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Objective: Zearalenone (ZEA) has estrogen-like effects. Our previous study has shown that
ZEA (0.5 to 1.5 mg/kg) could induce abnormal uterine proliferation through transforming
growth factor signaling pathway. To further study the other regulatory networks of uterine
hypertrophy caused by ZEA, the potential mechanism of ZEA on porcine endometrial
epithelial cells (PECs) was explored by the Illumina Hiseq 2000 sequencing system.
Methods: The PECs were treated with ZEA at 0 (ZEA0), 5 (ZEA5), 20 (ZEA20), and 80
(ZEA80) μmol/L for 24 h. The collected cells were subjected to cell cycle, RNA-seq, real-time
quantitative polymerase chain reaction, immunofluorescence, and western blot analysis.
Results: The proportion of cells in the S and G2 phases decreased (p<0.05), but the pro
portion of cells in the G1 phase increased (p<0.05) in the ZEA80 treatment. Data analysis
revealed that the expression of Wnt pathway-related genes, estrogen-related genes, and
mitogen-activated protein kinase pathway-related genes increased (p<0.05), but the
expression of genetic stability genes decreased (p<0.05) with increasing ZEA concen
trations. The relative mRNA and protein expression of WNT1, β-catenin, glycogen synthase
kinase 3β (GSK-3β) were increased (p<0.05) with ZEA increasing, while the relative
mRNA and protein expression of cyclin D1 (CCND1) was decreased (p<0.05). Moreover,
our immunofluorescence results indicate that β-catenin accumulated around the nucleus
from the cell membrane and cytoplasm with increasing ZEA concentrations.
Conclusion: In summary, ZEA can activate the Wnt/β-catenin signaling pathway by upregulating WNT1 and β-catenin expression, to promote the proliferation and development
of PECs. At the same time, the up-regulation of GSK-3β and down-regulation of CCND1,
as well as the mRNA expression of other pathway related genes indicated that other potential
effects of ZEA on the uterine development need further study.
Keywords: Zearalenone; Porcine Endometrial Epithelial Cells; WNT1; β-Catenin; GSK-3β;
Cyclin D1

INTRODUCTION
Zearalenone (ZEA), also known as F-2 toxin, is a nonsteroidal estrogenic mycotoxin with
the formula C18H22O5, and is produced by several strains of filamentous fungi in the genus
Fusarium [1]. Fungi in the genus Fusarium are present in cereals such as barley, sorghum,
oats, maize, and wheat [2]. ZEA can endanger human health directly, via contaminated
food, as well as indirectly, through contaminated animal products [3]. ZEA, as well as its
main metabolites, α-zearalanol (α-ZOL) and β-zearalanol (β-ZOL), have been shown to
have estrogenic activity owing to their structural similarity to 17β-estradiol [4-6]. ZEA
can lead to a range of reproductive disorders, such as ovarian abnormalities, pseudopregnancy, infertility, and miscarriage [7].
Our previous studies showed that ZEA at dietary concentrations ranging from 1.1 to
3.2 mg/kg increased hyperplasia of submucosal smooth muscles in the uteri of gilts [8],
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and, at concentrations of 0.5 to 1.5 mg/kg, ZEA increased the
uterine organ index and the thickness of the myometrium
and endometrium [9,10]. However, the relationship between
the uterine cells changes and uterine hypertrophy induced
by ZEA has not been fully elucidated. In the present study,
the porcine endometrial epithelial cells (PECs) were selected
to initially explore the potential mechanisms of ZEA on the
uterine hypertrophy through the Wnt pathway and related
genes, and our next subject is endometrial stromal cells and
smooth muscle cells, respectively.
The Wnt/β-catenin signaling pathway has been shown to
be responsible for numerous fundamental processes essential for embryonic development, normal adult homeostasis,
and cancer [11]. It was reported that the promotion of hair
growth was often observed upon treatment with Wnt agonists
[12]. Moreover, Lee et al [13] indicated that the activated Wnt
signaling pathway could promote the proliferation of human
dermal papilla in dermal papilla cells. The core Wnt/β-catenin
signaling pathway components, such as Wnt, glycogen synthase kinase 3β (GSK-3β), β-catenin, and transcription factors
(TCF) control the life cycle of Wnt signaling molecules and
the actions of target cells. The target gene cyclin D1 (CCND1)
of the pathway is the regulator of the G1/S phase transition
in the cell cycle. In addition, mitogen-activated protein kinase
(MAPK) and transforming growth factor (TGF) signaling
pathways have been reported to act on the Wnt pathway involved in cell growth and development [14]. The Wnt signaling
pathway plays an important role in animal growth and development. However, there is little information about the
relationship between ZEA-induced uterine hypertrophy and
the Wnt signaling pathway. Therefore, the objective of this
study was to explore the potential mechanisms behind the
effects of ZEA on the growth and development of PECs by
the Wnt pathway and related genes.

MATERIALS AND METHODS
Preparation of PECs culture
The PECs were donated by the Laboratory of Metabolic Diseases of Shandong Agricultural University, which has kept
homogeneous population and invariant properties after more
than 50 generations [15]. For each assay, the cell cryotube
containing PECs was removed from the liquid nitrogen and
immediately placed in a 37°C water bath for 1.5 min, and
then the outside of the tube was sterilized with 70% ethanol
before placing the tube into an ultra-clean platform. The
cell content in the tube was then transferred into a 1.5 mL
centrifuge tube and centrifuged at 1,000×g for 3 min. After
removal of the supernatant, the PECs were cultured with 2
mL of DMEM/F-12 (01-172-1ACS, Biological Industries,
Kibbutz Beit-Haemek, Israel) containing 10% fetal bovine
serum (FBS, FS101-02, TRAN, Beijing, China). The incu994
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bation was conducted at 37°C in a cell incubator containing
5% CO2 before use in each assay, as described below.
Preparation of ZEA and ZEA treatment of PECs
ZEA was obtained commercially (Z2125; Sigma, St. Louis,
MO, USA), and was dissolved in dimethyl sulfoxide (DMSO)
(D2650; Sigma, USA) at a concentration of 20 mmol/L, and
was stored at –20°C before use.
For each assay conducted below, the PECs prepared above
were first distributed into 6-well plates (1×106 cells per well),
to which aliquots of ZEA solution were added so that the
concentrations of ZEA in the culture reached 0 (Control), 5
(ZEA5), 20 (ZEA20), 40 (ZEA40), and 80 (ZEA80) μmol/L,
respectively. In order to eliminate the influence of DMSO
among treatments, the DMSO of all treatment was adjusted
to the level of ZEA80. After mixing, the cultures were incubated at 37°C for 24 h, and then the cells were harvested and
processed according to the descriptions for each assay. Each
treatment was repeated at least three times, in the experiment.
Determination of the effects of ZEA on cell cycle
distribution of PECs
A flow cytometry assay was conducted to determine the effects of ZEA on the cell cycle distribution of PECs according
to the kit procedure and Zhang et al [15]. At the end of the
incubation with varying concentrations of ZEA as described
above, the PECs were collected using 0.25% trypsin, centrifuged to remove trypsin, washed twice with 2 mL cold
phosphate-buffered saline (PBS), and re-suspended in cold
70% ethyl alcohol. The suspension was stored at 4°C for
overnight, and was subsequently centrifuged at 1,000×g for
5 min, followed by two cycles of washing with 2 mL cold
PBS and centrifugation (1,000×g, 5 min). The harvested
PECs were then stained with propidium iodide (C1052-2;
Beyotime, Shanghai, China) and RNase A (C1052-3; Beyotime, China) at 37°C in the dark for 30 min, and subsequently
analyzed using a BD FACSCalibur flow cytometer (FACSCalibur, BD, San Jose, CA, USA) using FlowJo 7.6 software.
The cell cycle stages of PECs were defined as G1, S, and G2,
which were identified as described by Zhang et al [15].
Determination of the effects of ZEA on the Wnt
signaling pathway, and on relative mRNA expression of
Wnt pathway related genes
At the end of the 24-h ZEA treatment described above, the
PECs were obtained (as described above). Total RNA was
extracted from the cells using RNAiso Plus (Applied TaKaRa,
Dalian, China) according to the manufacturer’s instructions.
The purity and concentration of the RNA were determined
using an Eppendorf Biophotometer (DS-11, Denovix, Wilmington, DE, USA) at an absorbance ratio of 260/280 nm.
Total RNA was reverse transcribed to cDNA using a Re-

Song et al (2021) Anim Biosci 34:993-1005

verse Transcription System Kit (PrimeScript RT Master
Mix, RR036A, Applied TaKaRa, China), and the resultant
cDNA was divided into two subsamples. cDNA was stored
at –20°C until it was used for transcriptome sequencing
and real-time quantitative polymerase chain reaction (RTqPCR) quantification.
One cDNA subsample was sequenced at Novogene Co.
(Beijing, China) using the Illumina Hiseq 2000 sequencing
system (San Diego, CA, USA), and the data obtained were
aligned to the reference genome using HISAT2 software, with
the image data converted into reads by CASAVA base recognition. Based on the positional information of the gene on
the reference genome, the number of reads covered by each
of the entire genes was counted, which was then used to quantify the amount of gene expression using ‘featureCounts’ in
the Subread software.
The other subsample of cDNA was used for RT-qPCR
quantification. The reaction mixture contained 10 μL SYBR,
0.4 μL Dye II, 1.9 μL forward and reverse primers, 6 μL nuclease-free water, and 2 μL cDNA. The nucleotide sequences
of all genes investigated in the GD region were obtained from
the Gene Bank database (https://www.ncbi.nlm.nih.gov/).
All primers were designed by Sangon Biological Engineering
Technology and Services Co. Ltd. (Shanghai, China) and synthesized by the Beijing Genomics Institute (BGI, Beijing,
China). The primer sequences and product lengths are presented in Table 1. The optimized RT-qPCR protocol included
an initial denaturation step at 95°C for 30 s, followed by 43
cycles at 95°C for 5 s, 60°C for 34 s, 95°C for 15 s, 60°C for
60 s, and 95°C for 15 s. The qRT-PCR reaction was conducted
in a Light Cycler 96 (LC96, Roche, Germany).
Determination of the effect of ZEA on β-catenin
distribution in PECs
The PECs were first seeded on microslides, which were
then subjected to ZEA treatments as described above, and
subsequently fixed with 4% paraformaldehyde for 1 h and
Table 1. Primer sequences of target genes
Target
genes
GAPDH
WNT1
β-catenin
GSK-3β
CCND1

Primer sequence (5’-3’)
F: ATGGTGAAGGTCGGAGTGAA
R: CGTGGGTGGAATCATACTGG
F: GGAACCGCCGCTGGAATTGTC
R: CGCCGCCTATAGTCGCATGTG
F: GACCATGCCATGATTGGACCTGAG
R: GCCTGTCAACCTTCTCGCTGTC
F: CAGAGACAAGGATGGCAGCAAGG
R: TGGCAACCAGTTCTCCTGAATCAC
F: CCTGTCCTACCACCGCCTGAC
R: ACCTCCTCCTCTTCCTCCTCCTC

Product
size (bp)
154
181
166
164
174

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSK-3β, glycogen
synthaes kinase 3β; CCND1, cyclin D1.

permeabilized with Triton X-100 (0.5%) for 10 min at room
temperature. The resultant cells were processed using the
following steps: washing with PBS three times for 5 min
each, blocking with 10% FBS for 1 h, incubating with antiβ-catenin (1:100, sc-7199, Santa Cruz Biotechnology, Shanghai,
China) at 4°C overnight, washing with PBS three times,
mixing with diluted Alexa Fluor 555-labeled donkey antirabbit immunoglobulin G (lgG) (1:500, A0453, Beyotime,
China) at 37°C in the dark for 1 h, and washing with PBS.
The processed cells were subsequently treated with the appropriate Hoechst 33342 nucleic acid stain (C1022, Beyotime,
China), mixed for 5 min, and then washed with PBS. The
processed samples were examined under a confocal microscope (FLUOVIEW FV3000, Olympus, Tokyo, Japan).
Determination of the effects of ZEA on protein
expression of WNT1, β-catenin, GSK-3β, and CCND1
After 24 h incubation with ZEA, 500 μL of 0.25% trypsin
was added to the culture, and the culture was centrifuged
at 1,200×g for 5 min. The resultant pellet was rinsed with 2
mL PBS and centrifuged again (1,200×g, 5 min), which was
subsequently extracted with lysate containing phenylmethanesulfonyl fluoride (1 mmol/L, Beyotime, China) according
to the manufacturer’s protocol. The extract was first analyzed for total protein content using a BCA protein assay
kit (Beyotime, China), and was then subjected to western
blotting to determine the protein expression of relevant
mRNAs as described below. Each sample containing 60 μg
of protein was loaded on polyacrylamide gels and subjected
to electrophoresis for 1.5 h. The separated bands were then
transferred to immobilon-p transfer membranes (Solarbio,
Beijing, China), which were first blocked in 10% skimmed
milk powder for 2 h, washed with Tris buffered saline Tween
(TBST, pH 7.6) three times, and then incubated with monoclonal mouse antibody β-actin (1:5,000, ab8226, Abcam,
Cambridge, UK), monoclonal mouse antibody WNT1
(1:200, ab105740, Abcam, UK), polyclonal rabbit antibody
β-catenin (1:5,000, ab6302, Abcam, UK), monoclonal mouse
antibody GSK-3β (1:1,000, ab93926, Abcam, UK), and
monoclonal rabbit antibody CCND1 (1:100, ab40754, Abcam,
UK) overnight at 4°C. After incubation, the membrane was
washed with TBST three times for 5 min each, and further
incubated with anti-rabbit lgG (1:5,000, ab6721, Abcam,
UK) and anti-mouse lgG (1:5,000, ab6728, Abcam, UK) in
diluted secondary antibody dilution buffer (Beyotime, China) at room temperature for 2 h, followed by washing with
TBST (three times for 5 min each). The resultant membrane was then immersed in a high-sensitivity luminescence
reagent (BeyoECL Plus, Beyotime, China) and exposed to
film using FusionCapt Advance FX7 (Beijing Oriental Science and Technology Development Co. Ltd., Beijing, China)
to determine the gray bands labeled by the target protein.
www.animbiosci.org
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BandScan 5.0 software was used to analyze the optical density values. Each band was repeated at least three times. The
relative expression of the target protein was target protein
(optical density value)/internal reference (optical density
value).
Statistical and analysis
All data were analyzed using the general linear model procedure of SAS 9.2 (SAS Institute Inc., Cary, NC, USA). Analysis
of variance was performed by one-way analysis. Orthogonal
polynomial contrasts were used to determine linear responses

to the ZEA treatments. Significant differences among treatments were further analyzed using Tukey’s HSD test. All
statements of significance were based on a probability of
p<0.05.

RESULTS
Effects of ZEA on the cell cycle distribution of PECs
Cell cycle analysis by flow cytometry showed that, compared
with the control treatment, incubating PECs with ZEA at a
concentration of 80 μmol/L significantly increased (p<0.05)

Figure 1. Effect of zearalenone (ZEA) on the cell cycle of porcine endometrial epithelial cells (PECs) exposed to ZEA at 0 (Control), 5 (ZEA5), 20
(ZEA20), and 80 (ZEA80) μmol/L for 24 h. Cell cycle of PECs determined by flow cytometer after propidium iodide (PI). a-c Values within a column
with the different letters mean significantly different (p<0.05). The p-values of treatment and linear were obtained from one-way analysis of variance and orthogonal polynomial contrasts, respectively. All experiments were repeated three times.
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the proportion of cells in G1 phase, but decreased (p<0.05)
the proportions of cells in the S and G2 phases (Figure 1). A
decrease in the proportion of cells in S and G2 phases was
also observed at a ZEA concentration of 20 μmol/L.
Effects of ZEA on the Wnt signaling pathway and on
relative mRNA expression of Wnt pathway-related
genes
Thirty-six Wnt pathway-related genes were screened by RNAseq (Figure 2B). Compared with the control treatment, treating
PECs with treatments ZEA20 and ZEA80 altered expression
of 25 and 34 genes of the 36 identified genes, respectively.
Further analysis showed that 15 and 19 genes were upregulated (p<0.05) and 10 and 15 genes were downregulated (p<
0.05) by ZEA20 and ZEA80 treatments, respectively (Figure
2A). In contrast, compared with the control treatment, only
one gene was downregulated by the ZEA5 treatment.
Eight genes were selected for quantitative analysis in relation to the ZEA treatments (Figure 3). The expression of
Frizzled 6 (FZD6), AXIN1, adenomatous polyposis coli (APC),
Axam, TCF25, low density lipoprotein receptor related protein 6 (LRP6), and tumor protein 53 (TP53) increased linearly

(p<0.05) with increased ZEA concentrations. However, expression of Wnt inhibitory factor 1 (WIF1) decreased linearly
(p<0.05) with increasing ZEA concentrations. The mRNA
expression of FAD6, APC, Axam, and TP53 in the ZEA20
and ZEA80 treatments, and the mRNA expression of AXIN1,
LRP6, and TCF25 in the ZEA80 treatment were higher (p<
0.05) than those in the control treatment, but the mRNA expression of WIF1 in the ZEA80 treatment was lower (p<0.05)
than that in the control treatment.
Effects of ZEA on relative mRNA expression of other
pathway-related genes
RNA-seq results indicate that the mRNA expression of estrogen-related genes, including extracellular signal-regulated
kinase 1 (ERK1), SOS Ras/Rac guanine nucleotide exchange
factor 1 (SOS1), Ras, MAPK-related genes, including TGFbeta activated kinase (TAK) and c-Jun N-terminal kinase
(JNK), and TGF-related genes, including SMAD family member 4 (SMAD4), increased linearly with increasing ZEA
concentrations (p<0.05). However, mRNA expression of
genetic stability genes such as X-ray repair cross complementing 3 (XRCC3), ubiquitin specific peptidase 1 (USP1),

Figure 2. Screening analysis of mRNA on Wnt/β-catenin signaling pathway relative genes of the porcine endometrial epithelial cells (PECs) exposed
to ZEA at 0 (Control), 5 (ZEA5), 20 (ZEA20), and 80 (ZEA80) μmol/L for 24 h. (A) Relative mRNA expression analysis by scatter plot and histogram.
The red spots indicate up-regulated genes, and the blue spots indicate down-regulated genes. The histogram detailed analysis on the up or down
regulated genes. Up-sig, significantly up-regulated (p<0.05). Down-sig, significantly down-regulated (p<0.05). (B) Hierarchical clustering analysis
(heatmap) for genes using Pearson’s correlation. The p-values of treatment and linear were obtained from one-way analysis of variance and orthogonal polynomial contrasts, respectively.
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Figure 3. The mRNA expression of Wnt/β-catenin signaling pathway related genes in porcine endometrial epithelial cells (PECs) exposed to ZEA
at 0 (Control), 5 (ZEA5), 20 (ZEA20), and 80 (ZEA80) μmol/L for 24 h by RNA-seq. WIF1, Wnt inhibitory factor 1; FZD6, Frizzled 6, AXIN1, Axin1;
APC, adenomatous polyposis coli; LRP6, low density lipoprotein receptor related protein 6, TCF25, transforming growth factors 25; TP53, tumor
protein 53. a-c Values with a column with the different letters mean significantly different (p<0.05). The p-values of treatment and linear were obtained
from one-way analysis of variance and orthogonal polynomial contrasts, respectively. All experiments were repeated 3 times.

and replication protein A2 (RPA2) decreased linearly (p<
0.05) with increasing ZEA concentrations (Figure 4). The
mRNA expression levels of SOS1, TAK, JNK, and SMAD4
in the ZEA20 and ZEA80 treatments, and mRNA expression levels of ERK1 and RAS in the ZEA80 treatment were
higher (p<0.05) than those in other treatments. The mRNA
expression levels of XRCC3 in the ZEA20 and ZEA80 treatments, and of USP1 and RPA2 in the ZEA80 treatment,
were lower (p<0.05) than those in the control treatment.
Comparative analysis of relative mRNA expression by
RNA-seq and qRT-PCR after ZEA exposure
In order to verify the accuracy of RNA-seq, WNT1, β-catenin,
GSK-3β, and CCND1 were selected for analysis by qRT-PCR
(Table 2). The relative mRNA expression levels of WNT1,
β-catenin, and GSK-3β in the PECs by qRT-PCR and RNAseq analysis all increased linearly (p<0.05) with increasing ZEA
concentrations, but the mRNA expression levels of CCND1
decreased linearly (p<0.05) with increasing ZEA concentrations. The mRNA expression levels of WNT1, β-catenin, and
GSK-3β in the ZEA80 treatment were higher (p<0.05) than
those in the control and ZEA5 treatments, and mRNA expression levels of CCND1 in the ZEA80 treatment was lower
(p<0.05) than that in the control and ZEA5 treatments in both
qRT-PCR and RNA-seq analyses.
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Effects of ZEA on the immunofluorescence localization
of β-catenin in PEGs
The immunofluorescence result of β-catenin is shown in
Figure 5. In the control treatment, β-catenin was mainly
distributed in the cell membrane, with a small amount distributed in the cytoplasm. As the ZEA concentration increased,
β-catenin aggregated around the nucleus, and the immunopositivity in the cytoplasm was enhanced. The immunoreactive
substance of β-catenin was the strongest around the nucleus
and it showed signs of entering the nucleus in the ZEA80
treatment.
Effects of ZEA treatment on expression of WNT1,
β-catenin, GSK-3β, and CCND1 proteins
Western blot analysis revealed positive bands of appropriate
sizes for WNT1, β-catenin, GSK-3β, CCND1, and β-actin
genes (Figure 6). The antibodies were detected as single bands
at 41, 94, 37, 33, and 42 kDa for the respective genes. The
relative protein expression of WNT1, β-catenin, and GSK3β in the PECs increased linearly (p<0.05) with increasing
concentrations of ZEA. However, the protein expression of
CCND1 decreased linearly (p<0.05) as the ZEA concentration increased. In general, the protein expressions of WNT1,
β-catenin, and GSK-3β increased with increasing ZEA concentrations, and were ranked in the following order: ZEA80>
ZEA20>ZEA5>control (p<0.05). The protein expression of

Song et al (2021) Anim Biosci 34:993-1005

Figure 4. The mRNA expression of other related pathway genes in porcine endometrial epithelial cells (PECs) exposed to ZEA at 0 (Control), 5
(ZEA5), 20 (ZEA20), and 80 (ZEA80) μmol/L for 24 h by RNA-seq. (A) Estrogen signaling pathway related genes. (B) MAPK and TGF signaling
pathway related genes. (C) Genetic stability related genes. ERK1, extracellular signal-regulated kinase 1; SOS1, SOS Ras/Rac guanine nucleotide
exchange factor 1; JNK, c-Jun N-terminal kinase; TAK, TGF-beta activated kinase; SMAD4, SMAD family member 4; XRCC3, X-ray repair cross
complementing 3; USP1, ubiquitin specific peptidase 1; RPA2, replication protein A2. a-c Values with a column with the different letters mean significantly different (p<0.05). The p-values of treatment and linear were obtained from one-way analysis of variance and orthogonal polynomial contrasts, respectively. All experiments were repeated 3 times.

CCND1 decreased with increasing ZEA concentrations, in
the following order: control>ZEA5>ZEA20>ZEA80 (p<0.05).

DISCUSSION

Effect of ZEA on the Wnt signaling pathway and related
genes of PECs
The observation that ZEA promotes the expression of the
Wnt/β-catenin signaling pathway and related genes of PECs
in vitro in the current study is consistent with the results of
www.animbiosci.org
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Table 2. Effect of zearalenone on the relative mRNA expression of Wnt1, β-catenin, glycogen synthaes kinase 3β (GSK-3β) and cyclin D1 (CCND1)
in the porcine endometrial epithelial cells
WNT1

Items

RNA-seq
1)

Control
ZEA51)
ZEA201)
ZEA801)
SEM
p-values

d

Treatment
Linear

1.00
2.46c
2.90b
3.11a
0.249
< 0.001
< 0.001

β-catenin

qRT-PCR
b

1.00
1.04b
2.32a
2.89a
0.194
< 0.001
< 0.001

RNA-seq
d

1.00
1.18c
1.27b
1.34a
0.039
< 0.001
< 0.001

GSK-3β

qRT-PCR
c

1.00
1.08bc
1.26ab
1.34a
0.037
< 0.001
< 0.001

RNA-seq
c

1.00
1.06bc
1.14b
1.46a
0.055
< 0.001
< 0.001

CCND1

qRT-PCR
c

1.00
1.08bc
1.22b
1.54a
0.049
< 0.001
< 0.001

RNA-seq
a

1.00
0.98a
0.82b
0.44c
0.068
< 0.001
< 0.001

qRT-PCR
1.00a
0.78b
0.68bc
0.59c
0.047
< 0.001
< 0.001

GSK-3β, glycogen synthaes kinase 3β; CCND1, cyclin D1; qRT-PCR, real-time quantitative polymerase chain reaction; SEM, standard error of the mean.
1)
Control, ZEA5, ZEA20 and ZEA80 were porcine endometrial epithelial cells (PECs) exposed to ZEA at 0, 5, 20 and 80 μmol/L for 24 h.
a-d
Values within a column with the different letters mean significantly different (p < 0.05). The p-values of treatment and linear were obtained from one-way
analysis of variance and orthogonal polynomial contrasts, respectively.

Yang et al [16]. The Wnt/β-catenin signaling pathway participates in various biological processes, and its hyperactivation
is closely related to cancer development and progression. It
has already been shown that the Wnt/β-catenin signaling

pathway is involved in many cellular functions that are essential for normal organ development, such as cell proliferation,
survival, and self-renewal. It was reported that, in the absence
of Wnt signal stimulation, the proto-oncoprotein β-catenin

Figure 5. Immunostaining of β-catenin of porcine endometrial epithelial cells (PECs) exposed to ZEA at 0 (Control), 5 (ZEA5), 20 (ZEA20), and 80
(ZEA80) μmol/L for 24 h, and stained by indirect immunofluorescence and observed under a light microscope (40×).
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Figure 6. Western blot analysis of Wnt1, β-catenin, glycogen synthaes kinase 3β (GSK-3β), Cyclin D1 (CCND1) of the porcine endometrial epithelial
cells (PECs) exposed to ZEA at 0 (Control), 5 (ZEA5), 20 (ZEA20), and 80 (ZEA80) μmol/L for 24 h. a-d Values within a column with the different letters mean significantly different (p<0.05). The p-values of treatment and linear were obtained from one-way analysis of variance and orthogonal
polynomial contrasts, respectively. All experiments were repeated at least three times.

is bound by a multiprotein complex consisting of the protein APC, Axin, and GSK-3β. In this complex, β-catenin is
phosphorylated and is therefore marked for ubiquitination
via β-transducin repeat containing protein and subsequent
proteasomal degradation [17]. In cells with an active pathway, the complex is destabilized; β-catenin is no longer bound
and accumulates in the cytoplasm and then translocates into
the nucleus. In the nucleus, β-catenin binds to the lymphoid
enhancer factor/T-cell factor to initiate the transcription of
target genes that promote the proliferation, migration, and
invasion of cancer cells [18]. Our present study indicated
that ZEA altered the mRNA expression of WNT1, β-catenin,
GSK-3β, and CCND1 involved in the Wnt signaling pathway. Moreover, more significant changes in gene expression
occurred as the ZEA concentration increased. This suggests
that ZEA may activate the Wnt signaling pathway by alter-

ing the expression of genes involved in the Wnt signaling
pathway, thereby promoting cell proliferation. WNT1 is the
initiating factor of the canonical Wnt/β-catenin signaling
pathway and is highly expressed in many malignant tumors.
One of the most important functions of WNT1 is to inhibit
cell apoptosis by increasing the invasiveness of cells and
promoting the growth of blood vessels, thereby participating in tumor formation. It was reported that β-catenin is
the key effector of the Wnt signaling pathway [19], and is
also an essential factor that transmits signals to the nucleus,
initiates transcription of Wnt-specific genes, and determines
the specificity of various cells and tissues [20]. Immunofluorescence results showed that β-catenin gradually moved
from the cell membrane and cytoplasm to the nucleus with
increases in ZEA concentration, and showed signs of entering the nucleus, which proves that the Wnt pathway was
www.animbiosci.org
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indeed activated. Therefore, ZEA induced the high expression of WNT1, which led to the accumulation of β-catenin
in the cytoplasm and finally into the nucleus, activated Wnt/
β-catenin pathway, and eventually led to cell proliferation.
A large number of studies have shown that GSK-3β acts
as the key negative regulator of the Wnt/β-catenin signaling
pathway [18,21]. Studies have shown that the Wnt pathway
can be activated by inhibiting the activity of GSK-3β [19].
Moreover, some Wnt agonists have been shown to target
GSK-3β, but the exact binding sites are not fully clear. The
results that mRNA and protein expression levels of GSK-3β
increased linearly with increasing concentrations of ZEA
in this study were contrary to the results of a previous study
[22], but were consistent with findings of Yang et al [16]
who showed that the expression of GSK-3β increased with
increasing concentrations of ZEA in the ovaries. Li et al [23]
reported that the overexpression of GSK-3β promoted the
overexpression of WISP-1, which in turn inhibited Caspase-3
expression and led to attenuated tumor cell apoptosis and
promoted tumor development. Therefore, the overexpression
of GSK-3β may be an important reason for cell proliferation
when Wnt pathway is activated However, the mechanism
by which GSK-3β regulates the Wnt pathway in PECs needs
to be validated using an inhibitor test.
It has been reported that CCND1 is an important target
gene in the Wnt signaling pathway, and its abnormal expression is correlated with activation of the pathway [24]. CCND1
is one of the main regulators of the G1 to S phase transition
during the proliferative stage of the cell cycle. The observation that expression of CCND1 decreased with increasing
ZEA concentrations corresponds with the results that incubation with ZEA caused cell cycle arrest in the G1 phase in
this study. Previous study has shown that GSK-3β negatively
regulated CCND1 through enhancing proteasomal degradation of CCND1 by phosphorylating its Thr286 and inhibiting
CCND1 gene transcription by increasing degradation of
β-catenin [25]. These results suggest that ZEA promoted
high expression of GSK-3β, which suppressed the expression of CCND1, thereby disrupting the cell cycle. However,
cell cycle arrest often leads to apoptosis. But the result of
this study showed that 5 to 80 μmol/L ZEA activated the
Wnt pathway while causing cell cycle arrest. Which indicated
that ZEA could promote proliferation and development of
PECs by activating or overexpressing Wnt signaling pathway, and might cause cell apoptosis. Therefore, ZEA has a
more complex mechanism for cell reproductive toxicity,
which need to further study.
Effect of ZEA on other signaling pathways and related
genes of PECs
Studies have reported that a low dose of ZEA could exert estrogen-like effects and exhibit carcinogenic properties, which
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stimulate the proliferation of cells [26]. Estrogen receptors
can activate cell signaling pathways, and ERK1/2 mediates
the estrogen-like signal for cell proliferation, a mechanism
by which estrogen regulates biological processes [27]. The
mRNA expression of ERK1 after ZEA treatment (20 and 80
μmol/L) was significantly higher than that in the control treatment in the present study. Moreover, the mRNA expression
of the upstream genes of ERK1, such as SOS1 and RAS, was
significantly upregulated in the ZEA treatments, especially
in the ZEA80 treatment. The MAPK signaling pathway is
closely linked to the estrogen pathway and plays an important role in promoting cell growth and cancer development
[28]. The mRNA expression of MAPK pathway-related genes
TAK and JNK increased significantly with increasing ZEA
concentrations. The results indicate that ZEA was able to alter
the expression of genes involved in growth and development,
which may promote cell proliferation. Research has also shown
that ZEA can cause DNA damage and induce chromosome
aberrations, which might be an important mechanism for
inducing cancer [26]. However, the cell cycle checkpoint can
block or delay cell cycle progression to repair the damaged
DNA or regulate cell apoptosis in situations of DNA damage,
mutations, or other abnormal conditions [29]. The observation that the mRNA expression levels of XRCC3, USP1, and
RPA2 were significantly reduced with increasing ZEA concentrations, however, the effects of ZEA on cell migration,
mitochondrial metabolism, cell differentiation inhibition
and DNA repair related genes need to be further confirmed.
Liu et al [30] also reported similar results. This also was consistent with the result that ZEA, at concentrations of 20 and
80 μmol/L, caused a significant reduction in the proportion
of cells in the S phase of the cell cycle, leading to G1/G0 arrest. Liu et al [30] demonstrated that ZEA could impair the
genomic stability of swine follicular granulosa cells. Based
on this information, it was suggested that ZEA could disrupt
the cell cycle of PECs by damaging DNA, which might lead
to cancer and promote cell proliferation. Therefore, ZEA
promotes proliferation of PECs, possibly through estrogenlike effects and carcinogenesis, but the molecular mechanisms
behind this need further study.
Proposed model of Wnt/β-catenin pathways in
response to ZEA exposure in PECs
Based on the information obtained above, a model that the
ZEA on the Wnt/β-catenin centered regulatory network of
PCEs was proposed (Figure 7). When PCEs were exposed to
ZEA, extracellular Wnt was stimulated. The trimers of GSK3β, Axin, and APC were unstable, which induced β-catenin
to escape from ubiquitin hydrolysis system and accumulate
in the cytoplasm. Meanwhile, MAPK pathway was activated
by estrogen receptor pathway, which promoted the transfer
of β-catenin from cytoplasm to the nucleus. Eventually, the
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Figure 7. The signal pathways map of Wnt/β-catenin. Arrows indicate activation/induction, blunt ended lines indicate inhibition/blockade. Solid
arrows indicate direct action, dotted arrows indicate indirect action.

nuclear TGF pathway activated by ZEA strengthened the
binding of β-catenin to TCF/LEF family transcription factors in the nucleus and initiated downstream transcription.

CONCLUSION
In summary, ZEA can promote the growth and development of PECs by altering the expression of the Wnt/β-catenin
signaling pathway and related genes. The accumulation of
β-catenin in the nucleus and the expression of WNT1 indicate that ZEA activates the Wnt signaling pathway. However,
the increase in expression levels of GSK-3β and the decrease
in expression levels of CCND1 in the PECs indicated a more
complex relationship among the pathways. Therefore, further
studies are needed to explore the underlying mechanisms
using gene blocking tests.

CONFLICT OF INTEREST
We certify that there is no conflict of interest with any financial
organization regarding the material discussed in the manuscript.

ACKNOWLEDGMENTS
This research was financed in part by Natural Science Foundation of Shandong Province (Project No. ZR2019MC038),

Major Innovative Projects in Shandong Province of Research
and application of environment-friendly feed and the critical
technologies for pigs and poultry without antibiotic (2019
JZZY020609), Agriculture Research System in Shandong
Province (SDAIT-08-04) and Founds of Shandong “Double
Tops”. At the same time, authors have special thanks to Dr.
Zhang Kang and Professor Su Feng for their help during the
experiment. We would like to thank Editage (www.editage.cn)
for English Language editing.

REFERENCES
1. Othmen ZOB, Golli EE, Abid-Essefi S, Bacha H. Cytotoxicity
effects induced by Zearalenone metabolites, α Zearalenol
and β Zearalenol, on cultured Vero cells. Toxicology 2008;
252:72-7. https://doi.org/10.1016/j.tox.2008.07.065
2. Rogowska A, Pomastowski P, Rafińska K, et al. A study of
zearalenone biosorption and metabolisation by prokaryotic
and eukaryotic cells. Toxicon 2019;169:81-90. https://doi.
org/10.1016/j.toxicon.2019.09.008
3. Maragos C. Zearalenone occurrence and human exposure.
World Mycotoxin J 2010;3:369-83. https://doi.org/10.3920/
WMJ2010.1240
4. Heneweer M, Houtman R, Poortman J, Groot M, Maliepaard
C, Peijnenburg A. Estrogenic effects in the immature rat
uterus after dietary exposure to ethinylestradiol and zearalen
one using a systems biology approach. Toxicol Sci 2007;99:
www.animbiosci.org

1003

Song et al (2021) Anim Biosci 34:993-1005

303-14. https://doi.org/10.1093/toxsci/kfm151
5. Jiang SZ, Yang ZB, Yang WR, et al. Effects of purified zearalen
one on growth performance, organ size, serum metabolites,
and oxidative stress in postweaning gilts. J Anim Sci 2011;89:
3008-15. https://doi.org/10.2527/jas.2010-3658
6. Jiang SZ, Yang ZB, Yang WR, et al. Effect of purified zearalen
one with or without modified montmorillonite on nutrient
availability, genital organs and serum hormones in postweaning piglets. Livest Sci 2012;144:110-8. https://doi.org/10.
1016/j.livsci.2011.11.004
7. Etienne M, Jemmali M. Effects of zearalenone (F2) on estrous
activity and reproduction in gilts. J Anim Sci 1982;55:1-10.
https://doi.org/10.2527/jas1982.5511
8. Chen XX, Yang CW, Huang LB, Niu QS, Jiang SZ, Chi F. Zea
ralenone altered the serum hormones, morphologic and
apoptotic measurements of genital organs in post-weaning
gilts. Asian-Australas J Anim Sci 2015;28:171-9. https://doi.
org/10.5713/ajas.14.0329
9. Zhou M, Yang LJ, Yang WR, et al. Effects of zearalenone on
the localization and expression of the growth hormone
receptor gene in the uteri of post-weaning piglets. AsianAustralas J Anim Sci 2018;31:32-9. https://doi.org/10.5713/
ajas.17.0526
10. Zhou M, Yang L, Chen Y, et al. Comparative study of stress
response, growth and development of uteri in post-weaning
gilts challenged with zearalenone and estradiol benzoate. J
Anim Physiol Anim Nutr 2019;103:1885-94. https://doi.org/
10.1111/jpn.13195
11. Duchartre Y, Kim YM, Kahn M. The Wnt signaling pathway
in cancer. Crit Rev Oncol Hematol 2016;99:141-9. https://
doi.org/10.1016/j.critrevonc.2015.12.005
12. Andl T, Reddy ST, Gaddapara T, Millar SE. Wnt signals are
required for the initiation of hair follicle development. Dev
Cell 2002;2:643-53. https://doi.org/10.1016/S1534-5807(02)
00167-3
13. Lee EY, Choi EJ, Kim JA, et al. Malva verticillata seed extracts
upregulate the wnt pathway in human dermal papilla cells.
Int J Cosmet Sci 2016;38:148-54. https://doi.org/10.1111/
ics.12268
14. Bai C, Zhang H, Zhang X, Yang W, Li X, Gao Y. MiR-15/16
mediate crosstalk between the MAPK and Wnt/β-catenin
pathways during hepatocyte differentiation from amniotic
epithelial cells. Biochim Biophys Acta Gene Regul Mech 2019;
1862:567-81. https://doi.org/10.1016/j.bbagrm.2019.02.003
15. Zhang K, Li H, Dong S, et al. Establishment and evaluation
of a PRRSV-sensitive porcine endometrial epithelial cell line
by transfecting SV40 large T antigen. BMC Vet Res 2019;15:
299. https://doi.org/10.1186/s12917-019-2051-1
16. Yang LJ, Zhou M, Huang LB, et al. Zearalenone-promoted
follicle growth through modulation of Wnt-1/β-catenin signal
ing pathway and expression of estrogen receptor genes in
ovaries of postweaning piglets. J Agric Food Chem 2018;66:
1004

www.animbiosci.org

7899-906. https://doi.org/10.1021/acs.jafc.8b02101
17. Vlad-Fiegen A, Langerak A, Eberth S, Müller O. The Wnt
pathway destabilizes adherens junctions and promotes cell
migration via β-catenin and its target gene cyclin D1. FEBS
Open Bio 2012;2:26-31. https://doi.org/10.1016/j.fob.2012.
02.004
18. Zeng X, Tamai K, Doble B, et al. A dual-kinase mechanism
for Wnt co-receptor phosphorylation and activation. Nature
2005;438:873-7. https://doi.org/10.1038/nature04185
19. Huang P, Yan R, Zhang X, Wang L, Ke X, Qu Y. Activating
Wnt/β-catenin signaling pathway for disease therapy: challenges
and opportunities. Pharmacol Ther 2019;196:79-90. https://
doi.org/10.1016/j.pharmthera.2018.11.008
20. Kumawat K, Koopmans T, Gosens R. β-catenin as a regulator
and therapeutic target for asthmatic airway remodeling. Expert
Opin Ther Targets 2014;18:1023-34. https://doi.org/10.1517/
14728222.2014.934813
21. Luna-Medina R, Cortes-Canteli M, Sanchez-Galiano S, et al.
NP031112, a thiadiazolidinone compound, prevents inflam
mation and neurodegeneration under excitotoxic conditions:
potential therapeutic role in brain disorders. J Neurosci 2007;
27:5766-76. https://doi.org/10.1523/JNEUROSCI.1004-07.
2007
22. Pazhohan A, Amidi F, Akbari-Asbagh F, et al. The Wnt/
β-catenin signaling in endometriosis, the expression of total
and active forms of β-catenin, total and inactive forms of
glycogen synthase kinase-3β, Wnt7a and Dickkopf-1. Eur J
Obstet Gynecol Reprod Biol 2018;220:1-5. https://doi.org/
10.1016/j.ejogrb.2017.10.025
23. Li J, He T, Yuan H. Expression of GSK-3β and E-cadherin in
endometrial cancer and its significance. Chongqing Med J
2019;48:288-92.
24. Koehler A, Schlupf J, Schneider M, Kraft B, Winter C, Kashef J.
Loss of Xenopus cadherin-11 leads to increased Wnt/β-catenin
signaling and up-regulation of target genes c-myc and cyclin
D1 in neural crest. Dev Biol 2013;383:132-45. https://doi.org/
10.1016/j.ydbio.2013.08.007
25. Ye X, Guo Y, Zhang Q, et al. βKlotho suppresses tumor growth
in hepatocellular carcinoma by regulating Akt/GSK-3β/cyclin
D1 signaling pathway. PLoS One 2013;8:e55615. https://doi.
org/10.1371/journal.pone.0055615
26. Zheng W, Wang B, Li X, et al. Zearalenone promotes cell
proliferation or causes cell death? Toxins 2018;10:184. https://
doi.org/10.3390/toxins10050184
27. Kunishige K, Kawate N, Inaba T, Tamada H. Exposure to zea
ralenone during early pregnancy causes estrogenic multitoxic
effects in mice. Reprod Sci 2017;24:421-7. https://doi.org/10.
1177/1933719116657194
28. De Luca A, Maiello MR, D'Alessio A, Pergameno M, Normanno
N. The RAS/RAF/MEK/ERK and the PI3K/AKT signalling
pathways: role in cancer pathogenesis and implications for
therapeutic approaches. Expert Opin Ther Targets 2012;16

Song et al (2021) Anim Biosci 34:993-1005

(Suppl 2):S17-27. https://doi.org/10.1517/14728222.2011.
639361
29. Jiang H, Luo S, Li H. Cdk5 activator-binding protein C53
regulates apoptosis induced by genotoxic stress via modulating
the G2/M DNA damage checkpoint. J Biol Chem 2005;280:

20651-9. https://doi.org/10.1074/jbc.M413431200
30. Liu XL, Wu RY, Sun XF, et al. Mycotoxin zearalenone exposure
impairs genomic stability of swine follicular granulosa cells
in vitro. Int J Biol Sci 2018;14:294-305. https://doi.org/10.
7150/ijbs.23898

www.animbiosci.org

1005

