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a b s t r a c t

The success of in vitro embryo production demonstrates that the oviduct can be bypassed during early
embryonic development. Using an ex vivo model of porcine uterus is one of the strategies used to
investigate fertilization within the oviductal environment. In this study, in vitro-matured porcine oocytes
(MII) were fertilized with 7.5� 107, 15� 107, or 30� 107 sperm cells for 20min in the oviduct of a porcine
uterine ex vivomodel. MII oocytes used for in vitro fertilization (IVF) served as control 1; those cultured in
the oviduct of the ex vivo model for 20min before IVF served as control 2. In present study, the pene-
tration rate, polyspermy, and fertilization efficiency, and accumulated reactive oxygen species (ROS)
levels in the treatment groups were significantly decreased compared to those in the control 1 group.
During embryonic development, the cleavage rates in the treatment groups were significantly lower than
those in the control groups. The cleavage rate in the 30� 107 sperm cell-treated group was higher than
that in the 7.5� 107 sperm cell-treated group. The blastocyst formation rate in control 1 and 2, and
30� 107 sperm cell-treated groups increased compared to that in the 7.5 and 15� 107 sperm cell-treated
groups. PCNA, HSP70.2, and GLUT1 were upregulated in the treatment groups and POU5F1, BAX, GPX1
were upregulated in the treatment and control 2 groups, compared to the control 1 group. These results
suggest that an ex vivo model may decrease the penetration rate and fertilization efficiency by increasing
the accumulated ROS levels and inducing the expression of apoptosis- and stress-related genes. However,
the model improved the monospermy rate and expression of embryo developmental competence genes.
This is the first study that evaluates the effect of an ex vivo model of porcine uterus on fertilization
parameters, and the development of porcine embryos.

© 2019 Published by Elsevier Inc.
1. Introduction

The oviduct is a vital organ that offers an optimal environment
for early reproductive events [1,2]. Ciliated cells are important for
gamete transport and sperm-binding and are particularly helpful in
creating a “sperm reservoir”. In mammals, the sperm reservoir
yun@cbu.ac.kr (S.H. Hyun).
allows only a small amount of sperm to reach the oocyte at any
given time to reduce the possibility of polyspermy [3,4]. In in vitro-
fertilized porcine oocytes, Oviduct-Specific Glycoprotein (OVGP1)
could also increase the levels of monospermy and maintain a high
penetration rate [5].

The success of in vitro embryo production (IVP) techniques
makes it possible to provide a sufficient numbers of embryos
without oviductal support [6]. However, many studies have shown
that in vitro fertilization and embryo development are less efficient
than their in vivo counterparts [7]. In pigs, the efficiency of in vitro
fertilization (IVF) is still less than 50%, with regards to the
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percentage of monospermic oocytes from the total number of oo-
cytes examined [8,9]. To reduce polyspermy during porcine IVP,
intracytoplasmic sperm injection (ICSI) technique was used [10,11].
Unfortunately, the results showed a lower developmental potential
for embryos than did the IVF case. In vitro-generated blastocysts
also had a low hatching rate and lower number of nuclei per
blastocyst, and needed to be supplemented with serum and amino
acids in the medium [12]. Incubation of porcine oocytes with
bovine oviductal fluid (OF) for a short time (30min) after in vitro
maturation (IVM), and subsequent IVF, has a beneficial effect on the
fertilization rate by reducing polyspermy [5]. Most importantly, our
study shows that the oviduct plays a major role in producing su-
perior embryos than any in vitro system.

However, it is very difficult to access the oviduct for in vivo ex-
periments due to presence of the oviduct in the abdominal cavity
and also in porcine this experiment is very time consuming and
costly, as two laparotomies are required [13]. In vitro culture of
oviductal cells has several shortcomings. So far, the long-term
culture of oviductal cells has been widely used to investigate
sperm function, fertilization, and embryo development [14,15].

The ex vivomodel of porcine uterus allows the examination of a
test for gamete transport, interaction, and early embryonic devel-
opment under controlled conditions [16]. The model can also serve
as a suitable platform for permitting invasive approaches, such as
assessing surgical procedures and usage of artificial insemination
equipment, which is not feasible for live animals [17]. It is suggested
that the ex vivo porcine uterine model makes it possible to analyze
sperm transport, oocyte transport, gamete interaction, and early
embryonic development under in vivo conditions, thus providing
new models to study the events essential for the success of
reproduction. However, as reported by Maltaris et al. [18], the vi-
tality of swine uteri can just be maintained for up to 8 h. Thus, the
ex vivo model could not be used for a long-term culture.

In the present study, an ex vivomodel of the porcine uterus was
established to investigate the effects of short-period fertilization
(20min) of the porcine oocytes in the oviductal environment. The
pre-implantation embryonic development and mRNA abundance
of selected genes after in vitro culture were also evaluated using
gametes fertilized in the ex vivo uterus model. Genes related to
oxygen metabolism and energy uptake were analyzed, including
those for ROS protection (GPX1), glucose uptake (GLUT1), apoptosis
(BAX, Bcl-2), stress (HSP70.2), a processivity factor for DNA poly-
merase (PCNA), and a marker for undifferentiated cells (POU5F1).

2. Materials and methods

2.1. Chemicals

All chemicals and reagents used in this study were purchased
from the Sigma-Aldrich Chemical Company (St. Louis, MO, USA),
unless otherwise stated.

2.2. Oocyte collection and in vitro maturation

Ovaries of prepubertal gilts were transported to the laboratory
within 2 h in physiological saline at 32 �Ce35 �C, immediately after
being collected from a local abattoir. The cumulus-oocyte com-
plexes (COCs) were aspirated via 3e6-mm-diameter superficial
follicles using an 18-gauge needle attached to a 10-mL disposable
syringe, and collected in 15-mL conical tubes at 37 �C. The super-
natant was discarded after 10min, and the precipitate was filled
with HEPES-buffered Tyrode's medium (TLH) containing 0.05% (wt/
vol) polyvinyl alcohol (TLH-PVA). Next, the precipitate was poured
in a petri dish and the COCs that had three or more uniform layers
of compact cumulus cells and homogenous cytoplasm were
selected. These selected COCs were washed three times with TLH-
PVA and placed into four-well Nunc dishes (Nunc, Roskilde,
Denmark) containing 500 mL of culture medium (TCM-199; Invi-
trogen Corporation, Carlsbad, CA, USA) supplemented with 0.6mM
cysteine, 0.91mM sodium pyruvate, 10 ng/mL of EGF, 75mg/mL of
kanamycin, 1mg/mL of insulin, 10% (v/v) porcine follicular fluid, 10
IU/mL of eCG, and 10 IU/mL of hCG (Intervet, Boxmeer,
Netherlands). For IVM, the selected COCs were cultured with hor-
mones at 39 �C. After 21e22 h of maturation with hormones, the
COCs were washed twice and then cultured in hormone-free IVM
medium for an additional 21e22 h.

2.3. Uterus collection and ex vivo fertilization

Porcine uteri were collected from the slaughterhouse in the
early morning and transported to the laboratory within 2 h. All the
organs were from healthy gilts aged 5e18 months. Two uteri per
day were selected for the experiments based on their size, weight,
and general condition. The organwas placed in an organ bath filled
with Dulbecco's phosphate buffered saline (DPBS) at a set tem-
perature. During the entire experiment, the temperature was kept
constant, between 37.5 �C and 39.5 �C.

For the ex vivo fertilization, 42e44 h after IVM, the COCs were
denuded by gently pipetting with 0.1% hyaluronidase and washed
three times with TLH-PVA. Oocytes with homogenously dark
ooplasm and visible first polar bodies (M� II) under stereomicro-
scope were selected for all experiments and groups of 50 oocytes at
the MII stage were loaded into a straw with a minimum volume of
modified Tris-buffered medium (mTBM) and gently transferred
into the 2/3 distal position of the oviduct without insufflating air
through the infundibulum. Next, liquid semen supplied from a
veterinary service laboratory (Livestock Research Department,
Yongin-si, Gyeonggi-do, Korea) weekly, was stored at 17 �C for a
week. The semen samples were washed two times by centrifuga-
tion at 2000g for 2min in DPBS supplemented with 0.1% BSA. Ac-
cording to the experimental design, immediately before the
insemination, spermmotility was assessed, and samples containing
more than 80% of motile sperm were used in every experiment.
Semen samples were resuspended in mTBM, which had been pre-
equilibrated for 18 h at 39 �C in 5% CO2, to prepare solutions with
different cell densities, i.e., 7.5, 15, or 30� 107 spermatozoa in 2-mL
of mTBM. Next, a flexible catheter was inserted through the vulva,
passed through the cervical canal, and moved forward along one
uterine horn to reach utero-tubal junction and the sperm was
flushed in utero-tubal junction. Insemination doses of spermatozoa
in 2-mL of mTBMwere flushed into one uterine horn at 37 �C using
a 5-mL disposable syringe attached to the inner tubing of the
flexible catheter rinsed with mTBM. Subsequently, an additional 2-
mL ofmTBMwas used to force all the remaining spermatozoa out of
the flexible catheter. The flexible catheters were cleaned externally
and internally with mTBM at 37 �C between insertions. After
20min of insemination, the uterus was removed from the organ
bath. The oocytes were flushed from the isthmus to the infundib-
ulum using TLH and collected in a 15-mL tube. The flushed oocytes
were immediately transferred into mTBM medium for 6 h at 39 �C
in a humidified atmosphere of 5% CO2 and 95% air. The ex vivo-
fertilized embryos were washed three times with fresh in vitro
culture medium, transferred into 30 mL IVC droplets (10 gametes
per drop) covered with mineral oil, and then cultured at 39 �C in a
humidified atmosphere of 5% O2, 5% CO2, and 90% N2 for 7 days.

2.4. In vitro fertilization and culture

IVF and IVC were performed according to the method described
by Kwak et al. [19,25]. The oocytes were incubated with sperms for
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20min at 39 �C in a humidified atmosphere of 5% CO2 and 95% air.
After a 20min coincubation with sperms, the loosely attached
sperms were removed from the zona pellucida (ZP) by gentle
pipetting. The oocytes were then washed three times with mTBM
and incubated in mTBM without sperm for 5e6 h at 39 �C in a
humidified atmosphere of 5% CO2 and 95% air. After that, the
gametes were washed three times with embryo culture medium
and cultured in 30 mL drops (10 ova per drop) of porcine zygote
medium-3 (PZM3), according to the experimental design. The
embryos in the culture medium drop were covered with pre-
warmed mineral oil and incubated at 39 �C for 168 h under a hu-
midified atmosphere of 5% O2, 5% CO2, and 90% N2.

2.5. Evaluation of sperm penetration

The oocytes were washed with TLH-PVA 10 h after fertilization.
They were then dissolved with 0.5% pronase to remove the ZP. The
zona-free oocytes were washed three times with HEPES-buffered
Tyrode's medium (TLH) containing 0.1% formaldehyde and 0.01%
PVA for 1min and fixed in 1% formaldehyde and 0.01% PVA in PBS
for 10min at room temperature. The fixed oocytes were placed in a
drop of mounting medium (25% v/v glycerol in PBS containing
2.5mg/mL sodium azide and 2.5 g/mL Hoechst stain) on a slide and
covered with a coverslip. The penetration rate, monospermy and
polyspermy rate, male pronuclear (MPN) formation rate, and the
efficiency of fertilization were examined under a fluorescence
microscope.

2.6. Embryo evaluation and total blastocyst count

The fertilization was performed at Day 0. The embryos were
evaluated for cleavage using a stereomicroscope on Day 2 (48 h).
Assessment of blastocyst formationwas evaluated on Day 7 (168 h).
To evaluate the total number of cells in the blastocysts at Day 7, the
blastocysts were washed with 1% (wt/vol) PBS-BSA and stained
with 5mg/mL of Hoechst 33342 (bisbenzimide) for 5min. After
washing three times with PBS-BSA, the embryos were fixed briefly
in 4% paraformaldehyde in PBS. Next, the blastocysts weremounted
on glass slides in a drop of 100% glycerol, gently covered with a
cover slip, and observed at 400� using a fluorescence microscope
(Nikon Corp.).

2.7. Measurement of intracellular GSH and ROS levels

The 4-cell-stage oocytes after IVF or ex vivo fertilization were
sampled to determine the intracellular GSH and ROS levels; the
methods for these determinations have been described in a pre-
vious study [20]. Intracellular ROS was detected as green fluores-
cence using 20,70-dichlorodihydrofluorescein diacetate (H2DCFDA);
Invitrogen Corporation, Paris, France). Intracellular GSH was
detected as blue fluorescence using 4-chloromethyl-6,8-difluoro-7-
hydroxycoumarin (CellTracker Blue; Invitrogen Corporation). Ten
oocytes from each treatment group were incubated (in the dark)
with 10 mM of H2DCFDA and 10 mM of CellTracker Blue in TLH-PVA
at room temperature for 30min. After incubation, the oocytes were
washed with DPBS containing 0.1% (wt/vol) polyvinyl alcohol
(PVA), transferred into 10-mL droplets, and fluorescence was eval-
uated under an epifluorescence microscope (TE300; Nikon, Tokyo,
Japan) with UV filters (460 nm for ROS and 370 nm for GSH). The
fluorescent images were saved as graphic files in jpg format using a
digital camera connected to the microscope. The fluorescence in-
tensities of the growing embryos were analyzed using the ImageJ
software package (Version 1.47; National Institutes of Health,
Bethesda, MD, USA) and normalized to those of the controls. The
experiment was replicated four times (total of examined oocytes:
GSH samples, N¼ 31, ROS samples, N¼ 30).

2.8. Gene expression analysis via quantitative real-time polymerase
chain reaction (RT-PCR)

For the gene expression study, 5 to 10 blastocysts of each group
were separately sampled under a stereomicroscope. All samples
were stored at �80 �C until analysis. The expression levels of PCNA,
POU5F1, BAX, Bcl-2, HSP70.2, GLUT1 and GPX1 mRNA in the blasto-
cysts were analyzed by quantitative RT-PCR (Table 1). Total RNA
was extracted using TRIzol chemical agent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's protocol, and the total
RNA concentration was determined by measuring the absorbance
at 260 nm. First-strand complementary DNA (cDNA) was prepared
by subjecting 1 mg of total RNA to reverse transcription using
Moloney murine leukemia virus (MMLV) reverse transcriptase
(Invitrogen Corporation) and random primers (9-mers; TaKaRa Bio,
Inc., Otsu, Shiga, Japan). To determine the conditions for the loga-
rithmic phase PCR amplification of the target mRNA, 1-mg aliquots
were amplified using differing numbers of cycles. The house-
keeping gene 18S was PCR-amplified to rule out the possibility of
RNA degradation and control the variation in mRNA concentrations
in the reverse transcription reaction. A linear relationship between
PCR product band visibility and the number of amplification cycles
was observed for the target mRNAs. 18S and the target genes were
quantified using 40 cycles. The cDNA was amplified via a PCR re-
action containing 1 U of Taq polymerase (Intron BioTechnologies,
Co., Ltd., Seongnam, Korea), 2mM of deoxyribonucleoside
triphosphate mix, and 10 pM of each gene-specific primer; the
reaction volumewas 20 mL. The quantitative RT-PCRwas performed
by adding 1 mL of the cDNA template to 10 mL of 2� SYBR Premix Ex
Taq (TaKaRa Bio, Inc.), containing specific primers at a concentra-
tion of 10 pM each. The reactions were carried out in 40 cycles, and
the cycling parameters were as follows: denaturation at 95 �C for
30 s, annealing at 55 �C for 30 s, and extension at 72 �C for 30 s. All
oligonucleotide primer sequences are presented in Table 1. The
fluorescence intensity was measured at the end of the extension
phase of each cycle. The threshold value for the fluorescence in-
tensity of all samples was set manually. The reaction cycle at which
the PCR products exceeded this fluorescence intensity threshold
was deemed the threshold cycle (Ct) in the exponential phase of the
PCR amplification. The expression of each target gene was quanti-
fied relative to that of the internal control gene (18S). The relative
quantification was based on a comparison of Cts at constant fluo-
rescence intensity. The number of transcripts present was inversely
related to the observed Ct, and for every two-fold dilution of the
amount of transcript, the Ct was expected to increase by one. The
relative expression (R) was calculated using the following equation:
2 - [DCt sample - DCt control]. To determine a normalized arbitrary
value for each gene, every obtained value was normalized to that of
18S. The experiments were repeated at least three times.

2.9. Experimental design

In experiment 1, the effect of different sperm number treatment
during ex vivo fertilization on sperm penetration was examined.
Sperm penetrationwas examined in the following three groups: (1)
M� II oocytes used for IVF; (2) M� II oocytes cultured in an ex vivo
model of porcine uterus for 20min prior to IVF; (3) M� II oocytes
fertilized with 7.5, 15, and 30� 107 sperm cells in ex vivo model of
porcine uterus for 20min. In experiment 2, the effect of different
sperm number treatment during ex vivo fertilization on the intra-
cellular levels of GSH and ROS in 4-cell stage embryos was exam-
ined. In experiment 3, the effect of different sperm number
treatment (7.5, 15, and 30� 107 sperm cells) during ex vivo



Table 1
Primer sequences for selected gene expression in day 7 porcine blastocyst.

mRNA Primer sequences Product size (base pairs) GenBank accession number

RN18S F: 50-GACGTGACTGCTCGGTG-30 205 NR_046261.1
R: 50-CACCCCAGGGACCCA-30

PCNA F: 50-ACATCATTACGCTAAGGGCA-30 182 NM_001291925.1
R: 50-ACGTGCAAATTCACCAGAAG-30

POU5F1 F: 50-GGAGTCCCAGGACATCAAAG-30 201 NM_001113060.1
R: 50-CGCAGCTTACACATGTTCTT-30

BAX F: 50-TCTGAGCAGATCATGAAGACA-30 185 XM_003127290.5
R: 50-TGCAGCTCCATGTTACTGT-30

Bcl-2 F: 50GCGATGAGTTTGAACTGAGG-30 210 NM_214285.1
R: 50-TCACCAATACCTGCATCTCC-30

HSP70.2 F: 50- GAGTCGTACGCCTTCAACAT-30 195 NM_213766.1
R: 50- GATGATGGGGTTACACACCT-30

GPX1 F: 50-CAGTGTGTCGCAATGACATC-30 206 NM_214201.1
R: 50-AAATCCCGAGAGTAGCACTG-30

F: Forward, R: Reverse.
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fertilization on embryo development was examined. In experiment
4, the effect of different sperm number treatment during ex vivo
fertilization (30� 107 sperm cells) on the mRNA expression of
PCNA, POU5F1, BAX, Bcl-2, HSP70.2, GLUT1 and GPX1 in ex vivo
fertilization-derived blastocysts was analyzed. In all experiments,
M� II oocytes and sperm concentration of 5� 105/mL served as
control 1 and M� II oocytes first cultured for 20min in ex vivo
model and co-cultured with sperm concentration of 5� 105/mL
served as control 2.

2.10. Statistical analyses

The statistical analyses were performed using the SPSS 12.0K
software (SPSS, Inc., Chicago, IL, USA). Percentage data (e.g., rates of
maturation, cleavage, blastocyst formation, and number of nuclei)
were compared by one-way analysis of variance (ANOVA) followed
by Duncan's multiple range tests. All results are expressed as the
mean± standard error of the mean (SEM). Probability values less
than 0.05 (P< 0.05) were considered to indicate a statistically sig-
nificant difference.

3. Result

3.1. Effect of different sperm number treatment during ex vivo
fertilization on sperm penetration

The effect of different sperm number treatment during ex vivo
fertilization on sperm penetration was examined. Penetration rate,
MPN formation, monospermy, polyspermy, and efficiency of
fertilization for control 1 and control 2 showed no significant dif-
ference. However, penetration rate (29.7± 4.4, 34.3± 3.2, and
44.3± 7.4, for treatment with 7.5, 15, and 30� 107 sperm cells,
respectively, vs. 80.0± 1.7 and 73± 4.2, for control 1 and control 2,
respectively) and polyspermy (5.7± 5.7, 9.7± 5.8, and 8.0± 4.0, for
treatment with 7.5, 15, and 30� 107 sperm cells, respectively, vs.
33.7± 9.5 and 46.0± 3.1, for control 1 and control 2, respectively)
were significantly decreased in the treatment groups, compared to
the control groups (P< 0.05). Monospermy (53.7± 6.1, 52.7± 3.7,
and 82.0± 9.1, for treatment with 7.5, 15, and 30� 107 sperm cells,
respectively, vs. 85.2± 3.2 and 80.3± 3.9, for control 1 and control
2, respectively) was found to increase significantly in the treatment
groups compared to the control groups. The efficiency of fertiliza-
tion was significantly decreased in the 7.5� 107 sperm cell-treated
group than in the control groups (P< 0.05). The 15� 107 sperm
cell-treated group also showed a significant decrease in the effi-
ciency of fertilization, compared to the control 1 group (P< 0.05)
(Table 2).
3.2. Effect of different sperm number treatment during ex vivo
fertilization on subsequent embryo development

A total of 880 oocytes were used in four independent replicates
to evaluate embryonic development after IVF and ex vivo fertiliza-
tion. The cleavage rate and blastocyst rate for controls 1 and 2
showed no significant difference. However, the cleavage rate
(16.3± 2.6, 20.1± 2.7, and 40.7± 13.4, for treatment with 7.5, 15,
and 30� 107 sperm cells, respectively, vs. 69.5± 6.3 and 74.2± 3.4,
for control 1 and control 2, respectively) was significantly
decreased in the treatment groups compared to the control 1 and
control 2 groups (P< 0.05). The cleavage rate in the 30� 107 sperm
cell-treated group (40.7± 13.4) was significantly higher than that of
the 7.5� 107 sperm cell-treated group (16.3± 2.6) (P< 0.05). The
blastocyst rate (31.7± 4.0, 25.7± 4.0, and 26.7± 6.5, for treatment
with 7.5, 15, and 30� 107 sperm cells, respectively, vs. 7.2± 2.4 and
9.9± 3.0, for control 1 and control 2, respectively) was significantly
decreased in the 7.5� 107 and 15� 107 sperm cell-treated groups
compared to the control 1, control 2, and 30� 107 sperm cell-
treated groups (P< 0.05) (Table 3).

3.3. Effect of different sperm number treatment during ex vivo
fertilization on intracellular GSH and ROS levels of 4-cell stage
embryos

To assess the anti-oxidative effect of the ex vivomodel of porcine
uterus, an analysis of intracellular GSH and ROS levels in blastocysts
derived from the IVF or ex vivo fertilization was performed. There
was no significant difference in GSH levels among the groups. ROS
generation was significantly increased (P< 0.05) in the treatment
groups, compared to that in the control groups (Fig. 1).

3.4. Effect of different sperm number treatment during ex vivo
fertilization (30� 107 sperm cells) on gene expression

To examine the effect of the ex vivo porcine uterinemodel on the
expression of stress-, antioxidation-, and apoptosis-related genes,
the mRNA expression levels of PCNA, POU5F1, HSP70.2, BAX, Bcl-2,
GLUT1 and GPX1 were evaluated in the blastocysts from each
group. PCNA transcript levels were significantly higher in the
treatment group of 30� 107 sperm cells than in control groups
(P< 0.05). Embryonic transcript POU5F1 levels were significantly
(P< 0.05) higher in the 30� 107 sperm cell-treated and control 2
groups compared to control 1 group. The mRNA transcript levels of
PCNA were significantly higher in the 30� 107 sperm cell-treated
and control 2 groups, than in case of control 1 (P< 0.05). GLUT1
transcript levels were significantly higher in the 30� 107 sperm



Table 2
Effect of different sperm number on sperm penetration after ex vivo model fertilization.

Parameter Sperm number (� 107)

Control 1 Control 2 7.5 15 30

Number of oocytes transferred 90 120 127 127 127
Number of oocytes recovered 90 89 79 82 73
Penetrated (%)* 80.0± 1.7b 73.0± 4.2b 29.7± 4.4a 34.3± 3.2a 44.3± 7.4a

MPN formed (%)** 87.7± 4.2 98.7± 1.3 87.7± 8.6 95± 7.2 88± 7.2
Monospermy (%)** 53.7± 6.1a 52.7± 3.7a 82.0± 9.1b 85.2± 3.2b 80.3± 3.9b

Polyspermy (%)** 33.7± 9.5b 46.0± 3.1b 5.7± 5.7a 9.7± 5.8a 8.0± 4.0a

Efficiency of fertilization (%)*** 43.0± 5.8c 38.3± 2.9bc 23.7± 2.3a 29.0± 3.6ab 35.0± 4.6abc

a, b, c Values with different superscript letters within rows are significantly different (P< 0.05).
Data are provided as the mean± standard error of the mean.
The experiment was repeated three times.
Abbreviation: MPN, male pronucleus.
Control 1: in vitro-matured oocytes were fertilized in vitro.
Control 2: Before in vitro fertilization, MII oocytes were cultured in the ex vivo model for 20min.
* Percentage of the number of oocytes recovered.
** Percentage of the number of oocytes penetrated.
*** Efficiency of fertilization was the percentage of monospermic oocytes from total examined.

Table 3
Effect of different sperm number on embryo development after ex vivo model fertilization.

Sperm number (� 107) No. of oocytes Embryos developed to Total cell numbers in blastocyst (N)**

Transferred Recovered 2 Cell, n (%)* Blastocyst, n (%)*

Control 1 135 135 92 (69.5± 6.3)c 43（31.7± 4.0)b 48.6± 3.9 (17)
Control 2 170 124 91 (74.2± 3.4)c 33（25.7± 4.0)b 43.3± 2.1 (10)
7.5 175 131 21 (16.3± 2.6)a 10（7.2± 2.4)a 54.7± 4.9 (7)
15 215 132 27 (20.1± 2.7)ab 14（9.9± 3.0)a 57.0± 3.9 (7)
30 185 131 47 (40.7± 13.4)b 32（26.7± 6.5)b 55.1± 8.9 (15)

a, b, c Values with different superscripts within a column differ significantly (p< 0.05).
The experiment was repeated four times.
The data represent the mean ± standard error of the mean.
Control 1: in vitro-matured oocytes were fertilized in vitro.
Control 2: Before in vitro fertilization, MII oocytes were cultured in the ex vivo model for 20min.
* Percentage of recovered oocytes.
** Number of examined blastocysts.
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cell-treated group than in the control groups (P < 0.05). GPX1
transcript levels were significantly higher in the 30� 107 sperm
cell-treated and control 2 groups, than in the control 1 group
(P< 0.05). With regards to apoptosis-related genes, BAX was
upregulated in the 30� 107 sperm cell-treated and control 2 group,
compared to the case for the control 1 group (P< 0.05). However,
Bcl-2 levels among all the groups were not significantly different.
Furthermore, it was also found that the 30� 107 sperm cell-treated
group exhibited significantly higher mRNA expression levels of
HSP70.2 than the control 1 group (P< 0.05) (Fig. 2).

4. Discussion

This study of porcine embryo development revealed that the
ex vivo model of porcine uterus: (1) decreased the percentage of
sperm penetration, polyspermy rate, cleavage rate, and blastocyst
rate, and increased the monospermy rate, (2) increased ROS levels
in 4- to 5-cell stage embryos, and (3) increased the expression of
PCNA, POU5F1, BAX, HSP70.2, GLUT1 and GPX1 in the blastocysts.

Exposure to environmental stressors can lead to oxidizing im-
balances in the cellular redox state. Particularly, IVC embryos are
more sensitive to oxidative damage and are inevitably exposed to
oxidative stress produced by ROS. ROS is the key transcription
factor related to the regulation of oxidation as a second messenger
[21]. Moreover, intracellular GSH plays a vital role in protecting cells
from the destructive effects of ROS and free radicals [22]. The
increased intracellular levels of ROS in 4-cell stage embryos may
indicate that the uncontrolled equilibrium of pro- and anti-
oxidative processes after ex vivo fertilization, that can retard em-
bryo development, may be caused by the ex vivo culture system.

Bcl-2 and BAX are anti- and pro-apoptotic regulatory genes,
respectively. An increased incidence of apoptosis could result in
early embryonic death or early abortions [23]. Melka and his col-
leagues [24] reported that BAX was upregulated in 4-cell stage
embryos with a high DNA fragmentation, compared to the case in
good-quality embryos at the same cell stage. In the present study,
BAX levels were significantly higher in the 30� 107 sperm cell-
treated and control 2 groups than in the control 1 group. An in-
crease of ROS induced oxidative stress, leading to apoptotic cell
death in oocytes [25]. As mentioned earlier, increased ROS levels in
4-cell stage embryos may upregulate BAX levels by increasing
apoptosis.

HSP70.2 belongs to the HSP70 family. Furthermore, it has been
associated with cell proliferation [26]. HSPs react against external
stimuli through a chaperone function and are essential for embryo
development. At a protein level, Matwee and his colleagues [27]
reported higher apoptosis levels in HSP-inhibited embryos. Heat-
shocked embryos showed higher levels of HSP70.2 (P< 0.01)
compared with embryos cultured at 38.5 �C [28]. In the present
study, HSP70.2 levels were upregulated in the 30� 107 sperm cell-
treated group, compared to the case for the control 1 group.
Because HSPs have been associated with heat stress protection, it is
suggested that embryos suffer more heat stress in the ex vivo
condition than in the in vitro condition.

The most important and interesting findings in the present
study were the positive effects on monospermy and the embryo



Fig. 1. Epifluorescent photomicrographic images of porcine oocytes during 4-cell stage (A) Oocytes were stained with CellTracker Blue and 20 , 70-dichlorodihydrofluorescein
diacetate (H2DCFDA) to detect intracellular levels of glutathione (GSH) and reactive oxygen species (ROS), respectively. Four-cell stage embryos derived from in vitro fertilization in
the presence of control-1 (a and f), control-2 (b and g), 7.5� 10⁷ (c and h), 15� 10⁷ (d and i) and 30� 10⁷ (e and j) sperm, respectively (B) Intracellular GSH and ROS levels in porcine
oocytes during 4-cell stage. Within each group (GSH and ROS) of endpoint, bars with different letters (aec) are significantly (P< 0.05) different. GSH samples, N¼ 31; ROS samples,
N¼ 30. The experiment was replicated four times. Scale bar¼ 100 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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quality-related gene expressions resulting from fertilizing matured
porcine oocytes in ex vivo conditions for a short time (20min).
Fig. 2. mRNA expression levels of PCNA, POU5F1, BAX, Bcl-2, GLUT1, GPX1, and HSP70.2
were evaluated in blastocysts of each group. The experiment was replicated three
times. a-b Values with different superscripts within the same column are significantly
different (P< 0.05).
Polyspermy occurs more frequently in pigs than in other species
[29]. Many approaches have been used in laboratories to solve this
problem. However, the mechanisms of the factors that have posi-
tive effects onmonospermy in the oviductal environment are yet to
be elucidated. Furthermore, it is generally accepted that these
factors influence the porcine oocytes within a very short (20min)
time period. In our study it was found that polyspermy was
significantly lower in the ex vivo model of fertilization than in
control 1 and control 2 and it was not dependent on sperm number
and monospermic penetration parameter was vice versa. In
microdrop IVF system, large number of dead and live spermatozoa
was attached with zona pellucida and causes polyspermy [30]. On
the other hand monospermic penetration was higher even though
large number of spermatozoa was used in ex-vivo model fertiliza-
tion and this may be due to oviductal environment help to prevent
polyspermic penetration [31]. However, the embryo development
rate was significantly higher in the 30� 107 sperm-treated group
than in the other two groups but there was no difference between
control 1 and control 2. Successful embryo development depends
mainly on environment factors. During establishment of the ex vivo
model of fertilization, the surrounding environment, including
handling of M� II oocytes and sperm, organ conditions and water
bath temperature are important. Sometimes the over-water tem-
perature in thewater bath can damage the oocyte ooplasm but they
are fertilized (data not shown). Therefore, the embryo development
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rate was lower in the ex vivomodel of fertilization. The cell number
was little higher in the ex vivomodel of fertilization than in control
groups but this increase was not significant. The oviductal envi-
ronment, however, could improve embryo development compe-
tence [7]. OVGP1 is a vital non-serum glycoprotein in the OF during
fertilization and early embryo development [32]. Porcine oocytes
cultured with OVGP1 displayed a decrease in the number of sperms
bound to the ZP [5]. It is suggested that OVGP1 could be transferred
from the OF to the ZP of the porcine oocytes within 20min [33].
Oviduct-specific proteins such as OVGP1 binding to the ZP in the
oviduct could promote the beneficial effect of the molecular events
affecting the sperm-oocyte interaction. The ex vivo model of
porcine uterus would be very useful in completing the puzzle of the
molecular pathways playing a role in fertilization and the quality of
the blastocyst. During the early embryonic stage, embryo devel-
opment depends on some important genes, like POU5F1. It also
controls the cell lineage specification and maintenance of germ cell
pluripotency [34]. POU5F1 can be detected in all cells up to the late
blastocyst stage and is gradually eliminated from the trophecto-
derm [35]. It plays a critical role in early embryo development.
POU5F1-null homozygous embryos die around the time of im-
plantation [36]. In our study it was found that POU5F1 expression
was significantly increased in control 2 and ex vivo-derived blas-
tocyst. The higher expression of POU5F1 in the ex vivo model-
derived embryos might be influenced by the oviductal environ-
ment. Oviductal environment influenced the expression of POU5F1
in equine in vivo-derived embryos. Mostly the expression was
higher in the inner cell mass [37].

GPX1 is an antioxidant enzyme expressed in the early stage of
embryo development [38]. It plays a major role in protecting cells
against oxidative damage [39,40]. The mRNA expression of GPX1
genes was evaluated to investigate the effect of different fertiliza-
tion conditions on embryo defense mechanisms against ROS. GPX1
levels were significantly higher in embryos cultured with bovine
oviduct epithelial cells (BOECs) than embryos that were not
cultured with BOECs [41]. In the present study, GPX1 expression
levels were higher in ex vivo-fertilized embryos, compared to the
case in the control groups. These results suggest that both embryos
cocultured with BOECs and fertilized in ex vivo conditions are
exposed to stressful conditions, thus giving rise to a greater number
of aged cells. On the contrary, singly produced embryos cocultured
with cumulus cells showed significantly lower expression levels of
GPX1 than the group-cultured embryos. This suggests that antiox-
idant action production is decreased in single culture systems [42].
The presence of aged cells during ex vivo fertilization may induce
the oxidative stress response in subsequent embryonic
development.

Expression of GLUT1 is often evaluated to describe differences
between different culture conditions [43]. GLUT1 plays an impor-
tant role in cellular glucose uptake during embryo development
and in transition from the morula to the blastocyst stage [44].
GLUT1 levels in BOEC-cocultured embryos were reported to be
increased in the final blastocyst stages and improve embryo
development rates in bovine embryos exposed to 2% O2 [45].
Suppression of GLUT1 in mouse preimplantation embryos leads to
developmental malformations and embryonic demise [46]. In the
present study, GLUT1 levels increased in the 30� 107 sperm cell-
treated group, compared to the control 1 and control 2 groups.
This result indicates that glucose uptake is well-regulated by the
upregulation of GLUT1 after short-term fertilization in the ex vivo
conditions, instead of coculturing with BOECs for a long time.

5. Conclusions

In conclusion, this report shows that ex vivo-fertilized embryos
exhibit higher mRNA expression profiles including PCNA, POU5F1,
BAX, HSP70.2, GLUT1, and GPX1 than their in vitro-produced coun-
terparts. Even though developmental competence of ex vivo-
fertilized embryos was lower than in vitro-cultured embryos, em-
bryo quality was advanced by the ex vivo condition, such as quality-
related gene expression profiles. In addition, for the first time, a
successful protocol using an ex vivo model of porcine uterus was
established to produce zygotes that had a higher monospermy rate
than in vitro-fertilized embryos.
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