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Abstract
Methoxychlor (MXC) is an organochlorine pesticide widely used in many countries against
various species of insects that attack crops and domestic animals. MXC reduces fertility by
increasing atresia (death) of antral follicles in vivo. MXC also induces atresia of antral follicles
after 96 h in vitro. The current work tested the hypothesis that MXC induces morphological atresia
at early time points (24 and 48 h) by altering pro-apoptotic (Bax, Bok, Casp3, and caspase
activity) and anti-apoptotic (Bcl2 and Bcl-xL) factors in the follicles. The results indicate that at
24 h, MXC increased Bcl-xL and Bax mRNA levels and increased the ratio of Bax/Bcl2. At 48–96
h, MXC induced morphological atresia. At 24–96 h, MXC increased caspase activities. These data
suggest that MXC may induce atresia by altering Bcl2 factors and inducing caspase activities in
antral follicles.
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1 Introduction
The ovaries of female mammals contain a fixed number of primordial follicles at the time of
birth [1]. These primordial follicles grow into more mature follicle stages known as primary,
pre-antral, and antral follicles. During the reproductive lifespan, a constant stream of
follicles grows from the primordial to the antral stage. Antral follicles are the only type of
follicles capable of releasing a fertilizable oocyte and they are the major sites of synthesis of
steroid hormones such as estrogens. Although a few antral follicles ovulate and become
fertilized, between 95–99% of all follicles die via an apoptotic process known as atresia [1].
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The endocrine disrupting chemical 1,1,1-trichloro-2,2-bis(4-methoxyphenyl)ethane
(methoxychlor; MXC) is an organochlorine pesticide, which is primarily used against
various species of insects that attack field crops, trees, vegetables, fruits, gardens, stored
grain, livestock, and domestic pets [2]. MXC was first registered for use in 1948. It replaced
the most commonly used organochlorine pesticide dichlorodiphenyltrichloroethane (DDT)
during 1970s and was used in the United States until 2004 [3]. However, MXC is still being
used in many countries on agricultural products that are imported to the United States,
resulting in human exposure in the United States.

MXC specifically targets antral follicles in the ovary and its exposure leads to adverse
reproductive functions in adult female mice by causing persistent estrus, ovarian atrophy,
and follicular atresia [4, 5]. In vivo studies in mice have shown that MXC causes antral
follicle toxicity, characterized by an increased percentage of atretic follicles and a decreased
number of healthy antral follicles compared to controls [6]. Many in vitro studies also have
shown that MXC inhibits follicle growth and increases atresia of cultured mouse antral
follicles [7, 8].

Despite the potential adverse reproductive abnormalities associated with MXC exposure,
little is known about the mechanisms by which MXC induces atresia in antral follicles. The
present study was designed to identify whether the mechanism by which MXC destroys
antral follicles involves BCL2 family members and caspases (CASP). BCL2 family
members include two distinct groups: pro-apoptotic factors that promote apoptosis (e.g.,
Bax, Bok) and anti-apoptotic factors that promote cell survival (e.g., Bcl2, Bcl-xL) [9, 10].
The fate of follicles depends on the balance between these different pro-apoptotic and anti-
apoptotic factors. BCL2 and BAX in particular are major regulators of follicular atresia in
the mammalian ovary [9, 11–13]. There are many functions of BCL2 family members, but
their primary roles are to regulate mitochondrial membrane homeostasis and the release of
cytochrome c from the mitochondrial intermembrane space, both of which are decisive steps
in apoptosis [9]. The pro-apoptotic factor BAX dimerizes with the anti-apoptotic factor
BCL2 and the pro-apoptotic factor BOK specifically heterodimerizes with the anti-apoptotic
factors MCL-1 and BHRF [9, 14]. This relieves apoptotic protease activating factor-1
(APAF-1) from suppression by BCL2 proteins and promotes CASP activation [9].
Additionally, pro-apoptotic factors such as BAX alter mitochondrial membrane homeostasis
and increase cytochrome c release by forming pores in the outer mitochondrial membrane
and opening the permeability transition pore following mitochondrial permeability
transition, while anti-apoptotic factors such as BCL2 counteract these actions [9, 10, 15, 16].
Cytochrome c interacts with APAF-1 and pro-CASP9 to form an apoptosome. Apoptosome
formation results in activation of CASP9 and subsequent activation of downstream caspases,
which in turn results in DNA fragmentation [9].

Previous studies have determined that MXC causes atresia of antral follicles after 96 h
exposure in vitro and that MXC increases Bax mRNA levels between 48–96 h and decreases
Bcl2 mRNA levels at 96 h [8]. However, they have not determined if short term MXC
exposure causes atresia nor have they determined the time course of onset of atresia with
MXC exposure. Also, studies have not measured whether MXC alters Bcl-xL, Bok, and
Casp levels and CASP activity in antral follicles. Such information is critical for
understanding the effects of MXC on ovarian follicles and for delineating the mechanism
involved in MXC induced atresia. Thus, the current study examined both short term (24–48
h) and long term (96 h) exposure to MXC to determine the earliest time point at which MXC
induces atresia. Given the roles of pro-apoptotic and anti-apoptotic factors in regulating
atresia, the proposed work was also designed to test the hypothesis that MXC induces atresia
by altering pro-apoptotic and anti-apoptotic factors in the antral follicles of the ovary.
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Specifically, we examined the effects of MXC on expression of Bcl2, Bcl-xL, Bax, Bok, and
Casp levels and CASP activity after both short term and long term MXC exposure.

2 Materials and Methods
2.1 Reagents and Materials

2.1.1 Reagents—MXC (99% pure) was purchased from Chemservice (West Chester, PA).
Stock solutions of MXC were prepared using vehicle control (diemthylsulfoxide; DMSO)
(Sigma, St. Louis MO) as a solvent, and in various concentrations (2, 20, and 200 mg/ml)
that permitted an equal volume of solvent to be added to individual culture wells for each
treatment group. Thus, final concentrations of MXC in culture were 1, 10, and 100 μg/ml
(ppm). The doses used in these experiments were selected based on previously published
studies showing that this range of concentrations of MXC induces toxicity in antral follicles,
granulosa cell culture models, gonadal cultures, and in uterine leiomyoma cells [7, 8, 17–
20]. These selected concentrations may be relevant to occupational exposure levels. An
occupational exposure study in farmers revealed that concentration of MXC can reach up to
5.16 μg/ml in serum [2]. Thus, the occupational exposure dose may be much higher than
normal human exposure (4 ng/kg/day) and lies between the doses (1 and 10 μg/ml) used in
the present experiments. For controls and MXC treatment groups, DMSO was used at
0.05%, which is able to solubilize MXC in aqueous media. DMSO, ITS (insulin, transferrin,
selenium), penicillin, and streptomycin were obtained from Sigma-Aldrich (St. Louis, MO).
Alpha-minimal essential media (α-MEM) was obtained from Invitrogen (Carlsbad, CA).
Human recombinant follicle stimulating hormone (rFSH) was obtained from Dr. A.F.
Parlow from the National Hormone and Peptide Program (Harbor-UCLA Medical Center,
Torrance, CA). Fetal bovine serum (FBS) was obtained from Atlanta Biologicals
(Lawrenceville, GA).

2.1.2 Animals—Adult female cycling CD-1 mice were purchased from Charles River
Laboratories (Charles River, CA) and housed in the core animal facility located at College
of Veterinary Medicine, University of Illinois and maintained on 12L:12D cycles. Mice
were housed in the animal facility for at least two days to relieve transportation stress, given
ad libitum food and water, and temperature was maintained at 22±1 °C. Animals were
euthanized at 35–39 days of age by carbon dioxide (CO2) inhalation followed by cervical
dislocation. The ovaries were removed and antral follicles were isolated as explained below.
The University of Illinois Institutional Animal Care and Use Committee approved all
protocols involving animal care, euthanasia, and tissue collection.

2.2 Antral follicle culture
Ovaries were removed and antral follicles were isolated from the ovaries of mice between
35–39 days old because this time point was used in previous studies, and this is the age at
which mice are cycling young adults [7, 8, 19–20]. Antral follicles were isolated
mechanically from the ovaries based on relative size and interstitial tissue was removed
using fine watchmaker forceps. About 3–4 mice were used per experiment and they yielded
approximately 20–30 follicles per mouse. Once follicles were isolated, they were placed
individually in wells of a 96-well culture plate with 150 μl of unsupplemented α-MEM
medium prior to treatment. Vehicle controls and dose response regimens of MXC (1–100
μg/ml) were individually prepared in supplemented α-MEM. For treatment,
unsupplemented α-MEM was removed from each well and replaced with 150 μl of
supplemented α-MEM containing MXC or DMSO. The follicles were cultured in
supplemented media according to previously described protocols [7, 8, 19–20]. Follicles
then were incubated for 24, 48, and 96 hours (h). Non-treated controls (supplemented
medium alone) were used in each experiment as a control for culture conditions. At the end
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of 24, 48, and 96 h follicle cultures, follicles were collected, snap frozen, and stored at −80
°C for later use. Follicle cultures were repeated three times to obtain enough power for
statistical analysis.

2.3 Histological evaluation of atresia
At selected times in culture, follicles were collected and stored in Dietrick’s solution at least
for 24 h. Then, follicles were processed through series of washes with ethanol: 70% for 10
min, 85% for 10 min, 95% for 7 min (2X), and 100% for 7 min (2X). The follicles were
embedded in plastic blocks using Technovit 7100 kits from Heraeus Kulzer GmbH,
Germany. The follicles were incubated in a pre-infiltration medium for one hour and then
with infiltration medium overnight before they were embedded in plastic blocks using
embedding medium. Pre-infiltration solution was prepared with one part 100% ethanol and
one part base solution. Infiltration solution was prepared with 1 gm of hardener-1 with 100
ml of base solution. Embedding medium was prepared by adding 1 ml of hardener-2 to 15
ml of infiltration solution.

The follicles embedded in plastic blocks were randomly assigned numbers and thus, the
observers were blinded with respect to treatment groups. These blocks were cut into 2 μm
sections using a microtome. Follicle sections were stained with Lee’s methylene blue-basic
fuchsin stain for 30 sec and washed with distilled water before they were cover slipped.
Each follicle section was examined for level of atresia (follicle death) as evidenced by the
presence of apoptotic bodies and reported at the highest atresia rating observed throughout
the tissue. Follicles were rated on a scale of 1–4 for the presence of apoptotic bodies: 1=
healthy, 2 = less than 10% apoptotic bodies (early atresia), 3 = 11–30% apoptotic bodies
(mid atresia), 4 = greater than 30% apoptotic bodies (late atresia) as previously described by
Miller et al. [8]. Each follicle section was examined and rated by two observers. Ratings
were then averaged and plotted to compare the effect of chemical treatments on atresia
levels.

2.4 Quantitative real-time polymerase chain reaction (qPCR)
Total RNA was isolated from frozen follicles using the RNeasy Micro Kit (Qiagen, Inc.,
Valencia, CA) following the manufacturer’s protocol. RNA was treated with DNAse to
remove any possible genomic DNA contamination. The concentration of RNA in each
sample was measured at 260 nm using the Nanodrop ND1000 UV-Vis spectrophotometer
(Nanodrop Technologies, Wilmington, DE). The cDNA was synthesized by reverse
transcribing mRNA (50 ng) using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA)
according to the manufacturer’s instructions. The cDNA was diluted to 1:2 with nuclease
free water.

qPCR was conducted using a CFX96 Real-time System C1000 Thermal Cycler (Bio-Rad).
All samples were measured in triplicate, and each reaction contained 2 μL of diluted cDNA,
0.6 μL (300nM) of gene-specific primers (Integrated DNA Technologies, Inc, Coralville,
IA, Table 1), 2.4 μL of nuclease-free water, and 5 μL of SsoFast EvaGreen Supermix (Bio-
Rad) for a final volume of 10 μL. The qPCR program consisted of an enzyme activation
step (95 °C for 1 min), an amplification and quantification program [40 cycles of 95 °C for
10 sec, 60 °C annealing/extension for 10 sec, single fluorescence reading], a 72 °C for 5 min
step, a melt curve (65–95 °C heating 0.5 °C per second with continuous fluorescence
readings) and a final step at 72 °C for 5 min.

Primer sequences are shown in Table 1. The specificity of each primer was tested using
BLASTN2.218+ and by the presence of a single peak in the melt curve analysis. In addition,
each product was run on 2% agarose gels to confirm the product size. A standard curve was
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generated from six serial dilutions of one of the samples (1:2, 1:4, 1:8, 1:16, 1:32, and 1:64);
thus, allowing analysis of the amount of cDNA in the exponential phase. Actin b was used
as a reference gene and its values did not differ across treatment groups. Final values were
expressed as genomic equivalents and were calculated as the ratio of each gene to actin b.
The reported data were obtained from the mean expression values of 3–4 separate culture
experiments.

2.5 CASP 3/7 activity assay
CASP activity was measured using the Caspase-Glo 3/7 Assay Kit from Promega. The
follicles were cultured for 24, 48, and 96 h and then transferred with 100 μl of medium to a
white-walled 96 well plate. Caspase-Glo 3/7 assay reagent (100 μl) was added and the plate
was incubated at room temperature for 150 min. The CASP3/7 present in the follicles
cleaves the luminogenic substrate containing the DEVD sequence, releasing aminoluciferin,
which in turn acts as a substrate for luciferase emitting luminescence. The amount of
luminescence is a direct measurement of the CASP activity. The luminescence was captured
using Synergy 2 Alpha Microplate Reader (Biotek).

2.6 Statistical analysis
All data were analyzed using SPSS statistical software (SPSS Inc., Chicago, IL). For all
comparisons, statistical significance was assigned at p ≤ 0.05. Comparisons between DMSO
and the different doses of MXC were conducted with data obtained from 3 to 4 separate
experiments using one-way analysis of variance (ANOVA), Kruskal-Wallis test followed by
Tukey’s post hoc test, or Mann-Whitney test or a test for linear regression when applicable.

3 Results
3.1 Effect of MXC on atresia

Previous studies have shown that MXC induces atresia of mouse antral follicles at 96 h of
culture [7, 8, 20]. In the present study, we confirmed these previous findings by showing
that MXC induces atresia at 96 h (MXC 100 μg/ml) (Fig 1). We also expanded previous
studies by determining the earliest time at which MXC induces atresia. At 24 h, MXC did
not induce atresia, but by 48 h, MXC (1, 10 and 100 μg/ml) increased follicle atresia ratings
compared to vehicle control (DMSO) (Fig 1).

3.2 Effect of MXC on expression of pro-apoptotic and anti-apoptotic factors
Since MXC induced atresia in antral follicles, we next examined whether MXC alters the
mRNA expression of pro-apoptotic and anti-apoptotic factors. Upon treatment with MXC,
the mRNA expression levels of the pro-apoptotic factor Bax were increased at all time
points. Specifically, MXC (100 μg/ml) significantly increased expression of Bax levels at
24, 48, and 96 h compared to DMSO (Fig 2A). Interestingly, Bax levels were increased as
early as 24 h, preceding the time of onset of morphological atresia (Fig 1).

MXC did not affect Bcl2 levels at the 24 and 48 h time points, but MXC (100 μg/ml)
significantly increased expression of Bcl2 at 96 h compared to DMSO (Fig 2B).
Interestingly, there were no changes in this anti-apoptotic factor at 24 h (Fig 2B), the time
point which precedes morphological atresia (Fig 1).

From the mRNA expression values of Bax and Bcl2, we calculated the Bax/Bcl2 ratio across
all time points. On treatment with MXC (100 μg/ml), Bax/Bcl2 ratios were increased at 24
h, not altered at 48 h, and decreased by 96 h (Fig 2C). Thus, the Bax/Bcl2 ratio was
increased as early as 24 h (Fig 2C), preceding the onset of morphological atresia (Fig 1).
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Since MXC altered Bax, Bcl2, and their ratios, we measured the expression of other factors
involved in induction of apoptosis in the antral follicles of the ovary. At 24 and 96 h, 10 μg/
ml MXC significantly increased Bcl-xL levels and 100 μg/ml MXC increased Bcl-xL levels
in a trend-dependent manner compared to DMSO (Fig 3). MXC (100 μg/ml) significantly
decreased Bok levels at 24 h, but not at 48 and 96 h compared to DMSO (Fig 4).

Since increased Bax/Bcl2 ratios are associated with induction of Casp expression [9], we
examined the levels of Casp3 mRNA in antral follicles exposed to vehicle and MXC. We
found that MXC (100 μg/ml) treatment significantly decreased Casp3 levels at 48 h
compared to DMSO, but it did not affect Casp3 levels at 24 and 96 h. (Fig 5).

3.3 Effect of MXC on CASP3/7 activity
While MXC decreased mRNA expression levels of Casp3 at 48 h, it did not change Casp3
mRNA levels at a time that precedes the morphological onset of atresia. However, changes
in CASP activities may be important for induction of atresia rather than changes in mRNA
levels. Thus, we measured CASP3/7 activities in cultured antral follicles exposed to controls
or MXC and found that MXC significantly increases CASP3/7 activities (Fig 6).
Specifically, MXC (100 μg/ml) significantly increases CASP3/7 activities at 24, 48, and 96
h compared to DMSO (Fig 6).

4 Discussion
The present studies were conducted to determine if short term exposure to MXC induces
atresia of antral follicles and alters pro-apoptotic and anti-apoptotic factors. First, we
examined the effects of both short term and long term exposure to MXC on antral follicles.
We found that MXC induces atresia as early as 48 h and that it continues to do so for up to
96 h. These findings are consistent with previous studies indicating that MXC increases
atresia of mouse antral follicles at 96 h of culture [7, 8, 20]. However, these studies also
expand previous studies by showing that MXC induces atresia as early as 48 h. This
suggests that short term exposure to MXC can quickly set into motion processes that result
in death of antral follicles and that once the death process is initiated, it is not possible to
stop it.

Given that MXC induces atresia in antral follicles, we next examined the effect of MXC on
Bax and Bcl2 expression in follicles, as it is well known from previous studies that BAX and
BCL2 are important regulators of apoptosis and atresia [21–30]. For example, previous
studies have shown that Bax deficient mice contain fewer atretic follicles than WT mice
[13]. Similarly, another study has shown that Bcl2 overexpression increases the number of
primordial follicles at birth, possibly due to decreased apoptosis [11]. Further, mice deficient
in Bcl2 have an increased number of unhealthy primordial follicles and an increased number
of apoptotic oocytes [24]. In addition to being important regulators of natural atresia, BAX
and BCL2 are involved in chemical induction of apoptosis [21, 25–27]. The polyaromatic
hydrocarbon dimethylbenz(a)anthracene (DMBA) has been shown to increase Bax levels,
inducing apoptosis in mouse oocytes [27]. DMBA also increases BAX and activated CASP3
immunostaining in granulosa cells of cultured rat antral follicles [28]. Another chemical, 4-
vinylcyclohexene diepoxide, (VCD) also has been shown to induce atresia in primordial/
primary follicles by altering expression of BCL2 family members [26]. Further, chromium
has been shown to increase BAX and decrease BCL2 levels, inducing apoptosis in rat
ovarian granulosa cells [25].

We found that MXC exposure increases Bax as early as 24 h, but it does not induce changes
in Bcl2 expression at this time point. This increases the Bax/Bcl2 ratio at 24 h, which may
lead to morphological atresia beginning at 48 h. We also found that MXC increases Bax (48
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and 96 h), increases Bcl2 (96 h), and decreases Bax/Bcl2 ratios (96 h) at later time points.
This may be a coordinated attempt by the live cells in the follicles in response to death of
some of the cells in the follicles to rescue the entire follicle from MXC-induced atresia.
However, our data indicate that once the higher dose of MXC (100 μg/ml) induces atresia at
48 h, the follicles cannot recover from atresia throughout the culture, but the follicles treated
with lower doses of MXC (1 and 10 μg/ml) can recover from initial induction of atresia at
48 h. It is likely that any increase in anti-apoptotic factor Bcl2 cannot compensate for the
pro-apoptotic effects of Bax. The changes we observed with Bax and Bcl2 in response to
MXC in vitro are consistent with previous in vivo studies showing that exposure (20 days)
to MXC induces atresia of antral follicles by increasing BAX and without altering BCL2
levels in the mouse ovary and that Bax deletion protects antral follicles from MXC-induced
atresia [21]. The data are also consistent with previous in vitro studies showing that MXC
increases Bax (48 h) and decreases Bcl2 (96 h) expression [8].

It is unclear whether MXC initiates atresia by increasing BAX expression in the granulosa
cells, thecal cells, or the oocyte. Previous studies have shown that MXC induces atresia in
the granulosa cells of the ovary [6, 8]. Further, studies have shown that other environmental
chemicals (i.e., chromium and dimethylbenz(a)anthracene) alter BCL2 and BAX levels both
in granulosa cells and oocytes [25, 27]. It is possible that chemicals initially induce atresia in
the granulosa cells and that because granulosa cells are required for healthy oocytes and
thecal cells [1], death of granulosa cells eventually leads to death in the oocytes and thecal
cells.

Given that the pro-apoptotic factor Bax plays a decisive role in MXC-induced atresia, we
wanted to expand our findings by determining whether other pro- and anti-apoptotic factors
are involved in MXC-induced atresia. Previous studies have shown that Bcl-xL acts as anti-
apoptotic factor by preventing apoptosis in the ovary [29]. Hence, the current studies
measured Bcl-xL expression levels in response to MXC in the antral follicles of the ovary.
Our data indicate that MXC increases Bcl-xL levels at 24 and 96 h. However, these changes
in Bcl-xL expression are not consistent with the time course for onset of MXC-induced
atresia. Thus, it is likely that Bcl-xL factors are not involved in MXC-induced atresia.

We also examined the effect of MXC on the pro-apoptotic factor Bok. This factor has been
shown to induce apoptosis in reproductive tissues [14]. Hence, the current studies measured
Bok expression in response to MXC in the ovary. Our data indicate that MXC decreased
Bok levels at 24 h, but did not affect Bok expression at other time points. These changes in
Bok at 24 h are not consistent with the morphological appearance of atresia that occurred at
48 h. Thus, it is possible that Bok is not involved in MXC-induced atresia and that the
decreased Bok expression at 24 h was insufficient to rescue follicles from atresia that
became evident at 48 h.

While changes in BCL2 family members help to regulate apoptosis, CASP3 is the critical
rate limiting factor in the apoptotic pathway. In apoptotic cells, pro-CASP3 is cleaved and
activated by CASP9, the activated CASP3 then autoregulates to increase the permeability of
mitochondrial membrane by conversion of anti-apoptotic factors to pro-apoptotic factors,
further amplifying CASP3 activity. Finally, CASP3 cleaves several proteins and DNA
leading to formation of apoptotic bodies [30]. In the present study, we measured Casp3
mRNA and CASP3/7 activities in MXC treated follicles. Our data indicate that MXC
decreases Casp3 mRNA levels compared to DMSO at 48 h in the follicles. In contrast, MXC
increases CASP3/7 activities compared to DMSO at all the time points in the follicles. These
data suggest that MXC-induced atresia is not regulated by changes in Casp3 mRNA
expression. Instead, MXC-induced atresia may be regulated by increase in CASP3 activity.
While, to our knowledge, no studies have examined the effects of MXC on CASP activities
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in the ovary, some studies have shown that other chemicals induce CASP3 activity or
protein levels in the ovarian cells. Studies in granulosa cells have shown that acute exposure
to molybdenum and chromium induce apoptosis by inducing CASP3 [25, 31]. Other studies
have shown that exposure to VCD induces apoptosis in primordial/primary follicles by
inducing CASP3 [32, 33]. Our data are consistent with these studies in that chemicals
including MXC cause apoptosis by inducing CASP3 activity in follicles or granulosa cells.

In conclusion, the present studies provide evidence that short term exposure to MXC
induces atresia as quickly as 48 h. The present studies also show that MXC exposure alters
expression of key anti- and pro-apoptotic factors and increases CASP activity. At 24 h,
MXC increases Bax levels and does not affect Bcl2 levels (Fig 7). This increases the Bax/
Bcl2 ratio, which in turn may increase mitochondrial permeability, leading to activation of
CASP3/7 activities. Thus, early changes in Bax expression and CASP3/7 activity may
induce the onset of morphological atresia beginning at 48 h. Once MXC-induced atresia
occurs, the follicles cannot recover and continue to undergo atresia at 96 h (Fig 7).
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Highlights

• Methoxychlor increases the Bax/Bcl2 ratio in antral follicles at 24 h.

• Methoxychlor increases caspase activity in antral follicles at 24 h.

• Methoxychlor-induced increases in the Bax/Bcl2 ratio and caspase activity may
lead to atresia by 48 h.
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Fig 1. Effect of in vitro MXC exposure on antral follicular atresia
Antral follicles isolated from CD-1 mice were exposed to vehicle control (DMSO) or MXC
(1–100 μg/ml) for 24, 48, or 96 h. At the end of culture, follicles were subjected to
histological analysis of atresia. Data represent means ± SEM from 3 separate experiments (*
indicates significant difference from vehicle controls; n= 4–6 follicles per treatment; p ≤
0.05).
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Fig 2. Effect of MXC on expression of Bcl2 family members
Antral follicles isolated from CD-1 mice were exposed to vehicle control (DMSO) or MXC
(1–100 μg/ml) and cultured for 24, 48, or 96 h. Bax (panel A), Bcl2 (panel B), and Bax/Bcl2
(panel C) mRNA levels were measured in antral follicles using qPCR. Data represent means
± SEM from 3 separate experiments (* indicates significant difference from vehicle
controls; n=12–14 follicles per treatment; p ≤ 0.05).
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Fig 3. Effect of MXC on expression of Bcl-xL
Antral follicles isolated from CD-1 mice were exposed to vehicle control (DMSO) or MXC
(1–100 μg/ml) and cultured for 24, 48, or 96 h. Bcl-xL mRNA levels were measured in
antral follicles using qPCR. Data represent means ± SEM from 3 separate experiments (*
indicates significant difference from vehicle controls; # indicates significant trend using
linear regression; n=12–14 follicles per treatment; p ≤ 0.05).
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Fig 4. Effect of MXC on expression of Bok
Antral follicles isolated from CD-1 mice were exposed to vehicle control (DMSO) or MXC
(1–100 μg/ml) and cultured for 24, 48, or 96 h. Bok mRNA levels were measured in antral
follicles using qPCR. Data represent means ± SEM from 3 separate experiments (* indicates
significant difference from vehicle controls; n=12–14 follicles per treatment; p ≤ 0.05).
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Fig 5. Effect of MXC on expression of Casp3
Antral follicles isolated from CD-1 mice were exposed to vehicle control (DMSO) or MXC
(1–100 μg/ml) and cultured for 24, 48, or 96 h. Casp3 mRNA levels were measured in antral
follicles using qPCR. Data represent means ± SEM from 3 separate experiments (* indicates
significant difference from vehicle controls; n=12–14 follicles per treatment; p ≤ 0.05 using
linear regression).
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Fig 6. Effect of MXC on CASP3/7 activities
Antral follicles isolated from CD-1 mice were exposed to vehicle control (DMSO) or MXC
(1–100 μg/ml) and cultured for 24, 48, or 96 h. At the end of culture, follicles were
subjected to measurement of CASP3/7 activities. Data represent means ± SEM from 3
separate experiments (* indicates significant difference from vehicle control; n=12–14
follicles per treatment; p ≤ 0.05).
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Fig 7. Mechanism of MXC-induced atresia in antral follicles
Schematic illustrates the proposed mechanism by which MXC induces atresia in mouse
ovarian antral follicles.
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Table 1

Real-time qPCR primer accession numbers, abbreviations, and sequences

Accession no Gene name Abbreviation Forward Reverse

NM_009741.3 B cell leukemia/lymphoma 2 Bcl2 5′-ATG CCT TTG TGG AAC
TAT ATG GC-3′

5′-GGT ATG CAC CCA GAG
TGA TGC-3′

NM_007527.3 Bcl2-associated X protein Bax 5′-TGA AGA CAG GGG CCT
TTT TG-3′

5′-AAT TCG CCG GAG ACA
CTC G-3′

NM_016778.2 Bcl2-related ovarian killer
protein

Bok 5′-CTG CCC CTG GAG GAC
GCT TG-3′

5′-CCG TCA CCA CAG GCT
CCG AC-3′

NM_009810.2 Caspase 3 Casp3 5′-TGG TGA TGA AGG GGT
TGA AGG GGT CAT TTA
TG-3′

5′-TTC GGC TTT CCA GTC
TTT CCA GTC AGA CTC-3′

NM_009743.4 Bcl2-like 1 Bcl2l1/Bcl-xL 5′-AAG CGT AGA CAA GGA
GAT GCA GGT-3′

5′-CTG CTG CAT TGT TCC
CGT AGA GAT-3′
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