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Abstract

Mono-2-ethyhexyl phthalate (MEHP) is a metabolite of a plasticizer found in many consumer
products. MEHP inhibits mouse ovarian follicle growth by reducing 17p-estradiol (E,) production.
Yet, whether MEHP causes follicle death (atresia) is unclear. We hypothesized that MEHP causes
atresia by altering apoptosis gene expression, and that E; co-treatment blocks these effects.
Follicles were exposed to MEHP (0.36-36 uM) + E, for 48-96h to determine the effect of MEHP
+ E, on atresia and gene expression. MEHP increased atresia, but this effect was blocked by co-
treatment with E,. MEHP increased the expression of the pro-apoptotic gene Aifml, but decreased
that of the pro-apoptotic gene Bok and the anti-apoptotic gene Bcl2l10. E, interfered with MEHP-
induced changes in Aifml and Bcl2/10. Our findings suggest that decreased E» levels are required
for MEHP-induced follicle atresia and that Aifm1, Bok, and Bcl2110 are involved in this process.
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1. Introduction

Phthalates are a group of chemicals, some of which are commonly regarded as endocrine
disruptors for their ability to interfere with hormone-regulated processes (reviewed in [1-
3]). Due to their ubiquitous presence in many consumer products, humans are exposed to
phthalates via ingestion, inhalation, intravenous, and dermal contact. Continuous daily
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exposure in humans has been demonstrated by epidemiological studies showing that more
than 75% of human spot urine samples tested have detectable levels of phthalates [4].

Di-2-ethylhexyl phthalate (DEHP) and its immediate metabolite, mono-2-ethylhexyl
phthalate (MEHP) are two of the most studied phthalates. DEHP is commonly found in
construction materials and in PVC products including clothing, food packaging, children
toys, and medical devices (reviewed in [3]). Most humans are exposed to DEHP via the diet
(oral route) and via medical devices. Upon entering the body, DEHP is rapidly converted
into MEHP by the action of esterases [5]. Thus, MEHP is commonly regarded as the toxic
metabolite of DEHP. DEHP exposure in the United States has been estimated to range
between 0.7-3.6 pg/kg of body weight per day (ug/kg/d) when calculated from urinary
levels of MEHP and secondary metabolites [6, 7], or between 8.2-18.9 pug/kg/d when based
on DEHP concentration in food [7]. Higher exposure to DEHP has been reported in patients
undergoing medical treatments such as parenteral nutrition in neonates (20 mg/d), blood
transfusions in adults (> 4 mg/kg/d), and kidney dialysis (0.8 mg/kg/treatment; reviewed in
[3]). Occupational exposure to DEHP has been estimated to range between 0.5-170 ug/kg/d
[8]. In fact, epidemiological studies have shown associations between increased phthalate
exposure and increased miscarriage rates, and increased urinary phthalate levels and
increased pregnancy complications [9, 10].

Further, various animal studies have demonstrated that DEHP is a female reproductive
toxicant. One main outcome of DEHP exposure in rats has been decreased serum 17p-
estradiol (E) levels [11-16]. Studies have also reported that DEHP exposure in rats results
in prolonged estrous cycles and decreased ovulation rates [12], altered circulating follicle-
stimulating hormone levels [12, 13, 16], altered circulating luteinizing hormone levels [14,
15], altered testosterone and progesterone [15, 16] levels, and increased numbers of atretic
ovarian follicles [16].

Ovarian follicles exist in various developmental stages of which, the antral follicle is the
most mature type. Antral follicles are the main source of ovarian E, and the only follicle
type capable of ovulation upon proper stimulation. Therefore, damage to the antral follicle
population can lead to E, deficiency, anovulation, and ultimately, to infertility. E,
deficiency may also increase a woman’s risk for disorders such as osteoporosis,
cardiovascular disease, and depression [17-19]. Although many follicles are present within
the ovary, only a few will grow to a mature stage and become ovulated. The majority of
follicles die by a programmed cell death process known as follicular atresia [20, 21].
Follicular atresia occurs by apoptosis and, like in other tissues, it is regulated by a strict
balance between pro-apoptotic proteins, including BCL2-associated X protein (BAX),
BCL2-related ovarian killer protein (BOK), and BH3 interacting domain death agonist
(BID) and anti-apoptotic proteins, including B cell leukemia/lymphoma 2 (BCL2) and Bcl2-
like 10 (BCL2L10; for review see [22]).

Previous work from our group demonstrated that both DEHP (2.6-256 uM; 96 h) and
MEHP (0.36-36 puM; 96 h) inhibit the growth of antral follicles in vitro [23-25], down-
regulate cell cycle gene and aromatase mRNA, and decrease production of E, by antral
follicles [23]. Further, previous studies showed that supplementing MEHP-treated follicles
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with E5 reverses inhibition of antral follicle growth and restores cell cycle gene expression
[23]. While these previous studies suggest that MEHP inhibits follicle growth by reducing
E, production by antral follicles, it is unclear whether MEHP causes antral follicle death and
if so, whether MEHP-induced follicle death could be prevented by E, supplementation.
Therefore, the present study was designed to test the hypothesis that MEHP causes antral
follicle atresia and that this can be prevented by co-treating follicles with E,. To test our
hypothesis, we exposed individual mouse antral follicles to increasing concentrations of
MEHP and determined the effect of MEHP on antral follicle atresia. We also determined the
effect of co-treatment with E, on the ability of MEHP to induce antral follicle atresia. To
further understand the mechanism by which MEHP causes antral follicle atresia, we
evaluated the effect of MEHP on the expression of apoptosis-related genes.

2. Materials and Methods

2.1 Reagents

2.2 Animals

MEHP was obtained from AccuStandard (New Haven, CT), dimethylsulfoxide (DMSO),
ITS (insulin, transferrin, selenium), and penicillin/streptomycin, and 17-estradiol (E,) were
obtained from Sigma-Aldrich (St. Louis, MO). Alpha-minimal essential media (a.-MEM)
was obtained from Life Technologies (Grand Island, NY). 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) and charcoal-stripped
fetal bovine serum (FBS) was obtained from Atlanta Biologicals (Lawrenceville, GA).

Cycling female CD-1 mice (age 35-39 days) were obtained from Charles River Laboratories
(Charles River, CA). Animals were housed four mice per cage at the University of Illinois
College of Veterinary Medicine Central Animal Facility. Animals were subjected to 12L:
12D cycles, water and food were provided ad libitum, and temperature was maintained at 22
+ 1°C. Animals were allowed to acclimate for at least 48 h before use and were euthanized
at 35-39 days of age by carbon dioxide inhalation followed by cervical dislocation. The
ovaries were removed and antral follicles mechanically isolated. All experiments and
methods involving animals conformed to the Guide for the Care and Use of Experimental
Animals [26] and were approved by the University of Illinois Institutional Animal Care and
Use Committee.

2.3 MEHP treatments

All MEHP treatments were prepared in supplemented a-MEM (5% FBS, 1% ITS, 1%
penicillin/streptomycin, and 5 IU/mL rFSH). Stock solutions of various concentrations of
MEHP were prepared using DMSO as a solvent (0.017 M, 0.17 M, and 1.7 M) to ensure that
an equal volume of solvent could be added to each well. A stock of E, was used to prepare
final working concentrations of E, in culture of 1 nM and 10 nM as described previously
[23]. An additional set of stocks of MEHP (final concentration 36 uM) and E; (final
concentrations 1 and 10 nM) containing 0.375% DMSO was prepared for the E; co-
treatment groups to ensure that the final concentration of solvent in the culture was also
0.075%. MEHP and E, doses were selected based on previous work showing MEHP-
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induced changes in antral follicle growth, cell cycle gene and aromatase MRNA expression,
and E, production [23]. We have previously observed that cultured mouse antral follicles
will produce levels of E, that range from 267.83 to 3098.7 pg/mL, which are equivalent to
0.98 and 11.4 nM.

2.4 Antral Follicle Culture

Antral follicles were mechanically isolated from mouse ovaries based on relative size (200-
350 um) and placed in culture as described previously [23, 27]. Each follicle culture
experiment consisted of 8-12 follicles per treatment. Treatment groups included a control
for culture conditions that consisted of supplemented media only (non-treated control), a
vehicle control consisting of DMSO (0.075%), and MEHP at final concentrations of 0.36,
3.6, and 36 UM. For the E, co-treatment experiments, follicles were treated with MEHP at
36 UM, E; at 1 and 10 nM, and MEHP and E; (1 and 10 nM) together. The effect of MEHP
and E;, co-treatment on antral follicle atresia was evaluated in 96 h cultures. Gene expression
experiments were conducted on 48 h cultures, a time preceding the onset of follicular atresia
in MEHP-treated follicles.

2.5 Histological Evaluation of Antral Follicle Atresia

At the end of the 96 h culture period, media were removed, and each individual follicle was
processed for analysis of atresia as previously described [27, 28]. Each follicle section was
examined for level of atresia as evidenced by the presence of apoptotic bodies and reported
as an average of all ratings observed throughout the follicle. Follicles were rated on a scale
of 1-4 based on the presence of apoptotic bodies within the follicle: 1 for healthy, 2 for 1-
10%, 3 for 10-30%, and 4 for more than 30% apoptotic bodies present in the follicle. All
atresia ratings were assigned by two individuals without knowledge of treatment group.

2.6 Real-time PCR

At the end of the 96 h culture period, follicles were immediately snap frozen and stored at
—80°C for subsequent real-time PCR (gPCR) analysis. Total RNA was extracted from
pooled follicles (8-12 follicles per treatment) using RNeasy Micro kits (Qiagen, Valencia,
CA) and incubated with DNAse (Qiagen, 15 min) to eliminate genomic DNA. The RNA
concentration of each sample was determined using a Nanodrop ND1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE). RNA samples (50 ng) were reverse transcribed
using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to the
manufacturer’s instructions. Each cDNA sample was diluted 1:4 with nuclease-free water
prior to analysis. All gPCR experiments were carried out using a CFX96 Real-time System
C1000 Thermal Cycler (Bio-Rad) and SYBR green as the real-time probe. Reactions were
prepared and subjected to the gPCR program described in Craig et al. [27, 29]. Primers were
designed using PrimerBLAST [30] and validated by observing a single peak following melt
curve analysis and a single product of the right size by agarose gel electrophoresis. Table 1
shows the sequences for the selected primers. Expression data were analyzed with
REST?2009 software (Qiagen, Hilden, Germany). The housekeeping gene B-actin did not
change under the tested conditions and thus, was used as a reference gene for normalizing
the gene expression data. Data are reported as mean relative mRNA expression ratios from
three separate follicle culture experiments.
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2.7 Statistical Analysis

3. Results

For all comparisons, statistical significance was assigned at p<0.05. The effects of
treatments on antral follicle atresia (atresia rating data) were compared by ANOVA
followed by Tukey’s post hoc tests using SPSS statistical software (SPSS Inc., Chicago, IL).
Gene expression data were compared using the data analysis feature of REST2009 software
(http://rest.gene-quantification.info).

3.1 Effect of MEHP on antral follicle atresia

We hypothesized that MEHP exposure induces follicular death (atresia). To determine the
effect of MEHP treatment on the health of antral follicles, we treated antral follicles with
vehicle control (DMSO) or increasing concentrations of MEHP (0.36, 3.6, and 36 uM) for a
total of 96 h and then subjected the follicles to histological evaluation. All follicles treated
with MEHP had significantly more apoptotic bodies (indicators of antral follicle atresia)
than follicles treated with vehicle (p<0.05; Figure 1).

3.2 Effect of E; co-treatment on MEHP-induced antral follicle atresia

Given that previous studies indicate that E, co-treatment protects antral follicles from
MEHP-induced growth inhibition of antral follicles [23], we hypothesized that E, co-
treatment would also protect follicles against MEHP-induced atresia. We tested our
hypothesis by treating antral follicles with vehicle, MEHP at 36 uM, E, (1 and 10 nM), and
MEHP together with E; for 96 h. Consistent with the data shown in Figure 1, MEHP (36
uUM) significantly increased the number of apoptotic bodies, resulting in higher atresia
ratings for MEHP-treated follicles compared to vehicle controls (p<0.05). E, alone had no
effect on atresia rating, but when given together with MEHP, it prevented MEHP from
inducing antral follicle atresia (p<0.05; Figure 2).

3.3 Effect of MEHP and E, co-treatment on the expression of genes that regulate apoptosis

To gain insight into how MEHP induces atresia in antral follicles and how E, may block this
effect, we conducted experiments in which we treated follicles with MEHP * E; and then
compared the expression of various MRNAs previously identified as being involved in the
process of chemical-induced ovarian follicle apoptosis in mice. The selected genes included
Bax, Bok, Bid, and Bcl2 [27, 31-33]. In a preliminary study, we compared mRNA
expression in vehicle-treated antral follicles and MEHP-treated follicles using an apoptosis-
specific qPCR array (data not shown). Various novel genes not previously described as
being altered in chemical-induced ovarian follicle apoptosis were identified and selected for
further analysis here. These genes included mitochondrial apoptosis-inducing factor 1
(Aifml), DNA fragmentation factor, alpha subunit (Dffa), Bcl2-like 10 (Bcl2110), tumor
necrosis factor (Tnf), and NME/NM23 family member 5 (Nme5).

The expression of the pro-apoptotic factor Aifm1 was significantly increased by MEHP
treatment when compared to control (p<0.05; Figure 3A). Treatment with E, alone did not
have an impact on Aifml1 expression. However, Aifml expression was not different from that
in control when antral follicles were co-treated with MEHP + E; at 1 nM. Aifml expression
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was similar between MEHP and MEHP + E5 at 10 nM (p>0.05), but levels in MEHP + E at
10 nM were not significantly different from those in vehicle controls (p=0.06). The
expression of the pro-apoptotic factor Bok was significantly decreased by MEHP treatment
when compared to vehicle control (p<0.05; Figure 3B). Bok mRNA levels were not affected
by treatment with E, alone or co-treatment with MEHP (p>0.05). Finally, the expression of
mRNAs encoding the pro-apoptotic factors Bax, Bid, Tnf, and Dffa was not affected by
MEHP, E alone, or the combination of both when compared to vehicle controls (p>0.05;
data not shown).

Compared to vehicle control, the expression of the anti-apoptotic factor Bcl2 was not
affected by treatment with MEHP or E, alone (p>0.05), but was significantly down
regulated when antral follicles were co-treated with MEHP plus E; (p<0.05; Figure 4A). The
expression of the anti-apoptotic factor Bcl2110 was significantly decreased by MEHP
treatment when compared to that in vehicle control follicles (p<0.05). E, treatment had
dose-dependent effects on Bcl2110 expression. Specifically, Bcl2110 expression was not
affected by E, at 1 nM, but was significantly reduced by E; at 10 nM. Interestingly, follicles
co-treated with MEHP and E» at 1 nM exhibited Bcl210 expression that was similar to
control follicles, while follicles treated with MEHP and E; at 10 nM, like MEHP-treated
follicles, had significantly decreased Bcl2l10 expression when compared to vehicle controls
(p<0.05; Figure 4B). Finally, the expression of the anti-apoptotic factor Nme5 mRNA was
not affected by MEHP, E; alone, or MEHP plus E, (p>0.05; data not shown).

4. Discussion

We have shown that MEHP treatment for 96 h increases atresia in mouse antral follicles and
that this effect is prevented by co-treatment with E,. Our findings also show that MEHP
treatment alters the expression of some apoptosis-related genes following in vitro exposure
for 48 h. Surprisingly, not all MEHP-induced changes in gene expression were prevented by
E, co-treatment and some genes responded to E;, alone and/or in combination with MEHP
despite not being affected by treatment with MEHP alone.

To our knowledge, our study is the first to evaluate mouse antral follicle atresia
histologically following exposure to MEHP in vitro. Our observations in mouse antral
follicles are consistent with previous reports of increased apoptosis in MEHP-treated
preantral follicles from rats [34], granulosa cells from DEHP-treated mice [35], and equine
cumulus cells treated with DEHP [36]. Thus, our findings and those of others indicate that
MEHP interferes with ovarian function by promoting ovarian follicle death via apoptosis.
Furthermore, our results suggest that this effect of MEHP can be prevented by co-treatment
with E,.

One major goal of this work was to uncover which factors are involved in the mechanism by
which MEHP induces atresia in antral follicles. Thus, we compared the expression of
various genes involved in the regulation of apoptosis between MEHP-treated and control-
treated follicles at 48 h. When compared to vehicle controls, MEHP-treated follicles
expressed significantly higher levels of Aifml at 48 h. The Aifml gene encodes the protein
AIF, which is a caspase-independent programmed cell death regulator (for review, see [37]).

Reprod Toxicol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Craig et al.

Page 7

AIF has been shown to play an important role in multiple neuronal death pathways [38] and
it has been shown to be released from the mitochondria and translocated into the nucleus to
execute DNA fragmentation [39-41]. The present study reports increased expression of
Aifml in response to MEHP treatment in ovarian follicles. Previously, microarray analysis
revealed that bisphenol A (BPA), another endocrine disruptor that causes antral follicle
atresia, alters Aifml expression in the ovarian adenocarcinoma cell line BG-1 [42].
Furthermore, Aifm1 mRNA expression has been shown to increase in SCC-4 human tongue
squamous carcinoma cells in response to the natural alkaloid berberine [43]. It is possible
that the MEHP-induced increase in Aifml expression could lead to increased AlF protein
expression and increased DNA fragmentation in MEHP-treated follicles. Thus, future
studies characterizing the involvement of AIF in MEHP-induced antral follicle atresia
should be conducted because understanding the role of AlF in ovarian cell death will
provide valuable information about non-traditional apoptotic pathways (e.g. caspase-
independent) in reproductive tissues.

MEHP treatment for 48 h resulted in decreased expression of Bok mRNA, a pro-apoptotic
factor, previously shown to be up-regulated in response to methoxychlor which induces
antral follicle atresia in mice [31]. No other published studies have evaluated the effect of
MEHP on Bok expression in ovarian cells; however, one study reported that exposure to
BPA decreased the expression of Bok mRNA in the human ovarian carcinoma cell line
OVCAR-3 [44]. Although results from Ptak et al. [44] suggest that BPA-induced down-
regulation of Bok in OVCAR-3 cells is part of a pro-survival mechanism, our results suggest
that this may not be the case in antral follicles. This idea is based on the observation that
even though Bok mRNA is down-regulated at 48 h, MEHP-treated follicles still undergo
atresia as evidenced by increased presence of apoptotic bodies at 96 h. Future studies will be
needed to further understand the role of Bok down-regulation in MEHP-induced antral
follicle toxicity.

In the present study, MEHP-treated follicles expressed significantly less Bcl2110 mRNA
than vehicle controls. The role of BCL2L 10 protein in apoptosis has been described as
controversial [45] based on evidence suggesting both pro- and anti-apoptotic activities in
various cell lines. Specifically, BCL2L10 has been reported to be both pro- [46, 47] and
anti-apoptotic [48] in human embryonic kidney 293T (HEK293T). BCL2L10 was also
shown to block apoptosis in MCF-7 cells overexpressing the pro-apoptotic proteins BAK
and BIK and to protect in interleukin-3 (IL-3)-dependent prolymphocytic and bone-marrow
derived cell lines [49]. However, BLC2L10 is mostly regarded as an anti-apoptotic factor.
Thus, our observations support the idea that MEHP promotes atresia of antral follicles by
decreasing the expression of anti-apoptotic genes. Interestingly, BCL2L10 has also been
shown to be involved in the regulation of meiosis and the intracellular structure of mouse
oocytes [45]. Therefore, future studies will be critical to understand the consequences of
MEHP treatment on oocyte health and to differentiate these effects from those on the
somatic cells of the follicle.

MEHP treatment did not cause significant alterations in the expression of Bax, Bid, and
Bcl2. These observations were unexpected since these genes were selected based on
evidence showing that their expression is altered by other chemicals that cause atresia in
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mouse antral follicles [27, 31-33]. Previous studies have also reported that MEHP increases
Bax and decreases Bcl2 mRNA expression in histiocytic lymphoma U937 cells (300 uM for
20 h; [50] and mouse antral follicles (36 UM for 96 h) [25]. Thus, it is important to note that
these differences in the effect of MEHP on the expression of Bax and Bcl2 mRNASs versus
our study may be due to differences in the tissues studied (U937 cells vs. ovarian antral
follicles), the length of exposure (48 vs. 96 h), and the concentrations studied (300 uM vs.
0.36-36 uM). To date, no studies have reported on the effect of MEHP treatment on Bid
MRNA expression, but at least one study has reported that MEHP leads to increased
cleavage of BID protein in bone marrow B cells [51]. Perhaps, post-translational, rather than
transcriptional, changes to BID are more relevant to MEHP-induced antral follicle toxicity
and, thus, should be explored in future studies.

Proper E, levels promote follicle growth and inhibit follicle atresia (reviewed in [52]). E; is
thought to exert its role in promoting folliculogenesis by favoring granulosa cell
proliferation and inhibiting apoptosis signals [52]. Various studies have reported that E,
favors cell proliferation and survival by activating the transcription of factors required for
progression through the cell cycle, while repressing others that cause cell cycle arrest and
apoptosis [53-57]. Various studies have demonstrated that MEHP decreases E, production
by down-regulating the expression of aromatase in rat granulosa cells [58, 59], human
granulosa-lutein cells [60] and mouse antral follicles [23]. It is thought that MEHP down-
regulates aromatase expression by disrupting FSH receptor signaling [61] and/or modulating
peroxisome-proliferator activated receptors (PPARSs; [62]) in rat Sertoli and granulosa cells,
respectively. Previous work from our group has shown that co-treating with E, partially
restores follicular growth and cell cycle gene expression in MEHP-treated antral follicles
[23]. We have expanded on this work to demonstrate that co-treatment with E; also prevents
MEHP-induced antral follicle atresia. Thus, our data showing that E, replacement prevents
MEHP-induced growth inhibition and increased atresia suggests that these adverse outcomes
are caused by the ability of MEHP to decrease E; levels.

We also investigated the effect of E, co-treatment on MEHP-related changes in expression
of apoptosis-related factors. We observed that the effects of E, co-treatment on MEHP-
induced increased expression of Aifml were dependent on the concentration of the E,
supplement. Although no previous studies have evaluated the effect of MEHP, Ej, or both
together on Aifm1 expression in ovarian follicles, previous studies have reported decreased
Aifml expression in response to E, treatment in the ovarian adenocarcinoma cell line BG-1
[42] and in MCF7 breast cancer cells [63]. These observations are interesting because we
did not observe significant changes in Aimfl expression in follicles treated with E; alone.
Still, it is possible that MEHP causes up-regulation of Aimf1 as a result of decreasing E,
production by antral follicles, but the detailed mechanism of how E, regulates Aifml
expression and the importance of this regulation in determining ovarian follicle survival
remains to be determined.

Treatment with E, at 1 and 10 nM did not affect the expression of Bok in mouse antral
follicles. This result is interesting because E; has been shown to decrease the expression of
Bok mRNA in the mouse uterus [64] and MCF7 breast cancer cells [63]. Here, co-treating
follicles with MEHP plus E; resulted in intermediate levels of Bok mRNA that were visually
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similar to those in MEHP-treated follicles, but not statistically different from those in
vehicle controls. Therefore, our data suggest that MEHP may act like E5 in regulating Bok
mRNA expression in mouse antral follicles, but further studies will be needed to explore this
possibility.

Finally, we observed that MEHP decreases the expression of Bcl2|10, but does not affect the
expression of Bcl2 mRNA. To our surprise, E alone at 10 nM and the combination of
MEHP and E, at 10 nM had the same effect on Bcl2110 expression. Further, Bcl2 expression
was significantly down-regulated only in follicles treated with both MEHP and E,. It is
difficult to explain these changes based on previous work because this is the first study
evaluating the effect of MEHP and E, on Bcl2110 expression. However, an interaction
between E; treatment and Bcl2l10 expression has been reported in MCF7 cells [63], but
contrary to our observations, Bcl2110 expression was increased by E; in that study.
Similarly, Bcl2 mRNA expression has been shown to be increased by E; treatment in
ovarian surface epithelium cells [65] and in T-helper type 2 cells [66]. Our results suggest
that the co-treatment of MEHP and E, modifies the individual effects of these chemicals on
Bcl2110 mRNA expression. Teasing out the mechanism by which this occurs is undoubtedly
a promising topic for future studies.

To our knowledge, this study constitutes the first report of increased antral follicle atresia
following MEHP exposure that also documents the effects of E, co-treatment on MEHP-
induced antral follicle atresia. This work expands our understanding of the mechanism by
which MEHP causes antral follicle death and further supports the idea that decreased E,
levels are required for MEHP-induced antral follicle toxicity. However, much remains to be
elucidated about the detailed mechanisms of action of MEHP and the involvement of key
pro- and anti-apoptotic factors in this process.
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Figure 1. Effect of MEHP on mouse antral follicle atresia rating
Mouse antral follicles were isolated and treated for 96 h and their atresia rating determined

as described in sections 2.4 and 2.5. Data were derived from 3—4 follicles per group obtained
from at least three separate culture experiments. Data were represented by mean + SEM and
were analyzed using ANOVA followed by Tukey’s post hoc test with significance set at
p<0.05. Asterisks indicate significant differences when compared to vehicle (DMSO).
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Figure 2. Effect of co-treatment with E» on MEHP-induced antral follicle atresia
Mouse antral follicles were isolated, treated with vehicle, MEHP, E,, or MEHP and E, for

96 h, and their atresia rating determined (see sections 2.4 and 2.5 for details). Data were
derived from 3-4 follicles per group obtained from at least three separate culture
experiments. Data were represented by mean + SEM and were analyzed using ANOVA
followed by Tukey’s post hoc test with significance set at p<0.05. Asterisk indicates
significant difference when compared to DMSO.
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Figure 3. Effect of co-treatment with MEHP and E, on the expression of mRNAs that encode

proteins that favor apoptosis

Mouse antral follicles were isolated, treated with vehicle, MEHP, E,, or MEHP and E, for
48 h, and processed for gPCR gene expression analysis (see sections 2.4 and 2.6 for details).

Data represent mean relative expression + SEM obtained from three separate culture

experiments, each with 12 follicles per treatment. Statistical significance was set at p<0.05

and difference between treatments and vehicle are indicated by the asterisks. Trends

between a treatment and vehicle are indicated by the actual p-value (e.g., p=0.06). (A)
expression of Aifml (mitochondrial apoptosis-inducing factor 1) and (B) expression of Bok

(BCL2-related ovarian killer protein).
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Figure 4. Effect of co-treatment with MEHP and E, on the expression of mRNAs that encode

proteins that prevent apoptosis

Mouse antral follicles were isolated, treated with vehicle, MEHP, E,, or MEHP and E, for
48 h, and processed for gPCR gene expression analysis (see sections 2.4 and 2.6 for details).
Data represent mean relative expression + SEM obtained from three separate culture
experiments, each with 12 follicles per treatment. Statistical significance was set at p<0.05
and difference between treatments and vehicle are indicated by the asterisks. (A) expression

of Bcl2 (B cell leukemia/lymphoma 2), (B) expression of Bcl2|10 (Bcl2-like 10).
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Accession No. Gene name Abbreviation Forward Reverse

NM_007393.3 actin, beta Actb GGGCACAGTGTGGGTGAC CTGGCACCACACCTTCTAC

NM_012019.2 apoptosis-inducing factor, Aifml AGGACGGTGAGCAACATGAA GTTCTATCCACCCATCCCGC
mitochondrion-associated
1, nuclear gene encoding
mitochondrial protein

NM_009741.3 B cell leukemia/lymphoma Bcl2 ATGCCTTTGTGGAACTATATGGC GGTATGCACCCAGAGTGATGC
2

NM_007527.3 BCL2-associated X protein Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG

NM_013479.2 Bcl2-like 10 Bcl2110 CGCTACACACACTGACTGGA CTTTAGGATCCCCTGCCCTG

NM_016778.2 BCL2-related ovarian Bok CTGCCCCTGGAGGACGCTTG CCGTCACCACAGGCTCCGAC
killer protein

NM_007544.3 BH3 interacting domain Bid AGCAAATGTTCCCTCCGCTTCTGT GTAGGCTGTGGCGGCTCGTG
death agonist

NM_001025296.1 DNA fragmentation factor, Dffa GCCAGATCCTTACCACACTGA TTATGTCCCAGCTCAGAGCGA

alpha subunit, transcript
variant 1

NM_080637.3 NME/NM23 family Nme5 CGGACAGCTTAAGGGCGATA CACGGCTGGAAACATGAACC
member 5

NM_013693.2 tumor necrosis factor Tnf GATCGGTCCCCAAAGGGATG TTTGCTACGACGTGGGCTAC
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