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Abstract
Previous works have shown that zearalenone (ZEA), as an estrogenic pollutant, has adverse effects on
mammalian folliculogenesis. In the present study, we found that prolonged exposure of female mice to
ZEA around the end of pregnancy, caused severe impairment of primordial follicle formation in the
ovaries of newborn mice and altered the expression of many genes in oocytes as revealed by scRNA-seq.
These changes were associated with morphological and molecular alterations of mitochondria, increased
autophagic markers in oocytes, and epigenetic changes in the ovaries of newborn mice from ZEA
exposed mothers. The latter increased expression of HDAC2 deacetylases was leading to decreased
levels of H3K9ac and H4K12ac. Most of these modi�cations were relieved when the expression of HDAC2
in newborn ovaries was reduced by RNA interference during in vitro culture in the presence of ZEA. Such
changes were also alleviated in offspring ovaries from mothers treated with both ZEA and the ubiquinone
coenzyme Q10 (CoQ10), which is known to be able to restore mitochondrial activities. We concluded that
impaired mitochondrial activities in oocytes caused by ZEA are at the origin of metabolic alterations that
modify the expression of genes controlling autophagy and primordial follicle assembly through changes
in epigenetic histones.

Introduction
In mammals, the primordial follicle (PF) pool within the ovaries is established during the perinatal period
and constitutes the “ovarian reserve” (OR), largely determining female reproductive lifespan [1, 2]. The
assembly of PFs requires individual oocytes to associate with pregranulosa cells, which involves a
complex process of breakdown of germ cell cysts and parallel recruitment of pregranulosa cells [3–5].
After PF formation, �ne mechanisms ensure that the majority of PFs are held quiescent and remain
poised to participate in follicle growth for long periods which last for decades in humans. Some evidence
exists that throughout this extended period, various compounds including environmental toxicants as
endocrine disruptors, heavy metals, pesticides, tobacco smoke, chemicals used in plastic, and cosmetic
and sanitary products, can adversely affect the OR and consequently impair female fertility [6–10].

Many studies have been performed on zearalenone (ZEA), a mycotoxin produced by Fusarium and
Gibberella species, the world-wide occurrence of which has been reported in foodstuffs [11–13]. These
studies have shown that ZEA exposure may cause serious hepatotoxicity and reproductive toxicity [14–
16]. Owing to the similarity of its chemical structure with endogenous estrogen (17β-estradiol; E2), the
toxicity of ZEA on the female reproductive system has received widespread attention [17–20]. Relevant to
the present work, some papers show that the drugs can impair PF formation [21–23]. Other researches
have reported that PF formation can be inhibited by exposure to environmental estrogens and high
concentrations of E2, and ZEA exposure signi�cantly inhibit PF formation in embryonic stage E17.5 or
postnatal 0 day (PD0) mouse ovaries [24, 25]. The adverse effects of ZEA on PF assembly have been
explained on the basis of its estrogenic action.
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The toxicity of ZEA and its metabolites can be caused through other mechanisms such as oxidative
stress and epigenetic changes [26, 27]. In fact, it has been reported that ZEA can increase reactive oxygen
species (ROS) level, causing DNA damage and consequent apoptosis in many cell types [28, 29]. In this
regard, Liu et al. reported that maternal exposure to ZEA increased DNA-DSBs in the ovaries of mouse
fetuses and this was associated with a remarkable reduction of the number of PFs in the ovaries of
newborn pups [30]. In line with this, Kong et al. found that impairment of PF assembly in the ovaries of
suckled mouse offspring of ZEA exposure mothers was associated with a signi�cant reduction of the
levels of PF assembly speci�c oocyte genes such as Figla, Lhx8, Sohlh2, and Nobox and activation of
retinoic acid-inducible gene I (RIG-I)-like signaling pathways [6]. Furthermore, the activation of the RIG-I-
like pathway increased the expression levels of DNA damage (γ-H2AX, RAD51, and PARP1) and apoptosis
related proteins (BAX/BCL2 and Caspase-3) [6]. It is likely that ZEA and its metabolites increase ROS
levels by interfering with mitochondrial oxidative phosphorylation [31, 32]. Interestingly, applying new
single-cell RNA sequencing (scRNA-seq) technology, Tian et al. recently suggested that altered oxidative
phosphorylation and DNA damage in oocytes can affect PF formation after ZEA exposure. In fact, they
showed that maternal exposure to ZEA changed the developmental status of mouse oocytes and
granulosa cells in offspring ovaries and altered the expression of genes associated with intercellular
communication, oxidative phosphorylation, and DNA damage in oocytes [33]. Besides ROS generation,
damage to mitochondrial activities can deregulate other relevant molecular pathways, including those
involved in general cellular metabolism and gene expression [34, 35]. Currently, the impact of
mitochondrial dysfunction in epigenetics is emerging, but our understanding of this relationship and its
effect on gene expression remains incomplete [36–38]. Interestingly, Zhang et al. showed that ZEA
exposure of newborn mouse ovaries during in vitro culture caused a markedly higher level of DNA
methylation at the CpG site of Lhx8, a master gene for follicle formation, and accordingly decreased its
expression [39].

In this context, the aim of this study was to further investigate the molecular mechanisms of the effect of
ZEA on PF formation starting from scRNA-seq analyses of the cell populations of offspring mouse
ovaries from mothers exposed to ZEA during the critical period of PF assembly. Focus was placed on the
alteration of mitochondrial activities in oocytes leading to changes in metabolites associated with
relevant epigenetic histone modi�cations and consequent gene expression.

Materials And Methods

Animals and treatment
C57/BL6 mouse breeding conditions and treatment methods in this experiment strictly complied with the
Animal Care and Ethical Committee of Qingdao Agricultural University. The mice were bred in a house
with a temperature of 23 ℃, 12 h light/dark cycles (lights off at 19:00 h), and adequate water and feed.
Mating was arranged at about 17:00 h, and the presence of a vaginal plug in females the next morning
was viewed as a successful mating, which was considered as E0.5.
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In the present study, ZEA (Sigma, Z2125, MO, USA) was diluted to 40 mg/ml using DMSO, stored at -20
℃, and diluted to 40 µg/ml with PBS before use. The dose of ZEA was chosen based on the study by Liu
et al [30]. At E16.5, the mother mice were exposed to ZEA orally at a dose of 40 µg/kg body weight (BW)
until PD0 or PD3 and were termed the ZEA group. Mother mice that were not treated were called the CTRL
group. Subsequently, in order to conduct ZEA toxicity rescue, at E17.0, a part of ZEA group was orally
taken CoQ10 (Sigma, C9538) at a dose of 20 mg/kg BW, which was dissolved in corn oil and called ZEA+
CoQ10 group. To eliminate the in�uence of the corn oil on the experimental results, one part of the control
group was orally taken corn oil (the solvent of CoQ10) according to body weight and was designated as
the corn oil (CO) group. At the same time, corn oil was also administered to one part of the ZEA group,
which was designated as the ZEA+CO group. The dose of CoQ10 was chosen based on a previous study
[40].

Sample collection
Sample preparation for sequencing: The method was the same as previously described [33]. Sample
preparation for the experiment: At PD0 and PD3, ovaries were separated from mouse ovarian capsules in
0.9% normal saline. For the two ovaries from the same mouse, one was collected and cryopreserved at
-80 ℃, and the other one was �xed overnight at 4 ℃ in 4% paraformaldehyde (PFA, Solarbio, P1110,
Beijing, China).

scRNA-seq libraries and sequencing
We used the single cell system of the 10× Genomics platform to obtain gel bead emulsions (GEMs). The
10× Genomics Chromium Single Cell 3’ library and Gel Bead Kit v3 was applied for reverse transcription,
barcode, and library establishment, according to the manufacturer’s protocol. Paired-end sequencing was
performed using an Illumina HiSeq X Ten instrument from Beijing Novogene Bioinformatics Co., Ltd.,
China. Raw data were then analyzed by CellRanger v.3.1.0 software, and the gene expression matrixes of
four ovarian samples were obtained.

Analysis of scRNA-seq data
The “DoubleFinder” package was used to �lter out abnormal cells (McGinnis et al. 2019), then “Seurat”
was used for normalization, integration, and dimensionality reduction of the four sample sets. By using
the “RunTSNE” function, the cells were divided into several clusters, and the cell types were determined
according to the classic cell markers. The target cell type (oocyte) was extracted for further mining and
analysis. The “FindMarkers” function was used to �nd the differential genes between the ZEA and CTRL
groups. Further, metascape (https://metascape.org/gp/index.html) and GO packages were performed for
enrichment analysis.

Newborn ovary culture in vitro and RNA interference (RNAi)
Ovaries isolated from PD0 mice were cultured for 3 days as previously described [9]. The isolated ovaries
were cultured in 24-well culture dishes (NEST Biotechnology, Wuxi, China) in ovarian medium, which
contained DMEM/F12 (Hyclone, SH30023.01B, Beijing, China), α-MEM (Hyclone, SH30265.01B) (1:1),
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10% fetal bovine serum (FBS; Gibco, 10099-141, USA), 0.23 mmol/L sodium pyruvate (Hyclone, SH40003-
12), 100 IU/ml of penicillin G, and 100 mg/ml of streptomycin sulfate (Hyclone, SV30010). Aliquots of 30
µM ZEA were introduced during in vitro culture to establish the ZEA treatment group, the dose of ZEA was
based on the study by Zhang et al. [39]. Following the previous laboratory protocol, the siRNA of Hdac2
was transfected to silence gene expression [6, 33]. Reagents used for transfection included:
Lipofectamine™ 3000 Transfection Reagent (Lipo 3000, Thermo Fisher Scienti�c, L3000008, Germany)
and 20 µmol/L si-Hdac2 (GenePharma, Shanghai, China; Table S1). The ovaries were cultured in a 37°C,
5% CO2 incubator for three days. The medium was changed for the �rst time 8 h after transfection, and
again one day later.

Immunostaining of ovarian sections
The ovaries were �xed in 4% PFA for 8 h, washed with �owing water, dehydrated, and embedded in
para�n. Then sections were prepared with a thickness of 5 µm. Before staining, the histological sections
underwent xylene dewaxing, gradient rehydration, and antigen retrieval. Subsequently, histological
sections were used for immuno�uorescence (IF) and immunohistochemistry (IHC). For IF, after antigen
retrieval and natural cooling, the blocking buffer (containing 10% goat serum diluted and 3% BSA) was
used to block the histological sections at room temperature for 45 min; they were subsequently incubated
overnight with the primary antibody (Table S2) at 4 ℃. Incubation with the secondary antibody (Table
S2) took place at 37°C for 40 min in a dark room the next morning. Hoechst 33342 (Beyotime, C1022,
Shanghai, China) or PI (Solarbio, P8080) was used for 3 min at 37°C to stain the nuclei. Finally, the slides
were sealed with an anti-�uorescence attenuation quenching agent, before observation of sections under
a �uorescence microscope (Olympus, BX51, Japan). For IHC, the same procedure took place as given
above; however, before the blocking step, 3% H2O2 was used to treat samples for 10 min. After incubation
with primary antibody, each slide was painted with horseradish peroxidase (HRP)–conjugated goat anti-
rabbit IgG (Beyotime, A0258) for 45 min at 37 ℃. Subsequently, DAB peroxidase substrate (ZSGB‐BIO,
ZLI‐9017, Beijing, China) was used to create a chromogenic reaction, the cell nucleus was stained with
hematoxylin, and �nally after dehydration with alcohol and permeabilization with xylene, the histological
sections were sealed with neutral resin and observed under a BX51 microscope.

Western blotting
The collected ovarian samples were taken from the -80 ℃ refrigerator. The appropriate amount of RIPA
(Beyotime, P0013C) was added to lyse ovarian tissues on ice for 20 min; SDS-PAGE Sample Loading
Buffer (5×, Beyotime, P0015L) was supplemented and the sample was boiled for 5 min to denature the
protein. The 8–15% SDS-PAGE gel electrophoresis was applied according to the molecular weight of the
target protein at 100 V constant voltage for 90–130 min. Then the target proteins were transferred onto a
polyvinylidene �uoride membrane (PVDF; Millipore, ISEQ00010, USA) at a constant current of 300 mA for
120 min. Subsequently, the protein bands were blocked in TBST solution containing 5% BSA for 4 h on a
low temperature shaker. Subsequently, the protein bands were incubated with the primary antibody (Table
S2) overnight at 4°C and secondary antibody at room temperature for 75 min. After rinsing in TBST, a
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BeyoECL Plus kit (Beyotime, P0018) was used for chemiluminescence. AlphaView SA software was used
to perform the gray analysis of protein bands.

Acetyl-CoA measurement
A Mouse Acetyl Coenzyme A (ACA) ELISA Kit (JM-1689M2, Jingmei Biological, Jiangsu, China) was used
to detect ACA levels. Accordingly, 25 mg of fresh mouse ovaries were collected and lysed in PBS for 30
min. Following the standard requirements of the testing kit, the enzyme-labeled reagents were incubated
at 37°C for 60 min, and the treatment of color-developing solution was performed for 15 min under dark
conditions. Finally, the stop solution was added to terminate the reaction, and the absorbance value at a
wavelength of 450 nm was obtained with a microplate reader within 15 min, which was used for the
calculation of ACA content.

Citrate measurement
A Citric acid (CA) content detection kit (Solarbio, BC2150) was used to detect the level of CA. For each
test, 25 mg of ovarian tissue was prepared, and the reagents were used in strict accordance with the kit
instructions. After standing at room temperature for 30 min, a microplate reader was used to detect
absorbance at the wavelength of 545 nm.

Transmission Electron Microscopy (TEM)
Fresh ovaries were �xed overnight with 2.5% glutaraldehyde at 4 ℃. According to standard TEM
procedures, the samples were embedded in resin [41]. Serial sectioning with an EM UC7 ultramicrotome
(50 nm) was conducted, and the ultrathin sections were stained with lead citrate and uranyl acetate for
follow-up observation with HT7700 TEM (Hitachi, Tokyo, Japan).

Detection of mitochondrial membrane potential
Mitochondrial membrane potential of the fresh ovaries was detected using a JC-1 detection kit (Beyotime,
C2006). Using trypsin (Sangon, A003702, Shanghai, China) and collagenase (Sigma, C5138, 9:1), the
ovaries were digested into single cells at 37°C (30 min), and the samples were incubated with a JC-1
staining working solution at 37°C (20 min). After washing with a JC-1 staining buffer, the samples were
diluted and tested for �ow cytometry (BD Calibur, CA, USA). Finally, results were analyzed with
FlowJo_v.10 software.

Real-Time quantitative PCR (RT-qPCR)
Total RNA was obtained from mouse ovaries with a SPARKeasy Improved Tissue/cell RNA kit (Sparkjade,
AC0202, Shandong, China). The extracted RNA was subjected to reverse transcription to synthesize cDNA
with a SPARKscript II RT plus kit (With gDNA Eraser) (Sparkjade, AG0304). RT-qPCR was performed using
SYBR Premix Ex Taq™ II (Vazyme, Q711-02, Nanjing, China) with a Roche 480 (Roche, Germany) Light
Cycler RT-qPCR instrument. All primers are listed in Table S1.

Statistical analysis
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All experiments had at least three repetitions between groups. The data were presented as mean ± SD,
and the signi�cance of differences between groups was analyzed using the t-test or ANOVA and Graph
Pad Prism 8.0 software. P < 0.05 (*) represents a signi�cant difference, and P < 0.01 (**) indicates a
remarkably signi�cant difference.

Results

scRNA-seq identi�ed six cell types in the ovaries of
newborn pups from either CTRL or ZEA exposed mothers
In order to explore the effect of the exposure of pregnant mothers to ZEA on the transcriptome of
newborn mouse ovaries, the compound was orally administered (40 µg/kg) from E16.5 until PD0 or PD3.
Offspring ovaries were collected at PD0 or PD3 for scRNA-seq analyses (Fig. 1A). After data pre-
processing and quality control, a total of 16 468 ovarian cells were analyzed (PD0: CTRL, 4004; ZEA,
4436. PD3: CTRL, 3659; ZEA, 4369; Table S3). The four samples were integrated, and according to t-
distributed stochastic neighbor embedding (tSNE), 18 cell clusters and six distinct cell types were
identi�ed both in CTRL and ZEA samples (Figs. 1B and 1D, S1A and S1B, Table S4). These included �ve
oocyte clusters (Dazl and Dppa3), six pregranulosa cell clusters (Fst and Amhr2), four interstitial cell
clusters (Mfap4 and Col1a1), one erythrocyte cluster (Alas2 and Rhd), one immune cell cluster (Tyrobp
and Cd52), and one endothelial cell cluster (Eg�7 and Aplnr) (Figs. 1C, S1C) [5]. Likewise, when uniform
manifold approximation and projection (UMAP) technology was used, 18 cell clusters and six cell types
were also identi�ed (Fig. S1D and S1E).

Maternal exposure to ZEA impaired PF formation in the
newborn ovaries
In order to verify the effect of maternal ZEA exposure more accurately on offspring PF formation, we
focused on the transcription dynamic of oocytes. First, by extracting oocytes from four sample sets, tSNE
projection subdivided the oocytes into 10 subclusters (Figs. 2A, S2A upper). On this basis, we classi�ed
oocytes as pre- (Meioc and Malat1), early- (Figla and Lhx8), and late- (Padi6 and Zp3) follicular stages
(Fig. S2A below and S2B) [23]. The violin plot results showed that in oocytes the transcripts of key genes
crucial for PF formation such as Syce3, Nobox, Lhx8, and Padi6 signi�cantly decreased in PD0 and PD3
ovaries after ZEA exposure (Fig. 2B). In addition, the staining of ovary sections for the germ cell speci�c
MVH protein showed that ZEA exposure caused a signi�cant reduction of oocyte number at PD3 (CTRL =
272.42 ± 16.15, ZEA = 186.21 ± 7.31; P < 0.01), but the oocyte number at PD0 has no signi�cant
difference, and that the percentage of oocytes within follicles was also decreased compared with those in
germ cell cysts both at PD0 and PD3 (PD0: CTRL = 29.92 ± 0.94%, ZEA = 20.62 ± 1.29%; P < 0.05. PD3:
CTRL=48.73 ± 1.17%, ZEA = 38.49 ± 1.61%; P < 0.01. Fig. 2C and 2D). WB analyses also con�rmed down-
regulation of MVH and LHX8 in the PD3 ovaries of offspring from ZEA exposed mothers; moreover, the
LHX8 was also reduced in PD0 after ZEA exposed mothers (Fig. 2E and 2F).
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Altogether, these results con�rmed the notion that maternal exposure to ZEA during the period of
folliculogenesis in the fetal ovaries had negative impacts on PF formation, including deregulating the
expression of key genes involved in this process and increasing the rate of oocyte degeneration [6, 30].

ZEA exposure dysregulated the expression of genes
encoding proteins involved in mitochondrial processes in
oocytes
To dissect the underlying molecular mechanism behind ZEA exposure impairing PF formation, we
performed differential expression gene (DEG) analysis on oocytes in the investigated periods. The results
showed that at PD0, maternal ZEA exposure resulted in down-regulation of 134 and up-regulation of 194
genes in the oocytes of offspring ovaries; at PD3, the number of down-regulated genes was 210 and that
of up-regulated increased to 196 (Fig. S3A and S3B, Table S5). Metascape enrichment analysis of the
DEGs revealed that mitochondrial electron transport was one of the processes that was greatly affected
by ZEA exposure (Fig. S3A and S3B).

When oocytes were subdivided into pre-, early-, and late-follicular stages (Fig. S2A below and S2B), ZEA
treatment resulted in 329 DEGs (152 down- and 177 up-regulated) at PD0 and 22 DEGs (13 down- and 9
up-regulated) at PD3 in the pre-PF stage (Table S6; Fig. 3A left). For the early-PF stage (Table S6), there
were 346 DEGs (212 down- and 134 up-regulated) at PD0, and 433 DEGs (217 down- and 216 up-
regulated) at PD3 (Fig. 3A middle); and for the late-PF stage (Table S6), there were 434 DEGs (275 down-
and 159 up-regulated) at PD0 and 402 DEGs (202 down- and 200 up-regulated) at PD3 (Fig. 3A right). At
each stage, there were 20, 219, and 247 DEGs between PD0 and PD3, respectively (Fig. 3B). According to
the enrichment analysis, most of the affected biological processes were again associated with
mitochondrial activities (Fig. 3C).

ZEA exposure affected the structure and molecular
composition of oocyte mitochondria and mitochondrial
activities in ovaries
To con�rm the results of the scRNA-seq analyses concerning the effects of ZEA on mitochondrial
processes in oocytes, we next performed morphological, molecular, and biochemical evaluations of the
mitochondria in such cells. TEM observations showed frequent morphological alterations such as
fragmentation and vacuolization of mitochondria in oocytes after ZEA exposure (Fig. 4A). Data from
scRNA-seq revealed that the transcripts of many proteins of the electron transport chain (ETC) complexes
such NDUFB2, SDHB, COX6A1, and ATP5L, were down-regulated in oocytes following ZEA treatment (Fig.
4B); Western blot analyses on the whole ovaries con�rmed these data at a protein level (Fig. 4C). The
mitochondrial membrane potential (MMP), however, did not appear to be signi�cantly different between
CTRL and ZEA groups of ovaries (Fig. S2C), implying a substantial integrity of mitochondria.
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Finally, we used targeted mitochondrial metabolite analyses to monitor changes of mitochondrial
activities. Since the level of ACA and CA can re�ect tricarboxylic acid cycle (TCA cycle) �ux and ETC
activities [36], we measured the levels of these compounds in offspring ovaries. The levels of both ACA
and CA were signi�cantly lower in the ovaries of offspring from ZEA exposed mice (Fig. 4D and 4E).

ZEA induced oocyte autophagy in PD3 ovaries
Much evidence indicates that ACA levels are important regulators of autophagy [42–45]. Thus, we next
investigated whether ZEA exposure impinged on oocyte autophagy. We found that levels of LC3B II/  and
p62, which are often used as biomarkers of ongoing autophagy, increased in ovaries of PD3 offspring
from ZEA exposed mothers, whereas those of p-mTOR, a negative regulator of autophagy, were
decreased in comparison to CTRL (Fig. 5A and 5B). IF staining showed more LC3B dots (an indication of
autophagy degree) in the cytoplasm of oocytes within ovaries of PD3 offspring from ZEA exposed
mothers (Fig. 5C and 5D). Accordingly, TEM observations revealed autophagosomes in oocytes of these
ovaries (Fig. 5E).

ZEA altered the expression of KAT2A, HDAC2, and SIRT1 in
oocytes, and histone acetylation in offspring ovaries
Since the activity of histone acetyl-transferases (HATs), histone deacetylases (HDACs), and consequently
the level of histone acetylation depend on ACA and CA availability [37, 46–48], the levels of transcripts for
the KAT2A lysine histone acetylase and the HDAC2 and SIRT1 histone deacetylases in offspring ovaries
were investigated. The results showed that the RNA levels of Kat2a were down-regulated whereas those
of Hdac2 and Sirt1 were up-regulated in PD3 offspring ovaries from ZEA exposed mothers in comparison
to CTRL (Fig. S4A). In line with these observations, western blot showed an up-regulation of both HDAC2
and SIRT1 and a down-regulation of KAT2A proteins in offspring ovaries of ZEA exposed mothers (Figs.
6A, Fig. S4B). Moreover, HDAC2 was immunolocalized mainly in the nuclei of both oocytes and
pregranulosa cells in either condition (Fig. 6B). To determine which histones were affected by ZEA
exposure, the expression levels of H3K9ac, H3K23ac, H4K12ac, and H4K16ac were tested. Western blot
showed that the levels of H3K9ac and H4K12ac were decreased while those of H3K23ac and H4K16ac
remained unaffected in the offspring ovaries of ZEA exposed mothers (Figs. 6C, S4E).

Inhibition of Hdac2 expression alleviated the deleterious
effect of ZEA on the cultured ovaries
HDAC2 has been reported to play a crucial role in early folliculogenesis and oocyte development [7, 49–
54]. Furthermore, based on the results reported above, we speculated that upregulated HDAC2 and the
subsequent deregulation of the acetylation of some histones such as H3K9ac and H4K12ac might be a
critical consequence of the impairment of mitochondrial activities in oocytes caused by ZEA, and that
such conditions increased autophagia in oocytes and decreased their capacity to form PFs. To verify
such possibilities, RNAi was then used to down-regulate the expression of Hdac2 in cultured newborn
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ovaries. For this, PD0 ovaries were cultured for three days in the presence or absence of 30 µM ZEA and
with or without si-Hdac2, and levels of the oocyte LHX8 and MVH proteins, H3K9ac and H4K12ac, and the
autophagy marker LC3B were determined by WB; at the same time, the percentage of oocytes within PFs
in tissue sections was evaluated. The results showed that the amount of HDAC2 was signi�cantly
reduced in the presence of si-Hdac2 alone compared to CTRL, as expected (Fig. 6D). Moreover, and most
importantly, the expression levels of LHX8 and MVH (Fig. 6E and 6F), of H3K9ac and H4K12ac (Fig. 6G
and 6H), the numbers of oocytes and the percentage of oocytes in PFs (Fig. S4C and S4D), nearly
reverted to those of CTRL. Moreover, ovaries cultured in ZEA+si-Hdac2 had signi�cantly lower LC3B II/
levels than ovaries cultured in the presence of 30 µM ZEA (Fig. 6G and 6I).

Oral administration of CoQ10 alleviated most of the effects
of ZEA on offspring ovaries
CoQ10 is an important electron donor that can transport electrons from complexes I and II (received from
the TCA cycle) to complex III in the mitochondrial ETC [40]. CoQ10 is essential for mitochondrial activities
as point mutations in enzymes responsible for CoQ10 synthesis can alter phenotypes in the high energy-
consuming tissues that can be partially alleviated by oral administration of CoQ10 [55–57].

To verify whether ZEA-induced oocyte mitochondrial dysfunction is responsible for the effects of the drug
on the offspring ovaries described here, we tested whether CoQ10 counteracted such effects. For this, 20
mg/kg CoQ10 was orally administrated to pregnant mothers at 12 h after each ZEA dosing and PD3
offspring ovaries were analyzed for various parameters (Fig. 7A). Western blot analyses showed that in
the offspring ovaries from ZEA+CoQ10 mothers, the levels of MVH, LHX8, and the ETC proteins COX6A1,
HDAC2, and LC3B were similar to those of controls (Fig. 7B and 7C). Moreover, while the numbers of
oocytes were similar in all experimental groups, CoQ10 administration restored the percentage of oocytes
enclosed within follicles, decreased by ZEA, to the control values (CO = 50.26 ± 1.13%, ZEA+CO = 60.33 ±
1.02%, ZEA+CoQ10 =49.71 ± 3.16%, CoQ10 = 52.09 ± 4.04%; P < 0.01 (Fig. 7D and 7E).

Discussion
scRNA-seq technology is capable of identifying cell heterogeneity in tissue and organs, which allows
many novel insights in our understanding of their biology [58, 59]. This technology has recently been
applied to describe the transcriptome landscape of gametogenic processes such as PF formation [2, 5,
23]. In a previous study, using scRNA-seq, we were able to detect six cell types in developing mouse
ovaries including oocytes, pregranulosa cells, interstitial cells, erythrocytes, immune cells, and endothelial
cells and to gain new information about the mechanisms guiding early folliculogenesis [23]. In the
present paper, we used this technology to identify processes in oocytes affected by ZEA exposure that
negatively affected their capability to orchestrate PF formation. Signi�cantly, our data showed that
exposure of pregnant mice to ZEA reduced the expression of transcripts of key genes known to be crucial
for PF formation such as Syce3, Nobox, Lhx8, and Padi6 in the oocytes of offspring ovaries. Furthermore,
in such ovaries, the number and proportion of oocytes enclosed in follicles were also signi�cantly
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decreased. Thus, our research con�rmed previously reported results that ZEA exposure has a negative
impact on PF formation in fetal ovaries during the early period of folliculogenesis [6, 30].

For the processes affected by ZEA in oocytes, functional enrichment of DEGs pointed to the reduced
expression of proteins with a role in the mitochondrial ETC. Considering the low expression of
phosphofructokinase, oocytes mainly depend on the mitochondrial ETC and TCA to produce ATP;
therefore, these processes are crucial for oogenesis [60]. Mitochondrial alterations in oocytes exposed to
ZEA were con�rmed by morphological and further scRNA-seq bioinformatics analyses. These results
together with the �ndings that the levels of metabolites such as ACA and CA were signi�cantly reduced
while autophagic markers were increased in the ovaries of offspring from ZEA exposed mothers,
supported the notion of mitochondrial dysfunction in the oocytes of these ovaries as the main cause of
PF assembly impairment. Several previous studies report that the level of ACA re�ects the general
energetic state of cells and is inversely proportional to autophagy [43]. In line with these, here we found
that autophagy was increased in the ovaries from PD3 offspring. Epigenetic changes in the genome are
emerging as relevant consequences of mitochondrial dysfunction, and ACA and CA availability are crucial
for the activity of the major regulators of histone acetylation such as HATs and HDACs [37, 61, 62];
therefore, we next decided to investigate the levels of transcripts for the KAT2A lysine histone acetylase
and the HDAC2 and SIRT1 histone deacetylases in offspring ovaries. Relevant in this regard, HDACs are
reported to play a crucial role in early folliculogenesis and oocyte development [49–52, 63]. The results
showed that the mRNA and protein levels of KAT2A were downregulated whereas those of HDAC2 and
SIRT1 were upregulated in PD3 offspring ovaries from ZEA exposed mothers in comparison to control
groups. Moreover, we identi�ed H3K9ac and H4K12ac as histones whose ovarian levels were negatively
affected by ZEA. The fact that neutralizing Hdac2 mRNA restored, nearly to control levels, the expression
of LHX8 and MVH, LC3B, H3K9ac, and H4K12ac, as well as PF number in newborn ovaries cultured in the
presence of ZEA, strongly implied that misregulation of the activity of this deacetylase was mostly
responsible for the deleterious effects of ZEA on PF assembly. In line with these �ndings, Li et al. have
reported that the administration of trichostatin A, an inhibitor of HDAC, to female mice alleviates ovarian
structural damage and decreases autophagy caused by cigarette smoking [7].

Mitochondrial function is necessary for oogenesis, fertilization, and embryonic development [64–66].
Moreover, mitochondrial dysfunction is accompanied by a decrease in ATP and CA levels, which are
closely related to oocyte insu�ciency and decreased fertilization rate [65, 67, 68]. Consistent with this, it
has also been found in human clinical studies that mitochondrial function is closely related to
reproductive ability [69, 70]. Interestingly, a recent study showed that gut microbiota improved fertility in
Drosophila melanogaster by supplementing ribo�avin (a precursor of FAD and FMN, two essential co-
enzymes in mitochondria). Relevant to the present paper, this also restored ovarian reserve [34]. In
addition, in vivo supplementation of nicotinamide mononucleotide (NMN, an essential co-enzyme in
mitochondria) or CoQ10, an important hydrogen transporter in the ETC, increased ovulatory potential, and
oocyte quantity and quality in aged mice [40, 64, 71]. Moreover, CoQ10 supplementation is bene�cial for
polycystic ovarian syndrome (PCOS) patients to improve their mature oocyte count [72]. On these bases,
we here attempted to attenuate the effects of ZEA by improving mitochondrial function using CoQ10. The
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oral administration of CoQ10 to pregnant mice prevented most of the deleterious effects of ZEA on
offspring ovaries including reduced expression of MVH and the ETC COX6A1, up-regulation of HDAC2,
and LC3B, and impairment of PF assembly.

In conclusion, our data support the notion that the impairment of PF assembly caused by ZEA in
postnatal mouse ovaries is mainly a consequence of mitochondrial dysfunction, which leads to increased
autophagy and epigenetic changes primarily in oocytes (Fig. 8). Moreover, the effectiveness of CoQ10 in
mitigating the effects of ZEA suggest a means of counteracting the deleterious effects of this compound
on early folliculogenesis in mammals.
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Figure 1

Experimental design and identi�cation of ovarian cell types using scRNA-seq.

(A) The overall experimental framework of the study, including mouse handling, single cell data analysis,
and experimental validation. (B) tSNE plot of ovarian cells from the four experimental groups. (C) Feature
plots of cell classic markers gene to identify the ovarian cell types. (D) Six ovarian cell types identi�ed by
tSNE plot
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Figure 2

Maternal ZEA exposure impairs primordial follicles formation in offspring.

(A) tSNE plot of oocytes based on four sample sets. (B) Violin plots showing the average expression level
in the four experimental groups of classic oocyte genes (Syce3, Lhx8, Nobox, Padi6). (C) Representative
IF for MVH (green) in ovaries of the four experimental groups. Arrowheads, cysts, arrows, primordial
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follicles. Scale bar = 50 μm. (D) Number of MVH positive oocytes (upper) and their percentage in cysts or
PFs (below) in the four experimental groups, calculated as the mean of counts in eight sections per ovary.
For each group at least three ovaries were analyzed. Data are shown as mean ± SD (*P < 0.05, **P <
0.01). (E-F) Representative WB for MVH and LHX8 proteins and quantitative evaluation of their
expression in the four experimental groups (the levels of LHX8 and MVH were calculated relatively to
MVH and GAPDH, respectively). All analyses were repeated at least three times on different samples.
Data are shown as mean ± SD (*P < 0.05, **P < 0.01)
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Figure 3

Differential gene expression analysis in oocytes of offspring ovaries from ZEA exposed mothers.

(A) Volcano plots of differentially expressed genes (DEGs, down-regulated, blue, up-regulated, red) of
oocytes from PD0 and PD3 ovaries at the indicated PF stages in ZEA exposed mothers in comparison to
CTRL. (B) Venn plots of DEGs in oocytes at the three PF stages. (C) GO enrichment analysis of DEGs in
oocytes at early- and late- PF stages
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Figure 4

Effects of ZEA on mitochondria morphology and activities.

(A) TEM images of mitochondrial morphologies in CTRL and ZEA exposed oocytes. Note, CTRL group:
mitochondria are intact ellipse with many inner cristae, ZEA group: mitochondria become fragmentation
and vacuolization, Scale bar = 30 μm and 5 μm. Fifteen sections from three ovaries were examined in
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each group. (B) Violin plots showing the expression level of the transcripts of phosphorylation complex
proteins (Ndufb2, Sdhb, Cox6a1, Atp5l) in the ovaries of the four experimental groups. (C) Representative
WB of the same proteins. (D) Amount of ACA of offspring ovaries in CTRL and ZEA exposed group. (E)
Mitochondria and cytoplasm content of CA in CTRL and ZEA exposed offspring ovaries. All analyses
were repeated at least three times on different samples. Data are shown as mean ± SD (*P < 0.05, **P <
0.01)
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Figure 5

ZEA induces autophagy in oocytes of PD3 offspring ovaries.

(A-B) Representative WB and quanti�cation of the expression of the autophagic proteins LC3B II/I, p62
and p-mTOR in PD3 offspring ovaries from CTRL and ZEA exposed mothers. For each group at least
thirty ovaries were used. Data are shown as mean ± SD (*P < 0.05, **P < 0.01). (C-D) IF images and the
quantities of LC3B (green) in the cytoplasm of MVH (red) positive oocytes, arrows: LC3B puncta
structures (the punctate structure re�ects the degree of autophagy). scale bar = 25 μm. Nine sections
from three ovaries were examined in each group. (E) TEM observations of phagophore and
autophagosomes (arrows) in the CTRL and ZEA exposed oocytes. AP, autophagosome, M, mitochondria,
Nu, oocyte nucleus. Scale bar = 50 μm and 5 μm. Fifteen sections from three ovaries were examined. All
analyses were repeated at least three times. On different samples Data are shown as mean ± SD (*P <
0.05, **P < 0.01)
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Figure 6

ZEA increases HDAC2 levels and alters histone acetylation in the offspring ovaries.

(A) Representative WB for HDAC2 in PD3 offspring ovaries from CTRL and ZEA exposed mothers. (B) IF
for HDAC2 in the same ovaries as above. Scale bar = 50 μm. Twenty sections from three ovaries were
examined in each group. (C) WB for H3K9ac and H4K12ac in offspring ovaries after ZEA exposed
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mothers. (D) WB for HDAC2 in newborn PD0 ovaries cultured for three days with and without si-Hdac2
treatment. (E-F) WB for MVH and LHX8 in newborn PD0 ovaries cultured for three days under the
indicated conditions (the level of LHX8 was calculated relatively to MVH, that of MVH to GAPDH). (G-H)
WB for H3K9ac and H4K12ac in newborn PD0 ovaries cultured for three days under the indicated
conditions. (I) WB and quantitative evaluation of the LC3B II/  expression level in newborn ovaries
cultured for three days under the indicated conditions, note that in the presence of si-Hdac2 the effects of
ZEA on the expression of these proteins were nearly abolished. All analyses were repeated at least three
times. Data are shown as mean ± SD (*P < 0.05, **P < 0.01). NC (negative control) are ovaries cultured in
the presence of the drug solvent only
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Figure 7

CoQ10 counteracts the effect of ZEA on the offspring ovaries.

(A) A timeline and grouping diagram of CoQ10 administration (to eliminate the in�uence of CoQ10
solvent on the experimental results, CTRL group and ZEA group were also orally given CoQ10 solvent). (B-
C) Representative WB for MVH, LHX8, HDAC2, COX6A1 and LC3B and quanti�cation of their expression in
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protein extracts of PD3 ovaries of offspring from mothers treated as indicated. Note that whereas ZEA
altered the expression levels of these proteins, CoQ10 administered with the drug counteracted these
effects. (D) Representative IF (upper) and IHC (lower) for MVH of sections of ovaries of PD3 newborns
from mothers treated with the indicated compounds. Arrowheads, cysts, arrows, primordial follicles.  (E)
The number and percentage of oocytes in follicles towards in cysts in the same groups. Note that while
the numbers of the MVH positive oocytes were similar in all groups, ZEA reduced those in follicles and
CoQ10 reverted the percentage to control values. Scale bar = 100 μm and 50 μm, respectively. Forty
sections from �ve ovaries in each group were examined
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Figure 8

A sketch depicting the experimental design and the main molecular pathways affected by ZEA in oocytes
identi�ed in the present paper.

 Brie�y, decreased production of Acetyl-CoA and Citrate, as a consequence of ZEA action on the oocyte
mitochondria, leads to enhanced expression/activity of HDAC2 that alters the expression of genes



Page 34/34

regulating autophagy and PF assembly through modifying histone acetylation
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