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ARTICLE INFO ABSTRACT

Keywords: Humans are at daily risk by simultaneous exposures to a broad spectrum of man-made chemicals in the com-
Ovarian failure mercial products. Several classes of chemicals have been shown to alter follicle development and reduce fertility,
Phthalate leading to premature ovarian failure (POF) in mammals. We investigate the synergistic effects of 4-vinylcyclo-
4-vinylcyclohexene diepoxide hexene diepoxide (VCD) and phthalate, including di(2-ethylhexyl) phthalate (DEHP), butyl benzyl phthalate
zsiﬁzﬁ::::;l: (BBP) and di-n-butyl phthalate (DBP) on POF. Combination exposure with VCD and phthalate significantly

reduced the numbers of primary follicles. The expressions of Amh and Sohlh2 were significantly decreased in the
combination groups. Serum Ambh levels were significantly lower in the combination groups. Additionally, serum
levels of follicle-stimulating hormone were significantly increased in combination groups. Taken together, ex-
posure to phthalates promotes the depletion of follicular follicles and consequently increases the risk of pre-
mature menopause, and combined exposure of phthalates and VCD to early menopausal women is likely to
aggravate the POF syndrome.

1. Introduction

Currently, many humans are at daily risk of exposure to a broad
spectrum of man-made chemicals, and several classes of such chemicals
have similar adverse effects on human health. However, little has been
reported about the human health effects of combined exposures to
different chemicals on human health. Individual evaluation of a che-
mical’s effects does not elucidate its effect when the subject is also
exposed to other chemicals.

Endocrine disrupting chemicals (EDCs) are present in the environ-
ment, leading to potential daily human exposure. EDCs not only exert
estrogenic effects, but they also have antiandrogenic, thyroid, peroxi-
some proliferator-activated receptor vy, retinoid effects, and through
nuclear receptors can affect steroidogenesis [1,2]. Phthalate esters are
alkyl diesters of phthalic acid and are EDCs that are widely used as
plasticizers; moreover, they are present in a variety of consumer

products. Phthalates have an estrogenic capacity, for example, butyl
benzyl phthalate (BBP) has in vitro and in vivo estrogenic effect [3,4].
However, di-n-butyl phthalate (DBP) and di(2-ethylhexyl) phthalate
(DEHP) have very weak estrogenic activity; moreover, they can bind to
both ERa and androgen receptors [4,5]. As a fundamental regulator of
the female reproductive system, the ovary has been shown to be ad-
versely affected by phthalate exposure. Phthalates have been shown to
adversely affect two essential ovarian processes, folliculogenesis and
steroidogenesis, by altering ovarian and oocyte development, accel-
erating primordial follicle recruitment, and inducing atresia in follicles
during several stages of development [6].

The occupational chemical 4-vinylcyclohexene diepoxide (VCD) is
widely used as a chemical intermediate and/or reactive diluent for
diepoxides and epoxy resins [7]. In addition, VCD is reported to be ovo-
toxic [8] and is often used as a positive control in ovo-toxicity studies.
Previous studies have suggested that both VCD and phthalates can
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affect ovarian function. Thus, we hypothesized that a combination of
exposures to VCD and phthalates can affect ovarian function through
their combined effects on folliculogenesis and steroidogenesis. More-
over, we question whether combined exposures to VCD and phthalate
can lead to development of the premature ovarian failure (POF) syn-
drome.

The POF syndrome is observed in women younger than 40 years of
age. Women with POF have typical characteristics including primary or
secondary amenorrhea (primary amenorrhea in 10%-28% and sec-
ondary amenorrhea in 4%-18% of POF women), hypergonado-
tropinism, and hypoestrogenemia. Reported causes of POF include
idiopathic, genetic, autoimmune, and iatrogenic sources; moreover,
POF may be the result of adverse effects from EDC exposure [9].

Early follicular growth and development are controlled by both
paracrine and endocrine factors. Spermatogenesis and oogenesis helix-
loop-helix 2 (Sohlh2) is primarily expressed in primordial and primary
ovarian follicles and is undetectable in growing oocytes [10]. Sohlh2
deficiency is reported to accelerate postnatal oocyte loss [11], produce
a lack of ovarian follicle growth in the ovary, and cause female in-
fertility. Additionally, anti-Miillerian hormone (Amh) has an important
role in folliculogenesis and is expressed in granulosa cells from the
primary to preantral follicular stages [12-15]. Amh acts as an inhibitory
signal factor that suppresses folliculogenesis of immature follicles
during the primordial-to-primary follicle transition. In mouse ovary, the
absence of Amh has induced early depletion of primordial follicles [16].
Both in vivo and in vitro experiments have indicated that Amh deficiency
enhances the follicular transition from primordial to growing, thereby
leading to early exhaustion of the primordial follicle pool [17,18].
Notably, serum Amh levels have been reported to be associated with the
ovarian reserve of follicles (i.e., the follicle pool) [19], and it has been
used as a marker for the ovarian reserve [20].

Ovarian steroidogenesis is a step-wise process involving multiple
enzymes that change cholesterol into biologically active steroid hor-
mones. Phthalates are weakly estrogenic substances that have been
reported to increase steroidogenic enzyme mRNA levels of steroido-
genic acute regulatory protein (StAR) and 3b-hydroxysteroid dehy-
drogenase/D5-D4 isomerase (Hsb3b1) in theca cells [21]. Moreover,
levels of StAR mRNA, as well as those of cholesterol side-chain cleavage
enzyme cytochrome P450scc (Cypllal) and Hsb3b1 have been mark-
edly increased by VCD administration [22].

In this study, we investigated the effects of phthalate and VCD
treatments on adult Sprague-Dawley (SD) female rats. Adult SD rats
have been reported to be sensitive to the irritant properties of VCD
[23]; thus we investigated VCD and phthalate effects at low dosages
over a long period. In addition, we focused on a set of “active” phtha-
lates (DEHP, BBP, DBP) that are produced in large quantities and are
commonly used in consumer products [24]. The expressions of Amh and
Sohlh2 were investigated to clarify the effects of phthalates and VCD on
ovarian development. In addition, the expressions of steroidogenic
enzymes were measured to determine the effects of phthalates and VCD
on ovarian granulosa cells.

2. Methods and materials
2.1. Chemical

The 4-vinylcyclohexene diepoxide (VCD, 96%), di(2-ethylhexyl)
phthalate (DEHP, 99.5%), di-n-butyl phthalate (DBP, 99%), and butyl
benzyl phthalate (BBP, 98%) were obtained from Sigma-Aldrich (St
Louis, MO, USA). Stock solutions were diluted with corn oil (Sigma-
Aldrich).

2.2. Animals and treatments

Forty-eight female SD rats at 42-days-old were purchased from
Samtaco (Osan, Gyeonggi, Republic of Korea). The rats were housed in
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polycarbonate cages under a controlled environment with a 12-h light/
dark cycle, a constant temperature of 23°C = 1 °C, and a relative hu-
midity of 50% = 10%. The rats were fed a diet of AIN-76 A and tap
water. After a one week adaptation period, the 48 rats were randomly
divided into eight groups (6 per group). Vehicle (VE) rats received an
intraperitoneal (i.p) injection of corn oil daily for 2 weeks. The seven
other groups received VCD + corn oil, DEHP or DEHP + VCD, BBP or
BBP + VCD, and DBP or DBP + VCD groups. Rats in the groups treated
with VCD received an i.p injection of VCD (80 mg/kg) daily for 2 weeks.
After receiving the VCD or VE i.p. injection, corn oil or a phthalate were
orally administered once a day for the entire 6-week study period. All
treatment chemicals were dissolved in corn oil (Sigma-Aldrich). Rats
were sacrificed 24 h after final administration. All experimental animal
procedures were approved by the Institutional Animal Care and Use
Committee of Chungbuk National University.

2.3. Vaginal smear test

Vaginal smears were collected from all rats to check estrous cycle
stage every day at 9 a.m since treated phthalates. After mounting the
vaginal smears on slides, the slides were steeped in methanol for 5 min.
Next, they were stained and imaged under a light microscope to de-
termine estrus stage. Estrous cycle stages were classified as proestrus,
estrus, metestrus, and diestrus based on the predominance of epithelial
round cells, cornified cells, round cells plus leukocytes cells, or leuko-
cytes, respectively.

2.4. Quantitative real-time PCR

Total RNA was extracted from the ovaries of all rats in each group
by using Trizol reagent (Ambion, Austin, TX, USA) according to the
manufacturer’s instructions. The total RNA concentration was de-
termined by measuring absorbance at 260 nm. First-strand com-
plementary DNA (cDNA) was prepared from 1 pg of total RNA by re-
verse transcription using Moloney murine leukemia virus reverse
transcriptase (iNtRON Bio, Gyeonggi-do, Korea) and random primers
(9-mers; TaKaRa Bio, Shiga, Japan). Quantitative real-time PCR was
performed with 1 pl of the cDNA template and 2 X SYBR green (TaKaRa
Bio) containing specific primers. The primer sequences are presented in
Table 1. The qRT-PCR was carried out for 40 cycles using the following
parameters: denaturation at 95 °C for 30 s, annealing at 58 °C for 30s,
and extension at 72 °C for 30 s. Fluorescence intensity was measured at
the end of the extension phase of each cycle. The threshold value for the
fluorescence intensity of all samples was set manually. The reaction
cycle at which PCR products exceeded this fluorescence intensity was
the threshold cycle (CT). The expression of the target gene was quan-
tified relative to that of the internal vehicle gene (18S ribosomal RNA)
by comparing CTs at a constant fluorescence intensity. The 18 s rRNA
levels were not significantly altered by the experimental conditions.

Table 1
Primer sequences used when performing real-time PCR.

Gene Primer sequence (5'— 3’) Accession no.

F: GCTTTGCCTTTGAGTCCATC

R: CATGGTCCTTCCAGGTCTTA

F: TGCCACTTGGTCACACTGTCA
R: CCCTGTGCTGCTCCACTAGTGT
StAR F: GCGGAACATGAAAGGACTGA
R: TCCTTGCTGGATGTAGGACA
F: GTTGGAGATGCCACACGATA
R: GCTACCTTCTTCACGTTGCT

Cypllal NM_017286.3

Hsd3b1 NM_001007719.3
NM_031558.3

Sohth2 NM_001034961.1

Amh F: CTGGCTGAAGTGATATGGGA NM_012902.1
R: CACAGTCAGCACCAAATAGC
18s rRNA F: AGACTGTGTCCCTGTGGAGA NR_046237.1

R: GGACACGGACAGGATTGACA
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Fig. 1. Effects of phthalates and VCD on rat estrus cycle.
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(A) The estrus cycles of rats in each group were monitored by examination of vaginal smears. Each stage of the estrus cycle was determined by the predominance of
lymphocytes, nucleated epithelial cells, or keratinocytes. (B) The diestrus stage was prolonged by treatment with DEHP only, BBP only, and VCD with or without
phthalates (6 rats per group). Statistical significance was determined by one-way ANOVA with the Bonferroni correction test. ®p < 0.05 vs. Vehicle (VE), p < 0.05
vs. phthalate. VE, corn oil; VCD, 80 mg/kg/day; DEHP, 25 mg/kg/day; BBP, 250 mg/kg/day; DBP, 250 mg/kg/day.

2.5. Western-blot analysis

Three random ovaries of euthanatized rats in each group were ra-
pidly excised and washed in cold sterile 0.9% NaCl solution. Proteins
were extracted by using Pro-prep solution (InTron, Seoul, Republic of
Korea) according to the manufacturer’s protocol. Cytosolic proteins
(20 pug) were separated by performing 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and the product was
transferred to a polyvinylidene fluoride (PVDF) membrane (Perkin
Elmer, Wellesley, MA, USA) in a TransBlot Cell (TE-22, Hoefer, CA,
USA) according to the manufacturer’s protocol. The resulting blot was
blocked in TBS (Tris-buffered saline) containing 5% skim milk for
60 min, then incubated at room temperature in primary antibody
SOHLH2 (Origene, catalog TA330852, diluted 1:1000) for 4h or a-
Tubulin (Cell Signaling Technology, catalog No. #2144, diluted
1:2000) for 60 min. After washing with TBS-T buffer, the membranes
were incubated with the appropriate horseradish peroxidase-con-
jugated secondary antibodies (anti-rabbit, 1:2000, Santa Cruz) for 1 h at

room temperature. Then, the membrane was washed four times for
10 min each with TBS-T. Enhanced chemiluminescence reagent (Santa
Cruz Biotechnology) with a charge-coupled device was used to detect
antibody binding. Western blots were assessed by using the ChemiDoc
(Bio-Rad) or GenGnome 5 (Syngene, Cambridge, UK) imaging systems.
The optical density of the target band was analyzed by using Image J
(NIH, Bethesda, MD, USA).

2.6. Hematoxylin and eosin staining

Three random ovaries from rats in each group were used for his-
tological analysis. Initially, the ovary was fixed in 10% neutral-buffered
formalin, dehydrated at room temperature for 24 h, and embedded in
paraffin. The ovary was then cut across the mid-region of the ovary into
slices with a thickness of 4 um, and the slices mounted on slides. The
sections were then stained with hematoxylin and eosin and imaged by
using light microscopy (BX51; Olympus, Tokyo, Japan) to determine
follicle numbers and stages. To quantify the number of follicles, follicles



D.N. Tran et al.

from six sections of each ovary were counted and the numbers aver-
aged. Follicle stages were classified as primordial, primary, and sec-
ondary depending on the shape and number of layers of granulosa cells
and the presence or absence of an antral cavity.

2.7. Serum FSH and Amh analysis

Blood samples were collected from rats at 24h after the final
treatment administration. Serum was separated and stored at —70 °C
until required for serum follicle-stimulating hormone (FSH) and anti-
Miillerian hormone (Amh) analysis. The serum levels of FSH and Amh
were determined by using commercial ELISA kits (FSH ELISA Kit,
Cusabio, MD, USA and AMH ELISA Kit, MyBioSource, San Diego, USA,
respectively). Quantitative determination of hormone concentrations
was performed as per the manufacturers’ protocols.

2.8. Statistical analyses

Statistical significance was determined by using one-way ANOVA
followed by Bonferroni’s post hoc test for multiple comparisons. Real-
time PCR and western-blot experiments consisted of three separate
trials. Data were analyzed by using GraphPad Prism (v.4.0; GraphPad
Software, La Jolla, CA, USA) and are presented as mean = SEM values.
The p values for each comparison are described in the figure legends.

3. Results
3.1. Effects of phthalates and VCD on estrous cycle

The estrous cycles of the subject rats were checked daily by per-
forming a vaginal smear test. Both phthalates and VCD have been re-
ported to disrupt the estrous cycles in rodents [25,26]. The typical rat
estrous cycle is 4-5 days long (proestrus =1 + 0.5 day, estrus = 1
day, metestrus = 1 day, diestrus = 1 = 0.5 day). In each group, cycle
stages were determined daily and their durations were monitored
(Fig. 1A). The estrous cycle of the VE group had a regular repeating
cycle, whereas the diestrus phases in the DEHP and BBP groups were
drawn out and were particularly prolonged in the VCD and phthalate
combination groups (Fig. 1B). However, DBP treatment did not affect
the estrous cycle pattern. There were no significant differences in es-
trous cycles between the VCD group and the VCD + phthalate combi-
nation groups.

3.2. Effects of phthalates and VCD on the number of primordial, primary,
and secondary follicles

In all groups, follicles were counted in the largest cross-section of
the ovary and were classified into primordial, primary, and secondary
stages based on the histological morphologies of the granulosa cells and
the oocytes. Compared to the VE group, the numbers of primordial and
primary follicles were significantly lower in all groups, except the BBP
group (Fig. 2A-2B). The number of primordial follicles was low in the
BBP group but not significantly low. Notably, the VCD + phthalate
combination treatments markedly reduced the numbers of primary
follicles, even showing a complete absence of primary follicles in some
ovaries in the BBP + VCD and DBP + VCD groups (Fig. 2B). Ad-
ditionally, there were marked decreases in primordial and primary
follicles in the combination groups compared to the numbers in the
DEHP-, BBP-, DBP-, or VCD-alone treatments. The number of secondary
follicles was significantly lower in the VCD + phthalate combination
groups than those in the VE and phthalate-only groups (Fig. 2C). There
were no significant differences in numbers of Graafian follicles among
the study groups (data not shown). These results suggest that a com-
bination of phthalates and VCD may result in mature ovarian failure.
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3.3. Effects of phthalates and VCD on steroidogenesis in rat ovary

The mRNA expressions of ovarian steroidogenesis (cholesterol me-
tabolism)-associated genes such as StAR, Cypllal, and Hsd3bl were
determined by performing real-time PCR. The expressions of StAR
mRNA expression were significantly higher in the DEHP and DBP
groups than in the VE group (Fig. 3A). Interestingly, treatment of DBP
alone produced a lower expression of StAR mRNA than those in the
VCD and DBP + VCD groups. The expressions of Cypllal and Hsd3b
mRNA were not significantly different among the various groups
(Figs. 3B and 3C, respectively). These results indicate that only StAR
expression was affected by the phthalate treatment and that
VCD + phthalate combination treatments did not significantly affect
steroidogenesis.

3.4. Effect of phthalates and VCD on Sohlh2 mRNA and protein expression
in rat ovary

In order to elucidate the mechanism by which the combination of
phthalate and VCD may affect the formation of primordial follicles, we
investigated the effects of phthalate exposure on Sohlh2 mRNA and
protein expressions (Fig. 4A). DEHP, BBP, and DBP administrated in-
dividually had no significant effect on the expression of Sohlh2 mRNA.
However, the DEHP + VCD, BBP + VCD, and DBP + VCD combination
treatments reduced Sohlh2 mRNA expression by approximately 94%,
85%, and 86%, respectively, from that in the VE group. Further, Sohlh2
mRNA levels in the DEHP + VCD was significantly lower than that in
the VCD-alone group. Similarly, compared to the VE group, Sohlh2
protein expressions were markedly lower in all groups, except the DEHP
group. Notably, Sohlh2 protein expression was also lower in the
DEHP + VCD group than in the DEHP group (Fig. 4B). These results
suggest that VCD + phthalate combination exposure can impair pri-
mordial follicle development.

3.5. Effect of phthalates and VCD on Amh mRNA expression in rat ovary
and on serum Amh level

To investigate whether phthalates and VCD affect folliculogenesis,
we assessed the expression of Amh mRNA in ovary (Fig. 5A). The mRNA
expression of Amh was significantly lower (approximately 80% lower)
in the VCD + phthalate combination groups than that in the VE group.
There were no differences in Amh mRNA expressions between the VE
group and the VCD-alone or phthalate- alone treatment groups. Treat-
ment with DEHP or BBP produced higher Amh mRNA expressions than
that in the VCD group. The Amh mRNA expression levels were sig-
nificantly lower in the VCD + phthalate combination groups than that
in the VCD-alone group. Moreover, Amh mRNA expressions in the
combination groups were significantly lower than those in the DEHP-,
BBP-, and DBP-alone groups. These results suggest that the combined
treatment of phthalates and VCD significantly inhibits the expression of
Amh mRNA, producing Amh mRNA levels lower than those obtained
from DEHP-, BBP-, DBP-, or VCD-alone administrations.

Serum Ambh level has been used as a marker for the ovarian reserve,
and 3.5 ng/ml of serum Amh is considered a cut-off ; value below which
there is a high risk of ovarian hyperstimulation syndrome in humans
[27]. In this study, compared to that in the VE group (VE = 12.53 =
1.75ng/mL), serum Amh levels were not significantly lower in the
individual phthalate groups (DEHP = 8.20 *+ 3.25ng/mlL;
BBP = 7.60 = 3.09ng/mL; DBP = 7.85 * 2.58ng/mlL) (Fig. S5SB).
Serum Amh levels were approximately 6 times lower in the
DEHP + VCD (2.33 + 1.09ng/mL) and DBP + VCD (2.08 + 1.71ng/
mL) groups than in the VE group, approximately 4 times lower in the
BBP + VCD group (BBP + VCD = 3.41 *= 1.73ng/mL) than in the VE
group, and approximately 2 times lower in the VCD-alone group
(VCD = 5.45 * 1.33ng/mL) than in the VE group (Fig. 5B). Moreover,
the VCD + phthalate combination treatment results were significantly
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The sections from the ovary region with the greatest cross-sectional area were hematoxylin and eosin stained for histological analysis. Quantification of primordial
(A), primary (B), and secondary (C) follicles were characterized in each ovary. The number of primordial and primary follicles were significantly decreased by both
phthalate and VCD treatments with marked reductions in the VCD + phthalate combination groups. The number of secondary follicles was significantly different
between the VCD-only group and the combination BBP + VCD group. N = 3 ovaries per group. Statistical significance was determined by one-way ANOVA with the
Bonferroni correction test. p < 0.05 vs. VE, °p < 0.05 vs. phthalate, p < 0.05 vs. VCD.

lower than those from the single phthalate or VCD treatments. Taken
together, our results suggest that combined exposure to VCD and
phthalates can affect follicle development by reducing the expression of
Amh in ovary.

3.6. Change in serum FSH levels

A rise in serum FSH concentration has been shown to indicate an
accelerated loss of the ovarian reserve, and POF can be diagnosed on
the basis of serum FSH concentration (i.e., POF presence if FSH = 40
mlIU/mL). Compared to the VE group (VE = 14.17 = 0.38 mIU/mL),
serum FSH levels were approximately 1.5 times higher in the single
treatment phthalate groups (DEHP = 20.62 += 1.06 mIU/mL;
BBP = 21.09 = 0.68 mIU/mL; DBP = 20.05 = 1.02 mIU/mL)
(Fig. 6). Notably, serum FSH levels were approximately 4.5 times
higher in the DEHP + VCD (63.87 = 1.06 m IU/mL), BBP + VCD
(62.85 + 3.32 mIU/mL), and DBP + VCD (62.70 *= 3.01mIU/mL)
combination groups than in the VE group and was approximately 4
times higher in the VCD group (VCD = 55.29 * 3.5 mIU/mL) than in
the VE group (Fig. 6). Moreover, the VCD + phthalate combination
treatment results were approximately 3 times higher than those from
the phthalate-only treatment groups. In addition, the serum FSH levels
in the VCD + phthalate treatment groups were significantly higher than
that in the VCD group. These results show that a combined exposure to
VCD and phthalates can lead to a substantial reduction in oogenesis.

4. Discussion

The purpose of this study was to assess the effects of combined
phthalate and VCD exposures on ovarian function. The study hypothesis
was that exposure to both VCD and phthalates would disrupt the
growth and development of ovarian follicles, affect the biosynthesis of
ovarian steroids, and lead to the POF syndrome.

At birth, the ovaries of female neonates contain a limited number of
primordial follicles. Folliculogenesis is an irreversible process, in which
a recruited primordial follicle grows and develops into primary follicle
before becoming a preantral follicle and, ultimately, a mature antral
follicle. Ovarian steroid production has important roles in the main-
tenance of standard ovarian development and function.

Exposure to high doses (1000 mg/kg/day) of DEHP is reported to
result in a significant decrease in the number of primordial follicles and
an increase in the numbers of primary, secondary, and antral follicles,
thereby shortening reproductive lifespan via earlier entry into ovarian
failure [28]. Moreover, DEHP exposure can directly disrupt the estrous
cycle and significantly decrease primordial follicle abundance in ovary
after administration for 10 days [29]. DBP has been shown to sig-
nificantly suppress the growth of antral follicles and induce follicular
atresia [30]. Short-term exposure to DBP decreases the serum estradiol
level and the number of antral follicles but increases the serum FSH
level [31]. Additionally, exposure to DBP is reported to significantly
increase serum levels of estradiol and progesterone [32]. Exposure to
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The mRNA levels of steroidogenesis-related genes were assessed by using real-
time PCR in rat ovary tissues. A: Expression of StAR mRNA was significantly
high in the DEHP and DBP + VCD groups. B, C: Expressions of Cypl1lal and
Hsd3b mRNA were not significantly different between the VE group and all
other groups. Results were internally confirmed by the comparative cycle
threshold method against 18S as the standard gene. N = 6 rats per group.
Statistical significance was determined by one-way ANOVA with the Bonferroni
correction test. %p < 0.05vs. VE, ®p < 0.05 vs. phthalate, p < 0.05 vs. VCD.

VCD results in selective destruction of primordial and primary follicles
in both rat and mouse following in vivo or in vitro exposure [33-37].

In this study, the numbers of primordial and primary follicles were
significantly decreased in all groups treated with VCD and/or phtha-
lates from those in the VE group. The decreases in primordial and
primary follicles after VCD + phthalate combination treatments were
markedly greater than those after individual VCD or individual
phthalate treatments. Compare to the VE group, the number of sec-
ondary follicles was significantly lower in the VCD and
VCD + phthalate groups. These results suggest that combined exposure
to VCD and phthalates can reduce the number of primordial and pri-
mary follicles. Moreover, VCD + phthalate combination exposure has a
greater effect on primordial and primary follicles than the effects from
individual exposures by VCD, DBP, BBP, or DEHP.

Ovarian steroidogenesis is a step-wise process involving multiple
enzymes, including StAR, Cypllal, and Hsd3bl, that process choles-
terol into biologically active steroid hormones. The StAR, Cyp11al, and
Hsd3b1 mRNA expressions were shown to increase at a VCD treatment
concentration of 160 mg/kg/day at 20 days after such exposure [22]. In
addition, phthalates have been reported to increase the expressions of
the StAR, Cyp1lal, and Hsd3b1 genes [21]. In this study, the Cyp1lal,
and Hsd3bl mRNA expressions were not significantly changed by the
administration of phthalates and VCD in either individual or combi-
nation treatments; however, there were changes in StAR mRNA ex-
pressions. The contrast in results between [22] and this study may be
due to differences in concentrations and administration times; there-
fore, we will focus on assessing both VCD and phthalate concentrations
and exposure times in future studies.
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Fig. 4. Expression of Sohlh2 in rat ovaries.

The mRNA and protein expressions of Sohlh2 in rat ovary were decreased by
phthalate and VCD treatments. A: The mRNA levels of Sohlh2 were assessed by
performing real-time PCR on rat ovary tissues. Results were internally con-
firmed by the comparative cycle threshold method against 18S as a standard
gene. N = 6 rats per group. B: Expression of Sohlh2 protein was investigated by
western blotting. The band intensity of the Sohlh2 protein was normalized to
the a-tubulin level. Histograms indicate quantification of blots. N = 3 rats per
group. Statistical significance was determined by one-way ANOVA with the
Bonferroni correction test. p < 0.05 vs. VE, °p < 0.05 vs. phthalate, p <
0.05 vs. VCD.
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Fig. 5. Change in mRNA expression of Amh in rat ovaries and serum Ambh level.
A: The mRNA levels of the Amh gene were assessed by performing real-time
PCR on rat ovary tissues. The Amh mRNA levels were significantly low in the
VCD + phthalate combination groups. Results were internally confirmed by the
comparative cycle threshold method against the 18S standard gene. B: The
serum Ambh levels were measured at the end of the six week treatment period by
using ELISA kits. The serum Amh levels were markedly low in the
VCD + phthalate combination groups. N = 6 rats per group. Statistical sig-
nificance was determined by one-way ANOVA with the Bonferroni correction
test. p < 0.05vs. VE, °p < 0.05 vs. phthalate, p < 0.05 vs. VCD.
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Fig. 6. Effects of phthalates and VCD on serum FSH levels.

The serum FSH levels were measured at the end of the six week treatment
period by using ELISA kits. The serum FSH levels were significantly high in the
single treatment groups and markedly high in the VCD + phthalate combina-
tion groups. N = 6 rats per group. Statistical significance was determined by
one-way ANOVA with the Bonferroni correction test. °p < 0.05 vs. VE, p <
0.05 vs. phthalate, p < 0.05 vs. VCD.

Among the folliculogenesis related genes, Sohlh2, a spermatogen-
esis- and oogenesis-specific basic helix-loop-helix transcription factor, is
primarily expressed in primordial and primary ovarian follicles but is
undetectable in growing oocytes [10]. Previous study results have
suggested that Sohlh2 deficiency is related to disruption of the transi-
tion from primordial follicle to primary follicle. Moreover, DEHP ex-
posure can reduce the expression of Sohlh2 mRNA in vitro [38]. In this
study, the mRNA expression of Sohlh2 was significantly lower in the
DEHP + VCD, BBP + VCD, and DBP + VCD groups than in the VE
group. Further, Sohlh2 mRNA levels in the DEHP + VCD and
BBP + VCD groups were significantly lower than that in the VCD-only
group. Sohlh2 protein expressions in the DEHP and VE groups were not
significantly different, but Sohlh2 expressions in all other groups were
markedly lower than that in the VE group. Recently, variants in the
Sohlh2 gene have been shown to contribute to human POF in different
ethnicities [39]. The results of this study suggest that combined ex-
posure to VCD and some phthalates may result in premature exhaustion
of the available oocyte supply via the reduction of Sohlh2 expression.

Ambh is a member of the TGF-B family of growth factors and has
important roles during the initial and cyclic recruitment of ovarian
follicles. Amh is produced by the pool of growing follicles and acts as a
feedback signal to inhibit the recruitment of primordial follicles [40].
From the primary stage onward, all follicles express Amh; as well, Amh
is secreted by the granulosa cells of maturing follicles. This may explain
the marked decrease in Amh mRNA expression and serum Amh level
when loss of primary follicles occurs. In previous studies, the serum
Amh level was significantly decreased in response to a high-dose VCD
treatment (240 mg/kg/day) [41]. Additionally, VCD has been shown to
decrease the ovarian expression of Amh mRNA in PND4 rat ovary cul-
ture [42]. The effect of phthalates on Amh expression has not been fully
elucidated. However, in the present study, a combination of exposures
to VCD and phthalates resulted in greater loss of primary follicles than
that from individual VCD or phthalate treatments. In addition, Amh
mRNA expression and serum Amh levels were also significantly re-
duced. The mRNA expressions of Amh were significantly lower (by
approximately 80%) in the VCD + phthalate groups than in the VE and
VCD-only groups. However, there were no differences in Amh mRNA
expressions in the individual phthalate groups or in the VCD-only group
from that in the VE group. Moreover, Amh mRNA expressions were
significantly lower in the combination groups than those in the in-
dividual phthalate and VCD groups. Compared to the VE group, serum
Ambh levels were markedly lower in the DEHP + VCD and DBP + VCD
groups, less so in the BBP + VCD group, and even lower in the VCD
group. Further, serum Amh level was not significantly lower in the
individual phthalate and VCD groups than in the VE group. Overall, the
serum Ambh levels in the VCD + phthalate groups were approximately
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2.5 times lower than those in the single treatment groups. As men-
tioned, the serum Ambh level (less than 3.5ng/ml) can be used to in-
dicate a risk of ovarian hyperstimulation syndrome [27], and a reduced
Ambh level can be used as a marker of fertility decline, such as that
associated with the POF syndrome [43]. These results suggest that ex-
posure to a combination of VCD and phthalates can induce the loss of
primary follicles by strongly inhibiting the mRNA expression of Amh
and decreasing the serum Amh level.

Moreover, folliculogenesis in the ovary is mediated by endocrine
factors of the pituitary-gonadotropin axis such as FSH and LH. Recently,
serum FSH concentration has been used as a marker of the ovarian
reserve. In a previous study, DEHP orally treated at 2 g/kg/day de-
creased the serum estradiol level in adult rats [44], leading to a sec-
ondary rise in FSH. Moreover, DBP exposure has increased serum FSH
levels in mice treated with DBP at 0.1 and 1000 mg/kg [31], whereas,
VCD-treated mice had increased levels of FSH at dose levels of
80-320 mg/kg [22,45]. On the basis of serum FSH concentration, POF
is currently diagnosed when the serum FSH concentration is =40 mIU/
mL. In the present study, serum FSH levels were approximately 1.5
times higher in the single treatment groups than in the VE group. No-
tably, serum FSH levels were markedly higher (approximately 4.5
times) than that in the VE group in the DEHP + VCD, BBP + VCD, and
DBP + VCD groups and approximately 4 times higher than the VE level
in the VCD-only group. In addition, the VCD + phthalate combination
treatments produced FSH levels that were 3 times higher than those in
the single treatment phthalate groups. Moreover, serum FSH levels in
the combination groups were significantly higher than that in the VCD
group. Previous studies have shown that an accelerated loss of ovarian
reserve is reflected by a rise in serum concentration of FSH. Taken to-
gether, the results of this study suggest that exposure to VCD and
phthalate, separately or in combination, can lead to POF.

5. Conclusion

POF is biochemically characterized by high level of FSH and a de-
crease of serum Ambh level [43]. In the present study, treatment with
VCD alone or VCD treatment combined with DEHP, BBP, or DBP
treatments elevated serum FSH levels and reduced serum Amh levels.
Additionally, the results indicate that a combined exposure to phtha-
lates and VCD can result in POF. The combined effects of phthalate and
VCD exposures produced a greater level of harmful effects than those
from the individual phthalate and VCD treatments. Further, the results
indicate that exposure to phthalates promotes the depletion of follicles
and, as a consequence, can increase the risk of premature menopause.
Moreover, combined exposure to phthalates and VCD in early meno-
pausal women is likely to exacerbate the potential for POF syndrome
development.

Author contributions

Dinh Nam Tran, Changhwan Ahn, and Eui-Bae Jeung designed the
experiments; Dinh Nam Tran performed the experiments; Eui-Man
Jung, Changhwan Ahn, and Hee Young Kang analyzed the data; Dinh
Nam Tran wrote the paper. Eui-Man Jung, Yeong-Min Yoo, and
Changhwan Ahn revised the manuscript; Eui-Bae Jeung conceived and
supervised the study.

Acknowledgments

This work was supported by the National Research Foundation of
Korea (NRF) grant of the Korean government (2017R1A2B2005031)
and the Global Research and Development Center Program through the
National Research Foundation of Korea funded by the Ministry of
Education, Science and Technology (2017K1A4A3014959).



D.N. Tran et al.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

T.T. Vo, B.S. An, H. Yang, E.M. Jung, I. Hwang, E.B. Jeung, Calbindin-D9k as a
sensitive molecular biomarker for evaluating the synergistic impact of estrogenic
chemicals on GH3 rat pituitary cells, Int. J. Mol. Med. 30 (5) (2012) 1233-1240.
V.H. Dang, K.C. Choi, S.H. Hyun, E.B. Jeung, Analysis of gene expression profiles in
the offspring of rats following maternal exposure to xenoestrogens, Reprod. Toxicol.
23 (1) (2007) 42-54.

X. Chen, S. Xu, T. Tan, S.T. Lee, S.H. Cheng, F.W.F. Lee, S.J.L. Xu, K.C. Ho, Toxicity
and estrogenic endocrine disrupting activity of phthalates and their mixtures, Int. J.
Environ. Res. Public Health 11 (3) (2014) 3156-3168.

T. Zacharewski, M. Meek, J. Clemons, Z. Wu, M. Fielden, J. Matthews, Examination
of the in vitro and in vitro estrogenic activities of eight commercial phthalate esters,
Toxicol. Sci. 46 (2) (1998) 282-293.

K. Satoh, F. Nagai, N. Aoki, Several environmental pollutants have binding affinities
for both androgen receptor and estrogen receptor a, J. Health Sci. 47 (5) (2001)
495-501.

P.R. Hannon, J.A. Flaws, The effects of phthalates on the ovary, Front. Endocrinol. 6
(2015) 8.

N.T. Program, Toxicology and carcinogenesis studies of 4-vinyl-1-cyclohexene
diepoxide (CAS No. 106-87-6) in F344/N rats and B6C3F1 mice (dermal studies),
Nat. Toxicol. Program Tech. Rep. Ser. 362 (1989) 1.

P.B. Hoyer, P.J. Devine, X. Hu, K.E. Thompson, I.G. Sipes, Ovarian toxicity of 4-
vinylcyclohexene diepoxide: a mechanistic model, Toxicol. Pathol. 29 (1) (2001)
91-99.

P. Vabre, N. Gatimel, J. Moreau, V. Gayrard, N. Picard-Hagen, J. Parinaud,

R.D. Leandri, Environmental pollutants, a possible etiology for premature ovarian
insufficiency: a narrative review of animal and human data, Environ. Health 16 (1)
(2017) 37.

D.J. Ballow, Y. Xin, Y. Choi, S.A. Pangas, A. Rajkovic, Sohlh2 is a germ cell-specific
bHLH transcription factor, Gene Expression Patterns 6 (8) (2006) 1014-1018.

Y. Choi, D. Yuan, A. Rajkovic, Germ cell-specific transcriptional regulator sohlh2 is
essential for early mouse folliculogenesis and oocyte-specific gene expression, Biol.
Reprod. 79 (6) (2008) 1176-1182.

S. UENO, T. Kuroda, D.T. MACLAUGHLIN, R.C. RAGIN, T.F. MANGANARO,

P.K. DONAHOE, Mullerian inhibiting substance in the adult rat ovary during var-
ious stages of the estrous cycle, Endocrinology 125 (2) (1989) 1060-1066.

A. Munsterberg, R. Lovell-Badge, Expression of the mouse anti-mullerian hormone
gene suggests a role in both male and female sexual differentiation, Development
113 (2) (1991) 613-624.

W.M. Baarends, J. Uilenbroek, P. Kramer, J.W. Hoogerbrugge, E. Van Leeuwen,
A. Themmen, J.A. Grootegoed, Anti-miillerian hormone and anti-miillerian hor-
mone type II receptor messenger ribonucleic acid expression in rat ovaries during
postnatal development, the estrous cycle, and gonadotropin-induced follicle
growth, Endocrinology 136 (11) (1995) 4951-4962.

A.L. Durlinger, M.J. Gruijters, P. Kramer, B. Karels, H.A. Ingraham, M.W. Nachtigal,
J.T.J. Uilenbroek, J.A. Grootegoed, A.P. Themmen, Anti-Mullerian hormone in-
hibits initiation of primordial follicle growth in the mouse ovary, Endocrinology
143 (3) (2002) 1076-1084.

A.L. Durlinger, P. Kramer, B. Karels, F.H. de Jong, J.T.J. Uilenbroek,

J.A. Grootegoed, A.P. Themmen, Control of primordial follicle recruitment by anti-
Miillerian hormone in the mouse ovary 1, Endocrinology 140 (12) (1999)
5789-5796.

A.L. Durlinger, M.J. Gruijters, P. Kramer, B. Karels, T.R. Kumar, M.M. Matzuk,
U.M. Rose, F.H. de Jong, J.T.J. Uilenbroek, J.A. Grootegoed, Anti-Mullerian hor-
mone attenuates the effects of FSH on follicle development in the mouse ovary,
Endocrinology 142 (11) (2001) 4891-4899.

J.A. Visser, A.P. Themmen, Anti-Miillerian hormone and folliculogenesis, Mol. Cell.
Endocrinol. 234 (1) (2005) 81-86.

C. Weenen, J.S. Laven, A.R. Von Bergh, M. Cranfield, N.P. Groome, J.A. Visser,

P. Kramer, B.C. Fauser, A.P. Themmen, Anti-Miillerian hormone expression pattern
in the human ovary: potential implications for initial and cyclic follicle recruitment,
Mol. Hum. Reprod. 10 (2) (2004) 77-83.

1. Van Rooij, F. Broekmans, E. Te Velde, B. Fauser, L. Bancsi, F. De Jong,

A. Themmen, Serum anti-Miillerian hormone levels: a novel measure of ovarian
reserve, Hum. Reprod. 17 (12) (2002) 3065-3071.

D.B. Somasundaram, B.C. Selvanesan, I. Ramachandran, R.S. Bhaskaran,
Lactational exposure to Di (2-ethylhexyl) phthalate impairs the ovarian and uterine
function of adult offspring rat, Reprod. Sci. 23 (4) (2016) 549-559.

Z. Rivera, P.J. Christian, S.L. Marion, H.L. Brooks, P.B. Hoyer, Steroidogenic ca-
pacity of residual ovarian tissue in 4-vinylcyclohexene diepoxide-treated mice, Biol.
Reprod. 80 (2) (2009) 328-336.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Reproductive Toxicology xxx (XxxX) XXX—XXX

F.S. Muhammad, A.K. Goode, N.D. Kock, E.A. Arifin, J.M. Cline, M.R. Adams,
P.B. Hoyer, P.J. Christian, S. Isom, J.R. Kaplan, Effects of 4-vinylcyclohexene
diepoxide on peripubertal and adult Sprague-Dawley rats: ovarian, clinical, and
pathologic outcomes, Comp. Med. 59 (1) (2009) 46-59.

P.J. Lioy, R. Hauser, C. Gennings, H.M. Koch, P.E. Mirkes, B.A. Schwetz,

A. Kortenkamp, Assessment of phthalates/phthalate alternatives in children’s toys
and childcare articles: review of the report including conclusions and re-
commendation of the chronic hazard advisory panel of the consumer product safety
commission, J. Exposure Sci. Environ. Epidemiol. 25 (4) (2015) 343-353.

P.R. Hannon, S. Niermann, J.A. Flaws, Acute exposure to di (2-ethylhexyl) phtha-
late in adulthood causes adverse reproductive outcomes later in life and accelerates
reproductive aging in female mice, Toxicol. Sci. (2015) kfv317.

J.A. Flaws, J.K. Doerr, 1.G. Sipes, P.B. Hoyer, Destruction of preantral follicles in
adult rats by 4-vinyl-1-cyclohexene diepoxide, Reprod. Toxicol. 8 (6) (1994)
509-514.

L.G. Nardo, T.A. Gelbaya, H. Wilkinson, S.A. Roberts, A. Yates, P. Pemberton,

1. Laing, Circulating basal anti-Miillerian hormone levels as predictor of ovarian
response in women undergoing ovarian stimulation for in vitro fertilization, Fertil.
Steril. 92 (5) (2009) 1586-1593.

B. Moyer, M.L. Hixon, Reproductive effects in F1 adult females exposed in utero to
moderate to high doses of mono-2-ethylhexylphthalate (MEHP), Reprod. Toxicol.
34 (1) (2012) 43-50.

P.R. Hannon, J. Peretz, J.A. Flaws, Daily exposure to Di (2-ethylhexyl) phthalate
alters estrous cyclicity and accelerates primordial follicle recruitment potentially
via dysregulation of the phosphatidylinositol 3-kinase signaling pathway in adult
mice, Biol. Reprod. 90 (6) (2014) 136.

Z.R. Craig, P.R. Hannon, W. Wang, A. Ziv-Gal, J.A. Flaws, Di-n-butyl phthalate
disrupts the expression of genes involved in cell cycle and apoptotic pathways in
mouse ovarian antral follicles, Biol. Reprod. 88 (1) (2013) 23.

N. Sen, X. Liu, Z.R. Craig, Short term exposure to di-n-butyl phthalate (DBP) dis-
rupts ovarian function in young CD-1 mice, Reprod. Toxicol. 53 (2015) 15-22.

Z. Xie, J. Wang, F. Dai, X. Jin, K. Wu, Q. Chen, Y. Wang, Effects of maternal ex-
posure to di-n-butyl phthalate during pregnancy and breastfeeding on ovarian de-
velopment and function of F1 female rats, Environ. Toxicol. Pharmacol. 43 (2016)
38-43.

L. Springer, M. McAsey, J. Flaws, J. Tilly, I. Sipes, P.B. Hoyer, Involvement of
apoptosis in 4-vinylcyclohexene diepoxide-induced ovotoxicity in rats, Toxicol.
Appl. Pharmacol. 139 (2) (1996) 394-401.

S.-W. Kao, 1.G. Sipes, P.B. Hoyer, Early effects of ovotoxicity induced by 4-vi-
nylcyclohexene diepoxide in rats and mice, Reprod. Toxicol. 13 (1) (1999) 67-75.
L.P. Mayer, N.A. Pearsall, P.J. Christian, P.J. Devine, C.M. Payne, M.K. McCuskey,
S.L. Marion, L.G. Sipes, P.B. Hoyer, Long-term effects of ovarian follicular depletion
in rats by 4-vinylcyclohexene diepoxide, Reprod. Toxicol. 16 (6) (2002) 775-781.
C.A. Dyer, S. Raymond-Whish, S. Schmuki, T. Fisher, B. Pyzyna, A. Bennett,

L.P. Mayer, Accelerated follicle depletion in vitro and in vivo in Sprague-Dawley
rats using the combination of 4-vinylcyclohexene diepoxide and triptolide, J. Zoo
Wildl. Med. 44 (4s) (2013) S9-S17.

P.B. Hoyer, 1.G. Sipes, Development of an animal model for ovotoxicity using
4-vinylcyclohexene: a case study, Birth Defects Res. Part B: Dev. Reprod. Toxicol. 80
(2) (2007) 113-125.

T. Zhang, L. Li, X.S. Qin, Y. Zhou, X.F. Zhang, L.Q. Wang, M. Felici, H. Chen,
G.Q. Qin, W. Shen, Di-(2-ethylhexyl) phthalate and bisphenol A exposure impairs
mouse primordial follicle assembly in vitro, Environ. Mol. Mutagen. 55 (4) (2014)
343-353.

Y. Qin, X. Jiao, R. Dalgleish, S. Vujovic, J. Li, J.L. Simpson, F. Al-Azzawi, Z.-J. Chen,
Novel variants in the SOHLH2 gene are implicated in human premature ovarian
failure, Fertil. Steril. 101 (4) (2014) 1104-1109. e6.

A. Durlinger, J.A. Visser, A. Themmen, Regulation of ovarian function: the role of
anti-Mullerian hormone, Reproduction 124 (5) (2002) 601-609.

S.K. Sahambi, J.A. Visser, A.P. Themmen, L.P. Mayer, P.J. Devine, Correlation of
serum anti-Miillerian hormone with accelerated follicle loss following 4-vinylcy-
clohexene diepoxide-induced follicle loss in mice, Reprod. Toxicol. 26 (2) (2008)
116-122.

C.J. Mark-Kappeler, N. Sen, A.F. Keating, I.G. Sipes, P.B. Hoyer, Distribution and
responsiveness of rat anti-Miillerian hormone during ovarian development and
VCD-induced ovotoxicity, Toxicol. Appl. Pharmacol. 249 (1) (2010) 1-7.

K. Jankowska, Premature ovarian failure, Przeglad Menopauzalny 16 (2) (2017) 51.
B. Davis, R. Maronpot, J. Heindel, Di-(2-ethylhexyl) phthalate suppresses estradiol
and ovulation in cycling rats, Toxicol. Appl. Pharmacol. 128 (2) (1994) 216-223.
L.P. Mayer, P.J. Devine, C.A. Dyer, P.B. Hoyer, The follicle-deplete mouse ovary
produces androgen, Biol. Reprod. 71 (1) (2004) 130-138.


http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0005
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0005
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0005
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0010
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0010
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0010
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0015
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0015
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0015
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0020
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0020
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0020
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0025
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0025
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0025
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0030
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0030
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0035
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0035
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0035
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0040
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0040
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0040
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0045
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0045
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0045
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0045
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0050
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0050
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0055
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0055
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0055
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0060
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0060
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0060
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0065
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0065
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0065
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0070
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0070
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0070
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0070
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0070
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0075
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0075
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0075
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0075
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0080
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0080
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0080
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0080
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0085
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0085
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0085
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0085
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0090
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0090
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0095
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0095
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0095
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0095
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0100
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0100
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0100
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0105
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0105
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0105
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0110
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0110
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0110
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0115
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0115
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0115
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0115
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0120
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0120
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0120
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0120
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0120
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0125
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0125
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0125
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0130
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0130
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0130
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0135
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0135
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0135
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0135
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0140
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0140
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0140
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0145
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0145
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0145
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0145
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0150
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0150
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0150
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0155
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0155
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0160
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0160
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0160
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0160
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0165
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0165
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0165
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0170
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0170
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0175
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0175
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0175
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0180
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0180
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0180
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0180
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0185
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0185
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0185
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0190
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0190
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0190
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0190
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0195
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0195
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0195
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0200
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0200
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0205
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0205
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0205
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0205
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0210
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0210
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0210
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0215
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0220
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0220
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0225
http://refhub.elsevier.com/S0890-6238(18)30070-4/sbref0225

	Depletion of follicles accelerated by combined exposure to phthalates and 4-vinylcyclohexene diepoxide, leading to premature ovarian failure in rats
	Introduction
	Methods and materials
	Chemical
	Animals and treatments
	Vaginal smear test
	Quantitative real-time PCR
	Western-blot analysis
	Hematoxylin and eosin staining
	Serum FSH and Amh analysis
	Statistical analyses

	Results
	Effects of phthalates and VCD on estrous cycle
	Effects of phthalates and VCD on the number of primordial, primary, and secondary follicles
	Effects of phthalates and VCD on steroidogenesis in rat ovary
	Effect of phthalates and VCD on Sohlh2 mRNA and protein expression in rat ovary
	Effect of phthalates and VCD on Amh mRNA expression in rat ovary and on serum Amh level
	Change in serum FSH levels

	Discussion
	Conclusion
	Author contributions
	Acknowledgments
	References




