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ABSTRACT

Zearalenone (ZEA) is a well-known exogenous endocrine disruptor and can lead to severe negative effects on
the human and animal reproductive process. Using a follicle culture model, we have previously shown that ZEA
exposure significantly affected the follicular development and antrum formation but the underlying
mechanisms are not well known. Therefore, in this study, we explored the metabolomic changes of granulosa
cell (GC) culture media with or without ZEA exposure. The results showed that ZEA significantly increased
phosphatidylcholine or phosphatidyl ethanolamine adducts in culture medium. A comprehensive analysis with
the metabolome data from follicular fluid of small and large antral follicles showed that lyso
phosphatidylcholine (LPC) was accumulated during follicle growth, but was depleted by ZEA exposure.
Exogenous supplement with LPC to the follicle growth media or oocyte maturation media can partly protect the
defect of ZEA exposure on follicular antrum formation and oocyte maturation. Taken together, our results
demonstrate that ZEA exposure hinders the follicular growth and exogenous LPC can practically protect the
defect of ZEA on follicular development and oocyte maturation.

INTRODUCTION

Mycotoxin contamination affects human food and
livestock feeding diet worldwide. Among the various
mycotoxins, zearalenone (ZEA), a nonsteroidal environ-
mental endocrine disruptor, is produced by Fusarium
fungi. Fusarium fungi are known to contaminate cereals
such as maize, wheat, and rice, particularly under high
moisture conditions. ZEA has been shown to elicit
various deleterious effects on the reproductive organs of
human and animals [1-15]. ZEA was detected in urine
in 78.5 % of a group of 163 New Jersey girls aged 9 -
10 and was associated with the early onset of breast de-

velopment [1]. In a cohort study ZEA exposure led to
precocious puberty and was correlated with height and
weight of young girls who lived in the Tuscany area [2].
For domestic animals, the pig is the most sensitive
species to the adverse effects of ZEA which induced
infertility, reproductive disorders, decreased fetal
viability and subsequently reduced litter size [3, 9, 13,
14]. In mice and rats, gestational exposure to ZEA
caused early fetal death and delay in fetal development
and ZEA also impacted oocyte quality and follicular
development, such as inhibition of oocyte maturation
with abnormal spindle morphologies, disruption of actin
filaments, and disturbing cortical granule extrusion [4,
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5, 11, 15]. In addition, ZEA altered DNA methylation
and histone methylation and H3K4me2 and H3K9me3
was decreased in the oocyte [12]. Furthermore, ZEA
interfered the steroid production of ovarian granulosa
cells (GCs) via disturbing follicle stimulating hormone
(FSH) - or IGF - induced progesterone production and
the transcription of p450scc and 3B-hydroxysteroid
dehydrogenase (HSD) [9, 13]. Thus, ZEA widely
affects animal and human reproductive functions.

Folliculogenesis is an ordered sequence of oocyte
development and maturation which also involves the
proliferation and differentiation of granulosa cells, and
is crucial for mammalian reproduction [16]. During
follicular development, a series of changes have been
occurred. First, the primordial follicle grows into a
growth follicle with somatic cells proliferation. After
that, the follicular antrum is formed, with the ovarian
granulosa cell proliferation and differentiation. Then,
the majority of follicles become atresia and only few
grow dramatically to become dominant follicle and
ovulation. Follicular fluid (FF) within follicular antrum
is the microenvironment of oocyte, containing hor-
mones, growth factors, proteins and phospholipids
which are partially produced by GCs. Phospholipid is
the most abundant lipid in the cell membrane, including
Lysophosphatidic Acid (LPA), Lysophosphatidyl-
Choline (LPC), Sphingosine-1 Phosphates and
Sphingophoryl Choline [17]. Some studies have shown
that LPC is metabolized into LPA by phospholipase
[18, 19]. In mammals, there are at least five different
high affinity LPA receptors which couple the different
transmembrane G protein coupled receptors to activate
different signal pathways to play different biological
functions, such as cell proliferation, cell survival, cell
differentiation, cell gap linking and cell morphological
changes [17]. LPA has been detected in many biological
fluids, such as blood, plasma, tears, ascites, seminal
plasma and FF [20]. However, the composition changes
of FF during follicular development as well as the
effects of phosphatidylcholine on metabolic of GCs are
still poor understood.

Metabolomics is defined as the quantitative evaluation
of endogenous metabolites in a biological sample, and it
provides metabolic information that reflects the
environmental and physiological status of the samples
[21]. Metabolomics is widely applied in drug evaluation
and discovery, searching for clinical biomarkers, and
toxicology assessments. At present, studies focusing on
the toxic effects of ZEA on cells or biological fluids are
scarce. Therefore, in the current study, the relationship
between ZEA exposure and in vitro porcine follicle
growth was investigated with focus on the meta-
bolomics changes (Figure S1).

RESULTS

ZEA exposure affected porcine follicle growth in
vitro

To analyze the effect of ZEA exposure on follicular
growth, an in vitro model of follicle development was
established. The results depicted in Figure 1A. It
showed that, generally, the oocyte-granulosa cell-
complexes (OGCs) could grow with GC proliferation
and form an antrum on one side following culturing for
8 d. At 12 d, the antrum would enlarge and surround the
oocyte. Compared with the control group, the per-
centage of antrum formation was significantly
decreased dose-dependently from 34.75 % (control) to
16.10 % in the 3 pM ZEA treatment group, 11.08 % in
the 10 uM ZEA treatment group, and 7.30 % in the 30
uM ZEA treatment group, respectively (P < 0.05;
Figure 1B).

Distinct granulosa cell metabolic profiling was
between ZEA treated and control groups

In the vehicle control and the 10 uM ZEA treated
granulosa cell culture media groups 29721 features in
positive mode were detected. Among all the detected
features, 5215 features had extremely different content
among them (Figure 2A and 2B; P < 0.001) with a
signal intensity fold change of >= 1.50 or <= 0.67. In
the 3-D plots, the results showed that the culture media
of GCs supplied with 10 uM ZEA or vehicle control
had similar patterns, which were different from the
blank media (Figure 2C-2E). In order to evaluate the
signature of each metabolic profile, principle
component analysis (PCA) was performed (Figure 2F).
The result showed that samples from the control and 10
uM ZEA treated GC media could be differentiated and
clustered separately. Querying the METLIN metabolite
database, there were a series of phospholipids and fatty
acids with significant changes in the 10 uM ZEA treated
GC media compared to that of control group. The
adducts of phosphatidylcholine (PC) or phosphatidyl
ethanolamine (PE) (C4;Hg,NOgP) with the molecular
weight of 760.5772 were more abundant in 10 pM ZEA
treated GC media, the same trend like an adduct of
eicosadienoic acid or octadecadienyl acetate with the
molecular weight 305.2432 (C,0H360;) (Table S4 and
Table S5).

After data processing, in the small and large FF groups,
it was hard to point out the different metabolic features
from the total ion chromatograms (Figure S3A).
Therefore, we statistically analyzed the retention time
and mass charge ratio (m/z) of the two groups. In total
3238 features were detected in positive mode, among
them, 579 features with extremely differential content
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Figure 1. Effect of zearalenone (ZEA) on in vitro ovarian follicle culture. (A) The oocyte-granulosa cell
complex (OGC) growth status (1d, 4 d, 8 d and 12 d) in an in vitro culture model in both control group and 10 uM
ZEA treatment group, in day 8 the follicle starts to form an antrum. The percentages of antrum follicle formation
following treatment with 0, 3, 10 and 30 uM of ZEA are shown (B). * means P < 0.05, n = numbers of OGCs.

between them were detected (Figure S3B). In addition,
3-D plots showed the main peaks generally formed
similar patterns in the small (Figure S3C) and large
(Figure S3D) FF groups. PCA showed that the samples
from small and large follicles could be differentiated
(Figure S3E). To investigate representative differential
metabolites between small and large FF, the most
differentially expressed metabolites were analyzed.
Interestingly, after querying the METLIN metabolite
database, the top ten significantly up-regulated features
were lecithin class enriched (Table S6 and Table S7).

ZEA led to platelet-activating factor (PAF) and lyso
phosphatidylcholine (LPC) depletion in the GC
media

In total, 112 features with a trend were filtered (Table
S8). After querying the potential annotations in the
METLIN database, 93 potential metabolites could be
queried (Figure 3A). The components of each meta-
bolite among groups were shown in Figure 3B. We no-

ticed the features with the molecular weight of
496.3351 (518.3168, with the formula of the parent ion
Co4Hs5oNO7P), 524.3660 (546.3475, with the formula of
the parent ion CyHs4sNO,P) (Figure 4A and 4C),
522.3505 (544.3321, with the formula of the parent ion
CycHs;NO,P) (Table S8 and Table S9). It seems that
these chemicals could have a similar structure as a
phospholipid (Table S8 and Table S9). All three
metabolites significantly were accumulated during
antrum follicle growth, while were depleted in the 10
uM ZEA treated GC culture media (P < 0.01; Table S8;
Figure 4B and 4D).

To accurately identify these ions and proposed the
structures, we used Q Exactive Obitrap MS in selecting
ion monitor mode to detect the daughter ion. In the total
ion current plots, all 3 features were eluted between 34 -
41 min (Figure 5A). From the daughter ion information,
the exact structure of the C,4HsoNO-P and C,sHs54NO-P
were presented. C,4HsoNO7P with an annotation of PC
(16:0/0:0) [U] / PC (16:0/0:0) is a phospholipid
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derivative called LPC (Figure 5B). C,sHssNO;P with an
annotation of enantio-PAF C-16 or PAF C-16 is a
phospholipid activator called platelet-activating factor
(Figure 5C). There was a significant increase in the
content of LPC and PAF in the FF during porcine
follicle growth, and 10 pM ZEA could lead to a
depletion of LPC and PAF in the cultured GC media (P
< 0.01; Figure 4B and 4D).

LPC could protect the inhibition of ZEA on oocyte
maturation

In our previous study, we found ZEA could inhibit
porcine oocyte maturation [22]. Taking into account the
excessive depletion of PAF and LPC in 10 uM ZEA
treated GC culture media and the accumulation of these
two compounds during antral follicle growth we wanted
to determine whether supplementation with exogenous
LPC or PAF could protect the inhibition caused by ZEA
on antral follicle growth and oocyte maturation.
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During oocyte maturation process, cumulus cells (CCs)
undergo an obvious expansion process Wwith
extracellular matrix (ECM) composition. CC expansion
need rapid HAS2 gene expression to synthesis
hyaluronic acid-rich ECM, PTX3 gene expression to
promote ECM stabilization, and gap junction protein
encode CX43 gene expression [22]. For OGCs growth,
10 pg/mL LPC could protect the inhibition of 10 uM
ZEA on antrum formation to some extent (P < 0.05;
Figure 6A). The morphology of the cumulus-oocyte
complexes (COCs) showed an impairment in CC
expansion following ZEA treatment, while in the 10
pg/mL LPC and 10 uM ZEA co-treated groups, it
seemed like LPC could at least partially protect CCs
from the damage on expansion (Figure 6B). Gene
expression results were also proved that CC expansion
related gene ADAMTSI1 expression was depressed by
10 uM ZEA treatment, the gene which was need for
normal ovulation, and could be partially protected by 10
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Figure 2. Metabolic profiles of granulosa cell (GC) media within or without ZEA-treatment. Utilizing the UPLC-QTOF
detection method, total ion current diagrams vs. retention time of each group of GC media are shown (A), with Z1-Z10 mean 10
UM ZEA groups 1-10 and C1-C10 mean control groups 1-10 (0 uM ZEA). (B) Significantly different metabolites between the
culture media with or without 10 uM ZEA treatment were marked in the cloud plot of mass to charge ratio (m/z) vs. retention
time. Red point mean the ion of certain m/z showed decrease in ZEA groups compare with control groups. And green point in
return, with the size of the point reflect the significance. Three-dimensional peak diagram of retention time, signal intensity,
and m/z in blank control media (C), GC media without ZEA (D) or with ZEA treatment (E). (F) Principle component analysis (PCA)
of the metabolic profiles among each sample between GC media without (red point) or with (cyan point) ZEA treatment.

WwWw.aging-us.com

3489

AGING



pg/mL LPC co-treated (P < 0.01; Figure 6C). ZEA also
slightly repressed CX43 and HAS2 gene expression but
not obvious, and almost no effect on PTX3 expression.
We co-treated COCs with 10 ug/mL or 100 ug/mL PAF
and 10 uM ZEA, the morphology results showed that
PAF were unable to remit the poor CC expansion status
(Figure S4A).

Next, we investigated the effect of 10 pM ZEA and 10

pg/mL LPC co-treatment on germinal vesicle break-
down (GVBD) and polar body extrusion (MII) (Figure

A

Different contained metabolites between

7A and 7B, Figure S4B). Compared with the ZEA
treated group (62.0 £ 5.02 %), LPC could significantly
protect the inhibition of ZEA on oocyte maturation
(75.6 £ 6.86 %; P < 0.05; Figure 7B). We further
detected the effect of ZEA on the meiosis spindle
assembly of oocytes. The result showed that compared
with control group (81.7 = 7.37%), ZEA treatment
significantly decreased the percentage of normal spindle
assembly in oocytes (59.3 £ 5.13%; P < 0.05), and LPC
could protect the inhibition of ZEA on the spindles
assembly (70.7 = 3.79%, P < 0.05; Figure 7C and 7D).

Different contained metabolites

Large follicles vs. Small follicles FF  between ZEA- vs. ZEA+ GC media

Figure 3. Co-exist metabolites between GC media and Follicular fluid (FF). Number of differential contained
metabolites detected in the antral FF (green circle), and GC media (blue circle), the overlap showing co-existing metabolites
in the FF and GC media (A). Heatmap showed the relative content of each co-existing metabolites in each group (B).
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Figure 4. Relative content of two potential phospholipids in each group. The relative content of two metabolites adduct [M+H]"
(upper in A, €) and [M+Na]" (below in A, C) with the molecular weights of 496.3324 (A) and 518.3168 (C). The left curve plots show the
relative content of m/z = 496.3324 and 518.3168 in each GC media sample (A and C), while the right curve plots showed the two
metabolites in each FF sample (A and C). The signal intensity of the two metabolites UPLC peaks reflect the relative content of the m/z=

496.3324 (B) and 518.3168 (D) in each group. ** means P < 0.01.

LPC could protect the inhibition of ZEA on
parthenogenetic activation of porcine oocytes

In order to further study the effect of LPC on oocyte
development in vitro, we verified the effect of LPC on

parthenogenetic activation of mature oocytes in vitro.
The result showed that compared with the control group
(777 £ 8.96 %), the parthenogenetic activation
percentage of 10 uM ZEA treatment group was sig-
nificantly decreased (59.0 = 2.27 %; P < 0.05; Figure
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8A and 8B). It is interesting to note that the
parthenogenetic activation percentage of oocytes reach
t0 72.6 £9.26 % in 10 pg/mL LPC and 10 uM ZEA co-
treated group (P <0.05; Figure 8B). Compared with

control and ZEA treatment groups, LPC treatment
promoted cleavage and blastocyst development of
parthenogenetic embryos, but not significantly (Figure
S4C-S4F).
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Figure 5. The characteristic of the altered content lysopho

sphatidylcholine (LPC) and platelet-activating factor

(PAF). Orbitrip coupled with HPLC detected altered content metabolites with the m/z = 496.3324 and 518.3168 that were
continuously eluted in 34 - 41 minutes (A). The structure information obtained from Orbitrip showed m/z = 496.3324 is a kind

of LPC (B), and m/z =518.3168 is a kind of PAF (C).
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Figure 8. The effect of LPC co-treated ZEA on parthenogenetic activation of
oocytes. (A) The effect of supplementary 10 pg/mL LPC and 10 uM ZEA on parthenogenetic
activation of mature oocytes in vitro. (B) The parthenogenesis percentage of mature oocytes
in 10 ug/mL LPC and 10 uM ZEA co-treated condition. * means P < 0.05.

DISCUSSION

Numerous studies have concentrated on the toxic effects
or endocrine disrupting effects on female reproduction
of ZEA and other endocrine disrupter. In addition, some
studies investigated the metabolic profiling related to
the reproductive process in humans and animals.
However, there are few studies investigating the
relationship between the effect of ZEA on reproductive
health and the metabolic process.

In this comparative toxicological metabolomics study,
we focused on the metabolomics changes caused by
ZEA exposure in GC culture media. ZEA, as an endo-
crine disruptor and reproductive toxicant, its major
active metabolite «a-ZOL, combined with other
mycotoxins could alter the steroidogenesis in follicles
[24, 25]. It is highly likely that ZEA may affect lipid
metabolism in the GCs. The metabolites of FF
constitute the microenvironment during which the
oocyte acquires competency. We hypothesize that ZEA
alters the concentration of metabolites during follicular
growth which could influence the folliculogenesis
and/or oocyte quality. Therefore, we compared the
concentration of metabolites in small and large antral
follicles to identify those that accumulate during
follicle growth progression. We were then able to
identify those that were significantly depleted in ZEA
exposed groups. Our results showed that ZEA could
alter the GC metabolic profile, and these kinds of
models could easily be differentiated even with the
heterogeneous factors existing in media samples. We
found that ZEA altered the phospholipid steady state
media. Potential PA with a molecular weight of the GC

culture 702.5563, and phosphatidic glycerol with a
molecular weight of 650.4159 and 782.5462 in the ZEA
treated GC media were lower than in the control group.
However, potential PC or PE with a molecular weight
of 759.5778 was much more abundant in the ZEA
treated group than in the control. From the results of a
CC lipid profile study, after an IVF cycle, pregnant and
non-pregnant patients could be differentiated as those
with a relatively low content of PC (m/z = 886.6428),
PE (m/z = 822.4423) and PS (m/z = 750.4191 and
806.4842) which can be potential biomarkers of preg-
nancy [26]. Another study using Wistar rats indicated
that another endocrine disruptor chemical, flavones,
altered metabolomics in the FF dose dependently [27].

From the result of our in vivo FF metabolic assessment,
intriguingly, comparing the metabolome FF isolated
from small and large antral follicles, phospholipids were
accumulated in the large FF group of multiple species.
Potential PC and LPC (m/z = 521.3481, 523.3638,
519.3325, and 495.3325) were more abundant in the
large FF group, indicating that PC synthesis may be
involved in the follicle growth and oocyte maturation
process. In addition, PCA analysis showed that, the
metabolite composition of the FF was different and can
be clustered by follicular development. For the follicle
development physiology, the metabolite concentrations
in the FF undertake dramatic changes, which are
affected by the luteinizing hormone (LH) surge in the
oestrus cycle [28]. Compared with the dominant follicle
in heifers, saturated fatty acids such as palmitic acid and
stearic acid are in much higher concentrations in
lactating cows as detected by GC-MS [28].
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Interestingly, heifers have a much higher fertility rate
compared to lactating cows. In an nuclear magne-
tic resonance metabolomics study in sows, it was found
FF from small and large follicles with distinct meta-
bolomics signatures, glucose, lactate, and five amino
acids were changed significantly [29]. It is very likely
that during the ovarian follicle enlargement process the
environmental and physiological factors change the
capillary permeability of ovarian follicles and the
secretion from follicular cells which subsequently alters
the metabolite composition in FF.

Next, we compared the co-existence of metabolites in
the GC media and FF, and noted that of the 112 co-
existing metabolites, potential PC metabolites are made
up a great proportion. Generally, PC is the lipid
subclass, which constitutes 40 - 50 % of total phospho-
lipids. Among the abundant co-existing phospholipids,
CyHsoNO,P and CysHssNO;P accumulated during
follicle enlargement and were excessively depleted in
the ZEA treated GC media. It was found these two
metabolites were LPC and PAF, respectively, by
Orbitrap qualitative determination. When we added the
two chemicals into the oocyte maturation media and
follicle growth media, respectively, with ZEA co-
treatment, it was found that LPC and not PAF could
remit or partly remit the inhibition of ZEA on oocyte
maturation, CC expansion, and follicular antrum
formation. Recently, an IVF metabolomics study
reported that LPC secreted by CCs during the process
may act as a paracrine factor on oocytes and be
involved in the acrosomal reaction [30]. In mouse
hepatocytes, activated peroxisome proliferators-
activated receptors could increase LPC (16:0) produc-
tion [31]. In human, lysophospholipase D converts
unsaturated LPC to LPA [32]. LPA, acting as a YAP
(yes associated protein) co-activator, could promote the
oocyte maturation and blastocyst development [33, 34].
In current study, YAP proteins in GCs were decreased
in the ZEA treatment group, while it was partially
recovered by LPC and LPA addition (Figure S5).
However, LPA seems to be more effective in the
protection of the damage on COCs and GCs by ZEA.
The conversion of LPC to LPA is likely to be involved
in this process. Further research should be conducted to
investigate whether the conversion of LPC to LPA is
involved in the ZEA-induced oocyte damage remission
process.

In summary, this study shows for the first time that
ZEA generally alters GC metabolic process, and
induces excessive depletion of LPC, and exogenously
addition of LPC could remit ZEA induced inhibition
and damage on the oocyte maturation process.

MATERIALS AND METHODS
Ethics statement and experimental design

All procedures performed in this study were reviewed
and approved by the Ethics Committee of Qingdao
Agricultural University.

As shown in Figure S1, the aim was to discover the
most altered metabolites in the microenvironment of
ZEA treated GCs and then screen the content for
changed metabolites during the antral follicle growth
process in vivo. Comparing these data, we aimed to
determine the adaptive changes in the GC culture
media, which could be indicative of the potential
negative effects of ZEA on the viability of GCs.
Metabolites were detected based on mass by using a
UPLC-QTOF and qualification by using a UPLC
MS/MS instrument (Figure S1).

Follicle culture in vitro

Ovaries from unmated young gilts were collected from
Qingdao Fu Wan Pig Production Cooperation (Qingdao,
China). In order to investigate the effect of ZEA on
follicular growth, we adapted an OGC culture method
with minor modification [35]. Briefly, OGCs with
complete GC layers were collected. After being washed
three times in Dulbecco’s modified eagle medium
(DMEM, Hyclone, SH30022.01, Beijing, China) three
times, we separately cultured each OGC in 200 pL
culture media in 96-well dishes (Corning, CLS3599,
NY, USA) for 12 d within 38.5 °C, 5 % CO,, and 100 %
humidity conditions. The composition of the OGC
culture media was DMEM, supplemented with 1 pg/mL
estradiol (E2) (Sigma-Aldrich, E2758, MO, USA), 0.5
pg/mL FSH (R&D, 5925-FS, MN, USA), 10 mM
taurine (Sigma, T8691), 2 mM hypoxanthine (Sigma,
H9636), 2 % polyvinylpyrrolidone (Sigma, PVP40), 1
% insulin transferrin selenium (ITS, Gibco, 41400045,
USA), 3 mg/mL bovine serum albumin (BSA, Sigma,
A1933), and 10 % fetal bovine serum (FBS, Gibco,
10099-141). Every 4 days, 100 pL old media was
replaced with fresh media in each well.

ZEA was purchased from Sigma-Aldrich (Z2152), and
diluted by DMSO at 2000 uM concentration and stored
at - 20 °C in darkness. For assessing the effects of ZEA
on follicular growth, each well contained 0, 3, 10 or 30
uM with equal solvent concentration (0.5 % DMSO).

FF and GC media sample collection for metabolomic
analysis

FF from small (< 2.0 mm) and large follicles (> 3.0
mm) was randomly collected (Figure S2A). For each
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ovary, we aspirated the largest and smallest 10 follicles
with an 18 G injection syringe. Five ovarian FF
absorption samples were pooled (each FF sample
include fluid from 50 follicles) and centrifuged at 1500
rpm, 4 °C for 10 min and then 50 pL of the supernatant
was transferred into a 1.5 mL microcentrifuge tube, and
then, 150 pL deionized water and 600 pL methanol
were added and the mixture was mixed thoroughly.
After centrifugation at 12000 rpm, 4 °C for 15 min, the
suspension was transferred into a new microcentrifuge
tube, and kept frozen at - 80 °C until required for
analysis. In total, FF samples from 10 ovaries were
obtained for detection.

GCs were collected from small follicles (< 2 mm). The
cell pellet was resuspended with PBS for washing,
centrifuged at 1500 rpm for 5 min. The recovered cells
were then cultured in M199 (Hyclone, SH30253.01B)
+10 % FBS + 100 IU penicilin-streptomycin media, in
38.5 °C, 5 % CO; condition. After 24 h the media was
changed and at 72 h, the cells were transferred into 24-
well plate, with 1x10° cells/well. After being cultured
for 24 h, the media was removed and the cells were
washed 3 times with PBS and then, 1 mL fresh media
supplement with 5 uL. DMSO solvent (vehicle control)
or ZEA 10 uM (with equivalent DMSO solvent). After
being treated for 24 h, the media was collected and
centrifuged at 1500 rpm, 4 °C for 10 min. After that, 50
uL media sample was transferred into a new
microcentrifuge tube and 150 pL deionized water and
600 pL methanol added and thoroughly mixed. The
mixture was centrifuged at 12000 rpm, 4 °C for 15 min,
the suspension transferred into a new microcentrifuge
tube and then kept frozen at - 80 °C until required for
mass spectrometry detection. After 3 collections, 10
groups of control and 10 groups of ZEA treated GC
media were obtained.

UPLC-QTOF and UPLC MS/MS metabolomics
analyze of collected samples

In this study, we utilized ultra-performance liquid
chromatography (Ultimate 3000UPLC, Dionex, USA)-
high resolution mass spectrometry (maXis, Bruker,
Germany) to identify the characteristic MS peaks of
each group. For FF extraction, a 3 pL aliquot was
injected into a 2.1x150 mm Agilent Zorbax SB-C18 5
um column, using a Dionex Ultimate 3000 UPLC for
LC-MS (Dionex, USA). The column was maintained at
40 °C. The solvent gradients are shown in Table S1.
With the flow rate set at 0.2 mL/min. Mass spectral
analysis was performed using QTOF electrospray
ionization parameters operating in positive ion mode
(ESI+). Argon was used as the collision gas, while
nitrogen was used as the nebulizing gas. The mass

capillary voltage was set at 4500 V. The temperature of
the TOF heater was set at 180 °C, with the flow rates of
the dry gas set at 6.0 L/min. Full scan data was
collected in the range from 100 to 1500 mass to charge
ratio (m/z).

However, as some of the fragments detected by high
resolution MS still could not qualify the compounds
particularly with a mass which contained multiple
isomers, the exact qualification utilizing Orbitrap (Q-
Exactive™, Thermo Fisher, USA) was performed for
the intrigued ions, because the triple quadrupole MS can
provide abundant daughter ion information. The
conditions of the solvent gradients of the Orbitrap
coupled UPLC are shown in Table S2 at a flow rate of
0.2 mL/min.

Metabolomics data preprocessing

The UPLC-QTOF raw data was preprocessed and
analyzed by correcting the data with sodium formatting
and transforming the raw data into mzXML using
CompassXport software. After this, the R package xcms
was used to analyze the data  online
(https://xcmsonline.scripps.edu/). The raw data went
through filter and identify peaks, samples grouping,
retention time correction, filling the missing peak, and
was statistically analyzed. For identifying significantly
different metabolites, a personal R script was used to
calculate. For the representative features’ identification,
the mass weight was inputted into the METLIN
database (https://metlin.scripps.edu/) for searching. The
parameter adduct ion was supposed to be likely to
M+H" or M+Na", with the fault-tolerant of + 10 ppm.
The Orbitrap data acquisition utilized xcailibur
software.

Oocyte in vitro maturation and polar body extrusion
assessment

COCs aspirated from antral follicles (3 - 6 mm)
surrounded with compact cumulus cells were cultured
in oocyte maturation media, with 0.57 mM cysteine
(Sigma, A9165), 0.5 pg/mL FSH, 0.1 IU/mL LH
(Sigma, L5269), 10 ng/mL epidermal growth factor
(EGF) (R&D, 2028-EG), and 10 % volume ratio FF in
the M199 media. About 15 COCs were cultured in an
80 pL oocyte maturation media drop covered with
mineral oil on 3.5 mm plates in the 39 °C, 5 % CO,, and
saturated humidity condition. After 44 h maturation,
polar body extrusion was counted to evaluate the effect
of different exogenous metabolites supplement on ZEA
treated oocytes. Denuded oocytes were fixed with 4 %
formaldehyde in PBS, then stained with Hoechst 33342
for 5 min, and mounted on slides.
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Assessment of meiotic spindle assembly

After cultured for 44 h, Denuded oocytes were fixed
with 4 % paraformaldehyde, after washed 3 times with
PBS and permeabilized with 1 % PBST for 30 mins.
After washed 3 times with PBS, oocytes were blocked
with 1 % BSA for 1 h at room temperature, and then
incubated with the a-tubulin antibody (Sigma, T6199)
diluted 1: 200 for 1 h. Then washed 3 times with PBS,
oocytes were incubated the second anti - fluores-
cein isothiocyanate (FITC) conjugated goat anti-Rabbit
IgG (Beyotime, A056, Nantong, China), for 1 h. After
washed 3 times, oocytes were stained with Hoechst
33342 for 5 min in dark, and then washed 3 times in
PBS, and mounted on slides.

Parthenogenetic  activation of oocytes and
parthenogenetic embryo culture

Embryo culture medium (PEM-5 including 108 mM
NaCl, 10 mM KCl, 0.35 mM KH,POj,, 0.4 mM MgSO,-
7H,0, 25.07 mM NaHCO,, 0.2 mM Na pyruvate, 2.0
mM Ca (lactate)-5H,0O, 2.0 mM glutamine, 5.0 mM
hypotaurine) and oocyte activating medium (PEM-5,
0.6 mM L-cysteine, 4 mg/mL BSA, 7.5 pg/mL CB
(Sigma, C6762)) were balanced 2 h in advance. In
addition, the electro-active solution (4.74 mg/mL
mannitol, 0.01 mg/mL CacCl,, 0.02 mg/mL MgSQ,, 0.02
mg/mL HEPES, 1 pg/mL BSA) was also preheated in
advance. After COCs cultured for 42 h, denuded
oocytes were washed 5 times with electro-active
solution, and activated for 60 ps at 110 V/mm under
Cell fusion apparatus (BTX, Gemini X2, Harvard
Apparatus). Then oocytes were cultured with oocyte
activating medium for 3 h, and finally transferred to
embryo culture medium.

RNA purification, reverse transcription and
quantitative PCR

After maturation, approximately 100 COCs in each
group were used for RNA purification. RNA was
purified by using an RNAprep pure Tissue Kit
(Tiangen, DP431, Beijing, China) according to the
manufacturer’s instructions. Reverse transcription was
conducted by using a Transcript One-Step gDNA
Removal and c¢DNA Synthesis SuperMix Kit
(TransGen, AT311, Beijing, China). Quantitative PCR
was performed as described in our previous study [22].
The Primer information is given in Table S3. The
amplification efficiency of the primers was tested
(Figure S2B). Relative level of gene expression was
calculated by using the 27**“* method.

Immunofluorescent staining of YAP and ethylene
diurea (EdU) in porcine COCs and GCs

After culture for 44 h, COCs were fixed with 4 %
paraformaldehyde (pH 7.4) for at least 30 min, at room
temperature, followed by one wash in PBS and
incubating with 3 % BSA. After permeabilized with 1
% PBST for 20 min, COCs were stained according to
the protocol of Click-iTR Plus EAU Alexa FluorR 488
Imaging Kit (Thermo, C10637, USA). Then COCs were
washed in PBS and saturated with PBS supplemented
with 3 % BSA for 5 min. Followed blocking with 10 %
goal serum (Boster, AR0009, Wuhan, China), COCs
were incubated with the primary antibody-YAP
(Bioworld, Q295, Nanjing, China) diluted 1: 200 for 1 h.
After three washes in PBS, the COCs were labeled with
FITC-conjugated secondary antibody diluted 1:100 for 1
h at room temperature. The nucleus of COCs were
evaluated by staining with Hoechst 33342 for 5 min.
Following extensive washing, samples were mounted
between a coverslip and glass slide. COCs were
observed under a fluorescence microscope (Olympus,
BXS51, Japan).

After culturing in GC media for 72 h, GCs were
centrifugalized at 1500 rpm for 5 min and fixed with 4
% paraformaldehyde (PH 7.4) for at least 30 min. GCs
were mounted on glass slides and washed with PBS and
3 % BSA for 5 min. Followed permeabilized with 1 %
PBST for 20 min, GCs were stained with EdU Kit. GCs
were washed in PBS and blocked with PBS sup-
plemented with 3 % BSA for 5 min. YAP-stain was
performed the same with COCs. Finally, GCs were
examined using a confocal microscope (Leica, SPS5,
Germany).

Western blot

After treatment by different concentrations of LPA,
LPC or ZEA for 72 h, porcine GCs were collected for
western blotting analysis according to standard methods
[36]. The protein of each group was separated by SDS-
PAGE and transferred to PVDF membranes. Then using
5 % BSA dissolved in PBST with 0.05 % Tween-20
(PH 7.4) to block for 1.5 h, the membranes were
incubated with anti-GAPDH (ImmunoWay, YM3040,
USA), anti-YAP (Bioworld, Q295), anti-ACTIN
(Abcam, ab8226, USA) overnight, at 4 °C. Followed be
washing three times with TBST, the membranes were
incubated with secondary antibodies (Beyotime, A0208
or A0216) at a dilution of 1: 2000 in TBST. The band
intensity was quantified using ACTIN or GAPDH as
internal control and measured with IPWIN software.
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Statistical analysis

For test, at least three replicates were performed. Data is
shown as mean £ SEM. Among groups, significant
differences were tested using Student’s t-test or one-
way analysis of variance (ANOVA) coupled Tukey
HSD multiple test. P < 0.05 was considered as
significant. Graphs and charts were plotted using R 3.1
or Graphprism 5.0.

AUTHOR CONTRIBUTIONS

Drs. Li L. and Shen W. designed the study and applied
for Research Ethics Board approval. Drs Lai F.N., Liu
X.L., Li N., Zhang R.Q., Zhao Y. and Feng Y.Z.
analysed the data and prepared draft figures and tables.
Drs Li L. and Shen W. prepared the manuscript draft
with important intellectual input from Drs Lai F.N., Liu
X.L., Li N., Zhang R.Q., Zhao Y., Feng Y.Z. and
Nyachoti C.M., Li L. and Shen W. had complete access
to the study data. All authors approved the final
manuscript.

ACKNOWLEDGEMENTS

We would like to thank Profs. Paul W. Dyce (Auburn
University, USA) and Charles Martin Nyachoti
(University of Manitoba, Canada) for their editing of
this manuscript.

CONFLICTS OF INTEREST
The authors declare no competing financial interests.
FUNDING

This work was supported by National Natural Science
Foundation of China (31572225), National Key
Research and Development Program of China
(2016 YFDO0501207) and Natural Science Foundation of
Heilongjiang Province of China (ZD201304).

REFERENCES

1. Bandera EV, Chandran U, Buckley B, Lin Y, Isukapalli S,
Marshall I, King M, Zarbl H. Urinary mycoestrogens,
body size and breast development in New Jersey girls.
Sci Total Environ. 2011; 409:5221-27.
https://doi.org/10.1016/j.scitotenv.2011.09.029

2. Massart F, Meucci V, Saggese G, Soldani G. High
growth rate of girls with precocious puberty exposed
to estrogenic mycotoxins. J Pediatr. 2008; 152:690—
95, 695.el.
https://doi.org/10.1016/j.jpeds.2007.10.020

3. Hussein HS, Brasel JM. Toxicity, metabolism, and

10.

11.

12.

13.

impact of mycotoxins on humans and animals.
Toxicology. 2001; 167:101-34.
https://doi.org/10.1016/S0300-483X(01)00471-1

Kriszt R, Winkler Z, Polydk A, Kuti D, Molnar C,
Hrabovszky E, Kall6 |, Sz6ke Z, Ferenczi S, Kovacs K.
Xenoestrogens ethinyl estradiol and zearalenone
cause precocious puberty in female rats via central
Kisspeptin signaling. Endocrinology. 2015; 156:3996—
4007. https://doi.org/10.1210/en.2015-1330

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; 21:743-53.
https://doi.org/10.1177/1933719113512533

Li Y, Burns KA, Arao Y, Luh CJ, Korach KS. Differential
estrogenic actions of endocrine-disrupting chemicals
bisphenol A, bisphenol AF, and zearalenone through
estrogen receptor a and B in vitro. Environ Health
Perspect. 2012; 120:1029-35.
https://doi.org/10.1289/ehp.1104689

Dees C, Foster JS, Ahamed S, Wimalasena J. Dietary
estrogens stimulate human breast cells to enter the
cell cycle. Environ Health Perspect. 1997 (Suppl 3);
105:633-36.
https://doi.org/10.1289/ehp.97105s3633

Belhassen H, Jiménez-Diaz |, Arrebola JP, Ghali R,
Ghorbel H, Olea N, Hedili A. Zearalenone and its
metabolites in urine and breast cancer risk: a case-
control study in Tunisia. Chemosphere. 2015; 128:1-6.
https://doi.org/10.1016/j.chemosphere.2014.12.055

Ranzenigo G, Caloni F, Cremonesi F, Aad PY, Spicer LJ.
Effects of Fusarium mycotoxins on steroid production
by porcine granulosa cells. Anim Reprod Sci. 2008;
107:115-30.
https://doi.org/10.1016/j.anireprosci.2007.06.023

Frizzell C, Uhlig S, Miles CO, Verhaegen S, Elliott CT,
Eriksen GS, Sgrlie M, Ropstad E, Connolly L.
Biotransformation of zearalenone and zearalenols to
their major glucuronide metabolites reduces
estrogenic activity. Toxicol In Vitro. 2015; 29:575-81.
https://doi.org/10.1016/j.tiv.2015.01.006

Hou YJ, Zhu CC, Xu YX, Cui XS, Kim NH, Sun SC.
Zearalenone exposure affects mouse oocyte meiotic
maturation and granulosa cell proliferation. Environ
Toxicol. 2015; 30:1226-33.
https://doi.org/10.1002/tox.21995

Zhu CC, Hou YJ, Han J, Cui XS, Kim NH, Sun SC.
Zearalenone exposure affects epigenetic
modifications of mouse eggs. Mutagenesis. 2014;
29:489-95. https://doi.org/10.1093/mutage/geu033

Tiemann U, Tomek W, Schneider F, Vanselow J. Effects

WWWw.aging-us.com 3498

AGING



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

of the mycotoxins alpha- and beta-zearalenol on
regulation of progesterone synthesis in cultured
granulosa cells from porcine ovaries. Reprod Toxicol.
2003; 17:673-81.
https://doi.org/10.1016/j.reprotox.2003.07.001

Yang LJ, Zhou M, Huang LB, Yang WR, Yang ZB, Jiang
SZ, Ge JS. Zearalenone promoted follicle growth
through modulation of Wnt-1/B-Catenin signaling
pathway and expression of estrogen receptor genes
in ovaries of postweaning piglets. J Agric Food Chem.
2018; 66:7899-906.
https://doi.org/10.1021/acs.jafc.8b02101

Zhang GL, Sun XF, Feng YZ, Li B, Li YP, Yang F,
Nyachoti CM, Shen W, Sun SD, Li L. Zearalenone
exposure impairs ovarian primordial follicle formation
via down-regulation of Lhx8 expression in vitro.
Toxicol Appl Pharmacol. 2017; 317:33-40.
https://doi.org/10.1016/j.taap.2017.01.004

Zhang T, Shen W, De Felici M, Di Zhang XF. (2-
ethylhexyl)phthalate: adverse effects on
folliculogenesis that cannot be neglected. Environ
Mol Mutagen. 2016; 57(8): 579-88. https://doi:
10.1002/em.22037.

Ye X. Lysophospholipid signhaling in the function and
pathology of the reproductive system. Hum Reprod
Update. 2008; 14:519-36.
https://doi.org/10.1093/humupd/dmn023

Ye X, Chun J. Lysophosphatidic acid (LPA) signaling in
vertebrate reproduction. Trends Endocrinol Metab.
2010; 21:17-24.
https://doi.org/10.1016/j.tem.2009.08.003

Ramesh S, Govindarajulu M, Suppiramaniam V,
Moore T, Dhanasekaran M. Autotaxin
lysophosphatidic acid signaling in Alzheimer’s disease.
Int J Mol Sci. 2018; 19:E1827.
https://doi.org/10.3390/ijms19071827

Skoura A, Hla T. Lysophospholipid receptors in
vertebrate development, physiology, and pathology. J
Lipid Res. 2009 (Suppl); 50:5293-98.
https://doi.org/10.1194/jlr.R800047-JLR200

ID, Nicholson JK. Metabolic
2008;

Holmes E, Wilson
phenotyping in health and disease. Cell.
134:714-17.
https://doi.org/10.1016/j.cell.2008.08.026

Lai FN, Ma JY, Liu JC, Wang JJ, Cheng SF, Sun XF, Li L,
Li B, Nyachoti CM, Shen W. The influence of N-acetyl-
I-cysteine on damage of porcine oocyte exposed to
zearalenone in vitro. Toxicol Appl Pharmacol. 2015;
289:341-48.
https://doi.org/10.1016/j.taap.2015.09.010

Marhuenda-Egea FC, Martinez-Sabater E, Gonsalvez-

24.

25.

26.

27.

28.

29.

30.

Alvarez R, Lledd B, Ten J, Bernabeu R. A crucial step in
assisted reproduction technology: human embryo
selection using metabolomic evaluation. Fertil Steril.
2010; 94:772-74.
https://doi.org/10.1016/].fertnstert.2009.10.013

Pizzo F, Caloni F, Schreiber NB, Cortinovis C, Spicer LJ.
Invitro effects of deoxynivalenol and zearalenone
major metabolites alone and combined, on cell
proliferation, steroid production and gene expression
in bovine small-follicle granulosa cells. Toxicon. 2016;
109:70-83.
https://doi.org/10.1016/j.toxicon.2015.11.018

Cortinovis C, Caloni F, Schreiber NB, Spicer LJ. Effects
of fumonisin Bl alone and combined with
deoxynivalenol or zearalenone on porcine granulosa
cell proliferation and steroid production. Therio-
genology. 2014; 81:1042-49.

https://doi.org/10.1016/j.theriogenology.2014.01.027

Montani DA, Cordeiro FB, Regiani T, Victorino AB,
Pilau EJ, Gozzo FC, Ferreira CR, Fraietta R, Lo Turco
EG. The follicular microenviroment as a predictor of
pregnancy: MALDI-TOF MS lipid profile in cumulus
cells. J Assist Reprod Genet. 2012; 29:1289-97.
https://doi.org/10.1007/s10815-012-9859-y

Wang W, Zhang W, Liu J, SunY, Li Y, Li H, Xiao S, Shen
X. Metabolomic changes in follicular fluid induced by
soy isoflavones administered to rats from weaning
until sexual maturity. Toxicol Appl Pharmacol. 2013;
269:280-89.
https://doi.org/10.1016/j.taap.2013.02.005

Bender K, Walsh S, Evans AC, Fair T, Brennan L.
Metabolite concentrations in follicular fluid may
explain differences in fertility between heifers and
lactating cows. Reproduction. 2010; 139:1047-55.
https://doi.org/10.1530/REP-10-0068

Bertoldo MJ, Nadal-Desbarats L, Gérard N, Dubois A,
Holyoake PK, Grupen CG. Differences in the
metabolomic signatures of porcine follicular fluid
collected from environments associated with good
and poor oocyte quality. Reproduction. 2013;
146:221-31. https://doi.org/10.1530/REP-13-0142

Gémez-Torres MJ, Garcia EM, Guerrero J, Medina S,
Izquierdo-Rico MJ, Gil-lzquierdo A, Orduna J, Savirén
M, Gonzalez-Brusi L, Ten J, Bernabeu R, Avilés M.
Metabolites involved in cellular communication
among human cumulus-oocyte-complex and sperm
during in vitro fertilization. Reprod Biol Endocrinol.
2015; 13:123. https://doi.org/10.1186/s12958-015-
0118-9

31. Takahashi H, Goto T, Yamazaki Y, Kamakari K, Hirata

M, Suzuki H, Shibata D, Nakata R, Inoue H, Takahashi
N, Kawada T. Metabolomics reveal 1-palmitoyl

WWWw.aging-us.com

3499

AGING



lysophosphatidylcholine production by peroxisome
proliferator-activated receptor alpha. J Lipid Res.
2015; 56: 254-65.

http:// doi.org/10.1194/jlr.M052464.

32. Tokumura A, Miyake M, Nishioka Y, Yamano S, Aono T,
Fukuzawa K. Production of lysophosphatidic acids by
lysophospholipase D in human follicular fluids of In
vitro fertilization patients. Biol Reprod. 1999; 61:195—
99. https://doi.org/10.1095/biolreprod61.1.195

33. Zhang JY, Jiang Y, Lin T, Kang JW, Lee JE, Jin DI
Lysophosphatidic acid improves porcine oocyte
maturation and embryo development in vitro. Mol
Reprod Dev. 2015; 82:66-77.
https://doi.org/10.1002/mrd.22447

34.Yu C, Ji SY, Dang YJ, Sha QQ, Yuan YF, Zhou JJ, Yan LY,
Qiao J, Tang F, Fan HY. Oocyte-expressed yes-
associated protein is a key activator of the early
zygotic genome in mouse. Cell Res. 2016; 26:275-87.
https://doi.org/10.1038/cr.2016.20

35. Tasaki H, lwata H, Sato D, Monji Y, Kuwayama T.
Estradiol has a major role in antrum formation of
porcine preantral follicles cultured in Vvitro.
Theriogenology. 2013; 79:809-14.
https://doi: 10.1016/j.theriogenology.2012.12.009

36. Zhang P, Chao H, Sun X, Li L, Shi Q, Shen W. Murine
folliculogenesis in vitro is stage-specifically regulated
by insulin via the Akt signaling pathway. Histochem
Cell Biol. 2010; 134:75-82. doi: 10.1007/s00418-010-
0708-8

WWWw.aging-us.com 3500

AGING



SUPPLEMENTARY MATERIAL

SUPPLEMENTARY FIGURES

Vehicle control (DMSO) Zearalenone (10 uM)
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Figure S1. Schematic diagram of the experimental design. In order to compare the changes of metabolite
profile composition, using the UPLC-QTOF methods, we detected the metabolomic profiles of small and large
antral FF, and GC media with (+) or without (-) ZEA treatment. With regard to the targeted metabolic
features, we used UPLC-MS/MS to perform structure qualitative analysis. Finally, target metabolites were
exogenously added to verify whether they play a role on the effect of ZEA on oocyte or ovarian somatic cells.
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Figure S2. The diameter of antral follicles and the amplification efficiency of each primer. (A) The diameter of antral follicles
used for FF metabolite profile detection. (B) The amplification efficiency of the primers of ADAMTS1, PTX3, CX43 and HAS2 genes.
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Figure S3. Metabolic profiles of FF from small and large antral follicles. Utilizing UPLC-QTOF
detection, total ion current diagrams of the FF in small and large antral follicle are shown (A) , with $1-S9
mean small antral follicle groups 1-9 and L1-L10 mean large antral follicle groups 1-9. Significantly different
metabolites between small and large antral follicle isolated FF were marked in the cloud plot (B). Three-
dimensional peak diagram of retention time, signal intensity, and m/z in small (C) and large (D) FF samples.
PCA of the metabolic profiles among each sample between small (red point) and large (cyan point) FF (E).
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Figure S4. Morphology of CC expansion and the effect of LPC co-treated ZEA on the
development of parthenogenetic oocytes. (A) Morphology of CC expansion status in 10 pg/mL or
100 pg/mL PAF and 10 uM ZEA co-treated conditions. (B) The germinal vesicle breakdown (GVBD)
percentage of oocytes in 10 pg/mL LPC and 10 uM ZEA co-treated condition. (C-D) The effect of
supplementary 10 ug/mL LPC and 10 pM ZEA co-treated on cleavage of oocytes. (E-F) The effect of
supplementary 10 ug/mL LPC and 10 uM ZEA on early parthenogenetic embryo development in vitro.
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Figure S5. The effect of LPC or lysophosphatidic acid (LPA) co-treat with ZEA on the
localization and expression of yes associated protein (YAP) protein. Immunofluorescence
showed the cellular localization YAP and EdU in COCs (A) and GCs (B), which treated with 10 pg/mL LPA,
100 pg/mL LPA or 10 ug/mL LPC, and with or without 10 uM ZEA. Western blotting results showed the
expression of YAP in GCs in LPC or LPA co-treated with ZEA (C and D).
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SUPPLEMENTARY TABLES

Table S1. Q-TOF coupled UPLC gradient elution.

Time (min) A%(H,0+1% formic acid) B% (acetonitrile)
0 95 5
20 40 60
40 0 100
50 0 100
51 95 5
60 95 5

Table S2. Orbitrip coupled UPLC gradient elution.

Time (min) A% (MeOH) B% (H20+1% formic acid )
0 5 95
20 60 40
40 95 5
50 95 5
51 5 95
60 5 95
Table S3. The primers used in RT-qPCR.
Genes  Accession number Forward primer/Reverse primer Fragment size (bp)
CAAACCGAGTGCTGAGTCTG
HAS2 GU99084L.1 CACATCGCATTGTACAGCCA 151
ACTGAGCCCCTCCAAAGACT
CX43 NM_001244212.1 GCTCGGCACTGTAATTAGCC 191
TCAGTGCCTGCATTTGGGTC
PTX3 NM_001244783.1 CTACATGCCCTTGTTCAGAA 225
TCGGAGTGAACGGATTTGGC
GAPDH NM_001206359.1 TGCCGTGGGTGGAATCATAC 147
CGTGAACAAGACCGACAAGA
ADAMTSI DQ177331 AACTCCTCCACCACACGTTC 103

Please browse the Full Text version to see the data of

Supplementary Tables:

Table S4. Differential content metabolites in the GC
media of control and ZEA-treatment groups.

Table S5. Chemical prediction of the differential
content metabolites in the GC media of control and

ZEA-treatment groups.

Table S6. Top ten differential content metabolites in
small and large follicle.

Table S7. Chemical predictions of the top ten

follicle isolated FF.

differential content metabolites in small and large

Table S8. Co-existing metabolites in each groups.

Table S9. Predictive structures of the co-existing

metabolites.
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