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Abstract: The aim of this study was to explore the effect of zearalenone (ZEA) exposure on uterine
development in weaned gilts by quantitative proteome analysis with tandem mass spectrometry
tags (TMT). A total of 16 healthy weaned gilts were randomly divided into control (basal diet) and
ZEA3.0 treatments groups (basal diet supplemented with 3.0 mg/kg ZEA). Results showed that vulva
size and uterine development index were increased (p < 0.05), whereas serum follicle stimulation
hormone, luteinizing hormone and gonadotropin-releasing hormone were decreased in gilts fed the
ZEA diet (p < 0.05). ZEA, α-zearalenol (α-ZOL) and β-zearalenol (β-ZOL) were detected in the uteri
of gilts fed a 3.0 mg/kg ZEA diet (p < 0.05). The relative protein expression levels of creatine kinase
M-type (CKM), atriopeptidase (MME) and myeloperoxidase (MPO) were up-regulated (p < 0.05),
whereas aldehyde dehydrogenase 1 family member (ALDH1A2), secretogranin-1 (CHGB) and SURP
and G-patch domain containing 1 (SUGP1) were down-regulated (p < 0.05) in the ZEA3.0 group by
western blot, which indicated that the proteomics data were dependable. In addition, the functions of
differentially expressed proteins (DEPs) mainly involved the cellular process, biological regulation
and metabolic process in the biological process category. Some important signaling pathways were
changed in the ZEA3.0 group, such as extracellular matrix (ECM)-receptor interaction, focal adhesion
and the phosphoinositide 3-kinase–protein kinase B (PI3K-AKT) signaling pathway (p < 0.01). This
study sheds new light on the molecular mechanism of ZEA in the uterine development of gilts.

Keywords: zearalenone; uterine development; gilts; serum hormones; proteomic

Key Contribution: The results showed that ZEA changed the expression of genes in cellular process,
biological regulation and metabolic process by disturbing serum hormones and through the direct
effects of ZEA and its metabolites on uterine target organs, thus promoting the development of the
vulva and uterus.

1. Introduction

Zearalenone (ZEA) is a mycotoxin mainly produced by Fusarium fungi, extensively
exposed in corn, wheat and other grain crops [1]. Similar to natural estrogens in structure,
ZEA can bind to classical estrogen receptors (ERα and ERβ) and non-classical estrogen
receptors (GPER), which disrupts hormone balance and induces reproductive diseases [2,3].
Therefore, ZEA can lead to clinical diseases such as uterine hypertrophy, vulva swelling,
reproductive tract prolapses and infertility [4,5]. Moreover, ZEA has shown severe cyto-
toxicity, which can destroy mitochondrial structure and induce oxidative stress and cell
apoptosis via producing reactive oxygen species (ROS) [2,6,7]. Prepubertal gilts are espe-
cially sensitive to ZEA [8]. A study reported that 20 and 40 µg/kg body weight (BW) ZEA
could induce uterine swelling of prepubertal gilts [9]. Our previous studies showed that
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uterine size of gilts was increased under ZEA (more than 1 mg/kg) treatment [10,11]. In
addition, the relative mRNA and protein expressions of proliferating cell nuclear antigen
(PCNA), BCL-2 associated X protein (BAX), and B-cell lymphoma/leukemia-2 (BCL-2) were
up-regulated through the TGF-β1/Smad3 signaling pathway in uteri of gilts fed 1.5 mg/kg
of a ZEA-contaminated diet [12]. Changes of relative mRNA and protein expressions of
GSK-3 and Cyclin D1 of the Wnt/β-catenin signaling pathway in ZEA-treated porcine
endometrial epithelial cells were also observed [13]. However, the potential physiologi-
cal differences and certain molecular mechanisms of ZEA-induced uterine hypertrophy
are unclear.

The gene and mRNA levels did not absolutely reflect the physiological changes of
organisms due to pre- or post-transcriptional regulation [14]. Proteomics technologies are
powerful tools to evaluate the complex biological functions of organisms and analyze the
complete protein composition by post-transcription [15]. Quantitative proteome analysis
with tandem mass spectrometry tags (TMT) is accurate and stable, and is widely used to
identify changes in protein expression levels under physiological or pathological condi-
tions [16,17]. To date, many studies have revealed the molecular mechanisms of diverse
tissues or cells treated with ZEA based on proteomics technologies [7,18–20]. However, the
proteomic changes of uterine development in gilts fed with 3.0 mg/kg of ZEA have not
been reported.

The aim of our study was to identify the changes of global protein expression and
important signaling pathways through TMT proteomics technologies in uteri of gilts fed
with 3.0 mg/kg of ZEA. The serum hormone level and zearalenone and its metabolites’
content were also evaluated.

2. Results
2.1. Growth Performance

After 32 days of feeding, there was no significant difference in final BW, average
daily feed intake (ADFI), average daily gain (ADG), and feed/gain (F/G) between the two
groups (p > 0.05, Table 1).

Table 1. Effects of zearalenone (ZEA) on growth performance of weaned gilts 1.

Items Control ZEA3.0 p-Value

Initial body weight, kg 12.54 ± 0.38 12.36 ± 0.54 0.805
Final body weight, kg 28.44 ± 0.88 29.77 ± 0.90 0.309

Average daily feed intake, g 779.69 ± 16.93 821.19 ± 18.04 0.116
Average daily gain, g 496.88 ± 15.91 543.75 ± 16.83 0.062

Feed/gain 1.57 ± 0.02 1.52 ± 0.02 0.160
1 Treatments were basal diet supplemented with ZEA at the levels of 0 and 3.0 mg/kg, with analyzed ZEA
concentrations of 0 and 3.12 ± 0.13 mg/kg, respectively. Data are expressed as mean value ± standard error
(n = 8).

2.2. Vulva Size

The final vulva area, final area/initial area, and final area/final weight of gilts fed
with 3.0 mg/kg of ZEA diet were higher than those of gilts fed with control diet (p < 0.05,
Table 2).
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Table 2. Effects of zearalenone (ZEA) on vulva size of weaned gilts 1.

Items Control ZEA3.0 p-Value

Initial vulva area, cm2 0.76 ± 0.03 0.76 ± 0.05 0.972
Final vulva area, cm2 3.00 ± 0.08 10.69 ± 0.23 <0.001
Final area/initial area 4.00 ± 0.17 14.51 ± 0.94 <0.001

Final area/final weight, cm2/kg 0.11 ± 0.01 0.36 ± 0.02 <0.001
1 Treatments were basal diet supplemented with ZEA at the levels of 0 and 3.0 mg/kg, with analyzed ZEA
concentrations of 0 and 3.12 ± 0.13 mg/kg, respectively. Data are expressed as mean value ± standard error
(n = 8).

2.3. Serum Hormone

As shown in Table 3, there was no significant difference in serum estradiol and pro-
gesterone between the two groups (p > 0.05), whereas serum follicle stimulation hormone,
luteinizing hormone, and gonadotropin-releasing hormone of ZEA-treated gilts were lower
than those of control gilts (p < 0.05).

Table 3. Effects of zearalenone (ZEA) on serum hormones of weaned gilts 1.

Items Control ZEA3.0 p-Value

Estradiol, pmol/L 136.20 ± 4.00 127.85 ± 4.29 0.186
Progesterone, pmol/L 2035.47 ± 95.49 1850.92 ± 95.54 0.202

Follicle-stimulating hormone, U/L 10.64 ± 0.57 7.77 ± 0.40 0.004
Luteinizing hormone, pg/mL 368.99 ± 11.67 304.14 ± 14.78 0.006

Gonadotropin-releasing hormone, ng/L 20.22 ± 0.38 18.12 ± 0.45 0.006
1 Treatments were basal diet supplemented with ZEA at the levels of 0 and 3.0 mg/kg, with analyzed ZEA
concentrations of 0 and 3.12 ± 0.13 mg/kg, respectively. Data are expressed as mean value ± standard error
(n = 8).

2.4. Content of Zearalenone and Its Metabolites in the Uterus

As shown in Table 4, ZEA and its metabolites α-zearalenol (α-ZOL) and β-zearalenol
(β-ZOL) contents were not detected or were lower than the detection limit in the uteri of
gilts fed with control diet. However, ZEA, α-ZOL and β-ZOL were all detected in the uteri
of gilts fed with 3.0 mg/kg of ZEA diet, at levels higher than those of gilts fed with control
diet (p < 0.05).

Table 4. Effects of zearalenone (ZEA) on mycotoxins in the uteri of weaned gilts 1.

Items Control ZEA3.0 p-Value

ZEA, ng/g 0.00 ± 0.00 0.44 ± 0.01 <0.001
α-ZOL, ng/g 0.00 ± 0.00 0.94 ± 0.03 <0.001
β-ZOL, ng/g 0.00 ± 0.00 0.96 ± 0.03 <0.001

1 Treatments were basal diet supplemented with ZEA at the level of 0 and 3.0 mg/kg, with analyzed ZEA
concentrations of 0 and 3.12 ± 0.13 mg/kg, respectively. Data were expressed as mean value ± standard error
(n = 8).

2.5. Uterine Development Index

The uterine development results of weaned gilts were shown in Figure 1. Intuitively,
the lamina propria (the black straight lines, A1 and A3) and muscularis (the red straight
arrows, A1, A2, A3, and A4) in ZEA 3.0 group were thicker than those in the control group,
and the number of glands (G) was more than that in the control. Statistical analysis showed
that the thickness of lamina propria and myometrium and the number of uterus gland of
the ZEA 3.0 group were significantly increased (p < 0.05) compared with the control group
(B). Meanwhile, the uterine length (UL), uterine weight (UW), UW/UL and UW/final
weight of gilts in the ZEA 3.0 group were significantly increased compared with those in
the control group (p < 0.05, C).
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Figure 1. Effects of zearalenone (ZEA) on uterine development index of weaned gilts (n = 8). (A) 
Uterine development photomicrographs. (B) Thickness of lamina propria and myometrium, and 
number of uterine glands. (C) Uterine development index. The black straight lines indicate the thick-
ness of the lamina propria (LP). The red straight arrows indicate the thickness of the myometrium. 
The G and V are uterine gland and vessel, respectively. The 1:40 and 1:100 represent the view of 
uterine samples at 40 magnification and 100 magnification, respectively. Data are mean value ± standard 
deviation (n = 8). *** Means differ significantly (p < 0.001). 

2.6. Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and 
Differentially Expressed Proteins (DEPs) 

Proteomic analysis was performed to further explore the signaling pathway of uter-
ine hypertrophy caused by ZEA treatment. The results of SDS-PAGE showed that the 
sample bands were rich and clear in the control and ZEA3.0 treatment groups (Figure 2A). 
A total of 6730 proteins were identified via liquid chromatography–tandem mass spec-
trometry (LC-MS/MS) from the ZEA 3.0 and control groups (Table S1). Compared to the 
control group, there were 423 significant DEPs in the ZEA 3.0 group; the up-regulated and 
down-regulated DEPs numbered 291 and 132 in the ZEA 3.0 group, respectively (Figure 
2B, Table S2). To analyze the difference between these two groups, they are displayed in the 
form of a hierarchical clustering heat map (Figure 2C, Table S3). The red and green strips 
represent the up-regulated DEPs (FC > 1.2, p < 0.05) and down-regulated DEPs (FC < 0.83, 
p < 0.05), respectively. 

Figure 1. Effects of zearalenone (ZEA) on uterine development index of weaned gilts (n = 8).
(A) Uterine development photomicrographs. (B) Thickness of lamina propria and myometrium,
and number of uterine glands. (C) Uterine development index. The black straight lines indicate
the thickness of the lamina propria (LP). The red straight arrows indicate the thickness of the
myometrium. The G and V are uterine gland and vessel, respectively. The 1:40 and 1:100 represent
the view of uterine samples at 40 magnification and 100 magnification, respectively. Data are mean
value ± standard deviation (n = 8). *** Means differ significantly (p < 0.001).

2.6. Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and Differentially
Expressed Proteins (DEPs)

Proteomic analysis was performed to further explore the signaling pathway of uterine
hypertrophy caused by ZEA treatment. The results of SDS-PAGE showed that the sample
bands were rich and clear in the control and ZEA3.0 treatment groups (Figure 2A). A total
of 6730 proteins were identified via liquid chromatography–tandem mass spectrometry
(LC-MS/MS) from the ZEA 3.0 and control groups (Table S1). Compared to the control
group, there were 423 significant DEPs in the ZEA 3.0 group; the up-regulated and down-
regulated DEPs numbered 291 and 132 in the ZEA 3.0 group, respectively (Figure 2B,
Table S2). To analyze the difference between these two groups, they are displayed in the
form of a hierarchical clustering heat map (Figure 2C, Table S3). The red and green strips
represent the up-regulated DEPs (FC > 1.2, p < 0.05) and down-regulated DEPs (FC < 0.83,
p < 0.05), respectively.
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Figure 2. Differentially expressed proteins (DEPs). (A) The SDS-PAGE gel electrophoresis profile of 
uterine proteins in gilts. (B) The volcano map of DEPs. (C) Hierarchical cluster heatmap analysis of 
DEPs between control and ZEA3.0 treatment group. The red and green dots or strips represent up-
regulated and down-regulated DEPs, respectively. UC11, UC21, UC31, and UC41 represent uterine 
samples from the control group, and UT11, UT21, UT31, and UT41 represent uterine samples from 
the ZEA3.0 treatment group. 

The top 10 up-regulated and down-regulated proteins are shown in Table 5. The up-
regulated proteins in the ZEA 3.0 group were energy metabolism-related proteins such as 
Q5XLD3 (CKM), unique E3 ubiquitin ligase activity protein F1RLE9 (TRIM36), autophagy 
related protein A0A4X1UF72, neutral endopeptidase A0A287BPD6 (MME), and cell 
growth and motility proteins A0A5G2R354 (SAXO2), but the function of up-regulated 
protein A0A4X1THU1 was not clear. Compared with the control group, proteins related 
to cell proliferation and differentiation such as A0A480UJS2 and A0A480Q1D2 were up-
regulated in uteri of the ZEA 3.0 group, while tumor suppressor-related proteins 
A0A286ZLG5 (NBL1), A0A4X1V1P1 (GPC6), A0A4X1T3Y9, and A0A481D9A4 were 
down-regulated. The proteins A0A287AL41 (PACRG) and A0A287BK52 (SUGP1) in-
volved in gene expression regulation in the ZEA 3.0 group were up-regulated and down-
regulated, respectively. In addition, the cell structure protein A0A480PQZ4 was up-regu-
lated and A0A4X1TQZ8 (INA) was down-regulated in the ZEA 3.0 group compared with 
the control group. It is also worth noting that hormone secretion protein Q9GLG4 (CHGB), 
and apoptosis proteins such as A0A480UYE2, A0A5G2RN58 (ALDH1A2), and A5A8Y8 
(EGFL8) were all down-regulated in the ZEA 3.0 group compared with the control group. 

  

Figure 2. Differentially expressed proteins (DEPs). (A) The SDS-PAGE gel electrophoresis profile of
uterine proteins in gilts. (B) The volcano map of DEPs. (C) Hierarchical cluster heatmap analysis
of DEPs between control and ZEA3.0 treatment group. The red and green dots or strips represent
up-regulated and down-regulated DEPs, respectively. UC11, UC21, UC31, and UC41 represent
uterine samples from the control group, and UT11, UT21, UT31, and UT41 represent uterine samples
from the ZEA3.0 treatment group.

The top 10 up-regulated and down-regulated proteins are shown in Table 5. The up-
regulated proteins in the ZEA 3.0 group were energy metabolism-related proteins such as
Q5XLD3 (CKM), unique E3 ubiquitin ligase activity protein F1RLE9 (TRIM36), autophagy
related protein A0A4X1UF72, neutral endopeptidase A0A287BPD6 (MME), and cell growth
and motility proteins A0A5G2R354 (SAXO2), but the function of up-regulated protein
A0A4X1THU1 was not clear. Compared with the control group, proteins related to cell
proliferation and differentiation such as A0A480UJS2 and A0A480Q1D2 were up-regulated
in uteri of the ZEA 3.0 group, while tumor suppressor-related proteins A0A286ZLG5
(NBL1), A0A4X1V1P1 (GPC6), A0A4X1T3Y9, and A0A481D9A4 were down-regulated. The
proteins A0A287AL41 (PACRG) and A0A287BK52 (SUGP1) involved in gene expression
regulation in the ZEA 3.0 group were up-regulated and down-regulated, respectively. In
addition, the cell structure protein A0A480PQZ4 was up-regulated and A0A4X1TQZ8
(INA) was down-regulated in the ZEA 3.0 group compared with the control group. It
is also worth noting that hormone secretion protein Q9GLG4 (CHGB), and apoptosis
proteins such as A0A480UYE2, A0A5G2RN58 (ALDH1A2), and A5A8Y8 (EGFL8) were all
down-regulated in the ZEA 3.0 group compared with the control group.
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Table 5. The top 10 up-regulated and top 10 down-regulated DEPs in gilts of the control and ZEA3.0
treatment groups 1.

Accession Description FC p-Value

Q5XLD3 Creatine kinase M-type (CKM) 4.50 <0.001
F1RLE9 RING-type E3 ubiquitin transferase (TRIM36) 2.76 <0.001

A0A480UJS2 Laminin subunit alpha-5 isoform X1 2.54 0.002
A0A4X1UF72 Mitochondria-eating protein 2.53 0.020
A0A287AL41 Parkin coregulated (PACRG) 2.43 0.019
A0A287BPD6 Atriopeptidase (MME) 2.09 0.004
A0A5G2R354 Stabilizer of axonemal microtubules 2 (SAXO2) 2.09 0.003
A0A480PQZ4 Epiplakin isoform X1-like (Fragment) 2.08 0.001
A0A480Q1D2 Beta-parvin isoform X3 2.08 0.004
A0A4X1THU1 Uncharacterized protein 2.04 0.018
A0A286ZLG5 NBL1, DAN family BMP antagonist (NBL1) 0.53 0.011
A0A4X1V1P1 Uncharacterized protein (GPC6) 0.49 0.018

Q9GLG4 Secretogranin-1 (CHGB) 0.48 0.012
A0A5G2RN58 Aldehyde dehydrogenase 1 family member A2 (ALDH1A2) 0.45 0.033
A0A4X1T3Y9 ANK_REP_REGION domain-containing protein 0.45 0.016
A0A481D9A4 Olfactomedin-like protein 1 isoform X1 0.43 0.049

A5A8Y8 Epidermal growth factor-like protein 8 (EGFL8) 0.41 0.034
A0A480UYE2 Aminopeptidase 0.41 0.026
A0A4X1TQZ8 IF rod domain-containing protein (INA) 0.39 0.048
A0A287BK52 SURP and G-patch domain containing 1 (SUGP1) 0.32 0.017

1 Treatments were basal diet supplemented with ZEA at the levels of 0 and 3.0 mg/kg, with analyzed ZEA
concentrations of 0 and 3.12 ± 0.13 mg/kg, respectively. The proteomic dates of 20 DEPs are shown in Table S2.

2.7. Gene Ontology (GO) Function Annotation of DEPs

GO function annotation was performed based on biological process (BP), cellular
component (CC), and molecular function (MF) with DEPs in the control and ZEA 3.0
treatment groups (Figure 3, Table S4). In the BP category, the number of DEPs enriched
in the cellular process, biological regulation, and metabolic process was more than that of
the other 15 categories. The DEPs are only enriched in the cellular anatomical entity and
protein-containing complex in the CC category, and DEPs were mainly enriched in binding
and catalytic activity terms in the MF category.
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Figure 3. The GO function annotation analysis of differentially expressed proteins of uteri in gilts from 
the control and ZEA3.0 treatment group. The abscissa represent the GO secondary classification. 
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angiotensin system, amoebiasis, gap junction, proteoglycans in cancer, platelet activation, 
the relaxin signaling pathway, amyotrophic lateral sclerosis, the AGE-RAGE signaling 
pathway in diabetic complications, metabolism of xenobiotics by cytochrome P450, argi-
nine and proline metabolism, tyrosine metabolism, steroid hormone biosynthesis, meta-
bolic pathways, and chemical carcinogenesis, in order of significance from high to low. 

Figure 3. The GO function annotation analysis of differentially expressed proteins of uteri in gilts
from the control and ZEA3.0 treatment group. The abscissa represent the GO secondary classification.

2.8. Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment Analysis of DEPs

A total of 42 functional pathways were significantly enriched with DEPs in KEGG
pathway analysis (p < 0.05, Table S5). Figure 4 showed the top 18 functional pathways
with significant enrichment of DEPs (p < 0.01), which included ECM-receptor interaction,
protein digestion and absorption, focal adhesion, the PI3K-AKT signaling pathway, renin-
angiotensin system, amoebiasis, gap junction, proteoglycans in cancer, platelet activation,
the relaxin signaling pathway, amyotrophic lateral sclerosis, the AGE-RAGE signaling
pathway in diabetic complications, metabolism of xenobiotics by cytochrome P450, arginine
and proline metabolism, tyrosine metabolism, steroid hormone biosynthesis, metabolic
pathways, and chemical carcinogenesis, in order of significance from high to low.
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from the control and ZEA3.0 treatment groups. The abscissa from left to right indicate the enrich-
ment rate of the KEGG pathway from high to low. 

2.9. Verification of DEPs 
To validate the proteomics results, western blot was performed to evaluate the ex-

pression levels of six selected DEPs, and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was selected as the internal reference protein (Figure 5). Compared with the 
control group, the protein expressions of creatine kinase M-type (CKM), atriopeptidase 
(MME), and myeloperoxidase (MPO) in the uteri of gilts fed with 3.0 mg/kg of ZEA diet 
were increased (p < 0.05), whereas the expression levels of aldehyde dehydrogenase 1 fam-
ily member (ALDH1A2), secretogranin-1 (CHGB), and SURP and G-patch domain con-
taining 1 (SUGP1) were decreased (p < 0.05). The results of the six selected proteins are 
consistent with proteomics (Tables 6 and S2). 

Figure 4. The KEGG enrichment analysis of differentially expressed proteins (DEPs) of uteri in gilts
from the control and ZEA3.0 treatment groups. The abscissa from left to right indicate the enrichment
rate of the KEGG pathway from high to low.

2.9. Verification of DEPs

To validate the proteomics results, western blot was performed to evaluate the ex-
pression levels of six selected DEPs, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was selected as the internal reference protein (Figure 5). Compared with the
control group, the protein expressions of creatine kinase M-type (CKM), atriopeptidase
(MME), and myeloperoxidase (MPO) in the uteri of gilts fed with 3.0 mg/kg of ZEA diet
were increased (p < 0.05), whereas the expression levels of aldehyde dehydrogenase 1
family member (ALDH1A2), secretogranin-1 (CHGB), and SURP and G-patch domain
containing 1 (SUGP1) were decreased (p < 0.05). The results of the six selected proteins are
consistent with proteomics (Table 6 and Table S2).
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Figure 5. Western blot analysis of uterus proteins in gilts from the control and ZEA3.0 treatment 
groups (n = 3). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as the internal 
reference protein for western blot. CKM, creatine kinase M-type; MME, atriopeptidase; MPO, 
myeloperoxidase; ALDH1A2, aldehyde dehydrogenase 1 family member; CHGB, secretogranin-1; 
SUGP1, SURP and G-patch domain containing 1. * Means differ significantly (p < 0.05). 

Table 6. Proteomics data for selected DEPs of uterus proteomics in gilts from the control and ZEA3.0 
treatment groups 1. 
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CKM 1.00 ± 0.21 4.50 ± 0.42 4.50 <0.001 
MME 1.00 ± 0.19 2.09 ± 0.14 2.09 0.004 
MPO 1.00 ± 0.11 1.98 ± 0.33 1.98 0.029 

ALDH1A2 1.00 ± 0.14 0.46 ± 0.05 0.46 0.012 
CHGB 1.00 ± 0.20 0.45 ± 0.02 0.45 0.033 
SUGP1 1.00 ± 0.12 0.32 ± 0.17 0.32 0.017 

1 Treatments were basal diet supplemented with ZEA at the levels of 0 and 3.0 mg/kg, with analyzed 
ZEA concentrations of 0 and 3.12 ± 0.13 mg/kg, respectively. Data are expressed as mean value ± 
standard error (n = 4). CKM, creatine kinase M-type; MME, atriopeptidase; MPO, myeloperoxidase; 
ALDH1A2, aldehyde dehydrogenase 1 family member; CHGB, secretogranin-1; SUGP1, SURP and 
G-patch domain containing 1. The proteomic date of six DEPs are shown in Table S2. 

3. Discussion 
The effect of ZEA-contaminated diet on growth performance of pigs was incon-

sistent. Previous researchers reported that ZEA at doses of 5, 10, and 15 μg/kg BW in-
creased the BW of 14.5 kg gilts [21], and Jiang et al. [22] reported that 1 mg/kg of ZEA-

Figure 5. Western blot analysis of uterus proteins in gilts from the control and ZEA3.0 treatment
groups (n = 3). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as the internal
reference protein for western blot. CKM, creatine kinase M-type; MME, atriopeptidase; MPO,
myeloperoxidase; ALDH1A2, aldehyde dehydrogenase 1 family member; CHGB, secretogranin-1;
SUGP1, SURP and G-patch domain containing 1. * Means differ significantly (p < 0.05).

Table 6. Proteomics data for selected DEPs of uterus proteomics in gilts from the control and ZEA3.0
treatment groups 1.

Items Control ZEA3.0 FC p-Value

CKM 1.00 ± 0.21 4.50 ± 0.42 4.50 <0.001
MME 1.00 ± 0.19 2.09 ± 0.14 2.09 0.004
MPO 1.00 ± 0.11 1.98 ± 0.33 1.98 0.029

ALDH1A2 1.00 ± 0.14 0.46 ± 0.05 0.46 0.012
CHGB 1.00 ± 0.20 0.45 ± 0.02 0.45 0.033
SUGP1 1.00 ± 0.12 0.32 ± 0.17 0.32 0.017

1 Treatments were basal diet supplemented with ZEA at the levels of 0 and 3.0 mg/kg, with analyzed ZEA
concentrations of 0 and 3.12 ± 0.13 mg/kg, respectively. Data are expressed as mean value ± standard error
(n = 4). CKM, creatine kinase M-type; MME, atriopeptidase; MPO, myeloperoxidase; ALDH1A2, aldehyde
dehydrogenase 1 family member; CHGB, secretogranin-1; SUGP1, SURP and G-patch domain containing 1. The
proteomic date of six DEPs are shown in Table S2.

3. Discussion

The effect of ZEA-contaminated diet on growth performance of pigs was inconsistent.
Previous researchers reported that ZEA at doses of 5, 10, and 15 µg/kg BW increased the
BW of 14.5 kg gilts [21], and Jiang et al. [22] reported that 1 mg/kg of ZEA-contaminated
diet increased the ADG and ADFI of weaned gilts. The structure of ZEA is analogous to
17β-estradiol, and ZEA can bind to estrogen receptors to play the role of estrogen [2,23].
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Moreover, estrogen plays an important role in body growth and skeletal maturation [24,25],
and it could enhance the growth velocity of the pubertal body [26]. Therefore, weight
gain caused by ZEA may be related to the effect of estrogen. To the contrary, it was
reported that pigs fed with 0.2 to 0.8 mg/kg of ZEA had reduced ADG and gain/feed
(G/F), whereas they had increased ADFI [27]. Weaver et al. [28] showed increased ADFI
and decreased ADG of pigs were caused by deoxynivalenol (DON) (4.8 mg/kg) and ZEA
(0.3 mg/kg) co-contaminated diets. Both ZEA and DON decreased the growth performance
of pigs, which might be due to their interference with immune regulation, destruction
of intestinal barrier function and cell death [29]. The reasons of ADFI increase were not
clear. Wang et al. [27] suggested that feed palatability was not decreased with ZEA and
the increase of ADFI might compensate for reduction of digestible nutrients after pigs
were fed the ZEA-contaminated diet. In this study, no difference in ADFI, ADG and
F/G of 3.0 mg/kg ZEA diet was observed, and the results were consistent with those
of Jiang et al. [30] and Liu et al. [31]. In addition, ADG in the ZEA 3.0 group showed a
statistical trend compared with the control group. The increase of ADG may be due to the
synthetic effect of ZEA against toxicity. Meanwhile, the difference of growth performance
of pigs might be caused by the doses of ZEA, age, BW and so on.

Vulva development is related to estrogen in puberty [32]. A study by Stob et al. [4]
showed that ZEA could induce vulva swelling and reproductive tract prolapse.
Oliver et al. [33] reported increased vulva size without increased BW gain and in-
creased reproductive tract weight after pre-pubertal or pubertal gilts were fed 1.5 mg/g
of ZEA-contaminated diet. The vulva is a part of external extension of the reproductive
tract; the increased vulva size might be attributed to estrogen effect of ZEA promoting the
reproductive tract growth of gilts. ZEA at 1.04 mg/kg could increase vulva size and other
vulva indexes [34]. Vulva length, width and area were linearly increased after gilts fed
ZEA diet at levels of 0.2, 0.4 and 0.8 mg/kg [27]. Wu et al. [35] observed increased vulva
size of gilts fed 0.8 and 1.6 mg/kg ZEA-contaminated diet. Jiang et al. [30] reported that
the vulva size of 2 and 3.2 mg/kg ZEA groups was increased compared with 0 mg/kg
ZEA; this level of ZEA (3.2 mg/kg) was similar to our dose. In our study, the final vulva
area, final area/initial area and final area/final weight of gilts in the ZEA 3.0 group were
greater than those in the control group, which indicates that ZEA at 3.0 mg/kg showed a
significant estrogen effect. Therefore, the vulva size can be used as a clinical indicator of
gilts fed ZEA-contaminated diet.

The uterus was considered to be the target organ for ZEA toxicity; it may be more
susceptible to ZEA [1]. Chen et al. [10] showed that the uterine size of gilts increased linearly
with the increase of ZEA doses (0, 1.1, 2.0 and 3.2 mg/kg). Similarly, we found that uterine
indexes of gilts (UL, UW, UW/UL and UW/final weight) in the ZEA3.0 group were higher
than those in the control group. In addition, Zhou et al. [11] reported that the thickness
of lamina propria and myometrium and the number of uterus glands were increased
after gilts were fed the 1.0 mg/kg ZEA-contaminated diet or received intramuscular
injection estradiol at 0.75 mL (1.5 mg); these results were consistent with our studies.
Meanwhile, Song et al. [13] reported that ZEA could change GSK-3β and Cyclin D1 relative
mRNA and protein expressions via the Wnt/β-catenin signaling pathway in porcine
endometrial epithelial cells. Zhou et al. [18] found that the TGF-β1/Smad3 signaling
pathway was activated and PCNA, BAX and BCL-2 relative mRNA and protein expressions
were increased in uteri after gilts were fed ZEA-contaminated diet. These results indicated
that ZEA might play the role of estrogen to activate certain signaling pathways, thereby
inducing swelling the uterus in gilts. However, the molecular mechanism of ZEA-induced
uterine development remains unclear and needs further study.

Current studies have shown that ZEA and its metabolites are external steroid hor-
mones that could interfere with serum hormones levels [2]. He et al. [36] reported that
the content of follicle stimulating hormone was significantly reduced after ovariectomized
pigs were injected with ZEA at doses of 7.5 mg/kg BW. Compared with the control group,
2 mg/kg of ZEA could decrease the content of luteinizing hormone in pre-pubertal gilts [37].
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Moreover, studies by Su et al. [38] showed that 1 mg/kg of ZEA could reduce the contents of
follicle-stimulating hormone and luteinizing hormone in serum of gilts. These results were
consistent ours. Yang et al. [3] reported that ZEA could play an estrogenic role in inducing
the reproductive organs development and central precocious via hypothalamic kisspeptin-
GPR54 signaling, and reduced the content of gonadotropin-releasing hormone in immature
female rats. ZEA and α-ZOL could decrease the content of follicle stimulating hormone via
the GPR30 receptor of the pituitary in gilts [36]. These results indicated that ZEA might play
an estrogenic effect in the hypothalamo-pituitary-gonadal axis. In our study, the decreased
contents of follicle-stimulating hormone, luteinizing hormone and gonadotropin-releasing
hormone might be due to the feedback effect of hypothalamo-pituitary-gonadal axis. The
ZEA (0.2 mg/kg) could reduce the contents of gonadotropin and gonadotropin-releasing
hormone [39]. Previous study reported that 2 mg/kg of ZEA could decrease estradiol in
gilts compared with control gilts [37]. Jiang et al. [40] and Su et al. [38] reported that the
contents of estradiol and progesterone were reduced after gilts were fed 1 mg/kg of ZEA
contaminated diet. Productions of estradiol and progesterone were mainly carried out with
ovaries in puberty [41]. With the increase of ZEA (0.5, 1 and 1.5 mg/kg), the ovarian size
increased first and then decreased [42]. Wan et al. [43] observed the increased quantity of
atretic growing follicles, but a greater volume and quantity of healthy growing follicles in
the deep ovarian cortex with an increasing level of dietary ZEA (0, 0.15, 1.5 and 3.0 mg/kg).
The absence of a difference in estradiol and progesterone in this study might be attributed
to that the estradiol and progesterone secreted by healthy growing follicles in the deep
ovarian cortex could offset the insufficient secretion of atretic growing follicles. Therefore,
the effect of ZEA on serum hormone levels needs further study.

Previous studies reported that the α-ZOL and β-ZOL were the main metabolites of
ZEA in pigs [44,45]. Studies showed that ZEA, α-ZOL, and β-ZOL could be metabolized by
enterohepatic cycling and biliary excretion in the body, thereby entering the blood, tissues
and organs [46,47]. ZEA, α-ZOL, and β-ZOL were detected in serum after pre-pubertal
gilts were fed ZEA at doses of 5, 10 and 15 µg /kg BW for 21 and 42 days [48]. The contents
of ZEA, α-ZOL, and β-ZOL in serum of ZEA treatment pigs (doses at 0.15, 1.5 and 3 mg/kg)
were higher than those in control pigs [43]. Zöllner et al. [44] reported that ZEA and its
metabolites (α-ZOL and β-ZOL) were detected in urine, muscle tissue and liver of pigs
after feeding them mycotoxin-contaminated oats. ZEA and α-ZOL in the reproductive
tract, uterus, ovary and liver of swine fed 6 mg/kg of ZEA diet could be detected [49]. In
our study, ZEA, α-ZOL, and β-ZOL in uteri of gilts fed 3.0 mg/kg ZEA were higher those
in control gilts, and the results confirmed that the uterus was the target organ of ZEA.

There are very complex reasons that ZEA induces development of the uterus in
pre-pubertal or pubertal gilts when the expressions of diverse microRNAs, mRNAs, and
proteins change [12,13,50]. Revealing the mechanism underlines the changes in uterine
development induced by ZEA is crucial for elucidating the molecular mechanism of ZEA
and therefore eliminating the adverse effects of ZEA. In the past decade, more abnormal
physiological mechanisms and animal metabolism were revealed via MS-based proteomic
techniques [15,17], although research on ZEA-induced uterine development were rare.
Compared with the control group, 423 DEPs were identified by TMT-labeled quantitative
proteomics in the ZEA 3.0 group, of which 291 and 132 DEPs were up-regulated and down-
regulated, respectively. The confirmed up-regulated expression of CKM, MME, and MPO
and down-regulated expression of ALDH1A2, CHGB, and SUGP1 by western blot indi-
cated that our proteomics data were dependable. CKM was a catalytic activity protein that
can reversibly catalyze various phosphogens between ATP and ADP, thereby playing an im-
portant role in maintaining the cellular energy homeostasis [51]. Moreover, Xiong et al. [52]
reported that CKM was highly expressed in skeletal muscle and myocardium, and its
gene expression was increased after muscle cell differentiation. Wan et al. [43] reported
that ZEA could promote follicle development via the SIRT1/PGC-1α signaling pathway
related to energy metabolism. MME was a membrane-bound metallopeptidase whose
main functions involved immune response and cell proliferation [53]. MME could catalyze
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the activity of the PENT tumor suppressor protein and could inhibit the phosphoinositide
3-kinase/protein kinase B (PI3K/AKT) signaling pathway to reduce cell survival and
migration in cancer growth [54]. More studies reported that the PI3K/AKT signaling path-
way was activated in cancer cells or tumors, because the phosphorylated PI3K and AKT
proteins could promote cell survival, cycle, and proliferation [55]. MPO is a member of the
heme peroxidase family and is mainly related to oxidation capacity and immunity [56]. A
previous study reported that MPO could catalyze H2O2 and chloride to produce HOCl,
thereby inducing cell damage, oxidative stress, and inflammation [57]. ZEA (7 µg/mL
and 8 µg/mL) can promote ROS production and induce oxidative stress by damaging
antioxidant enzyme activity in porcine IPEC-J2 cells [6]. ALDH1A2, a member of the
aldehyde dehydrogenase (ALDH) superfamily, catalyzes the synthesis of retinoic acid (RA),
which played a role in cell differentiation, growth and adaptive immune responses [58]. A
study showed that up-regulated ALDH1A2 suppressed ovarian cancer cell proliferation
via activation of transcription 3 (STAT3) [59]. Choi et al. [60] reported that down-regulated
ALDH1A2 enhanced the proliferation of ovarian cancer cells. Pajewska et al. [61] observed
ZEA and its metabolites in endometrial cancer tissues. High levels of estrogen induces
endometrial carcinoma (type I) [62]. Therefore, ALDH1A2 might function as a potential
tumor suppressor protein in the process of ZEA 3.0 treatment. CHGB participates in the
biogenesis, maturation and release of secretory granules in endocrine cells [63]. Uter-
ine glands can synthesize and secrete a variety of enzymes, growth factors, hormones
and other substances [64]. SUGP1 is an essential gene for coding splicing proteins [65].
Alsafadi et al. [66] reported that SUGP1 loss and mutations induced abnormal splicing of
SF3B1 (core subunit of spliceosome component) in lung adenocarcinoma. In the present
study, increased CKM, MME, and MPO, and decreased ALDH1A2, CHGB, and SUGP1
might be related to energy metabolism, oxidative stress, proliferation or apoptosis, immune
reaction and various adverse effects induced by ZEA. However, these changes in DEP
expression need further study.

Cell cycle dysregulation is a hallmark of cell proliferation or apoptosis, and CDK7
can regulate the transcription cycle of RNA polymerase II and promote the cell cycle via
activation of the T-loop [67]. The CDK7 is highly expressed in non-small cell lung cancer,
silencing and inhibiting CDK7-inhibited tumor growth [68]. CDK7 was significantly up-
regulated in gilts after ZEA 3.0 treatment in the present study, and the uterine development
in gilts after ZEA treatment might be due to the heightened velocity of the cell cycle
induced by ZEA. In our current study, the DEPs were mainly clustered into the biological
process categories including cellular process, biological regulation, and metabolic process.
It was worth noting that estrogen has the functions of promoting the metabolic process,
accelerating the cell cycle and regulating cell proliferation [69]. The enhanced metabolic
process and the accelerated cell cycle might be caused by changes in protein expression
related to cell proliferation, differentiation, and growth function induced by ZEA, which
suggests that uterine cells such as lamina propria cells, myometrium cells, and endometrial
epithelial cells of gilts treated by ZEA might be more likely to survive or have stronger
biological activity, including cell cycle, proliferation, differentiation, and growth function,
than normal uterine cells.

Another aim of our current study was to identify the important signaling pathways
involved in DEPs induced by ZEA during uterine development. Interestingly, several
metabolic signaling pathways such as metabolism of xenobiotics by cytochrome P450, tyro-
sine metabolism, metabolic pathways, and arginine and proline metabolism were found.
The ECM-receptor interaction, focal adhesion, and PI3K-AKT signaling pathway were
selected to account for uterine development in gilts treated with ZEA3.0. The extracellular
matrix (ECM) is a highly dynamic structural network, which includes many elements
such as collagens, fibronectin laminins and growth factors [70]. Cell invasiveness and
proliferation of hepatocellular carcinoma and prostate cancer result from the activation
of ECM-receptor [70,71]. We found that several collagen domain-containing DEPs were
clustered in ECM-receptor interaction and focal adhesion, such as COL7A1, COL5A3,



Toxins 2022, 14, 692 13 of 20

COL5A2, COL3A1, and COL1A2. When focal adhesion is connected through the ECM
with the cytoskeletons of cells, it senses the changes signals in the ECM and bidirectionally
regulates the cell and ECM [72]. A study reported that metastatic inhibition of colorectal
cancer cells was carried out via regulation of ECM-receptor interaction and focal adhe-
sion [73]. Therefore, activation of ECM-receptor interaction and focal adhesion might be
one of the reasons for ZEA-induced uterine development in pre-pubertal gilts in this study.
Moreover, many studies have reported that estrogen or estrogen receptors could activate
PI3K-AKT signaling pathway and induce cell survival and proliferation. Proliferation of
breast cancer cells was achieved through activation of PI3K-AKT-NF-κB signaling under the
estrogen effect [74]. Similarly, activation of G protein-coupled estrogen receptor 1 (GPER1)
suppressed autophagy of cardiomyocyte via PI3K-AKT-mTOR signaling [75]. For further
study, in vitro experiments will reveal whether ZEA induces uterine development through
the PI3K-AKT signaling pathway.

4. Conclusions

Our results strongly suggested that ZEA could be transformed to α-ZOL and β-
ZOL. ZEA and its metabolites could be accumulated in uteri of gilts after being fed
ZEA-contaminated feed orally. Reduced serum follicle stimulation hormone, luteiniz-
ing hormone and gonadotropin-releasing hormone concentrations in gilts with ZEA 3.0
treatment were observed. Meanwhile, ZEA might change gene expression in the cellular
process, biological regulation and metabolic process by interfering with serum hormones
or through the direct effects of ZEA and its metabolites on the uterine target organ, thus
promoting the development of the vulva and uterus. However, further studies are needed
to elucidate these mechanisms.

5. Materials and Methods
5.1. Animals, Treatments, Management

A total of 16 healthy weaned gilts (Duroc × Landrace × Yorkshire) at 35 d with an
average BW of 12.45 ± 0.19 kg (mean ± SEM) were randomly divided into two groups.
Gilts were individually housed in stainless-steel cages (0.48 m2) with a nipple drinker,
feed trough and plastic-slatted floors. All animals had free access to water and feed, and
the experiment was performed at the Animal Research Station of Shandong Agricultural
University (Tai’an, China). The control feed was the basal diet formulated according to
the NRC (2012, Table 7) [76], and the ZEA 3.0 feed was the basal diet supplemented with
3.0 mg/kg of ZEA with a purity of 98% purchased from Fermentek (Jerusalem, Israel). The
dissolution of purified ZEA was performed with ethyl acetate, which sprayed on talcum
powder for preparation of 1000 mg/kg ZEA premix. The 10 mg/kg ZEA corn premix
was prepared by diluting ZEA premix (1000 mg/kg) with corn flour without toxins. The
3.0 mg/kg ZEA feed was obtained according to the instructions by Liu et al. [31]. The room
and equipment was fully cleaned and disinfected before the start of this experiment, and
disinfection for room and gilts was performed every week during the experimental period.
The room temperature was controlled at approximately 30 ◦C with a 7-day adaptation
period and then at 26–28 ◦C for the 32-d experimental period. In addition, the relative
humidity was kept at about 65% during the experimental period.
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Table 7. Ingredients and nutrient contents of the basal diet (air-dry basis).

Ingredients Content % Nutrients Analyzed Values %

Expanded corn 64.43 Metabolizable energy, MJ/kg 13.86
Whey powder, CP 3% 5.0 Crude protein 18.48

Fermented soybean meal 14.0 Calcium 0.74
Expanded soybean 8.5 Total phosphorus 0.62

Fish meal, CP 63.28% 4.0 STTD phosphorus 0.41
CaHPO4 1.15 ATTD phosphorus 0.38

Pulverized limestone 0.7 Lysine 1.38
NaCl 0.2 Methionine 0.40

L-Lysine HCl 0.76 Sulfur amino acid 0.66
DL-Methionine 0.08 Threonine 0.85

L-Threonine 0.16 Tryptophan 0.23
L-Tryptophan 0.02

Premix 1 1.00
Total 100.00

1 Supplied per kilogram of diet: vitamin A, 3300 IU; vitamin D3, 330 IU; vitamin E, 24 IU; vitamin K3, 0.75 mg;
vitamin B1, 1.50 mg; vitamin B2, 5.25 mg; vitamin B6, 2.25mg; vitamin B12, 0.026 mg; pantothenic acid, 15.00 mg;
niacin, 22.50 mg; biotin, 0.075 mg; folic acid, 0.45 mg; Mn (MnSO4·H2O), 4.00 mg; Fe (FeSO4·H2O), 90 mg; Zn
(ZnSO4·H2O), 90 mg; Cu (CuSO4·5H2O), 6.00 mg; I (KIO3), 0.14 mg; Se (Na2SeO3), 0.30 mg. STTD, standardized
total tract digestible; ATTD, apparent total tract digestible.

5.2. Mycotoxins Determination

The content of mycotoxins of the experimental diet were determined by the Qingdao
Entry-Exit Inspection and Quarantine Bureau, according to Zhou et al. [12] and Liu et al. [31].
The detection limit of ZEA, fumonisin, aflatoxin, and deoxynivalenol were 0.01 mg/kg,
1.0 µg/kg, 0.1 mg/kg, 1.0 µg/kg, and 0.05 mg/kg, respectively. Mycotoxins of six duplicate
feed samples from each treatment were determined. The ZEA level of the ZEA 3.0 diet was
3.12 ± 0.13 mg/kg. ZEA and other mycotoxins in the control diet were not detected.

5.3. Growth Performance

On the first and final day of this experiment, the weight of gilts was measured and the
ADG was calculated. The ADFI was recorded for each gilt. Then, F/G was calculated by
ADFI/ADG.

5.4. Vulva Size Measurement

The vulva width and length of gilts were measured with Vernier calipers every 3 days
during the experiment period, and vulva size was calculated according to the methods of
Jiang et al. [30] and Wan et al. [34].

5.5. Sample Collection

Blood samples were collected into 10 mL sterile non-heparinized tubes from the
jugular vein of gilts after fasting for 12 h at the end of the feeding experiment. Then,
the blood samples were centrifuged at 3000× g for 15 min to separate the serum, which
was transferred into 1.5 mL sterile Eppendorf tubes and stored in a −20 ◦C freezer for
determination of estradiol, progesterone, follicle-stimulating hormone, luteinizing hormone
and gonadotropin-releasing hormone.

The abdominal cavities of gilts were immediately opened after gilts were injected
intramuscularly with 0.1 mg/kg BW Zoletile 50 Vet (Virbac, Carros, France), and the uterus
was isolated. The UL and UW were measured, and the UL/UW and UW/final weight of
each gilt were calculated. Three uterine sample of each gilt were collected, and one was
fixed in 4% paraformaldehyde for 48 h to observe the uterine development; the other two
were stored at −80 ◦C for proteomic analysis and western blot verification.
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5.6. Serum Hormone Measurement

Serum estradiol, progesterone, follicle stimulating hormone, luteinizing hormone,
and gonadotropin releasing hormone were determined using radioimmunoassay (RIA)
[125I] kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the
instructions by Wan et al. [34] and Jiang et al. [40].

5.7. Mycotoxins Detection in the Uterus

The 0.4 g frozen uterine sample in 5 mL sterile centrifuge tube was ground with a
high-throughput tissue grinder (Scientz-192, Beyotime, Shanghai, China). The homogenate
was centrifuged at 10,000× g at 4 ◦C for 10 min, and the supernatant was separated to
detect ZEA, α-ZOL, and β-ZOL by LC-MS/MS at the Institute of Quality Standards and
Detection Technology of the Chinese Academy of Agricultural Sciences, according to Wan
et al. [43] and Zhang et al. [77]. The LC-MS/MS analysis was performed using Agilent 1200
liquid chromatograph (Agilent Technologies, Palo Alto, CA, USA) installed with the 3200
QTrap® mass spectrometry system (Applied Biosystems, Foster City, CA, USA).

5.8. Uterine Development Index Measurement

The uterus tissue was dehydrated successively in ethanol (60%, 70%, 80%, 90%, 95%,
and 100%) and xylene solutions for 1.5 h, after fixation in 4% paraformaldehyde for 48 h.
Subsequently, it was embedded in the paraffin wax, and cut to a 4-µm section that was
mounted on a poly-L-lysine-coated glass slide using Leica RM 2235 microtome (Leica,
Wetzlar, Germany), according to the methods of Zhang et al. [78]. The sections of uterus
were stained with hematoxylin and eosin, and sealed with neutral resin. Three uterine
sections from each gilt were selected to measure the thickness of lamina propria and
myometrium using a microscope and image analysis software (Olympus BX41, Tokyo,
Japan). The number of uterus glands was recorded using image analysis software through
visual observation.

5.9. Protein Sample Preparation (TMT Quantitative Proteomic)

The frozen uterine samples were ground with liquid nitrogen and transferred into ra-
dio immunoprecipitation assay (RIPA) lysis buffer (WB100, New Cell & Molecular Biotech,
Shanghai, China) containing 1% sodium deoxycholate (SDS), 8 M urea and 2% protease
and phosphatase inhibitor (P1048, Beyotime, Shanghai, China). The uterine samples were
placed on ice for 30 min, sonicated for 3 min and then centrifuged at 16,000× g at 4 ◦C
for 30 min. The uterine protein concentration was determined using a bicinchoninic acid
(BCA) protein assay Kit (WB6501, New Cell & Molecular Biotech, Shanghai, China) and the
protein was separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

5.10. Protein Digestion

Triethylammonium bicarbonate buffer (TEAB) was added to the uterine protein sam-
ples to reach the final concentration of 100 mM. Tris(2-carboxyethyl)phosphine (TCEP) was
added to each protein sample for final concentration of 10 nM, and the protein samples
were incubated at 37 ◦C for 1 h. The iodoacetamide (IAM) was added to the uterine pro-
tein samples with a final concentration of 40 mM, and the uterine protein samples were
incubated at 25 ◦C for 40 min shielded from light. Protein samples were diluted with the
acetone at 6-fold volume and were placed in −20 ◦C for 4 h. The protein samples were
centrifugated at 10,000× g at 4 ◦C for 20 min, and were dissolved by the 100 µL of 100 mM
TEAB. Finally, they were digested overnight with trypsin at 37 ◦C to produce peptides.

5.11. TMT-Labeled Peptides

The peptides were labeled using a TMT 10PlexTM kit (90111, Thermo Fisher Scientific,
Shanghai, China), according to the manufacturer’s protocol. UC11, UC21, UC31, and
UC41 of the control group were labeled as TMT10-127N, TMT10-127C, TMT10-128N, and
TMT10-128C, and UT11, UT21, UCT1, and UT41 of the ZEA 3.0 group were labeled as
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TMT10-129N, TMT10-129C, TMT10-130N, and TMT10-130C, respectively. All the labeled
samples were mixed in equal quantities and concentrated in vacuum.

5.12. LC-MS/MS Analysis

After each sample was dissolved with 2% acetonitrile, the ACQUITY UPLC BEH C18
column (1.7 µm, 2.1 mm × 150 mm, Waters, Milford, MA, USA) was used for fractiona-
tion. LC-MS analysis of the labeled peptides was performed on a Q-Exactive HF-X mass
spectrometer coupled to an EASY-nLC 1200 (Thermo Fisher Scientific, San Jose, CA, USA).
The labeled peptides were loaded onto the C18-reversed-phase column (25 cm × 75 µm,
Thermo Fisher Scientific, San Jose, CA, USA), chromatographed in buffer A (2% acetonitrile
and 0.1% formic acid), and separated with a linear gradient of buffer B (80% acetonitrile
and 0.1% formic acid) for 120 min at a flow rate of 300 nL/min. The linear elution gradient
was set as follows: 0 to 65 min, 5% to 23% buffer B; 65 to 79 min, 23% to 29% buffer B; 79
to 88 min, 29% to 38% buffer B; 88 to 90 min, 38% to 48% buffer B; 90 to 92 min, 48% to
100 buffer B; buffer B was maintained at 100% for 92 to 120 min. The MS acquisition was
carried out in DDA (data dependent acquisition) mode and the data-dependent top-20
acquisition mode. The MS/MS spectrum was obtained by automatic switching between MS
and MS/MS. A full MS scan ranging from 350 to 1500 m/z was conducted at a resolution of
120,000 with an automatic gain control (AGC) target value of 3 × 106 ions and a maximum
ion transfer (IT) of 20 ms. The precursor ions were fragmented by means of high energy
collisional dissociation (HCD), and all MS/MS spectrum were scanned using the following
parameters: resolution 45,000; AGC 1 × 104 ions; maximum IT 50 ms; dynamic exclusion
duration 20 s; intensity threshold 8.3 × 104.

5.13. Database Search

The protein database (uniprot-taxonomy-9823.unique.fasta) was selected for pep-
tide and protein identification. The raw data of the LC-MS/MS were analyzed using
ProteomeDiscovererTM Software 2.4 (Thermo Fisher Scientific, San Jose, CA, USA). Trypsin
(Full) was designated as a cleavage enzyme allowing up to two missing cleavages, and
the fixed modification was set to cysteine alkylation. The dynamic modification was set as
follows: oxidation (M), acetyl (protein N-terminus), met-loss (protein N-terminus), met-loss
+ acetyl (protein N-terminus). The static modification was set to: carbamidomethyl (C),
TMT 6plex (K), TMT 6plex (N-terminus). The mass tolerance for the precursor was adjusted
to 20 mg/kg, and the mass tolerance for the fragment was set as 0.02 Da. In addition,
the validation was based on q-value. For peptide and protein identification, the false
discovery rate (FDR) was set to 1%. At least one unique peptide was analyzed for protein
identification.

5.14. Bioinformatics Analysis

The data for the identified differentially expressed proteins (DEPs) of uterine samples
were used for GO terms (http://www.geneontology.org/, accessed on 28 July 2021) func-
tion annotation analysis. The DEPs were assigned into three categories of ontology—BP,
CC and MF—by the GO function annotation analysis. To reveal the potential functions of
the DEPs, the data of the DEPs were submitted to KEGG (http://www.genome.jp/kegg/,
accessed on 28 July 2021) for KEGG enrichment analysis.

5.15. Western Blot Verification

After the protein concentration of uterine samples were determined with BCA kits,
all the protein samples were diluted to 55 µg with RIPA lysis buffer and separated by
SDS polyacrylamide gel electrophoresis (SDS-PAGE). The isolated proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes (ISEQ00010, Solarbio, Beijing, China).
The PVDF membranes were incubated in the rapid blocking buffer (P30500, New Cell &
Molecular Biotech, Shanghai, China) for 15 min, and washed three times with the tris-
buffered saline containing Tween (WB21000, New Cell & Molecular Biotech, Shanghai,
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China). The primary antibodies and anti-rabbit IgG (1:2000, A0208, Beyotime, Shanghai,
China) were diluted using the universal antibody diluent (WB500D, New Cell & Molecular
Biotech, Shanghai, China). The PVDF membranes were incubated with the following pri-
mary antibodies: GAPDH (1:5000, AF1186, Beyotime, Shanghai, China), anti-CKM (1:1000,
P06732, Cusabio, Wuhan, China), anti-MME (1:500, P08473, Cusabio, Wuhan, China), anti-
MPO (1:500, P05164, Cusabio, Wuhan, China), anti-ALDH1A2 (1:500, O94788, Cusabio,
Wuhan, China), anti-CHGB (1:500, P05060, Cusabio, Wuhan, China), and anti-SUGP1 (1:500,
Q8IWZ8, Cusabio, Wuhan, China) at 4 ◦C overnight. The PVDF membranes were washed
three times and incubated in anti-rabbit IgG at 4 ◦C for 2 h. The PVDF membranes were im-
mersed in a high-sensitivity luminescence reagent (P10100, New Cell & Molecular Biotech,
Shanghai, China), exposed to film using FusionCapt Advance FX7 (Beijing Oriental Science
and Technology Development Co. Ltd., Beijing, China) and analyzed using Image software
(Image Pro-Plus 6.0, Media Cybernetics, Silver Spring, MD, USA).

5.16. Data Analysis

An individual gilt was regarded as the unit for all variables. Data are presented as
mean ± SEM, after normal distribution assessment using Shapiro–Wilk’s statistic (W > 0.05).
Data were statistically analyzed by Student’s T test with SAS 9.4 (Version 9.2, SAS Institute
Inc., Cary, NC, USA). Treatment differences were considered statistically significant at
p < 0.05. The screening criteria for DEPs were fold change (FC) > 1.2 or <0.83-fold and
p < 0.05 in the control and ZEA 3.0 treatment group. The KEGG enrichment analysis was
performed using Fisher’s exact test and was regarded as statistically significant at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14100692/s1, Table S1: Identified proteins; Table S2: Differ-
entially expressed proteins; Table S3: Hierarchical clustering heat map data; Table S4: Gene ontology
function annotation data; Table S5: Kyoto Encyclopedia of Genes and Genomes enrichment data.
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