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Background: 4-vinylcyclohexene diepoxide (VCD) has long been considered a
hazardous occupational chemical that promotes ovarian failure. However, VCD is also
used as a research compound to chemically induce animal models of premature ovarian
insufficiency (POI), and in related work we unexpectedly found that VCD apparently
exhibits both dose- and duration-dependent opposing, hormone-like effects on the
maintenance of the primordial follicle pool, follicle development, and ovulation induction.

Results: We conducted experiments with cultured murine ovaries and performed
transplantation experiments using postnatal day (PD) 2 and PD12 mice and found that
low-dose, short-term exposure to VCD (VCDlow) actually protects the primordial/primary
follicle pool and improves the functional ovarian reserve (FOR) by disrupting follicular
atresia. VCDlow inhibits follicular apoptosis and regulates the Pten-PI3K-Foxo3a
pathway. Short-term VCD exposure in vivo (80 mg/kg, 5 days) significantly increases
the number of superovulated metaphase II oocytes, preovulatory follicles, and corpus
luteum in middle-aged mice with diminished ovarian reserve (DOR). We demonstrate
that low-dose but not high-dose VCD promotes aromatase levels in granulosa cells
(GCs), thereby enhancing the levels of estradiol secretion.

Conclusion: Our study illustrates a previously unappreciated, hormone-like action for
the occupational “ovotoxin” molecule VCD and strongly suggests that VCDlow should
be explored for its potential utility for treating human ovarian follicular development
disorders, including subfertility in perimenopausal women.

Keywords: VCD, ovotoxicity, folliculogenesis, ovulation induction, PI3K-Akt pathway

INTRODUCTION

An ovary contains a finite pool of oocyte-containing follicles at different developmental
stages, and this pool of dormant primordial follicles provides developing follicles and oocytes,
known as the functional ovarian reserve (FOR) over the entire female reproductive lifespan
as controlled by numerous regulatory signals (Adhikari and Liu, 2009). Successive follicular
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waves during interovulatory intervals function to coordinate
folliculogenesis, ultimately facilitating the recruitment and
preferential growth of one dominant follicle leading up to
ovulation (de Mello Bianchi et al., 2010). The FOR diminishes
with age and results in the termination of the reproductive
lifespan at approximately 50 years of age. Women with
diminished ovarian reserve (DOR) may experience menopausal
symptoms including failure of follicle maturation and a
significant decrease in ovarian gonad steroids such as estrogen,
leading to a multitude of complications, e.g., cardiovascular
diseases, osteoporosis, and cognitive impairment (Buckler,
2005). Premature ovarian insufficiency (POI) patients may
develop more severe menopausal symptoms compared to older
menopausal women (Torrealday et al., 2017).

A growing list of natural and anthropogenic xenobiotics
has been shown to perturb ovarian metabolism, menstrual
cycles, and follicular development (Bhattacharya and Keating,
2012). These ovotoxicants have been shown to deregulate
endocrine signaling, redox homeostasis, and epigenetic
modifications and to impair ovarian functions and trigger
broad or targeted follicular atresia, and ultimately induce DOR
(Vabre et al., 2017).

4-vinylcyclohexene diepoxide (VCD) is an ovotoxic catabolite
of the occupational chemical 4-vinylcyclohexene, an intermediate
used in the manufacture of flame retardants, flavors, pesticides,
adhesives, fragrances, and synthetic rubber (Rappaport and
Fraser, 1977; Devine et al., 2001). Prior studies have consistently
indicated that VCD induces atretic degeneration of primordial
and primary follicles in rodents and primates (Devine et al., 2002;
Naz, 2005; Appt et al., 2006). Such VCD-induced ovotoxicity
has been associated with the B-cell lymphoma 2 (Bcl-2) pro-
apoptotic signaling pathway, with kit ligand signaling, with
the rapamycin-insensitive companion of mammalian target of
rapamycin (rictor)/mTORC2 pathway, and with the nuclear
factor erythroid 2-related factor 2-mediated oxidative stress
response pathway (Springer et al., 1996; Hu et al., 2001, 2006;
Fernandez et al., 2008).

As a research compound, VCD is commonly used to
chemically induce animal models of POI, one of the common
causes of female infertility. VCD depletes the FOR, enabling the
study of the etiopathogenesis of this reproductive disorder (Chen
et al., 2015). However, it is notable that although a standard
treatment regime of daily VCD (80 or 160 mg/kg for 10–15 days)
in postnatal day (PD) 28 animals via intraperitoneal injection (IP)
is widely adopted to elicit follicular atresia (Kappeler and Hoyer,
2012), such concentrations (equivalent to roughly 1 mg/ml in
blood) are several orders of magnitude higher than the reported
serum/blood concentrations of several well-known endocrine-
disrupting chemicals or ovotoxicants in human occupational
exposure studies. The low dose is considered to have no effect
either in vivo or in vitro. All of these attributes are inconsistent
with the definition of VCD as an environmental pollutant
in which the body may react at a much lower dosage such
as bisphenol A. In the clinic, VCD exposure has long been
considered a likely culprit for POI in occupationally exposed
individuals, although there is no direct clinical data to support
this supposition (Hu et al., 2006).

Here, we aimed to systematically examine the dose-
and duration-dependent hormone-like effects on follicle
development, maturation, and ovulation induction. We
examined in vitro ovary cultures and performed ovary
transplantation experiments to investigate the effects of different
VCD doses on follicular development in vitro and in vivo in
C57BL/6J female mice at PD2 and PD12 and in adult (2 months
old) and middle-aged (10–12 months old) mice with DOR. We
found that very short-term (2–3 min) VCD exposure (VCDlow)
can activate key proteins in the PI3K-Akt-Foxo3a and mTOR
pathways during ovarian culture. However, the expression
of several transcription factors including Foxo3a and Foxl2,
which are positively regulated by short-term VCD, began to
increase within 6 h of treatment. Simultaneously, the expression
of numerous transcription factors (Figla, Nobox, Gdf9, LHX8,
Sohlh1, and Sohlh2) known to positively regulate early follicular
development were downregulated by 6 h. Biochemically, we
demonstrate that short-term VCD can stimulate granulosa cells
(GCs) to express aromatase, which catalyzes estrogen production
and promotes follicular development and maturation (Fisher
et al., 1998). We also evaluated the effects of short-term VCD
exposure in vivo (80 mg/kg VCD for 5 days) on the concentration
of serum FSH and E2, as well as the number of superovulated
metaphase II (MII) oocytes, preovulatory follicles, and corpus
luteum in middle-aged DOR mice. Our work supports that VCD
confers hormone-like endocrine effects, suggesting the utility
of exploring VCD as an alternative therapeutic strategy for POI
patients. Fundamentally, short-term VCD exposure may be a
tool for improving subfertility in perimenopausal women.

MATERIALS AND METHODS

Chemical
4-vinylcyclohexene diepoxide was purchased from Sigma Aldrich
(Cat# 94956-100 ML). For cell culture, in vitro maturation, and
in vitro fertilization, VCD was dissolved in phosphate-buffered
saline (PBS) (Cat# 10010-0323, Gibco). For intraperitoneal
injection, VCD was dissolved in normal saline (0.9% sodium
chloride). bpV (HOpic) was purchased from Selleckchem
(Cat# S8651-5 mg).

Animals
Wild-type C57BL/6J female mice (PD2, PD12, PD28, 2 months,
and 10–12 months of age) were sourced from the Laboratory
Animal Experimental Service Center at the Chinese University
of Hong Kong (CUHK) and the Laboratory Animal Center of
Shandong University. The Figure 1 shows the age of mice selected
at different stages of follicular development. Animal handlings
and experimental procedures in Hong Kong were performed
in accordance with CUHK Schedule 7 Regulations on Use of
Experimental Animals, the International Guiding Principles for
Biomedical Research Involving Animals, the Hong Kong Code of
Practice for Care and Use of Animals for Experimental Purposes,
and the CUHK Guide for Animal Care Use. Animal handlings
and experimental procedures in Shandong were conducted in
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FIGURE 1 | Schematic diagram of the overall experimental design.

conformity to the “National Institute of Health Guide for the Care
and Use of Laboratory Animals revised 1996.”

The animals were housed in an air-conditioned (22 ± 1◦C)
environment with 45–55% humidity and a 12-h alternating light-
dark cycle. Standard lab feed and water were given ad libitum. All
animal experimental procedures were approved by the University
Animal Experiments Ethics Committee of the CUHK. For the
animal experiments in Shandong University, all procedures
were approved by the Ethics Review Board of the Center for
Reproductive Medicine of Shandong University.

Ovary Culture in vitro
Paired ovaries from euthanized PD2 or PD12 C57BL/6J female
mice were dissected and washed three times in Leibovitz’s
L-15 medium (Cat# 41400-045, Gibco) containing 10% fetal
bovine serum (FBS) before being transferred individually to
cell culture inserts (Cat# PICMORG50, Millipore) in a 6-well
culture plate (Cat# 3506, Costar). One ovary was incubated
with VCD and the contralateral ovary served as the paired
control. Each cell culture insert housed three dissected ovaries.
Ovaries were cultured in 1.5 ml Dulbecco’s modified Eagle’s

medium/Ham’s F12 (DMEM/F12) medium (Cat# 11039-021,
Gibco) supplemented with 1 mg/ml BSA (Cat# A4161-1G,
Sigma), 1 mg/ml AlbuMAX II Lipid-Rich BSA (Cat# 11021029,
Gibco), 5% Insulin-Transferrin-Selenium (ITS-G) (Cat# 41400-
045, Gibco), and 1% penicillin-streptomycin at 37◦C with
5% CO2 concentration and ∼95% relative humidity under
normal atmosphere. The paraffin-embedded ovaries were serially
sectioned into 5 µm thickness using a microtome and stained
with hematoxylin for histological analysis.

Ovary Transplantation Under the Kidney
Capsule
The kidneys of the anesthetized host animals were externalized
through a dorso- longitudinal incision. The paired ovaries
(VCD-treated and paired controls) from the same donor
were excised and separately allografted into two 2-month
old host mice followed by IP injection of VCD at 80 mg/kg
for three consecutive days. The age-matched paired control
groups were treated with an equal amount of 0.9% normal
saline. Starting at 3 days after ovary transplantation donated
by PD12 mice, the hosts were administrated 2 IU of

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 July 2020 | Volume 8 | Article 587

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00587 November 30, 2020 Time: 12:5 # 4

Cao et al. Dual Roles of VCD on Fertility

follicle-stimulating hormone (FSH) per mouse via daily
IP injection, and the grafts were harvested 7 or 14 days
later for histological examination. No FSH treatment
was given to the host mice that received ovarian grafts
from PD2 donors.

Follicle Counting and Identification
Ovarian grafts were fixed in 4% buffered paraformaldehyde (Cat#
P6148, Sigma) overnight, embedded in paraffin, serially sectioned
into 5 µm thickness using a microtome, and hematoxylin stained.
Only follicles with a stained nucleus in the oocyte were counted.

Follicles were categorized according to their maturation
stage – a primordial follicle contained an oocyte surrounded by a
single layer of squamous GCs; a primary follicle was characterized
by a layer of cuboidal GCs around the oocyte (a layer of cuboidal
GCs accompanied by oocyte enlargement was considered a late
primary follicle); a secondary follicle was surrounded by more
than two layers of cuboidal GCs, with an enlarged oocyte; a
“preantral follicle” (early antral follicle) was a large secondary
follicle with multiple layers of GCs with a developing antrum; and
mature preovulatory follicles had a large central antrum.

RNA Extraction and qPCR
The entire ovarian tissue was digested in QIAzol Lysis Reagent
(Cat# 79306, QIAGEN) for 20 min, and the total mRNA was
extracted using an RNA extraction kit (Cat# R2052, Zymo
Research). The reverse transcription reaction was performed
using GoScriptTM Reverse Transcriptase (Cat# A2790, Promega).

For single-oocyte qPCR, the ovaries from PD12 mice were
digested and the follicles were isolated according to size as
primordial follicles (20 µm), primary follicles (40–50 µm), and
secondary follicles (70 µm). For single-oocyte qPCR, follicles at
various maturation stages were collected and lysed using a Single
Cell Lysis Kit according to the manufacturer’s protocol (Cat# PN
4458235, Thermo Scientific). The reverse transcription reaction
was performed using a SuperScript R© VILOTM cDNA Synthesis
Kit with a 10-µl volume (Cat# 11754-050, Thermo Scientific).
The RNA concentration was measured using a NanoDrop
spectrophotometer (Thermo Scientific, United States).

Quantitative polymerase chain reaction (qPCR) was
performed using the QuantStudio 7 Flex Real-time PCR System
(Applied Biosystems) per the manufacturer’s instructions. The
real-time PCR process used SYBR Green Master Premix Ex Taq
(Takara, Japan). The thermocycling conditions were as follows:
denaturation at 95◦C for 30 s, 40 cycles of denaturation at 95◦C
for 5 s, and annealing/extension at 60◦C for 34 s. Relative gene
expression between the VCD-treated and paired control samples
was calculated using the 2−11CT method with glyceraldehyde
3-phosphate dehydrogenase (Gapdh) as an endogenous control.
The primer sequences are shown in Table 1.

Ovulation Stimulation
Aged female mice received one IP injection of 5 IU PMSG.
Forty-eight hours later, another injection of 10 IU hCG was
administered. Sixteen hours later, MII oocytes were collected
from the oviducts and placed into a hyaluronidase solution (Cat#
90101, Fujifilm Irvine Scientific) to remove the cumulus cells

surrounding the retrieved oocytes. The mice in the experimental
group were IP injected with VCD every morning and given 5 IU
of PMSG in the afternoon on the fifth treatment day. Saline was
given to the drug-paired control mice.

Hormone Measurement
The FSH and estradiol (E2) levels in serum of 10–12-month-
old mice were determined using an XH6080 Radioimmunoassay
system (Xi’an Nuclear Instrument Factory, China). The E2 level
in the supernatant from the human ovarian granulosa-like tumor
KGN cell culture and ovarian culture were determined using a
Human Estradiol ELISA Kit (Cat# KAQ0621, Invitrogen).

Immunoblotting
The ovarian samples were homogenized in RIPA Lysis Buffer
(Cat# 89900, Thermo) with protease inhibitors (Cat# B14002,
Bimake), then centrifuged at 14,000 × g for 15 min at 4◦C.
The supernatant was collected, and the protein concentrations
were measured using a Pierce BCA Protein Assay Kit (Cat#
23225, Thermo). The protein sample was heated to 100◦C for
10 min for denaturation. Equal amounts of proteins (10–20 µg)
were separated via 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (Cat# 456-1069, Bio-Rad)
and transferred to Protran nitrocellulose membranes (Cat#
IPVH00010, Immobilon-P). The membranes were blocked for
1 h with 5% non-fat dry milk in PBST (10% PBS with 0.1% Tween
20, pH 7.6), followed by incubation with the following primary
antibodies overnight at 4◦C: anti-rabbit aromatase (Cat# NBP1-
45360, Novus, 1:2000), anti-rabbit PTEN (D4.3) (Cat# 9188,
Cell Signaling, 1:1000), anti-rabbit phosphor-AKT (Serine 473)
(D9E) (Cat# 4060, Cell Signaling, 1:500), anti-rabbit AKT (pan)
(C67E7) (Cat# 4691, Cell Signaling, 1:1000), anti-rabbit FoxO3a
(75D8) (Cat# 2497, Cell Signaling, 1:1000), anti-rabbit phosphor-
FoxO3a (Serine 253) (Cat# 9466, Cell Signaling, 1:500), anti-
rabbit phosphor-FoxO1 (Threonine 24)/ FoxO3a (Threonine 32)
(Cat# 9464, Cell Signaling, 1:500), anti-rabbit phosphor-P-S6
(Serine 235/236) (Cat# 4858, Cell Signaling, 1:1000), anti-rabbit
phosphor-P-S6 (Serine 240/244) (Cat# 2215, Cell Signaling,
1:1000), anti-rabbit P-S6 (Cat# 2217, Cell Signaling, 1:1000),
anti-rabbit phosphor-P70S6k (Threonine 389) (Cat# 9205, Cell
Signaling, 1:1000), anti-mouse Bcl-2 (C-2) (Cat# Sc-7382, Santa
Cruz, 1:1000), and anti-Bax (Cat# 2772, Cell Signaling, 1:1000).
The membranes were washed three times with PBST for 10 min
and were incubated with the anti-rabbit (Cat# 7074S, CST)
or anti-mouse (Cat# 7076S, CST) Immunoglobulin G (IgG)
(heavy and light chain) antibody conjugated to horseradish
peroxidase (HRP) secondary antibody at a dilution of 1:5,000
in PBST for 1 h at room temperature. The membranes were
washed three times with PBST for 10 min. The blot was then
developed using an Enhanced Chemiluminescence Plus detection
kit (Cat. #: K-12045-D20, Advansta, United States) and visualized
using a Kodak Medical X-ray Processor 102 (Cat# K-07014-100,
Kodak). The protein bands were quantified using ImageJ software
and expressed as the densitometric quantization of the protein
band intensities normalized against the corresponding β-actin
band intensities. This experiment was repeated in triplicate, and
representative blot images are presented.
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TABLE 1 | List of primer sequences used for qPCR analysis in this study.

Gene name Forward primer sequence Reverse primer sequence Size

(5′ to 3′) (5′ to 3′) (bp)

Bcl-2 GAACTGGGGGAGGATTGTGG GCATGCTGGGGCCATATAGT 194

Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG 140

Gapdh GAGAGTGTTTCCTCGTCCCG ACTGTGCCGTTGAATTTGCC 201

Figla TGACCACCATGGATACAGCA TGTGGTAGAAACGGCACCAG 280

Foxo3 CTGGGGGAACCTGTCCTATG TCATTCTGAACGCGCATGAAG 210

Gdf9 TCTTAGTAGCCTTAGCTCTCAGG TGTCAGTCCCATCTACAGGCA 116

Bmp15 TCCTTGCTGACGACCCTACAT TACCTCAGGGGATAGCCTTGG 100

Nobox ATGGAACCTACGGAGAAGCTC CTCAGAGGTCTTCGACAGTGG 189

Sohlh1 CGGGCCAATGAGGATTACAGA TCCTGCGTTCTCTCTCGCT 181

Sohlh2 GGGCAGGGCAGAGTAAATCTT CAAACGAGTTAGCAGCCAAAAG 154

Foxl2 ACAACACCGGAGAAACCAGAC CGTAGAACGGGAACTTGGCTA 145

Lhx8 AGGCAAGTGTGTGTGCAGCA GATTGTCCAGCATGCAGTCA 380

Immunohistochemistry Staining
The immunostaining was performed as previously described
(Li et al., 2010). Briefly, VCD-treated ovaries were fixed
in 10% buffered formalin for 12 h, and 5 µm slices of
paraffin-embedded ovarian tissues were deparaffinized and
rehydrated and subjected to antigen retrieval pretreatment.
The tissues were immunostained with the primary antibodies
overnight at 4◦C: anti-aromatase antibody (Cat# ab18995,
Abcam, 1:400), anti-FOXO3a antibody (Cat# 2497, CST,
1:400), and anti-cleaved CASPASE-3 (Cat# 9664, CST,
1:200). The tissues were then incubated with anti-rabbit
IgG and biotinylated goat anti-rabbit antibody (Cat: ab64261,
Abcam). The tissues were stained with diaminobenzidine (Cat#
ab64261, Abcam).

Primary and KGN Cell Culture
The establishment of the primary GCs line was performed
as described previously (Liu and Hsueh, 1986; Reddy et al.,
2008). Briefly, PD20 ovaries were dissected with residual fat
and connective tissues removed. The ovaries were minced
with a pair of dissection scissors before being incubated
in 0.05% collagenase dissolved in McCoy’s 5A (Modified)
medium (Cat: 16600-082, Gibco) supplemented with 4 mg/ml
BSA, 100 units/ml penicillin, and 100 µg/ml streptomycin.
Ethylenediaminetetraacetic acid (EDTA) was added to this
reaction mixture to a final concentration of 40 mM followed by
incubation at 37◦C for 15 min. After removing the undigested
tissues, the dispersed cells were washed twice with a McCoy’s 5A
(Modified) medium and cultured in a 6-well plate in McCoy’s
5A (Modified) medium supplemented with 10% BSA to ensure
the seeded cells reaching over 70% confluence. The cells were
replaced with fresh McCoy’s 5A (Modified) medium 6 h later.
VCD at different doses as well as the 50 ng/ml FSH as the
positive control were added for 24 h. The VCD-exposed cells were
harvested, and the cellular abundance of aromatase was measured
by immunoblotting.

The human granulosa-like tumor KGN cell line (a gift from
Professor Toshihiko Yanase of Fukuoka University in Japan to
Center for Reproductive Medicine, Shandong University) was

cultured in DMEM/F12 medium supplemented with 2% FBS
(Gibco, United States) and 1% penicillin/streptomycin (Gibco,
United States) in 5% CO2 at 37◦C. The cells were plated in a
6-well plate at a density of 3–4 × 105 cells per well with a cell
passage number of 15–18. The cells were washed twice with
PBS before VCD treatment. For the immunoblot analyses of
aromatase expression levels, the cells were cultured in serum-
free DMEM/F12 medium. FSH (50 ng/ml) was used as the
positive control.

Statistical Analyses
Statistical analyses were performed using SPSS 19.0 (IBM)
and GraphPad Prism 7.04 (GraphPad Software, United States).
All data are shown as the mean ± standard deviation (S.D.)
of three independent biological replicates. Experimental data
were analyzed using a one-way analysis of unpaired two-
tailed Student’s t-tests. P-values of <0.05 were considered
statistically significant.

RESULTS

Very Short-Term VCD Exposure
Promotes the Activation of Primordial
Follicles by Transiently Activating the
PI3K/Akt/mTOR Pathway, Whereas
Extended Exposure Prevents Further
Follicular Activation
We first investigated the effects of different doses of VCD
exposure on the maintenance of the primordial and primary
follicle pools in PD2 C57BL/6J mice using ovary culture
in vitro. As shown in Figures 2A,B, exposure to VCD in
concentrations ranging from 10 nM to 10 µM significantly
increased the number of primordial and early primary follicles,
as well as the total number of follicles compared to the
controls (P < 0.05). In contrast, there was no difference in
the number of late primary follicles between the VCD-exposed
and control ovary cultures. These in vitro results suggest
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FIGURE 2 | Effects of VCD exposure on the maintenance of primordial and primary follicle pools in PD2 mice. (A) Ovaries from PD2 mice were exposed to VCD
(1 nM, 10 nM, 100 nM, 1 µM, and 10 µM) for 24 h and then incubated in VCD-free medium for 3 days, followed by histological examination with H&E staining. The
primordial pool and individual primary follicles are highlighted by an orange broken line and red arrowheads, respectively. Scale bar = 100 µm. (B) Quantification of
staged follicles (naked oocyte, primordial, early primary, and late primary) in VCD-exposed cultured ovaries from PD2 mice after a 4-day in vitro ovary culture.
*P < 0.05 compared to aged-matched controls by Student’s t-test. The data are presented as the mean ± S.D. of n = 9 biological replicates per group. (C) Kidneys
from a host mouse at 7 days post ovarian graft. Young adult (2-month) host mice were ovariectomized and given ovarian grafts from PD2 donor mice, followed by
3 days of VCD (80 mg/kg) starting 24 h after ovarian grafts. Scale bar = 400 µm. (D) The isolated ovaries from the kidney capsules of ovariectomized hosts 7 days
after ovarian grafts. Scale bar = 400 µm. (E) Representative histological sections of VCD-exposed and control groups. Secondary follicles are marked by red
arrowheads. Scale bar = 100 µm. (F) Quantification of primordial, primary, and secondary follicles in VCD-exposed ovaries. **P < 0.01 compared to the
age-matched controls by Student’s t-test. The data are presented as the mean ± S.D. of n = 6 biological replicates per group.
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the possibility that VCD exposure might somehow protect
primordial and primary follicles in PD2 mice from undergoing
atretic degeneration.

Pursuing the supposition that VCD might protect primordial
and primary follicles from atretic degeneration, we next
conducted experiments following Li et al. (2010) based on
ovarian grafts from PD2 mice onto the kidney of a 2-month-
old mouse. Specifically, allograft-paired ovaries from a single
PD2 donor mouse were separately transplanted into two 2-
month-old ovariectomized host mice, one of which was exposed
to VCD (via IP injection, 80 mg/kg daily for 3 days). Upon
examination at post ovarian graft day 7, the transplanted
ovaries of the VCD-exposed mice appeared larger and had
significantly greater numbers of secondary follicles than the
transplanted ovaries of the untreated control host mice (the
mean number of secondary follicles was more than 5.2-fold
higher in VCD-exposed mice; P < 0.05). No differences
were observed in the numbers of primordial or primary
follicles (Figures 2C–F).

The large increase that we observed in the number of
secondary follicles upon VCD exposure, viewed alongside the
lack of any change in the numbers of primordial and primary
follicles, clearly suggests that an alternative fate (e.g., atretic
degeneration) must be experienced by some population of
follicles in the control mice. Thus, the results of our ovarian
graft in vivo experiments are consistent with our in vitro
cultured ovary experiments in supporting that VCD functions
to prevent atretic degeneration. These findings also indicate that
VCD might be involved in the primordial follicle activation
(PFA) process. This was somewhat surprising given that VCD-
induced follicular apoptosis is a well-documented mechanism
that selectively destroys small preantral follicles in rodents
(Chen et al., 2015).

We observed that 6 h of VCD exposure caused a
significant increase in the nuclear exclusion of Foxo3a
in primordial follicular oocytes, a finding similar to our
observations after bisperoxovanadium (bpV) treatment (a
Pten inhibitor) (Figures 3A,B). We further used cultured
PD2 ovaries to investigate the effects of VCD exposure on
the phosphatidylinositol 3 kinase (PI3K) and mammalian
target of rapamycin (mTOR) signaling pathways. First, we
noted that within 2–3 min of exposing the PD2 ovaries to
VCD, Akt was activated (by phosphorylation at Ser473), and
other extremely rapid signaling activations we detected within
minutes included phosphorylation of Foxo3a at Thr32 and
phosphorylation of the mTOR pathway component P70S6k at
Thr389 (Figure 3C). The increase in Foxo3a phosphorylation at
Thr32 was further elevated at 30 min, with this induction lasting
for 6 h (Figure 3D). The phosphorylation levels of Akt at Ser473,
P70S6k at Thr389, and rpS6 at Ser235/236 were also mildly
elevated by VCD at 1 h (Figures 3D,E). These results indicate
that VCD can activate primordial follicles very rapidly in ovarian
cultures in vitro.

Interestingly, we also found that the protein level of Foxo3a
increased from 1 h after VCD treatment, and found that
the Pten protein level also increased after 24 h of VCD
treatment (Figure 3D). These results suggest that a negative

feedback control mechanism for follicle activation may also be
activated by VCD. We used qPCR to measure the expression
of several transcription factors known to function in early
follicular development at 6 h after VCD treatment. In agreement
with the immunoblotting results, the Foxo3a mRNA level was
upregulated by 2.55-fold compared to the control group. We
also detected an increase in the expression level of Foxl2, a
gene known to be required for the maintenance of primordial
follicles (Uda et al., 2004). The expression of Figla, Nobox,
Sohlh1, Sohlh2, and Lhx8 – which are genes that function
in the transformation of primordial follicles into primary
follicles (Lim and Choi, 2012) – was significantly downregulated
by VCD treatment. Additionally, the attenuated expression
levels we observed for Gdf9 and Bmp15 were consistent
with the notion that PFA was inhibited at 6 h post VCD
treatment (Figures 3F,G).

The role of VCD in inducing apoptosis in primordial
follicles and primary follicles has been confirmed in many
studies (Springer et al., 1996; Devine et al., 2004; Chen
et al., 2015). However, it must be noted that the VCD
concentrations used in previously reported studies were
many times higher (∼1000×) than the concentration (10 nM)
we used. It is also notable that previous studies all examined
chronic VCD exposure in growth media, whereas we exposed
ovaries to a low VCD concentration for 1 day followed
by washout. Nevertheless, we conducted experiments to
investigate VCD-induced follicular apoptosis, specifically by
monitoring the effects of our short-term-VCDlow exposure
on the expression of pro-and anti-apoptotic markers in
cultured PD2 ovaries. We performed immunostaining and
immunoblotting to measure the levels of the pro-apoptotic
proteins caspase-3 (cleaved, the active form) and BCL-2-
associated X (Bax) proteins and the antiapoptotic protein
Bcl-2. In immunostained sections of PD12 mouse ovary
tissue after 24 h of ovarian culture, the number of cells that
stained positive for cleaved caspase-3 was significantly reduced
in the VCD-treated ovarian sections compared to controls
(Supplementary Figure S1A).

Next, to further investigate the effect of VCD on apoptosis in
staged follicles, we isolated primordial, primary, and secondary
follicles of PD12 mouse ovaries after 48 h of VCD exposure
and measured the expression of Bcl-2 and Bax using single-
cell qPCR. We found that VCD exposure significantly increased
the Bcl-2 mRNA level in primordial follicles and did so in
a dose-dependent manner. We also found that the Bax/Bcl-2
level was significantly reduced in the VCD-exposed samples.
Further, we found that VCD (1 µM) exposure caused a mild
but significant decrease in Bcl-2 levels in the primary and
secondary follicles (Supplementary Figure S1B). Experiments
using cultured PD2 ovarian tissue confirmed that the VCD-
exposed group displayed a significant decrease in Bax expression
compared to controls (Figure 3F). Supporting these qPCR-based
findings, immunoblotting of extracts from cultured PD2 ovaries
showed that 10 nM VCD exposure caused significant reductions
in the Bax levels and caused an increase in the Bcl-2 protein level
compared to the controls (Supplementary Figure S1C). Thus,
our results support that low-concentration, short-term exposure
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FIGURE 3 | Very short-term VCD exposure transiently activates the PI3K-Akt-mTOR pathway activity, but extended exposure causes follicular development arrest.
(A) Immunohistochemical staining of Foxo3a in cultured PD2 ovaries with or without VCD (10 nM) for 6 h. The Pten inhibitor bpV (100 µM) was added as a control.
Scale bar = 50 µm. (B) Counting ratio of Foxo3a nuclear exclusion after 6 h of ovarian culture. * indicates p < 0.05; Student’s t-test. The data are presented as the
mean ± S.D. of n = 6 biological replicates per group, and four tissue sections were counted per ovary. (C) Immunoblotting of phosphorylation levels for several
proteins (P70S6k at Thr389, rpS6 at Ser235/236, rpS6 at Ser240/244, Foxo3a at Thr32, and Akt at Ser473) in cultured PD2 ovaries immediately after VCD exposure
(3 min). Gapdh was used as the loading control. Representative blot images are shown, n = 3 biological replicates per group. (D) Immunoblotting of proteins of the
PI3K-Akt-Foxo3a pathway (Foxo3a at Thr32, Foxo3a at Ser253, Foxo3a, Akt at Ser473, Akt, and Pten) in cultured PD2 ovaries exposed to 10 nM VCD for different
times. Gapdh was used as the loading control. Representative blot images are shown, n = 3 biological replicates per group. (E) Immunoblotting of proteins of the
mTOR pathway (P70S6k at Thr389, rpS6 at Ser235/236, rpS6 at Ser240/244, and rpS6) in cultured PD2 ovaries exposed to 10 nM VCD for different times. Gapdh
was used as the loading control. Representative blot images are shown, n = 3 biological replicates per group. (F) qPCR expression analysis of genes related to early
follicle development in cultured PD2 ovary samples treated with VCD (10 nM) for 6 h. * indicates p < 0.05 and ** indicates p < 0.01 by Student’s t-test, n = 3
biological replicates per group. (G) Diagram showing changes in the levels of selected transcription factors related to early follicle development after 6 h of VCD
exposure.

to VCD somehow inhibits the expression of key genes of the
Bax/Bcl-2 related apoptosis pathway.

VCD Promotes Follicular Development
in vitro and in vivo and Antagonizes
Atretic Degeneration
We examined the effects of VCD exposure on the development
of secondary follicles in PD12 mice using both in vitro ovary
cultures and ovarian grafts. As shown in Figures 4A,B, after a

4-day VCD treatment follicle counting of serial ovarian sections
from cultured ovaries revealed that VCD exposure significantly
increased the number of secondary follicles at all of the tested
concentrations (P < 0.05). VCD also significantly increased the
number of primary follicles at all of the tested concentrations
except 10 nM (P < 0.05). Additionally, VCD at 100 nM was able
to increase the number of primordial follicles (P < 0.05).

The graft experiments were similar to the aforementioned
protocol used with the PD2 ovary donors, but here the ovaries
were from PD12 donors, ovary development was monitored at
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FIGURE 4 | VCD promotes ovarian follicular development in PD12 mice after in vitro culture and ovarian transplantation. (A) Histological examination of H&E-stained
ovaries from PD12 mice exposed to VCD (1 nM, 10 nM, 100 nM, and 1 µM) or FSH (50 ng/ml) for 4 days. The secondary follicles are marked by red arrowheads.
Scale bar = 100 µm. (B) Quantification of staged follicles in VCD-exposed cultured PD12 ovaries after a 4-day in vitro ovary culture. *P < 0.05 compared to the
age-matched controls by Student’s t-test. The data are presented as the mean ± S.D. of n = 9 biological replicates per group. (C) Kidneys from a host mouse at
14 days post ovarian graft. Young adult host mice were ovariectomized and given ovarian transplantation from PD12 donor mice, followed by 3 days of VCD
(80 mg/kg) starting 24 h after ovarian grafts and 10 days of FSH (2 IU/day throughout the remainder of the experiment). Scale bar = 400 µm. (D) The isolated ovaries
from the kidney capsules of ovariectomized hosts 14 days after ovarian grafts. Scale bar = 400 µm. (E) Representative histological sections of VCD-exposed and
control groups. Preovulatory follicles are marked by black arrowheads. Scale bar = 200 µm. (F) Quantitation of primordial, primary, and secondary follicles in
VCD-exposed ovaries. *P < 0.05 compared to the age-matched controls by Student’s t-test. The data are presented as the mean ± S.D. of n = 6 biological
replicates per group.
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day 14 post ovarian graft, and FSH was administered (2 IU/day,
IP injection) for the final 10 days of the experiment. Unlike
controls, there were large follicles in the VCD-exposed ovaries
(Figures 4C,D), and the average number of primary, preantral,
antral, and preovulatory follicles in the VCD-treated ovaries were
significantly elevated by 1.8-fold (P = 0.06), 3.5-fold (P = 0.024),
14.8-fold (P = 0.001), and 16.3-fold (P < 0.001) respectively,
compared to the control groups. In contrast, we observed
no differences in the numbers of primordial or secondary
follicles (Figures 4E,F).

We subsequently conducted follicular development
experiments with PD12 mice in which we examined dose-
response-time relationships upon exposure to two substantially
different concentrations of VCD (20 mg/kg or 160 mg/kg) via
IP injection for 5, 10, or 15 days. As shown in Supplementary
Figures S2A–D, VCD dose-dependently increased the number
of early antral and antral follicles for the 5-day and 10-day
treatment but did not affect the number of primordial, primary,
or secondary follicles. Exposure to 20 mg/kg VCD for 15 days
increased the number of primordial, primary, secondary, early
antral, antral, and preovulatory follicles, whereas 160 mg/kg
VCD for 15 days reduced the number of primordial and
primary follicles compared to the control groups. Thus our
results are congruent with previously reported findings that
high-concentration, long-term exposure to VCD can induce
follicular apoptosis (Rappaport and Fraser, 1977; Devine et al.,
2001), but they also show that low-concentration, short-term
exposure to VCD can promote follicular development.

VCD Promotes Superovulation in
Middle-Aged Mice
Ovarian aging is associated with a decline in the number
and quality of oocytes, with studies reporting increases in the
percentage of abnormal/degenerated oocytes (Tarin et al., 2001).
The size of the primordial follicle pool is also correlated with the
number of follicles able to enter the growing pool (Hirshfield,
1994). Given our in vitro and in vivo findings that VCD exposure
promotes follicular development, we investigated whether short-
term VCD can improve the function of ovaries in middle-aged
(10–12-month-old) mice and perhaps increase superovulation
efficiency (i.e., the drug-induced production of multiple oocytes
for use in assisted reproductive technologies such as IVF). We
exposed 10–12-month-old mice to 80 mg/kg VCD for 5 or 10 days
and found that 5-day VCD exposure significantly increased the
number of antral follicles and corpus luteum. VCD exposure for
10 days increased the number of secondary follicles; however,
the number of preovulatory follicles decreased with the 10-day
exposure. Interestingly, during this period we also observed that
the number of primordial follicles in the VCD-exposed mice was
higher than that in control mice (Figures 5A,B).

We next examined whether 5-day VCD exposure could
promote superovulation in the middle-aged mice. Figures 5C,D
shows that the number of MII oocyte in cumulus cell-oocyte
complexes from oviducts at 16 h post-hCG administration
increased by 1.4-fold (P < 0.0001) compared to control mice.
Additionally, analysis of serum from 5-day VCD-exposed mice

revealed a 1.3-fold (P = 0.025) increase in the FSH concentration
and a 1.8-fold (P = 0.0004) increase in the E2 concentration
compared to the age-matched controls (Figure 5E). The trend
of VCD in promoting ovulation was verified in young-adult
mice (Supplementary Figure S3A). We also found that VCD
exposure for 5–10 days disrupted the estrous cycle in mice. About
35% of the VCD-exposed mice exhibited proestrus prolongation,
and about 40% of these mice displayed shorter estrus intervals
(estrus-estrus period) (Supplementary Figure S3B). This VCD-
induced superovulation in young adult and middle-aged mice
was consistent with our results showing that VCD could promote
follicular development.

VCD Stimulates Estrogen Production by
Promoting Aromatase Expression
Given our finding that VCD administration elevates E2
concentrations in the serum of middle-aged mice (Figure 5E),
and considering the known role of aromatase in the biosynthesis
of estrogen by ovarian GCs (Jia and Hsueh, 1986; Liu and
Hsueh, 1986), we investigated the effects of VCD exposure on
aromatase expression in multiple cell types, including primary
mouse ovarian GCs and in vitro cultured PD12 mouse ovaries.
VCD exposure for 24 h (doses from 10 nM to 1 µM) significantly
promoted aromatase protein expression in cultured primary
ovarian GCs from PD20 mice (Figures 6A,B).

We also performed immunostaining to examine the aromatase
expression in VCD-exposed cultured PD12 ovaries (in vitro)
and PD28 mouse ovaries (in vivo) 5 days after IP injection.
For ovaries of PD12 mice cultured in vitro, we found that the
intensity of the staining signal for aromatase was elevated in the
VCD-exposed (10 nM and 10 µM) ovarian sections compared to
controls, and it is notable that we detected barely any aromatase
expression in the surrounding GCs with abnormal morphology
(Figure 6G). Immunoblotting showed that 10 nM VCD exposure
for 24 h increased the aromatase expression levels in cultured
PD12 ovaries by 1.7-fold (P < 0.0001) (Figures 6C,D). In the
ovary of PD28 mice after 5-day VCD injection, we found that
the intensity of the staining signal for aromatase in all stages of
follicles was higher than that of controls (Figure 6H).

Additionally, VCD exposure promoted the protein expression
of aromatase in the steroidogenic human granulosa-like tumor
KGN cell line (Figures 6E,F), and VCD exposure (from 100 pM
to 10 µM) also significantly enhanced the E2 secretion from
these cells. Note that the 100 µM VCD exposure resulted in
significantly reduced E2 secretion levels compared to untreated
control KGN cells, suggesting that high-dose VCD may inhibit
E2 secretion (Figure 6I). We also examined the effect of 10 nM
VCD exposure on the E2 secretion from cultured PD12 ovaries,
and regardless of the presence/absence of the aromatase substrate
testosterone in the ovarian culture medium, the E2 level was
significantly elevated in the medium of VCD-treated ovaries as
compared to untreated control cultures (Figure 6J). Additionally,
we found that 10 nM VCD exposure could partially attenuate
the effects of letrozole, an aromatase inhibitor known to inhibit
E2 secretion (Figure 6J). Collectively, these results show that
exposure to low concentrations of the known endocrine disruptor
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FIGURE 5 | Effects of VCD exposure on the superovulatory response in middle-aged mice. (A) Histological examination of hematoxylin-stained ovaries from 10 to
12-month-old mice (“middle-aged”) given IP injection of VCD (80 mg/kg) daily for 5 or 10 days. The preovulatory follicles are marked by orange arrowheads. The
newly formed corpus luteum are marked with the letters CL. Scale bar = 200 µm. (B) Quantification of staged follicles [primordial, primary, secondary, preantral,
antral, preovulatory, newly formed corpus luteum (new CL), old corpus luteum (old CL)] in VCD-exposed ovaries from middle-aged mice given the 5 or 10 days IP
injection of VCD. *P < 0.05 compared to aged-matched controls by Student’s t-test. The data are presented as the mean ± S.D., n = 6 biological replicates per
group. (C) After a daily IP injections of VCD (80 mg/kg) for 5 days, mice were injected IP with 5 IU of PMSG for 48 h before injection of 10 IU of human chorionic
gonadotropin (hCG). Sixteen hours after the hCG injection, cumulus-oocyte complexes were collected from the fallopian tubes. Scale bar = 500 µm.
(D) Quantification of MII oocytes in VCD-treated (80 mg/kg, IP) and control mice. **P < 0.01 compared to the age-matched controls by Student’s t-test. The data
are presented as the mean ± S.D., n = 16–17 biological replicates per group. (E) Quantification of FSH and E2 serum levels in middle-aged mice exposed to VCD
(80 mg/kg/day, IP) for 5 days. *P < 0.05 compared to the aged-matched controls. The data are presented as the mean ± S.D. of n = 10 biological replicates per
group.

compound VCD promotes E2 secretion from GCs by inducing
aromatase expression, potentially helping to explain the observed
impacts of VCD in promoting folliculogenesis.

DISCUSSION

Phosphatidylinositol 3 kinase signaling has been repeatedly
shown to be essential for the awakening of the dormant
primordial follicle pool, the recruitment of primordial follicles,
oocyte survival, and follicular maturation (Kim and Kurita,
2018). The mTORC1 signaling pathway coordinates with the
PI3K pathway to control the activation process of primordial
follicles (Reddy et al., 2009; Adhikari et al., 2010), and Pten and
Foxo3a act as suppressors during PFA (Castrillon et al., 2003;
Reddy et al., 2008). The non-phosphorylated form of Foxo3a is
transcriptionally active in nuclei, and active Foxo3 in oocytes

helps to preserve the ovarian reserve in mice (Pelosi et al., 2013).
We found that VCD could quickly activate the PI3K-Akt pathway
and phosphorylate Foxo3a at Thr32, which was accompanied
by activation of mTOR pathway components (Figure 3C), and
this implicated the activation of PFA-related pathways in the
VCD-mediated promotion of primary follicles in cultured PD2
mouse ovaries (Figures 2A,B). Previous studies have reported
that VCD can promote recruitment from primordia to small
primary follicles via the PI3K pathway and have shown that
such recruitment can be attenuated by the PI3 kinase inhibitor
LY294002 (Keating et al., 2009). Another study demonstrated
that adverse effects from long-term high-dose VCD treatment on
mouse ovaries are mediated by the Rictor/mTORC2/Akt/Foxo3a
pathway (Chen et al., 2015).

However, our results establish that Foxo3a expression
and Foxo3a accumulation in the VCD-exposed group was
upregulated soon after VCD exposure (Figures 3D,F). We
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FIGURE 6 | The aromatase-promoting effects of VCD. (A) Immunoblotting with antibodies against aromatase and β-actin of extracts from primary ovarian GCs of
PD20 mice treated with VCD (1 nM, 10 nM, 100 nM, or 1 µM) or FSH (50 ng/ml) for 24 h. (B) Quantitation of (A) using the gray value detection module of ImageJ;
** indicates p < 0.01 compared to untreated controls by Student’s t-test. The data are presented as the mean ± S.D. of n = 3 biological replicates per group.
(C,D) The β-actin-normalized protein expression levels of aromatase in cultured PD12 ovaries exposed to 10 nM VCD for 24 h were analyzed using immunoblotting,
with quantification using the ImageJ software. Representative blot images are shown. ** indicates p < 0.01 compared to the drug-paired controls by Student’s t-test.
The data are presented as mean ± S.D. of n = 3 biological replicates per group. (E,F) The human granulosa-like tumor KGN cell line cultured in FBS-free DMEM/F12
medium exposed to VCD at 10 nM, 100 nM, 1 µM, and 10 µM or FSH (50 ng/ml) for 24 h was analyzed using immunoblotting, with quantification using the ImageJ
software. Representative blot images are shown. ** indicates p < 0.01 compared to the drug-paired controls by Student’s t-test. The data are presented as the
mean ± S.D. of n = 3 biological replicates per group. (G) Histological examination of ovarian aromatase-stained PD12 mice exposed to VCD at 10 nM or 10 µM for
24 h in vitro. Scale bar = 100 µm. (H) Histological examination of ovarian aromatase-stained PD28 mice IP injected with VCD (80 mg/kg) once each day for 5 days.
Scale bar = 100 µm. (I) Exposure to VCD at 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 µM, 10 µM, or 100 µM (or PBS control) for 24 h. The estrogen levels in the
KGN cell culture supernatants were measured at 24 h using ELISA. The data are presented as the mean ± S.D. of n = 3 biological replicates per group. (J) VCD
exposure for 24 h (with or without the aromatase substrate testosterone at 10 nM), followed by ELISA-based measurement of estrogen levels at 24 h in the PD12
ovarian culture supernatants. PBS was the negative control and FSH (50 ng/ml) was the positive control, letrozole (Let) is used as aromatase inhibitor. The data are
presented as the mean ± S.D. of n = 3 biological replicates per group.

speculate that VCD-induced expression of Foxo3a may
functionally contribute to the observed impact of VCD in
maintaining the primordial follicle pool. Supporting this, our
observations after 6 h of VCD exposure revealed reductions in
the expression levels of several transcription factors known to
function in promoting early follicular development (Figure 3F).

From experimental results of ovarian culture and ovarian
transplantation, we found that VCD dosing from 1 nM
to 1 µM for 4 days broadly elevated the number of
primordial, primary, and secondary follicles in cultured
ovaries (Figures 4A,B) and transplanted ovaries (Figures 4E,F),
whereas exposure of 160 mg/kg VCD for 15 days promoted

the process of occlusion apoptosis in primordial follicles
and primary follicles (Supplementary Figure S2D).
Considered alongside our observations of the impacts of
VCD on resting follicles, our results with growing-phase
follicles clearly support that VCD causes dichotomous
effects dependent on dose, time, and follicle development
stage. That is, VCD can both maintain quiescent follicles
and promote the development of growing follicles. The
dichotomous effect of VCD on follicular development is shown
in Figure 7.

Prior studies have indicated that perimenopausal women
with a diminished supply of FSH-responsive follicles experience
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FIGURE 7 | Model for the dichotomous effects of VCD on follicular development. Short-exposure VCD treatment transiently activates key proteins in the PI3K-Akt
pathway and mTOR pathway, with the phosphorylation levels of different phosphorylation sites of Akt, Foxo3a, P70S6k, and rpS6 increasing to varying degrees,
thereby activating a portion of the primordial follicle pool. Upon extended VCD exposure (i.e., exposure time exceeding 6 h), the expression of negative regulatory
factors for follicle activation increases (Foxo3a and Foxl2) but the expression decreases for transcription factors that promote early follicular development and PFA
(e.g., Nobox, Gdf9, Figla, Sohlh1, and Sohlh2). Additionally, the Pten level is elevated after 24 h of VCD exposure. Thus, starting from around hour 6 h of VCD
exposure, a “braking mechanism” is activated that inhibits the activation or further development of resting primordial follicles. VCD induces the expression of
aromatase in secondary follicles, thereby promoting further development of secondary follicles. VCD therefore exhibits dichotomous effects based on dosage and
treatment time and has specific effects on follicles at particular development stages.

intermittent ovulation or even chronic anovulation during this
transition due to hormonal imbalance and menstrual irregularity
(Nicula and Costin, 2015). Given our findings from mice
that VCD (within a given concentration range) can function
to promote oocyte maturation and to promote ovulation
independent of FSH, it is of biological and clinical relevance to
further examine whether VCD per se may be able to improve
ovulatory responses and fertility in perimenopausal women.

Polycystic ovary syndrome (PCOS), characterized by
hirsutism, hyperandrogenism, and polycystic ovaries, is the
most prevalent endocrine disorder of reproductive-aged women
worldwide (Franks et al., 2008). On the one hand, previous
studies have indicated that the number of growing follicles
are significantly higher in PCOS ovaries, but the follicles are
developmentally arrested at the mid-antral stage, possibly due
to premature luteinization (Chang and Cook-Andersen, 2013).
On the other hand, women suffering from POI experience
early exhaustion of ovarian follicles (Kovanci and Schutt, 2015).
However, residual resting primordial follicles remain (Hsueh
et al., 2015). Recently, Kawamura et al. (2016) developed a
novel in vitro activation treatment for POI patients. It has been
proposed that activation of the dormant primordial follicular
pool could provide a new source of oocytes for fertilization
in both PCOS and POI patients (Chang and Cook-Andersen,
2013; Kawamura et al., 2016). Our results suggest that VCD
may be useful for protecting the primordial/primary pool and
for promoting follicular maturation and ovulation. It would
thus be of clinical significance to examine the possibility of the
therapeutic use of VCD to improve FOR and fertility in PCOS
and POI patients.

The hormone-like effects of VCD include its enhancement
of aromatase expression in primary GCs, cultured ovaries,

and KGN cells, which in turn promotes E2 secretion, so it
is possible that VCD may exert an FSH-like function for
increasing aromatase expression and E2 secretion from GCs
to promote follicular maturation. This would be consistent
with a prior study reporting that E2 (0.1 mg/kg) can protect
small preantral follicles from VCD-induced atresia due to
apoptosis (80 mg/kg/day for 15 days, IP), thereby promoting
folliculogenesis (Thompson et al., 2002).

Our molecular docking analysis of VCD revealed its
interaction with aromatase (CYP19A1), and VCD is predicted to
form a hydrogen bond with Met374 and hydrophobic contacts
with Val370, Leu477, and lle133 (Supplementary Figure S4). It
is also worth reiterating our finding that VCD elevates serum
FSH concentrations in middle-aged mice with DOR (Figure 5E),
thus implying that VCD may act on the hypothalamic-pituitary-
ovary axis to regulate the hormonal milieu for oocyte maturation
and ovulation. Moreover, while we did examine mice of
different ages in the study, it seems likely that experiments
using an ovarian failure animal model would be informative
in future investigations to help delineate VCD impacts on
the specific follicle populations that are found in various
subfertility disorders.

CONCLUSION

Our study shows that very short-term VCD exposure can
activate a portion of the primordial follicle pool by transiently
activating the PI3K-akt and mTOR pathways, and it shows that
extended VCD exposure then initiates a braking mechanism that
halts follicle activation, thereby preventing the activation of the

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 July 2020 | Volume 8 | Article 587

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00587 November 30, 2020 Time: 12:5 # 14

Cao et al. Dual Roles of VCD on Fertility

remaining primordial follicles of the pool. We provide evidence
showing that VCD broadly promotes follicular development and
maturation by increasing E2 secretion resulting from elevated
aromatase expression in GCs. Excitingly, we found that short-
term VCDlow exposure profoundly enhances superovulatory
responses in middle-aged mice. Thus, our work substantially
deepens our understanding of the apparent dose- and duration-
dependent hormone-like opposing effects of VCDlow on follicular
development and ovulation induction. Looking forward, we plan
to further investigate the mechanisms that cause the differential
effects upon extended VCD exposure. We also plan to explore
how different VCD concentrations impact resting follicles and
growing follicles, and these studies may facilitate exploitation
of VCD’s positive effects on follicular development in order to
improve fertility.
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FIGURE S1 | VCD short-term treatment reduces follicular apoptosis. (A)
Immunohistochemical staining of cleaved caspase3 in cultured PD2 ovaries with
or without VCD (10 nM, 10 µM) for 24 h. Yellow arrows indicate cleaved
caspase-3-positive cells. PD2 ovary scale bar = 50 µm, PD12 ovary scale
bar = 100 µm. (B) Quantification by staged single-oocyte qPCR of the mRNA
expression of Bcl-2 and Bax in isolated primordial (20 µm), primary (40–50 µm),
and secondary follicles (70 µm) derived from PD12 ovaries cultured with VCD
(10 nM, 1 µM) and FSH (50 ng/ml) for 48 h. *indicates p < 0.05 and **indicates
p < 0.01 by Student’s t-test, n = 3 biological replicates per group. (C) The
β-actin-normalized protein expression levels of Bax and Bcl-2 in cultured PD2
ovaries exposed to 10 nM VCD for 2 days were analyzed using immunoblotting.

FIGURE S2 | VCD broadly promotes follicular development in vivo. (A)
Histological examination of H&E-stained ovaries from PD12 mice given IP injection
of VCD (20 mg/kg or 160 mg/kg) daily for 5, 10, or 15 days. Preantral and antral
follicles are marked by red and yellow arrowheads, respectively. Scale
bar = 100 µm. (B–D) Quantification of staged follicles in VCD-exposed PD12
ovaries for 5, 10, and 15 days. ∗ indicates p < 0.05 compared to aged-matched
controls by ANOVA. The data are presented as the mean ± S.D. of n = 3–6
biological replicates per group.

FIGURE S3 | Impacts of VCD exposure on follicular development and ovulation in
young mice. (A) After daily IP injections of VCD (80 mg/kg) for 5 days,
2-month-old young adult mice were injected IP with 5 IU of PMSG for 48 h before
injection of 10 IU of human chorionic gonadotropin (hCG). Sixteen hours after the
hCG injection, cumulus-oocyte complexes were collected from the fallopian tubes.
Scale bar = 500 µm. Quantification of MII-stage oocytes in VCD-exposed
2-month-old mouse ovaries. *indicates p < 0.05 by Student’s t-test. The data are
presented as the mean ± S.D. of n = 15 biological replicates per group. (B) With
or without 10 days of IP injection of VCD (160 mg/kg) in mice, the estrous cycle at
different time points was detected by vaginal lavage. (C) Two-month-old mice with
or without 10 days of IP injection of VCD (80 mg/kg). Scale bar = 500 µm. (D)
Histological examination of H&E-stained ovaries from 2-month-old mice exposed
to VCD (80 mg/kg) via IP for 5 or 10 days. The mice were sacrificed after the final
injection. Scale bar = 100 µm.

FIGURE S4 | Computational predictions of VCD-aromatase binding. (A)
Cytochrome P450 19A1 is predicted to be the primary target of VCD. (B) Twelve
known small-molecule binders of Cytochrome P450 19A1, as well as a
comparison of the structural similarity of these 12 compounds to VCD based on
ChEMBL ID, SMILES, and 2D information. (C) Molecular structures of the top
three known binders of Cytochrome P450 19A1. (D) 3D visualization of the
putative binding conformation of VCD with aromatase (left), and 2D visualization of
the putative binding interactions of VCD with aromatase (right). (E) 3D visualization
of the putative binding conformation of VCD overlaid with the crystal binding
conformation of the known substrate androstenedione.
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