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Phthalates are known reproductive toxicants, but their intracellular disruptive effects on oocyte matura-
tion competence are less known. We studied the potential risk associated with acute exposure of oocytes
to mono(2-ethylhexyl)phthalate (MEHP). First, bovine oocytes were matured in vitro with or with-
out 50 uM MEHP and examined for mitochondrial features associated with DNA fragmentation. MEHP
increased reactive oxygen species levels and reduced the proportion of highly polarized mitochondria
along with alterations in genes associated with mitochondrial oxidative phosphorylation (CYC1, MT-CO1

{)(l‘;’}t’l‘;"a‘;;‘ti? and ATP5B).In a second set of experiments, we associated the effects of MEHP on meiotic progression with
Oocyte those on cytoplasmic maturation. MEHP impaired reorganization of cytoplasmic organelles in matured
Cytoplasmic maturation oocytes reflected by reductions in category I mitochondria, type III cortical granules and class I endo-
Bovine plasmic reticulum. These alterations are associated with the previously reported reduced developmental

competence of MEHP-treated bovine oocytes, and reveal the risk associated with acute exposure.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Phthalates are used as plasticizers in plastic and PVC products
[1], and are ubiquitous in the environment [2]. They are known as
endocrine-disruptors (EDs) that deleteriously affect developmental
and reproductive function in both males and females [2-5]. As EDs,
they can interfere with the endocrine system; however, whether
their effects on oocytes are adverse or adaptive (i.e., non-adverse)
is less well understood [6].

Humans and animals can potentially be exposed to DEHP via
contaminated food, the air indoors or household items [2]. How-
ever, exposure to relatively high doses of DEHP is mostly due to
intensive use of PVC-based devices for medical procedures [2],
such as blood transfusions and hemodialysis in infants [7]. DEHP
concentrations in blood bags range from 1.8 to 83.2 pg/ml [8]. In
addition, MEHP levels in red blood cells packed for storage have
been found to increase 20-fold - from 3.7 wM on day 1 to 74 .M on
day 42 [9] - the latter level similar to that used in the current study.
The most abundantly used phthalates, di(2-ethylhexyl)phthalate
(DEHP) and its primary metabolite mono(2-ethylhexyl)phthalate
(MEHP), have been detected in human serum (6.74ng/ml),
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seminal plasma (0.45ng/ml) [10], cord blood serum (0.52 p.g/ml)
[11], urine (4.49-9.18 ng/ml) [10-13], and peritoneal (0.37 .g/m)
[14] and amniotic fluids (2.8 ng/ml) [15].

In vitro studies in mouse have shown that exposure to a wide
range of DEHP doses (10 and 100 wM) has a negative impact on
primordial follicle assembly [16], and on follicular growth and
estradiol production in antral follicles (100 pg/ml) [17]. Other stud-
ies have shown a deleterious effect on meiotic progression in ovines
(0.12 wM) [18], and on fertilization ability and embryonic develop-
ment in bovines (50 wM) [19] and in mice (1 pg/ml) [20]. Lenie and
Smitz [21] showed that exposure to 10-200 wM MEHP has only a
minor effect on steroidogenesis in mouse follicles, with no effect on
oocyte meiotic progression. In contrast, 45-180 wM MEHP induced
an oxidative response in human placental cells [22], and inhibited
follicular development in rats at doses higher than 0.036 nM [23].
MEHP at 10 p.g/ml reduced CCND2, CDK4 and aromatase mRNA
expression in the mouse antral follicle [17], and at 250 and 500 .M,
it altered mouse oocyte viability in association with SOD1 and ND1
mRNA expression [24].

The oocyte reaches competence through the lengthy processes
of folliculogenesis and oocyte growth, which involve both nuclear
and cytoplasmic maturation. Growth of mammalian oocytes is
arrested in the ovarian follicle at the diplotene stage of the first
meiotic prophase, termed the germinal vesicle (GV) stage. As mat-
uration progresses, the oocyte resumes meiosis and progresses to
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form the second metaphase (MII) plate accompanied by the first
polar body extrusion [25]. In bovines, concentrations of MEHP ran-
ging between 10 and 250 .M have been shown to impair oocyte
nuclear maturation in a dose-responsive manner. According to
Beker van Woudenberg et al. [26], MEHP at a concentration 217 uM
is potent enough to impair oocyte meiotic progression. In our
previous study, we reported that exposure of cumulus oocyte com-
plexes (COCs) to 50 wM MEHP for 22 h impairs nuclear maturation,
whereas 25 or 100 uM only increased the number of TUNEL-
positive oocytes [19]. On the other hand, Anas et al. [27] reported
that exposure of bovine COCs to 25 M MEHP impairs nuclear mat-
uration.

Less is known about the effects of phthalates on oocyte cytoplas-
mic maturation. Studies have shown that cytoplasmic maturation
consists of multiple events that are essential for fertilization
and early embryonic development [29,30]. These include reor-
ganization of the cytoskeletal filaments and redistribution of
cytoplasmic organelles, including the mitochondria, cortical gran-
ules (CGs) and endoplasmic reticulum (ER), through the actions of
cytoskeletal microfilaments and microtubules [31,32]. In bovines,
the mitochondria relocate from the restricted peripheral region at
the GV stage into a diffuse pattern throughout the cytoplasm center
at the MII stage [33,34]. Studies in rodents [35-37], humans [38]
and bovines [39] have shown a similar pattern of ER relocation,
from a fine network spread throughout the interior cytoplasm at
the GV stage to an accumulation of bright cortical clusters in the
cortex at the MII stage. Studies in bovines [40,41], and mice [42]
have shown that CG distribution changes from a dispersed pattern
throughout the cytoplasm at the GV stage to an even dispersion in
a thin layer lining the oolemma at the MII stage.

In our previous study, in vitro maturation (IVM) with 50 uM
MEHP impaired the developmental competence of bovine oocytes
[19], reflected by a reduced proportion of oocytes that showed
nuclear maturation, reached the Mll-stage, were fertilized, under-
went first cleavages and developed to the blastocyst stage [19].
Given that oocyte maturation is a prerequisite for successful fer-
tilization and is highly correlated with embryonic development
[28,43], the aim of the current study was to examine the potential
risk posed by phthalate exposure to oocyte cytoplasmic maturation.
We utilized bovine oocytes and an IVM procedure as research tools
to examine the effects of relatively high dose (50 WM MEHP), similar
to the level found in PVC-based red blood cell bags [9], on cytoplas-
micorganelle reorganization and function, including mitochondrial
distribution and function, CG reorganization and ER relocation.

2. Materials and methods

All chemicals were purchased from Sigma (Rehovot, Israel)
unless otherwise indicated.

2.1. Oocyte collection and IVM

Bovine ovaries were obtained from a local abattoir and
transported to the laboratory within 60-90min in physiolog-
ical saline solution (0.9%, w/v NaCl at 38.5°C with 50 pg/ml
penicillin-streptomycin). COCs were aspirated from 3- to 8-mm
follicles with an 18-gauge needle attached to a 10-ml syringe. They
were collected into Hepes-Tyrode’s lactate (TL) prepared in our
laboratory [44], supplemented with 0.3% (w/v) bovine serum albu-
min (BSA), 0.2 mM sodium pyruvate and 0.75 mg/ml gentamicin at
38.5°C (Hepes-TALP). At the end of the collection, COCs with at
least three layers of cumulus surrounding a homogeneous cyto-
plasm were selected for IVM.

Selected COCs were washed three times in Hepes-TALP and
groups of 10 were transferred into 50-ul droplets of oocyte

maturation medium (OMM) made up of TCM-199 and Earle’s salts
supplemented with 10% (v/v) heat-inactivated fetal calf serum
(Promega, Madison, WI, USA), 0.2 mM sodium pyruvate, 50 pg/l
gentamicin, 2.2 g/l sodium bicarbonate, 2 pg/ml 17-f3 estradiol and
1.32 pg/ml follicle-stimulating hormone (Folltropin-V; Bioniche
Animal Health, Belleville, Ontario, Canada). The COC-containing
droplets were overlaid with mineral oil and incubated in humidi-
fied air with 5% CO, for 22 h at 38.5°C.

2.2. Classification of oocyte meiotic status

The meiotic status of each oocyte was determined using the cell-
permeant DNA dye 4/,6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI). Oocytes were fixed in 2% (v/v) paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA) in Dulbecco’s
phosphate buffered saline (PBS; Promega) for 15min at room
temperature and stored in PBS supplemented with 1mg/ml
polyvinylpyrrolidone (PBS-PVP) at 4°C. Before staining, oocytes
were washed three times in PBS-PVP and labeled with 10 pg/ml
DAPI in PBS-PVP for 15 min at room temperature. Stained oocytes
were classified into germinal vesicle (GV), germinal vesicle break-
down (GVBD), metaphase I (MI), anaphase I (Al) and telophase I (TI)
stages, or MII stage with an extruded first polar body (PB). Oocytes
at the GV, GVBD, MI, Al and TI stages and those with abnormal
chromosomal organization were classified as immature oocytes;
MiII-stage oocytes were classified as mature.

2.3. Assessment of mitochondrial features

2.3.1. Measurements of reactive oxygen species (ROS)

Oocytes were stained with 2’,7’-dichlorodihydrofluorescein
diacetate (Ho,DCFDA) as previously described for bovine oocytes
[45-47] with some modifications. H, DCFDA is a cell-permeant fluo-
rogenic reagent. In the cell, it is deacetylated to H,DCF, which
can then be oxidized by ROS to the highly fluorescent compound
2',7’-dichlorofluorescein (DCF), thus reflecting ROS levels. Briefly,
oocytes were incubated in 100 wM H,DCFDA at 38.5°C and 5%
CO, for 30min, then washed in Hepes-TALP and immediately
examined under an inverted fluorescence microscope using Nis
Elements software (Nikon, Tokyo, Japan). Intracellular fluorescence
of DCF was measured (excitation at 450-490 nm and emission at
515-565nm) in oocytes (in groups of 5) over 30s at three time
points: 0-10s, 11-20s and 21-30s. The wavelengths and expo-
sure times were held constant for all oocytes during the time of
measurement. The intensity of the fluorescent signal was quanti-
fied using Image] software version 1.4 (National Institutes of Health,
Bethesda, MD, USA) by measuring brightness for each oocyte. A cir-
cle was drawn around each measured oocyte and the fluorescence
intensity was recorded. Measurement of a blank circled area was
recorded for normalization.

2.3.2. Mitochondrial membrane polarity

Mitochondrial membrane polarity was evaluated with the
Mitocapture mitochondrial apoptosis detection fluorometric kit
(Biovision, Milpitas, CA, USA) as previously performed in our
laboratory [48]. Briefly, live denuded oocytes were incubated in
Mitocapture diluted in prewarmed incubation buffer (1:10, v/v)
at 38.5°C for 20 min. Oocytes were then examined under an
inverted fluorescence microscope using Nis Elements software.
The kit’s cationic dye exhibits potential-dependent accumulation
in mitochondria, indicated by a fluorescence-emission shift from
green to red (low to highly polarized potential). Each individual
oocyte was visualized under the inverted fluorescence micro-
scope using the FITC channel for green monomers (excitation at
450-490 nm and emission at 515-565 nm) and the PI channel for
red aggregates (excitation at 488 nm and emission at 590 nm). The
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Table 1
Primers used for qPCR.
Gene Primer Accession number Sequence (5'—3') Size (bp)
MT-ND2 Forward NM_174565 CATGCTCCGAAACTCTGACA 129
Reverse GCATTTACACAGGCCCCTAA
SDHB Forward NM_-1040483 GTCCTATGGTGCTGGATGCT 113
Reverse GTTGATGTTCATGGCACAGG
CYC1 Forward NM_-1038090 CCAGGTAGCCAAGGATGTGT 163
Reverse CTTTCGGCTCTTGAGGACTG
MT-CO1 Forward JX567086 AACAGGCTGAACCGTGTACC 118
Reverse TACGAACAGAGGGGTTTGGT
ATP5B Forward NM_175796 TGCTTTATTGGGCAGAATCC 152
Reverse GATCCGTCAAGTCATCAGCA
YWHAZ Forward NM_174814 GCATCCCACAGACTATTTCC 124
Reverse GCAAAGACAATGACAGACCA

intensity of the fluorescent signal was quantified using Image] soft-
ware by measuring brightness for each oocyte and the red/green
ratio was calculated. The cutoff between high- and low-polarized
mitochondria was based on the calculated red/green ratio: a value
higher than 1 was taken to indicate relatively high-polarized
mitochondria and a value lower than 1, relatively low-polarized
mitochondria.

2.3.3. Evaluation of transcript abundance by real-time
quantitative (q) PCR

For each experimental group, 20 oocytes per sample from 6
replicates were collected at the end of 22 h maturation and stored
at —80°C until mRNA extraction. Poly(A) RNA was isolated using
Dynabeads mRNA DIRECT Kit according to the manufacturer’s
instructions (Life Technologies) as previously performed in our lab
and described by [44,48]. Real-time qPCR was carried out with
primers for MT-ND2, SDHB, MT-CO1, CYC1 and ATP5B, using YWHAZ
as the reference gene. The selected genes encode subunits of the
five complexes (I-V) associated with mitochondrial oxidative phos-
phorylation (OXPHOS). MT-ND2 and MT-CO1 are mitochondrial
genes encoding subunits of complex I and complex III, respectively;
SDHB, CYC1 and ATP5B are nuclear genes encoding subunits of com-
plexes II, IV and V, respectively. Specific pairs of primers were
designed using Primer 3.0 software (Table 1), derived from bovine
sequences found in Genbank and confirmed using BLAST analysis
against the genomic data base. Real-time PCR was conducted on
an Mx3000p cycler (Stratagene, La Jolla, CA, USA) using DyNAmo-
ColorFlash SYBR® Green qPCR Kit (Finnzymes, Espoo, Finland) in
a final volume of 20l containing ultra-pure water (Biological
Industries), 500 nM of each primer, and 3 pl diluted cDNA. The reac-
tion efficiency ranged between 90 and 110% with RZ >0.995. The
amplification program included preincubation at 95°C for 7 min
to activate taq polymerase, followed by 40 amplification cycles of
denaturation at 95°C for 10s and annealing-elongation at 60°C
for 15s. All samples were run in duplicate in 96-well plates. A
melting-curve analysis was performed at the end of the amplifica-
tion to confirm single-gene specificity. Fluorescence was recorded
to determine the threshold cycle during the log-linear phase of
the reaction at which fluorescence rises above background. Gene
expression was quantified and analyzed by MxPRO QPCR software
for Mx3000p and Mx3005p QPCR version 3 and the A ACt method
was used to calculate the relative expression abundance of each
transcript.

2.4. Detection of DNA fragmentation

Oocytes were evaluated for DNA fragmentation by terminal
deoxynucleotidyltransferase dUTP nick end labeling (TUNEL) assay

(Roche, Basel, Switzerland) as previously performed in our labo-
ratory [49]. Briefly, oocytes were fixed in 2% paraformaldehyde
in PBS for 15 min at room temperature and stored in PBS-PVP at
4°C. Oocytes were washed three times in PBS-PVP and placed in
permeabilization solution containing PBS with 1 mg/ml PVP, 0.3%
(v/v) Triton X-100 and 0.1% (w/v) sodium citrate for 20 min at room
temperature in a humidified box followed by TUNEL assay. Finally,
samples were counterstained with 10 p.g/ml DAPI in PBS-PVP for
15 min at room temperature and washed three times in PBS-PVP.
TUNEL labeling was examined under an inverted fluorescence
microscope using Nis Elements software. TUNEL-positive oocytes
exhibited green labeling of the MII plate or dual labeling of the MII
plate and PB, while green labeling of the PB alone was not included.
Positive and negative controls were performed according to the
manufacturer’s instructions.

2.5. Cytoplasmic organelle labeling

2.5.1. Mitochondrial distribution

Mitochondrial distribution, regardless of membrane potential,
was determined by staining with MitoTracker green dye (Life
Technologies, Invitrogen, Carlsbad, CA, USA) as performed previ-
ously in our laboratory [48]. Live denuded oocytes were incubated
in 200nM MitoTracker green dye in prewarmed Hepes-TALP at
38.5°C for 30 min, counterstained with 1 g/ml Hoechst 33342,
and examined under an inverted fluorescence microscope using
Nis Elements Software. Oocytes were classified into three different
mitochondrial-distribution categories associated with cytoplasmic
maturation as previously described by [34] for bovine oocytes,
with minor modifications. Similar mitochondrial distribution pat-
terns with different classifications have been reported for other
species [50-53]: category I - oocytes with mitochondria spread
diffusely throughout the oocyte cytoplasm, with or without mito-
chondrial localization around the perinuclear region, representing
cytoplasmically mature oocytes; category Il - aggregation of a small
number of mitochondrial clumps restricted to the oocyte cortex,
with or without mitochondrial localization around the perinuclear
region, representing cytoplasmically immature oocytes; category
Il - intensive green fluorescent staining of mitochondria, repre-
senting degenerated oocytes.

2.5.2. CGdistribution

Oocytes were subjected to CG-distribution analysis as previ-
ously performed in our laboratory [54]. Briefly, oocytes were placed
in permeabilization solution containing PBS-PVP supplemented
with 0.1% Triton X-100 for 5 min at 39 °C in the oven. Then oocytes
were fixed in 2% paraformaldehyde and stored in PBS-PVP at
4°C. Oocytes were washed three times in PBS-PVP and placed
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in blocking solution [PBS supplemented with 1 mg/ml 0.1% Triton
X-100, 2%, v/v normal goat serum, 0.1 M glycine, 1%, w/v pow-
dered skim milk (Becton, Dickinson and Company, Sparks, MD,
USA) and 0.5%, w/v BSA at pH 7.4] for 1 h at 39°C in the oven. After
three washes in PBS-PVP, oocytes were stained with 100 pg/ml
fluorescein isothiocyanate-conjugated Arachis hypogaea agglu-
tinin (FITC-PNA) in PBS-PVP for 30 min at 39°C in the oven. All
oocytes were counterstained with 10 pg/ml DAPI and CG pattern
was classified under an inverted fluorescence microscope using Nis
Elements software according to the distributional pattern defined
by [41]: type I - CG aggregates distributed throughout the cyto-
plasm, representing cytoplasmically immature oocytes; type II -
CGs localized mainly in the cortical cytoplasm and distributed as
individual particles as well as small aggregates, representing par-
tially cytoplasmically mature oocytes; type IIl - CGs more or less
evenly dispersed in the cortical cytoplasm lining the oolemma, rep-
resenting fully cytoplasmically mature oocytes.

2.5.3. ERdistribution

ER distribution was evaluated by ER-ID red assay kit (Enzo
Life Sciences Inc., Sciences Inc., Lausanne, Switzerland) which con-
tains an ER-selective cell-permeable dye. Staining was performed
according to the manufacturer’s instructions. Briefly, oocytes were
incubated in 1l ER dye and 2l Hoechst 33342 in 1ml pre-
warmed ER buffer at 38.5°C, 5% CO, for 30 min. Oocytes were
then washed three times in Hepes-TALP and examined under
an inverted fluorescence microscope using Nis Elements soft-
ware. ER distribution was evaluated according to the classification
previously described for mammals [35-39], with some minor mod-
ifications: class I - cytoplasmically mature oocytes, characterized
by bright fluorescence and distribution of the ER near the oocyte
cortex and membrane including, or not, the first PB region; class
Il - cytoplasmically immature oocytes, characterized by ER dis-
persed throughout the oocyte cytoplasm with only a few, if any,
clusters in the cortex; class Il - degenerated oocytes, character-
ized by an intense red fluorescence signal dispersed throughout
the entire oocyte cytoplasm with large clusters.

2.6. Experimental design

The study included two sets of experiments which were both
performed during the winter season to avoid any summer effect on
the oocytes. For all analyses, COCs were randomly assigned to a con-
trol group cultured in standard OMM, and a treated group cultured
in OMM with 50 wM MEHP (Wako Chemicals, Neuss, Germany) dis-
solved in dimethyl sulfoxide (DMSO) at a maximum concentration
of 0.07% (v/v). At the end of 22 h culture, oocytes were denuded
of cumulus cells by gentle vortexing in Hepes-TALP containing
1000 IU/ml hyaluronidase, and washed three times in Hepes-TALP.
The concentration of MEHP used was based on our preliminary
dose-response study (25, 50 and 100 wM), in which a dose of 50 uM
was found to reduce the proportion of oocytes that undergo nuclear
maturation, fertilization and development to the blastocyst stage,
but did not have a lethal effect on the entire cohort of examined
oocytes [19].

The effect DMSO on oocyte meiotic status (n =30 oocyte/group;
7 replicates), and ER (n=35 oocyte/group; 5 replicates) and CG
(n=23 oocyte/group; 3 replicates) distribution was also examined
on a subset of oocytes. It was found that 0.07% (v/v) DMSO did not
affect the proportion of MIl-stage oocytes (63% vs. 63.4% for con-
trol and DMSO-treated oocytes, respectively; P<0.9). In addition,
DMSO did not affect the patterns of either ER or CG distribution into
different classes/types (P<0.68 and P<0.75, respectively), reflected
by a similar proportion of oocytes with class I ER (60.3% vs. 64.7%
for control and DMSO-treated, respectively) and type Il CG (43.7%
vs. 43.3% for control and DMSO-treated, respectively).

The first set of experiments (Experiment 1) was performed to
examine the effects of MEHP on mitochondrial features that might
be associated with DNA fragmentation: live denuded oocytes were
stained with Mitocapture to assess mitochondrial membrane polar-
ity (n=45 oocyte/group; 3 replicates), or with HDCFDA to assess
ROS production (n=40 oocyte/group; 3 replicates). Another sub-
group of oocytes (n =20 oocyte/group; 6 replicates) was subjected
to mRNA extraction to determine transcript abundance by qPCR.
Finally, another subgroup of oocytes (n=29 oocyte/group; 3 repli-
cates) was stained for TUNEL assay and counterstained with DAPI
to evaluate DNA fragmentation.

The second set of experiments (Experiment 2) was performed
to associate the effects of MEHP on nuclear maturation with those
on cytoplasmic maturation (i.e., organelle distribution). For con-
trol and MEHP-treated groups, live oocytes (n=35 oocyte/group;
3 replicates) were stained with Hoechst 33342 to determine their
meiotic status and counterstained with MitoTracker green to deter-
mine mitochondrial distribution. Another subgroup of oocytes
(n=43 oocyte/group; 3 replicates) was fixed and stained with DAPI
to determine meiotic status and counterstained with FITC-PNA
to observe CG distribution. A third subgroup of oocytes (n=35
oocyte/group; 3 replicates) was stained with ER-ID red to deter-
mine ER distribution and counterstained with Hoechst 33342 to
determine oocyte meiotic status.

2.7. Statistical analyses

Data were analyzed using JMP-7 software (SAS Institute Inc.,
2004, Cary, NC, USA). Overall comparison of treatments for inci-
dence data was performed by chi-square followed by Pearson test.
Variables were: nuclear meiotic status, TUNEL labeling, mitochon-
drial categories, CG types and ER classes. Pairs of treatments were
also compared by chi-square followed by Fisher’s exact test. ROS
content, mitochondrial membrane potential and relative transcript
levels were analyzed by one-way ANOVA followed by Student’s t
test. Before analysis, data were arcsine-transformed. Data are pre-
sented as means =+ SEM. For all analyses, P<0.05 was considered
significant, and P-values between 0.05 and 0.1 were also reported
as trends that might be real and worthy of note.

3. Results
3.1. Experiment 1

3.1.1. Effect of MEHP on mitochondrial features associated with
DNA fragmentation

Examination of DCF fluorescence intensity from 0 to 30s
postmaturation revealed a linear increase throughout the time
interval in both control (y=16.06+2.86 x x; r=0.998) and MEHP-
treated (y=17.39+3.34 x x; r=0.996) groups. Nevertheless, MEHP
increased the level of ROS, as reflected by stronger DCF fluorescence
intensity in the first (P<0.07), second and third (P<0.05; Fig. 1A, A/,
A”) measurements.

The proportion of oocytes with highly polarized mitochondrial
membranes was lower in the MEHP-treated group relative to the
controls (51.11% vs. 75.76%; P<0.0001), as expressed by a lower
(<1) red/green fluorescence ratio (Fig. 1B, B/, B”; P<0.05).

MEHP altered the transcript abundance of mitochondrion-
associated genes, reflected by lower mRNA levels (P<0.05) for CYC1
and MT-CO1 and a higher level (P< 0.05) for ATP5B in MEHP-treated
oocytes relative to the control group (Fig. 1C).

MEHP increased the proportion of TUNEL-positive oocytes rela-
tive to the control group (Fig. 2A; P<0.007). Taking into account the
meiotic status of the oocytes, further analysis revealed that the pro-
portion of TUNEL-positive oocytes within the group of immature
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Fig. 1. Effect of MEHP on mitochondrial features. Oocytes were cultured for 22 h in OMM without (control) or with 50 wM MEHP. (A) DCF fluorescence intensity, measured
between 0-10, 11-20 and 21-30 s post-oocyte maturation. Data are presented as means + SEM; *P<0.05 and **P<0.07 within each time point. Presented are representative
images of live oocytes stained with H,DCFDA expressing low (A’) or high (A”) DCF fluorescence intensity; (B) proportion of oocytes with high- and low-polarized mitochondrial
membrane in control and MEHP-treated groups. Representative images of live oocytes stained with Mitocapture mitochondrial apoptosis kit expressing high (B, red) and
low (B”, green) polarized mitochondria. The cutoff between high- and low-polarized mitochondria was based on the calculated red/green ratio, whereby a value higher than
1 was considered indicative of relatively high-polarized mitochondria and a value lower than 1 indicated relatively low-polarized mitochondria. Data are presented as the
proportion of oocytes in each polarized mitochondrial state, calculated out of the total number of oocytes in each group. *P<0.05; (C) effect of MEHP on transcript abundance
of specific electron-transport-chain-associated transcripts. Presented are transcript levels in oocytes collected at the end of 22 h maturation. The A ACT method was used
to calculate the real-time RT-PCR fold change using YWHAZ mRNA for normalization, and all changes in expression are relative to the control, which was converted to 1.
Statistical analyses were performed on the normalized expression (i.e., the target mRNA/internal control mRNA ratio) between groups; *P<0.05 within each examined gene.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

oocytes did not differ between control and MEHP-treated groups
(Fig. 2B; P=0.82). On the other hand, the proportion of TUNEL-
positive oocytes within the group of mature oocytes was higher
in the MEHP-treated vs. control group (Fig. 2C and D; P<0.0008).

In light of these findings, another set of experiments (Exper-
iment 2) was therefore performed to examine the association
between nuclear status and MEHP-induced cytoplasmic alter-
ations.

3.2. Experiment 2

3.2.1. MEHP effect on cytoplasmic organelle reorganization
Performing the analysis out of total oocytes revealed that MEHP
alters the pattern of oocyte distribution within different mito-
chondrial categories (P<0.0002). In particular, MEHP reduced the
proportion of oocytes with category [ mitochondria relative to the
control (47.92% vs. 75.53%, respectively; P<0.0001). MEHP also
impaired the pattern of oocyte distribution within the different ER
classes (P<0.0001), expressed mainly by a reduction in the pro-
portion of oocytes with class I ER relative to the control (7.84% vs.
68.83%, respectively; P<0.0001). Finally, MEHP altered the pattern

of oocyte distribution into different CG types (P<0.005), expressed
by a reduction in the proportion of oocytes with type IIl CG relative
to the control (38.1% vs. 51.61%; respectively; P<0.04).

3.2.2. Association between MEHP-induced alterations in
cytoplasmic maturation and meiotic progression

The distribution into different meiotic stages at the end of mat-
uration differed between the control and MEHP-treated groups,
with prominent differences in the proportion of TI- and MII-stage
oocytes (P<0.0001; Table 2). Taken together, the proportion of
oocytes defined as mature was higher in the control group than
in MEHP-treated group (68.14% vs. 36.36%; P<0.0001). In the con-
trol group, the reorganization pattern of mitochondria and ER, but
not that of CGs, differed between mature and immature oocytes,
with a high correlation between mitochondrial category I and ER
class I and MII stage (Fig. 3A and D; C and F; P<0.05), reflecting
the organelles’ reorganization dynamics through oocyte matura-
tion. On the other hand, in the MEHP-treated group, the pattern of
organelle distribution did not differ between mature and immature
oocytes, suggesting a negative effect of MEHP on cytoplasmic matu-
ration (Fig. 3). It should be noted that the proportion of oocytes with
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Fig. 2. Effect of MEHP on DNA fragmentation. Oocytes were cultured in OMM without (control) or with 50 wM MEHP, stained with DAPI and subjected to TUNEL assay
to evaluate DNA fragmentation. (A) Proportions of TUNEL-positive and TUNEL-negative oocytes out of total number of oocytes in the control and MEHP-treated groups;
(B) proportions of TUNEL-positive and TUNEL-negative immature oocytes out of total immature oocytes; (C) proportions of TUNEL-positive and TUNEL-negative mature
oocytes out of total mature oocytes; (D) representative images of mature oocytes (a—c) classified with a TUNEL-negative (a’) or TUNEL-positive metaphase plate (b’), or
TUNEL-positive labeling of both metaphase plate and polar body (c¢’). Data are presented as the proportion of TUNEL-positive and TUNEL-negative oocytes calculated out of

total (A), immature (B) or mature (C) oocytes. *P<0.05.

mitochondrial category I was numerically higher in the mature vs
immature groups (Fig. 3A, D; 41.94% vs. 58.82%) but this difference
was not significant (P<0.13).

3.2.3. Cytoplasmic characteristics in immature oocytes

In immature oocytes, the mitochondrial distribution did not dif-
fer between control and MEHP-treated groups (Fig. 3A; P=0.64), as
reflected by a similar proportion of oocytes in each of the three
mitochondrial distribution categories. Similarly, the pattern of CG
distribution into the three CG types did not differ between control
and MEHP-treated oocytes (Fig. 3B; P=0.41). However, the distri-
bution pattern of oocytes into the three ER classes differed between
control and MEHP-treated immature oocytes (Fig. 3C; P<0.0003),
characterized by a lower proportion of ER class I oocytes and higher
proportion of ER class Il oocytes in the MEHP-treated vs. control
group (Fig. 3C; 16.67% vs. 40.0%; P<0.04 and 74.32% vs. 44.83%;,
P<0.006).

Table 2
Effects of MEHP on nuclear maturation of bovine COCs.

3.2.4. Cytoplasmic characteristics in mature oocytes

The reorganization pattern of mitochondria, CGs and ER in
mature oocytes was impaired by MEHP (P<0.001), as reflected
by a lower proportion of oocytes with mitochondrial category I
in MEHP-treated vs. control groups (Figs. 3D and 4A; 58.82% vs.
87.69%; P<0.001). On the other hand, the proportions of mitochon-
drial categories Il and IIl oocytes were higher in MEHP-treated vs.
control groups (Figs. 3D and 4B, C; P<0.03).

MEHP altered CG relocation in mature oocytes, as reflected
by a different distribution of oocytes into the CG types
(Figs. 3E and 4D-F; P<0.01). In particular, the proportion of type
Il CG oocytes was lower (Fig. 4D; 37.04% vs. 53.41%; P<0.05),
whereas the proportion of type I CG oocytes was higher (Fig. 4F;
38.89% vs. 17.05%; P<0.005) in the MEHP-treated vs. control
group.

MEHP impaired ER reorganization in the mature oocytes,
as reflected by a decreased proportion of class I ER and an

Group N Meiotic stages (%)

GV GVBD MI Al TI MII
Control 321 1.5+ 0.12 1.8 £0.12 43+0.1 9.0 +£0.1 11.8 £ 0.22 69.7 + 0.4
50 wM MEHP 335 4.1 +0.3b 44 +0.1° 4.4 + 0.1 8.9+ 0.5 22.3 + 0.4° 36.4 + 0.6°

Different superscript letters (a and b) within a column indicate significant difference (P<0.05). Data are presented as mean + SEM.
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Fig. 3. Cytoplasmic organelle reorganization in oocytes cultured for 22 h in OMM without (control) or with 50 uM MEHP and classified into immature (A-C) and mature
(D-F) groups. (A and D) distribution of oocytes into the different mitochondrial (MT) categories (I-III); (B and E) distribution of oocytes into the different CG types (I-11I); (C
and F) distribution of oocytes into the different ER classes (I-III). Presented is the proportion of oocytes in each category/type/class, calculated out of immature or mature

oocytes for each experimental group. *P<0.05.

increased proportion of class II ER oocytes relative to the controls
(Figs. 3F and G-1; P<0.0001).

4. Discussion

Phthalates, especially MEHP, have a long-lasting negative
effect on oocyte developmental competence: exposing oocytes to
MEHP during maturation decreased both cleavage and blastocyst-
formation rate [19]. This was associated with negative effects of
MEHP on meiotic progression, manifested by a higher proportion of
oocytes that did not progress to the MII stage and complete meiosis.
Here we provide first evidences that MEHP not only affects meiotic
progress but also induces changes in CG migration and ER reorga-
nization, and impairs mitochondrial reorganization and function
during oocyte maturation. Moreover, a comparison of mature and
immature oocytes revealed that these alterations are more promi-
nently expressed at the MII stage.

In our previous study [19] and in the current study, MEHP-
induced negative effects on nuclear maturation. This is also been
reported by others: a decreased proportion of MIl-stage oocytes
was recorded when bovine COCs were exposed to 10, 25, 50, 75
or 100 o.M MEHP; no meiotic progression was found at all after
denuded oocyte exposure to 50, 75 or 100 wM MEHP for 24 h [27].
A similar negative impact on meiotic progression was found for
denuded mouse oocytes that were cultured in vitro with 100, 200
and 400 wM MEHP [55], and for bovine COCs cultured with doses

higher than 75 wM MEHP [26]. However, a higher proportion of
TI-stage oocytes was found in the MEHP-treated group, suggest-
ing a delay in meiotic progress [18] and [27]. Nevertheless, nuclear
maturation by itself is not sufficient to predict embryonic devel-
opmental capacity [28,56,57], as oocyte maturation also involves
multiple cytoplasmic events that are required for further develop-
mental stages. Relocalization of CGs is commonly used to define
cytoplasmic maturation [58,59], and is suggested to underlie the
mechanism that eliminates polyspermy [60,61]. It is characterized
by conversion of the CG-distribution cluster at the GV stage into a
thin layer lining the oolemma at MII. This pattern has been recorded
in bovine [40,41], mouse [62], human [63] and porcine [64,65].

In the current study, only a modest correlation between nuclear
maturation and CG reorganization was found, with 53.41% of the
MiII-stage oocytes being defined as CG type III oocytes (i.e., cyto-
plasmically mature CGs). MEHP interfered with this correlation,
as reflected by a 16.4% reduction in the proportion of CG type III
oocytes. CG translocation to the oocyte cortex region is required
for CG exocytosis, an important mechanism in blocking the abnor-
mal phenomenon of polyspermy in mammals [61]. Aroclor 1254,
a mixture of polychlorinated biphenyl (PCB) congeners, known
as reproductive toxicants, inhibited CG redistribution in bovine
oocytes [66] and slowed the rate of spontaneous CG exocytosis in
mice [67]. CG exocytosis is a Ca2*-dependent signaling mechanism
[40] and [68] that plays an important role in maturation and embry-
onic development [69]. It is therefore reasonable to assume that the
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Fig. 4. Representative images of mitochondrial, CG and ER distribution patterns in oocytes. Oocytes were stained with Mitotracker green and counterstained with Hoechst
33342; (A-C) mitochondrial categories I, I and Il - mature, immature and degenerated, respectively. Oocytes were stained with FITC-PNA and counterstained with DAPI;
(D-F) CG types III, Il and I - mature, partially mature and immature, respectively. Oocytes were stained with ER-ID red dye and counterstained with Hoechst 33324; (G-I) ER
classes I, Il and Il - mature, immature and degenerated, respectively. (A, D and G) Representative images of nuclear and cytoplasmically mature oocytes.

MEHP-induced alterations in CG distribution noted in the current
study might also involve impairments in the ER, the major site of
intracellular calcium storage.

During oocyte maturation, the ER undergoes biochemical and
structural changes for proper calcium regulation [70,71]. This has
been documented in both humans [38] and mice [37] and [70],
expressed by a change in distribution from dispersion throughout
the entire cytoplasm at the GV stage to distinct clusters (1-2 wm
in diameter) in the cortical region at the MII stage. Analyzing the
association between nuclear and cytoplasmic events, we revealed
that meiotic progression is highly correlated with ER reorganiza-
tion since 85.42% of the MlIl-stage oocytes were classified as ER
class 1 oocytes (i.e., cytoplasmically mature ER). MEHP dramatically
increased the proportion of ER class II (i.e., cytoplasmically imma-
ture) oocytes and markedly reduced the proportion of ER class I
oocytes. A high correlation between the proportion of ER class II
oocytes and nuclear stage was found for both immature and mature
oocytes in the MEHP group, suggesting that the ER redistribution
mechanism is more sensitive to MEHP. Irregular ER redistribution
is suggested to interfere with normal temporal CaZ* oscillation, a
hallmark of mammalian fertilization needed for egg activation [ 72],
resumption of meiosis and meiotic progression [73]. It has been

recently reported that exposure to MEHP increases intracellular
Ca2* in rat hepatocytes. With that respect, increased intracellu-
lar Ca2* has been suggested as a phthalate-induced mediator of
apoptosis [74].

Proper oocyte mitochondrial function is crucial for further
embryonic development [75-77]. Therefore, mitochondrial dis-
tribution is associated with ATP production and developmental
competence [34]. During maturation, the mitochondria shift from
a peripheral distribution to dispersion throughout the cytoplasm
[33,34]. Stojkovic et al. [34] found that 80% of mitochondrial
category I oocytes exhibit first PB extrusion. Here we report clas-
sification of 88% of the MlIl-stage oocytes in the control group as
mitochondrial category I; MEHP reduced this proportion to 59%.
In support of this, exposure to Aroclor 1254 during porcine mat-
uration altered mitochondrial relocation [78]. Moreover, studies
in other cell lines have found the mitochondria to be a main tar-
get site for phthalates [79-81]. On the other hand, Ambruosi et al.
[18] reported that DEHP does not affect mitochondrial distribution
in equine MII-stage oocytes. Differences between studies are most
likely due to the chemicals’ diverse activities.

The findings of the current study indicated that MEHP not
only impaired mitochondria distribution but also CG and ER
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relocalization, all of which depend on cytoskeleton-element
arrangement [31,82]. Therefore, it is reasonable to assume that
MEHP-induced disruption of organelle reorganization involves
alterations in the cytoskeleton. This assumption is supported by
previous studies in which phthalates were reported to act on the
actin cytoskeleton in Py1a rat osteoblasts [83], and DEHP (12.5, 25
and 50 wM) altered the expression of cytoskeleton-related genes
in Syrian hamster embryo cells, in particular, upregulating genes
involved in actin regulation [84].

In addition, the current study provides new evidence showing
that the negative effect of MEHP is not limited to mitochondrial
reorganization; it also induces alterations in mitochondrial func-
tion, such as membrane polarity and the abundance of transcripts
associated with the electron-transport chain. During oocyte mat-
uration, mitochondrial membrane potential increases [85] due to
the intensive increase in oxidative metabolism [86]; it is there-
fore considered an indicator of oocyte developmental competence
[51,79,87]. In both humans and mice, insufficient elevation of
mitochondrial membrane potential is associated with a high inci-
dence of oocytes that cannot be penetrated by sperm [85], as well
as reduced embryonic development [79]. Therefore, the MEHP-
induced reduction in mitochondrial polarization reported here
might explain the reduced developmental competence upon expo-
sure to MEHP [19]. In support of this, exposure to 50 or 100 uM
MEHP for 24 h reduced mitochondrial membrane potential in nor-
mal (L02) and hepatomatous (HepG2) human liver cell lines [88]. A
similar effect was reported for human TK6 lymphoblasts after treat-
ment with either DEHP or MEHP, occurring in a dose-dependent
manner [39].

Moreover, changes in mitochondrial polarity are associated with
an increase in ROS. Here we report prominent ROS expression
in MEHP-treated oocytes. Accordingly, MEHP has been found to
induce oxidative stress via elevation in ROS production in 2-cell-
stage mouse embryos [90], mouse antral follicles [91], a human
placental cell line [22], rat germ cells [92] and mouse Leydig cells
[93]. Chu et al. [90] found that mono-n-butyl phthalate (a metabo-
lite of dibutyl phthalate) increases ROS level and deleteriously
affects the developmental progression of mouse embryos. Taken
together, it is suggested that MEHP induces changes in mitochon-
drial membrane potential and increases ROS generation, which in
turn cause the mitochondrial dysfunction. Nevertheless, it is not
clear whether elevation in ROS production is a result of depolar-
ization of the mitochondrial membrane [94] or by itself causes
mitochondrial dysfunction [95,96]. Ghosh et al. [74] suggested that
DEHP exposure in rat hepatocytes induces ROS production along
with activation of NF-kB and loss of membrane potential.

The MEHP-induced changes in mitochondrial polarity and ROS
levels might underlie the increased proportion of oocytes with
fragmented DNA, as determined by an increased proportion of
TUNEL-positive oocytes out of all mature oocytes (current study). In
agreement, we previously documented MEHP-altered expression
of the apoptosis-related gene ASAH1 in mature oocytes and 2-cell-
stage embryos [19]. A similar effect on the apoptosis-associated
genes Bcl2 and Bax was reported by [91] for mouse antral follicles.
Phthalates have also been shown to increase DNA fragmentation in
equine cumulus cells [18] and to induce apoptosis in various cell
lines [97-99]. Nevertheless, further examination is needed to clar-
ify whether phthalate induces DNA fragmentation via apoptosis,
necrosis or other cell-death pathways.

The mitochondrial OXPHOS is unique in that it involves mul-
tiple enzymatic complexes and is composed of subunits encoded
by both nuclear and mitochondrial genomes [100]. Successful
OXPHOS functioning requires a tight interaction within and among
enzymatic complexes [-V. Thus, any mismatch in nuclear or
mitochondrial gene expression, or both, might impair electron-
transport-chain activity and thus ROS generation [101]. Here we

provide evidence for MEHP-induced alterations in the expression
of both nuclear (CYC1, ATP5B) and mitochondrial (MT-CO1) genes.
CYC1 encodes a subunit of the cytochrome bc1 complex, the third
complex in the electron-transport chain. MT-CO1 encodes one of
the three subunits forming the catalytic core of cytochrome c
oxidase, the last complex of the electron-transport chain [102].
During maturation, there is an intensive decline in poly(A) RNA
caused by both degradation and deadenylation processes [103]. It
can therefore be speculated that MEHP interferes with these pro-
cesses. In support of this assumption, Pocar et al. [66] found that
IVM of bovine oocytes in the presence of PCB affects the degree of
polyadenylation of specific genes. Nevertheless, as far as we know,
these effects have not been reported for phthalates.

While not clear, in the current study, the transcript level of
ATP5Bin the MEHP-treated oocytes was higher than in the controls.
ATP5B encodes a subunit of F1 — part of ATP synthase (complex
V), the soluble catalytic core [104]. During maturation, following
GVBD, transcription in the oocyte ceases abruptly [105], thus the
increased level of ATP5B transcript reported here could be explained
by alteration of the poly(A) tail’s length due to phthalate’s effect on
the polyadenylation mechanism. Regardless, the functioning of the
OXPHOS system is dependent on each of these complexes there-
fore, MEHP-induced alterations in one or more of them can impair
overall mitochondrial activity, which in turn might lead to insuffi-
cient ATP production, known to be critical for oocyte maturation,
fertilization, and subsequent embryo development [106].

In summary, results of this study explored the potential risk of
exposing bovine oocytes to a relatively high dose (50 wM) of MEHP
and its deleterious effects on the oocyte’s competence to undergo
nuclear and cytoplasmic maturation.
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