR mice were acquired from the National Laboratory Animal
Center (Taiwan, ROC). Animal studies were approved by
the Animal Research Ethics Board of Chung Yuan Christian
University (Taiwan, ROC). All mice were fed breeder (Harlan
Teklad) chow with food and water available ad libitum, and
cared for following the guidelines of the Guide to The Care
and Use of Experimental Animals (Canadian Council on Animal
Care, Ottawa, 1993; ISBN: 0–919 087–18-3). Mice were housed in
standard 28 × 16 × 11 cm (height) polypropylene cages with wire-
grid tops under a 12 h/12 h night–day regimen. For in vitro and
in vivo analyses, 6–8 mice were used in each AOH-treated group.
Six- to eight-week-old nulliparous female mice were injected
with 5 IU pregnant mare serum gonadotrophin (PMSG) to induce
superovulation. After 48 h, PMSG-injected mice were further
injected with 5 IU human chorionic gonadotrophin (hCG) and
mated overnight with a single fertile male of the same strain.
Plug-positive female mice were evaluated the next day, defined
as day 0 of gestation, and separated for further embryo collection.
Mice were sacrificed via cervical dislocation. Morulas were
obtained by flushing uterine tubes on the afternoon of gestation
day 3 and blastocysts collected by flushing the uterine horn on
day 4. In both cases, the flushing solution for collection consisted
of CMRL-1066 medium containing 1 mM glutamine and 1 mM
sodium pyruvate. Collected embryos from different females
were pooled and randomly allocated into various experimental
groups.

Measurement of morula developmental potential
in vitro

In vitro assessment morula developmental potential was per-
formed according to our previously reported protocol [38]. In
brief, morulas were incubated with culture medium containing
AOH (2.5, 5, 10 or 20 μM) or .5% DMSO (vehicle) at 37◦C in vitro,
transferred to AOH-free culture medium after 24 h, and cultured
for an additional 24 h at 37◦C. Treatment with 0 μM AOH signifies
treatment vehicle (.5% DMSO) only, which was used as the control
group in all experiments of this study. Embryos treated with .5%
DMSO exhibited no significant differences relative to pure con-
trol (PBS- or medium-treated) embryo groups, clearly indicating
that .5% DMSO does not exert deleterious effects. Therefore, in
our study, embryos treated with .5% DMSO were used as the
control (vehicle) group. Blastocyst numbers were counted using
phase-contrast microscopy (Olympus BX51, Tokyo, Japan) and
developmental percentages calculated.
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Measurement of apoptotic cells via TUNEL assay

Embryos were treated with various concentrations of AOH as
indicated. AOH was dissolved in dimethyl sulfoxide (DMSO) at
a final concentration of up to .5% (v/v) for 24 h. Apoptotic cells
of embryos were evaluated via the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay. To this end,
embryos were initially washed in AOH-free medium three times
and fixed in 4% paraformaldehyde (PFA) at room temperature
for 2 h. Next, embryos were permeabilized and subjected to
apoptotic labeling using a TUNEL in situ cell death detection
kit according to the manufacturer’s protocol. Briefly, each
group of embryos was incubated with 20 μl TUNEL reaction
mixture (2 μl enzyme solution and 18 μl labeling solution
containing fluorescein-conjugated nucleotides) for 30 min at
37◦C and extensively washed with phosphate-buffered saline
(PBS) containing .3% (w/v) BSA. Converted POD solution (20 μl)
was added to each group of embryos, followed by incubation for
30 min at 37◦C. Finally, each group of embryos was incubated
with 20 μl 3,3′-diaminobenzidine (DAB) substrate solution for
2 min and observed using fluorescence microscopy. TUNEL-
positive (apoptotic) cells, detected as black spots, were counted
via microscopy.

Measurement of cell proliferation

Blastocysts were incubated with or without 2.5–10 μM AOH.
After 24 h, blastocysts were washed with AOH-free medium
and subjected to dual differential staining to facilitate count-
ing of cell numbers in the inner cell mass (ICM) and trophec-
toderm (TE) [39]. In brief, the zona pellucida of embryos was
removed with .4% pronase in M2–BSA medium (M2 containing
.1% bovine serum albumin). Denuded blastocysts were incu-
bated with 1 mM trinitrobenzenesulfonic acid (TNBS) in BSA-
free M2 medium containing .1% polyvinylpyrrolidone (PVP) at
4◦C for 30 min, followed by washing in M2 [40]. After three
washes, embryos were 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, embryos were
further subjected to complement reaction using whole guinea
pig serum as a source of complement. Following incubation with
M2 supplemented with 10% whole guinea pig serum along with
bisbenzimide (20 μg/ml) and propidium iodide (PI; 10 μg/ml)
at room temperature for 30 min, embryonic cells (ICM or TE)
were assessed via fluorescence microscopy. Nuclei of ICM cells
(which take up bisbenzimidine but exclude PI) were stained with
bisbenzimidine (blue fluorescence) and TE cells with both PI and
bisbenzimide (orange-red fluorescence). The number of nuclei
was considered to represent an accurate measurement of cell
number.

Assessment of embryonic development in vitro

Blastocyst development in vitro was measured based on mor-
phological analyses and previous reports [38]. In brief, blasto-
cysts 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 pla-
cental cord serum for 8 days. Embryo development status was
measured and recorded with a phase-contrast microscope at a
fixed time each day. After 8 days of assessment, morphological
scores in each group were evaluated and classified according to

previously established methods [38]. Embryo development status
was classified attachment only, ICM (+), ICM (++) and 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 com-
pact and rounded ICM (+++) to a few scattered cells (+) over the
trophoblastic layer [38, 41, 42].

Embryo transfer assay

The embryo transfer assay was conducted according our
previously published report [38]. Thirty dams (recipient mice)
were used for the embryo transfer assay. In brief, pseudopregnant
dams were prepared for embryo transfer by mating ICR females
(white skin color) with vasectomized males (C57BL/6 J; black skin
color). For assessment of AOH-treated blastocyst implantation
into uterus of dams and post-implantation developmental
status, blastocysts were cultured in medium containing 2.5,
5, or 10 μM AOH or .5% DMSO (control group). After 24 h, 16
embryos were transferred to one pseudopregnant mouse. Eight
AOH-treated embryos were transferred into the left uterine
horn and eight control embryos into the right uterine horn
of dams. All experimental dams were sacrificed on day 18
post-coitus (13 days post-transfer) and embryo developmental
status (number of implantation sites and placental and fetus
weights) assessed. Implanted embryos that could not further
develop into healthy fetuses were subsequently resorbed form
as a resorption site in the uterus. Resorption and fetal status
were further assessed. The ratio of resorption or survival was
calculated as the number of resorbed or surviving fetuses,
respectively, per number of implantations. The implantation
percentage signifies the number of implantations per number
of transferred embryos × 100. The percentage of resorption
or survival represents the number of resorbed or surviving
fetuses per number of implantations × 100. Weights of sur-
viving fetuses and placenta were measured immediately after
dissection.

Intravenous injection of AOH

To determine the effects of AOH on mouse embryonic devel-
opment in vivo, twenty randomly selected female (42 day-old)
mice were intravenously injected with .1 ml PBS containing
various doses of AOH (1, 3, 5 mg/kg/day) into the tail vein. The
control group included vehicle-injected mice administered an
equivalent DMSO dose to the 5 mg/kg/day treatment group. At
24 hours after injection, female mice were mated overnight with
a single fertile male of the same strain. AOH (0, 1, 3, 5 mg/kg/day)
was continuously intravenously injected for 4 days. Mice were
sacrificed on day 4 after mating and blastocysts collected
for assessment of apoptosis, proliferation and embryonic
development.

ROS measurements

Mouse blastocysts were either pre-incubated with 5 mM N-acetyl
cysteine (NAC) or left untreated. After 1 h, embryos were treated
with 10 μM AOH for an additional 24 h. DCF-DA (20 μM) dye
staining was applied to detect intracellular ROS generation. The
intracellular ROS level in each group was measured under a flu-
orescence microscope and quantitatively analyzed using image J
software.
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Detection of ROS content in newborn mouse liver

Twenty randomly selected female mice were intravenously
injected with AOH (1, 3, 5 mg/kg/day) or vehicle (at an equivalent
DMSO dose to the 5 mg/kg/day treatment group). At 24 h after
injection, female mice were mated overnight with a single fertile
male of the same strain. After mating, mice were continuously
intravenously injected with AOH (1, 3, 5 mg/kg/day) or vehicle
for 4 days. For detection of ROS content in mouse fetal liver, 10–
12 one-day-old mouse newborns were collected for each AOH
treatment group. Fetal liver tissue extracted via homogenization
with ice-cold phosphate buffered saline (PBS) and lyzed in 1 mL
homogenization buffer (20 mM Tris–HCl, pH 7.4, 1 mM ethylene-
diaminetetraacetic acid (EDTA), 1 mM ethylene-glycol-bis(b-
aminoethylether) N, N, N′, N′-tetraacetic acid (EGTA), 1% Triton
X-100, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride,
50 mM sodium fluoride, 20 mM sodium pyrophosphate and 1 mM
sodium orthovanadate). Cell lysates were centrifuged (15 000 × g)
for 20 min at 4◦C and supernatants collected. ROS were detected
using dichlorodihydrofluorescein diacetate (DCFDA) dye. Cell
extracts (20 μg) were mixed in 50 μL PBS containing 20 mM
DCFDA for 1 h at 37◦C and relative ROS levels measured using
a fluorescence ELISA reader (excitation at 530 nm, emission at
485 nm).

Analysis of gene expression

Using quantitative real-time PCR, mRNA expression levels of
CXCL1, IL-1 beta, IL-8, catalase, glutathione peroxidase, Cu/Zn
superoxide dismutase and Mn superoxide dismutase genes were
quantified. For extraction of total RNA, 10–12 one-day-old new-
born mice were collected for each AOH treatment group and
were treated with TRIzol reagent (Life Technologies, CA, USA)
and purified with the RNeasy Mini kit (Qiagen) according to the
manufacturer’s protocol. Real-time RT-PCR using the ABI 7000
Prism Sequence Detection System (Applied Biosystems, CA, USA)
was applied to quantify mRNA levels. β-Actin mRNA was used
as the endogenous control for quantitative normalization. The
following primers were applied for real-time quantitative RT-
PCR: CXCL1 (Forward, 5′-TGA GCT GCG CTG TCA GTG CCT-3′

and Reverse, 5′-AGA AGC CAG CGT TCA CCA GA-3′); IL-1 β (For-
ward, 5′-AAG GAG AAC CAA GCA ACG ACA AAA-3′ and Reverse,
5′-TGG GGA ACT CTG CAG ACT CAA ACT-3′); IL-8 (Forward, 5’-
CAC CTC AAG AAC ATC CAG AGC T-3′ and Reverse, 5’-CAA GCA
GAA CTG AAC TAC CAT CG-3′); catalase (Forward, 5’-GCA GAT
ACC TGT GAA CTG TC-3′ and Reverse, 5′-GTA GAA TGT CCG CAC
CTG AG-3′); glutathione peroxidase (GPX) (Forward, 5’-CCT CAA
GTA CGT CCG ACC TG-3′ and Reverse, 5’-CAA TGT CGT TGC GGC
ACA CC-3′); Cu/Zn-superoxide dismutase (Cu/Zn-SOD) (Forward,
5′-AAG GCC GTG TGC GTG CTG AA-3′ and Reverse, 5’-CAG GTC
TCCA ACA TGC CTC T-3′); Mn-superoxide dismutase (Mn-SOD)
(Forward, 5’-GCA CAT TAA CGC GCA GAT CA-3′ and Reverse, 5’-
AGC CTC CAG CAA CTC TCC TT-3′); β-Actin (Forward, 5’-CGT ACC
ACA GGC ATT GTG ATG-3′ and Reverse, 5’-CTT CTA GGA CTG GCT
CGC AC-3′).

Statistical analysis

Experimental data were analyzed using one-way ANOVA fol-
lowed by Dunnett’s test for multiple comparisons and presented
as means ± standard deviation (SD). Different symbols represent
significant differences at P < .05.

Results
Embryotoxicity of AOH on mouse blastocysts

For measurement of AOH-induced embryonic toxicity, blas-
tocysts were incubated with 2.5–10 μM AOH or vehicle. After
24 h, the terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay was employed to measure the extent
of apoptosis through analysis of DNA fragmentation. DNA
fragmentation-positive (apoptotic) cell content and quantitative
analysis revealed that 5 and 10 μM AOH-treated groups were
significantly increased relative to the vehicle group in blastocysts
(Fig. 1A and B).

To determine the impact of AOH on cell proliferation, inner
cell mass (ICM) and trophectoderm (TE) numbers of blastocysts
were assessed via differential staining. Both 5 and 10 μM AOH-
incubated groups contained significantly fewer ICM cells while
the 10 μM AOH-incubated group contained slightly fewer TE
cells in blastocysts compared with the vehicle-treated group
(Fig. 1C). The percentage of ICM cells was lower in both AOH than
vehicle-treated (control) groups (Fig 1D). In addition, the TE cell
percentages in both 5 and 10 μM AOH treatment groups were
markedly higher relative to the vehicle-treated (control) group
(Fig. 1D). This finding is attributable to the total cell numbers
being significantly lower in 5 and 10 μM AOH-incubated groups
(Fig. 1C). Our results suggest that 5 and 10 μM AOH-induced
deleterious effects are major on ICM cells and minor on TE cells.
The significantly lower numbers of ICM and total cell numbers
in both treatment groups support the potential of AOH to exert
hazardous effects on embryos through inhibition of proliferation
and/or induction of apoptosis of ICM (major) and TE (minor) cells
in mouse blastocyst-stage embryos.

Impact of AOH on in vitro embryonic development

To further investigate the deleterious impact of AOH on the
developmental potential of embryos, the development ratio of
AOH-treated morula to blastocyst-stage embryo was assessed.
The percentage of 5–10 μM AOH-treated morulas that developed
into blastocysts was significantly lower than of the vehicle-
treated (control) group (Fig. 2A).

For further investigation of the impact of AOH on embryo
post-implantation potential in vitro, blastocysts were treated with
or without AOH (2.5, 5 or 10 μM) for 24 h, followed by culture in
fibronectin-coated dishes for 7 days, and developmental charac-
teristics assessed daily. Embryo implantation potential (based on
the percentage of blastocysts attached to fibronectin-coated cul-
ture dishes) was significantly lower in 10 μM AOH-treated than
vehicle-treated (AOH-free) groups (Fig. 2B). The embryo develop-
ment morphology index clearly showed that treatment of blas-
tocysts with 5–10 μM AOH led to a lower development score (ICM
cluster scoring according to the shape of ICM and trophoblas-
tic layer), indicative of lower post-implantation developmental
potential of AOH-incubated embryos (Fig. 2C).

Effect of AOH on embryo development potential in vivo

Embryo development potential in vivo was assessed with the
embryo transfer assay. To this end, blastocysts were co-incubated
with 2.5–10 μM AOH or vehicle (AOH-free) for 24 h and transferred
to the uterus of dams. At day 18 post-coitus (13 days post-
transfer), embryo development in the uterus was examined.
AOH (5–10 μM)-treated blastocysts clearly showed a lower
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Figure 1: Effects of AOH on mouse blastocysts. Mouse blastocysts were exposed to AOH (2.5, 5 or 10 μM) for 24 h and TUNEL staining employed to evaluate apoptosis.

(A) Blastocysts treated with .5% DMSO were used as the control (vehicle) group. TUNEL-positive cells were observed as black spots under light microscopy. (B) Apoptotic

(TUNEL-positive) cells were quantitated and apoptotic cells per blastocyst determined. (C) Cell numbers of inner cell mass (ICM) and trophectoderm (TE) per blastocyst

were counted via differential staining. Data from each group were analyzed based on 200 blastocysts. Values are presented as means ± SD of eight determinations.

Different symbols indicate significant differences at P < .05. The scale bar is 20 μm.

implantation ratio than the vehicle-treated (control) group
(Fig. 3A). In addition, the ratio of embryos that implanted but
could not develop further (resorption) was significantly higher
in the 5 and 10 μM AOH-treated than control groups (Fig. 3A).
Measurement of placental weights revealed that the weight of
the 10 μM AOH-treated group was lower than that of the vehicle-
treated group while no significant differences were observed
between the 2.5 and 5 μM AOH-treated and control groups. (3B).
Further measurement of fetal weight at 13 days post-transfer
as an indicator of embryo developmental status revealed that
the fetal weights of the 5 and 10 μM AOH-treated groups were
markedly lower than that of the control group (Fig. 3C). Overall,
we observed a significantly lower proportion of fetal weights
>600 mg in 5 and 10 μM AOH-treated blastocysts compared to
the vehicle-treated (control) group (Fig. 3C).

Animal studies via intravenous injection (0, 1, 3, 5 mg/kg/day)
were conducted to further investigate the deleterious effects
potential of AOH. Notably, AOH induced apoptosis and inhib-
ited cell proliferation in 3 and 5 mg/kg/day injected groups
(Fig. 4A and B). Moreover, as evident from the morphological
characteristics of collected embryos, AOH induced impairment
of embryo development potential from the zygote to blastocyst
stage and embryo damage and degradation in 3 and 5 mg/kg/day

injected groups (Fig. 4C). The weights of day 18 post-coitus
fetuses were lower from 3 and 5 mg/kg/day AOH groups,
compared with those of the control group (Fig. 4D). The collective
results clearly indicate that AOH exerts hazardous effects that
impair implantation and sequent development in vivo.

Effects of NAC and caspase inhibitors on AOH-induced
impairment of embryonic development

Here, we further examined the possibility that oxidative stress
is involved in AOH-triggered apoptosis leading to sequent
impairment of embryo development. Intracellular ROS levels
were significantly higher in 10 μM AOH-treated blastocysts,
compared with the vehicle-treated group. Notably, pretreatment
with N-acetylcysteine (NAC), a well-known ROS scavenger, effec-
tively prevented AOH-triggered ROS generation and apoptosis
(Fig. 5A–C). In addition, pretreatment with caspase-3 and -9-
specific inhibitors significantly and effectively prevented AOH-
triggered apoptosis in blastocysts (Fig. 5C) but had no effect on
AOH-induced ROS generation (data not shown). In an embryo
transfer model, pre-treatment with NAC or specific caspase-9
and caspase-3 inhibitors effectively prevented AOH-promoted
decrease in fetal weight at 13 days post-transfer (Fig. 5D).



724 Toxicology Research, 2021, Vol. 10, No. 4

Figure 2: In vitro development of mouse embryos treated with AOH. Mouse morulas were treated with AOH (2.5, 5 or 10 μM) for 24 h and cultured for an additional 24 h.

(A) Morulas incubated with .5% DMSO were used as the control (vehicle) group and the blastocyst percentages calculated. (B and C) Mouse blastocysts were treated with

or without AOH (2.5, 5 or 10 μM) for 24 h, followed by culture in fibronectin-coated dishes for 7 days. (A) Blastocysts attached to dishes were defined as implantation and

the percentages calculated (B). Following culture for 7 days, based on morphological assessment, the status of outgrowth of blastocysts in cultured dishes was classified

as attachment only, ICM+, ICM++ and ICM+++, as described in Materials and Methods (C). Values are presented as means ± SD of five determinations. Data from each

group were obtained by analysis of 150 blastocyst samples. Different symbols indicate significant differences at P < .05.

However, pretreatment with the caspase-8-specific inhibitor,
IETD, had no preventive effect on AOH-induced apoptosis
(Fig. 5C) or decrease in fetal weight (Fig. 5D). Taken together,
our results strongly suggest that the regulatory mechanisms
triggered by AOH leading to apoptosis in mouse blastocyst
cells are ROS-dependent processes involving caspase-9 and -
3. Moreover, ROS serve as an upstream regulator of caspase
activation and sequential apoptotic cascades.

Effects of AOH on innate immune and ROS-related
gene expression

To establish the effects of AOH on genes related to the immune
system, mRNA levels of CXCL1, IL-1β and IL-8 in one-day-old
infants born from female mice intravenously injected with AOH
were examined (0, 1, 3, 5 mg/kg/day). CXCL1, IL-1β and IL-8 mRNA
levels of newborns from female mice injected with 5 mg/kg/day
AOH were significantly lower than those in newborns from mice

injected with vehicle (Fig. 6A). Notably, higher intracellular ROS
content of liver cell extracts was detected in infants from the
5 mg/kg/day ENN B1-injected than the vehicle-injected (control)
group (Fig. 6B). We further analyzed the transcript levels of
antioxidant-related enzyme genes in one-day-old infants from
AOH (0, 1, 3, 5 mg/kg/day)-injected female mice. Our results
clearly revealed increased relative transcript levels of catalase,
glutathione peroxidase and Cu/Zn superoxide dismutase in
infant liver from female mice injected with 5 mg/kg/day AOH
than that from vehicle-injected groups. In addition, expression
of Mn superoxide dismutase in 1 and 3 mg/kg/day AOH-injected
groups was higher than that in the vehicle-injected group
(Fig. 6C).

Discussion
Embryogenesis is a complex and precisely orchestrated event.
External chemical, physical and environmental factors have
the potential to exert deleterious effects on normal embryo
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Figure 3: Effects of AOH on in vivo implantation, resorption, fetal survival and fetal weight of mouse blastocysts. (A) Mouse blastocysts were exposed to AOH (2.5, 5 or

10 μM) or .5% DMSO (control group) for 24 h. Embryo implantation, fetal resorption and survival were measured via the embryo transfer assay as described in Materials

and Methods. The implantation percentage signifies the number of implantations per number of transferred embryos × 100. The percentage of resorption or survival

represents the number of resorbed or surviving fetuses per number of implantations × 100. (B) Average placental weights from 40 dams (recipient mice). (C) Weight

distribution of surviving fetuses on day 18 post-coitus (day 13 post-transfer). Surviving fetuses were from embryo transfer of 320 total blastocysts across 40 recipients.

Different symbols indicate significant differences at P < .05.

development, even leading to miscarriage. Therefore, it is impor-
tant to determine the potential embryotoxic effects of various
external agents, in particular, common food contaminants such
as mycotoxins. Alternariol (AOH) produced by alternaria fungi,
a natural compound in foodstuffs, is a frequent contaminant of
fruit and grain products. Several studies have shown that AOH
induces cytotoxicity, including apoptosis and cell cycle arrest, in
multiple mammalian cell types, such as human colon carci-
noma, murine hepatoma and human Caco-2, as well as the
murine macrophage cell line RAW 264.7 [11–14]. These results
clearly indicate that AOH is potentially harmful for human
health, exerting adverse effects on the reproductive system.
Another recent investigation showed that AOH disrupts in vitro
maturation of porcine oocytes and exerts deleterious effects
on initial embryo development [24]. However, the potential
harmful effects and regulatory mechanisms of action of AOH

on pre- and post-implantation embryo development are unclear
at present. Earlier investigations on various models have
demonstrated potential hazardous effects of several mycotoxins
and their secondary metabolites on embryo development. For
instance, ochratoxin A (OTA), T-2 toxin, deoxynivalenol (DON)
and zearalenone (ZEN), and its metabolites, alpha-zearalenol
(α-ZOL) and beta-zearalenol (β-ZOL) were recently reported to
exert deleterious effects on zebrafish larva development [43].
In addition, exposure to OTA and ZEN and its metabolites
triggered negative behavioral effects [43]. Recent experiments
by our group have consistently shown that mycotoxins, such as
citrinin (CTN), OTA, enniatin B and enniatin B1 have embryotoxic
effects on mouse oocyte maturation, fertilization and pre- and
post-implantation mouse embryo development [29, 38, 44–
47]. Moreover, the mycotoxin beauvericin (BEA) is reported to
trigger oocyte mitochondrial dysfunction and affect embryo
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Figure 4: Effects of AOH on apoptosis and blastocyst development following intravenous injection into mice. Twenty randomly selected female mice were intravenously

injected with AOH (1, 3, 5 mg/kg/day) or vehicle (.5% DMSO) for 24 h. Female mice were subsequently mated overnight with a single fertile male of the same strain,

followed by intravenous injection with AOH (0, 1, 3, 5 mg/kg/day) for 4 days. Blastocysts were collected by flushing the uterine horn on day 4 after mating. (A) Apoptosis

of mouse blastocysts was measured via TUNEL staining, followed by light microscopy, and the mean number of TUNEL-positive (apoptotic) cells per blastocyst calculated.

(B) Total cell numbers per blastocyst were counted. (C) Developmental stages of embryos were determined by flushing the mouse uterine horn with buffer on day 4.

Embryo developmental status was assessed as a percentage of total embryos. (D) Distribution of surviving fetuses measured according to weight on day 13 post-transfer.

Experimental data from each group are based on 160 blastocyst samples. Different symbols indicate significant differences at P < .05.

development in juvenile sheep [48]. Another recent study
showed that AOH (10–20 μM) exerts deleterious effects on
oocyte in vitro maturation and preimplantation development
of porcine female gametes [24]. The collective results highlight
potential teratogenic effects of mycotoxins and their secondary
metabolites on embryonic development in vertebrate animal
models. Here, we further validated the teratogenic effects of AOH
on early-stage mouse embryonic development, both in vitro and
in vivo. In our experiments, preincubation of mouse blastocysts
with 5–10 μM AOH caused impairment of early-stage embryonic
development and post-implantation development status (Figs. 1–
4).

Several reports have shown that AOH exerts toxicity in vitro.
For instance, treatment with 10 μM AOH causes genotoxic effects
in the hypoxanthine-guanine phosphoribosyltransferase (HPRT)
gene locus in V79 cells [22]. AOH at a treatment concentra-
tion of 30 μM induces DNA damage and modifies macrophage
phenotype and inflammatory responses [49]. Importantly, AOH
triggers various types of DNA damage or breaks, typically within
a concentration range of 15 to 60 μM, in vitro [14, 21, 50]. Moreover,
these cytotoxic effects of AOH are exerted through blocking the
cell cycle, induction of mitochondrial damage, suppressing cell
proliferation and increasing apoptosis/necrosis in Caco-2 cells

[13]. Recently, AOH (10–20 μM) was reported to exert deleterious
effects on oocyte in vitro maturation and preimplantation devel-
opment of porcine female gametes [24]. Based on the collective
previous findings, we investigated the effects of 2.5–10 μM AOH
on early-stage embryonic development in this study. Our results
demonstrated that 5 and 10 μM AOH induce ROS generation and
subsequent activation of caspase-9 and caspase-3, in turn, trig-
gering apoptotic processes that exert harmful effects on sequent
embryonic development in mouse blastocysts in vitro. The in
vitro treatment dosage of AOH in our study is thus consistent
with biological concentrations. Limited data are available on the
toxicity of AOH in vivo but acute toxicity of AOH is considered to
be low [51]. Earlier reports have documented AOH contamination
of 31% feed samples and agricultural commodities in Europe,
with concentrations ranging from 6.3 to 1840 mg/kg [51]. The
estimated human dietary exposure of AOH is ∼1.9–39 ng/kg/b-
w/day. However, this dosage in humans exceeds the thresh-
old of toxicological concern for potential genotoxic compounds
(2.5 ng/kg/bw/day) [51]. In addition, AOH exposure is a long-term
issue, since we consume contaminated foods on a daily basis.
The degree of accumulation of AOH in human tissues and organs
is unclear. For our in vivo model, pregnant mice were exposed
to AOH (1, 3 and 5 mg/kg body weight/day) for a short period
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Figure 5: Effects of NAC and caspase inhibitors on developmental status of AOH-treated embryos. Mouse blastocysts were pre-treated with 5 mM N-acetyl cysteine

(NAC), 300 μM Z-IETD-FMK (IETD), 300 μM Z-LEHD-FMK (LEHD) or 300 μM Z-DEVD-FMK (DEVD) for 1 h or left untreated, followed by incubation with or without AOH (2.5,

5 or 10 μM) or .5% DMSO (control) for a further 24 h. (A) Detection of ROS generation with DCF-DA fluorescence dye (20 μM). (B) Quantitative analysis of intracellular

ROS generation (fluorescence intensity) in each group using image J software. (C) Assessment of apoptosis via TUNEL staining. (D) Mean numbers of apoptotic (TUNEL-

positive) cells per blastocyst. (E) Weight distribution of surviving fetuses on day 13 post-transfer via the embryo transfer assay as described in “Materials and Methods”

and Figure 3. The percentage of surviving fetuses was analyzed via embryo transfer of AOH-pretreated (a total of 320 blastocysts transferred to 40 recipients) and control

blastocysts. Different symbols indicate significant differences at P < .05. The scale bar is 20 μm.

of 4 days to investigate effects on pre- and post-implantation
embryonic development. However, serum concentrations upon
intake of AOH-contaminated foods are unclear.

A previous study analyzed the toxicokinetics of radiolabeled
AOH administered orally as a single dose of 200 or 1000 mg/kg
in mice [52]. The authors noted that AOH exhibited low systemic
absorption, with about 90% of the total dose excreted through
feces and up to 9% via urine. Importantly, the blood level did
not exceed .06% of the administered dose during the first 24 h
after intake of AOH [52]. A more recent study found that AOH
formed stable complexes with human serum albumin (HSA), as
assessed by spectroscopic measurement [53]. The same authors
tested the binding affinity of AOH with bovine, porcine and rat
serum albumin and found that AOH bound rat albumin with
considerably higher affinity the other tested albumins [53]. Based
on these previous findings, we speculate that the interaction
of AOH with serum albumins is important for the toxicoki-
netics of AOH in vivo and that, in our animal model, the vast
majority of the injected-AOH is excreted through urine, carried
in blood as AOH-albumin complexes, or metabolized into 4-
hydroxy alternariol and 4-hydroxy alternariol monomethyl ether
secondary metabolites by cytochrome P450 enzymes [54]. The
potential embryotoxic effects of AOH-albumin complexes and/or
secondary metabolites of AOH should be investigated in the
future. However, these experimentally determined outcomes for
AOH administration may help explain why a high injected dosage
of AOH (3 and 5 mg/kg body weight) was needed in our in

vivo model to cause ROS generation and injurious effects on
embryonic development. We acknowledge that dietary intake of
AOH cannot achieve such a high level of AOH in blood. However,
AOH and its secondary metabolites have high potential to be
developed as effective anti-cancer drugs, given their ability to
trigger cytotoxicity or genotoxicity in several cancer cell lines
[55]. For anti-cancer drug development, it might be necessary
to develop a high-dosage formulation of AOH and/or its second
metabolites, such as by using an optimized biomaterial coating
to increase its absorption rate and improve delivery efficiency via
oral intake, with the goal of reaching an effective (high) dosage
level in blood. In this context, our study results could provide
important insights for the dosage safety parameters of AOH or
its derivatives as anticancer drugs in clinical therapy for pregnant
women.

Blastocyst-stage embryos are composed of TE and ICM cells,
both of which play critical roles in embryo implantation and
sequent development. During early embryo development, TE and
inner lineage cells of the uterus develop to form the placenta [56].
Loss and/or impairment of the TE cell lineage has been shown
to exert deleterious effects on embryo implantation, promoting
miscarriage [39, 57–59]. In addition, loss and/or impairment of
ICM cells represents the major cause of impairment of post-
implantation fetal development [28, 56, 60, 61]. In our experi-
ments, 5–10 μM AOH-triggered embryonic cell death predomi-
nantly occurred in the ICM and minor impairment of TE cells was
evident in the 10 μM AOH-treated group (Figs. 1C). These findings
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Figure 6: Effects of AOH injection into female mice on expression of genes related to innate immunity in liver of newborn mice. Twenty randomly selected female mice

were intravenously injected with AOH (1, 3, 5 mg/kg/day) or DMSO (using the same dosage as the 5 mg/kg/day AOH-injected group). After 24 h, female mice were mated

overnight with a single fertile male of the same strain and intravenously injected with AOH (0, 1, 3, 5 mg/kg/day) for 4 days. One-day after birth, newborn mice were

sacrificed and liver tissue extracts collected and prepared. (A) Gene expression levels of CXCL1, IL-1β and IL-8 were analyzed by quantitative real-time RT-PCR. (B) ROS

levels were detected with 2′ ,7′-dichlorofluorescin diacetate (DCF-DA) using a fluorescence ELISA reader (excitation 530 nm, emission 485 nm). (C) Expression levels of

catalase, glutathione peroxidase, Cu/Zn superoxide dismutase and Mn superoxide dismutase genes were analyzed from six independent determinations and presented

as means ± SD. Experimental results are from at least 35 samples for each group. Different symbols indicate significant differences at P < .05.
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reflect major impairment of post-implantation embryonic and
fetal development and minor effects of AOH on embryo attach-
ment and growth in vitro, implantation in vivo and placenta for-
mation (Figs 2B, C and 3A-C). However, the precise mechanisms
by which AOH triggers programmed cell death and/or affects
proliferation in ICM while exerting no concomitant effects on
TE remain to be established. Moreover, intravenous injection of
mice with 5 mg/kg/day AOH exerted deleterious effects on pre-
implantation embryo development, including loss of cell number
and apoptosis in blastocysts, and post-implantation embryonic
and fetal development (Fig. 4). These findings clearly indicate
that AOH is a potential embryotoxic agent that exerts significant
injurious effects on early mouse embryo development.

The innate immune system plays a critical role in defense
and prevention of infections during the newborn and early life
stages of infants [62, 63]. Several environmental and endocrine-
disrupting chemicals are known to interfere with synthesis or
transcription of chemokines and cytokines, even affecting the
physiological function of the immune system [64–66]. Two recent
studies by our group disclosed that rhein, a glucoside chemi-
cal extracted from rhubarb root and enniatin B1, a mycotoxin
and secondary metabolite produced by species of the Fusar-
ium genus, downregulate the transcription of innate-immunity
related genes in newborns and infants of dams [37, 38]. Rhein
and enniatin B1 suppressed the expression of CXCL1, IL-1 β and
IL-8 in newborn mouse liver, supporting their potential to disrupt
immune system development and induce embryonic immuno-
toxicity during mouse embryo development [37, 38]. In the cur-
rent study, we further investigated whether AOH affects expres-
sion of innate immune-related gene in next-generation infants.
Our data showed significant downregulation of mRNA levels of
CXCL-1, IL-1β and IL-8, three innate immune-related genes, in
one-day-old newborns from 5 mg/kg/day AOH-injected female
mice (Fig. 6A). These chemokines attract and activate leuko-
cytes to trigger inflammation responses for protecting against or
reducing infection. Moreover, both neutrophils and macrophages
are activated by IL-1β in infected tissues [67]. In our experiments,
CXCL1, IL-1β and IL-8 mRNA levels in one-day-old newborns
from female mice injected with 5 mg/kg/day AOH were reduced,
leading to increased number of infections at the infant and early
life stages (Fig. 6A). Our results highlight the potential of AOH to
cause damage to the immune system.

Ongoing evidence has shown that intracellular oxidative
stress plays critical roles in regulating a series of signaling
cascades and/or activation or expression of transcription factors
to determine cell fate [68]. Under conditions of exposure to
external or internal risk factors or intracellular ROS generation,
the level may exceed the capacity of the physiological redox
buffering system to scavenge oxidative stress to the normal
physiological state. Several critical biomolecules are damaged
under conditions of oxidative stress, including DNA, protein,
lipid and cell membrane [68]. In normal physiological conditions,
expression levels and activities of anti-oxidative enzymes,
including catalase, glutathione peroxidase and superoxide
dismutase, are critical for scavenging intracellular free radicals
or oxidative stress in order to facilitate return to normal
ROS levels and avoid ROS-induced harmful effects. Thus, the
anti-oxidative enzyme activities and/or amounts provide an
important evaluation index for determining the potential of
oxidative stress-generating compounds to cause injury [69,
70]. AOH is reported to induce ROS in various mammalian
cell lines, including Caco-2, HT29, HCT116 [16, 18, 19] and
RAW264.7 mouse macrophages [14]. Earlier results also sup-
port the hypothesis that the source of intracellular ROS in

AOH-treated cells is AOH metabolism [14, 16]. Experiments from
the current investigation demonstrated an increase in intra-
cellular ROS in AOH-treated blastocysts. Excess ROS triggered
sequential apoptotic signaling cascades resulting in impairment
of early-stage mouse embryonic development. Moreover, pre-
treatment of blastocysts with ROS scavengers as well as
caspase-9 and caspase-3-specific inhibitors effectively blocked
or prevented AOH-triggered apoptotic processes (Fig. 5A-D).
Further animal studies revealed a significant increase in ROS
content in liver cell extracts of one-day-old newborn mice
during exposure of pregnant mice to AOH (Fig. 6B). Importantly,
mRNA levels of several important anti-oxidative enzymes for
physiological detoxification, including catalase, glutathione
peroxidase, Cu/Zn superoxide dismutase and Mn superoxide
dismutase, were markedly increased in the animal assay model
(Fig. 6C). The collective findings clearly highlight that AOH
promotes oxidative stress and further induces gene expression
of antioxidant enzyme to facilitate removal of excess ROS.

Several types of DNA damage are triggered by AOH, including
single-stranded DNA breaks (SSB), double-stranded breaks (DSB)
and oxidative DNA damage [3]. Two possible regulatory mecha-
nisms of AOH-mediated DNA damage are AOH-induced ROS and
interactions with DNA topoisomerase. Previous investigations
have demonstrated that AOH is an inhibitor of DNA topoiso-
merase I and II enzymes with selectivity for the IIα isoform
[18, 21]. In addition to inhibiting DNA topoisomerase enzyme
activity, AOH could stabilize covalent topoisomerase–DNA inter-
mediates as a topoisomerase poison via interactions with topoi-
somerase IIα isoforms [71]. Collision of the stabilized DNA com-
plex with DNA replication forks or transcriptional machinery is
reported to generate DSB, providing a feasible regulatory mech-
anism for the DNA clastogenic effects of AOH. Importantly, over-
expression of human tyrosyl-DNA phosphodiesterase I (TDP1),
a central enzyme in the repair of covalent DNA topoisomerase
adducts, led to significant suppression of DNA breaks com-
pared to cells expressing an inactive form of TDP1 in AOH-
treated groups [71]. Using RAW264.7 cells as the assay model,
several investigations have confirmed that activity as a topoi-
somerase poison is a key mechanism underlying AOH-induced
DSB [14, 49, 72, 73]. In our experiments, pretreatment with N-
acetylcysteine (NAC), a well-known ROS scavenger, effectively
prevented AOH-triggered ROS generation and apoptosis (Fig. 5).
Interesting, preliminary results from our studies also showed
that pretreatment with N-acetylcysteine (NAC) could not fully
prevent AOH-induced impairment of embryo development (data
not shown). The results imply that AOH-triggered deleterious
effects on embryo development are exerted not only through
ROS-mediated apoptosis but also topoisomerase poison activity.
However, the regulatory mechanisms triggered by AOH leading
to apoptosis in mouse blastocyst cells are clearly ROS-dependent
processes involving caspase-9 and -3 (Fig. 5). The specific effects
of the topoisomerase poison property of AOH on embryonic
development require further investigation.

Conclusion
Our collective results have demonstrated for the first time that
AOH triggers apoptosis predominantly in the ICM and to a minor
extent in TE of mouse blastocysts, leading to impairment of cell
viability and embryonic development, both in vitro and in vivo.
We propose that AOH induces ROS generation and subsequent
activation of caspase-9 and caspase-3 that, in turn, trigger apop-
totic processes exerting harmful effects on sequent embryonic
development in mouse blastocysts. In conclusion, our collective
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results demonstrate the potential of AOH as an embryotoxic and
immunotoxic risk factor during embryo and infant development
stages in mice and AOH should be classified as an embryotoxic
agent.
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