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a b s t r a c t

Zearalenone (ZEA) is a nonsteroidal estrogenic mycotoxin found in several food commodities worldwide.
Although the toxicity of ZEA have been widely studied in a number of cell types, the mechanistic role of
ZEA on apoptosis of endometrial stromal cells (ESCs) remains poorly understood. The objective of this
study was to determine the effects of ZEA on apoptosis of mouse ESCs and explore the signaling pathway
underlying the cytotoxicity of ZEA. The results showed that ZEA treatment caused obvious apoptosis in
ESCs as determined by the flow cytometry and terminal deoxynucleotidyl transferase-mediated deox-
yuridine triphosphate nick end labeling (TUNEL) assay. Immunoblotting and real-time quantitative po-
lymerase chain reaction (RT-qPCR) revealed that ZEA treatment increased the ratio of Bax/Bcl-2. The
enzymatic activity assays revealed that caspases-3 and caspase-9 were activated by ZEA treatment in a
dose-dependent manner. In addition, flow cytometry show that the apoptotic percentages of cells pre-
treated with Z-VAD-FMK and Z-LEHD-FMK were markedly reduced compared to the ZEA-treated cells.
Overall, the results suggested that ZEA induced obvious apoptosis in ESCs via a Bcl-2 family and caspases-
dependent signaling pathway.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Zearalenone (ZEA), also known as the F-2 toxin, is a nonsteroidal
mycotoxin produced by several species of Fusarium. It is a common
fungal contaminant of cereal crops worldwide and commonly
found in feed and foodstuff, such as maize, wheat, rye, and other
cereals [1,2]. Due to its structural similarity to estrogen, ZEA com-
petes with estradiol for binding to estrogen receptors and provokes
estrogenic activities, which can cause several physiological alter-
ations of the reproductive tract [3,4]. In vitro studies also indicated
that ZEA can result in incidences of mycotoxicosis in farm animals
[5,6] and dietary higher concentrations of ZEA cause abortion and
reproductive failure [7]. And in vitro studies indicated that the cells
with ZEA cytotoxicity suffer numerous changes which include al-
terations of some important metabolic processes, such as prolifer-
ation and cell differentiation, apoptosisand molecules synthesis etc.

[8].
The endometrium of the uterus is lined by a columnar epithe-

lium that is supported by a stromal cell foundation which con-
sisting of a variety of cell types. The endometrial epithelial cells
(EECs) and ESCs are the main two cell types as they have the ab-
solute predominance in quantitative terms. The EECs actively take
part in mucosal immune responses, including the antigen presen-
tation, the transport of IgA, and the production of a variety of
growth factors [9e12]. While the ESCs are known to produce
numerous growth factors and cytokines that affect epithelial
function. For example, epidermal growth factor, insulin-like growth
factor-1, and hepatocyte growth factor are all produced in the ESCs
and have been found to stimulate EECs mitogenesis and develop-
ment [13e16]. Some studies revealed that the ESCs can promote
EECs development or reprogramme EECs differentiation [17,18]. In
addition, ESCs can be accompanied by extensive proliferation, dif-
ferentiation, and endoreduplication (polyploidy) in the process of
uterine decidualization at the site of embryo implantation, which is
critical to the establishment of pregnancy in mice [19].

To the best of our knowledge, few studies were directly per-
formed on exploring the mechanisms of ESCs damage caused by

* Corresponding author. Department of Animal Genetics, Breeding and Repro-
duction, College of Animal Science and Technology, Nanjing Agricultural University,
Nanjing 210095, PR China.

E-mail address: xuyinxue@njau.edu.cn (Y. Xu).

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate/ybbrc

http://dx.doi.org/10.1016/j.bbrc.2016.05.161
0006-291X/© 2016 Elsevier Inc. All rights reserved.

Biochemical and Biophysical Research Communications xxx (2016) 1e7

Please cite this article in press as: J. Hu, et al., Exploration of Bcl-2 family and caspases-dependent apoptotic signaling pathway in Zearalenone-
treated mouse endometrial stromal cells, Biochemical and Biophysical Research Communications (2016), http://dx.doi.org/10.1016/
j.bbrc.2016.05.161

mailto:xuyinxue@njau.edu.cn
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2016.05.161
http://dx.doi.org/10.1016/j.bbrc.2016.05.161
http://dx.doi.org/10.1016/j.bbrc.2016.05.161


ZEA till now, though it has been shown that ZEAwas toxic to female
reproductive system intensified lately. To better understand the
links of ZEA toxicity and ESCs, we investigated the effects of
different ZEA concentrations on apoptosis in primary mouse ESCs.
We also hypothesize that we can discover the apoptosis signaling
pathway caused by the cytotoxicity of ZEA on mouse ESCs.

2. Materials and methods

2.1. Chemicals and reagents

Zearalenone (ZEA), Z-VAD-FMK, Z-LEHD-FMK, and CollagenaseⅠ
were purchased from Sigma-Aldrich (St. Louis, USA). Antibodies to
Bax, Bcl-2 and b-actin were purchased from Cell Signaling Tech-
nology (Boston, USA). Enhanced chemiluminescence (ECL) (Trans-
Gen, China). 0.25% Trypsin-EDTA, DMEM/F-12 medium and fetal
bovine serum was obtained from GIBCO BRL (Grand Island, USA).

Prime Script RT Master Mix, SYBR Green Master Mix and Annexin
V-FITC Apoptosis Detection Kit (Vazyme, China), Caspase-3 and
Caspase-9 Activity Assay Kit, DCFH-DA and JC-1 Assay Kit (Beyo-
time, China). All other chemicals and reagents were of the highest
quality and obtained from standard commercial sources.

2.2. Cell isolation and culture

Mouse ESCs were isolated by using a previously described
method [20] with some modifications. Briefly, the pieces of uterine
horns were placed in PBS containing 0.25% trypsin for 30 min at
4 �C followed by 30 min at room temperature. After these digestion
steps, the remaining tissues were washed twice in PBS and then
placed in PBS containing 0.1% collagenase Type I for 1 h at 37 �C. The
homogenate was added medium contain FBS and subsequently
filtered through a BD Falcon cell strainers filter (nylon mesh size,
70 mm), and cells were collected for centrifugation at 1000 rpm for

Table 1
Primers used for quantitative real-time PCR.

Primer Length (bp) Primer sequence (50e30) Tm(�C)

Caspase-9-F/R 109 TCCTGGTACATCGAGACCTTG/AAGTCCCTTTCGCAGAAACAG 61
Caspase-3-F/R 225 ACAGCACCTGGTTACTATTC/CAGTTCTTTCGTGAGCAT 60
Bax-F/R 139 CCAGGATGCGTCCACCAAGA/GGTGAGGACTCCAGCCACAA 58
Bcl-2-F/R 120 GTGGATGACTGAGTACCTGAACC/AGCCAGGAGAAATCAAACAGAG 58
b-actin-F/R 460 GCTGTCCCTGTATGCCTCT/GTCTTTACGGATGTCAACG 60

Fig. 1. Effect of ZEA treatment on apoptosis of mouse ESCs. A: Flow cytometry showed apoptosis percentage of mouse ESCs treated with various concentrations of ZEA treatment. B:
TUNEL assays displayed the apoptosis in mouse ESCs by various concentrations of ZEA. C: Quantification of the apoptosis percentage in flow cytometry. D: Quantification of TUNEL-
positive cells. The data are expressed as the mean ± SEM of three independent experiments. Statistically significant difference as compared with control group, ‘‘*’’indicated
significant difference (P < 0.05), ‘‘**’’ indicated extremely significant difference (P < 0.01).
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5 min. After washing for two times in PBS, the cells were resus-
pended with the DMEM-F12 medium with 10% FBS and seeded in
relevant cultured bottle with cell suspension density of
3e6 � 105 cells/mL in a humidified atmosphere of 5% CO2 at 37 �C.

2.3. Total RNA extraction and RT-qPCR

Total RNA was extracted from ESCs after exposure to ZEA (0, 25,
50, 75, and 100 mM) after 24 h by using the TRIzol reagent according
to the manufacturer’s instructions. The purity of RNA was deter-
mined by the quotient of OD at 260/280 nm (1.8e2.0). The Easy-
script first-strand cDNA synthesis super mix kit was used for
reverse transcription polymerase chain reaction (RT-PCR). The se-
quences of primers for the detected genes (shown in Table 1) which
were designed by the Primer Premier 5 software. The reactions
were performed in triplicate for each sample with 10 ml of AceQTM
qPCR SYBR Green Master Mix, 0.8 ml of each primer, 0.4 ml of ROX
Reference DyeⅠ, 2 mL of cDNA (100 ng/ml) and RNase-free water to a
final volume of 20 ml. PCR reaction was performed under the
following conditions: Initial denaturation for 5 min at 95 �C, 40
cycles of denaturation for 10 s at 95 �C, annealing for 30 s and
melting curve for 15 s at 95 �C, 60 �C, 15 s at 95 �C. The 2�DDCt

methodwas used to identify differences in expression levels among
the detected genes.

2.4. Determination of apoptosis levels by flow cytometry and TUNEL

Apoptosis was determined by staining cells with Annexin V-FITC
and Propidium Iodide (PI). ESCs exposed to various concentrations
of ZEA (0, 25, 50, 75, and 100 mM), for 24 h, or pretreated with
20 mM of caspase inhibitor Z-VAD-FMK or 10 mM of caspase-9 in-
hibitor Ac-LEHD-FMK, for 2 h, and then treated with 100 mM ZEA
for 24 h. The cells were stained with 5 ml of Annexin V-FITC and 5 ml
of propidium iodide in 100 ml loading binding buffer for 15 min at
room temperature in the dark. The fluorescent signal of the cells
was measured with a flow cytometer (FACS Calibur; USA) according
to the procedure as described previously [21].

The apoptosis rates were also determined by the TUNEL assay.
The detailed procedure was performed according to the protocol of
the In Situ Cell Death Detection Kit. Images were obtained using a
laser scanning confocal microscopy (Zeiss 710, Germany).

2.5. Western blotting

Mouse ESCs were cultured in 6-well plates and treated with
various concentrations of ZEA (0, 25, 50, 75 and 100 mM), for 24 h,
cells were washed three times with cold PBS and lysed in 200 ml
cold lysis buffer per 1 � 106 cells for 30 min at 4 �C. Samples were
then clarified by centrifugation at 12,000 rpm for 10 min. Protein
concentration was determined using the bicinchoninic acid (BCA)

Fig. 2. Expression levels of Bax and Bcl-2 in mouse ESCs with various concentrations of ZEA treatment. A, B: The relative mRNA expression of Bax and Bcl-2; C: The ratio of Bax/Bcl-2
for mRNA expression; D: Western blotting showed the expression of Bax and Bcl-2, b-Actin was used as controls of loading proteins; E, F: The relative protein expression of Bax and
Bcl-2; G: The ratio of Bax/Bcl-2 for protein expression. The data are expressed as the mean ± SEM of three independent experiments. Statistically significant difference as compared
with control group, ‘‘*’’indicated significant difference (P < 0.05), ‘‘**’’ indicated extremely significant difference (P < 0.01).
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assay kit. Equal amounts of protein were subjected to SDS-PAGE
then transferred to nitrocellulose membranes according to the
methods as described previously [22]. After transfer, the mem-
branes were blocked with Trisbuffered saline (TBS) containing 0.1%
Tween-20 (TBST) and 5% BSA for 2 h at room temperature. The
membranes were then incubated with the chosen antibodies,
including antibody to Bax, Bcl-2, and b-actin, at a dilution of 1:500
in TBST at 4 �C overnight. After three washes with TBST, the
membranes were incubated with horseradish peroxidase-
conjugated secondary antibody at room temperature for 2 h.Then
visualized with the ECL-plus Western Blotting Detection System
(LAS-4000 imager, Fujifilm, Tokyo, Japan) using Cool Saver AE-6955
(Pierce, Rockford, IL, USA). Densitometry analyses were performed
using Image-J 1.42q software, and the values for target proteins
were normalized to b-actin as the endogenous control.

2.6. Caspase activity assay

The activity of caspase family was detected using caspase
colorimetric protease assay kit [23]. Caspase-3 can catalyze acetyl-
Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA) to p-nitroaniline
(pNA) and Caspase-9 can catalyze acetyl-Leu-Glu-His-Asp p-nitro-
anilide (Ac-LEHD-pNA) to pNA. An increase in absorbance at
405 nm was used to quantify the activation of caspases activities.
Endometrial stromal cells exposed to various concentrations of ZEA
(0, 25, 50, 75, and 100 mM), for 24 h, pretreated with 20 mM of
caspases inhibitor Z-VAD-FMK or 10 mM of caspase-9 inhibitor Ac-
LEHD-FMK, for 2 h, and then treated with 100 mM ZEA for 24 h.
Subsequently, cells from 6-wells were collected and rinsed with
cold PBS, and then lysed by lysis buffer for 15min on ice. Cell lysates

were centrifuged at 18,000 � g for 10 min at 4 �C. Caspase-3 and
caspase-9 activities in the supernatant were assayed using the kit.
The caspase activities were expressed as percentage of enzyme
activity compared to control.

2.7. Statistical analysis

At least three replicates were performed for each treatment and
results were analyzed using SPSS version 18.0 (SPSS Inc., USA) and
given as means ± SEM. Statistical comparisons were made by
analysis of variance (ANOVA), followed by Duncan’s multiple
comparisons test. P values < 0.05 were accepted as significant, P
values < 0.01 were accepted as extremely significant. Fluorescence
intensity was quantified by Image J software (NIH, Bethesda, MD).
All experiments were repeated at least three times.

3. Results

3.1. Effect of ZEA on apoptosis of mouse ESCs

Flow cytometry was used to measure the apoptosis percentage
of ESCs treated with various concentrations of ZEA (0, 25, 50, 75,
100 and 125 mM) for 24 h (Fig. 1A). It is feasible to identify and
quantitate apoptotic cells on a single-cell basis using flow cytom-
etry by conjugating FITC to Annexin V. The result of flow cytometry
displayed that apoptotic percentage of mouse ESCs were signifi-
cantly increased by ZEA treatment (Fig. 1C). TUNEL assay revealed
that ZEA treatment induced a remarkable increase in the TUNEL-
positive cells of mouse ESCs in a dose-dependent manner
compared to the control (Fig.1B and D). These results indicated that

Fig. 3. Expression of caspase-3 and caspase-9 in mouse ESCs with various concentrations of ZEA treatment. A: The relative mRNA expression of caspase-3; B: The relative mRNA
expression of caspase-9; C: The relative activity of caspase-3; D: The relative activity of caspase-9. The data are expressed as the mean ± SEM of three independent experiments.
Statistically significant difference as compared with control group, ‘‘*’’indicated significant difference (P < 0.05), ‘‘**’’ indicated extremely significant difference (P < 0.01).

J. Hu et al. / Biochemical and Biophysical Research Communications xxx (2016) 1e74

Please cite this article in press as: J. Hu, et al., Exploration of Bcl-2 family and caspases-dependent apoptotic signaling pathway in Zearalenone-
treated mouse endometrial stromal cells, Biochemical and Biophysical Research Communications (2016), http://dx.doi.org/10.1016/
j.bbrc.2016.05.161



exposure of ZEA to mouse ESCs results in an obvious apoptosis in a
dose-dependent manner.

3.2. ZEA activates caspase-9, caspase-3, and regulates Bcl-2 family
members to induce apoptosis of mouse ESCs

To gain a novel insight into molecular mechanism that regulates
the apoptosis of mouse ESCs induced by ZEA treatment. Firstly, we
evaluated the expression levels of Bax and Bcl-2 by RT-qPCR and
Western-Blotting (Fig. 2). The results showed that the expression of
Bax gradually increased in a dose-dependent manner of the ESCs
after treating with various ZEA concentrations for 24 h. However,
the expression of Bcl-2 showed an opposite pattern with the
expression of Bax. Thus, the ratio of Bax/Bcl-2 increased. Next, the
expression and activity of caspase-9 and caspase-3 in mouse ESCs
were examined after treating with various ZEA concentrations for

24 h (Fig. 3). Both RT-qPCR and enzymatic activity assays showed
that the expression of caspase-9 and caspase-3 gradually increased
in a dose-dependent manner.

3.3. Inhibitors of Z-VAD-FMK and Z-LEHD-FMK prevent ZEA-
induced apoptosis

Given the above finding, we probed whether the mitochondrial
pathway is involved in ZEA-induced apoptosis, then we hypothe-
sized that inhibitor of the caspase could prevent the apoptosis of
mouse ESCs from ZEA treatment. Therefore, mouse ESCs we pre-
treated with caspase inhibitor Z-VAD-FMK (a broad caspase in-
hibitor) and caspase-9 inhibitor Z-LEHD-FMK, respectively for 2 h,
then treated with or without 100 mM ZEA for 24 h. Firstly,
morphological changes in mouse ESCs were observed under a light
microscope. There were more viable cells and cell morphological

Fig. 4. Inhibitors of Z-VAD-FMK and Z-LEHD-FMK prevent ZEA-induced apoptosis. AeD: The cells were pretreated with or without Z-VAD-FMK and Z-LEHD-FMK followed by phase
imaging (A: ZEA-untreated cells; B: 100 mM ZEA treated cells; C: Z-VAD-FMK and 100 mM ZEA treated cells; D: Z-LEHD-FMK and 100 mM ZEA treated cells); E: Flow cytometry
showed apoptosis percentage of ESCs treated with or without Z-VAD-FMK and Z-LEHD-FMK; F: Quantification of the apoptosis percentage in flow cytometry. The data are expressed
as the mean ± SEM of three independent experiments. Statistically significant difference as compared with control group, ‘‘*’’indicated significant difference (P < 0.05), ‘‘**’’
indicated extremely significant difference (P < 0.01).
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integrity in pretreated with Z-VAD-FMK and Z-LEHD-FMK cells
compared to treated with ZEA alone group (Fig. 4AeD). To inves-
tigate further, the results of flow cytometry showed that the cell
apoptotic percentages treated with Z-VAD-FMK and Z-LEHD-FMK
were markedly reduced compared to the ZEA-treated cells (Fig. 4E
and F). These results further indicated that ZEA treatment caused
an apoptosis in mouse ESCs via the caspase-9 and caspase-3-
dependent mitochondrial signaling pathway.

4. Discussion

Previous studies have proved that ZEA is toxic for human and
animal health, and the main studies about the toxic of ZEA in fe-
male reproduction were related to the granulosa cells [24e27].
ESCs play a key role in the process of uterine decidualization at the
site of embryo implantation, which is critical to the establishment
of pregnancy in female reproduction [19]. However, the detailed
molecular and cellular mechanisms of ZEA toxicity on mouse ESCs
have not yet been explained. The main focus of this study was to
explore the effects on the apoptosis in ZEA-treated primary mouse
ESCs and to evaluate the effects of the two common caspase in-
hibitors (Z-VAD-FMK and Z-LEHD-FMK) in primary mouse ESCs.

Apoptosis is a programmed cell death and it plays an important
role in cellular homeostasis, embryogenesis and metamorphosis.
We discovered that ZEA treatment caused an obvious apoptosis of
mouse ESCs in a dose-dependent manner using flow cytometry and
TUNEL assay. In mammalian cells, the death receptor-dependent,
endoplasmic reticulum (ER) stress-dependent and mitochondrial-
mediated pathways are the three major apoptotic pathways. In
the death receptor-dependent pathway, the death receptors can
activate caspase-8 which further activates downstream effectors
caspases such as caspase-3 with committing the cells to apoptosis
[28]. In the ER stress-dependent pathway, the ER stress response
up-regulates GRP78 and subsequently initiates UPR signal trans-
duction pathways in an attempt to restore homeostasis in the ER
and promote cell survival [29]. In themitochondrial pathway, when
the cells are subjected to stimulus, the ratio of pro-apoptotic fac-
tors/anti-apoptotic factors was increased which can activate
caspase-9 and further activate downstream effectors caspases such
as caspase-3 with committing the cells to apoptosis.

Caspases are a family of cysteine-aspartic proteases or cysteine-
dependent aspartate-directed proteases that play essential roles in
apoptosis [30]. According to their activities, caspases are classified
into two families; three well-known effector caspases (caspase-3,
caspase-6, and caspase-7) and four initiator caspases (caspase-2,
caspase-8, caspase-9, and caspase-10). Previous studies have
proved the activation of the caspase cascade triggers apoptosis in
some ZEA-treated cells [24,31,32].

Bcl-2 family proteins are known to modulate apoptosis through
the regulation of mitochondrial apoptosis pathway [33]. Bad, Bax,
Bak, Bik and HRK are promoters of apoptosis [34], while Bcl-2
functions as a major inhibitor of cell death, therefore guarding
against apoptosis [34e36]. The correct balance of pro-apoptotic
and anti-apoptotic proteins can determine whether apoptosis oc-
curs or not [37]. In viable cells, a substantial portion of Bax is
monomeric and found either in the cytosol or loosely attached to
membranes. When the cells are subjected to stimulus, monomeric
Bax translocate from the cytosol to the mitochondrial where it
becomes an integral membrane protein and cross-linkable as a
homodimer and accelerates the opening of the mitochondrial
voltage-dependent anion channel, which is one of the components
of the permeability transition and allows cytochrome c to pass
through the anion channel out of mitochondria [38,39]. During this
process, the anti-apoptotic molecule Bcl-2 can inhibit the activation
of Bax following a death signal, which can inhibit the cytochrome c

releasing from mitochondria into cytoplasm; thereby the down-
regulation of Bcl-2 promoting intrinsic mitochondria-mediated
apoptosis [40,41]. When the ratio of pro-apoptotic factors/anti-
apoptotic factors (Bax/Bcl-2) increased, which led to the disruption
of mitochondrial membrane, which in turn would cause cyto-
chrome c release from intra-mitochondria into the cytosol, and
then cytochrome c forms a complex with both apoptotic protease-
activating factor-1 (Apaf-1) and pro-caspase-9 in the presence of
dATP or ATP. This complex then activated caspase-9, an ‘‘initiator
caspase” that could in turn activate ‘‘effector caspase” as caspase-3
which then cleaved the death substrates, leading to apoptosis
[39,42].

Our results showed that the Bax was increased in a dose-
dependent manner by RT-qPCR and western-blotting analysis. In
contrast, the expression level of Bcl-2 was reduced in a dose-
dependent manner. Thus, ZEA treatment increased the ratio of
pro-apoptotic factors/anti-apoptotic factors (Bax/Bcl-2) which led
to apoptosis. Moreover, enzymatic activity assays analysis showed
that caspase-3 and caspase-9 are activated by ZEA treatment in
mouse ESCs. As we hypothesize that pretreated with caspases in-
hibitor (Z-VAD-FMK) and caspase-9 inhibitor (Z-LEHD-FMK) could
decrease the apoptotic after ZEA treatment. In summary, the results
demonstrated that ZEA caused an obvious apoptosis of mouse ESCs
in a dose-dependent manner. Both the ratio of Bax/Bcl-2 and the
activities of caspase-9 and caspase-3 were increased with ZEA
treatment. While the effect of ZEA treatment on apoptotic signifi-
cantly decreased after pretreated with Z-VAD-FMK and Z-LEHD-
FMK. Overall, we concluded that ZEA treatment induced apoptosis
in mouse ESCs via a Bcl-2 family and caspases-dependent signaling
pathway.
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