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Abstract
Background: Vinclozolin is not only a common dicarboximide fungicide used to protect crops against
diseases but also an endocrine disruptor. This study aimed to investigate the effects of gestational
vinclozolin exposure on the development of rat fetal Leydig cells.

Methods: Female pregnant Sprague-Dawley rats were exposed to vinclozolin (0, 25, 50, and 100 mg/kg
body weight/day) by oral gavage from gestational day 14 to 21.

Results: Vinclozolin dose-dependently depressed serum testosterone levels at doses of 50 and 100
mg/kg and anogenital distance at 100 mg/kg. RNA-seq, qPCR, and Western blot showed that vinclozolin
down-regulated the expression of Nr5a1 , Sox9 , Lhcgr , Cyp11a1 , Hsd3b1 , Hsd17b3 , Amh , Pdgfa , and
Dhh and their encoded proteins. Vinclozolin depressed NR2F2-positive stem Leydig cell number at a dose
of 100 mg/kg and also enhanced autophagy in the testis.

Conclusion: Vinclozolin disrupts fetal Leydig cell development via several pathways.

Background
The reproductive tract anomalies, including hypospadias and cryptorchidism, have been assumed to be
associated with the action of some endocrine disruptors in mammals [1]. Agricultural reliance on
fungicides in the modern society has caused people being exposed to numerous endocrine disruptors,
including vinclozolin (VCZ).

VCZ is a dicarboximide fungicide that is widely applied in the �eld in controlling fungi on vegetables,
fruits, and ornamental plants. Humans can contact VCZ via ingestion of foods, vegetables, and fruits,
inhalation of dust particles, and dermal absorption. U.S. Environmental Protection Agency (EPA)
estimated that VCZ exposure would be 2.933 µg per kg a day general people [2].

VCZ has been thought to be an environmental contaminant that binds to the androgen receptor (NR3C4, a
nuclear receptor) to cause anti-androgenic effects as an antagonist [3]. The transient administration of
VCZ to pregnant female rats at the time of embryonic sex determination promoted defects in the
reproductive tract and subfertility of the F1 male offspring [4]. The in utero VCZ exposure to the pregnant
dams caused abnormalities of the androgen-regulated sexual differentiation in the male offspring,
including shortening of the anogenital distance (AGD) [5–7]. VCZ-exposed male offspring during
gestation developed the retained nipples, cleft phallus, hypospadias, cryptorchidism, small ventral
prostate, seminal vesicles, and epididymis, as well as reduced sperm counts [5–7]. However, the
underlying mechanism is poorly understood on a molecular level.

Development of the male reproductive tract relies on the differentiation of the fetal gonads, which
includes the differentiation of somatic cells, such as fetal Leydig cells (FLCs) and Sertoli cells (SCs).
FLCs, differentiated from stem Leydig cells (SLCs)[8], secrete testosterone (T) and insulin-like 3 (INSL3)
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for induction of testis descent and the differentiation of the Wol�an ducts into the male reproductive
tracts. SCs, developed from their precursor cells under the action of sex-determining region Y-box 9
(SOX9) [9], secrete anti-müllerian hormone (AMH) to cause the apoptosis of müllerian ducts [10]. In
addition, SCs secrete many growth factors, such as platelet growth factor A (PDGFA), AMH, and desert
hedgehog (DHH) to control FLC development [11]. This study aimed to investigate the effects of
gestational VCZ exposure on the development of rat FLCs and to explore the underlying mechanism.

Methods
Chemicals

The detailed materials and methods were described in the Supplementary material S1. General
toxicological parameters after treatment of vinclozolin were described in Table1. Chemicals, reagents,
kits, software, and equipment were described in Table2. Antibody sources and information were described
in Table3. Primer information was described in Table4.

Animals and experimental design

The animal model used in the current study was the Sprague-Dawley rat. Adult female and male Sprague-
Dawley rats (56 days of age, weighed at 220 ± 10 g) were purchased from the Shanghai Laboratory
Animal Center (Shanghai, China). Rats were allowed one week to acclimate to the experimental
environment. Time-pregnant female rats were randomly assigned into different treatment groups: 0, 25,
50, and 100 mg/kg/day VCZ (n = 8 rats/group). The experimental protocol for animal toxicity experiment
was approved by Wenzhou Medical University Laboratory Animal Ethics Committee. The experiment was
performed following the procedures described in the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health.

VCZ was suspended in corn oil (vehicle control). Daily gavage dosing of the dams started on GD 14 and
continued until the initiation of parturition at doses of 0, 25, 50, or 100 mg/kg. Dose selection is based on
the observation that VCZ signi�cantly caused anomalies of the male reproductive tracts of rats at 200-
400 mg/kg [12]. Body weights of dams were daily recorded. Male pups were euthanized by CO2. Blood
and testis of each male pup was collected for the following studies.

Measurement of serum T level

Serum T level was detected by the Siemens Healthcare Diagnostics Total Testosterone Kit as previously
described [13]. The inter-assay and intra-assay coe�cients of variation were within 15%.

Histochemical hematoxylin staining

The incidence of multinucleated gonocytes (MNGs) in the fetal testis can be increased by some
endocrine-disrupting chemicals [14-16]. The occurrence rate of MNGs after VCZ treatment was counted
as previously described [13]. In brief, cross-sections were sliced at 6 µm from a testis tissue-array by
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microtome and stained with hematoxylin solution as previously described [17]. The percentage of the
seminiferous cord containing MNGs was calculated.

Immunohistochemical staining

CYP11A1 is used as the biomarker of the FLC [18]. Transcription factor SOX9 is used as the biomarker of
the SC [19]. The total numbers of CYP11A1-positive cell and SOX9-positive cells were counted by a
fractionator technique as previously described [20]. In brief, fetal testes were embedded in para�n block
in a tissue-array block, cross-sections were sliced and stained immunohistochemically with CYP11A1 or
SOX9. Immunohistochemical staining method was used as previously described [21].

Computer-assisted analysis of FLC metrics

The FLC metrics include cell, nuclear, and cytoplasmic sizes, which were measured as previously
described [22]. In brief, cell and nuclear sizes were measured by the Media Cybernetics Image-Pro 6 Plus
software, with the measurement parameter of the average area.

Semi-quantitative immunohistochemical measurement of CYP11A1 and SOX9

Immunohistochemical staining of CYP11A1 and SOX9 were performed as described [22]. Target protein
density and surrounding area background density were measured by the Media Cybernetics Image-Pro
6Plus with the measurement parameter of the main density.

Measurement of FLC proliferation

The proliferation of FLCs was measured by immuno�uorescent staining of proliferating cell nuclear
antigen (PCNA) and CYP11A1 as previously described [23]. In brief, the cross-sections in the tissue-array
congregated above were utilized. Sections were double-labeled with the primary antibodies of CYP11A1
and PCNA followed by the �uorescent secondary antibody.

Measurement of stem Leydig cell number

Previous studies demonstrated that FLCs were developed from stem Leydig cells [8, 24]. Stem Leydig
cells in the fetal testis are spindle-shaped and express NR2F2, also called COUP-TFII [8, 24-26]. We used
NR2F2 as the biomarker to identify the stem Leydig cell and SOX9 as the biomarker to draw a boundary
for the seminiferous cord. Double immuno�uorescent staining was performed as above. The number of
NR2F2-positive cells per square millimeter was calculated.

Preparation of RNA-seq library

Eight testes per dam were randomly selected for total RNA isolation. Total RNAs were extracted from
testes using Invitrogen Trizol Kit as previously described [27]. Total RNAs were enriched by oligo-dT
magnetic beads and RNA-seq library was set up by Illumina KAPA Stranded RNA-Seq Library Prep Kit. The
libraries were sequenced on the Illumina HiSeq 4000 instrument.
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RNA-seq analysis

We performed RNA-seq of the testis and biological pathway analysis to address the pathway of VCZ-
mediated action in vivo as previously described [28].  Gene expression level, Gene Ontology, Pathway
analysis, scatter plots, and volcano plots were performed.

Biological pathway analysis

Biological pathway analysis was performed as previously described [29]. In brief, the GenMAPP2.1
software was used to create a map of signal pathways for the potential pathways.

Quantitative real-time PCR (qPCR)

We performed the qPCR of VCZ-treated samples to verify the sequencing data of the testes and to
measure the levels of some mRNAs that were not detectable by RNA-seq as previously described [30]. The
mRNA levels of Lhcgr, Scarb1, Star, Cyp11a1, Hsd3b1, Cyp17a1, Hsd17b3, Insl3, Nr5a1, Pcna, Pdgfa,
Amh, Dhh, and Sox9 were analyzed using the SYBR Green qPCR Kit. Lhcgr, Scarb1, Star, Cyp11a1,
Hsd3b1, Cyp17a1, Hsd17b3, were Insl3 were FLC genes. Pdgfa, Amh, Dhh, and Sox9 are SC genes, and
Nr5a1 is the critical transcription factor for the development of both FLCs and SCs. Pcna is the
proliferating cell biomarker. The mRNA levels were determined by a standard curve method.

Western blot

Western blot was performed as previously described [28]. In brief, testis is lysed, denatured,
electrophoresed and blotted with the primary antibody followed by the secondary antibody. Blots were
stripped and incubated with a monoclonal GAPDH antibody served as the internal control.

Measurement of serum IGF-1

Insulin-like growth factor 1 (IGF-1) plays important roles in cell proliferation, differentiation and growth of
many cells, including Leydig cells [11, 31]. The circulatory IGF-I is mainly produced by mammalian livers
[31]. IGF-1 ELISA kit was used for the measurement of serum IGF-I according to the manufacturer’s
instruction.

Statistical analysis

Values for all intents and purposes are expressed as mean ± S.E.M., and data were analyzed by one-way
ANOVA followed ad hoc Turkey’s analysis to speci�cally compare values from VCZ-treated rats to the
control. GraphPad Prism was used.

Results
VCZ shortens AGD and depresses serum T levels in male pups
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Eight dams per group were orally administered via gavage of 0, 25, 50, and 100 mg/kg/day VCZ for 10
days from GD 14 to 21 (Fig.1A). Body weights of dams and pups after VCZ treatment were without
change (Supplementary material S5). Birth rate, pup number per dam, male birth weights and percent
male ratio were without change either (Supplementary material S5). However, VCZ signi�cantly depressed
AGD at 100 mg/kg (Fig.1B), indicating that VAC is an anti-androgen. We measured serum T levels in male
pups. VCZ signi�cantly depressed serum T levels in male pups at doses of 50 and 100 mg/kg (Fig.1C),
suggesting that VCZ disrupts FLC steroidogenesis.

VCZ does not alter incidence of MNGs

Some endocrine disruptors, such as phthalates, can disrupt germ development, increasing the incidence
of MNGs in the fetal testis [14, 32]. The rate of MNGs after VCZ treatment was counted. VCZ did not alter
MNG incidence in the fetal testis (Supplementary Fig.S1).

VCZ deceases FLC cluster size

FLCs exist as single cell or a cluster of FLCs with two or more cells [33]. In the current study, we de�ned
the cluster size for FLCs as single (one cell per cluster), small (2-4 cells per cluster), medium (5-16 cells
per cluster), and large (>16 cells per cluster). VCZ showed slight increase of FLC number at 100 mg/kg,
but no signi�cance was observed when compared to the control (Fig.2A-E). VCZ signi�cantly depressed
the percentage of medium-size FLC cluster (Fig.2F). This indicates that VCZ might disrupt the growth of
FLC clusters. We also analyzed FLC metrics (cell and cytoplasmic sizes) and did not �nd any change of
these two parameters (Fig.2G and 2H).

VCZ does not change PCNA labeling index of FLCs

We performed double-staining of CYP11A1 for FLCs and PCNA for the proliferating cell. VCZ did not alter
the percentage of PCNA labeling index of FLCs (Supplementary Fig.S2), con�rming the above �nding that
unaltered FLC number was observed after VCZ treatment.

VCZ lowers NR2F2-positive stem Leydig cell number

Previous studies indicated that NR3C4 is critical for Leydig cell development [34, 35] because stem
Leydig cells express NR3C4 [36]. VCZ is an NR3C4 antagonist. We used NR2F2 as a biomarker of stem
Leydig cells to identify their number. Indeed, NR2F2 is expressed in the spindle-shaped cells in the
interstitial area (Fig.3A-B). VCZ signi�cantly lowered NR2F2-positive cell number in the interstitial
compartment (Fig.3C). This indicates that VCZ disrupts stem Leydig cell number.

VCZ does not affect SC number

SCs were marked by biomarker SOX9. VCZ did not affect SC number (Supplementary Fig.S3). This
indicates that the proliferation of SCs is not in�uenced by VCZ.

RNA-seq analysis reveals VCZ-induced fetal testis gene expression
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We examined the effects of VCZ on testicular gene expression using RNA-Seq analysis. We sequenced
the transcripts and 8848 transcripts were identi�ed in the testis between control and 25-100 mg/kg VCZ
groups. We particularly analyzed the difference between 100 mg/kg VCZ and the control. As shown in
Supplementary Fig.S4A (volcanoplot), of these transcripts, 107 transcripts were signi�cantly up-regulated
(P < 0.05) and 101 transcripts were signi�cantly down-regulated (P < 0.05) in the 100 ng/testis VCZ group
(Supplementary Fig.S4A). GO analysis identi�ed that most of down-regulated genes were within
regulation of protein catabolism, protein acylation, peptidyl-lysine acetylation and that most of up-
regulated genes were within regulation of cellular protein catabolism, protein amino acid acetylation,
peptidyl-lysine acetylation, inner cell mass proliferation, histone H2B ubiquitination, and histone
acetylation (Supplementary FigS.4B). Heatmap listed the down-regulated (Supplementary Fig.S4C) and
up-regulated (Supplementary Fig.S4D) genes.

Pathway analysis reveals VCZ-induced down-regulation of steroidogenesis and regulation pathway

In the steroidogenic pathway, we found Cyp11a1 was down-regulated by ³2 folds at 25, 50 and 100
mg/kg VCZ (Fig.4). We also found that two critical transcription factors of regulating FLC development
and steroidogenesis, Nr5a1 and Nr4a1, were signi�cantly down-regulated at doses of 25, or 50 and 100
mg/k VCZ. Further pathway analysis showed that Gli transcription factor in the hedgehog pathway was
down-regulated at 100 mg/kg VCZ (Fig.4). We used qPCR to measure other FLC and SC gene expression.
We found that VCZ down-regulated expression of FLC steroidogenesis-related genes (Lhcgr, Hsd3b1, and
Hsd17b3) at 100 mg/kg (Fig.5). Since the development of FLCs is regulated by SC-secreted growth
factors, such as PDGFA (encoded by Pdgfa) [37], AMH (encoded by Amh) [38] and DHH (encoded by Dhh)
[39], which was regulated by SC transcription factor SOX9 (encoded by Sox9) [40], we measured these
gene expression in SCs. VCZ lowered transcript levels of SC genes (Pdgfa, Amh, Dhh, and Sox9) at 25
mg/kg and higher doses (Fig.5). This indicates that the FLC differentiation is blocked, in part by the
down-regulation of SC-secreted growth factors.

VCZ lowers FLC and SC protein levels

We further performed Western blot for FLC proteins (LHCGR, CYP11A1, HSD3B1, and HSD17B3), SC
proteins (PDGFA, AMH, DHH, SOX9) and FLC/SC common protein (NR5A1). It was found that VCZ
lowered their levels at 25 or higher doses (Fig.6). IGF-1 was primarily secreted by liver and also was
critical for the regulation of FLC development [41]. We performed ELISA to measure IGF-1 level in the
serum of male offspring and found that VCZ decreased IGF-1 level at 100 mg/kg. Semi-quantitative
immunohistochemical staining for CYP11A1 density per FLC and SOX9 density per SC showed that VCZ
lowered CYP11A1 and SOX9 densities at doses of 50 and 100 mg/kg (Supplementary Fig.S5). These
data further con�rm qPCR data.

VCZ induces autophagy in fetal testis in vivo

Previous studies indicated that many environmental chemicals induced autophagy to disrupt Leydig cell
function [42, 43]. Western blot showed that VCZ signi�cantly induced autophagy in the testis tissues with
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increases in LC3-II and beclin-1 proteins and decrease in p62 at 100 mg/kg (Fig.7). This indicates that
VCZ can induce autophagy in the testis as a protective mechanism.

Discussion
Here, we found that gestational exposure of VCZ to male fetuses inhibited T synthesis, decreased
expression of several genes linked with the steroidogenesis of the testis.

We reported that VCZ shortened AGD at doses of 50 and 100 mg/kg. This is consistent with the
observations from the exposure to 100 or 200 mg/kg/day VCZ from GD 14 through postnatal day 3 [44].
A prenatal exposure study for 0, 3.125, 6.25, 12.5, 25, 50, or 100 mg/kg VCZ by gavage from GD 14 to
postnatal day 3 further showed that VCZ at doses of 3.125 mg/kg and above had a dose-dependent
response for shortening AGD and increasing incidence of retained areolas [45].

The effects of VCZ on the development of the fetal male reproductive tract have been hypothesized to be
contributed by NR3C4 antagonism of VCZ. However, VCZ itself had a weak N3C4 antagonistic effect.
VCZ have two major VCZ metabolites (M1 and M2) after it is metabolized by liver enzymes. M1 and M2
effectively antagonized the NR3C4 binding to the rat NR3C4 in vitro [46]. VCZ, M1, and M2 had the Ki
values of > 700, 92, and 9.7 µM to replace dihydrotestosterone binding to rat NR3C4 [46]. The potency of
NR3C4 binding is M2 > M1 > VCZ [46]. Further study demonstrated that M2 is able to block androgen-
bound NR3C4 complex to the androgen response element on NR3C4 targeted DNA, thus blocking NR3C4-
induced transactivation [47].

Within the fetal testis, VCZ or its metabolites might act on NR3C4 of testicular cells. In the fetal rat testis,
NR3C4 is primarily present in interstitial cells surrounding the seminiferous cords [48]. As the fetal testis
develops, NR3C4 is found in peritubular myoid cells and elongated mesenchymal cells (presumably stem
Leydig cells) [48]. Indeed, VCZ can lower the NR2F2-positive stem Leydig cell number at the highest dose
(Fig. 3). Previous studies indicated that FLCs do not express NR3C4 [48] and in mouse, NR3C4 appears in
SCs after birth [49]. In this regard, NR3C4 antagonism by VCZ and its metabolites cannot completely
explain its mechanisms. Other targets including SOX9 and NR5A1 might be involved.

Previous studies showed that fetal development of SCs involved the Sox9 gene, which encodes SOX9 to
initiate a cascade of molecular processes to promote the differentiation of SC precursor cells after the
activation by SRY [19]. VCZ can down-regulate the expression of Sox9 and its protein during gestational
exposure (Figs. 4 and 5), con�rming the previous report of in utero VCZ exposure to lower SOX9
expression [50]. Exploration of the downstream targets of SOX9 has identi�ed several genes, including
Pdgfa [51] and Amh [52, 53]. VCZ lowered transcript levels of SC genes, including Pdgfa, Dhh, Amh, and
Sox9 as well as Nr5a1 (Fig. 5) and their protein (Fig. 6) levels.

It has been demonstrated that SOX9 was able to bind the Pdgfa promoter to increase its expression in the
fetal mouse testis [51]. PDGFA, the product of Pdgfa, was reported to be the pivotal factor to guide FLC
differentiation because knockout of PDGFA receptor (Pdgfra) resulted in the disrupted FLC development
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in the fetus with reduced steroidogenesis in mice [37] and null mutation of PDGFA also blocked Leydig
cell development in mice during puberty [54].

Desert hedgehog (Dhh) is another critical gene, which is expressed in SCs. It encodes DHH, which binds to
the DHH receptor, PTCH1, to initiate a cascade to increase Gli expression to regulate FLC development
[39]. Null mutation of DHH can block the FLC development [39] and Leydig cell differentiation during
puberty [55]. Indeed, VCZ decreased the expression of Dhh and Gli (Figs. 4 and 5), thus interfering with
FLC development.

Interestingly, the promoter analysis also showed that Cyp11a1 and Hsd3b1 were the targets of SOX9 [56].
Therefore, the signi�cant down-regulation of SOX9 also led to the reduction of expression of Cyp11a1
and Hsd3b1.

Nr5a1, which is a gene expressed downstream of Sry, has a signi�cant role in gonadal being a
transcriptional activator of steroidogenic enzymes and other genes that are essential for androgen
biosynthesis (Parker and Schimmer, 1997) and it also promotes SC differentiation via stimulating SOX9
and down-stream gene expression [57]. In the present study, we also demonstrated that VCZ signi�cantly
lowered Nr5a1 expression (Figs. 4 and 5).

Autophagy is a highly-regulated lysosomal degradation involving the delivery of cytoplasmic cargo to the
lysosome [58]. Autophagy can be induced during growth factor withdrawal in order to generate more
intracellular nutrients [59] and under stressful conditions such as chemical exposure [43, 60]. Autophagy
is characterized by increased expression of autophagy-related proteins, such as LC3-I to LC3-II conversion
and beclin-1 as well as a decreased expression of p62 [61]. Adequate autophagy is important for
maintaining the Leydig cell function [62] because it is able to reduce ROS accumulation by clearing
damaged mitochondria [63]. Indeed, in the current study, we demonstrated that autophagy of testis was
increased as shown by the increase of LC3-II and beclin-1 levels and a decrease of p62 levels (Fig. 7).
This could be due to the decrease of growth factors such as circulatory IGF-1 (Fig. 6) or PDGFA, AMH, and
DHH locally in the testis (Fig. 6). This indicates that the increased autophagy after VCZ exposure at the
highest dose is the protective mechanism for fetal testis function.

Conclusion
Our data show that VCZ exposure inhibits the secretion of growth factors such as PDGFA, AMH, and DHH
after down-regulating expression of SOX9, thus blocking the differentiation of FLCs, leading to low T
synthesis (Supplementary FigS6). At the high dose, VCZ also activates the autophagy pathway to count
its effects.

Additional Files
Supplementary Material S1
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Supplementary Figure S1 Incidence of multinucleated gonocytes after in utero vinclozolin treatment

Panels A-D, H&E staining images at 0, 25, 50, and 100 mg/kg vinclozolin (VCZ), respectively; Panel B,
quantitative data; Inset is the magni�ed �eld; Arrow designates a gonocyte that does not have two or
more nuclei; Bar = 50 µm. Mean ± SEM, n = 8; Identical letters designate no signi�cant difference between
two groups at p < 0.05.

Supplementary Figure S2 PCNA-labeling index of fetal Leydig cells after vinclozolin treatment

Panels A-D: Images at 0, 25, 50, and 100 mg/kg/day vinclozolin (VCZ); White arrow designates PCNA-
positive fetal Leydig cell (FLC); Bar = 50µm; Panel E, PCNA-labeling index of FLCs. Mean ± SEM, n = 8.
Identical letters designate no signi�cant difference between the two groups at p < 0.05.

Supplementary Figure S3 Sertoli cell number after vinclozolin treatment

Panels A-D: Images at 0, 25, 50, and 100 mg/kg/day vinclozolin (VCZ); Arrow designates SOX9-positive
SC; Bar = 50µm; Panel E, SOX9-positive SCs. Mean ± SEM, n = 8. Identical letters designate no signi�cant
difference between the two groups at p < 0.05.

Supplementary Figure S4 RNA-seq analysis of genes after vinclozolin treatment

Control (c1-c4) and 100 mg/kg vinclozolin (v1-v4) were compared. Panel A: Volcanoplot of up-regulated
(red dot) and down-regulated (blue dot) genes; Panel B: GO analysis of up-regulated and down-regulated
genes; Panels C and D: Heatmap for up-regulated and down-regulated genes, respectively.

Supplementary Figure F5 Semi-quantitative measurement of CYP11A1 and SOX9 density after in utero
vinclozolin treatment

Panels A-D, Histochemical staining images for CYP11A1 at 0, 25, 50, and 100 mg/kg vinclozolin (VCZ),
respectively; Panel E, quantitative data for CYP11A1; Panels F-I, Histochemical staining images for SOX9
at 0, 25, 50, and 100 mg/kg VCZ, respectively; Panel J, quantitative data for SOX9; Arrow designates
CYP11A1 and arrowhead designates SOX9; Bar = 20µm. Mean ± SEM, n = 8; Identical letters designate no
signi�cant difference between the two groups at p < 0.05.

Supplementary Figure S6 Illustration of vinclozolin action on Leydig cells

Vinclozolin (VCZ) targets SOX9 and NR5A1 in Sertoli cells and down-regulates the expression of them,
thus leading to lower expression of PDGFA and DHH, which in turns blocks fetal Leydig cell development
by down-regulating the expression of Leydig cell genes (Lhcgr, Cyp11a1, Hsd3b1, and Hsd17b3) and their
proteins, further leading to low T synthesis. VCZ also targets fetal Leydig cells via down-regulating
NR5A1 expression, directly lowering the expression of these Leydig cell genes and proteins.
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Tables
 

Table 1. General toxicological parameters after treatment of vinclozolin
Parameters Vinclozolin dosage (mg/kg)  

    0 25 50 100

Body weight (g)          
At GD14 306.8±8.8             312.3±7.0 304.0±9.2 323.5±7.1  

At GD21 377.4±17.3 386.5±8.9 385.4±8.4 399.5±9.6  

Pup number 99 113 107 106  

Male pup number 49 64 44 56  

Male pup weight (g) 6.7±0.3 6.8±0.2 6.5±0.3 6.5±0.2  

Male pup (%) 49.49 56.64 41.12 62.26  

Dams of Sprague Dawley rats were gavaged with vinclozolin from gestational day (GD) 14-21. Values are mean ± SEM, n = 8. No

significant difference between two groups was observed.

Table2 The chemicals, kits, software, and equipment
Name Vendor (City, State)
Agilent 2100 Bioanalyzer ThermoFisher Scientific (Shanghai, China)
BCA Protein Assay Kit Takara (Otsu, Japan)
BX53 microscope Olympus (Tokyo, Japan)
ECL Kit Pierce (Shanghai, China)
GenMAPP2.1software University of California (San Francisco, CA)
GraphPad Prism version 6 GraphPad Software Inc. (San Diego, CA)
mageJ software NIH (Bethesda, MD)
mage-Pro 6 Plus software Media Cybernetics (Silver Spring, MD)
MMULITE® 2000 Immunoassay System and Total

Testosterone Kit
Siemens Healthcare Diagnostics Products Limited (Gwynedd,
UK)

llumina HiSeq 4000 instrument Illumina (Foster City, CA)
GF-1 ELISA kit Chemicon (Temecula, CA)

NanoDrop (ND-1000) Thermo-Fisher (Redwood City, CA)
RNA-Seq Kang-Chen Bio-Tech (Shanghai, China)
Solexa pipeline v1.8 Illumina (Foster City, CA)
Sprague Dawley rats Animal Center of Shanghai (Shanghai, China)
Super-Signal West Pico substrate  Pierce Biotechnology (Radford, IL)
SYBR Green qPCR Kit Takara (Otsu, Japan)
Trizol Kit Invitrogen (Carlsbad, CA)
Vector ABC Kit Vector (Burlingame, CA)
Vinclozolin Sigma (St. Louis, MO)
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Table3. Information of antibodies
Antibody Species Vendor (City, State, catalogue) Dilution Antibody
      WB HS
CYP11A1 rabbit Cell Signaling Technology (Danvers, MA) 1:1000 1:200
SOX9 rabbit Abcam (San Francisco, CA) 1:1000 1:200
AMH rabbit Abcam (San Francisco, CA) 1:1000 ND
PDGFA mouse Santa Cruz (Santa Cruz, CA) 1:1000 ND
PCNA rabbit Abcam (San Francisco, CA) ND 1:100
NR5A1 mouse Santa Cruz (Santa Cruz, CA) 1:1000 ND
LHGCR rabbit Abcam (San Francisco, CA) 1:1000 ND
HSD3B1 mouse Santa Cruz (Santa Cruz, CA) 1:200 ND
HSD17B3 rabbit Abcam (San Francisco, CA) 1:1000 ND
LC3-II rabbit Cell Signaling Technology (Danvers, MA) 1:1000 ND
p62 rabbit Cell Signaling Technology (Danvers, MA) 1:1000 ND
Beclin 1 rabbit Cell Signaling Technology (Danvers, MA) 1:1000 ND
GAPDH rabbit Abcam (San Francisco, CA) 1:1000 ND

ND = Not detected; WB = Western blot; HS = Histochemical staining.

Table.4 Information of primers
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Gene name Primer
Direction

Sequences (5’to 3’) PCR
Size
(bp)

Accession

teinizing hormone receptor
Forward CTGCGCTGTCCTGGCC

103
NM_012978

Reverse CGACCTCATTAAGTCCCCTGAA

eroidogenic factor 1
Forward CAGAGCTGCAAAATCGACAA

187
NM_053344

Reverse CCCGAATCTGTGCTTTCTTC

atelet derived growth factor

bunit A

Forward ACCTTGCACAATAACGGGAG

336

NM_012801

Reverse CAGTTTGATGGACGGGAGTT

avenger receptor class B,

mber 1

Forward ATGGTACTGCCGGGCAGAT

117

NM_031541

Reverse CGAACACCCTTGATTCCTGGTA

eroidogenic acute regulatory

otein

Forward CCCAAATGTCAAGGAAATCA

187

NM_031558

Reverse AGGCATCTCCCCAAAGTG

olesterol side chain cleavage

zyme

Forward AAGTATCCGTGATGTGGG

127

NM_017286

Reverse TCATACAGTGTCGCCTTTTCT

-Hydroxysteroid dehydrogenase Forward CCCTGCTCTACTGGCTTGC

189

NM_001007719

Reverse TCTGCTTGGCTTCCTCCC

50 family 17 subfamily a1  Forward TGGCTTTCCTGGTGCACAATC 90 NM_012753
Reverse TGAAAGTTGGTGTTCGGCTGAAG

ulin-like 3
Forward GTGGCTGGAGCAACGACA 

102
NM_053680

Reverse TGAAAGTTGGTGTTCGGCTGAAG

β-Hydroxysteroid

hydrogenase 3

Forward TGAAAGTTGGTGTTCGGCTGAAG

202

NM_054007

Reverse CCACAAGCCAATACAAACTAACT

oliferating antigen
Forward CAACTTGGAATCCCAGAAC

81
Y00047

Reverse TAAGGTCCCGGCATATAC

sert hedgehog
Forward AACCCCGACATAATCTTCA

150
NM_053367

Reverse CTCGTCCCAACCTTCAGT

timulerian hormone
Forward GCCCTAACCCTTCAACCA

82
NM_012902

Reverse GGGAATCAGAGCCAAACAGA

Y box 9
Forward TGCTGAACGAGAGCGAGAAG

160
NM_080403

Reverse ATGTGAGTCTGTTCGGTGGC

bosomal protein S16
Forward AAGTCTTCGGACGCAAGAAA

148
NM_001169146

Reverse TTGCCCAGAAGCAGAACAG

 

 

Figures
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Figure 1

Regimen of vinclozolin and anogenital distance and serum testosterone levels after vinclozolin treatment
Panel A, regimen: Vinclozolin (VCZ) was gavaged from gestational day (GD) 14 to 21 and the parameters
for reproductive toxicity were examined. MNGs = multinucleated gonocyte, LC = Leydig cell, SC =Sertoli
cell; # =number; Panel B, Anogenital distance (AGD); Panel C, serum testosterone (T) levels in male pups.
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Mean ± SEM, n = 8. Identical letters designate no signi�cant difference between the two groups at p <
0.05.

Figure 2

Fetal Leydig cell number, distribution, and cell metrics after vinclozolin treatment Panels A-D:
Immunohistochemical staining of CYP11A1 at 0, 25, 50, and 100 mg/kg/day vinclozolin (VCZ); Arrow
designates FLC; Bar = 20 µm; Panel E, Fetal Leydig cell (FLC) number; Panel F, FLC distribution; Panel G,
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FLC cell size; Panel H, FLC cytoplasmic size. Mean ± SEM, n = 8. Identical letters designate no signi�cant
difference between the two groups at p < 0.05.

Figure 3

Figure 3 NR2F2-positive stem Leydig cell number after vinclozolin treatment Panels A-B: Representative
immuno�uorescent staining images of NREF2 at 0 and 100 mg/kg/day vinclozolin (VCZ); SOX9 (green
color in the nucleus of the Sertoli cell) staining shows the seminiferous cord; Arrow designates NR2F2-
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positive stem Leydig cells (red color in the nucleus of the stem Leydig cell), which have spindle-shaped
nuclei; Bar = 20 µm; Panel C, NR2F2-positive cell number. Mean ± SEM, n = 8. Identical letters designate
no signi�cant difference between the two groups at p < 0.05.

Figure 4

Figure 4 RNA-seq analysis of genes and GenMAPP2 analysis for steroidogenesis pathway after
vinclozolin treatment O, 25, 50, and 100 mg/kg vinclozolin (VCZ)-treated testes (n = 4) were compared.
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Figure 5

Figure 5 QPCR analysis of genes in the testes after vinclozolin treatment Gene (Lhcgr, Cyp11a1, Hsd3b1,
Hsd17b3, Nr5a1, Pdgfa, Amh, Dhh, and Sox9) expression in 0, 25, 50, and 100 mg/kg vinclozolin (VCZ)-
treated testes was compared. Mean ± SEM, n = 8. Identical letters designate no signi�cant difference
between the two groups at p < 0.05.
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Figure 6

Figure 6 Western blotting analysis of proteins in the testes and ELISA for serum IGF-1 after vinclozolin
treatment O, 25, 50, and 100 mg/kg vinclozolin (VCZ)-treated testes were compared. Panel A, the image of
Western blot; Panel B, Serum IGF-1, Mean ± SEM, n = 8; Panel C, quantitative measurement of Western
blotting data, Mean ± SEM, n = 3-4. Identical letters designate no signi�cant difference between the two
groups at p < 0.05.
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Figure 7

Figure 7 Western blotting analysis of autophagy-related proteins in the testes after vinclozolin treatment
O, 25, 50, and 100 mg/kg vinclozolin (VCZ)-treated testes were compared. Panel A, the image of Western
blotting bands; Panels B-D, quantitative measurement of beclin 1, LC3-II, and p62 protein levels,
respectively. Mean ± SEM, n = 3. Identical letters designate no signi�cant difference between the two
groups at p < 0.05.
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