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RESVERATROL/IN VITRO CULTURE (IVC)/VITRIFICATION/MOUSE

EMBRYO/GENE EXPREESION

In vitro embryo production is a valuable tool to study preimplantation
embryonic development. However, in vitro environments provide a suboptimal
environment. This study, therefore, evaluated the effect of resveratrol, an antioxidant,
on the development of mouse 4-cell embryo, blastocyst vitrification in terms of
cryotolerance and alternation of apoptotic and implantation genes expression.

Firstly, the effects of different concentrations of resveratrol supplementation in
in vitro culture medium (potassium simplex optimization medium, KSOM) on mouse
embryo developmental competency were determined. The rate of embryos developed
to the blastocyst stage in 0.5 and 1 uM resveratrol groups (100% and 96.6%,
respectively) were not significantly different when compared with the 0 uM resveratrol
group (100%). Additionally, the medium containing 0.5, 1 uM resveratrol (74.2% and
70.8%, respectively) significantly improved (P < 0.05) the rate of embryo developed
to the hatched blastocyst stage, compared with the 0 uM resveratrol group (52.8%).
Secondly, the effects of resveratrol supplementation in KSOM culture medium during
pre- and post-vitrification on retrieval efficiency and embryo development were

investigated. There were no significant differences in the post-vitrification survival
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rates of mouse blastocyst embryos in all treatments. They were 100% in all treatments.
Interestingly, the treatment with 0.5 pM resveratrol/Vitrified (73.7%) significantly
improved (P<0.05) the cryotolerance, as indicated by the highest rate of embryo
developed to the hatched blastocyst stage following post-warming culture. Therefore,
0.5 pM resveratrol was the most suitable for improving developmental potential of
fresh and vitrified mouse embryos. Thirdly, the effects of resveratrol supplementation
in KSOM culture medium and/or vitrification solution on cryo-survivability and
developmental competency of vitrified mouse embryos were determined.
Supplementation of 0.5 uM resveratrol in KSOM significantly enhanced (P<0.05) the
rate of embryo developed to the hatched blastocyst stage when compared with non-
supplemented resveratrol group. Lastly, expression levels of genes involved in
apoptosis and implantation were analyzed. The results showed that the addition of 0.5
uM resveratrol to the KSOM medium did not alter the expression of Bax in fresh
hatched blastocysts whereas the expression of Bc/-2 and ErbB4 were up significantly
(P<0.05), compared with the control group without resveratrol supplementation in
KSOM. In conclusion, these results demonstrated that low levels (0.5 uM) of
resveratrol during in vifro culture (KSOM) improved developmental competency of
mouse embryos, indicated by their effective development of mouse hatched blastocysts
with enhanced cryotolerance. The association of resveratrol supplementation and the
vitrification process can alter the expression of Bax, Bcl-2 and ErbB4 genes related to

apoptosis and implantation in the developing embryos.
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CHAPTER I

INTRODUCTION

1.1 Rationale and background

Assisted reproductive technologies (ARTs) have become integral routine
techniques for commercially valuable animal production and human infertility clinics
over the past half century (Seidel et al., 2015; Moussa et al., 2014). ARTSs are in vitro
manipulation techniques by handling of sperms, oocytes and embryos outside the body
from human or animals to achieve pregnancy such as artificial insemination (Al), in
vitro production (IVVP), intracytoplasmic sperm injection (ICSI) and cryopreservation
which consists of slow freezing and vitrification (reviewed by Hafez et al., 2015;
Scaravelli and Spoletini, 2015). Several studies have successfully improved ART
efficiencies, resulting in increasing number of viable oocytes and transferable embryos
(reviewed by Milachich and Shterev, 2016). However, ART efficiency are affected by
environmental surrounding during gamete/embryo in vitro development which might
alter health of the offspring (Padhee et al., 2015).

Cryopreservation plays a crucial role in embryo transfer technology, which
enables transportation of embryos to distant places, long-term storage, widespread
utilization of genetically valuable animal embryos, and increases the opportunities of
pregnancy (Hayashi et al., 2018; Hara et al., 2018). Cryotop vitrification has been
widely used for the cryopreservation of oocytes and embryos in different species such

as bovine (Punyawai et al., 2015; Leme et al., 2016), porcine (Vallorani et al., 2012;



Wau et al., 2016), goat (Moratd et al., 2011; Srirattana et al., 2013), mouse (Zhang et
al., 2009; Ito et al., 2010; Almasi-turk et al., 2013; Roy et al., 2014) and human
(Kuwayama et al., 2007; Lin et al., 2010). However, vitrification has detrimental effects
on embryos such as inducing reduction-oxidation (redox) state alterations and
decreasing glutathione (GSH) content which depend on concentration and types of
cryoprotectants, times and temperature, samples containers or adding additives
(Castillo-Martin et al., 2014). This imbalance between reactive oxygen species (ROS)
production and cellular antioxidant defenses may cause damages of cytoskeleton
structure, membrane lipids, proteins and DNA, which may induce apoptotic responses
and reduce embryo viability (Castillo-Martin et al., 2014; Dehghani-Mohammadabadi
et al., 2014; Hosseini et al., 2009; Gaviria et al., 2019). However, this disadvantageous
effect can reasonable support with theory, known as “Embryo Cryo-treatment” by the
role of hormetic-response, induces protective signals (Vladimirov et al., 2017). The
current hypothesis stated that “Cryopreservation is not only a technology used for
storing embryos, but also a method of embryo treatment that can potentially improve
the success rate in infertile couples” (reviewed by Vladimirov et al., 2017). Thus, a
major challenge in the current cryopreservation technology is the compromised quality
of oocytes and embryos after warming.

In vitro embryo culture is a useful tool for preimplantation embryonic
development study and necessary for the IVP of transferable embryos (Lee et al., 2010).
The preimplantation embryo is highly influenced by external factors from the in vitro
culture conditions (Rizos et al. 2002). Several studies have reported that manipulating
the gametes and culturing embryos in in vitro conditions can cause the significant

oxidative damages due to excessive reactive oxygen species (ROS) production,



resulting in abnormally embryonic development and may induce apoptosis responses
(Agarwal and Majzoub, 2017; Duranthon et al., 2008; Rizos et al. 2008; Zhao et al.,
2016). In order to improve the quality of VP embryos, different strategies have been
proposed, including the use of antioxidant molecules that may achieve better
performance of vitrification and reduce oxidative stress during in vitro culture
conditions (Hosseini et al., 2009).

Resveratrol (3,4',5-trihydroxy-trans-stilbene) is a polyphenolic phytoalexin
produced by several plants including grapes, plums, and peanuts. Resveratrol responses
to injury or when the plant is under attack by pathogens such as bacteria or fungi,
moreover, it is potent antioxidant and anti-apoptotic (Baur and Sinclair, 2006; Fremont
et al., 2000). Its antioxidant effects have been confirmed in various cellular models
such as hepatocytes (Rubiolo et al. 2008), brain and tumor cells (Gambini et al. 2015)
by reducing free radical production and inducing the expression of antioxidant genes
such as catalase, manganese superoxide dismutase (MnSOD) and glutathione
peroxidase (GPX1). Several studies have identified the biologic functions and
numerous beneficial activities of resveratrol for mammalian reproduction (Huang et
al., 2013; Liu et al., 2017; Liang et al., 2018). Supplementation of resveratrol has been
used in in vitro maturation (IVM) (Comizzoli et al., 2009; Kwak et al., 2012; Liu et al.,
2013; Mukherjee et al., 2014; Santos et al., 2018; Spricigo et al., 2017), in vitro culture
(IVC) (Lee et al., 2010; Salzano et al., 2014; Hayashi et al., 2018) and vitrification-
warming media (Giaretta et al., 2013; Wang et al., 2018). The beneficial effects of
resveratrol on in vitro environmental system and vitrification technique have also been
widely investigated in both oocytes and embryos, resulting in improvement of survival

and developmental rates in many species, including cats (Comizzoli et al., 2009), pigs



(Lee et al., 2010; Kwak et al., 2012; Giaretta et al., 2013; Santos et al., 2018), goats
(Mukherjee et al., 2014), cattle (Salzano et al., 2014; Spricigo et al., 2017; Abe et al.,
2017; Hayashi et al., 2018), and mouse (Liu et al., 2013; Wang et al., 2018). For
instance, supplementing porcine embryo culture media with 0.5 uM resveratrol had
beneficial effects on development competency such as increasing blastocyst formation
rate and improving embryo quality in terms of total cell number in the blastocysts (Lee
et al., 2010). Moreover, supplementation with 2 uM resveratrol in various phases
during IVM and vitrification-warming procedure could improve the resistance to
cryoinjury of porcine metaphase Il (MIl) oocytes and reduce apoptotic process
(Giaretta et al., 2013). Additionally, supplementing culture medium with 0.5 pM
resveratrol increased expression levels of Surtuin family member 1 gene (SIRT1)
which is involved in mitochondrial ATP generation, decreased lipid content, improved
survival and embryo development rates following cryopreservation in bovine embryos
(Abe et al., 2017). Similarly, a previous report showed that resveratrol could reduce
cryopreservation-induced damage during mouse oocyte vitrification, decrease
oxidative stress and moderate the abnormal mitochondrial distribution pattern, which
could result in increasing blastocyst formation rate and cell number of blastocysts
(Wang et al., 2018). There are limiting information about the effects of resveratrol
supplementation in culture medium and/or vitrification medium, especially mouse
species. Taken together, this study was to determine whether resveratrol
supplementation in culture medium and/or vitrification solutions could improve in vitro
embryo development, cryotolerance and alter gene expression profiles of mouse

embryos.



1.2 Research objectives

1. To examine the effects of resveratrol supplementation in culture medium
(KSOM) on mouse embryo developmental competency.

2. To investigate the effects of resveratrol supplementation in KSOM culture
medium on cryo-survivability and developmental competency of vitrified mouse
embryos.

3. To evaluate the effects of resveratrol supplementation in KSOM medium
and/or vitrification solution on cryo-survivability and developmental competency of
vitrified mouse embryos using Cryotop-vitrification method.

4. To analyze the expression levels of genes that involve in apoptotic and
implantation gene on efficiency of resveratrol supplementation in KSOM medium

and/or vitrification medium.

1.3 Research hypotheses

1. Resveratrol supplementation in KSOM medium could enhance embryo
developmental competency.

2. Resveratrol supplementation in KSOM medium at pre- and post-vitrification
could increase the survival rate and embryo developmental competency after post-
warmed.

3. Resveratrol supplementation in KSOM medium and/or vitrification solution
could improve the cryotolerance, enhance the survival rate and embryo developmental
competency after post-warmed.

4. Resveratrol supplementation in KSOM medium and/or vitrification medium

could increase the expression levels of implantation gene (ErbB4) as well as anti-



apoptotic activity gene (Bcl-2). Whereas the transcription level of pro-apoptotic

activity gene (Bax) could be decreased after vitrification.

1.4 Scope and limitations of the study

1. The effects of various concentrations of resveratrol supplementation in
KSOM medium were examined by in vitro culture of in vivo 4-cell embryos until the
hatched-blastocyst stage.

2. The effects of different concentrations of resveratrol supplementation in
KSOM medium at pre- and post-vitrification on survival efficiency and developmental
potential of vitrified mouse embryos.

3. The effects of resveratrol supplementation in KSOM medium and/or
vitrification solution on vitrification efficiency and development potential of vitrified
embryos were cultured from in vivo 4-cell embryos until blastocyst stage and used
Cryotop as a device for blastocyst mouse embryos vitrification. After warming,
vitrified-warmed blastocysts were investigated survival rate and in vitro culture until
develop to hatched-blastocyst stage.

4. The effects of resveratrol supplementation in KSOM medium and/or
vitrification medium on expression level of genes (ErbB4, Bcl-2 and Bax) of hatched-
blastocyst embryos were analyzed using the quantitative polymerase chain reaction

(gPCR).



1.5 Research methodology

1.5.1 Instrumentation
All equipment and materials were provided by Embryo Technology and
Stem Cell Research Center (ESRC) and Laboratory Service Unit, The Center for
Scientific and Technological Equipment, Suranaree University of Technology, Nakhon
Ratchasima, Thailand.
1.5.2 Location of research
The experiments were carried out at Laboratory animal center and ESRC,

Suranaree University of Technology, Nakhon Ratchasima, Thailand.



CHAPTER 11

LITERATURE REVIEW

2.1 The mouse as an animal model

The mouse (Mus musculus) is the most commonly used vertebrate species,
popular because of their availability, size, low cost, ease of handling, and fast
reproduction rate (Willis-Owen and Flint, 2006). Mouse is a powerful model for
studying mammalian embryo development due to extensive genome similarities
between mouse and human (Mandawala et al., 2016) and an especially important model
organism for human biology, and human embryos during preimplantation development
and implantation are scarce and difficult to obtain for both ethical and technical reasons
(Minoru et al., 2006). Additionally, mouse embryos are also more readily available
than those of many agriculturally important animal species (Polge et al., 1978; Mukaida
etal., 1998).

The B6D2 F1 hybrid mice stain results from mating mice of two inbred strains,
C57BL/6J mice and DBA/2J mice (Fig. 2.1). The C57BL/6J mice (also known as
Black 6, B6, B6J and C57 Black) is the most widely used inbred strain due to strain
stability and easy breeding, and the first to have its genome sequenced (Johnson, 2012).
Then, the DBA/2J mice (also known as D2J, D2 and DBA?2) is a widely used inbred
strain. Obviously, the B6D2F1/J mice (also known as B6D2) are heterozygous for B6
and D2 alleles at all loci in their genome as they are from C57BL/6J (B6) female mice

and DBA/2J (D2) male mice. This strain widely uses for transgenic/knockout creation,
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as well as other deleterious mutations, research applications include radiation and
behavioral research, and safety and efficacy testing, bioassays of nutrients, drugs,
pathogens, and hormones. (The Jackson Laboratory Handbook on Genetically
Standardized Mice, 2009). In addition, the reproductive research usually use B6D2 F1
strain because the oocytes are very translucent and the metaphase spindle is easy to see
(Wakayama et al., 2010). Especially, B6D2 F1 hybrid mice stain can prevent 2-cell
block during embryo development and useful for in vitro culture (Minoru et al., 2006).
Therefore, the numerous experiments have been conducted and applied this strain on
many fields of reproduction such as in vitro production (IVP) (Jo et al, 2011; Lee et al,
2015; Yoisungnern et al, 2015; Zhang et al, 2016; Zhou et al, 2016; Youm et al, 2017),
cloning technique (Wakayama et al., 2010), cryopreservation of oocyte (Jo et al, 2011;

Joetal, 2012; Lee et al, 2015; Zhang et al, 2016) and embryos (Youm et al, 2017).

Figure 2.1 The strains of mouse. (A) C57BL/6NJc1 (B6) female mice, (B) DBA/2NJcl

(D2) male mice, (C) B6D2 F1 hybrid mice (The Jackson Laboratory, 2018).

2.2 Cryopreservation

The cryopreservation is the most important for reproductive field nowadays.
Moreover, cryopreservation is a useful tool for collection the sample to keep long time
for the future or apply to a research work (Vladimirov et al., 2017). Cryopreservation

is a technique which biological cells or tissues are preserved at sub-zero temperatures
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(freezing), resulting in a radical decrease in the rate of metabolic processes and the
ability to store samples for extended periods, and subsequent warming of biological
samples without loss of viability (Mandawala et al., 2016). The application of
cryopreservation in assisted reproductive technology (ART) include the freezing of
gametes, embryos, and primordial germ cells (Chian and Quinn, 2010).
Cryopreservation techniques for mammalian oocytes and embryos have rapidly
progressed, emphasizing their importance in various ART. Considerable progress has
been achieved in the development and application of the cryopreservation of
mammalian oocytes and embryos, including preservation of the reproductive potential
of patients who may become infertile, establishment of cryopreserved oocyte banks,
and transport of oocytes and embryos internationally for both human and veterinary
medicine (Moussa et al., 2014).

Cryopreservation techniques, there are two prominent strategies that may fulfill
the requirements for successful cryopreservation of mammalian oocytes and embryos:
conventional slow freezing and vitrification or ultra-rapid freezing. In both methods
attempt to decrease formation of ice crystals in and out of the cells during freezing and
fusion in order to increase survival rate (Shoraki and Akhondi, 2016). Conventional
slow freezing technique involves stepwise programmed decease in temperature. The
procedure is lengthy and requires the using of expensive equipment (Michal et al.,
2016). This process does not exclude ice crystal formation, which can extremely
deleterious (Pegg, 2005). Limiting factor of method is ice crystal formation that
drastically reduce survival of oocytes and embryos. Vitrification process produces a
glass solidification of living cells, which completely avoids ice crystal formation.

Interestingly, vitrification is very simple, fast and cost-effective process, but the skills
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to perform require good manual training (Vajta, 2006). Vitrification requires a greater
amount of cryoprotectant, toxicity effect to their environment. However, it was claimed
higher survival rate after using vitrification instead of conventional slow freezing
(Fadini et al., 2009). There are a number of studies that compared conventional slow
freezing and vitrification. Several studies have indicated that vitrification of oocytes
(Cobo et al., 2011; Levi Setti et al., 2014) and embryos of all stages has been shown to
be superior to conventional slow freezing. For example, Herrero et al. (2011)
established that cryopreservation of both human oocytes and blastocysts demonstrate
pregnancy rates, when compared to those obtained through implantation of fresh
samples and that vitrification, was preferable in terms of minimised cellular damage
and higher post-warming survival rates, when compared to conventional freezing
processes. The major consequences of the intracellular damage to oocytes and embryos
from conventional slow freezing are decreasing survival rate and diminishing
implantation potential and outcomes when compared to vitrification (Kuc et al., 2010;
Li et al., 2014; Wang et al., 2012). These negative effects have limited the widespread
use of conventional slow freezing techniques. While it seems that these is a gradual
move toward more widespread use of vitrification, which methods is the best

(Mandawala et al., 2016).

2.3 Vitrification

Vitrification is the solidification of a liquid by the extreme elevation in viscosity
during cooling (Fahy et al, 1984). The method is known as a physical process by which
a highly concentrated solution of cryoprotectant rapidly transforms into a glassy

vitrified state, from the liquid phase by increase in the viscosity while cooling at a low
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temperature (-196°C). Thus, vitrification eradicates damage caused due to ice crystal
formation during the cooling process (Almasi-turk et al., 2013). As a working model,
the following equation has been proposed by Yavin and Arav (2007), which predicts
the probability of successful vitrification based upon three major factors, to prevent the
intracellular crystallization of water: 1) the viscosity of the sample that can be
modulated by cryoprotectant (CPA) concentration; 2) cooling and warming rate; 3)

sample volume:

Probability of vitrification = Cooling and warming rate x Viscosity (CPA concentration)
Volume

The vitrification technique can be divided into 2 parts: 1) Freezing or vitrification
procedure; and 2) warming or thawing procedure (Kuwayama et al, 2005b). Freezing
procedure induces precipitation of water into ice, leading to the separation of water
from the dissolved substances. The presence of both intracellular ice crystals and a high
concentration of solute can be lethal to the oocytes or embryos during the freezing
procedure (Mazur et al, 1990). The presence of a suitable concentration of
cryoprotectant in the freezing or vitrification solution usually considerably increases
the cell’s survival rates (Nakagata et al, 1989). The specific role of cryoprotectant takes
part in lowering the freezing point and in reducing or preventing the formation of ice-
crystals in aqueous solutions. The addition of cryoprotectant into solutions results in a
significant increase of their osmolarity (Shaw et al, 1992). Therefore, the additional
and removal of cryoprotectant from the oocytes or embryos create an osmotic
imbalance across the membrane which may result in large volumetric changes (Hunter
et al, 1995). The thawing or warming procedure is a rapid procedure with temperature

changes. This procedure prevents the occurrence of re-crystallization, a process where
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water enters the oocytes or embryos and transforms into a solid state (Hunter, 1995).
During the thawing or warming procedure, the transfer of the oocytes or embryos from
a solution containing a high concentration of cryoprotectant to an isotonic solution can
also lead to a reverse osmotic shock or over-swelling (Fuller et al., 1984). An osmotic
shock can be prevented by thawing the oocytes or embryos in a hypertonic solution
containing a non-permeating cryoprotectant, such as sugar (Leibo et al., 1978). Various
monosaccharides and disaccharides with sucrose being the most common sugar have
been used in thawing or warming solution as an osmotic counterforce in restricting
water permeation into the oocyte or embryos and in preventing a swelling injury
(Nowshari et al., 1994).

The mechanism of vitrification is the use of a high concentration of
cryoprotectant and an extremely rapid cooling/warming rates to pass through the glass
transition temperature and avoid intracellular and extracellular ice formation (Chian et
al., 2014). During vitrification step, an oocytes or embryos is exposed to equilibration
Solution (ES) and undergoes osmotic change from hypertonic state to isotonic state.
When osmotic pressure reaches equilibrium, the oocytes or embryos is placed in
vitrification Solution (VS) containing higher concentrations to dehydrate. In the
warming steps, the oocytes or embryos is rapidly warmed in thawing solution (TS) and
undergo further dehydration. Stepwise reduction of sucrose concentrations, in dilution
solution (DS) induces rehydration of the cell. During the incubation in wash solution
(WS), the oocytes or embryos is pre-equilibrated before transferring to culture medium

(Sakurai, 2017) (Fig. 2.2).
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Figure 2.2 The mechanism of vitrification and warming procedure (Sakurai, 2017).

The vitrification techniques have been designed devices for vitrification to
minimize the volume of CPA solution and allow the sample to be submerged quickly
in liquid nitrogen (LN2). The different carrier can generally be divided into two
categories: 1) surface techniques and 2) tubing techniques (Saragusty and Arav, 2011).
The surface techniques include electron microscope grid (Martino et al., 1996),
Cryotop (Hamawak et al., 1999; Kuwayama et. al., 2005a), Cryoloop (Lane et al.,
1999), Hemi-straw (Vanderzwalmen et al., 2000), solid surface (Dinnyes et al., 2000),
nylon mesh (Matsumoto et al., 2001), Cryoleaf (Chian et al., 2005). To the tubing
techniques belongs the plastic straw (Rall and Fahy, 1985), open-pulled straw (Vajta et
al., 1998), closed pulled straw (Chen et al., 2001), flexipet-denuding pipette
(Liebermann et al., 2002), superfine open-pulled straw (Isachenko et al., 2003),
CryoTip (Kuwayama, 2007), pipette tip (Sun et. al., 2008), Cryopette (Portmann et al.,

2010), Rapid-i (Larman et al., 2010). Each of carriers has its specific advantages. For
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the surface methods, the size of the drop (0.1 mL) can be controlled, a high cooling rate
is achieved because these systems are open, and high warming rates are achieved by
direct exposure to the warming solution. The tubing systems have the advantage of
achieving high cooling rates in closed systems, thus making them safer and easier to
handle (Arav, 2014). Decreasing the vitrified volume and increasing the cooling rate
allow a moderate decrease in cryoprotectant concentration so as to minimize its toxic
and osmotic hazardous effects (Yavin et al., 2009). For example, Kuwayama et al.
(2005a) showed no significant difference between blastocyst survival rates using the
CryoTip™ (closed system) and the Cryotop (available as either an open or closed
carrier system). Comparisons were also made between conventional slow freezing and
vitrification of human embryos, which indicated that vitrification was the most reliable
(Kuwayama et al. 2005a). In addition, Kuwayama (2007) demonstrated similar results,
cryopreservation of human blastocysts using the Cryotop method resulted in more live
births when compared to any other vitrification systems. Moreover, Roy et al. (2014)
showed that the new vitrification device, Gavi (Genea Biomedx) permitted the process
to be further standardized and automated. Results to date demonstrated that mouse
(zygotes, cleavage stage embryos and blastocysts) and human (blastocysts) vitrified
samples using the Gavi technology produced similar results to those of the control
samples which were vitrified using the manual Cryotop method that currently
considered to be the gold standard for vitrification (Roy et al. 2014). Thus, the Cryotop
method is an efficient technique for vitrification of oocytes and embryos.

Severe injuries within vitrified-warmed oocyte or embryo may occur at all phases
of vitrification/warming procedures (Koutlaki et al, 2006). However, Ito, et al. (2010)

evaluated the impacts of re-vitrification embryos (2-cell, 4-cell, morula and blastocyst



16

stages) on the same stage, resulting re-vitrification with Cryotop did not affect the
developmental ability of mouse embryos (Ito, et al. 2010). Youm et al., (2017)
investigated that in once, twice, or three-time vitrified mouse 8-cell stage embryos,
survival rates, blastocyst-forming rates, the percentages of hatching/hatched blastocyst,
and the cell counts were all similar when compared with non-vitrified control group
and the mRNA expression levels of cold-inducible RNA-binding protein as cold-shock
protein (Cirbp), caspase 3 as an apoptosis marker (Casp3), superoxide dismutase 1
(Sodl), glutathione peroxidase 3 (Gpx3) and catalase (Cat) as oxidative stress markers,
were not affected. Therefore, repeatedly vitrified mouse 8-cell stage embryos well
developed up to blastocyst stage without cryoinjury and without decrease of
antioxidant-related genes (Youm et al., 2017). Moreover, Gharenaz, et al. (2016)
reported that re-vitrification at 8-cell stage embryos had the same effect on
developmental potential and re-vitrification could negative affect expressions of
apoptotic and implanting genes by increasing expressions of Bax but decreasing
expressions of Bcl-2 and ErbB4. Members of Bcl-2 gene family are known as an
important role in regulating apoptosis. Bcl-2 is known for its anti-apoptotic activity and
responsibility in cell survival, whereas Bax is pro-apoptotic and responsible for the
induction of cell death (Dhali et al., 2007; Gharenaz, et al. 2018). ErbB4 is a gene
involved in implantation which interacts with heparin binding-epithelial growth factor
(HB-EGF) to mediate attachment of the blastocyst to uterine luminal epithelium
(Gharenaz, et al. 2016). Therefore, several publications presumed that vitrification
procedure could induce apoptosis in vitrified-warmed embryos, affect the expression
of apoptosis related genes (Dhali et al, 2007; Anchamparuthy et al, 2007) and

implanting genes (Gharenaz, et al. 2016).
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2.4 Mouse blastocyst vitrification

Vitrification is a safe procedure for embryo cryopreservation, which has been
carried out since 1990. Vitrification was successfully used for the first time to
cryopreservation human cleavage-stage embryos, resulting in a live birth (Gordts et al,
1990). In development of in vitro techniques and together with single embryo transfer
becoming greater demand for an efficient and reliable cryopreservation method for
surplus embryos. Cryopreservation can be applied to the zygotes immediately after
fertilization, at the pronuclear stage or embryos during early cleavage stages (28 cells)
or at the expanded blastocyst stage. Vitrification of early stage embryo is acceptable
and better alternative than slow rate freezing because of the higher survival rate and
increased rates of pregnancy. Previous studies showed that the development
competency of vitrified blastocysts by open-pulled straw was comparable to that of
fresh embryo, which would imply that the early blastocyst stage in the most optimal
stage for mouse embryo vitrification (Cuello et al, 2004; Zhou et al, 2005). However,
cryopreservation of cleaved embryos is not so effective as vitrification of blastocyst
(Michal et al, 2016). Blastocysts are the top embryos, have already overcome the
development block associated with genomic activation, and possess relatively good
development potential. The blastocyst stage is the final stage of development prior to
implantation; therefore, it provides the best opportunity for screening the most
developmentally competent embryos for transfer (Ling et al, 2009). Moreover, the
advantage is containing numerous small cells; thus, the loss of some cells during
freezing and thawing is probably less harmful for future development of the embryo.

Furthermore, during extended cultivation, embryos with worse viability are arrested in
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development and will not be cryopreserved. Therefore, vitrification of blastocyst stage
embryos is of great importance in assisted reproduction.

The most suitable procedure for the vitrification of mammalian embryos differ
among the developmental stages even in the same species (Kasai and Edashige, 2010).
This specificity could be caused by the difference in their cryobiological properties of
embryos among the developmental stages and species, such as the sensitivity to
chilling, the sensitivity to the chemical toxicity of cryoprotectants, the permeability of
the plasma membrane to water and cryoprotectants, and the tolerance to osmotic
swelling and shrinkage (Edashige, 2016). Similarly, the permeability of the plasma
membrane of embryos to water and cryoprotectants is the most important property
because this property is closely related to major causes of cell injury during vitrification
(Edashige, 2017). Such damage needs to be avoided to maintain the survival of embryo
after vitrification. Therefore, the permeability of the plasma membrane markedly
affects whether the conditions are suitable for vitrification.

There are two pathways for the movement of water and cryoprotectants across
the plasma membrane of embryos. One is the simple diffusion through the lipid bilayer.
The other is facilitated diffusion via channels called aquaporins (Kasai and Edashige,
2010). The major pathway for the movement of water across the plasma membrane can

be deduced from the permeability to water (L.) and its dependence on temperature
(Arrhenius activation energy, E.). In general, a L,-value of higher than 4.5 um/min/atm
with an E_-value of lower than 6 kcal/mol for the permeability is suggestive of the

movement of water principally by facilitated diffusion via aquaporins. In contrast, a

low L,-value with an E_-value that is higher than 10 kcal/mol for the L, is suggestive

of movement principally by simple diffusion across the plasma membrane (Verkman
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et al., 1996). This criterion may be a rough estimate but is useful for deducing the
principal pathway for the movement of water in the embryo. Therefore, permeability
differ among the development stage of embryo can be classified into two types; the
early stages (1-to-4 cell stage, early embryos), the morulae and blastocysts. The

movement of mouse embryos in the early stages, the L-value in a hypertonic solution
containing sucrose is low at 20-25°C (0.4-0.7 um/min/atm) and the E_ -value is high

(12-13 kcal/mol) (Pfaff et al., 1998; Edashige et al., 2006; Edashige, 2016). Therefore,
it is suggested that water move through the early embryos principally by simple
diffusion (Fig. 2.3A). In mouse morulae and blastocysts, in contrast, the L,- value is

high at 25°C (3.1-4.5 um/min/atm) and the E_-value is low (5.1-6.3 kcal/mol) (Edashige

et al.,, 2006; Edashige, 2016), suggesting that water moves through the embryos

principally by facilitated diffusion via water channels (Fig. 2.3B).
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Figure 2.3 Schematic representation of the pathways for the movement of water across
the plasma membrane of mouse early stages and morulae stages. A, the
movement of water and cryoprotectant in an early stages by simple
diffusion. B, the movement of water in a morula in a solution containing
sucrose by facilitated diffusion through channel pathways. AQP3,
aquaporin 3; open small circles, water molecules; shaded large circle,

cryoprotectant molecules (CPA) (Edashige et. al., 2016).
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A criterion for deducing the pathway for the movement of cryoprotectants in
embryo has not been established, there is no quantitative value for evaluating the
movement of cryoprotectants through the plasma membrane. However, considering the
permeability to water, it would be reasonable to assume that a low level of permeability

to cryoprotectants (P.), with a high E_-value for the permeability, is suggestive of the

movement of cryoprotectants principally by simple diffusion across the plasma

membrane and that a high P.-value with a low E_-value for the permeability is

suggestive of the movement of cryoprotectants principally by facilitated diffusion
through channels (Edashige, 2016). In this case, MIl oocytes and morulae would be
especially suitable for measuring change in volume, because they are a single mass and
thus shrink and re-swell with less distortion (Kasai and Edashige, 2010). The

permeability to ethylene glycol (P..) of oocytes is low at 25°C (0.6 x 10" cm/min) and
the E_-value is high (17 kcal/mol). Therefore, ethylene glycol would move through the

oocytes (and probably early embryos) principally by simple diffusion. In contrast, the

Pcs-Vvalue of morulae is quite high at 25°C (10 x 107 cm/min) and the E,-value is low
(9 kcal/mol). In addition, the high P_.-value of morulae markedly decreases by

suppressing the expression of aquaporin 3 (Edashige et al., 2007; 2016). Therefore,
ethylene glycol moves through the morulae (and probably blastocysts) principally by
facilitated diffusion via aquaporin 3 (Fig. 2.4A) The permeability to dimethyl sulfoxide

(DMSO; Py,,,50) Of 0ocytes is low at 25°C (1.0 x 10" cm/min) and the E,-value is high

(18 kcal/ mol). Therefore, DMSO would move through the oocytes (and probably early

embryos) principally by simple diffusion. In contrast, the P -value of morulae is

DMSO

higher at 25°C (3.0 x10°® cm/min) and the E,-value is lower (12 kcal/mol), compared
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to those of the oocytes (Edashige et al., 2007; 2016). Therefore, DMSO would move
through the morulae principally by facilitated diffusion via channels. However, the

suppression of aquaporin 3 in the morulae does not decrease the P, ,-value,

suggesting that channels other than aquaporin 3 are involved in the facilitated diffusion

of DMSO (Fig. 2.4B).
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Figure 2.4 Schematic representation of the pathways for the movement of water and
cryoprotectants across the plasma membrane of mouse early stages and
morulae in the presence of cryoprotectants. A, the movement of water and
ethylene glycol in a morula in a solution containing ethylene glycol. B, the
movement of water and DMSO in a morula in a solution containing DMSO.
AQP3, aquaporin 3; Other channels, DMSO-permeable channels; EG,
ethylene glycol, open small circles, water molecules; shaded large circle,

cryoprotectant molecules (CPA) (Edashige et. al., 2016).

To find optimal conditions for blastocyst vitrification, it is essential to identify
the mechanism. Specifying the principle pathway for the movement of water and
cryopreservation in oocytes and embryos at various stages will help in the selection of
suitable cryoprotectants and optimal conditions for vitrification, for example the time,

temperature, and number of steps for exposure of oocytes and embryos to the
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cryoprotectant solution before freezing, and the procedure for removal of the
cryoprotectant after warming (Kasai and Edashige, 2010). In order to design protocols
for the vitrification of mammalian embryos, it would be important to consider the
pathway of the movement of water and cryoprotectants for each stage. In vitrification,
the time of exposure and temperature of the vitrification solution are important because
the vitrification solution contains a high concentration of cryoprotectant and thus is
highly toxic to oocytes and embryos. When water and cryoprotectants move through
embryos principally by simple diffusion, the temperature and time of exposure to the
vitrification solution are important because temperature affects the permeability to
water and cryoprotectants. When water and cryoprotectants move through embryos
principally by facilitated diffusion via channels, the amount of time of exposure to the
vitrification solution is more important because the permeability is less affected by
temperature. However, the exposure of embryos to the vitrification solution at a high
temperature should be avoided because cryoprotectants are more toxic at higher
temperatures.

Nowadays, many researchers are studying different methods to improve
cryopreservation outcome by modification of essential factors (cryoprotectants,
freezing rate, warming) and chemical supplementation (antioxidative treatment). For
instance, Ling et al. (2009) reported the high survival rate and hatching rate of vitrified
mouse blastocyst (96.5%, 81.0% respectively) by Cryotop as carrier, using freezing
condition; equilibration solution (ES) containing 7.5% (v/v) ethylene glycol (EG) and
7.5% (v/v) dimethylsulphoxide (DMSQ) for 10 minute, followed with vitrification
solution (VS) containing 15% (v/v) EG, 15% (v/v) DMSO and 0.5 mol/l sucrose for 60

second at room temperature. After cryo-storage, warming condition by using a four-
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step dilution procedure with sucrose (1.0, 0.5, 0 and 0 mol/l sucrose for 1, 3, 5 and 5
minutes respectively) at 37°C. In addition, Ghandy and Malekshah, (2017) showed
comparison of vitrification on mouse 2-cell, 4-cell, 8-cell, morula and blastocyst using
freezing condition; ES containing 7.5% (v/v) EG and 7.5% (v/v) DMSO for 8-10
minute, followed with VS containing 15% (v/v) EG, 15% (v/v) DMSO and 0.5 mol/l
sucrose for 2 minutes at room temperature. After cryo-storage, warming condition by
using a three-step dilution procedure with sucrose (1.0, 0.5, and 0 mol/l sucrose for 1,
3 and 5 minutes respectively) at 37°C. However, the vitrified blastocyst results
demonstrated lower survival rate and hatching rate (60.5% and 59.8% respectively),
comparing with the result of Ling et al. (2009) reporting. In this case, it indicates the
different of some factors (exposure time different; from one to two minute of VS and
the concentration of sucrose in the step of warming condition), can affect to optimum
of condition and the future of development competency. Both of reports that mention
above, have determined that gentle appropriate treatment after warming can improve
survivability of embryos. Interestingly, Hosseini et al. (2009) indicated positive effect
of the presence of antioxidant in cultivation medium after thawing of embryos.
Similarly, supplementation of a-tocopherol in recovery culture medium resulted in a
significantly higher blastocyst yield from the post-warm bovine oocytes in comparison
with control oocytes (Hwang et al., 2014) Thus, further vitrification procedural
improvements using post-vitrification treatment would reduce the high sensitivity of
embryos to cryopreservation and provide valuable information during an advanced
post-cryopreservation thawing procedure. Furthermore, the strategic placement of

embryonic culture media is very important for a successful freezing/warming process.
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2.5 The culture environment

In vitro embryo production is a valuable tool to study preimplantation embryonic
development and is vital for the in vitro production of transferable embryos. During the
process, the embryo is removed from the female reproductive tract, which in vivo
provides the appropriate developmental to ensure normal development. However, in
vitro environments provide a suboptimal environment resulting in a difference of
biochemical signals that effect to the genome. In spite of significant improvements in
the culture conditions, the development of in vitro produced embryos is still suboptimal
(Rizos et al. 2008). Because the preimplantation embryo is extremely sensitive to
environmental factors, deficiencies in culture conditions often lead to aberrant embryo
development that manifest in lower frequency of blastocyst formation and lower cell
numbers and can affect fetal as well as postnatal life (Duranthon et al., 2008). The in
vitro embryo culture of mammalian embryos requires a suitable environment in which
the early embryo can undergo a number of cleavage divisions and ultimately form a
blastocyst (Thompson 1997; Rizos et al. 2002; Lonergan 2007).

Preimplantation stage embryos can develop in different media whose
compositions range from simple balanced salt solutions and carbohydrates such as
Charles Rosenkrans 1 (CR1), synthetic oviductal fluid (SOF) and potassium simplex
optimization medium (KSOM), to very complex constituents, such as tissue culture
medium (TCM)-199, with further supplementation of serum and/or a feeder layer of
somatic cells (Krisher et al. 1989; Niemann and Wrenzycki 2000; Summers and
Biggers 2003). However, the major reduction in development in vitro occurs during the

last part of the in vitro process (post-fertilization culture), between the two-cell and
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blastocyst stages, suggesting that post-fertilization embryo culture is the most critical
period of the process in terms of determining the blastocyst yield (Rizos et al. 2002).
In addition, another factor impairing in vitro embryo development is the increased
oxidative stress. Therefore, it seems necessary and meaningful to further improve and
optimize culture system, which can potentially improve the development of the
cultured embryos by using supplementation antioxidants such as -mercaptoethanol,
cysteine, cysteamine (Hosseini et al., 2009) and resveratrol (Wang et al., 2018) to in

vitro culture medium.

2.6 The relationship of oxidative stress by ROS and apoptosis

Oxidative stress is a phenomenon caused by an imbalance between production
and accumulation of oxygen reactive species (ROS) in cells and tissues (Pizzino et al.,
2017). ROS are small molecules that are short-lived and highly reactive oxidizing

agents (Winterbourn, 2015). ROS are generated during intermediate steps of oxygen
reduction, known as oxygen-derived free radicals such as superoxide anion (O2*") and

the hydroxyl radical (OH®), or non-radical molecules, hydrogen peroxide (H,0,). In
the VP procedure, gametes and embryos which are removed from their natural
microenvironments can be exposed to excessive levels of ROS as the antioxidant
defense mechanisms are lost (Agarwal et al., 2006), ultimately resulting in a state of
oxidative stress (Plessis et al., 2008). However, ROS can be generated by endogenous,
within mitochondria and exogenous sources, when cells are exposed to variations in
the culture environmental factors, such as oxygen concentration, illumination (visible

light), pH and temperature (Agarwal and Majzoub, 2017).
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The generation of ROS in cells or endogenous sources exists in equilibrium with
a wide variety of antioxidant defences, including enzymatic scavengers such as
superoxide dismutases (SOD), catalase, glutathione peroxidase and peroxiredoxins, as
well as non-enzymatic scavengers such as vitamins C and E, glutathione (GSH), lipoic
acid, carotenoids and iron chelators (Halliwell, 2011). The mitochondrion is a major
intracellular source of ROS. The total mitochondrial O, consumed, 1-2% is diverted to

the formation of ROS (Turrens, 2003; Circu and Aw, 2010). The production of ROS,
especially O." ", arises mainly from leaks during mitochondrial electron transport chain

activity (Dickinson and Chang, 2011). O2" can react with nitric oxide (NO®), a

reactive nitrogen species (RNS), to generate the powerful oxidant peroxynitrite

(ONOO™) (Winterbourn, 2015; Dickinson and Chang, 2011). Otherwise, 02" is

rapidly dismutated into O and H,O, by SOD. H,0, can be reduced by metal ions such
as iron or copper to form OH® through the Fenton reaction (Kehrer and Klotz, 2015;
Halliwell, 2012). OH® is highly reactive and harmful to biological macromolecules. To

avoid the formation of OH®, H,0, is detoxified by antioxidant enzymes such as catalase
and glutathione peroxidases (West and Marnett, 2006) In naturally, ROS production
and presence inside cells that need to be kept at a low level (Rajendran et al., 2014). In
contrast, the high level of ROS can damage to biomolecules such as DNA, proteins and
membrane lipids, leading to mitochondrial dysfunction, which may induce apoptotic
responses and reduce embryo viability (Castillo-Martin et al. 2014; Dehghani-

Mohammadabadi et al. 2014; Zhao et al. 2016) (Fig. 2.5).
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Figure 2.5 The production of ROS that cause cellular damage and apoptosis. (Redza

Dutordoir and Averill-Bates, 2016).

Apoptosis or programmed cell death is a tightly regulated and highly conserved
process of cell death during which a cell undergoes self-destruction (Kannan and Jain,
2000). It is an essential process in multicellular organisms that eliminates undesired or
superfluous cells during development or neutralizes potentially harmful cells with
DNA damage (Pallepati et al., 2012). The regulation of apoptosis is crucial for
maintaining normal cellular homeostasis. Apoptosis can be triggered by a variety of
extrinsic and intrinsic signals. These include different stresses such as ROS, DNA-
damaging agents (radiation), heat shock, serum deprivation, viral infection and hypoxia
(Fulda et al., 2010; Pallepati et al., 2012). Several publications confirmed that apoptosis
contributes to the decrease in the development of oocytes and embryos after
vitrification. Coutinho et al. (2007) reported that freezing could induce apoptosis in

mouse embryos. Inaba et al. (2016) found that the rate of apoptotic cells in cattle
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embryos increased after freezing. Vallorani et al. (2012); Niu et al. (2016) also found

that vitrification pig oocytes could increase apoptosis after thawing.

2.7 Resveratrol

Resveratrol (3,4',5-trihydroxy-trans-stilbene) is a type of natural phenolic
compound and phytoalexin produced in variety of plant species particularly in grapes,
berries, plums, and peanuts (Baur and Sinclair, 2006). Its biological function is to
protect the plant in case of a parasitic attack or environmental stress, such as UV
radiation and exposure to ozone (Fremont et al., 2000; Ignatowicz and Baer-Dubowska,
2001). The plant polyphenol resveratrol is synthesis by the interaction of plants with a
micro-organism, when the plant is under attack by pathogens for responding to protects
the plant against fungal and bacterial infections (Pervaiz, 2003) Resveratrol exists as
cis- and trans-isomer (Fig. 2.6). Trans-resveratrol is the preferred steric form and is
relatively stable if it is protected from high pH and light (Alarcon de la Lastra and

Villegas, 2007).

OH

HO N

OH

Figure 2.6 The chemical structure of resveratrol (3,5,4'-trinydroxy-trans-stilbene).
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Resveratrol exhibit wide variety of pharmacological properties ranging from anti-
inflammatory (Conte et al., 2015), antimicrobial (Mora-Pale et al., 2015), cancer
chemopreventive (Gusman et al., 2001), antioxidant (Chung et al., 2012),
cardioprotective (Li et al., 2013), anticancer effects (Mikula-Pietrasik et al., 2014) and
anti-aging (Smoliga et al., 2011). It is able to influence the expression of a wide range
of genes that are related to DNA synthesis, cell cycle, proliferation, stress responses,
and apoptosis. Several studies have been conducted to identify the biologic functions
and activities of resveratrol for mammalian reproduction. For instance, Liu et al. (2013)
showed that resveratrol can reduce the adverse effects of the mouse oocytes from
methylglyoxal-induced oxidative damage in term of oxidative stress, preventing DNA
damage, decreasing abnormal mitochondrial and chromosomal distribution and
reducing lipid peroxidation (Liu et al. 2013). In addition, Liu et al. (2017) showed that
resveratrol against mancozeb-induced apoptosis damage in mouse oocytes by declined
fertility, decreased ovary weight and primary follicles (Liu et al. 2017). Besides,
mancozeb treated oocytes displayed suboptimal developmental competence by
inducing reproductive toxicity and this can also be improved by treatment of
resveratrol. Interesting, Liang et al. (2018) tested the effect of resveratrol on mouse
oocytes undergo a time-dependent deterioration, which is referred to as post-ovulation
oocytes aging (Liang et al. 2018). Resveratrol can effectively protect against post-
ovulation oocytes aging by preventing ROS production and improving mitochondrial
function.

Furthermore, resveratrol has the potent to anti-apoptotic and antioxidant
properties, act as antioxidative agent for in vitro production. The ability of the

polyphenolic compounds to act as antioxidants depends on the redox properties of their
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phenolic hydroxy groups and the potential for electron delocalization across the
chemical structure (Alarcon de la Lastra and Villegas, 2007). Resveratrol was clarified

three different antioxidant mechanisms: (1) competition with coenzyme Q and, to

decrease the oxidative chain complex, the site of ROS generation, (2) scavenging 02"~
radicals formed in the mitochondria and (3) inhibition of lipid peroxidation induced by

Fenton reaction products. In fact, numerous studies have demonstrated the ability of

resveratrol to scavenge both O2* and OH® radicals (Leonard et al., 2003; Losa, 2003;
Martinez and Moreno, 2000). Many researches show the result that resveratrol have the
positive effect to the environment of culture medium. The beneficial effects of
resveratrol on reproductive system function and vitrification have been widely
identified, both oocytes and embryos, resulting in improved survival and
developmental rates in cats (Comizzoli et al., 2009), pigs (Lee et al., 2010; Kwak et al.,
2012; Giaretta et al., 2013; Santos et al., 2018), goats (Mukherjee et al., 2014), cattle
(Salzano et al., 2014; Spricigo et al., 2017, Abe et al., 2017; Hayashi et al., 2018; Hara
etal., 2018; Gaviria et al., 2018; Gaviria et al., 2019), and mouse (Liu et al., 2013; Liu
et al., 2017; Liang et al., 2018; Wang et al., 2018; Chen et al., 2019). The type of
resveratrol supplementation can be divided into three main phases; in vitro maturation
(IVM), in vitro culture (IVVC) and vitrification/warming solution.

The positive effects of resveratrol during IVM were demonstrated in several
researches, mostly pigs (Lee etal., 2010; Kwak et al., 2012; Giaretta et al., 2013; Santos
et al., 2018) and some animal species such as cat (Comizzoli et al., 2009), goat
(Mukherjee et al., 2014) and cattle (Salzano et al., 2014; Spricigo et al., 2017; Abe et
al., 2017; Hayashi et al., 2018; Hara et al., 2018; Gaviria et al., 2018; Gaviria et al.,

2019), as concluded by resveratrol treatment beneficial microenvironment within



31

oocyte increases oocyte ATP content, mitochondrial DNA copy number, mitochondrial
membrane potential, and glutathione (GSH) level, decreases reactive oxygen species
(ROS) levels, and downregulates apoptosis-related genes such as Bax/Bcl-2, Bak, and
Caspase-3 expressions, which can lead to the significant improvement of the blastocyst
formation rate and blastocyst quality after parthenogenetic activation or in vitro
fertilization (IVF) (Kwak et al., 2012; Mukherjee et al., 2014; Spricigo et al, 2017).
Moreover, supplementation of resveratrol in IVM and vitrification/warming solution
can improve the developmental potential of oocytes, increase cryotolerant and reduce
the apoptotic process after vitrification. (Comizzoli et al. 2009; Giaretta et al. 2013;
Santos et al., 2017). During the IVC culturation, the treatment of pig MII oocyte with
0.5 uM resveratrol in culture medium has beneficial impact on preimplantation
development leading to enhanced blastocyst formation through hatching rates and
improved embryo quality in terms of total cell number in the blastocysts (Lee et al.,
2010). Additionally, additional resveratrol in IVC medium before vitrification
increases survival rates, cryotolerance of embryos which is indicated by higher
development rates, hatching rates after post-warming culture, ATP generation in
mitochondrial function via Surtuin family member 1 (SIRT1) expression levels and
decreased lipid content (Salzano et al., 2014; Spricigo et al, 2017; Abe et al, 2017).
Similarly, Wang et al. (2018) reported that supplementation resveratrol in vitrification-
warming media and IVC medium after post-warming could diminish the
cryopreservation injuries during the vitrification of mouse oocytes, reduce oxidative
stress via ROS level and alleviate the abnormal mitochondrial distribution pattern,
which could result in increased blastocyst formation and higher cell number of

blastocyst (Wang et al. 2018). Interestingly, Giaretta et al. (2013) demonstrated that



32

positive effects of resveratrol when added various phases of VM, vitrification/
warming procedure and I'VC medium after post-warming could modulate the apoptotic
process, improving the resistance of oocytes to cryopreservation-induced damage
(Giaretta et al. 2013). These various effects of resveratrol are explained by the fact that
resveratrol targets many components of intracellular signaling pathways by modulating
a great number of enzymes including kinases, lipo- and cyclooxygenases, sirtuins, and

transcription factors (Pirola and Frojdo, 2008).

2.8 Embryo Cryo-treatment

The current Embryo Cryo-treatment hypothesis, stating that “Cryopreservation is
not only a technology used for storing embryos, but also a method of embryo treatment
that can potentially improve the success rate in infertile couples” (Vladimirov et al.,
2017). It is known that the procedure of cryopreservation embryo induces a stress and
activates the endogenous survival and repair responses. As controlled stress, it
generates responses to repair mitochondrial damage of membrane and another
favorable biological response to low exposures to stress is called hormesis.

During freezing and thawing process has a therapeutic effect, concerns the
increased mitochondrial activity and oxygen consumption, that occurs during the
process of embryo implantation. To explanation the phenomenal of mitochondrial
damaging and activity. Dalcin et al. (2013) reported that the frozen embryos maintained
their quality as grade | or 1l were similar to those in the control group of fresh embryos.
However, some ultrastructural changes, such as reduced contact between the microvilli
and the zona pellucida in the blastocysts, fewer visible desmosomes, organelle-free

cytoplasmic areas, and mitochondrial swelling, did not rupture of the mitochondrial



33

membranes (Dalcin et al. 2013). In the mammal species expression of mMtDNA
replication factors, was up-regulated in fresh embryos at the blastocyst stage, which
leads to the re-activation of mtDNA replication (Thundathil et al., 2005; Spikings et
al., 2007). At the same time, the mitochondria start to differentiate into elongated
organelles that contain swollen cristae (Wilding et al., 2001; Houghton, 2006), acquire
a higher membrane potential and levels of oxygen consumption, and increase oxidative
phosphorylation activity, leading to ATP production (St John et al., 2010). However,
these replication events are most likely specific to the trophectodermal cells, which
give rise to the placenta and will mediate the process of implantation if the embryo is
to continue to develop (Kaidi et al., 2001). Therefore, the increased mitochondrial
activity in the process of freezing or thawing could reduce mtDNA mutations and affect
not only the process of implantation, but also the formation of the placenta and the early
development of embryos.

Hormesis refers to a dose response to an environmental agent which is
characterized by a low dose stimulation or beneficial effect and a high dose inhibitory
or toxic effect (Mattson, 2008). In the case, refer to a response that induces protective
signals. In the freezing and thawing procedure induce a stress via generate alterations
in protein structures (because of changes in the water amount and structure) and these
alterations induce response signals (chaperones, anti-oxidant responses, and protective
enzymes) that are able to repair small defects that are present in the embryo during the
post-thawing period. Poor-quality embryos might therefore derive a benefit from these
stress signals.

Therefore, cryo-treatment of the embryo is the role of cryopreservation in the

activation of a hormetic response. There are two main components. As a result of
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freezing or thawing of the embryos, there are reduced levels of ROS, detoxification of
the cells is carried out, and the amount of mutated mtDNA is reduced (Fig. 2.7).
Another mechanism of influence is through the rapid recovery (jumping effect) of
mitochondrial activity in the trophectodermal cells of the blastocyst, which is part of
the physiological process of implantation. All of the responding is the results to support
the cryo-treatment of the embryo hypothesis, resulting in preserving the mitochondrial
function, improving survival, and having an impact on the process of implantation,

miscarriage, and the development of pregnancy.
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Figure 2.7 Decrease of mitochondrial activity and the levels of ROS in the embryo

after freezing and thawing procedures (Vladimirov et al., 2017).



CHAPTER 111

MATERIALS AND METHODS

3.1 Materials and animals

All chemicals and media used in this study were purchased from Sigma—Aldrich
Chemical Company (St. Louis, Missouri, USA), unless specifically indicated.

C57BL/6NJcl (B6) female and DBA/2NJcl (D2) male mice were purchased
from Nomura Siam International (Bangkok, Thailand) and National Laboratory
Animal Center, Mahidol University (Nakhon Pathom, Thailand). Animal experiments
were approved and performed under the guidelines of Animal Studies Committee and
The Suranaree University of Technology Ethical Committee. (approval ID: UI-03131-

2559).

3.2 Methodology

3.2.1 Breeding of B6D2 F1 hybrid mice
The B6D2 F1 hybrid mice were produced by a crossbreed between
C57BL/6NJcl (B6) female and DBA/2NJcl (D2) male. Mice were bred starting at 8-9
weeks. After mating 19-22 days, pregnant female mice gave birth to B6D2 F1 hybrid
mice.
Female B6D2 F1 hybrid mice at 8-10 weeks were used for embryo

collections and male B6D2 F1 hybrid mice at 8-10 weeks were used for mating. The
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mice were maintained at 25°C+1°C and light controlled 12 hours light/12 hours dark,
with lights on at 6:00 AM with free access to water and standard food.
3.2.2 Superovulation of female B6D2 mice

The female mice were superovulated by an intraperitoneal (IP) injection
of 5 IU pregnant mare serum gonadotropin (PMSG, Intervet international B.V.,
Boxmeer, The Netherlands) followed 48 hours later by 5 IU human chorionic
gonadotropin (hCG, Intervet international B.V.). A female mouse was mated with a
male mouse of the same age (8-10 weeks old) and the success of mating was checked
by the presence of a vaginal plug in the female mice. Mice that had vaginal plug were
considered to be pregnant.

3.2.3 Collection of 4-cell embryo and in vitro culture (1VC)

The 4-cell embryo collection and IVC were performed as previously
described, with some modification (Zhang et al., 2009). Pregnant female mice were
sacrificed by cervical dislocation at 50-52 hours after the hCG injection. Embryos at 4-
cell stage were flushed from the dissected oviducts using modified mouse tubal fluid
(mMTF) supplemented with 0.8% (w/v) bovine serum albumin (BSA, Quinn et al.,
1995). Only embryos at the 4-cell stage, with an intact zona pellucida and good
morphological appearance, were selected for further experiments. After an initial wash
in flushing medium, the embryos were transferred to potassium simplex optimization
medium (KSOM, Lawitts and Biggers, 1993) for continuous culture under mineral oil
under 37°C in a humidified atmosphere of 5% CO». During IVC, 4-cell embryos were
cultured in KSOM media supplemented with various concentrations of resveratrol as
mentioned in the experimental design. The resveratrol was dissolved in dimethyl
sulfoxide (DMSQ) and kept at -20°C as a stock (50 mM) until it was added to the

medium. Embryo development was evaluated daily, which Day 0 for 4-cell stage, Day



37

1 for morula stage, Day 2 for blastocyst stage, Day 3 for hatching blastocyst stage, and

Day 4-5 for hatched blastocyst stage (Fig. 3.1).

Figure 3.1 The stages of mouse embryos in culture medium (KSOM). A) 4-cell stage,
B) morula stage, C) blastocyst stage, D) hatching and hatched blastocyst

stage (magnification 100x).

3.2.4 Blastocyst vitrification with Cryotop and warming procedure
Blastocysts obtained on Day 2 were vitrified by a two-step procedure
using Cryotop device (Kitazato Ltd., Tokyo, Japan) as previously described (Ling et
al., 2009). Vitrification and warming procedures were carried out at ambient
temperature (25°C). For vitrification, blastocysts were washed in base medium (BM)
consisted of TCM 199-Hepes supplemented with 20% (v/v) fetal bovine serum (FBS,
Gibco, USA). Then, blastocysts were initially equilibrated in equilibration solution

(ES) for 10 minutes. The ES consisted of 7.5% (v/v) ethylene glycol (EG) and 7.5%



38

(v/v) dimethyl sulfoxide (DMSO) dissolved in BM medium. After initial shrinkage, the
blastocysts regained their original volume and were transferred to vitrification solution
(VS) within 1 minute. The VS consisted of 15% (v/v) EG, 15% (v/v) DMSO, and 0.5
mol/L sucrose dissolved in BM medium. Within 60 seconds, five blastocysts with
minimal VS (<1.0 ul) were placed onto the tip of the Cryotop. The Cryotop was
subsequently plunged vertically into liquid nitrogen and were stored at least one week.
After cryo-storage, the blastocysts were warmed by using a four-step dilution
procedure as previously described (Ling et al., 2009). These procedures were
performed at 37°C on a warm plate. For warming, the tip of Cryotop was quickly
dipped into washing solution 1 (1 mol/L sucrose in BM; WS1). After 1 minute, the
blastocysts were washed in washing solution 2 (0.5 mol/L sucrose in BM; WS2) for 3
minutes. Subsequently, the blastocysts were washed twice for 5 min in BM without
sucrose (0 mol/L sucrose) before being transferred in KSOM medium. During KSOM
medium, blastocysts were cultured with various concentrations of resveratrol as
mentioned in the experimental design.
3.2.5 Assessment of blastocyst survival and viability

The vitrified-warmed blastocysts were cultured in KSOM medium under
mineral oil at 37°C under a humidified atmosphere of 5% CO for 3 days after warming,
in order to reach the hatched-blastocyst stage. After 24 hours post-warming, survival
rates of vitrified-warmed blastocysts were evaluated on the basis of the integrity of the
embryo membrane and the zona pellucida, and re-expansion of the blastocoel.
Additionally, development to the hatched blastocyst stage was observed at 48 and 72
hours post-warming (Momozawa et al., 2017). The rate of hatched-blastocyst
formation was evaluated by the numbers of hatched-blastocysts to blastocysts cultured

in vitro and hatched blastocysts were subjected to the mRNA extraction.
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3.2.6 Collection of hatched blastocysts

The hatched blastocysts were collected and washed three times in
phosphate-buffer saline (PBS) containing 0.1% polyvinyl alcohol (PVP) and washed
three times in RNase-free water. Then, three hatched blastocysts from each group were
pooled and placed in microcentrifuge tube containing 5 pl of RNase-free water and
stored at -80°C until further use.

3.2.7 mRNA extraction

The total MRNA was extracted from the hatched blastocysts in each group
using Dynabeads® Oligo (dT)2s nucleotide method (Dynabeads mRNA DIRECT™ kit,
Invitrogen, Waltham, Massachusetts, USA) according to the manufacturer’s
instructions. Briefly, Dynabeads® Oligo(dT)2s was resuspended thoroughly before use
and transfered the desired volume of beads from the stock tube to an RNase-free 1.5
mL microcentrifuge tube, and then the tube was placed on a magnet. After 30 seconds
(or when the suspension is clear), the supernatant was removed from the tube and the
tube was removed from the magnet. The beads were washed by resuspending in an
equivalent volume of fresh Lysis/Binding Buffer. The pre-washed beads were mixed
with sample and incubated with continuous mixing for 3-5 minutes at room
temperature to allow the poly-A tails of the mMRNA hybridize to the oligo (dT)2s on the
beads. Then, the tube was placed on the magnet for 2 minutes and the supernatant was
removed from the tube. The beads/mRNA complex were washed twice with washing
buffer A and washing buffer B at room temperature. To separate of mMRNA from the
beads, 20 puL of 10 mM Tris-HCI pH 7.5 (elution buffer) was added into the tube and
the tube was incubated at 75°C for 2 minutes. After that, the tube was immediately

placed on the magnet and the supernatant containing the mRNA was transferred to a



40

new RNase-free tube. Then, the tube was placed on ice and stored at -80°C until further
use.
3.2.8 cDNA synthesis

The mRNA was immediately synthesized complementary DNA (cCDNA)
by using iScript™ reverse transcription (RT) supermix kit (Biorad, Hercules,
California, USA) following the manufacturer’s instructions. Briefly, the reactions were
assembled on ice at total volume of 20 pL containing of 4 pL iScriptTM RT supermix,
4 uL mRNA sample and 12 uL RNase-free water. Then, the reaction mixture was
incubated in Eppendorf Mastercycler DNA Engine Thermal Cycler PCR (Eppendorf,
Hamburg, Germany). The cDNA synthesis was carried out at 25 °C for 5 minutes (pre-
heated priming), following by 42 °C for 30 minutes (reverse transcription, RT) and at
85 °C for 5 minutes (RT inactivation). All cDNA samples were stored at -20°C until
further use.

3.2.9 Quantitative polymerase chain reaction (QPCR)

The quantification of Bax, Bcl2 and ErbB4 gene transcripts was carried
out by quantitative polymerase chain reaction (qQPCR). The qPCR was performed
with QuantStudio 5 Real-Time PCR Systems (Applied Biosystems™, Waltham,
Massachusetts, USA) using KAPA SYBR® FAST gPCR kit master mix universal
(KAPA biosystems, Wilmington, Massachusetts, USA). The qPCR was carried out in
a 20 pL reaction volume containing 10 pL KAPA SYBR® master mix, 2 pL cDNA,
0.4 pL 50X Rox low, 6.8 pL RNase-free water and 0.4 uL of each of forward/reverse
primers. GAPDH was used as the reference gene. Sequences for primers and conditions

are listed in Table 3.1.
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Genes Primer sequences 5°-3’ gggc(lgg; A;]le:}]s;:;’n References
cwon [SOCTIOMSASIETIOOSS s MR
' 2016, 2018

s FECSSSCAMTIOCASNTOMCTGS gy XIdooese P
' 2016, 2018

ez FSACCTCOTONCTICONGA0 3 gy MO
' 2016, 2018

ErbB4 F:,5'-TACGAGCCTGCCCAAGTTC- 3 103 XM_00653 Gharenaz
R:5 - GTGCCGATTCCATCACATCCT- 3’ 6907.1 el al., 2016

The qPCR program started with an initial melting cycle for 5 minutes at
95°C to activate the polymerase, followed by 45 cycles of melting (15 sec at 95 °C),
annealing (30 sec at 58 °C) and extension (15 sec at 72 °C). At the end of each phase,
the amount of fluorescence was measured to quantitate objectives. The no-template
control was used to check contamination in the PCR reagents. The quality of the PCR
reactions was determined by melting curve analyses (Gharenaz el al., 2016, 2018). All
samples were repeatedly analyzed three times and values were averaged. Measured
values were obtained as the cycle threshold (Ct) and ACt was calculated (Ct of target
gene minus Ct of GAPDH as a control). AACt value was calculated by ACt minus the
mean value of each group and then the real mMRNA level was expressed as 244t (Youm
etal., 2017).

3.2.10 Experimental designs

Experiment 1: This experiment was to determine the effect of different
concentrations of resveratrol supplementation in culture medium (KSOM) on embryo
developmental competency. In vivo mouse embryos at 4-cell stage were randomly

selected and allocated to culture medium (KSOM) containing either 0 (control), 0.5, 1,
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2.5 and 5 uM resveratrol for five days. The development to hatched blastocyst stage in

each group were examined. Experiments were conducted seven times (Fig. 3.2).

In vivo mouse embryos at 4-cell stage

In vitro culture (IVC)

Different concentrations of resveratrol supplementation
in KSOM medium for 5 days

r N u -\
Sl 0.5 um 1uM 2.5 uM 5 uM
Resveratrol i H =l H
Resveratrol Resveratrol Resveratrol Resveratrol
(control)
| V. . Y N ]
|

To evaluate developmental competency to hatched-blastocyst stage

Figure 3.2 Experimental design of experiment 1. To examine the effects of resveratrol
supplementation in culture medium (KSOM) on mouse embryo

developmental competency.

Experiment 2: This experiment was to investigate the optimal
concentrations of resveratrol supplementation in KSOM medium during pre- and post-
vitrification on the cryo-survivability and developmental potential of vitrified-
embryos. In vivo 4-cell embryos were randomly selected and allocated to KSOM

medium containing either 0, 0.5, 1, and 2.5 pM resveratrol (based on the results from
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Experiment 1) for two days until reach the blastocyst stage. Blastocysts from each
group were divided into two groups, fresh and vitrified groups. For fresh group, the
blastocysts were continuous cultured at the same concentration of resveratrol for three
days until the hatched blastocysts stage. For vitrified group, the blastocysts were
vitrified by Cryotop method. After warming, vitrified-warmed blastocysts were
cultured at the same concentration of resveratrol for three days. Percentages of survival
and embryo developmental competence in each group were observed. Experiments

were conducted nine times (Fig. 3.3).

In vivo mouse embryos at 4-cell stage

In vitro culture (IVC)
Pre-treatment for 2 days until reach the blastocyst stage

| N — % W\
0 M
Resveratrol ke [ L[ i
Resveratrol Resveratrol Resveratrol
(control)
N -_— am—
Blastocyst stage embryos
|
Fresh group Vitrified group
Blastocyst vitrification and warming
Assessment of blastocyst survival
1 i
In vitro culture (IVC) In vitro culture (IVC)
The blastocysts were continuous The vitrified-warmed blastocysts were
cultured at the same concentration of cultured at the same concentration of
resveratrol for 3 days resveratrol for 3 days

To evaluate developmental competency to hatched-blastocyst stage

Figure 3.3 Experimental design of experiment 2. To investigate the effects of
resveratrol supplementation in KSOM culture medium on cryo-

survivability and developmental competency of vitrified mouse embryos.
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Experiment 3: This experiment was to evaluate the effect of resveratrol
supplementation in KSOM medium and/or vitrification solution on vitrified embryos.
In vivo 4-cell embryos were randomly selected and allocated to KSOM medium
containing either 0 or 0.5 uM resveratrol (based on the results from Experiment 2) for
two days until reach the blastocyst stage. Blastocysts in each group were divided into
three groups, fresh group, vitrified group without resveratrol supplementation in ES
and VS (vitrified-), and vitrified group with 0.5 uM resveratrol supplementation in ES
and VS (vitrified+). For fresh group, the blastocysts were continuous cultured at the
same concentration of resveratrol either 0 or 0.5 uM for three days until hatched
blastocysts stage. For vitrified groups, the blastocysts were vitrified by Cryotop method
in the ES and VS solution with or without 0.5 pM resveratrol supplementation. After
warming, vitrified-warmed blastocysts were cultured at the same concentration of
resveratrol either 0 or 0.5 uM for three days. Percentages of survival and embryo
developmental competence in each group were examined. Experiments were conducted

five times (Fig. 3.4).
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Figure 3.4 Experimental design of experiment 3. To evaluate the effects of resveratrol
supplementation in KSOM medium and/or vitrification solution on cryo-
survivability and developmental competency of vitrified mouse embryos

using Cryotop-vitrification method.

Experiment 4: This experiment was to determine the effect of resveratrol
supplementation in KSOM medium and/or vitrification solution on expression levels
of genes involved in apoptotic (Bax, Bcl2) and implantation (ErbB4) genes of fresh and
vitrified mouse embryos. Embryos at the hatched blastocyst stage from experiment 3
were collected (three embryos per tube, three tubes per each group). mRNA extraction
and cDNA synthesis were performed. Gene expression levels of each sample were

assessed using gPCR technique. Experiments were conducted three times (Fig. 3.5).
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Embryos at the hatched blastocyst stage from experiment 3
(three embryos per tube, three tubes per group)

Vitrified- Vitrified+
Fresh group (vitrified group without (vitrified group with
Resveratrol sup. in ES and VS) Resveratrol sup. in ES and VS)
mRNA extraction

by using Dynabeads® Oligo (dT),s nucleotide

|

cDNA synthesis
by using iScript™ reverse transcription (RT) supermix kit
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by quantitative polymerase chain reaction (gPCR)

!

To analyze the expression levels of genes that involve in
apoptotic (Bax, Bcl2) and implantation (ErbB4) genes

Figure 3.5 Experimental design of experiment 4. To analyze the expression levels of
genes that involve in apoptotic and implantation gene on efficiency of
resveratrol supplementation in KSOM medium and/or vitrification

medium.

3.2.11 Statistical analysis
Data were evaluated by One-way Analysis of Variance (ANOVA) using
SPSS software (version 17.0; SPSS, Inc., Chicago, lllinois, USA) and comparison of
means by Duncan’s Multiple Range Test (DMRT) were analyzed. P value of less than

0.05 was considered a statistically significant difference.



CHAPTER IV

RESULTS

4.1 Effects of resveratrol supplementation in KSOM culture medium

on mouse embryo development

To determine the effects of resveratrol on mouse embryo development, in vivo-
produced mouse embryos at 4-cell stage were in vitro cultured in KSOM medium
supplemented with 0 (control group), 0.5, 1, 2.5 and 5 uM resveratrol for 5 days. The
results are summarized in Table 4.1. Morula and blastocyst rates of embryos cultured
in KSOM supplemented with 0.5 uM and 1 pM resveratrol were no significant
difference when compared with those of control group (100% and 100%, respectively).
Moreover, embryos cultured in 0.5 uM (74.2%) and 1 pM (70.8%) resveratrol had
significantly higher rates of hatched blastocyst when compared with control group
(52.8%, P<0.05). There was no significant difference on hatched blastocyst rate
(54.6%) of embryos cultured with 2.5 uM resveratrol, however, morula (92.1%) and
blastocyst rates (86.4%) were significantly lower than those of control group (P<0.05).
The lowest morula, blastocyst and hatched blastocyst rates were found in 5 uM
resveratrol group (83.3%, 41.1% and 22.2%, respectively).

Supplementing KSOM culture media with resveratrol could improve hatched
blastocyst formation rate of mouse embryos. Embryos cultured in KSOM

supplemented with 0.5 uM resveratrol had the highest hatched blastocyst rate.
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However, high concentration of resveratrol had detrimental effects on mouse
embryo development.
Table 4.1 Effects of resveratrol supplementation in KSOM culture media on mouse

embryo development.

Resveratrol No. of in vivo No. (%) of embryo developed to
in KSOM 4-cell embryo Hatched
(uM) cultured Morula Blastocyst blastocyst
0 89 89 89 a7
(100)° (100)? (52.8)"
0.5 89 89 89 66
(100)? (100)° (74.2)?
1 89 89 86 63
(100) (96.6)° (70.8)?
2.5 88 81 76 48
(92.1)° (86.4)° (54.6)°
5 90 & 37 20
(83.3)° (41.2)° (22.2)°

Seven independent replicates were performed.

Different superscripts within columns indicate significant differences (P < 0.05, ANOVA).

4.2 Effects of resveratrol supplementation in KSOM culture medium
on cryo-survivability and developmental competency of vitrified

mouse embryos

This experiment was to determine the effects of resveratrol on survival rate and
developmental competency of vitrified embryos, in vivo 4-cell embryos were in vitro

cultured in KSOM medium supplemented with O (control), 0.5, 1, and 2.5 uM
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resveratrol for 2 days, then blastocyst stage embryos were vitrified and warmed. After
that, vitrified-warmed embryos were cultured in KSOM media at the concentration of
their counterpart of another 3 days.

The results were summarized in Table 4.2. At pre-vitrification, the blastocyst
rates of embryos cultured in KSOM supplemented with 0.5 and 1 uM resveratrol were
not significant different (99.6% and 97.8%, respectively) when compared with 0 uM
control group (97.8%), whereas 2.5 uM resveratrol had significantly lower blastocyst
rate than other groups (89.1%, P<0.05). The survival rates after warming were no
significant difference among all groups (100% survival rate). Without resveratrol
supplementation in KSOM culture media, vitrified embryos had significantly lower
hatched blastocyst rate than that of fresh embryos (58.2% and 66.8%, respectively,
P<0.05). Interestingly, hatched blastocyst rate of vitrified embryos cultured in 0.5 uM
resveratrol (73.7%) was significantly higher than that of other vitrified groups (55-
68%, P<0.05). Moreover, culturing vitrified embryos in KSOM media supplemented
with 0.5 uM resveratrol after warming could increase hatched blastocyst rate (73.7%)
to the same level of that of fresh embryo counterpart (75.0%). In 1 uM resveratrol
group, vitrified embryos had significantly lower hatched blastocyst rate (67.8%) when
compared with that of fresh counterpart (74.6%, P<0.05). High concentration of
resveratrol (2.5 uM) had detrimental effect on embryo development of both fresh and
vitrified embryos as low hatched blastocyst rates were found (58.1% and 55.0%,
respectively).

Therefore, 0.5 uM resveratrol was the most suitable for improving

developmental potential of fresh and vitrified mouse embryos.



Table 4.2 Effects of pre- and post-treatment of 4-cell embryos with various concentrations of resveratrol supplementation in KSOM

medium on developmental competency of embryo after post-warmed.

Resveratrol No. of in vivo No. of Survival rate Hatched
in KSOM 4-cél| cultured Morulae Blastocysts Group Blastéc sts (%) blastocyst
(uM) Y ’ (%)

75
Fresh 113 - b

66.8

0 228 (5557) (92722)a 110 ( 64)
Vitrified 110 (100) (58.2)°

84
. - 227 226 gl 112 ] (75.0)°

' (100) (99.6)° a1l 114 84
Vitrified 114 (100) (73.7)?

82

Fresh 110 -

74.6)2

1 228 (55 ZS) (92722)a 113 : 78)
Vitrified 113 (100) (67.8)°

61
228 205 Fresh 305 ] (58.1)°

2.5 230 (99.1) (89.1)° 100 55
' ' Vitrified 100 (100) (55.0)¢

Nine independent replicates were performed.

Different superscripts within columns indicate significant differences (P < 0.05, ANOVA).

05
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4.3 Effects of resveratrol supplementation in vitrification solution on
cryo-survivability and developmental competency of vitrified

mouse embryos

From results of experiment 4.1 and 4.2, supplementing KSOM culture media
with 0.5 uM resveratrol could increase hatched blastocyst rate of both fresh and
vitrified mouse embryos. In this experiment, 0.5 uM resveratrol was also supplemented
to vitrification solution (ES and VS) to determine whether resveratrol could improve
survivability and developmental potential of vitrified embryos.

Without resveratrol supplementation in KSOM, supplementing vitrification
solution with 0.5 uM resveratrol significantly increased hatched blastocyst rate of
vitrified embryos (68.9%) when compared with non-supplemented group (57.9%),
moreover, vitrified embryos in 0.5 pM resveratrol had same hatched blastocyst rate
(68.9%) as fresh embryos (66.7%). When embryos cultured in KSOM supplemented
with 0.5 uM resveratrol, supplementing vitrification solution with 0.5 uM resveratrol
did not have beneficial effect on development of vitrified embryos. The blastocyst rate
was no significant difference between embryos vitrified in vitrification solution with
or without resveratrol supplementation (76-77%). Notably, higher hatched blastocysts
were found in embryos cultured in KSOM supplemented with 0.5 uM resveratrol either
from fresh (72.4%) or vitrified groups (76-77%).

These results showed beneficial effects of resveratrol supplementation in culture

media over supplementation in vitrification solution.



Table 4.3 Effects of resveratrol supplementation in KSOM medium and/or vitrification solution on developmental competency of embryo

after post-warmed.

Resveratrol

. No. of in vivo No. of Survival rate  Hatched blastocyt
n (}fl i/gM 4-cell cultured Morulae Blastocysts TERP Blastocysts (%) (%)
72
Fresh 108 (66.7)°
321 321 — 107 62
0 21 Vitrified - 107
3 (100) (100) e 0 (100) (57.9)°
Vitrified + 106 106 73
Uy (100) (68.9)°
76
Fresh 105 (72.4)°
322 322 - 109 84
. 22 Vitrified - 109
Vitrified + 108 108 83
itrifie (100) (76.9)°
Five independent replicates were performed.
Different superscripts within columns indicate significant differences (P < 0.05, ANOVA).
Vitrified — = vitrified group without resveratrol supplementation in vitrification solution; ES and VS.

Vitrified + = vitrified group with 0.5 uM resveratrol supplementation vitrification solution; in ES and VS.

¢S
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4.4 Effects of resveratrol supplementation in vitrification solution
and/or culture media on gene expression profiles of fresh and

vitrified mouse embryos.

To study effects of resveratrol supplementation in KSOM medium and/or
vitrification solution on gene expression profiles, expression levels of Bax, Bcl-2 and
ErbB4 in embryos at the hatched blastocyst stage from experiment 4.3 were analyzed.

Relative expression level of Bax of vitrified was no significant difference when
compared with fresh control embryos. No beneficial effect of resveratrol
supplementation in culture media and/or vitrification solution on Bax expression.
However, vitrified embryos using vitrification solution supplemented with resveratrol
and cultured in KSOM media without resveratrol had significantly higher levels of Bax
expression when compared with other groups (Fig. 4.1).

Vitrification had detrimental effect on Bcl-2 expression of hatched blastocysts as
the Bcl-2 relative expression levels of vitrified embryos were significantly lower than
those of fresh embryos (Fig. 4.2, P < 0.05). Supplementing KSOM culture media with
0.5 uM resveratrol significantly increased Bcl-2 expression levels of fresh embryos (P
< 0.05). However, no beneficial effect was found in vitrified embryos (Fig. 4.2).

For ErbB4 gene, supplementing KSOM culture media with 0.5 uM resveratrol
significantly increased relative expression level of ErbB4 when compared with fresh
embryos (Fig. 4.3, P < 0.05). Supplementing vitrification solution with 0.5 puM
resveratrol had no beneficial effect on ErbB4 expression of vitrified embryos.
Moreover, the expression level of ErbB4 of vitrified embryos using vitrification
solution supplemented with 0.5 uM resveratrol and cultured in KSOM supplemented

with 0.5 uM resveratrol was extremely low and significantly different when compared
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with other groups (P < 0.05).
Taken together, supplementing KSOM with 0.5 puM resveratrol positively
modulated expression levels of Bcl-2 and BrbB4 of fresh embryos. However, no

beneficial effect was found in Bax gene or vitrified embryos.

Bax
450

4.00 b
3.50
3.00
2.50

2.00

Relative expression

1.50

1.00

0.50

77 m

0.00

0 uM/fresh 0 pMvitrified- 0 pMvitrified+ 0.5 uM/fresh 0.5 pM/vitrified- 0.5 uM/vitrified+
Figure 4.1 Changes (xS.E.M) in the relative expression of Bax gene in mouse hatched
blastocyst in different group. a, b, ¢ on error bar indicated values

significantly different at P<0.05 using one-way ANOVA.
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1.80 d
1.60
1.40
1.20

1.00
0.80
0.60
040

Relative expression

b

I

0 pM/fresh O pM/vitrified- 0 pM/vitrified+ 0.5 pM/fresh 0.5 pM/vitrified- 0.5 pMvitrified+

0.20

0.00

Figure 4.2 Changes (£S.E.M) in the relative expression of Bcl-2 gene in mouse hatched
blastocyst in different group. a, b, ¢, d on error bar indicated values

significantly different at P<0.05 using one-way ANOVA.
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400 |
350 t
300 t
250 t
200 }

Relative expression

1.50
a

1.00
0.50

XN

0.00

0 M/fresh 0 pMyvitrified- 0 puMvitrified+ 0.5 pM/fresh 0.5 pMvitrified- 0.5 pMvitrified+
Figure 4.3 Changes (£S.E.M) in the relative expression of ErbB4 gene in mouse
hatched blastocyst in different group. a, b, ¢ on error bar indicated values

significantly different at P<0.05 using one-way ANOVA.



CHAPTER V

DISCUSSION AND CONCLUSION

This study demonstrated that resveratrol had beneficial effects on
preimplantation development of mouse embryos. Supplementation of the culture
medium with 0.5 uM resveratrol increased developmental rates to the hatched
blastocyst stage in both fresh and vitrified embryos, and positively upregulated
expression levels of genes involved in apoptosis and implantation of fresh embryos.

In vitro culture of mammalian embryos requires suitable environment in which the
early stage embryos can undergo number of cleavage divisions and ultimately form
blastocysts (Rizos et al., 2008). Resveratrol is a natural polyphenolic product found in
food. Resveratrol may play a role as an antioxidant and anti-apoptosis (Fremont et al.,
2000). In cell culture studies, resveratrol had a dose-dependent effect, at high
concentration resveratrol exerted an anti-proliferation effect and induced apoptosis
whereas at low concentration resveratrol promoted cell division in various human cell
lines (Szende et al., 2000; Kuwajerwala et al., 2002). There are a number of studies
about the effects of resveratrol on embryonic development. Supplementing culture
medium with 0.5 uM resveratrol improved pig and cattle embryonic development (Lee
et al., 2010; Abe et al., 2017). Also, supplementation of 1 uM resveratrol in culture
medium enhanced cattle embryonic development (Hayashi et al., 2018). To my best
knowledge, there was no study on the effect of resveratrol in mouse embryos. Only a

study mentioned that 25 uM resveratrol supplementation in vitrification and warming
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solution, and IVC media had a beneficial effect on MIl mouse oocyte vitrification
(Wang et al., 2018). In this study, beneficial effect of resveratrol on mouse 4-cell
embryos was observed. The preliminary dose-response trial highlighted a distinct dose-
dependent effect of resveratrol, with signification decrease of blastocyst rate at the
concentration of 5 uM. The high concentration (5 uM) of resveratrol in the culture
medium had toxic side effect and were detrimental to the developmental competency.
However, low concentration (0.5-1 uM) of resveratrol in culture medium tended to be
advantage as blastocyst and hatched blastocyst rates were increased. These results are
consistent with the pro-proliferation characteristic and developmental competency of
resveratrol reported as mentioned earlier (Lee et al., 2010; Abe et al., 2017; Hayashi et
al., 2018).

Under IVC conditions, embryos are subjected to a variety of homeostatic
pressures including physicochemical (temperature and pH) and oxidative (prooxidant
and antioxidant balance) stresses, all of which can compromise further development
(Summers and Biggers 2003). Especially, oxidative stress can be lethal to embryos
developmental competency (Betts and Madan 2008). Low concentration of ROS can
activate cellular pathways that determine differentiation or proliferation (Rajendran et
al., 2014), while high concentration appears to affect the integrity of cellular
constituents such as lipids, proteins, amino acids and nucleic acids, which may induce
apoptotic responses and reduce embryo viability (Castillo-Martin et al. 2014;
Dehghani-Mohammadabadi et al. 2014; Zhao et al. 2016). However, several analyses
have shown that one of the ways in which culture conditions are detrimental to embryo
developmental competence is by increasing oxidative stress. In this study, low
concentration of resveratrol (0.5-1 uM) supplementation in IVC medium significantly

increased hatched blastocyst rates of mouse embryos. Thus, one strategy to reduce the
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damage caused by oxidative stress is supplementation of culture media with antioxidant
molecules, such as resveratrol.

The unique advantage of vitrification over conventional freezing is the
elimination of mechanical injury caused by intra- or extra-cellular ice crystallization
(Ling et al., 2009). The survivability of oocytes and embryos following
cryopreservation procedures depends on different mechanisms of cell injury such as
the chemical toxicity of the cryoprotectants, osmotic shock in the dehydration and
rehydration procedures, and vitrification effects on the ultrastructure of oocytes and
embryos (Shi et al., 2007). The main factors of vitrification/warming technique
involved with 1) vitrification and warming solution, need to be suitable with stage of
embryo, time, temperature; 2) cryo-device, minimize sample volume and rapid
cooling/warming; 3) post-warmed treatment, would reduce the high sensitivity of
embryos (Yavin and Arav, 2007). Moreover, another hypothesis could explain to
support the result of improving survival rate after vitrification, known as cryo-
treatment. During freezing/warming process is a way to activate the endogenous
survival and repair response in preimplantation embryos. The term for favorable
biological response to low exposures to stress is called hormesis. The mechanism
involved hormesis response consists of two processes; reducing ROS levels and
mutated mtDNA by removing out of cells during vitrification process; rapid recovery
(jJumping effect) of mitochondrial activity during warming process (Vladimirov et al.,
2016). This study, mouse blastocysts had high survivability following vitrification
(100% all group; within and without resveratrol supplementation) by using Cryotop as
a device and freezing condition; equilibration solution (ES) containing 7.5% (v/v)
ethylene glycol (EG) and 7.5% (v/v) dimethylsulphoxide (DMSO) for 10 minute,

followed with vitrification solution (VS) containing 15% (v/v) EG, 15% (v/v) DMSO
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and 0.5 mol/l sucrose for 60 second at room temperature. After cryo-storage, warming
condition by using a four-step dilution procedure with sucrose (1.0, 0.5, 0 and 0 mol/Il
sucrose for 1, 3, 5 and 5 minutes respectively) at 37°C. Similarly, it is reported that low
level of resveratrol in culture medium (0.5 pM) improved the resistance to
cryopreservation of IVP bovine embryo (Abdel-Wahab et al., 2012; Salzano et al.,
2014; Abe et al., 2017). Recent studies have reported that the addition of 0.5 uM
resveratrol during IVC media reduce ROS production and increases ATP generation,
leading to increasing of survival rates and developmental competency after vitrification
(Abeetal., 2017). However, the post-warmed culture conditions have a major influence
on survival and development of embryos following vitrification (Hosseini et al., 2009;
Hwang and Hoshi, 2014). The results from this study indicated that the post-warmed
culture conditions of mouse blastocysts with resveratrol (0.5 pM) improving
developmental competency after warming, as indicated by hatched blastocyst rate.
Resveratrol has been reported to act as antioxidant because of its ability to
decrease mitochondria ROS production, scavenge superoxide radicals, inhibit lipid
peroxidation, and regulate the expression of antioxidant cofactors and enzymes
(Pervaizand and Holme, 2009). Supplementing the vitrification solution with an
antioxidant reduces oxidative stress and increases the survival rates of embryos. An
antioxidant treatment can be useful for development of embryos and cells
differentiation (Lane et al., 2002). This study investigated the combined effect of
resveratrol supplementation in culture medium and vitrification solution.
Supplementation of 0.5 uM resveratrol to the culture medium and/or vitrification
solution increased hatched blastocyst rates after warming. Similarly, the use of 0.5 uM
resveratrol increased developmental and hatching rates following vitrification and

warming (Salzano et al. 2014). Moreover, the addition of resveratrol in various phases
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of IVM, vitrification/warming and IVC media can modulate the apoptotic process,
improving the resistance of porcine oocytes to cryopreservation-induced damage
(Giaretta et al., 2013).

Oxidative stress is a phenomenon caused by an imbalance between production
and accumulation of oxygen reactive species (ROS) in cells and tissues (Pizzino et al.,
2017). One of the effects of resveratrol is to maintain the redox state of cells and protect
them against the harmful effects of oxidative injuries. During IVC condition, increased
oxidative stress can be induced apoptosis in preimplantation embryos and its incidence
in the developing embryos can be correlated to embryo quality (Kitagawaa et al., 2004;
Fabian et al., 2005). Following vitrification, embryos become more sensitive to the
oxidative stress (Somfai et al., 2007a). Glutathione (GSH) content, a major non-
enzymatic antioxidant in oocyte and embryo to defense ROS, sharply decreases after
cryopreservation in bovine (George et al., 2008) and porcine IVF embryos (Somfai et
al., 2007b), confirming that oxidative stress occurs during the freezing-thawing
process.

The successful of vitrification/warming technique not only can lead to high
survival rates (high cryo-survival rates) but also enable maintenance of biological
functions, leading to higher success rates of development competency after warming.
Thus, we evaluated the possible impact of the resveratrol supplementation association
with vitrification process on expression of apoptosis and implanting gene. Apoptosis is
a regulated program that initiate cell death. Members of Bcl-2 genes family play an
important role in apoptosis regulation. Bcl-2 is anti-apoptotic and is responsible for cell
survival, whereas Bax is pro-apoptotic and induced cell death (Yang and
Rajamahendran, 2002). Implanting gene is the interaction between ErbB4 and HB-EGF

mediated the initial attachment of blastocyst to uterine luminal epithelium (Davidson
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and Coward, 2016; Paria et al., 1993). The signalling of HB-EGF simultaneous
function to embryo and activation the program of trophoblast differentiation required
for adhesive functions during subsequent attachment and invasion (Davidson and
Coward, 2016). This present study found clearly that the addition of resveratrol to the
culture medium did not alter the expression of Bax in fresh hatched blastocysts, similar
results have been reported by Torres et al., 2018 and Gaviria et al., 2018, but up
regulated in Bcl-2 and ErbB4, compared with fresh group without addition of
resveratrol. Not only the combined effect of adding resveratrol to the culture medium
and/or vitrification solutions but the vitrification/warming process also altered gene
expression.

In conclusion, 0.5 puM resveratrol supplementation during in vitro culture
improved developmental competency of mouse embryo, indicated by their effective for
development of mouse hatched blastocyst with enhanced cryotolerance. The
association of resveratrol supplementation and vitrification process can alter the
expression levels of genes related to apoptosis and implantation (Bax, Bcl-2 and ErbB4)

in mouse embryos at the hatched blastocyst stage.
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