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a b s t r a c t

Current research suggests that supplementing in vitro culture (IVC) media with vascular endothelial
growth factor (VEGF) may have beneficial effects on the development of porcine embryos in vitro.
However, the molecular signaling mechanisms underlying this effect are unclear. Therefore, we aimed to
investigate the effects of VEGF on molecular signaling events during in vitro embryonic development of
porcine embryos. Porcine oocytes matured in vitro were fertilized, and the resultant zygotes were
cultured with 5 ng/mL of VEGF supplemented with or without fetal bovine serum from day 4 till day 7.
Without VEGF and/or FBS served as the control group. Real-time quantitative PCR was used to detect
expression patterns of apoptosis- and oxidative stress-related genes in day 7 blastocysts (BLs). Early-
stage apoptosis was detected by annexin-V assays in day 2 and day 7 embryos. We found that the
addition of VEGF throughout the culture period with or without FBS supplementation significantly
improved embryo survival and development. Supplementation with VEGF in the IVC medium signifi-
cantly increased early BL formation (p< 0.05), although addition of FBS on day 4 significantly increased
hatched BL formation (p< 0.05) regardless of VEGF supplementation. However, supplementation of
media with both VEGF and FBS increased the formation of expanded BLs synergistically. The average total
cell numbers per BL were significantly (p< 0.05) higher in embryos supplemented with VEGF and FBS
than in those supplemented with either VEGF or FBS alone. We also found that accumulation of reactive
oxygen species in VEGF-treated embryos was significantly lower (p < 0.05) than that in untreated em-
bryos. The mRNA levels of caspase-3 were significantly lower (p< 0.05), and those of Bcl-2 and Nrf-2
were significantly higher (p< 0.05) in embryos grown in VEGF-supplemented media than in embryos
grown in non-supplemented media. Furthermore, on day 2, the numbers of viable embryos
(44.06 ± 3.94%) and blastomeres (67.18± 3.60%) were significantly higher (p< 0.05), and the numbers of
early apoptotic embryos (55.94± 3.94) and blastomeres (23.23 ± 4.22) were significantly lower (p < 0.05)
in VEGF-treated BLs than in controls. Furthermore, the numbers of early apoptotic cells in BLs on day 7
were also significantly lower (p< 0.05) in VEGF-treated BLs than in controls. Overall, our results indicate
that supplementing IVC media with VEGF during in vitro culture of porcine embryos increases their
developmental potential.
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1. Introduction

Althoughmuch research has been focused on developing in vitro
porcine oocyte maturation and embryo production systems, there
has been little progress in improving the survival and development
of embryos produced in vitro. At present, embryos produced in vitro
are less robust than their in vivo counterparts, especially with re-
gard to implantation [1e5]. There are several factors that contribute
to this low viability of in vitro embryos, many of which are due to
suboptimal culture conditions [6]. As preimplantation embryos are
very sensitive to environmental factors such as lack of appropriate
growth factors or nutrients in culture media and gas concentrations
in incubators, ensuring successful in vitro embryo development is
not only dependent on the quality and viability of gametes, but also
on culture conditions.

Embryos are graded on the basis of their morphological features
under a stereomicroscope. However, they can also be graded using
non-invasive techniques, such as cryotolerance [7] and metabolic
test [8], and invasive techniques, such as gene analysis [9] and
apoptosis analysis [10]. During in vitro embryo development,
apoptosis is induced, at least partially, by suboptimal culture con-
ditions and may also be an indicator of embryo quality [6,11].
Apoptotic blastomeres are common in blastocysts (BLs) produced
in vitro, whereas few or no apoptotic blastomeres are present in BLs
that develop in vivo [12e14]. Suboptimal in vitro culture conditions
also reduce BL development rates, increase apoptosis incidence,
and decrease blastomere numbers, all of which subsequently
contribute to higher incidences of implantation failure and fetal
resorption of embryos produced and cultured in vitro [15e17].
Apoptosis or programmed cell death plays an important role in
normal embryo development by eliminating blastomeres with
chromosomal abnormalities or other defects [18e20]. If the ratio of
apoptotic blastomeres in a BL exceeds the threshold level, the
embryo becomes unviable and eventually dies. Suboptimal culture
conditions can induce changes that may trigger unscheduled
apoptosis in blastomeres, thereby delaying cleavage and ultimately
affecting the quality, quantity, and viability of the BLs produced
[16,17]. Key regulators of apoptosis in embryos are proteins of the
Bcl-2 family, which affect both antiapoptotic and proapoptotic
pathways [21,22]. The ratios of these proteins, along with those of
the caspase family of proteins are critical determinants of cell fate
[23]. Accordingly, a strong correlation has been detected between
the incidence of apoptosis and the levels of caspase activation in
cryopreserved cord-blood hematopoietic cells [24] and hepatocytes
[25]. Besides, DNA fragmentation, which is an important step in and
a typical indicator of apoptotic cell death, is linked to early em-
bryonic loss, with ~90% of embryos produced in vitro and 56e71% of
embryos produced in vivo exhibiting DNA fragmentation [26]. To
prevent apoptosis and improve embryonic development, several
strategies involving the addition of growth factors have been used.

Supplementation of culturemediawith epidermal growth factor
(EGF) and insulin-like growth factor (IGF) has been found to in-
crease BL production by reducing apoptosis in bovine embryos
[27e29]. However, another study found that IGF-1 alone could
reduce apoptosis in porcine embryos during in vitro culture [30]
and that IGF-1 and IGF-1 receptors were widely expressed in em-
bryos throughout the preimplantation stages [31]. As of now,
several growth factors have been used to optimize in vitro devel-
opmental conditions for porcine oocytes including EGF, IGF, fibro-
blast growth factor (FGF), amphiregulin [32], VEGF [33], porcine
granulocyte-macrophage colony-stimulating factor (GM-CSF) [34],
growth differentiation factor 8 (GDF8) [35], and others. Although
these growth factors had some beneficial effects such as inhibition
of apoptosis, promotion of metabolic activities, and induction of
required kinases, on embryo development, they failed to replicate
the effects of the complex mixture of growth factors and cytokines
that play amajor role in embryo survival, growth, and development
in vivo [36]. Because of these setbacks, it is crucial to not only
determine an optimal mixture of growth factors and nutrients for
in vitro embryo survival and growth but also investigate the
mechanisms underlying the effects of these growth factors on the
developing embryos.

VEGF is a potent mitogen used for the propagation of micro- and
macrovascular endothelial cells and is known to influence gene
expression patterns of antiapoptotic genes in these cells during
serum-starvation culture. In the female reproductive tract, VEGF is
involved in many processes, including ovulation, early embryonic
implantation, and subsequent development of the embryo. VEGF is
already known to reduce apoptosis in porcine parthenotes [37] and
may improve the maturation of ovine gametes by activating the
mitogen-activated protein kinase (MAPK) pathway [38]. However,
little is known about the molecular signaling events involved in the
effects exerted by VEGF in gamete and embryo development during
in vitro culture. On the contrary, usually, 10% FBS is added during
in vitro culture of porcine zygotes on day 4 during compaction.
Addition of FBS on day 4 to porcine parthenotes deteriorates em-
bryo production by influencing apoptosis-related gene expression
during in vitro culture [39], whereas VEGF has an antiapoptotic
effect on other tissues. This result suggests that the components of
FBS either counteract the antiapoptotic effects of VEGF or interact
with supplemented VEGF or both. Therefore, we designed this
study to investigate the expression patterns of embryotropic genes
in embryos produced by in vitro fertilization (IVF) and grown in
VEGF-supplemented media in the presence and/or absence of fetal
bovine serum (FBS). In this study, we show that supplementation of
in vitro culture (IVC) media with VEGF can improve the quality of
porcine embryos produced in vitro.

2. Material and methods

2.1. Chemicals

All the chemicals used in this experiment were bought from
Sigma-Aldrich, St. Louis, MO, USA, unless otherwise stated.

2.2. Ovary collection, aspiration, and in vitro maturation of porcine
immature oocytes

Ovaries of prepubertal gilts were collected from a commercial
local abattoir just after slaughter and the ovaries were trans-
ported to the laboratory within 2 h in 0.9% (w/v) NaCl solution
supplemented with penicillin-G (100 U/mL) and streptomycin
sulfate (100mg/mL) at 30e35 �C. The follicular fluid with
cumulus-oocytes complexes (COCs) was aspirated from 3 to
6mm antral follicles with a 10-mL disposable syringe and 20-
gauge needle and sampled in a 15-mL conical tube at 37 �C for
5min. The supernatant was discarded, and the precipitate was
resuspended in Tyrode's Lactate HEPES-buffered medium (TLH)
containing 0.05% (wt/vol) polyvinyl alcohol (TLH-PVA). COCs
were recovered under a stereoscopic microscope; those with at
least three layers of compact cumulus cells and homogeneous
cytoplasm were selected for in vitro maturation. The selected
COCs were transferred and cultured in 500 mL of tissue culture
medium 199 (TCM 199) (Life Technologies, Rockville, MD, USA)
supplemented with 26mM sodium bicarbonate, 0.91mM sodium
pyruvate, 0.57mM cysteine, 10 ng/mL epidermal growth factor,
0.5 IU/mL porcine luteinizing hormone, 0.5 IU/mL porcine follicle
stimulating hormone, 10% (v/v) porcine follicular fluid (pFF),
75 mg/mL penicillin-G, and 50 mg/mL streptomycin. pFF was
aspirated from 3 to 7mm follicles of prepubertal gilt ovaries.
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After centrifugation at 1600� g for 30min, the supernatants
were collected and filtered sequentially through 1.2 and 0.45-mm
syringe filters (Gelman Sciences, Ann Arbor, MI, USA). The pre-
pared pFF was then stored at �20 �C until use. For maturation,
the selected COCs were washed three times in an oocyte matu-
ration medium containing hormone supplements, and approxi-
mately 30e40 oocytes were transferred into each well of a 4-well
Nunc dish (Nunc, Roskilde, Denmark) containing 500 mL of oocyte
maturation medium and equilibrated for at least 2 h with 5% CO2
at 39 �C in a humidified atmosphere. After 20e22 h of maturation
with hormones, the oocytes were washed two times in an oocyte
maturation medium without hormone supplements and then
cultured for additional 20e22 h without hormone at 39 �C under
5% CO2 in air.
2.3. In vitro fertilization of porcine oocytes and culture

Liquid semen (supplied weekly from the Department of Live-
stock Research, Yong-in, Korea) was used for in vitro fertilization of
porcine MII oocytes. On day 2, following IVM, the cumulus cells
were removed with TLH-PVA containing 0.1% hyaluronidase by
gentle pipetting. The selected denuded oocytes were washed three
times with modified tris buffer medium (mTBM) containing 1mM
caffeine and 0.1% BSA (Sigma), and after washing, 10 to 15 oocytes
were co-incubated in 50 mL of mTBM with spermatozoa at 5� 105/
mL concentration for 20min at 39 �C in an exceedingly humidified
atmosphere of 5% CO2 and 95% air. After co-incubation, the oocytes
were pipetted gently to remove any connected spermatozoa from
the zona pellucida (ZP). Zygotes were then washed thrice with
mTBM and incubated without spermatozoa for an additional 5e6 h
in mTBM medium at 39 �C in an exceedingly humidified atmo-
sphere of 5% CO2 and 95% air. Thereafter, the zygotes were washed
again 3 to 5 times with porcine zygotic medium-3 (PZM-3) [40] and
cultured in 30 mL of PZM-3 medium for 7 days. Following IVF, the
zygotes obtained were randomly allocated and cultured in PZM-3
medium supplemented with 5 ng/mL VEGF (R&D Systems, Min-
neapolis, MN 55413, USA) for thewhole culture period (day 0 to day
7) to evaluate preimplantation development. The concentration
was selected based on our previously published study [41]. On day
4 post IVF, 10% FBS was added to the culture medium [42,43]. The
medium without VEGF and/or FBS served as the control group.
Culture drops were covered with pre-warmed mineral oil at 5% O2,
5% CO2, and 90% N2 under a humidified atmosphere. On day 2 and
day 7, cleavage rate and blastocyst formation were checked,
respectively. Each experiment was repeated at least three times.
2.4. Quantitative real-time PCR (RT-PCR) and gene expression
pattern

In each group approximately 10e12 BLs (both expanded and
hatched) obtained through IVF, were washed twice with phos-
phate buffered saline (PBS) and stored at �80 �C until they were
Table 1
Primer sequences for selected gene expression analysis in day 7 blastocyst.

Symbol Primer sequences

Bcl-2 F: AGGGCATTCAGTGACCTGAC
R: CGATCCGACTCACCAATACC

Caspase3 F: CGTGCTTCTAAGCCATGGTG
R: GTCCCACTGTCCGTCTCAAT

Nrf2 F: CCCATTCACAAAAGACAAACATTC
R: GCTTTTGCCCTTAGCTCATCTC

RN18S F: CGCGGTTCTATTTTGTTGGT
R: AGTCGGCATCGTTTATGGTC
processed for the gene expression analyses as a pooled sample.
Quantitative RT-PCR was used to analyze the levels of Bcl-2, Nrf-
2, and caspase-3 mRNAs in the IVF BLs. Total RNA was extracted
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as per the
manufacturer's instructions, following which the concentration
of total RNA was measured at 260 nm using the NanoReady
(Micro UVeVis spectrophotometer, Hangzhou, 310023, China)
spectrophotometer. For reverse transcription, first-strand com-
plementary DNA synthesis was carried out using 1 mg of total
RNA, Moloney-murine leukemia virus (MMLV) reverse tran-
scriptase (Invitrogen, Carlsbad, CA, USA), and random primers (9-
mers; TaKaRa Bio, Otsu, Shiga, Japan). The DNA obtained after the
RT-PCR was amplified in a 20 mL PCR reaction containing 1 U of
Taq polymerase (Intron Bio Technologies, Seongnam, Korea),
2 mM of dNTPs, and 10 pM of each gene-specific primer. To
standardize the conditions for the logarithmic-phase PCR
amplification of target mRNA, 1 mg aliquots of total RNA were
used for the PCR using different numbers of amplification cycles.
The housekeeping transcript, RN18S, was used as an internal
control. The relationship between PCR product quantity and
number of amplification cycles for RN18S and the target mRNAs
were determined for 40 cycles.

Quantitative RT-PCR was performed using a PCR reaction mix
containing 1 mL of the cDNA template, 10 mL of 2� SYBR premix
Ex Taq (TaKaRa Bio Inc.), 10 pM each of gene-specific primers in
an MX3000P machine (Stratagene-Agilent Technologies, Wald-
bronn, Germany). For each reaction, the following PCR conditions
were used for 40 cycles: denaturation at 95 �C for 30 s, followed
by annealing at 57 �C for 30 s, and extension at 72 �C for 30 s. All
oligonucleotide primer sequences used are listed in Table 1. The
fluorescence intensity of PCR products for each target gene was
measured at the end of the extension phase of each cycle. The
threshold value for the fluorescence intensity of all samples was
set manually. The cycle number at which the fluorescence in-
tensity of the PCR product exceeded the threshold level was
deemed as the threshold cycle (Ct) in the exponential phase of
the PCR amplification. The expression level of each target gene
was quantified relative to that of the internal control gene,
RN18S, and was based on a comparison of Ct values at constant
fluorescence intensity. The amount of transcript present was
inversely associated with the Ct value obtained for that gene; it
was determined that an increase in the Ct score by one point
indicated a two-fold dilution in the amount of transcript present
in the sample. The relative score, R¼ 2-[DCt sample-DCt control] was
used to obtain a normalized arbitrary unit of measurement for
the expression level of each target gene. Each experiment was
repeated at least three times.
2.5. Reactive oxygen species (ROS) content assay in blastocyst

The intracellular ROS levels within BLs in different treatment
groups were measured on day 7. For this, day 7 BLs were incubated
Product size Accession number

193 NM_214285

186 NM_214131

71 XM_003133500

219 NR_046261.1
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in the dark for 30min in TLH-PVA containing 10 mM of 20,70

dichlorodihydrofluorescein diacetate (H2DCFDA; Invitrogen),
following which the BLs were washed twice in TLH-PVA. The BLs
were then observed using an epifluorescence microscope (TE2000-
U; Nikon, Tokyo, Japan) with UV filters (460 nm), and images were
obtained using a digital camera connected to the microscope. The
fluorescence intensities of the BLs were analyzed using the ImageJ
software package (Version 1.47; National Institutes of Health,
Bethesda, MD, USA) and normalized to those of the controls. This
experiment was repeated four times.
2.6. Apoptosis assay in day 2 and day 7 embryos

To observe the effects of VEGF on early apoptosis during
embryonic development, day 2 (control vs VEGF) and day 7
(control, VEGF, FBS and VEGF þ FBS) embryos were stained using
annexin-V/propidium iodide (PI) assay kit (eBioscience, San
Diego, CA, USA) for apoptosis analysis according to the manu-
facturer's instructions. Briefly, embryos were washed twice and
fixed in 3.7% paraformaldehyde (PFA) for 10 min. Following this,
the embryos were washed twice in 0.1% PVA-PBS and rinsed once
in 1 � binding buffer. Subsequently, the embryos were incubated
in a solution of annexin-V FITC for 10 min at room temperature
(RT) in the dark. The embryos were then transferred to a PI so-
lution and incubated for 30 s at RT, following which the embryos
were washed with a 1% bovine serum albumin (BSA) solution in
PBS and further stained with 5 mg/mL Hoechst-33342 (bisben-
zimide) for 5 min. The stained embryos were then mounted on
slides for evaluation by epifluorescence microscopy (TE300:
Nikon, Tokyo, Japan). Embryos were classified as ‘apoptotic’ if
they contained at least one apoptotic blastomere [44]. Blasto-
meres were further classified into three groups reflecting the
apoptotic criteria described by Garcia et al. [45]. Briefly, blasto-
meres were classified as: ‘viable’ if the cells were found to be
unstained by either PI or annexin V (neither the cytoplasm nor
nucleus); ‘apoptotic’ if the cells were externally stained with
annexin V (green); and ‘necrotic’ if the cytoplasm and nuclei
were stained with annexin V and PI (red). The apoptosis assay
carried out using day 2 and day 7 embryos was repeated eight
and four times, respectively.
Fig. 1. Development competence of different type of BL derived from IVF of porcine
oocytes supplemented with VEGF and/or FBS in PZM-3 culture medium. The data are
presented as the mean± SEM. Bars with different letters within the respective
endpoint differ from each other statistically significant (p< 0.05). ErBL, early blasto-
cyst; ExBL, expanded blastocyst; HdBL, hatched blastocyst.
2.7. Statistical analysis

Percentage data from embryo cleavage, blastocyst development,
and different types of blastocyst formation as well as data obtained
from annexin V analysis of day 7 blastocysts, H2DCFDA fluorescence
intensity of day 7 blastocysts, and gene expression in blastocysts
were analyzed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA) and
compared by ANOVA followed by Duncan's multiple range test.
Data for apoptosis evaluation on day 2 of IVC was analyzed with the
paired Student's t-test using the GraphPad Prism software. All data
are presented as mean± SEM. Statistical differences were consid-
ered as significant when p< 0.05.
Table 2
Development competence of IVF porcine embryos supplemented with VEGF and/or FBS

Treatment Total oocyte culture Cleavage (%)

Control 355 239 (67.69± 3.42
VEGF 384 284 (73.76± 3.18
FBS 362 255 (69.27± 3.06
VEGF þ FBS 383 286 (75.76± 3.18

a,b Values with different superscripts in the same column are significantly different (p<
a Percentage of total oocyte cultured.
3. Results

3.1. Effects of VEGF on blastocyst quality in the presence and/or
absence of FBS in culture medium

To observe the effects of VEGF on porcine IVF embryos, day 1
zygotes were cultured in media supplemented with VEGF. As
shown in Table 2, we found that the rate of BL development was
significantly (p< 0.05) higher in the BLs grown in media supple-
mented with VEGF (43.53± 2.03) than in those in the control
(28.18± 1.93) and FBS-treated groups (37.94± 1.86). However, the
rate of BL development was significantly higher (p< 0.05) in the
group that received both VEGF and FBS supplementation
(51.82± 1.80) in the culture medium than in all the other treatment
groups. There was no significant difference (p> 0.05) in the cleav-
age rate of BLs between the control group and the groups treated
with either FBS or VEGF. We also found that the rate of formation of
early BLs was significantly higher (p< 0.05) in the group receiving
VEGF supplementation (25.32 ± 2.49) than in the other treatment
groups. Moreover, the rate of formation of hatched BLs in the VEGF-
treatment group with FBS supplementation (20.59± 2.74) or
without FBS supplementation (21.43± 3.32) on day 4 was signifi-
cantly higher (p< 0.05) than those in the control (0.94± 0.56) and
VEGF-treated groups (2.93± 0.84). Besides, the group receiving
VEGF supplementation (15.28± 1.37) also exhibited significantly
higher levels of (p< 0.05) expanded BL formation than all the other
groups, irrespective of the addition of FBS alone on day 4
(7.61± 2.09) (Fig. 1). The total cell number per BL was also signifi-
cantly higher (p < 0.05) in the VEGF, FBS, and VEGF þ FBS sup-
plemented groups than in the control groups. However, it is also to
in PZM-3 culture medium.

Blastocyst (%)a Average blastomere/BL

) 96 (28.18 ± 1.93)a 44.94± 2.84a

) 164 (43.53 ± 2.03)c 61.94± 3.26b

) 139 (37.94 ± 1.86)b 107.89± 7.25c

) 197 (51.82 ± 1.80)d 132.13± 6.73d

0.05).



Fig. 2. Fluorescence intensity of ROS levels detected by H2DCFDA staining of BL
derived from IVF embryos cultured with VEGF and/or FBS in PZM-3 culture medium;
(A), Fluorescence intensity of BL of different groups were analyzed by Image J; (B). Data
corresponding to the control was arbitrarily set at 1. The numbers of BLs examined in
each group are shown in the bars. Values represent mean± SEM from at four separate
experiments. Bars with different letters within the respective endpoint differ from
each other statistically significant (p< 0.05). Bar¼ 100 mm.
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be noted that the group receiving VEGFþ FBS supplementation also
exhibited a significantly higher (p < 0.05) total cell number per BL
than those receiving VEGF supplementation only or FBS supple-
mentation only (Table 2).

3.2. Effect of VEGF on ROS content in the porcine day 7 blastocysts
in the presence and/or absence of FBS

The ROS levels in day 7 BLs were determined by H2DCFDA
staining. The results showed that significantly lower H2DCFDA
signals (and hence lower levels of ROS) were detected in BLs
cultured with VEGF in irrespective of FBS addition than in the un-
treated controls. However, unlike supplementation with the con-
trol, supplementing culture media with only FBS was also found to
significantly decrease (p< 0.05) ROS production in BLs (Fig. 2B).

3.3. Effect of VEGF supplementation in the presence and/or absence
of FBS on mRNA expression of apoptosis-related genes and oxidative
stress in porcine BLs derived from IVF

The relative abundance of Bcl-2 mRNA was significantly higher
(p< 0.05) in BLs cultured in VEGF-supplemented media than in
controls, but there was no significant difference in the expression
between media supplemented with FBS only or both FBS and VEGF
and control (Fig. 3A). The levels of caspase-3 mRNA in day 7 BLs
were found to be significantly lower (p< 0.05) in the VEGF-
treatment groups than in the untreated controls irrespective of
FBS addition (Fig. 3B). Moreover, we found that the mRNA levels of
the antioxidant protein regulator, Nrf-2, were significantly higher
(p< 0.05) in the BLs cultured with VEGF supplementation than in
those in the control group, irrespective of FBS addition (Fig. 3C).

3.4. Effect of VEGF on apoptosis rates of porcine IVF embryos at day
2 and day 7

Apoptosis levels in day 2 embryos were analyzed by staining the
embryos with annexin-V/PI and classifying them as ‘viable’ or
‘apoptotic’ according to Matwee et al. [44]. The numbers of viable
embryos and blastomeres in the VEGF-supplemented group
(44.06 ± 3.94 vs 67.18± 3.60, respectively) were found to be
significantly higher (p< 0.05) than those in the control group
(17.11± 2.88 vs 30.97± 4.48, respectively), whereas the numbers of
early-apoptotic embryos and blastomeres (55.94 ± 3.94 vs
23.23± 4.22, respectively) were significantly lower (p< 0.05)) than
those in the control group (82.89± 2.88 vs 54.81± 5.71, respec-
tively). However, no significant (P> 0.05) differences in the
numbers of late-apoptotic/necrotic blastomeres were found be-
tween the two groups (Table 3).

Day 7 embryos treated with VEGF (4.25± 0.49) and supple-
mented with FBS (5.02± 0.47) on day 4 were found to have
significantly lower (p< 0.05) numbers of early apoptotic cells than
the control (6.92± 0.46) and FBS-treated groups (6.94± 0.34)
(Table 4). There was no significant difference (p> 0.05) in the
number of apoptotic cells between the control and FBS-treated
groups (Table 4).

4. Discussion

Vascular endothelial growth factor or VEGF is expressed in the
female reproductive tract of various animals, where it mediates
neovascularization during the menstrual cycle, ovarian follicle
development, implantation, embryogenesis, and maintenance of
the corpus luteum [46,47]. Although VEGF is known to be critical
for angiogenesis during embryo implantation, fertilized embryos
are exposed to VEGF along with a cocktail of different growth
factors, cytokines, and other proteins during their movement down
the reproductive tract to the uterus. During this preimplantation
phase, VEGF is thought to be involved in embryo development and
survival [48]. In mouse embryos, VEGF and its receptor have been
detected in the trophoblasts of day 8 BLs, and inactivation of one
VEGF allele along with a VEGFR-2 allele was found to result in
embryonic lethality due to malformations in the vascular system
[49e51]. Several studies on pig [37,52], cattle [53], and ovine [54]
systems support this theory as it has been found that IVM and IVC
media supplemented with VEGF can improve the development and
competency of zygotes produced through IVF. VEGF was found to
improve cytoplasmic maturation in porcine, ovine, and bovine IVM
systems, leading to the formation of more viable BLs. Furthermore,
VEGF was also a useful additive to IVCmedia, as it has antiapoptotic



Table 3
Effects of VEGF treatment to the IVCmedium on apoptosis index of day 2 porcine IVF
embryos.

Parameter Control VEGF Significance

Total embryos evaluated 91 92
Viable embryos 16 (17.11± 2.88) 42 (44.06± 3.94) S
Early apoptosis 75 (82.89± 2.88) 50 (55.94± 3.94) S
Total cell evaluated 527 538
Viable cells 171 (30.97± 4.48) 364 (67.18± 3.60) S
Early apoptosis cell 291 (54.81± 5.71) 131 (23.23± 4.22) S
Late apoptosis/necrosis 65 (14.22± 3.91) 43 (9.59± 3.68) NS

Data are given as mean± SEM from each replicate.
Statistical significant was considered as p< 0.05. NS, non significant; S, significant.
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and cell-specific mitogenic effects, especially on endothelial cells
[55].

In this study, we describe the effects of supplementing the
culture medium PZM-3 with VEGF on the development of fertilized
porcine embryos. We found that the addition of exogenous VEGF
either with or without FBS supplementation enhanced the rate of
formation of BLs. However, VEGF supplementation without FBS
addition only enhanced the rate of early BL formation, and the
addition of 10% FBS to the culture media on day 4, either in the
presence or absence of VEGF positively influenced the rate of for-
mation of hatched BLs. As VEGF and VEGF receptor (VEGFR) mRNAs
have been detected in all stages of porcine embryos [52], it is likely
that the VEGF supplementation in culture media mimics the pre-
implantation conditions in the female reproductive tract, and
therefore, enhances the early BL development in vitro. However, the
lower numbers of hatched BLs observed in this study may also have
been caused by the lack of an exogenous energy supply in the
culture media.

Our results also indicate that the addition of FBS can partially
mimic the effects of VEGF supplementation by significantly
increasing the total BL and hatched BL formation. This result is also
in agreement with those obtained by Robl and Davis [56], who
found that the addition of serum to media when culturing porcine
embryos in the morula stage increased BL hatching. The addition of
serum to the culture medium not only provides more amino acids
to the growing embryos but also provides numerous growth factors
and other macromolecules essential for normal growth and
development. Adding serum to culture media during compaction of
bovine [43] or cat [57] embryos has also been observed to have
beneficial effects, though this effect is highly dependent on the
timing of serum addition. The presence of serum in culturemedium
could also promote hatching by providing plasminogen, which is
converted to plasmin; plasmin may serve as a proteolytic agent for
thinning the zona pellucida, thereby facilitating the hatching pro-
cess [58] in a manner similar to conditions in vivo, where a trypsin-
like protease released by the trophoblast of BLs along with the
action of uterine lysins mediate hatching [59].

Developmental blocks at the 4 to 8 cell or morula stage is
common in porcine embryos produced through IVF. Rather than a
genomic cause, this phenomenon has been attributed to subopti-
mal external conditions such as temperature fluctuations, varia-
tions in the gas phase, or lack of exogenous energy sources. It has
also been observed that co-culturing IVF embryos with oviduct
cells can ameliorate this effect [60], indicating that some embryonic
growth-promoting factors provided by oviduct cells may be
Fig. 3. Relative mRNA expression of Bcl-2 (A), Caspase-3 (B) and Nrf-2 (C) in porcine BL
derived from IVF embryos cultured with VEGF and/or FBS in PZM-3 culture medium.
The experiments were replicated at least three times. Bars with different letters within
the respective endpoint differ from each other statistically significant (P < 0.05).



Table 4
Incidence of apoptosis in the day 7 porcine IVF BL treated with VEGF and/or FBS in PZM-3 IVC culture medium.

Treatment group Number of BL evaluated Number of total cell evaluated Early apoptosis index (%)

Control 20 1023 71 (6.92 ± 0.46)a
VEGF 22 1232 52 (4.25 ± 0.49)b
FBS 23 2332 159 (6.94 ± 0.34)a
VEGF þ FBS 26 3390 166 (5.02 ± 0.47)b

a,b Values with different superscripts in the same column are significantly different (p< 0.05).
Data are given as mean ± SEM from each replicate.
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missing in the culture media. In our study, we see that the addition
of VEGF and FBS lowers the occurrence of this developmental
block; we, therefore, hypothesize that the externally supplied VEGF
and FBS likely mimic the effects of the oviduct cells by stimulating
cellular proliferation and supplying energy sources for the growth
and maturation of the embryos [61e63].

Besides the lack of essential factors, it is also possible that ROS
may play a key role in inducing developmental blocks in cultured
embryos [64]. During the advanced stages of embryonic growth,
embryos contain more viable cells and require more energy for
successful multiplication, all of which can increase the generation
of ROS as a metabolic byproduct. Our work shows that the addition
of VEGF and FBS can successfully reduce ROS production in day 7
BLs.We also found that supplementing culture mediawith only FBS
can also significantly reduce ROS production. Although we were
unable to investigate the mechanism by which FBS and VEGF
promote cell survival and reductions in ROS levels in the cultured
embryos, we hypothesize that this effect may either result from the
action of growth factors, amino acids [57], or antioxidants in the
serum [65].

Oxidative stress can have various detrimental effects on the
development of preimplantation embryos, including the creation of
DNA strand breaks in rapidly growing cells [66]. As higher levels of
DNA damage have also been observed in embryos cultured in vitro
than in in vivo embryos [67], it is likely that suboptimal culture
conditions also promote DNA damage through ROS generation
[68,69]. Oxidative stress activates the p66 gene, which induces ROS
generation, causes mitochondrial dysfunction, and may also be
involved in cell cycle arrest [70,71]. To counteract the effects of ROS,
cells also activate “safeguard” genes such as NQO1 (NAD(P)
H:quinone oxidoreductase-1), TXNRD1 (thioredoxin reductase-1),
glutathione peroxidase, heme oxygenase-1 (HO-1), and nuclear
factor erythroid 2-related factor-2 (Nrf-2) [72,73]. Among them,
Nrf-2 is a basic leucine zipper protein located in the cytoplasm that
regulates the expression of antioxidant proteins and protects the
cells from oxidative damage [74] as well as a wide range of other
toxins [75,76]. Several studies have shown that addition of VEGF to
culture media can induce Nrf-2 activation in BeWo cell lines by
activating various protein kinases [77,78]. In this study, we
demonstrate that supplementing culture media with VEGF signif-
icantly increased the expression of Nrf-2 in cells of day 7 porcine
BLs.

Viable preimplantation embryos and blastomeres are essential
for further embryo growth and differentiation in vitro. Although
apoptosis plays a vital role during embryonic growth in the pre-
and post-implantation phases by removing abnormal cells [18],
high rates of apoptosis are detrimental to the formation of healthy
BLs [79]. The addition of different types of growth factors such as
insulin, insulin-like growth factor-1 (IGF-1), epidermal growth
factor (EGF), and transforming growth factor-a (TGF-a) in IVM or
IVC media is known to reduce the incidence of apoptosis in early-
stage of different mammalian embryos [80e89]. It is also well
established that VEGF activates antiapoptotic kinases, maintains
survival signals [90,91], and can improve the quality of bovine
[52], ovine [38], and porcine embryos [37]. However, the molec-
ular signaling pathways through which VEGF exerts these effects
on embryos are unclear. We used annexin-V/PI staining assays to
detect the number of apoptotic cells in BLs grown in culture media
with or without VEGF supplementation on day 2 and day 7. Our
results show that on day 2, the numbers of viable embryos and
blastomeres were higher in the VEGF-treated group than in any
other treatment group. We also show that VEGF supplementation
in IVC medium reduces the incidence of apoptosis in day 7 em-
bryos irrespective of the addition of FBS. Supplementation of
media with FBS alone also influences apoptosis levels but sup-
plementation of VEGF in the presence of FBS reduces the
apoptosis level in day 7 BLs. Although there has been some
confusion on the effectiveness of serum in inhibiting apoptosis in
embryos developing in vitro, our work clearly shows that it is
VEGF and not FBS that affects apoptosis in day 7 embryos. We
further observed that VEGF supplementation along with FBS
addition also significantly increases the total cell number per BL;
it is possible that VEGF and FBS work synergistically to affect total
cell numbers per BL in cultured porcine embryos.

During embryonic development, a major apoptotic wave occurs
during embryo compaction, and apoptosis gradually declines dur-
ing the later stages of BL growth when cell numbers increase
rapidly [92]. One of the central proteins involved in the apoptosis
cascade in developing embryos is caspase-3 [93,94]. Inhibiting
caspase-3 activity can rescue granulosa cells from undergoing
apoptosis and can also prevent atresia in bovine ovarian follicles
[95]. Our results show that VEGF supplementation of culture me-
dium with or without FBS can significantly reduce caspase-3
expression in day 7 BLs. Our work also indicates that the expres-
sion levels of the antiapoptotic gene Bcl-2 are higher in VEGF-
treated BLs, indicating that VEGF likely reduces apoptosis in
cultured porcine BLs by functioning as a survival factor and acti-
vating the expression of antiapoptotic genes. This is corroborated
by studies showing that VEGF can inhibit apoptosis by inducing Bcl-
2 expression in murine mammary adenocarcinomas [96] and hu-
man dermal microvascular endothelial cells [97]. However, the
combination of VEGF and FBS could not increase Bcl-2 mRNA
expression in day 7 BLs. It is known that FBS influences apoptosis
and apoptosis-related gene expression in porcine parthenotes [29].
Supplementation of VEGF may compensate for FBS factors, and the
Bcl-2 expression was not different in the FBS group. Another pos-
sibility is that VEGF downregulates the cell surface receptors that
can be activated by apoptotic signals. This observation may reflect
the ability of VEGF to reduce apoptosis in day 7 porcine BLs induced
by FBS factors. VEGF is known to exert its cytoprotective effects
through the phosphoinostitide-3-kinase (PI3K/AKT) and extracel-
lular signal-regulated kinase (ERK/MEK) signaling pathways in
endothelial cells [98,99], rat follicular granulosa cells [100], porcine
theca cells [101], and ovine oocytes [35] cultured in vitro by acti-
vating antiapoptotic kinases and maintaining survival signals;
however, we are yet to confirm the involvement of these pathways
in the VEGF-mediated antiapoptotic effects in porcine embryos [91]
cultured in vitro.
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5. Conclusions

In conclusion, our study showed that supplementing culture
media with VEGF can positively influence the development of
porcine IVF embryos. We also demonstrated that this effect of VEGF
is mediated through its antiapoptotic effects by upregulating the
expression of the antiapoptotic gene Bcl-2 as well as Nrf-2 to
reduce ROS production and by downregulating the expression of
the proapoptotic gene, caspase-3.
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