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ABSTRACT

Humans are ubiquitously exposed to di(2-ethylhexyl) phthal-
ate (DEHP), which is an environmental toxicant present in
common consumer products. DEHP potentially targets the ovary
through its metabolite mono(2-ethylhexyl) phthalate (MEHP).
However, the direct effects of MEHP on ovarian folliculogenesis
and steroidogenesis, two processes essential for reproductive
and nonreproductive health, are unknown. The present study
tested the hypotheses that MEHP directly accelerates early
folliculogenesis via overactivation of phosphatidylinositol 3-
kinase (PI3K) signaling, a pathway that regulates primordial
follicle quiescence and activation, and inhibits the synthesis of
steroid hormones by decreasing steroidogenic enzyme levels.
Neonatal ovaries from CD-1 mice were cultured for 6 days with
vehicle control, DEHP, or MEHP (0.2–20 lg/ml) to assess the
direct effects on folliculogenesis and PI3K signaling. Further,
antral follicles from adult CD-1 mice were cultured with vehicle
control or MEHP (0.1–10 lg/ml) for 24–96 h to establish the
temporal effects of MEHP on steroid hormones and steroido-
genic enzymes. In the neonatal ovaries, MEHP, but not DEHP,
decreased phosphatase and tensin homolog levels and increased
phosphorylated protein kinase B levels, leading to a decrease in
the percentage of germ cells and an increase in the percentage of
primary follicles. In the antral follicles, MEHP decreased the
mRNA levels of 17alpha-hydroxylase-17,20-desmolase, 17beta-
hydroxysteroid dehydrogenase, and aromatase leading to a
decrease in testosterone, estrone, and estradiol levels. Collec-
tively, MEHP mediates the effect of DEHP on accelerated
folliculogenesis via overactivating PI3K signaling and inhibits
steroidogenesis by decreasing steroidogenic enzyme levels.

follicle, folliculogenesis, mono(2-ethylhexyl) phthalate, ovary,
phthalate, steroidogenesis

INTRODUCTION

Di(2-ethylhexyl) phthalate (DEHP) is a widely used
synthetic plasticizer incorporated in the manufacturing of
common polyvinyl chloride consumer, medical, and building
products in order to impart flexibility [1, 2]. DEHP is produced
in vast quantities, up to 300 million pounds annually, to
account for its high demand in products ranging from carpeting
and roofing to food and beverage packaging [2]. This is of

concern because DEHP is noncovalently bound to the plastic,
meaning DEHP frequently leaches from the plastics into the
environment and products that humans consume [1]. Based on
its high production volume, use in common items, and ability
to leach out from the items, humans are exposed to DEHP on a
daily basis via oral ingestion, inhalation, and dermal contact
[1]. Specifically, the estimated range of daily human exposure
to DEHP is 3–30 lg/kg/day [3, 4]. Exposure to DEHP
represents a public health concern because DEHP and its
metabolite, mono(2-ethylhexyl) phthalate (MEHP), have been
identified as top contaminants in human tissues such as blood
[5, 6], urine [1, 5–9], amniotic fluid [10–12], umbilical cord
blood [13, 14], breast milk [6], and ovarian follicular fluid [15].
Important from a toxicological standpoint, it is hypothesized
that the toxicity of DEHP is mediated by the bioactive
metabolite MEHP in many organ systems, including the ovary
[16–21].

Also important for public health, DEHP and MEHP are
known endocrine-disrupting chemicals and reproductive toxi-
cants that potentially target the ovary [1, 2, 16–21].
Understanding the effects of these chemicals on normal
ovarian function is crucial because the ovary is responsible
for the maturation of follicles for ovulation, a process termed
folliculogenesis, and for the synthesis of sex steroid hormones,
a process termed steroidogenesis [22]. Defects in folliculo-
genesis and steroidogenesis, including accelerated depletion of
follicles within the ovary and decreased estradiol production,
can cause reproductive and nonreproductive complications,
such as infertility, premature ovarian failure, cardiovascular
disease, osteoporosis, mood disorders, and even premature
death [23–34].

Interestingly, DEHP and MEHP have been shown to disrupt
ovarian folliculogenesis. Specifically, we have previously
reported that oral exposure to DEHP in adult mice accelerates
primordial follicle recruitment following 10 and 30 days of
dosing [35]. Primordial follicle recruitment is a gonadotropin-
independent process involving strict regulation of intrinsic
ovarian growth factors [36–39]. Factors within the phospha-
tidylinositol 3-kinase (PI3K)-signaling pathway have recently
been identified as regulators of primordial follicle survival,
dormancy, and recruitment, where inhibition of PI3K signaling
maintains primordial follicle dormancy and overactivation of
signaling leads to primordial follicle recruitment [38, 40–45].
We have also previously reported that the DEHP-induced
acceleration of primordial follicle recruitment is likely via
overactivation of PI3K signaling, indicated by a decrease in
ovarian phosphatase and tensin homolog (PTEN) levels, an
inhibitor of PI3K signaling that maintains primordial follicle
dormancy, and an increase in ovarian phosphorylated protein
kinase B (pAKT) levels, a second messenger of PI3K signaling
that promotes primordial follicle recruitment [35]. However, in
previous studies, we did not determine whether the effects on
primordial follicle recruitment and PI3K signaling were direct
effects on the ovary or whether the effects were a secondary
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response caused by toxicity in other organ systems following
exposure in vivo.

Additionally, DEHP and MEHP have been shown to disrupt
ovarian steroidogenesis. Specifically, DEHP exposure has been
shown to decrease estradiol levels and aromatase levels in vivo
[46–48] and in vitro [16, 49, 50]. We have reported that the
inhibition of steroidogenesis may be via a direct effect on antral
follicle functionality because DEHP exposure in cultured
mouse antral follicles directly decreased the availability of
precursor sex steroid hormone levels at time points prior to
decreasing estradiol levels [51]. This toxicity of DEHP may be
mediated by MEHP, and MEHP exposure has also been shown
to inhibit steroidogenesis in vitro [19–21, 52, 53]. Specifically,
we have reported that MEHP exposure directly decreased the
levels of estradiol and the mRNA levels of aromatase,
Cyp19a1, in cultured mouse antral follicles following 96 h of
exposure [16]. Steroidogenesis is primarily conducted by the
mature antral follicle and is a step-wise process involving the
enzymatic conversion of cholesterol to estradiol and other
necessary precursor steroid hormones that are essential for
reproductive and nonreproductive health [54, 55]. However,
few studies have investigated the effects of MEHP on the
precursor steroid hormones and the steroidogenic enzymes
upstream of estradiol and aromatase. Additionally, the temporal
effects by which MEHP directly inhibits steroidogenesis in the
antral follicle remain unknown.

The present study was designed to investigate the direct
effects of DEHP and MEHP on early folliculogenesis and to
compare the mechanisms by which these chemicals alter
folliculogenesis in vivo and in vitro. Further, the present study
was designed to establish a time course of the initial and time-
specific effects of MEHP on antral follicle steroidogenesis
upstream of estradiol and aromatase and to compare the
mechanisms by which MEHP and DEHP inhibit steroidogen-
esis in cultured antral follicles. Specifically, we tested the
hypotheses that MEHP mediates the DEHP-induced accelera-
tion of primordial follicle recruitment and does so via a
mechanism involving overactivation of PI3K signaling, which
is the mechanism observed in vivo. Additionally, we
hypothesized that MEHP directly inhibits the synthesis of sex
steroid hormones to ultimately lead to a decrease in estradiol
levels.

MATERIALS AND METHODS

Chemicals

DEHP (99% purity) was purchased from Sigma-Aldrich (St. Louis, MO),
and MEHP (99% purity) was purchased from AccuStandard (New Haven, CT).
Stock solutions of DEHP and MEHP were prepared using dimethylsulfoxide
(DMSO) (Sigma-Aldrich) as the vehicle in various concentrations (0.133,
0.267, 1.33, 2.67, 13.3, and 26.7 mg/ml). This allowed for an equal volume of
each stock to be added to the culture wells to control for vehicle concentration.
Final concentrations of DEHP in culture were 0.2, 2, and 20 lg/ml, which is
approximately equivalent to 0.54, 5.4, and 54 lM, respectively. Final
concentrations of MEHP in culture were 0.1, 0.2, 1, 2, 10, and 20 lg/ml,
which is approximately equivalent to 0.34, 0.68, 3.4, 6.8, 34, and 68 lM,
respectively.

The concentrations of DEHP and MEHP were chosen based on their
ability to disrupt ovarian steroidogenesis and folliculogenesis. Specifically,
concentrations of these chemicals cause inhibition of antral follicle growth,
decreased estradiol production from antral follicles, decreased antral follicle
Cyp19a1 expression, and increased antral follicle atresia [16, 17, 56]. We
have also previously determined that oral exposure to DEHP for 10 and 30
days accelerates primordial follicle recruitment at doses ranging from 200
lg/kg/day to 20 mg/kg/day [35]. These doses are approximately equivalent
to 0.492–49.2 lM, which encompass the doses ranging from 0.2 to 20 lg/
ml. The concentrations of DEHP and MEHP selected in these experiments
have also been determined to be clinically relevant [20, 52, 57–59].
Importantly, plasma concentrations of DEHP and MEHP in healthy women

have been reported to be 0.18 lg/ml and 0.58 lg/ml, respectively, and
peritoneal fluid concentrations of DEHP and MEHP in these women were
reported to be 0.46 lg/ml and 0.37 lg/ml, respectively, which encompasses
the lower selected concentrations [60]. In addition, the extensive use of
DEHP in medical equipment leads to markedly higher levels of DEHP and
MEHP in patients undergoing consistent medical care when compared to
healthy people [61, 62]. Neonatal patients in intensive care units that receive
blood transfusions have plasma levels of DEHP and MEHP at 11.1 lg/ml
and 15.1 lg/ml, respectively, which encompass the higher selected
concentrations [63]. Further, the Agency for Toxic Substances and Disease
Registry reported in their 2002 report that the lowest-observed adverse-effect
level of DEHP is 140 mg/kg/day, which is approximately equivalent to
344.6 lM [2]. However, more recent studies have shown effects at lower
doses of DEHP [64]. The selected concentrations of DEHP and MEHP in
these experiments fall below the lowest-observed adverse-effect level
concentration reported by the Agency for Toxic Substances and Disease
Registry.

Animals

For the experiments investigating the direct effects of DEHP and MEHP
on early folliculogenesis, cycling, adult CD-1 female mice (40–50 days of
age) and mature, adult CD-1 male mice (40–50 days of age) were obtained
from Charles River Laboratories (Wilmington, MA). Breeding groups (one
male with two females) were housed in the College of Veterinary Medicine
Animal Facility at the University of Illinois at Urbana-Champaign to serve
as a source for Postnatal Day 4 (PND4) ovaries for culture. Once pregnant,
the mice were individually placed in separate cages and allowed to give
birth. On PND4, female pups were removed from the dam and used in the
neonatal ovary cultures described below. For the experiments investigating
the effects of MEHP on antral follicles, cycling, adult CD-1 female mice
(35–39 days of age) were obtained from Charles River Laboratories. The
mice were housed in groups of four in the College of Veterinary Medicine
Animal Facility at the University of Illinois at Urbana-Champaign and were
allowed to acclimate to the facility prior to experimentation. All the animals
in these experiments were housed in a controlled animal room environment
(temperature at 228C 6 18C and 12L:12D cycles) and were provided food
and water ad libitum. The Institutional Animal Use and Care Committee at
the University of Illinois at Urbana-Champaign approved all the procedures
involving animal care, euthanasia, and tissue collection.

In Vitro Neonatal Ovary Cultures

Whole ovaries were aseptically collected from CD-1 pups on PND4 and
were used for ovarian culture as described previously [65, 66]. Briefly, each
ovary was removed on PND4 and cleaned of excess fat and oviductal tissue
under a light microscope. The ovaries were placed in media droplets on pieces
of Millicell culture plate inserts (Millipore, Billercia, MA) that were floating
on 500 ll of equilibrated (378C) supplemented ovary culture media in a four-
well culture plate. The treatment groups for the neonatal ovary culture
experiments included vehicle control (DMSO), DEHP (0.2, 2, and 20 lg/ml),
and MEHP (0.2, 2, and 20 lg/ml). The supplemented media contained
Dulbecco-modified Eagle medium/Ham F12 minus phenol red medium (Life
Technologies, Grand Island, NY) with 1 mg/ml bovine serum albumin
(Sigma-Aldrich), 1 mg/ml Albumax (Life Technologies), 50 lg/ml ascorbic
acid (Sigma-Aldrich), 5 units/ml penicillin plus 5 lg/ml streptomycin (Life
Technologies), and 27.5 lg/ml transferrin (Sigma-Aldrich) per well. Each
ovary was cultured for 6 days until PND10 in an incubator at 378C supplying
5% CO

2
. The media were replaced daily with fresh, treated, supplemented

media, and one drop of medium was placed on the ovary to prevent the ovary
from drying. Following culture, one ovary was collected for histological
evaluation of follicle numbers, and the other ovary was subjected to
immunohistochemistry as described below.

The neonatal ovary culture system and PND4–PND10 time points were
chosen because the neonatal ovary is enriched in primordial and primary
follicles that are naturally undergoing the initial stages of folliculogenesis
[67]. Because DEHP exposure (approximately equivalent to 0.492–49.2 lM
or 0.2–20 lg/ml) for 10 and 30 days accelerates primordial follicle
recruitment in vivo [35], this culture system provides a direct tool to assess
the effects of DEHP and MEHP on early folliculogenesis. Specifically, at
PND4, the neonatal ovary is completing germ cell nest breakdown; therefore,
the ovary contains a population of follicles that are primarily in the primordial
stage [22, 67]. At PND10, some primordial follicles naturally begin to
undergo recruitment to the primary stage of development both in vivo and in
vitro, and these follicles are structurally and functionally identical to those in
the adult [22, 67].
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Histological Evaluation of Follicle Numbers

Following 6 days of culture, some PND10 neonatal ovaries were fixed in
Dietrich fixative for at least 24 h for histological evaluation of follicle
numbers (n ¼ 4–6 ovaries/group). The ovaries were then transferred to 70%
ethanol, embedded in paraffin wax, and serial sectioned (5 lm) using a
microtome. The serial sections were mounted on glass slides and stained with
hematoxylin and eosin. The numbers of oocyte containing follicles and germ
cells were counted in every fifth serial section using a light microscope, and
the percentage of each follicle type was calculated by dividing the number of
follicles of each specific type by the total number of follicles counted and
multiplying that value by 100. Stage of follicular development was assessed
using previously defined criteria [68, 69]. Briefly, germ cells were identified
by the presence of a single oocyte or group of oocytes without a defined
granulosa cell layer encapsulating them, primordial follicles contained the
oocyte surrounded by a single layer of squamous granulosa cells, and primary
follicles contained the oocyte surrounded by a single layer of cuboidal
granulosa cells. Very few preantral and antral follicles are present at PND10;
therefore, these follicle types were not included in the analysis. All germ cells
and primordial and primary follicles with oocytes, regardless of nuclear
material in the oocytes, were counted.

Immunohistochemistry

Following 6 days of culture, some PND10 neonatal ovaries were fixed in
4% paraformaldehyde overnight and transferred to 70% ethanol for
immunohistochemical analysis for PTEN and pAKT (Ser473) (the active form
of the protein) as described previously (n¼ 3/group) [35]. Briefly, the ovaries
were embedded in paraffin wax, serial sectioned (5 lm), and three
representative sections that span the entire length of the ovary were mounted
on glass slides. Some tissue sections were subjected to staining for PTEN
(1:200) (Cell Signaling Technology, Inc., Boston, MA), while other tissue
sections were subjected to staining for pAKT (1:50) (Cell Signaling
Technology, Inc.). The tissues were then incubated with a secondary
biotinylated goat anti-rabbit antibody (Vector Laboratories, Inc., Burlingame,
CA), followed by an incubation with an avidin biotin complex solution (Vector
Laboratories, Inc.). ImmPACT NovaRED peroxidase substrate solution (Vector
Laboratories, Inc.) was then applied until the color optimally developed. Each
sample was exposed to the chromogen for equal amounts of time. The slides
were then rinsed, counterstained with a 1:10 dilution of hematoxylin, and
coverslipped. A negative control was used in each experiment and was
subjected to the same methods listed above, except instead of primary antibody,
the negative control tissues were incubated with a negative control rabbit
immunoglobulin fraction (Dako, Carpinteria, CA) at the same concentration of
each primary antibody. Negative controls were confirmed to have no positive
staining after exposure to the chromogen for equal amounts of time as the
samples. Both PTEN and pAKT were chosen because they are integral
regulators of PI3K signaling and have been associated with the regulation of
primordial follicle recruitment [38, 43, 70–72]. Specifically, PTEN inhibits
PI3K signaling and ultimately maintains primordial follicle dormancy [38, 43,
70–72]. Additionally, pAKT is a second messenger of PI3K signaling and
ultimately promotes primordial follicle recruitment [38, 43, 70–72]. Further, 10
day oral exposure to DEHP decreases ovarian PTEN and increases ovarian
pAKT, potentially driving the acceleration of primordial follicle recruitment
that was observed in that study [35].

Analysis of the Levels of Protein Staining

Following immunohistochemistry, the levels of PTEN and pAKT staining
in the neonatal ovaries were quantified using published methods [35, 73–75].
Briefly, images of ovaries were digitally captured using a Leica DFC 290
camera and analyzed using the ImageJ software (http://rsb.info.nih.gov/
nih-image/). For analysis, three representative sections from each ovary were
assessed from three separate animals per treatment group. Digital images were
converted to 8-bit grayscale images and then converted to pseudocolored
images. Colors were based on relative stain intensity, as defined digitally. Areas
with no staining appeared black and blue, while areas with the most intense
staining appeared deep yellow to orange. Percentages of pixels corresponding
to positive staining of PTEN and pAKT in the whole ovary and percentages of
positively stained PTEN and pAKT primordial follicle oocytes were compared
across treatment groups. For whole ovarian analysis, the pixels of positively
stained PTEN and pAKT areas were divided by the total amount of pixels in the
whole ovary, and that value was multiplied by 100. For primordial follicle
oocyte analysis, positively stained PTEN and pAKT primordial follicle oocytes
were quantified, divided by the total amount of primordial follicle oocytes, and
that value was multiplied by 100.

In Vitro Antral Follicle Cultures

Unprimed, female CD-1 mice were euthanized and their ovaries were
aseptically removed for antral follicle isolation. Antral follicles (250–400 lm)
were isolated from the ovary and were cleaned of interstitial tissue using
watchmaker’s forceps [76, 77]. At least two to three mice were used in each
experiment, in which approximately 20–30 antral follicles per mouse were
obtained. Each treatment group contained 8–16 follicles (n ¼ 8–16 pooled
follicles from individual wells from three to nine separate experiments).
Isolated antral follicles were randomly and individually plated in wells of a 96-
well culture plate containing unsupplemented a-minimal essential medium (a-
MEM, Life Technologies) prior to treatment.

The treatment groups for the follicle culture experiments included vehicle
control (DMSO) and MEHP (0.1, 1, and 10 lg/ml), and they were prepared in
supplemented a-MEM. Supplemented a-MEM was prepared as described
previously [76, 77]. Briefly, supplemented a-MEM contained 10 ng/ml insulin,
5.5 ng/ml transferrin, 5.5 ng/ml selenium (Sigma-Aldrich), 100 units/ml
penicillin (Sigma-Aldrich), 100 mg/ml streptomycin (Sigma-Aldrich), 5
international units/ml human recombinant follicle-stimulating hormone (FSH;
Dr. A.F. Parlow, National Hormone and Peptide Program, Harbor-UCLA
Medical Center, Torrance, CA), and 5% fetal calf serum (Atlanta Biologicals,
Lawrenceville, GA). An equal volume of chemical (0.75 ll/ml of media) was
added for each dose to control that the amount of vehicle in each preparation
was 0.075%. Each follicle was cultured in 150 ll of medium for 24–96 h in an
incubator at 378C supplying 5% CO

2
. Following each 24 h time point, some

cultures were ended, and media from cultured follicles were collected for
measurements of the levels of sex steroid hormones. In addition, cultured
follicles were collected, snap frozen, and stored at �808C for gene expression
analysis. A time course was conducted to observe when the effects of MEHP on
steroidogenesis begin and to determine which hormone/enzyme was causing
the reduction of estradiol production from antral follicles following 96 h as
reported previously [16].

Analysis of Sex Steroid Hormone Levels

Following each 24 h antral follicle culture window, culture media were
subjected to enzyme-linked immunosorbent assays (ELISAs) for the measure-
ments of the levels of sex steroid hormones. Levels of progesterone,
dehydroepiandrosterone (DHEA), androstenedione, testosterone, estrone, and
17b-estradiol were measured following the manufacturer’s protocol using
ELISA kits purchased from Diagnostics Research Group (Mountainside, NJ) (n
¼ 8–16 wells of pooled media containing follicles from three to nine separate
experiments). The analytical sensitivity of each kit was 0.044 lg/ml for DHEA,
0.1 ng/ml for progesterone, 0.019 ng/ml for androstenedione, 0.083 ng/ml for
testosterone, 6.3 pg/ml for estrone, and 9.71 pg/ml for estradiol. All the samples
were run in duplicates, and all intra- and interassay coefficients of variability
were less than 10%. Some samples were diluted to match the dynamic range of
each ELISA kit. Mean values for each sample were used in this analysis.

Analysis of Antral Follicle Gene Expression

Following each 24 h antral follicle culture window, antral follicles were
frozen in liquid nitrogen, and stored at �808C for quantitative real-time
polymerase chain reaction (qPCR) analysis (n ¼ 8–16 follicles/3–9 separate
experiments). Total RNA (200 ng) was extracted from the follicles using the
RNeasy Micro Kit (Qiagen, Inc., Valencia, CA) according to the manufactur-
er’s protocol, and was then reverse transcribed to cDNA using the iScript RT
kit (Bio-Rad Laboratories, Inc., Hercules, CA) according to the manufacturer’s
protocol. Prior to qPCR analysis, each cDNA sample was diluted 1:4 using
nuclease-free water. The CFX96 Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc.) and accompanying CFX Manager Software was used for
analysis of qPCR according to the manufacturer’s protocol. All the qPCR
reactions were done in triplicate using 1 ll cDNA, forward and reverse primers
(5 pmol), and a SsoFastEvaGreen Supermix for a final reaction volume of 10
ll. A standard curve was generated from six serial dilutions of three samples
spanning different treatment groups to calculate the efficiencies of each primer
set. Specific qPCR primers (Integrated DNA Technologies, Inc., Coralville, IA)
for the genes of interest as well as the reference gene, beta-actin (Actb), can be
found in Table 1. Beta-actin was chosen as the reference gene because its
expression did not differ across treatment groups. The genes tested were
steroidogenic acute regulatory protein (Star), cytochrome P450 cholesterol
side-chain cleavage (Cyp11a1), 3b-hydroxysteroid dehydrogenase 1 (Hsd3b1),
17a-hydroxylase-17,20-desmolase (Cyp17a1), 17b-hydroxysteroid dehydroge-
nase1 (Hsd17b1), and aromatase (Cyp19a1). These genes were chosen because
they synthesize estradiol and its precursor sex steroid hormones in the ovary.

The CFX96 machine quantifies the amount of PCR product generated by
measuring SsoFastEvaGreen dye (Bio-Rad Laboratories, Inc.) that fluoresces
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when bound to double-stranded DNA. The qPCR program consisted of an
enzyme activation step (958C for 1 min), an amplification and quantification
program (40 cycles of 958C for 10 sec, 608C for 10 sec, single fluorescence
reading), a step of 728C for 5 min, a melt curve (658C�958C heating 0.58C per
sec with continuous fluorescence readings), and a final step at 728C for 5 min as
per the manufacturer’s protocol. Expression data were generated using the

mathematical standard comparative (DDCt) method. The DCt was calculated by
subtracting the Actb Ct value from the gene of interest Ct value. The DDCt was
calculated as the difference between the DCt between the treatment groups and
the DMSO groups. The relative fold-change of expression was then equaled to
2(�DDCt) for each sample.

Statistical Analysis

Analysis of data was conducted using SPSS statistical software (SPSS, Inc.,

Chicago, IL). Data were expressed as means and error bars represent the SEM.
Multiple comparisons between normally distributed experimental groups were
made using one-way ANOVA followed by Tukey posthoc comparison.

Multiple comparisons between nonnormally distributed experimental groups
were made using Kruskal Wallis tests when appropriate. Statistical significance
was assigned at P � 0.05.

RESULTS

Effect of DEHP and MEHP on Early Folliculogenesis

Proper regulation of ovarian folliculogenesis is essential
for fertility and the maintenance of appropriately timed
reproductive senescence. Previously, we have shown that
daily oral exposure to DEHP for 10 and 30 days disrupts
folliculogenesis by accelerating primordial follicle recruit-
ment to the primary stage of development [35]. However, that
study utilized an in vivo dosing regimen and was unable to
test if the effects on primordial follicle recruitment were due
to direct ovarian toxicity caused by DEHP or the bioactive
metabolite MEHP. Therefore, the direct effects of DEHP and
MEHP on follicular dynamics were evaluated in this study.
Following 6 days of culture, DEHP-exposed ovaries had
similar percentages of germ cells, primordial follicles, and
primary follicles counted when compared to the vehicle
control group (Fig. 1A, n ¼ 5–6/group). Similar effects were
observed when quantifying total counts of germ cells and
follicles in response to DEHP treatment (Supplemental Fig.
S1A, n ¼ 5–6/group; Supplemental Data are available online
at www.biolreprod.org). However, following 6 days of
culture, MEHP exposure significantly decreased the percent-
age of germ cells counted at all selected doses when compared
to the vehicle control group (Fig. 1B, n ¼ 4–6/group, P �
0.05). MEHP exposure did not significantly alter the
percentage of primordial follicles counted, but it significantly
increased the percentage of primary follicles counted at all
selected doses when compared to the vehicle control group
(Fig. 1B, n ¼ 4–6/group, P � 0.05). Similar effects were
observed when quantifying total counts of germ cells and
follicles in response to MEHP treatment (Supplemental Fig.
S1B, n ¼ 4–6/group, P � 0.05).

Effect of DEHP and MEHP on Protein Levels of PI3K-
Signaling Factors

We have previously shown that the DEHP-induced
acceleration of primordial follicle recruitment following 10
and 30 days of exposure in vivo may involve overactivation
of the PI3K-signaling pathway [35], but it was unknown if the
DEHP-induced dysregulation of PI3K signaling was due to a
direct ovotoxic effect of DEHP and/or MEHP. Thus, this
study tested whether DEHP or MEHP directly altered the
levels of PTEN and/or pAKT in the neonatal ovaries.
Qualitatively, it appears that MEHP exposure decreased the

TABLE 1. Sequence of primer sets used for gene expression analysis.

Accession no. Gene name Gene symbol 50-Forward-30 50-Reverse-30

NM_007393 Beta-actin Actb GGGCACAGTGTGGGTGAC CTGGCACCACACCTTCTAC

NM_011485
Steroidogenic acute regulatory

protein Star CAGGGAGAGGTGGCTATGCA CCGTGTCTTTTCCAATCCTCTG

NM_019779
Cytochrome P450 side-chain

cleavage Cyp11a1 AGATCCCTTCCCCTGGTGACAATG CGCATGAGAAGAGTATCGACGCATC

NM_008293
3b-Hydroxysteroid

dehydrogenase 1 Hsd3b1 CAGGAGAAAGAACTGCAGGAGGTC GCACACTTGCTTGAACACAGGC

NM_007809
Cytochrome P450 steroid

17-a-hydroxylase 1 Cyp17a1 CCAGGACCCAAGTGTGTTCT CCTGATACGAAGCACTTCTCG

NM_010475
17b-Hydroxysteroid

dehydrogenase 1 Hsd17b1 ACTGTGCCAGCAAGTTTGCG AAGCGGTTCGTGGAGAAGTAG
NM_007810 Cytochrome P450 aromatase Cyp19a1 CATGGTCCCGGAAACTGTGA GTAGTAGTTGCAGGCACTTC

FIG. 1. Effect of DEHP and MEHP on early folliculogenesis. Ovaries from
CD-1 mice were cultured from PND4 to PND10 with vehicle (DMSO),
DEHP (0.2–20 lg/ml; A), or MEHP (0.2–20 lg/ml; B). Following culture,
ovaries were processed for histological evaluation of total germ cell and
follicle counts. Percentages of each stage of folliculogenesis were
calculated and compared in each treatment group. Graph represents
means 6 SEM (n¼ 4–6 ovaries/treatment group). Although slight, panel A
and panel B have different scales. Asterisks (*) represent significant
difference from vehicle control (P � 0.05).
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staining of PTEN in the whole neonatal ovary (Supplemental
Fig. 2A–D), decreased the percentage of PTEN-positive
oocytes (Supplemental Fig. S2, E and F), and increased the
percentage of pAKT-positive oocytes (Supplemental Fig. S2,
G and H). When quantified, MEHP significantly decreased
the levels of PTEN staining in the whole neonatal ovary at the
2 and 20 lg/ml doses when compared to the vehicle control
group (Fig. 2A, n ¼ 3/group, P � 0.05), while all selected
doses of DEHP had comparable levels of PTEN staining to
the vehicle control group (Fig. 2A, n¼ 3/group). Conversely,
both MEHP and DEHP had comparable levels of pAKT
staining in the whole ovary when compared to the vehicle
control group (Fig. 2A, n¼ 3/group). To ensure that the levels
of the PI3K proteins were altered in the follicles of interest,
the percentages of positively stained PTEN and pAKT
oocytes in primordial follicles were quantified. MEHP
significantly decreased the percentage of PTEN-positive
oocytes and significantly increased the percentage of pAKT-
positive oocytes in primordial follicles at all selected doses of
MEHP when compared to the vehicle control group (Fig. 2B,
n ¼ 3/group, P � 0.05). Meanwhile, DEHP had comparable
percentages of PTEN- and pAKT-positive oocytes to the
vehicle control group (Fig. 2B, n ¼ 3/group).

Effect of MEHP on Sex Steroid Hormone Production by
Antral Follicles

Previous studies have determined that DEHP exposure
decreases estradiol levels in vivo [46–48] and in cultured

ovarian cell types and follicles in vitro [16, 49–51]. Likewise,
MEHP exposure has also been shown to decrease estradiol
levels in cultured ovarian cell types and follicles in vitro [16,
19–21, 53]. However, the mechanism by which MEHP
decreases estradiol levels is unknown. We have previously
reported that MEHP exposure for 96 h decreases estradiol
levels produced by cultured mouse antral follicles [16], but
the direct effects of MEHP on antral follicle steroidogenesis
at earlier time points of exposure and on the precursor steroid
hormones upstream of estradiol are unknown. Thus, the
temporal effects of MEHP on the levels of sex steroid
hormones produced by the antral follicle were investigated
utilizing time course culture experiments. Beginning with the
most upstream precursor steroid hormones measured, MEHP
exposure did not significantly alter the levels of progesterone
or DHEA at any time point tested when compared to the
vehicle control group (Fig. 3, A and B, n ¼ 3–9/group).
However, MEHP exposure significantly decreased the levels
of androstenedione at the 10 lg/ml dose following 24 and 72
h of exposure when compared to the vehicle control group
(Fig. 3C, n¼ 3–9/group, P � 0.05). Further, MEHP exposure
significantly decreased the levels of testosterone at the 10 lg/
ml dose following 24 h of exposure when compared to the
vehicle control group (Fig. 3D, n ¼ 3/group, P � 0.05).
Likewise, MEHP exposure significantly decreased the levels
of testosterone at all selected doses following 96 h of
exposure when compared to the vehicle control group (Fig.
3D, n ¼ 4–9/group, P � 0.05). Further down the
steroidogenesis pathway, MEHP exposure significantly
decreased the levels of estrone at the 0.1 and 10 lg/ml
doses following 96 h of exposure when compared to the
vehicle control group (Fig. 3E, n ¼ 4–9/group, P � 0.05).
Additionally, MEHP exposure significantly decreased the
levels of estradiol at all selected doses following 96 h of
exposure when compared to the vehicle control group (Fig.
3F, n ¼ 4–9/group, P � 0.05).

Effect of MEHP on Steroidogenic Enzyme Gene Expression
in Antral Follicles

Previous studies have suggested that one potential mecha-
nism by which DEHP and MEHP decrease estradiol levels is
through a decrease in the ovarian mRNA levels of Cyp19a1,
also known as aromatase, following exposure in vivo [46, 78]
and in vitro [16, 49–51]. However, not much is known about
the direct effects of MEHP on the steroidogenic enzyme levels
upstream of Cyp19a1 in the antral follicle. Further, not much is
known about the direct effects of MEHP on the enzyme levels
prior to 96 h of exposure. In addition, MEHP decreased the
levels of sex steroid hormones upstream of estradiol across
multiple time points in the present study (Fig. 3). Thus, the
temporal effects and potential mechanisms by which MEHP
inhibits steroidogenesis were investigated. Following 48 h of
exposure, MEHP significantly decreased the mRNA levels of
Star and Cyp11a1 at the 1 and 10 lg/ml doses when compared
to the vehicle control group (Fig. 4, A and B, n¼ 3–5/group, P
� 0.05). Following 24 h of exposure, MEHP significantly
decreased the mRNA levels of Hsd3b1 at the 10 lg/ml dose
when compared to the vehicle control group (Fig. 4C, n ¼ 3/
group, P � 0.05). Following 96 h of exposure, MEHP
significantly decreased the mRNA levels of Cyp17a1 at all
selected doses when compared to the vehicle control group
(Fig. 4D, n ¼ 4–9/group, P � 0.05). Following 72 h of
exposure, MEHP significantly increased the mRNA levels of
Hsd17b1 at all selected doses when compared to the vehicle
control group (Fig. 4E, n ¼ 4–9/group, P � 0.05). However,

FIG. 2. Effect of DEHP and MEHP on protein levels of PI3K-signaling
factors. Ovaries from CD-1 mice were cultured from PND4 to PND10
with vehicle (DMSO), DEHP (0.2–2 lg/ml), or MEHP (0.2–20 lg/ml).
Following culture, ovaries were subjected to immunohistochemistry for
quantification of PTEN (the left side of A and B) and pAKT (the right side of
A and B) staining. Digital images were converted to 8-bit grayscale images
and then converted to pseudocolored images. Colors were based on
relative stain intensity. Percentage of pixels corresponding to positive
staining in the whole ovary (A), and percentage of positively stained
oocytes in primordial follicles (B) were calculated and compared in each
treatment group. Graph represents means 6 SEM (n¼ 3/group). Asterisks
(*) represent significant difference from vehicle control (P � 0.05).
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following 96 h of exposure, MEHP significantly decreased the
mRNA levels of Hsd17b1 at all selected doses when compared
to the vehicle control group (Fig. 4E, n ¼ 4–9/group, P �
0.05). MEHP exposure significantly increased the mRNA
levels of Cyp19a1 at the 0.1 and 1 lg/ml doses following 48 h
of exposure and at all selected doses following 72 h of
exposure when compared to the vehicle control group (Fig. 4F,
n ¼ 3–9/group, P � 0.05). However, following 96 h of
exposure, MEHP significantly decreased the mRNA levels of
Cyp19a1 at all selected doses when compared to the vehicle
control group (Fig. 4F, n ¼ 4–9/group, P � 0.05).

DISCUSSION

We utilized a neonatal whole ovarian culture system and an
antral follicle culture system to investigate the direct effects of
DEHP and MEHP on early folliculogenesis and to investigate
the direct and temporal effects of MEHP on steroidogenesis.
Our main findings suggest that MEHP, but not DEHP, has a
direct effect on overactivating PI3K signaling in the ovary to

potentially lead to the acceleration of primordial follicle
recruitment. Additionally, we have shown that MEHP directly
inhibits the production of estradiol and upstream sex steroid
hormones and alters the mRNA levels of Cyp19a1 and
upstream estradiol biosynthesis enzymes. We have also
established the initial and time-specific effects of MEHP on
antral follicle steroidogenesis. Importantly, we have deter-
mined that DEHP and MEHP have differential effects on the
initial stages of folliculogenesis and on steroidogenesis.

The use of the whole neonatal ovarian culture system is
essential for understanding the direct effects of chemicals on
the earliest stages of folliculogenesis [65, 67]. Previous studies
have shown that DEHP and MEHP accelerate primordial
follicle recruitment in vivo [35, 79, 80]. The limitation of these
studies is that they did not determine if these chemicals act
directly on the ovary to elicit this response. A further study has
shown that DEHP also affects early folliculogenesis in vitro,
but that study only focused on germ cell nest breakdown and
primordial follicle assembly [81]. Although these studies are
influential in understanding the effects of DEHP and MEHP on

FIG. 3. Effect of MEHP on the antral follicle-produced sex steroid hormone levels. Antral follicles were isolated from adult CD-1 mice and were cultured
with vehicle (DMSO) or MEHP (0.1–10 lg/ml) for 24–96 h. Following each 24 h time point, media were pooled per treatment group and were subjected to
ELISAs for the measurements of progesterone (A), dehydroepiandrosterone (DHEA) (B), androstenedione (C), testosterone (D), estrone (E), and estradiol (F).
The graph represents means 6 SEM from three to nine separate experiments with media from 8 to 16 wells/treatment group in each experiment. ND
indicates that hormone levels were not detectable because they were below the threshold level for detection. Asterisks (*) represent significant difference
from vehicle control (P � 0.05).
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early folliculogenesis, the effects of these chemicals on the
activation of the dormant and already established primordial
follicle pool remain unknown. Thus, we investigated the effects
of DEHP and MEHP from PND4 to PND10 on the neonatal
ovary, a time span when the follicular reserve is nearly
established and primordial follicles naturally begin to undergo
activation to the primary stage of development [22, 67].
Importantly, at PND10, the neonatal ovary contains a
population of follicles that are primarily in the primordial
and primary stages of development. Thus, we were able to
primarily focus on the populations of follicles in which we
observed DEHP-induced effects in vivo [35].

In the present study, MEHP, but not DEHP, directly
decreased the percentage of germ cells counted and increased
the percentage of primary follicles counted when compared to
the vehicle control group. We have previously reported that
oral exposure to DEHP for 10 and 30 days in adult mice
decreased the percentage of primordial follicles counted and
increased the percentage of primary follicles counted at doses

similar to the 0.492–49.2 lM range (0.2–20 lg/ml) used in this
study [35]. Although we did not observe a change in primordial
follicle numbers in the present study, we likely missed the time
point in which MEHP altered primordial follicle numbers. Our
follicle count data represent a single snapshot following 6 days
of exposure; therefore, future studies should investigate the
effects of MEHP on primordial follicle numbers prior to and
after 6 days of exposure. However, our primary follicle count
data correlate to those obtained in the in vivo studies [35].
Thus, these data suggest that MEHP has a direct effect on the
ovary, indicating that the observed effect in vivo is likely via a
direct mechanism of action.

We have previously reported that the DEHP-induced
acceleration of primordial follicle recruitment in vivo is likely
via overactivation of the PI3K-signaling pathway [35].
Primordial follicle recruitment is a tightly regulated process
involving a balance between the factors that maintain
primordial follicle quiescence and promote primordial follicle
activation [36–39]. Interestingly, factors within the PI3K-

FIG. 4. Effect of MEHP on the antral follicle mRNA levels of the steroidogenic enzymes. Antral follicles were isolated from adult CD-1 mice and were
cultured with vehicle (DMSO) or MEHP (0.1–10 lg/ml) for 24–96 h. Following each 24 h time point, antral follicles were pooled per treatment group and
were subjected to qPCR for the measurements of the mRNA levels of Star (A), Cyp11a1 (B), Hsd3b1 (C), Cyp17a1 (D), Hsd17b1 (E), and Cyp19a1 (F). All
values were normalized to Actb. Graph represents means 6 SEM from three to nine separate experiments, with 8–16 follicles/treatment group in each
experiment. Asterisks (*) represent significant difference from vehicle control (P � 0.05).
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signaling pathway regulate primordial follicle survival, quies-
cence, and recruitment. Specifically, PTEN, an inhibitor of
PI3K signaling, maintains primordial follicle quiescence, and
pAKT, a stimulator of PI3K signaling, promotes development
to the primary stage [38, 40–45]. Following 10 days of oral
exposure to adult mice, DEHP at similar micromolar doses to
those used in this study decreased the staining of PTEN in
whole ovary and increased the staining of pAKT in the whole
ovary and in the primordial and primary follicles [35].
Similarly, DEHP exposure decreased the mRNA levels of
Pten in the whole adult ovary following 30 days of oral
exposure [35]. In the present study, DEHP had no statistically
significant effect on follicle numbers or PI3K-signaling factors.
However, MEHP exposure directly decreased PTEN staining in
the whole ovary, decreased the percentage of PTEN-positive
primordial follicle oocytes, and increased the percentage of
pAKT-positive primordial follicle oocytes, again at doses that
mimic those used in the in vivo studies. Thus, MEHP has a
direct effect on overactivating ovarian PI3K signaling to
promote an environment conducive for the acceleration of
primordial follicle recruitment, and this mechanism is similar to
the mechanism by which DEHP accelerates primordial follicle
recruitment in vivo [35]. Collectively, these data suggest that
DEHP must be converted to MEHP in vivo to accelerate
primordial follicle recruitment.

The antral follicle culture system used for the steroidogen-
esis experiments is an essential method to investigate the direct
effects of MEHP on the antral follicle, which is the most
mature follicle type capable of ovulation and is the major
producer of sex steroid hormones in the female. Previous
studies have determined that MEHP exposure decreases
estradiol levels in vitro; however, these studies utilized
secondary follicles or murine/human granulosa cells [19–21,
53]. Ovarian steroidogenesis is primarily conducted by the
mature antral follicle, and it involves the strict coordination of
theca and granulosa cells. Thus, the antral follicle culture
system used in the present study expands upon the previously
published data by using a more direct and sensitive approach
[58, 82].

We have previously reported that MEHP exposure decreas-
es estradiol levels and the mRNA levels of Cyp19a1 in cultured
mouse antral follicles following 96 h of exposure. However,
the temporal effects of MEHP upstream of estradiol and
CYP19A1 and the mechanism by which MEHP decreases
estradiol levels were not known. Further, we have previously
reported that DEHP exposure decreases estradiol levels
following 72 and 96 h of exposure in cultured mouse antral
follicles via a mechanism involving depletion of available
precursor steroid hormones beginning at 48 h of exposure [51].
However, it was unknown if DEHP and MEHP exhibited
similar mechanisms of steroidogenesis inhibition.

The initial effect on steroidogenesis was observed following
24 h of exposure, where MEHP decreased the levels of
androstenedione and testosterone at the 10 lg/ml dose, and this
is likely attributable to the decrease in the mRNA levels of
Hsd3b1 at that same time point and dose. Interestingly, these
effects were ablated and no changes in the levels of steroid
hormones were observed following 48 h of exposure.
However, MEHP decreased the mRNA levels of Star and
Cyp11a1 at that time point, and a compensatory increase in the
mRNA levels of Cyp19a1 was observed. The compensatory
increase in Cyp19a1 levels persisted following 72 h of
exposure, and also at this time point, a compensatory increase
in the levels of Hsd17b1 was observed. Perhaps these
compensatory increases in the levels of steroidogenic enzymes
are present to combat the toxicity of MEHP; however, these

increases do not lead to increases in sex steroid hormone levels.
The increase in the levels of Hsd17b1 at the 72 h time point
likely explains why we do not observe a statistically significant
decrease in testosterone levels following 72 h of exposure.
Following 96 h of exposure, the compensatory increases in the
steroidogenic enzymes were ablated, and MEHP exposure
decreased the mRNA levels of Cyp17a1, Hsd17b1, and
Cyp19a1. It is likely this decrease in steroidogenic enzyme
levels led to the decrease in the levels of testosterone, estrone,
and estradiol following 96 h of exposure. Thus, MEHP
decreased the levels of immediate precursor hormones and
estradiol via a mechanism involving depletion of the enzymes
responsible for generating these hormones.

These findings on steroidogenesis also add to the existing
literature that MEHP disrupts antral follicle functionality.
Normal follicle function includes antral follicle growth,
survival from apoptosis-induced atresia, and production of
steroid hormones [22]. Previously, MEHP exposure for 72 and
96 h has been shown to inhibit antral follicle growth in vitro,
likely via disruption of cell cycle regulators [16, 17].
Additionally, MEHP exposure for 96 h induced antral follicle
atresia in vitro, likely via disruption of pro- and antiapoptotic
factors following 48 h of exposure [56]. Further, MEHP
exposure for 72 h decreased the activity of glutathione
peroxidase in antral follicles, which led to oxidative stress in
the cultured follicles [17]. In the present study, it appears that
that major defects in steroidogenesis begin following 96 h of
exposure. Thus, the defects in antral follicle growth, atresia,
and oxidative stress prior to 96 h of exposure may promote the
compensatory increases in Hsd17b1 and Cyp19a1. Further, it
appears that these defects in antral follicle functionality precede
and may cause the decreases in Cyp17a1, Hsd17b1, and
Cyp19a1, ultimately leading to the decreases in testosterone,
estrone, and estradiol levels. Specifically, the MEHP-induced
apoptosis in the steroidogenically active cells may contribute to
the inhibition of steroidogenesis. Future studies should address
how MEHP interferes with the cross talk between antral follicle
growth, atresia, and steroidogenesis.

Interestingly, DEHP and MEHP appear to exert toxicity
differently depending on the system used. For the folliculo-
genesis studies, MEHP, but not DEHP, had a direct effect on
accelerating primordial follicle recruitment via overactivation
of the PI3K-signaling pathway. For the steroidogenesis
studies, both DEHP and MEHP have direct effects on the
antral follicle. Specifically, we previously reported that
DEHP exposure directly decreases precursor steroid hor-
mones following 48 h of exposure, and it is likely this
decrease in the availability of precursor hormones that lead
to the decrease in estradiol levels following 72 and 96 h of
exposure [51]. This is because the levels of the steroidogenic
enzymes are relatively unchanged in response to 24–96 h
DEHP treatment [51]. However, in the present study, MEHP
exposure decreased the mRNA levels of the steroidogenic
enzymes following 96 h of exposure, likely leading to the
decrease in steroid hormone levels. We hypothesize that the
differences between DEHP and MEHP on folliculogenesis
and steroidogenesis are attributed to ovarian metabolism of
the chemicals.

The ovary contains enzymes, specifically aldehyde
dehydrogenases, alcohol dehydrogenases, and lipoprotein
lipases, responsible for converting DEHP to MEHP and
MEHP to further metabolic derivatives [83–87]. Importantly,
the levels and activity of these metabolic enzymes increase
with age, meaning the metabolic capacity of the neonatal
ovary is much lower than the adult [85–88]. Thus, the reason
that we likely do not observe direct effects of DEHP on
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folliculogenesis in our neonatal ovary culture system is
because the neonatal ovaries do not have the metabolic
capacity or possess the enzymes needed to convert DEHP to
the toxic metabolite MEHP. However, these metabolic
enzymes are present in the antral follicles [85–88], and
perhaps differential metabolism explains why we observe
differences in the DEHP and MEHP steroidogenesis studies.
Thus, the composition of the mixture between parent
compound and metabolites is likely different between our
DEHP and MEHP treated follicles, and it is possible that this
composition dictates toxicity in the antral follicle. However,
it is plausible that the parent compound and metabolite
simply exert toxicity in different ways. Future studies should
investigate the metabolic capacity of the antral follicle to shed
insight into the differential mechanisms of DEHP- and
MEHP-induced inhibition of steroidogenesis.

In conclusion, we utilized neonatal ovary and antral follicle
culture systems to elucidate the mechanisms by which MEHP
disrupts ovarian folliculogenesis and steroidogenesis. Collec-
tively, our results indicate that MEHP has a direct effect on
the neonatal ovary to accelerate primordial follicle recruit-
ment, potentially via overactivation of ovarian PI3K signal-
ing. Importantly, this mechanism in vitro is similar to the
mechanism by which DEHP accelerates primordial follicle
recruitment in vivo [35]. Additionally, our results indicate
that MEHP has a direct effect on decreasing the mRNA levels
of the steroidogenic enzymes responsible for generating
estradiol and its immediate precursor steroid hormones.
Interestingly, this mechanism is different than the mechanism
by which DEHP inhibits steroidogenesis in vitro [51]. The
results also indicate that MEHP has a nonmonotonic dose
response for the folliculogenesis and steroidogenesis end-
points tested; however, this is a common observation with
endocrine-disrupting chemicals such as phthalates [89, 90].
Overall, these effects of MEHP on folliculogenesis and
steroidogenesis are of concern because ovarian-controlled
reproductive and nonreproductive processes have the poten-
tial to be compromised.
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