
toxins

Article

The Effects of Zearalenone on the Localization and Expression
of Reproductive Hormones in the Ovaries of Weaned Gilts

Boyang Wan 1, Xuejun Yuan 2, Weiren Yang 1, Ning Jiao 1, Yang Li 1, Faxiao Liu 1, Mei Liu 1, Zaibin Yang 1,
Libo Huang 1,* and Shuzhen Jiang 1,*

����������
�������

Citation: Wan, B.; Yuan, X.; Yang, W.;

Jiao, N.; Li, Y.; Liu, F.; Liu, M.;

Yang, Z.; Huang, L.; Jiang, S. The

Effects of Zearalenone on the

Localization and Expression of

Reproductive Hormones in the

Ovaries of Weaned Gilts. Toxins 2021,

13, 626. https://doi.org/10.3390/

toxins13090626

Received: 12 July 2021

Accepted: 5 September 2021

Published: 7 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Animal Sciences and Technology, Shandong Agricultural University, No. 61 Daizong Street,
Tai’an 271018, China; sdndwby@163.com (B.W.); wryang@sdau.edu.cn (W.Y.); jiaoning@sdau.edu.cn (N.J.);
liyang_cc@yeah.net (Y.L.); 13505388008@163.com (F.L.); liumay@sdau.edu.cn (M.L.); yzb204@163.com (Z.Y.)

2 Department of Life Sciences, Shandong Agricultural University, No. 61 Daizong Street, Tai’an 271018, China;
xjyuan@sdau.edu.cn

* Correspondence: huanglibo227@126.com (L.H.); shuzhen305@163.com (S.J.)

Abstract: This study aims to investigate the effects of zearalenone (ZEA) on the localizations and
expressions of follicle stimulating hormone receptor (FSHR), luteinizing hormone receptor (LHR),
gonadotropin releasing hormone (GnRH) and gonadotropin releasing hormone receptor (GnRHR)
in the ovaries of weaned gilts. Twenty 42-day-old weaned gilts were randomly allocated into two
groups, and treated with a control diet and a ZEA-contaminated diet (ZEA 1.04 mg/kg), respectively.
After 7-day adjustment, gilts were fed individually for 35 days and euthanized for blood and ovarian
samples collection before morning feeding on the 36th day. Serum hormones of E2, PRG, FSH, LH and
GnRH were determined using radioimmunoassay kits. The ovaries were collected for relative mRNA
and protein expression, and immunohistochemical analysis of FSHR, LHR, GnRH and GnRHR. The
results revealed that ZEA exposure significantly increased the final vulva area (p < 0.05), significantly
elevated the serum concentrations of estradiol, follicle stimulating hormone and GnRH (p < 0.05),
and markedly up-regulated the mRNA and protein expressions of FSHR, LHR, GnRH and GnRHR
(p < 0.05). Besides, the results of immunohistochemistry showed that the immunoreactive substances
of ovarian FSHR, LHR, GnRH and GnRHR in the gilts fed the ZEA-contaminated diet were stronger
than the gilts fed the control diet. Our findings indicated that dietary ZEA (1.04 mg/kg) could cause
follicular proliferation by interfering with the localization and expression of FSHR, LHR, GnRH and
GnRHR, and then affect the follicular development of weaned gilts.

Keywords: zearalenone; gilts; ovary; hormone

Key Contribution: The results showed that ZEA up-regulated the expression of FSHR, LHR,
GnRH and GnRHR, and promoted the serum E2, FSH and GnRH, and thus affected the ovaries of
weaned gilts.

1. Introduction

Many toxigenic species of Fusarium are the main pathogens of cereal plants, causing
head blight in wheat and barley and ear rot in maize. Now, there is a lot of evidence that
cereals and animals all over the world are polluted by Fusarium mycotoxins, especially
ZEA. The trade in these commodities may contribute to the spread of this mycotoxin
around the world [1,2]. Zearalenone (ZEA) is a kind of exogenous endocrine disruptor
mainly produced by Fusarium fungi and widely distributed in maize, wheat, barley and
other grain crops [3,4]. ZEA-contaminated feed has posed a widespread threat to animals
and human beings due to its high stability during storage and heat treatment [5,6]. ZEA
can interfere with hormone metabolism by binding with estrogen receptors, and thereby
cause reproductive disorders [7,8]. Pigs are the most sensitive animals to ZEA [9]. During
the early ovarian development of piglets, the oocytes developed in the follicles are very
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vulnerable to the intake of nutrients and environmental estrogens. In turn, the intake
of nutrients and environmental estrogens affect the level of hormone metabolism, thus
changing the ovarian function [10]. Studies have shown that long-term intake of dietary
ZEA can result in swelling of reproductive organs, reproductive disruption, abortion and
reduction in litter size [11,12].

Reproductive hormones are an indispensable regulator of reproductive organs de-
velopment and female reproduction. Gonadotropin releasing hormone (GnRH) is a
10 amino acid peptide secreted by the hypothalamus. It is the initial trigger of hypothalamic-
pituitary-gonadal axis (HPG) and plays a crucial role in the occurrence of puberty [13]. It
can regulate the synthesis and release of follicle stimulating hormone (FSH) and luteinizing
hormone (LH), and then promote follicle maturation and gonadal steroid production [14,15].
Gonadotropin releasing hormone receptor (GnRHR) is a G protein coupled receptor. Previ-
ous studies have indicated that GnRH combines with GnRHR on the target cell membrane,
and activates the intracellular signaling pathway to complete its biological function [16,17].
Follicle stimulating hormone receptor (FSHR) is an important member of HPG axis, which
plays a vital role in granulosa cell (GC) proliferation, apoptosis and differentiation, as
well as follicle development and ovulation [18,19]. Luteinizing hormone receptor (LHR)
is obtained from growing follicles by the combined action of FSH and estradiol (E2). The
expression of LHR in the ovarian cycle changes significantly with the alteration of hormone
environment, mainly manifested by the changes in FSH and LH levels. It has been reported
that FSH, together with other paracrine factors, regulates the development of the primary
follicles toward the preantral and antral stages, and a large number of LHR appear under
the FSH stimulation [20]. Previous research has studied the localizations or expressions
of GnRHR, FSHR and LHR in the ovaries of rats, ewes and rabbits [21–25]. More and
more evidence showed that E2 and ZEA induced precocious puberty in female rats by
increasing the concentrations of serum FSH, LH and GnRH [26–28]. The localization of
hormone receptors in different cells can better understand the mechanism of early follicular
development induced by ZEA. However, the expressions and localizations of ovarian
FSHR, LHR, GnRH and GnRHR in the gilts induced by ZEA have not been elucidated.

Therefore, here, this study was conducted to assess the effects of 1.0 mg/kg ZEA
on the localizations and expressions of FSHR, LHR, GnRH and GnRHR in the ovaries of
weaned gilts, and we hypothesized that ZEA could change the localizations and expres-
sions of FSHR, LHR, GnRH and GnRHR, and then affect the follicular development of
weaned gilts.

2. Results
2.1. Vulva Size

There was no significant difference in the initial vulva area and the final weight
between control and the 1.04 mg/kg ZEA treatment (p > 0.05, Table 1). The final vulva area,
final area/initial area and the final area/final weight of gilts fed the ZEA diet were greater
than those of gilts fed the control diet (p < 0.05).

2.2. Serum Hormones

Serum E2, progesterone (PRG), FSH, LH and GnRH levels of gilts are shown in Table 1.
Compared with the gilts fed the control diet, gilts fed the 1.04 mg/kg ZEA diet had higher
serum levels of E2, FSH and GnRH (p < 0.05). However, ZEA treatment had no effect on
serum PRG and LH levels (p > 0.05).

2.3. Localizations of FSHR, LHR, GnRH and GnRHR

Immunohistochemical results showed that FSHR immunoreactive substances were
mainly localized in the oocytes, GCs and vessel endothelial cells of the ovaries of gilts
(Figure 1). Compared with the control group, the positive reactions of FSHR (Figure 1C–J)
in oocytes of primordial follicles and granulosa cells of growing follicles in ZEA group
were enhanced.
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Table 1. Effects of zearalenone (ZEA) on the vulva size and serum hormones of weaned gilts.

Items Control ZEA

Vulva size, cm2

Initial area 1.39 ± 0.14 1.27 ± 0.12
Final area 2.78 ± 0.09 b 4.89 ± 0.18 a

Final weight, kg 29.38 ± 2.60 28.66 ± 2.55
Final area/initial area 2.03 ± 0.25 b 3.89 ± 0.32 a

Final area/final weight, cm2/kg 0.10 ± 0.01 b 0.17 ± 0.02 a

Serum hormones
Estradiol, ng/mL 11.19 ± 0.11 b 14.27 ± 0.10 a

Progesterone, ng/mL 1.23 ± 0.08 1.19 ± 0.06
Follicle stimulating hormone, mIU/mL 2. 87 ± 0.09 b 4.19 ± 0.18 a

Luteinizing hormone, mIU/mL 3.39 ± 0.11 3.62 ± 0.21
Gonadotropin releasing hormone, ng/L 12.29 ± 0.27 b 17.52 ± 0.48 a

Treatments were basal diet supplemented with ZEA at the level of 0 and 1 mg/kg, with analyzed ZEA concentra-
tions of 0 and 1.04 ± 0.03 mg/kg, respectively. Data are mean value ± standard deviation (n = 10). a,b Means
differ significantly (p < 0.05).

Toxins 2021, 13, x FOR PEER REVIEW 4 of 15 
 

 

 

Figure 1. Effects of zearalenone (ZEA) on the follicle stimulating hormone receptor (FSHR) localization in the ovary of 

weaned gilts. Control (A,C–E) and ZEA (B,F–K) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and 

with analyzed ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc, tc, m and v represent oocyte, gran-

ulosa cell, theca cell, smooth muscle and vessel, respectively. The hollow arrows indicate the healthy primordial follicle, 

the dashed arrows indicate the atresia of the primordial follicle, and the black arrows indicate the FSHR localization in the 

follicle. Scale bars were 100 µm for A and B, and 20 µm for C–K, respectively (n = 10). 
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Figure 1. Effects of zearalenone (ZEA) on the follicle stimulating hormone receptor (FSHR) localization in the ovary of
weaned gilts. Control (A,C–E) and ZEA (B,F–K) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and with
analyzed ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc, tc, m and v represent oocyte, granulosa
cell, theca cell, smooth muscle and vessel, respectively. The hollow arrows indicate the healthy primordial follicle, the
dashed arrows indicate the atresia of the primordial follicle, and the black arrows indicate the FSHR localization in the
follicle. Scale bars were 100 µm for A and B, and 20 µm for C–K, respectively (n = 10).

The LHR immunoreactivities were mainly detected in the oocytes, GCs and theca
cells of the ovaries in gilts (Figure 2). The overall positive reactions of LHR were weaker
than those of FSHR, but the immunoreactive substances of LHR were more obviously
observed in the ZEA group compared with the control group (Figure 2C,D,F–H,J). Addi-
tionally, the LHR expression was higher in atresia follicles than in healthy growing follicles
(Figure 2E,I).
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Figure 2. Effects of zearalenone (ZEA) on the luteinizing hormone receptor (LHR) localization in the ovary of weaned gilts.
Control (A,C–F) and ZEA (B,G–J) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and with analyzed
ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc and tc represent oocyte, granulosa cell and theca
cell, respectively. The hollow arrows indicate the healthy primordial follicle, the dashed arrows indicate the atresia of the
primordial follicle and the black arrows indicate the LHR localization in the follicle. Scale bars were 100 µm for (A,B), and
20 µm for (C–J), respectively (n = 10).

The immunoreactive substances of GnRH were also mainly detected in the oocytes,
GCs and vessel endothelial cells of the ovaries in gilts (Figure 3), which showed that the
ovary could secrete the GnRH. Zearalenone consumption increased the GnRH expression
in oocytes of primordial follicles and GCs of growing follicles, and the staining intensity in
the ovary of the ZEA-treated gilts was significantly stronger than that of the control gilts
(Figure 3C,D,G). Meanwhile, the GnRH expression in the atresia follicles was higher than
that in the growing follicles (Figure 3E,F,H,I).
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Figure 3. Effects of zearalenone (ZEA) on the gonadotropin releasing hormone (GnRH) localization in the ovary of weaned
gilts. Control (A,C–F) and ZEA (B,G–J) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and with
analyzed ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc, tc, m and v represent oocyte, granulosa
cell, theca cell, smooth muscle and vessel, respectively. The hollow arrows indicate the healthy primordial follicle, the
dashed arrows indicate the atresia of the primordial follicle, and the black arrows indicate the GnRH localization in the
follicle. Scale bars were 100 µm for (A,B), and 20 µm for (C–J), respectively (n = 10).

The GnRHR immunoreactivities were mainly detected in the oocytes, GCs and vessel
endothelial cells of the ovaries in gilts (Figure 4). Compared with the control group, the
positive reactions of GnRHR (Figure 4C–J) in oocytes of primordial follicles and granulosa
cells of growing follicles in ZEA group were enhanced.
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Figure 4. Effects of zearalenone (ZEA) on the gonadotropin releasing hormone receptor (GnRHR) localization in the ovary
of weaned gilts. Control (A,C–F) and ZEA (B,G–J) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA,
and with analyzed ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc, tc, m and v represent oocyte,
granulosa cell, theca cell, smooth muscle and vessel, respectively. The hollow arrows indicate the healthy primordial follicle,
the dashed arrows indicate the atresia of the primordial follicle, and the black arrows indicate the GnRHR localization in the
follicle. Scale bars were 100 µm for (A,B), and 20 µm for (C–J), respectively (n = 10).

The results of integrated optic density (IOD) of ovarian FSHR, LHR, GnRH and
GnRHR in weaned gilts were consistent with the above results of immunochemical analysis
results (Table 2). In general, the IOD of FSHR, LHR, GnRH and GnRHR in the ZEA group
were higher than those in the control group (p < 0.05).

Table 2. Effects of zearalenone (ZEA) on the immunoreactive integrated optic density (IOD) and the
mRNA expression of ovarian hormones in weaned gilts.

Items
IOD ×103 (n = 10) mRNA Expression (n = 6)

Control ZEA Control ZEA

Estradiol 5.28 ± 0.36 b 11.33 ± 1.53 a 1.00 ± 0.12 b 3.19 ± 0.12 a

Progesterone 4.32 ± 0.35 b 4.72 ± 0.16 a 1.00 ± 0.09 b 1.53 ± 0.04 a

Follicle stimulating
hormone 2.11 ± 0.26 b 4.81 ± 0.34 a 1.00 ± 0.07 b 2.69 ± 0.21 a

Luteinizing hormone 2.89 ± 0.15 b 3.13 ± 0.21 a 1.00 ± 0.13 b 1.96 ± 0.17 a

Treatments were basal diet supplemented with ZEA at the level of 0 and 1 mg/kg, with analyzed ZEA con-
centrations of 0, 1.04 ± 0.03 mg/kg, respectively. Data are mean value ± standard deviation. a,b Means differ
significantly (p < 0.05).

2.4. The mRNA and Protein Expressions

The mRNA and protein expressions of FSHR, LHR, GnRH and GnRHR in ovaries of
weaned piglets are shown in Table 2 and Figure 5. The results were consistent with the
result of immunohistochemistry analysis. The relative mRNA and protein expressions of
FSHR, LHR, GnRH and GnRHR in the ZEA gilts were significantly higher than those in
the control gilts (p < 0.05).
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Figure 5. Effects of zearalenone (ZEA) on the protein expressions of follicle stimulating hormone
receptor (FSHR), luteinizing hormone receptor (LHR), gonadotropin releasing hormone (GnRH) and
gonadotropin releasing hormone receptor (GnRHR) in the ovary of weaned gilts (n = 3). Control
and ZEA represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and with analyzed ZEA
concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. a,b Means differ significantly (p < 0.05).

3. Discussion

Various grains and feeds are pervasively polluted by mycotoxins, which causes serious
threats to human and animal wellbeing as well as global commercial trade [8]. It is
well-documented that as an exogenous estrogen, ZEA can cause hyperestrogenism in
pigs [12]. The clinical symptoms of hyperestrogenism were vulva swelling, prolonged
oestrus, anal prolapse and high incidence of stillbirth [29–31]. Fu et al. [32] reported
that dietary ZEA (1.20 mg/kg) significantly increased vulva width and length of piglets
compared to the control group. Similarly, the vulva size of gilts fed with 1.22 mg/kg ZEA
increased for a prolonged feeding time [33]. Our previous studies revealed that feeding
ZEA-contaminated diets to the gilts (0.96~3.2 mg/kg) could cause vulva swelling and
ovarian abnormalities [12,34]. The present results showed that the vulva of weaned gilts
fed a ZEA-contaminated diet (1.04 mg/kg) was obviously swollen, suggesting that dietary
ZEA may lead to precocious puberty. The most significant change in vulva is mediated
by estrogen, which is related to the onset of puberty and the gonadal maturation. In the
process of gonadal maturation, follicular development caused the increase in estrogen
secretion, which promoted the development of the vulva [35]. It has been reported that
endogenous estrogen binds to estrogen receptor subsets and participates in cell proliferation
and differentiation through ERK, NF-κB, PI3K/MAPK and other signal transduction
pathways [36,37]. However, it is still unclear that whether the mechanisms of ZEA and
estrogen leading to vulva swelling is the same, which needs further study.

In the current study, it was successfully observed that dietary ZEA could affect the
ovary development by disturbing the reproductive hormones in weaned gilts, which may
be highly significant. For early developing animals, mycotoxin poisoning can be deter-
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mined by examining the changes of serum parameters before clinical symptoms [38]. ZEA
and its derivatives can interfere with endocrine, which affects the secretion of steroid
hormones [32]. In the present study, we observed that serum E2 levels increased by ZEA
treated, which was similar to the study of Yang et al. [27]. The main role of E2 is to promote
the development of female reproductive organs. The increased serum E2 concentration
was consistent with the appearance of vulva swelling in the present study. The FSH
and LH synergistically promotes follicular development and induces the expression of
LH receptor on the granulosa cell membrane, which plays a crucial role in the E2 secre-
tion by the GCs [20]. A previous study indicated that ZEA (5 mg/kg bw) increased the
serum FSH level in female rats [27]. Another investigation in female rats also indicated
that ZEA (9 and 13.5 mg/kg BW/d) significantly increased serum FSH level in a dose-
dependent relationship [28]. Gao et al. [39] demonstrated the promotional effect of ZEA
(20 mg/kg) on FSH secretion in maternal rats. Previous study showed that the positive
feedback effect (surge) of E2 significantly increased the expression of proto-oncogene Fos
in GnRH cells, whereas short-term removal of negative feedback (ovariectomy) has little
and the release of GnRH increased in both states [40]. These changed sexual hormones
in weaned gilts are considered to be a marker of premature ovarian failure. These results
suggest that ZEA interferes with the normal hormone secretion, which is consistent with
our present results. However, there was no significant effect in LH concentration when
purified ZEA (1~4 mg/kg) was added to the diets of female rats [26]. Similarly, no signifi-
cant increase was observed in serum concentration of LH in piglets fed diets containing
596.86 µg/kg ZEA [41], which was consistent with our result. Evans et al. [42] found that E2
(1.20~7.10 pg/mL) inhibited hypothalamic GnRH secretion in a dose-dependent manner
during the time interval between preovulatory luteolysis and gonadotropin surge. It sug-
gests that ZEA interferes with hormone metabolism in a dose-dependent manner. However,
it still needs to be further confirmed whether ZEA induced the increased FSH and GnRH
by increasing E2 level first.

The FSHR, LHR, GnRH and GnRHR were mainly located in the ovarian granular layer
and follicular membrane [21]. Similarly, in the present study, the FSHR, LHR, GnRH and
GnRHR were found to be mainly located in oocytes and granulosa cells of gilts’ ovaries.
The localization and expression of hormone receptors are very important for a better and
clearer understanding of the molecular mechanisms and functions of FSHR, LHR, GnRH
and GnRHR. In addition, it is worth noting that FSHR, GnRH and GnRHR showed obvious
brown immunoreactive substances in the vascular endothelial cells, suggesting that FSHR,
GnRH and GnRHR might play roles in blood vessel generation or blood flow regulation in
gilts’ ovaries.

FSHR, LHR and GnRHR are all members of the G protein coupled receptor family.
Follicle stimulating hormone and LH bind to specific receptors in oocytes, activate in-
tracellular steroidogenic signaling pathway and negatively regulate FSH and LH, thus
induced the proliferation and differentiation of ovarian GCs [43–45]. The role of GnRHR
in ovarian development is mainly to promote the secretion of FSH and LH through the
activity of GnRH [46]. Wei et al. [24] reported that Alarelin immunization could stimulate
the production of GnRH antibody, inhibit the expression of GnRHR protein, enhance the
expressions of FSHR and LHR protein in the ovary, and increase the secretion of FSH, so as
to regulate the development of ovary and follicle in ewes. Other, similar research indicated
that FSH could promote the development of ovine oocytes, reduce the apoptosis rate,
increase the mRNA expressions of FSHR, LHR and GnRHR, and protein expressions of
FSHR and GnRHR [24]. ZEA can compete with endogenous estrogen to bind the estrogen
receptor, so as to interfere with ovarian gonadal hormone release, which directly affects
the expression and function of hormone receptor in female animals, especially animals
during reproductive cycle [47]. In our study, the mRNA and protein expressions of FSHR,
LHR and GnRHR in the oocytes and GCs of piglets significantly increased by 1.04 mg/kg
ZEA treated. In addition, the IOD of FSHR, LHR, GnRH and GnRHR in the ZEA group
were higher than those in the control group. To the best of our knowledge, the study is the
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first to suggest in vivo that dietary ZEA (1.04 mg/kg) can affect the expressions of FSHR,
LHR, GnRH and GnRHR, as observed by immunohistochemistry, in the ovary of weaned
gilts. Our immunohistochemistry results strongly indicated that hormone receptors play a
crucial role in ZEA-induced ovarian dysplasia. Therefore, we speculate that the mRNA
and protein expression of GnRHR in the primordial follicles and GCs of gilts are signifi-
cantly correlated with the protein expression of FSHR and LHR. However, the molecular
mechanism needs to be further verified.

In our study, it can be clear that dietary ZEA significantly increased the mRNA and
protein expression of GnRH in gilts in a dose-dependent relationship, which was consistent
with the previous studies in Kriszet et al. [48] and Yang et al. [27]. GnRH is an important
neuropeptide, which can enter pituitary via HPG axis, stimulate the synthesis of LH and
FSH, and then regulate the development and function of the gonad [49–51]. Therefore,
we speculate that ZEA first continuously activates the hypothalamus, upregulates GnRH
expression, then induces pituitary to release gonadotropin into serum, and finally leads to
vaginal swelling and ovarian weight increase. However, the mechanism of ZEA regulating
hypothalamus-pituitary-ovary axis remains to be further confirmed.

4. Conclusions

In conclusion, ZEA (1.04 mg/kg) can upregulate the expressions of FSHR, LHR,
GnRH and GnRHR in ovaries of weaned gilts, promote the secretion of E2, FSH and
GnRH, and thereby accelerate vulva swelling and follicular hyperplasia. Therefore, ZEA
regulates the development of the vulva and ovary by disordering with the reproductive
hormone pathway in gilts. This study laid a foundation for finding sensitive indexes and
prevention for targets of reproductive disorders caused by ZEA. However, the mechanisms
of ZEA-induced vulva swelling and ovarian development by regulating the hypothalamus-
pituitary-ovary axis remains to be further studied.

5. Materials and Methods

All agreements used were complied with the Guide for the Care and Use of Laboratory
Animals and approved by the Committee on the Ethics (Approval Number: S20180058) of
Shandong Agricultural University (Tai’an, China).

5.1. Animals, Treatments and Feeding Management

Twenty healthy weaned gilts (Duroc × Landrace × Yorkshire) at 42-day with an
average BW of 12.84 ± 0.26 kg were selected and randomly allocated into two treatments,
with 10 replicates per treatment. Gilts were housed individually in stainless-steel cages
(0.48 m2) fitted with plastic slatted floors, feed troughs and nipple drinkers for 35-day test
period after 7-day adjustment at the Animal Research Station of Shandong Agricultural
University (Tai’an, Shandong, China). During the experimental period, gilts were fed
a basal diet (control group) or a ZEA-contaminated diet (the basal diet supplemented
with 1.0 mg/kg ZEA). Zearalenone levels used in the present study were based on our
previous investigations in Shandong Province of China from 2007 to 2020 and recent
literature [12,52–54]. The basal diet (Table 3) used in the present study was prepared
according to the NRC (2012) [55]. Diets were completed in one batch, sampled and stored
in covered containers before feeding. Before the test, the house was cleaned and disinfected.
During the first week of the experiment, the room temperature was set to 30 ◦C, and then
maintained between 26 and 28 ◦C. The relative humidity was approximately 65%.
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Table 3. Ingredients and compositions of the basal diet (as fed basis).

Ingredients Content (%) Nutrients Analyzed Values (%)

Corn 53.00 Metabolizable energy,
MJ/kg 13.22

Wheat middling 5.00 Crude protein 19.40
Whey powder 6.50 Calcium 0.84

Soybean oil 2.50 Total phosphorus 0.73
Soybean meal 24.76 Lysine 1.36

Fish meal 5.50 Methionine 0.46
L-Lysine HCl 0.30 Sulfur amino acid 0.79

DL-methionine 0.10 Threonine 0.90
L-threonine 0.04 Tryptophan 0.25

Calcium phosphate 0.80
Limestone, Pulverized 0.30

Sodium chloride 0.20
Premix 1 1.00

Total 100
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, 2.25 mg; vitamin B12, 0.02625 mg; pantothenic acid,
15.00 mg; niacin, 22.5 mg; biotin, 0.075 mg; folic acid, 0.45 mg; Mn (MnSO4·H2O), 6.00 mg; Fe (FeSO4·H2O),
150 mg; Zn (ZnSO4·H2O), 150 mg; Cu (CuSO4·5H2O), 9.00 mg; I (KIO3), 0.21 mg; Se (Na2SeO3), 0.45 mg.

The nutrients were analyzed according to AOAC (2012) [56]. Mycotoxins were de-
tected by the Qingdao Entry–Exit Inspection and Quarantine Bureau according to the
methods of Liu et al. [52], and the minimum detection concentration for ZEA, aflatoxin,
fumonisin and deoxynivalenol were 0.01 mg/kg, 1.0 µg/kg, 0.1 mg/kg and 0.05 mg/kg,
respectively. The analyzed ZEA contents in the basal diet and ZEA-contaminated diet were
<0.01 and 1.04 ± 0.03 mg/kg, respectively, and no other toxins were detected or below the
minimum detection concentration.

5.2. Vulva Measurement

The length and width of vulva were measured with Vernier caliper every three days
to determine the estrogenic effect of ZEA, and the vulva area was approximately calculated
as a diamond shape [(vulva length × vulva width)/2] as described by Jiang et al. [57] and
Zhou et al. [12].

5.3. Serum and Ovary Samples Collection

Gilts were fasted for 12 h on the last day of the feeding trial, and then about 10 mL
blood samples were taken from jugular vein into tubes without anticoagulant. The blood
was incubated at 37 ◦C for 2 h and then centrifuged at 3000× g for 15 min to obtain the
serum, followed by immediately stored in 1.5 mL Eppendorf tubes at −20 ◦C for the
analysis of E2, PRG, FSH, LH and GnRH.

Two ovarian samples were isolated from each pig under sterile conditions after eu-
thanasia by electrocution (head only, 110 V, 60 Hz). One of each pair was stored at −80 ◦C
for subsequent analysis of gene and protein expressions of FSHR, LHR, GnRH and GnRHR,
and the other was promptly fixed in Bouin’s solution for 24 to 48 h for immunohistochemi-
cal analysis. Six ovaries were randomly selected for mRNA expression analysis and three
ovaries for protein expression analysis.

5.4. Serum Hormone Measurement

Serum levels of E2, PRG, FSH, LH and GnRH were determined using radioimmunoas-
say kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to method
previously described by Jiang et al. [57].
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5.5. Immunohistochemistry (IHC)

Sections were processed in accordance with the standard IHC protocols. After dewax-
ing, rehydration and antigen retrieval was performed by microwaving for 20 min at full
power in sodium citrate buffer (0.01 mol/L, pH = 6.0). The sections were subsequently
treated with 10% hydrogen peroxide (H2O2) for 1.5 h to deactivate endogenous peroxidase
activity and incubated in 10% normal goat serum (ZSGB-BIO, Beijing, China) for 1 h to
block nonspecific binding.

The immunohistochemical analysis was performed using a commercial kit (Polink-2
plus® Polymer HRP Detection system for rabbit primary antibody, PV-9001, ZSGB-BIO,
Beijing, China) according to the manufacturer’s instructions. Briefly, after washing with
phosphate-buffered saline (PBS), the above prepared sections were incubated with anti-
FSHR (1:100, bs-0895R, BIOSS, Beijing, China), anti-LHR (1:100, bs-6431R, BIOSS, Beijing,
China), anti-GnRH (1:200, 26950-1-AP, Proteintech, Wuhan, China) and anti-GnRHR (1:200,
19950-1-AP, Proteintech, Wuhan China) at 4 ◦C. The sections were washed with PBS
the following day and were subsequently incubated in polymer helper for 1 h at 37 ◦C
followed by Polink-2 plus polymer HRP antirabbit at 37 ◦C for 1 h. After this incubation, the
sections were washed with PBS, followed by immersion in diaminobenzidine tetrachloride
(DAB) using a kit (DAB kit, TIANGEN PA110, Beijing, China) for 1~3 min to detect
immunostaining. The sections were then dehydrated, sealed in clear resin, mounted and
observed microscopically for the localization of immunoreactive substances using a bright
field of view.

5.6. Integrated Optical Density Measurement

The FSHR, LHR, GnRH and GnRHR labeling was examined by a microscope (Nikon
ELIPSE 80i, Tokyo, Japan). Three stained sections of each sample were randomly selected,
and three visual fields of each stained section were randomly selected for observation and
photography. To estimate the amount of cell staining, the pictures were analyzed using
an image analysis software (Image Pro-Plus 6.0, Media Cybernetics, Silver Spring, MD,
USA) [58]. Total cross-sectional IOD was acquired, which was used to compare the FSHR,
LHR, GnRHR and GnRH staining intensity between control and ZEA treatments. The IOD
of each sample is the average of three stained sections.

5.7. The mRNA Expression Using Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the ovaries of gilts using RNAiso Plus (Applied TaKaRa,
DaLian, China) according to manufacturer’s instructions and the literature of Song et al. [53]
and Zhou et al. [59], and the purity and concentration of the RNA were evaluated by
Eppendorf Biophotometer (DS-11, Denovix, Wilmington, DE, USA) at an absorbance ratio
of 260/280 nm (a range of 1.8~2.0 indicates a pure RNA sample). The RNA integrity
was verified by agarose gel electrophoresis. Total RNA was reverse transcribed to cDNA
using a Reverse Transcription System kit (PrimeScriptTM RT Master Mix, RR036A, Applied
TaKaRa, DaLian, China).

For qRT-PCR, the total volume of the PCR reaction mixture was 20 µL, which contained
10 µL of SYBR Premix Ex Taq-TIi RNaseH Plus (code: RR420A, Lot: AK7502; Applied
TaKaRa, DaLian, China), 0.4 µL of both forward and reverse primers, 0.4 µL DyeII, and
2 µL cDNA (<100 ng). The optimized qRT-PCR 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 and
60 ◦C for 60 s, with a final step at 95 ◦C for 15 s. The qRT-PCR reactions were conducted
in an ABI 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA). The
relative mRNA was expressed and calculated as equal to 2−∆∆CT [60]. The analysis was
repeated three times for each sample. The primer sequences and production lengths are
presented in Table 4.
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Table 4. Primers sequences of glycerol triphosphate dehydrogenase (GAPDH), follicle stimulating hormone receptor (FSHR),
luteinizing hormone receptor (LHR), gonadotropin releasing hormone (GnRH) and gonadotropin releasing hormone
receptor (GnRHR).

Target Genes Primer Sequence (5′ to 3′) Product Size Accession No.

GADPH
F: ATGGTGAAGGTCGGAGTGAA

154 NM_001206359.1R: CGTGGGTGGAATCATACTGG

FSHR
F: ATGTCCTTGCTCCTGGTGTC

213 NM_214386.1R: GGTCCCCAAATCCAGAAAAT

LHR
F: GAAAGCACAGCAAGGAGACC

282 NM_214449.1R: ACATGAGGAAACGAGGCACT

GnRH
F: AGCCAACACTGGTCCTATCGATTG

206 NM_214274.1R: GTCTTCTGCCCAGTTTCCTCTTCA

GnRHR
F: AGCCAACCTGTTGGAGACTCTGAT

101 NM_214273R: AGCTGAGGACTTTGCAGAGGAACT

5.8. Western Blotting

Ovarian protein was extracted according to the lysate instructions (Beyotime, Shang-
hai, China), and concentrations were determined using a bicinchoninic acid (BCA) protein
assay kit (Beyotime, Shanghai, China) with protein content of each sample being adjusted
to 55 µg per sample. The proteins were separated by electrophoresis on polyacrylamide
gels and were transferred onto immobilon-p transfer membranes (Solarbio, Beijing, China).
The membranes were incubated in 10% skimmed milk for 2 h, washed three times with
Tris-buffered saline containing Tween (TBST), and then incubated with primary antibodies:
anti-FSHR (1:500, bs-0895R, BIOSS, Beijing, China), anti-LHR (1:500, bs-6431R, BIOSS, Bei-
jing, China), anti-GnRH (1:500, 26950-1-AP, Proteintech, Wuhan, China) and anti-GnRHR
(1:500, 19950-1-AP, Proteintech, Wuhan, China), diluted with primary antibody dilution
buffer (Beyotime, Shanghai, China), at 4 ◦C overnight. After washing with TBST, the
membranes were incubated with antirabbit IgG (1:1000, Beyotime, Shanghai, China), which
were diluted by secondary antibody dilution buffer (Beyotime, Shanghai, China) at 37 ◦C
for 2 h, immersed in a high-sensitivity luminescence reagent (BeyoECL Plus, Beyotime,
Shanghai, China), exposed to film using FusionCapt Advance FX7 (Beijing Oriental Science
and Technology Development Co. Ltd., Beijing, China), and then quantified using Image
software (Image Pro-Plus 6.0, Media Cybernetics, Silver Spring, MD, USA).

5.9. Statistical Analysis

Individual piglet was taken as the experimental unit. To determine the difference
between control and the ZEA treatment, the data were statistically analyzed using a
two-sample pairwise t-test with SAS 9.2 statistical software (SAS Institute Inc., Cary, NC,
USA). All data are expressed as the mean ± standard deviation (SD). The difference was
considered significant when p < 0.05.

Author Contributions: Conceptualization, L.H. and S.J.; data curation, B.W., X.Y. and M.L.; formal
analysis, F.L., L.H. and S.J.; funding acquisition, W.Y., Z.Y., L.H. and S.J.; methodology, W.Y., Z.Y., L.H.
and S.J.; writing—original draft, B.W.; writing—review and editing, N.J., Y.L. and S.J. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was financed in part by the Natural Science Foundation of Shandong
Province (grant 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 (grant no. 2019JZZY020609); Founds of Shandong Agriculture Research System in
Shandong Province (grant no. SDAIT-08-04).

Institutional Review Board Statement: The authors confirm that the ethical policies of the journal,
as noted on the journal’s author guidelines page, have been adhered to. All animal care and
experimental procedures were in accordance with the guidelines for the care and use of laboratory



Toxins 2021, 13, 626 12 of 14

animals prescribed by the Animal Nutrition Research Institute of Shandong Agricultural University
and the Ministry of Agriculture of China.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Financial supports of the natural science fund, the major innovation fund and
the pig industry fund of Shandong Province.

Conflicts of Interest: We certify that there are no conflicts of interest with any financial organization
regarding the material discussed in the manuscript.

References
1. Gautier, C.; Pinson-Gadais, L.; Richard-Forget, F. Fusarium Mycotoxins Enniatins: An updated review of their occurrence, the

producing fusarium species, and the abiotic determinants of their accumulation in crop harvests. J. Agric. Food Chem. 2020, 68,
4788–4798. [CrossRef] [PubMed]

2. Placinta, C.M.; D’Mello, J.P.F.; Macdonald, A.M.C. A review of worldwide contamination of cereal grains and animal feed with
Fusarium mycotoxins. Anim. Feed Sci. Technol. 1999, 78, 21–37. [CrossRef]

3. Rai, A.; Das, M.; Tripathi, A. Occurrence and toxicity of a fusarium mycotoxin, zearalenone. Crit. Rev. Food Sci. Nutr. 2020, 60,
2710–2729. [CrossRef] [PubMed]

4. Yang, D.; Jiang, X.; Sun, J.; Li, X.; Li, X.; Jiao, R.; Peng, Z.; Li, Y.; Bai, W. Toxic effects of zearalenone on gametogenesis and
embryonic development: A molecular point of review. Food Chem. Toxicol. 2018, 119, 24–30. [CrossRef]

5. Rogowska, A.; Pomastowski, P.; Sagandykova, G.; Buszewski, B. Zearalenone and its metabolites: Effect on human health,
metabolism and neutralisation methods. Toxicon 2019, 162, 46–56. [CrossRef]

6. Zinedine, A.; Soriano, J.M.; Molto, J.C.; Manes, J. Review on the toxicity, occurrence, metabolism, detoxification, regulations and
intake of zearalenone: An oestrogenic mycotoxin. Food Chem. Toxicol. 2007, 45, 1–18. [CrossRef]

7. Ahmad, B.; Shrivastava, V.K.; Saleh, R.; Henkel, R.; Agarwal, A. Protective effects of saffron against zearalenone-induced
alterations in reproductive hormones in female mice (Mus musculus). Clin. Exp. Reprod. Med. 2018, 45, 163–169. [CrossRef]

8. Mahato, D.K.; Devi, S.; Pandhi, S.; Sharma, B.; Maurya, K.K.; Mishra, S.; Dhawan, K.; Selvakumar, R.; Kamle, M.; Mishra, A.K.;
et al. Occurrence, impact on agriculture, human health, and management strategies of zearalenone in food and feed: A review.
Toxins (Basel) 2021, 13, 92. [CrossRef]

9. Pistol, G.C.; Braicu, C.; Motiu, M.; Gras, M.A.; Marin, D.E.; Stancu, M.; Calin, L.; Israel-Roming, F.; Berindan-Neagoe, I.;
Taranu, I. Zearalenone mycotoxin affects immune mediators, MAPK signalling molecules, nuclear receptors and genome-wide
gene expression in pig spleen. PLoS ONE 2015, 10, e0127503. [CrossRef]

10. Jarrett, S.; Ashworth, C.J. The role of dietary fibre in pig production, with a particular emphasis on reproduction. J. Anim. Sci.
Biotechnol. 2018, 9, 59. [CrossRef]

11. Ropejko, K.; Twaruzek, M. Zearalenone and its metabolites-general overview, occurrence, and toxicity. Toxins 2021, 13, 35.
[CrossRef]

12. Zhou, M.; Yang, L.; Chen, Y.; Sun, T.; Wang, N.; Chen, X.; Yang, Z.; Ge, J.; Jiang, S. 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.
(Berl.) 2019, 103, 1885–1894. [CrossRef]

13. Huang, W.; Yao, B.; Sun, L.; Pu, R.; Wang, L.; Zhang, R. Immunohistochemical and in situ hybridization studies of gonadotropin
releasing hormone (GnRH) and its receptor in rat digestive tract. Life Sci. 2001, 68, 1727–1734. [CrossRef]

14. Haen, S.M.; Heinonen, M.; Kauffold, J.; Heikinheimo, M.; Hoving, L.L.; Soede, N.M.; Peltoniemi, O.A.T. GnRH-agonist deslorelin
implant alters the progesterone release pattern during early pregnancy in gilts. Reprod. Domest. Anim. 2019, 54, 464–472.
[CrossRef]

15. Kadokawa, H.; Pandey, K.; Nahar, A.; Nakamura, U.; Rudolf, F.O. Gonadotropin-releasing hormone (GnRH) receptors of cattle
aggregate on the surface of gonadotrophs and are increased by elevated GnRH concentrations. Anim. Reprod. Sci. 2014, 150,
84–95. [CrossRef] [PubMed]

16. Sakai, T.; Yamamoto, T.; Matsubara, S.; Kawada, T.; Satake, H. Invertebrate gonadotropin-releasing hormone receptor signaling
and its relevant biological actions. Int. J. Mol. Sci. 2020, 21, 8544. [CrossRef] [PubMed]

17. Schang, A.L.; Querat, B.; Simon, V.; Garrel, G.; Bleux, C.; Counis, R.; Cohen-Tannoudji, J.; Laverriere, J.N. Mechanisms underlying
the tissue-specific and regulated activity of the Gnrhr promoter in mammals. Front. Endocrinol. (Lausanne) 2012, 3, 162. [CrossRef]

18. Wang, N.; Wu, W.; Pan, J.; Long, M. Detoxification strategies for zearalenone using microorganisms: A review. Microorganisms
2019, 7, 208. [CrossRef] [PubMed]

19. Xu, J.; Gao, X.; Li, X.; Ye, Q.; Jebessa, E.; Abdalla, B.A.; Nie, Q. Molecular characterization, expression profile of the FSHR gene
and its association with egg production traits in muscovy duck. J. Genet. 2017, 96, 341–351. [CrossRef]

20. Menon, K.M.; Nair, A.K.; Wang, L.; Peegel, H. Regulation of luteinizing hormone receptor mRNA expression by a specific RNA
binding protein in the ovary. Mol. Cell Endocrinol. 2007, 260-262, 109–116. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.jafc.0c00411
http://www.ncbi.nlm.nih.gov/pubmed/32243758
http://doi.org/10.1016/S0377-8401(98)00278-8
http://doi.org/10.1080/10408398.2019.1655388
http://www.ncbi.nlm.nih.gov/pubmed/31446772
http://doi.org/10.1016/j.fct.2018.06.003
http://doi.org/10.1016/j.toxicon.2019.03.004
http://doi.org/10.1016/j.fct.2006.07.030
http://doi.org/10.5653/cerm.2018.45.4.163
http://doi.org/10.3390/toxins13020092
http://doi.org/10.1371/journal.pone.0127503
http://doi.org/10.1186/s40104-018-0270-0
http://doi.org/10.3390/toxins13010035
http://doi.org/10.1111/jpn.13195
http://doi.org/10.1016/s0024-3205(01)00968-7
http://doi.org/10.1111/rda.13376
http://doi.org/10.1016/j.anireprosci.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25301533
http://doi.org/10.3390/ijms21228544
http://www.ncbi.nlm.nih.gov/pubmed/33198405
http://doi.org/10.3389/fendo.2012.00162
http://doi.org/10.3390/microorganisms7070208
http://www.ncbi.nlm.nih.gov/pubmed/31330922
http://doi.org/10.1007/s12041-017-0783-x
http://doi.org/10.1016/j.mce.2006.03.046
http://www.ncbi.nlm.nih.gov/pubmed/17055149


Toxins 2021, 13, 626 13 of 14

21. Chen, H.; Cui, Y.; Yu, S. Expression and localisation of FSHR, GHR and LHR in different tissues and reproductive organs of
female yaks. Folia Morphol. (Warsz) 2018, 77, 301–309. [CrossRef]

22. Lan, R.X.; Liu, F.; He, Z.B.; Chen, C.; Liu, S.J.; Shi, Y.; Liu, Y.L.; Yoshimura, Y.; Zhang, M. Immunolocalization of GnRHRI,
gonadotropin receptors, PGR, and PGRMCI during follicular development in the rabbit ovary. Theriogenology 2014, 81, 1139–1147.
[CrossRef]

23. Sengupta, A.; Chakrabarti, N.; Sridaran, R. Presence of immunoreactive gonadotropin releasing hormone (GnRH) and its receptor
(GnRHR) in rat ovary during pregnancy. Mol. Reprod. Dev. 2008, 75, 1031–1044. [CrossRef]

24. Wei, S.; Chen, S.; Gong, Z.; Ouyang, X.; An, L.; Xie, K.; Dong, J.; Wei, M. Alarelin active immunization influences expression levels
of GnRHR, FSHR and LHR proteins in the ovary and enhances follicular development in ewes. Anim. Sci. J. 2013, 84, 466–475.
[CrossRef] [PubMed]

25. Wen, X.; Xie, J.; Zhou, L.; Fan, Y.; Yu, B.; Chen, Q.; Fu, Y.; Yan, Z.; Guo, H.; Lyu, Q.; et al. The role of combining medroxypro-
gesterone 17-acetate with human menopausal gonadotropin in mouse ovarian follicular development. Sci. Rep. 2018, 8, 4439.
[CrossRef] [PubMed]

26. Collins, T.F.; Sprando, R.L.; Black, T.N.; Olejnik, N.; Eppley, R.M.; Alam, H.Z.; Rorie, J.; Ruggles, D.I. Effects of zearalenone on in
utero development in rats. Food Chem. Toxicol. 2006, 44, 1455–1465. [CrossRef] [PubMed]

27. Yang, R.; Wang, Y.M.; Zhang, L.; Zhao, Z.M.; Zhao, J.; Peng, S.Q. Prepubertal exposure to an oestrogenic mycotoxin zearalenone
induces central precocious puberty in immature female rats through the mechanism of premature activation of hypothalamic
kisspeptin-GPR54 signaling. Mol. Cell Endocrinol. 2016, 437, 62–74. [CrossRef]

28. Zhang, Y.; Jia, Z.; Yin, S.; Shan, A.; Gao, R.; Qu, Z.; Liu, M.; Nie, S. Toxic effects of maternal zearalenone exposure on uterine
capacity and fetal development in gestation rats. Reprod. Sci. 2014, 21, 743–753. [CrossRef]

29. Gajecka, M.; Rybarczyk, L.; Jakimiuk, E.; Zielonka, L.; Obremski, K.; Zwierzchowski, W.; Gajecki, M. The effect of experimental
long-term exposure to low-dose zearalenone on uterine histology in sexually immature gilts. Exp. Toxicol. Pathol. 2012, 64,
537–542. [CrossRef] [PubMed]

30. Tian, Y.; Zhang, M.Y.; Zhao, A.H.; Kong, L.; Wang, J.J.; Shen, W.; Li, L. Single-cell transcriptomic profiling provides insights into
the toxic effects of zearalenone exposure on primordial follicle assembly. Theranostics 2021, 11, 5197–5213. [CrossRef]

31. Wang, J.P.; Chi, F.; Kim, I.H. Effects of montmorillonite clay on growth performance, nutrient digestibility, vulva size, faecal
microflora, and oxidative stress in weaning gilts challenged with zearalenone. Anim. Feed Sci. Technol. 2012, 178, 158–166.
[CrossRef]

32. Fu, G.; Ma, J.; Wang, L.; Yang, X.; Liu, J.; Zhao, X. Effect of degradation of zearalenone-contaminated feed by Bacillus licheniformis
CK1 on postweaning female oiglets. Toxins 2016, 8, 300. [CrossRef] [PubMed]

33. Su, Y.; Sun, Y.; Ju, D.; Chang, S.; Shi, B.; Shan, A. The detoxification effect of vitamin C on zearalenone toxicity in piglets. Ecotoxicol.
Environ. Saf. 2018, 158, 284–292. [CrossRef] [PubMed]

34. Jiang, S.Z.; Yang, Z.B.; Yang, W.R.; Gao, J.; Liu, F.X.; Broomhead, J.; Chi, F. Effects of purified zearalenone on growth performance,
organ size, serum metabolites, and oxidative stress in postweaning gilts. J. Anim. Sci. 2011, 89, 3008–3015. [CrossRef] [PubMed]

35. Farage, M.; Maibach, H. Lifetime changes in the vulva and vagina. Arch. Gynecol. Obstet. 2006, 273, 195–202. [CrossRef]
36. Kiyama, R.; Wada-Kiyama, Y. Estrogenic endocrine disruptors: Molecular mechanisms of action. Environ. Int. 2015, 83, 11–40.

[CrossRef]
37. Wang, C.; Xu, C.X.; Bu, Y.; Bottum, K.M.; Tischkau, S.A. Beta-naphthoflavone (DB06732) mediates estrogen receptor-positive

breast cancer cell cycle arrest through AhR-dependent regulation of PI3K/AKT and MAPK/ERK signaling. Carcinogenesis 2014,
35, 703–713. [CrossRef] [PubMed]

38. Oguz, H.; Kececi, T.; Birdane, Y.O.; Onder, F.; Kurtoglu, V. Effect of clinoptilolite on serum biochemical and haematological
characters of broiler chickens during aflatoxicosis. Res. Vet. Sci. 2000, 69, 89–93. [CrossRef]

39. Gao, X.; Sun, L.; Zhang, N.; Li, C.; Zhang, J.; Xiao, Z.; Qi, D. Gestational zearalenone exposure causes reproductive and
developmental toxicity in pregnant rats and female offspring. Toxins 2017, 9, 21. [CrossRef]

40. Moenter, S.M.; Karsch, F.J.; Lehman, M.N. Fos expression during the estradiol-induced gonadotropin-releasing hormone (GnRH)
surge of the ewe: Induction in GnRH and other neurons. Endocrinology 1993, 133, 896–903. [CrossRef]

41. Shi, D.; Zhou, J.; Zhao, L.; Rong, X.; Fan, Y.; Hamid, H.; Li, W.; Ji, C.; Ma, Q. Alleviation of mycotoxin biodegradation agent on
zearalenone and deoxynivalenol toxicosis in immature gilts. J. Anim. Sci. Biotechnol. 2018, 9, 42. [CrossRef] [PubMed]

42. Evans, N.P.; Dahl, G.E.; Glover, B.H.; Karsch, F.J. Central regulation of pulsatile gonadotropin-releasing hormone (GnRH) secretion
by estradiol during the period leading up to the preovulatory GnRH surge in the ewe. Endocrinology 1994, 134, 1806–1811.
[CrossRef]

43. Lai, L.; Shen, X.; Liang, H.; Deng, Y.; Gong, Z.; Wei, S. Determine the role of FSH receptor binding inhibitor in regulating ovarian
follicles development and expression of FSHR and ERalpha in mice. BioMed Res. Int. 2018, 2018, 5032875. [CrossRef] [PubMed]

44. Milazzotto, M.P.; Rahal, P.; Nichi, M.; Miranda-Neto, T.; Teixeira, L.A.; Ferraz, J.B.S.; Eler, J.P.; Campagnari, F.; Garcia, J.F. New
molecular variants of hypothalamus–pituitary–gonad axis genes and their association with early puberty phenotype in Bos
taurus indicus (Nellore). Livest. Sci. 2008, 114, 274–279. [CrossRef]

45. Zhang, Q.; Madden, N.E.; Wong, A.S.T.; Chow, B.K.C.; Lee, L.T.O. The role of endocrine G protein-coupled receptors in ovarian
cancer progression. Front. Endocrinol. (Lausanne) 2017, 8, 66. [CrossRef]

http://doi.org/10.5603/FM.a2016.0095
http://doi.org/10.1016/j.theriogenology.2014.01.043
http://doi.org/10.1002/mrd.20834
http://doi.org/10.1111/asj.12030
http://www.ncbi.nlm.nih.gov/pubmed/23607296
http://doi.org/10.1038/s41598-018-22797-6
http://www.ncbi.nlm.nih.gov/pubmed/29535409
http://doi.org/10.1016/j.fct.2006.04.015
http://www.ncbi.nlm.nih.gov/pubmed/16797818
http://doi.org/10.1016/j.mce.2016.08.012
http://doi.org/10.1177/1933719113512533
http://doi.org/10.1016/j.etp.2010.11.009
http://www.ncbi.nlm.nih.gov/pubmed/21227668
http://doi.org/10.7150/thno.58433
http://doi.org/10.1016/j.anifeedsci.2012.09.004
http://doi.org/10.3390/toxins8100300
http://www.ncbi.nlm.nih.gov/pubmed/27763510
http://doi.org/10.1016/j.ecoenv.2018.04.046
http://www.ncbi.nlm.nih.gov/pubmed/29715633
http://doi.org/10.2527/jas.2010-3658
http://www.ncbi.nlm.nih.gov/pubmed/21531849
http://doi.org/10.1007/s00404-005-0079-x
http://doi.org/10.1016/j.envint.2015.05.012
http://doi.org/10.1093/carcin/bgt356
http://www.ncbi.nlm.nih.gov/pubmed/24163404
http://doi.org/10.1053/rvsc.2000.0395
http://doi.org/10.3390/toxins9010021
http://doi.org/10.1210/endo.133.2.8344224
http://doi.org/10.1186/s40104-018-0255-z
http://www.ncbi.nlm.nih.gov/pubmed/29796255
http://doi.org/10.1210/endo.134.4.8137746
http://doi.org/10.1155/2018/5032875
http://www.ncbi.nlm.nih.gov/pubmed/30112396
http://doi.org/10.1016/j.livsci.2007.05.006
http://doi.org/10.3389/fendo.2017.00066


Toxins 2021, 13, 626 14 of 14

46. Suocheng, W.; Zhuandi, G.; Li, S.; Haoqin, L.; Luju, L.; Yingying, D. Maturation rates of oocytes and levels of FSHR, LHR and
GnRHR of COCs response to FSH concentrations in IVM media for sheep. J. Appl. Biomed. 2017, 15, 180–186. [CrossRef]

47. Silva, J.R.; van den Hurk, R.; de Matos, M.H.; dos Santos, R.R.; Pessoa, C.; de Moraes, M.O.; de Figueiredo, J.R. Influences of
FSH and EGF on primordial follicles during in vitro culture of caprine ovarian cortical tissue. Theriogenology 2004, 61, 1691–1704.
[CrossRef]

48. Kriszt, R.; Winkler, Z.; Polyak, A.; Kuti, D.; Molnar, C.; Hrabovszky, E.; Kallo, I.; Szoke, Z.; Ferenczi, S.; Kovacs, K.J. Xenoestrogens
ethinyl estradiol and zearalenone cause precocious puberty in female rats via central isspeptin signaling. Endocrinology 2015, 156,
3996–4007. [CrossRef]

49. Knox, R.V.; Webel, S.K.; Swanson, M.; Johnston, M.E.; Kraeling, R.R. Effects of estrus synchronization using Matrix® followed by
treatment with the GnRH agonist triptorelin to control ovulation in mature gilts. Anim. Reprod. Sci. 2017, 185, 66–74. [CrossRef]
[PubMed]

50. Qin, X.; Xiao, Y.; Ye, C.; Jia, J.; Liu, X.; Liang, H.; Zou, G.; Hu, G. Pituitary Action of E2 in Prepubertal grass carp: Receptor
specificity and signal transduction for luteinizing hormone and follicle-stimulating hormone regulation. Front. Endocrinol.
(Lausanne) 2018, 9, 308. [CrossRef]

51. Terasawa, E. Neuroestradiol in regulation of GnRH release. Horm. Behav. 2018, 104, 138–145. [CrossRef]
52. Liu, X.; Xu, C.; Yang, Z.; Yang, W.; Huang, L.; Wang, S.; Liu, F.; Liu, M.; Wang, Y.; Jiang, S. Effects of dietary zearalenone exposure

on the growth performance, small intestine disaccharidase, and antioxidant activities of weaned gilts. Animals 2020, 10, 2157.
[CrossRef] [PubMed]

53. Song, T.; Liu, X.; Yuan, X.; Yang, W.; Liu, F.; Hou, Y.; Huang, L.; Jiang, S. Dose-effect of zearalenone on the localization and
expression of growth hormone, growth hormone receptor, and heat shock protein 70 in the ovaries of post-weaning gilts. Front.
Vet. Sci. 2021, 8, 629006. [CrossRef] [PubMed]

54. Chen, X.X.; Yang, C.W.; Huang, L.B.; Niu, Q.S.; Jiang, S.Z.; Chi, F. Zearalenone altered the serum hormones, morphologic and
apoptotic measurements of genital organs in post-weaning gilts. Asian-Australas J. Anim. Sci. 2015, 28, 171–179. [CrossRef]

55. National Research Council. Nutrient Requirements of Swine; National Academies Press: Washington, DC, USA, 2012.
56. AOAC. Official Methods of Analysis of the AOAC; AOAC International: Rockville, MD, USA, 2012.
57. Jiang, S.Z.; Yang, Z.B.; Yang, W.R.; Wang, S.J.; Liu, F.X.; Johnston, L.A.; Chi, F.; Wang, Y. Effect of purified zearalenone with or

without modified montmorillonite on nutrient availability, genital organs and serum hormones in post-weaning piglets. Livest.
Sci. 2012, 144, 110–118. [CrossRef]

58. Rivera, A.; Agnati, L.F.; Horvath, T.L.; Valderrama, J.J.; Calle, A.D.L.; Fuxe, K. Uncoupling protein 2/3 immunoreactivity and
the ascending dopaminergic and noradrenergic neuronal systems: Relevance for volume transmission. Neuroscience 2006, 137,
1447–1461. [CrossRef] [PubMed]

59. Zhou, M.; Yang, L.; Shao, M.; Wang, Y.; Yang, W.; Huang, L.; Zhou, X.; Jiang, S.; Yang, Z. Effects of zearalenone exposure on the
TGF-beta1/Smad3 signaling pathway and the expression of proliferation or apoptosis related genes of post-weaning gilts. Toxins
2018, 10, 49. [CrossRef] [PubMed]

60. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2 (-Delta Delta
C(T)) method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jab.2017.01.001
http://doi.org/10.1016/j.theriogenology.2003.09.014
http://doi.org/10.1210/en.2015-1330
http://doi.org/10.1016/j.anireprosci.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28823417
http://doi.org/10.3389/fendo.2018.00308
http://doi.org/10.1016/j.yhbeh.2018.04.003
http://doi.org/10.3390/ani10112157
http://www.ncbi.nlm.nih.gov/pubmed/33228146
http://doi.org/10.3389/fvets.2021.629006
http://www.ncbi.nlm.nih.gov/pubmed/33614768
http://doi.org/10.5713/ajas.14.0329
http://doi.org/10.1016/j.livsci.2011.11.004
http://doi.org/10.1016/j.neuroscience.2005.05.051
http://www.ncbi.nlm.nih.gov/pubmed/16387447
http://doi.org/10.3390/toxins10020049
http://www.ncbi.nlm.nih.gov/pubmed/29360780
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609

	Introduction 
	Results 
	Vulva Size 
	Serum Hormones 
	Localizations of FSHR, LHR, GnRH and GnRHR 
	The mRNA and Protein Expressions 

	Discussion 
	Conclusions 
	Materials and Methods 
	Animals, Treatments and Feeding Management 
	Vulva Measurement 
	Serum and Ovary Samples Collection 
	Serum Hormone Measurement 
	Immunohistochemistry (IHC) 
	Integrated Optical Density Measurement 
	The mRNA Expression Using Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Western Blotting 
	Statistical Analysis 

	References

