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NRF2 mediated oxidative stress response activity during early in vitro bovine embryo 
development 

 

Overcoming oxidative stress is one of the various embryo challenges to survive under 

suboptimal conditions during in vitro production of bovine embryos. Thus, the present 

study aimed to examine the ability of preimplantation bovine embryos to activate 

nuclear factor erythroid-derived 2-like 2 (NFE2L2 or NRF2)-mediated oxidative stress 

response and trigger their survival under oxidative stress conditions. An in vitro model 

was used to culture embryos under low (5%) oxygen tension as in bovine oviduct or 

high oxygen tension (20%), which is widely used in vitro culture of embryos. Early 

stage embryos including 2-, 4-, 8-, 16-cell and blastocyst stage embryos were generated 

under low (5%) or high (20%) oxygen level culture conditions. NRF2, NRF2 

cytoplasmic inhibitor (KEAP1) and selected NRF2 target antioxidant genes expression 

were measured in each stage using quantitative real time PCR (qPCR). Reactive oxygen 

species (ROS) were evaluated in the blastocysts using green fluorescent probe. Our 

results revealed that the ROS level was high under 20 % compared to 5 % oxygen level 

in blastocysts. The transcription level of NRF2 and its downstream antioxidant genes 

was dramatically increased in 8-, 16-cell and blastocyst stage embryos under high 

compared to low oxygen level, while NRF2 inhibitor showed opposite expression 

pattern. In order to know whether NRF2 activity is associated with the embryo 

developmental competence, consequently NRF2 activity was compared in 

developmentally competent versus incompetent embryos. For this, the mRNA and 

protein expressions of NRF2 and the transcription level of its downstream antioxidant 

genes were compared in early (competent) vs. late (incompetent) cleaving 2-cell and 

blastocyst stage embryos. In the early developing blastocysts accompanied by low ROS 

level, NRF2 and its antioxidant target genes expression were increased. Likewise, 

protein expression pattern was observed in similar manner with more active nuclear 

NRF2. In conclusion, this study demonstrated that under oxidative stress conditions, 

pre-implantation bovine embryos are able to activate the NRF2-mediated oxidative 

stress response pathway, which is found to be correlated with their survival under in 

vitro condition.  



 

NRF2 vermittelte oxidative Stressreaktion während der frühen bovinen in vitro 

Embryoentwicklung 

 

Für bovine Embryonen ist das Überwinden von oxidativem Stress eine wichtige 

Herausforderung um in suboptimalen in vitro Entwicklungsbedingungen überleben zu 

können. Das Ziel dieser Studie war es, die Reaktionsfähigkeit und Überlebensfähigkeit 

von pre-implantierten bovinen Embryonen auf den durch den nuclear factor erythroid-

derived 2-like 2 (NFE2L2 oder NRF2)-vermittelten oxidativen Stress zu untersuchen. 

Für diese Studie wurde ein in vitro Kulturmodell mit unterschiedlicher 

Sauerstoffkonzentration (5%, 20%) etabliert. Dabei ähnelte die niedrige 

Sauerstofftension (5%) der im bovinen Eileiter und die höhere (20%) der die 

normalerweise zur in vitro Kultur von Embryonen benutzt wird. Frühe embryonal 

Stadien, 2-, 4-, 8-, 16-Zell- und Blastozystenstadien wurden unter geringen (5%) oder 

hohen (20%) Sauerstoffkonzentrationen kultiviert. Anschließend wurden die 

Genexpressionen von NRF2, NRF2 cytoplasmic inhibitor (KEAP1) und ausgewählten 

NRF2 Antioxidans-Zielgenen in den verschieden Stadien mittels quantitative real time 

PCR (qPCR) analysiert. Reactive oxygen species (ROS) wurden in Blastozyten mittels 

green fluorescent probe untersucht. Das Ergebnis zeigte, dass der ROS Spiegel in 

Blastozysten bei einer Sauerstofftension von 20% höher war im Vergleich zu der 5% 

Gruppe. Die Expression von NRF2 und seinen nachgeschalteten Antioxidans-Genen 

war unter einem hohen Sauerstoffspiegel im Vergleich zu einem niedrigeren in 8-, 16-

Zell- und Blastozytenstadien dramatisch erhöht. Demgegenüber zeigte NRF2 Inhibition 

ein gegenteiliges Expressionsmuster. Um festzustellen, ob die NRF2 Aktivität mit der 

Embryoentwicklungsfähigkeit zusammen hängt, wurde die NRF2 Aktivität im 

Vergleich von entwicklungsfähigen zu nicht entwicklungsfähigen Embryonen 

untersucht. Dafür wurden die NRF2 mRNA- und Proteinexpressionen und die der 

Antioxidans-Gene im Vergleich von früh (kompetent) zu spät (inkompetent) 

entwickelten 2-Zell- und Blastozytenstadien analysiert. Die Genexpression von NRF2 

und deren Antioxidans-Zielgenen war in früh entwickelten Blastozyten bei einem 

geringen ROS Spiegel erhöht. Ein ähnliches Bild zeigte sich für die Proteinexpression 

mit einem größeren aktiven Anteil an nuklearem NRF2. Schlussendlich zeigte diese 

Studie, dass unter oxidativen Stress pre-implantiere bovine Embryonen in der Lage sind 

den NRF2-vermittelten oxidativen Stressreaktionssignalweg zu aktivieren. Dieser steht 

in Korrelation zu der Überlebensfähigkeit unter in vitro Bedingungen.
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Introduction    1 

 

1 Introduction 
 

Despite significant developments achieved in in vitro production of mammalian    

embryos in the last decade, in vitro produced (IVP) mammalian embryos differ from 

various factors between the two environments including media components, pH and 

oxygen level. These environmental conditions, which are still suboptimal, are supposed 

to be the sources of stress for IVP embryos as manifested by the accumulation of 

reactive oxygen species (ROS) (Goto et al. 1993). The imbalance between concentration 

of intracellular ROS and the ROS scavenging ability of cell through antioxidants leads 

to the state of oxidative stress (Agarwal et al. 2003, Agarwal et al. 2005b, Van Guilder 

et al. 2006). Oxidative stress is mediated by ROS such as superoxide (O2•-), hydrogen 

peroxide (H2O2), hydroxyl radical (OH•), which are not only exerted from the 

environment but also generated internally in oocytes and embryos as by-product of the 

energy metabolism, specially, during mitochondrial phosphorylation and glycolysis 

(Balaban et al. 2005, Guerin et al. 2001). ROS are highly reactive molecules that can 

interact and damage other cell molecules such as DNA (Mello Filho et al. 1984), 

proteins and lipids (Wu and Cederbaum 2003), cell structures such as cell membrane 

due to lipid peroxidation and thereby impair mitochondrial integrity and activity 

(Kadenbach et al. 2004, Powers and Jackson 2008). Therefore, high oxidative stress 

under in vitro conditions can negatively affect oocyte maturation and early embryo 

development by inducing apoptosis thereby embryo fragmentation (Bedaiwy et al. 

2004, Du and Wales 1993, Johnson and Nasr-Esfahani 1994, Khurana and Niemann 

2000, Liu and Keefe 2000), changes in gene expression pattern and embryonic 

metabolism (Balasubramanian et al. 2007, Du and Wales 1993, Harvey et al. 2007, 

Rinaudo et al. 2006), lipid accumulation and reduced embryo quality (Abe et al. 2002, 

Barcelo-Fimbres and Seidel 2007a, Sudano et al. 2011). Thus, embryo protection 

mechanisms against oxidative stress are one of the key elements in improving embryo 

quality thereby influencing embryo developmental competence under in vitro condition 

(Takahashi 2012). In the last decade the involvement of different compounds in the 

cellular defense mechanisms against oxidative stress has been elucidated by various 

reports. Among these, non-enzymatic compounds such as vitamin A, C and E (Pascoe et 

al. 1987, Schweigert and Zucker 1988), pyruvate (Morales et al. 1999), cysteine (Ali et 

al. 2003), glutathione (GSH) and glutathione ethyl ester (GSH-OEt) (Curnow et al. 

2010, Luvoni et al. 1996, Takahashi et al. 1993) have been used as exogenous inputs 
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into the culture media to improve embryo development. In addition, antioxidant 

enzymes namely: glutathione peroxidase (GPX), catalase (CAT), superoxide dismutase 

(SOD) and thioredoxin (TXN) have been shown to be involved in ROS scavenging to 

protect embryos from oxidative stress (Abedelahi et al. 2010, Li et al. 1993, Natsuyama 

et al. 1993, Nonogaki et al. 1991, Nonogaki et al. 1992, Ozawa et al. 2006). Recently, 

series of experiments have shown the stage specific effect of alternative culture of 

bovine embryos on the transcriptome profile of the resulting blastocysts (Gad et al. 

2012). In that study, functional classification and pathway analyses of those genes 

affected by alternative culture environment revealed that NRF2-mediated oxidative 

stress response pathway to be the dominant pathway. In NRF2-antioxidant signaling 

pathway, the nuclear factor (erythroid-derived 2)-like 2 (NFE2L2) namely, NRF2 is a 

key transcriptional factor which regulates many antioxidant genes including catalase 

(CAT), heme oxygenase (decycling) 1 (HMOX1), NAD(P)H dehydrogenase quinone 1 

(NQO1), peroxiredoxin 1 (PRDX1), superoxide dismutase 1 (SOD1) and thioredoxin 1 

(TXN1)  via the NRF2-KEAP1 cytoplasmic oxidative stress system in mammalian cells 

(Nguyen et al. 2003, Nguyen et al. 2009, Tanaka et al. 2008, Wild et al. 1999). Kelch-

like ECH associated protein 1 (KEAP1) is known to play a regulatory role of NRF2 

(Zhang 2006). In agreement with the report that suggested the role of NRF2 in the lipid 

metabolism as well as lipid accumulation in mouse liver (Huang et al. 2010, Okada et 

al. 2009, Tanaka et al. 2008), significant number of genes associated with lipid 

metabolism were also found to be affected due to alternative culture of embryos in vitro 

or in vivo. As the effect of alternative culture environment on the resulting embryos has 

been investigated only in those embryos which have survived and reached to the 

blastocyst stage (Gad et al. 2012), it was not possible to elucidate the oxidative stress 

defense mechanism through NRF2 activity in those embryos which did not survive and 

reached to the blastocyst stage. Therefore, it has been hypothesized that embryos which 

survive and reached to the required stage of development were able to cope up with 

unfavorable conditions in in vitro culture as a result of their ability to activate their 

defence mechanism in form of NRF2 mediated oxidative stress response to prevent the 

accumulation of ROS. Looking into differences between in vitro and in vivo 

environments, in addition to culture ingredients, the two environments differ in their 

oxygen level, which is 20% in vitro and 5-7% in vivo. The high level of oxygen in in 

vitro culture can be one of the sources of oxidative stress for embryos. Therefore, in the 
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present study, low (5%) and high (20%) oxygen levels were used in in vitro culture 

media condition to investigate the effect of oxidative stress on embryo development and 

activity of NRF2 mediated oxidative stress response pathway and its association with 

embryo survival and metabolism.
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2 Literature review 
 

Reproduction is the backbone of dairy and beef industry. Implementation of new 

reproductive techniques in cattle such as superovulation, non-surgical oocyte and 

embryo recovery, oocytes and embryos cryopreservation, embryo transfer and in vitro 

production (IVP) of embryos provided a promising new tool for cattle breeding. 

Production of huge numbers of calves from cows of superior genetic merit by using 

these techniques offers an increase in the selection intensity and facilitates a shortening 

of the generation interval as well as improves the genetic gain during short time. Not 

surprisingly, these new embryo techniques were rapidly accepted by the cattle breeding 

industry (Merton et al. 2003). 

 

2.1 In vitro production of embryos  

 

IVP of cattle embryos has been around for about 30 years and improved basically for 

potential breeding objectives. Lu et al. (1987) created the first calf from total in vitro 

procedures. Over the years, it has been considered as a one of the most important and 

applicable reproductive techniques to improve the reproductive capacity of the superior 

animals, as consequence, increase the genetic improvement rate as well as the 

productivity of dairy and beef cattle breeds. In addition, IVP of embryos using oocytes 

either from live cows by using ovum pickup (OPU) technique or from ovaries of 

commercially slaughtered cows has provided an important and intensive source of 

embryos for basic research purposes (Betteridge 2003, Bols et al. 2012, Hyttel et al. 

2000, Merton et al. 2003). IVP of embryo process basically includes three essential 

steps (Lu et al. 1987), as shown in Figure 1. The first step is the in vitro maturation 

(IVM) of the oocyte. Oocyte maturation process is defined as a lengthy process, during 

which the oocyte conquers the competence to be fertilized and go through 

embryogenesis. During IVM process, oocyte resumes and completes meiosis, 

developing from prophase of the first meiotic division to metaphase II (MII). As 

consequence, the primary oocyte is transformed into a mature secondary oocyte, which 

is accompanied by a series of changes in the oocyte nucleus and the cytoplasm. The 

induction of IVM of bovine oocyte is usually performed by incubation of oocyte with 

specific complex maturation medium for 24 hours (Fukui et al. 1991, Fulka et al. 1995, 

Hardy et al. 2000, Tomek et al. 2002). The second step in the IVP procedure is the in 
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vitro fertilization (IVF) of the resulted in vitro matured oocyte. IVF is a process by 

which an oocyte is fertilized in vitro by sperm. IVF of bovine oocyte is performed by 

incubation of the matured oocyte for 24 hours either with fresh or frozen–thawed treated 

semen which allows the greatest flexibility to select the paternal genetic material (Fukui 

et al. 1991, Leibfried-Rutledge et al. 1989). The third step in the IVP procedure is the in 

vitro culture (IVC) of the resulted embryo after IVF of oocyte. The fertilized oocyte is 

developed to be a zygote wherein the nuclei of the oocyte and the sperm, which are 

haploid nuclei, exist together as separate pronuclei before remodelling to form a diploid 

genome. The first cleavage following fertilization occurs within 28-35 hours post 

insemination (pi) (Holm et al. 1998). Cleavages are a chain of mitotic divisions without 

cell growth by which the massive volume of oocyte cytoplasm splits into several 

smaller nucleated cells (Bazer et al. 1987). Additional rounds of embryo cleavages 

following first cleavage occurs and the embryo reaches the 4-cell stage within 40-48 

hours pi, the 8-cell stage by 52-86 hours pi, the 16-cell stage by 90-116 hours pi, the 

morula stage at day 5 and blastocyst stage within 7-9 days (Grisart et al. 1994, Holm 

and Callesen 1998, Holm et al. 1998). At these early stages of development "from 

zygote to blastocyst formation”, the bovine embryo is a vastly dynamic and major 

developmental events take place during this period. These events include the first 

cleavage division, which is considered as an early indicator for the embryo 

developmental competence (Bernardi and Delouis 1996, Grisart et al. 1994, Lonergan et 

al. 1999, Plante et al. 1994, Van Soom et al. 1992), in addition, the embryonic genome 

activation at the 8–16-cell stage, the morula compaction at day 5 and differentiation of 

compacted morula cells into two types: an inner cell mass (ICM) and trophoblast cells 

(TE), as a result, the blastocyst formation at day seven (Betteridge and Flechon 1988). 

Under in vitro environment, all these events are affected by the in vitro culture 

conditions and affect the resultant embryo characteristics, quality and developmental 

competence, consequently resulting in poor embryo developmental rates to blastocyst 

(30–40%) (Gutierrez-Adan et al. 2001, Niemann and Wrenzycki 2000) and low 

pregnancy rates after transfer into recipients (Lonergan et al. 2003a, Lonergan et al. 

2007). 

Bovine IVP embryos have several characteristics that are different from the in vivo 

developed embryos, including gene expression (Corcoran et al. 2006, Gad et al. 2012), 

ultrastructure (Crosier et al. 2000, Rizos et al. 2002a), lipid content (Sudano et al. 
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2012), chromosomal abnormalities (Viuff et al. 1999), DNA methylation patterns 

(Niemann et al. 2010) and cryotolerance (Rizos et al. 2003). 

 

 
 

Figure 1: Essential steps of IVP of bovine embryos including IVM and IVF of oocyte 

and IVC of resultant embryo from zygote to blastocyst stage of development. 

 

Furthermore, it has been known for more than a decade that production of mammalian 

embryos in vitro is associated with developmental abnormalities in resultant fetuses and 

offspring (Farin et al. 2006). These abnormalities include increased rates of early 

embryonic death and abortion, production of large size fetus and offspring “called large 

offspring syndrome”, musculoskeletal, organ growth and fetal growth abnormalities 
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(Behboodi et al. 1995, Farin and Farin 1995, Farin et al. 2001, Kruip and denDaas 1997, 

Sangild et al. 2000, Wakschlag et al. 2007). One of the major factors by which the in 

vitro environment can affect the embryo quality and developmental competence during 

the preimplantation period is through the induction of oxidative stress (Abe et al. 2002, 

Balasubramanian et al. 2007, Barcelo-Fimbres and Seidel 2007a, Du and Wales 1993, 

Harvey et al. 2007, Johnson and Nasr-Esfahani 1994, Khurana and Wales 1989, 

Khurana and Niemann 2000, Liu and Keefe 2000, Rinaudo et al. 2006, Sudano et al. 

2011). 

 

2.2 Oxidative stress 

 

Oxidative stress is a disturbance in the balance between the production of ROS and the 

availability and activity of antioxidant defense mechanisms that are responsible for 

scavenging the ROS in the cell (Basu 2010, Betteridge 2000, Sies 1986). Therefore, 

oxidative stress can result either from exposure to increased level of oxidants or from 

lack of defense against oxidants, or from both of them (Davies 2000). So, cells can 

tackle the oxidative stress by reducing ROS production or by inducing the activity and 

availability of the antioxidants (Agarwal et al. 2005b). Under oxidative stress 

conditions, ROS can attack and damage the other important biological molecules such 

as DNA, proteins and lipids. On the other hand, under stress free conditions, ROS has a 

beneficial role in some physiological processes and in the intracellular signal 

transduction regulation (Mittler et al. 2011). 

In the last few decades, oxidative stress has been one of the focal points amongst the 

researchers in the field of reproduction all over the world. Several factors contribute to 

this attraction to the research including: 1) increasing the knowledge about reactive 

oxygen production, structure, functions and metabolism, 2) identification of biomarkers 

for oxidative damage, 3) association of reproductive disorders in terms of infertility and 

oxidative stress, 4) ample evidences on the harmful effect of oxidative stress on the 

maturation and fertilization of oocyte and early embryo development during in vitro 

production of embryos, 5)  identification of many antioxidants that can be supplemented 

to the culture media to assist protection against oxidative stress (Agarwal et al. 2012, 

Cetica et al. 1999, Cetica et al. 2001, de Matos and Furnus 2000, de Matos et al. 2002, 

Iudica et al. 1999, Rahal et al. 2014).  
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2.2.1 Reactive oxygen species (ROS) 

 

Oxidative stress is mediated by ROS, which include a variety of molecules generated 

from molecular oxygen including free radicals ,such as superoxide (O2•-), hydroxyl 

radical (OH•), peroxyl (RO2•), alkoxyl (RO•) and hydroperoxyl (HO2•), and non-free 

radicals such as hydrogen peroxide (H2O2), hypochlorous acid (HOCl-), ozone (O3) and 

singlet oxygen (1O2) (Covarrubias et al. 2008, Sies 1986). ROS are highly reactive 

molecules which have at least one unpaired electron in the atom’s outer shell. Thus, 

they are more active than the oxygen molecule and have more ability to interact and 

damage other cellular molecules and structures (Kadenbach et al. 2004, Mello Filho et 

al. 1984, Wu and Cederbaum 2003). The most commonly known ROS in the biological 

systems are O2•-, H2O2, OH• and 1O2. Generally, they are generated as byproducts 

during the physiological process involving oxygen consumption (Fujii et al. 2005). In 

addition ROS can also interact with the other reactive species, such as reactive nitrogen 

species (i.e. nitric oxide (NO), to generate multiple reactive species or hybrid reactive 

species “hybrid RS”, for instance, peroxynitrite (ONOO-) can be produced from the 

chemical interaction between NO and O2•-. Moreover, other chemical interactions can 

convert a non reactive species to a reactive species (Bashan et al. 2009).   

 

2.2.1.1  Generation of ROS 

 

ROS are potentially toxic intermediates, which are usually increased under oxidative 

stress conditions. The highly reactive and more toxic type of ROS in the cell is OH•, 

which is produced from the interaction between O2•- and H2O2. Haber-Weiss reaction is 

the major mechanism by which the OH• is formed (Kehrer 2000) as given in the 

following equation: 

 

 

In addition to Haber-Weiss reaction, OH• can be produced via Fenton reaction in the 

most biological systems (Liochev 1999). Fenton reaction involves the use of the metal 

ion (Fe2+/3+) catalyst to generate OH• in two steps as shown below.  
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While OH• is the most active type of ROS in the cell, O2•- and H2O2 are the most 

common types of ROS that are produced during a series of physiological reactions in 

the cell. For instance, mitochondrial respiratory chain or the electron transport chain 

(ETC), cytochrome P450 family, xanthine oxidase, glucose oxidase, amino acid 

oxidase, fatty acid beta oxidation, nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase and oxygenase enzyme reactions, which use O2 as a substrate, are 

known to generate huge amounts of ROS as a byproduct (Burton and Jauniaux 2011, 

Chandra et al. 2009, Fujii et al. 2005, Lu et al. 2012, Malhotra and Kaufman 2007, 

Schonfeld et al. 2010).  

 

2.2.1.2 The origin of ROS in living cells 

 

ROS can originate from several metabolic and enzymatic reactions in different cellular 

organelles such as mitochondria, peroxisomes, endoplasmic reticulum and plasma 

membrane (Figure 2) as follwing: 

 

a. Mitochondria 

 

 Mitochondria are the power house of the cell. They are the main site of oxygen 

metabolism. The electron transport system of the mitochondria consumes about 85-90% 

of the total utilized oxygen by the cell, which are required for energy metabolism and 

involved in production of ATP via different pathways such as oxidative phosphorylation 

(OXPHOS) and fatty acid beta-oxidation. Therefore, high numbers of mitochondria are 

basically presented in all types of the cells (Shigenaga et al. 1994). On the other hand, 

they are the greatest source of oxidants and most of ROS (mainly: superoxide, hydroxyl 

radical and hydrogen peroxide) are produced by the mitochondria when electrons leak 

from the respiratory chain or ETC in the inner mitochondrial membrane (Cindrova-

Davies et al. 2007, Fujii et al. 2005). 
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Figure 2: Schematic diagram showing different cellular sites of ROS generation 

including mitochondria, endoplasmic reticulum, peroxisome and plasma membrane. 

 

The inner mitochondrial membrane expresses the rate of electron transport chain, which 

generates the membrane-impermeable superoxide anion. Mitochondrial ETC consists of 

four membrane-bound complexes called complex I (NADH-Q oxidoreductase), 

complex II (succinate-Q reductase), complex III (Q-cytochrome c oxidoreductase) and 

complex IV (cytochrome c oxidase). These four membrane-bound complexes are linked 

by two small electron carriers namely ubiquinone (also called coenzyme Q) and 

cytochrome c (Berg et al. 2002). The membrane-bound complexes and other electron 

carriers, in the ETC, act as a molecular cable to transfer electrons from NADH and 

FADH to highly oxidizing dioxygen to form O2•-. While complex IV dose not seem to 

be involved in ROS generation, superoxide anion can be produced via mitochondrial 

ETC by complexes I, II and III as shown in figure 3.  Superoxide is generated into the 

mitochondrial matrix by complexes I and II, while complex III is able to generate 

superoxide into both the mitochondrial intermembrane space and the mitochondrial 
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matrix (Camello-Almaraz et al. 2006, Chandel and Budinger 2007, Droge 2002, Turrens 

2003). 

 
Figure 3: Generation of superoxide anion via mitochondrial electron transport chain by 
complexes I, II and III. 
  
Superoxide is the precursor of most other reactive oxygen species. It can be then 

converted into H2O2 the via mitochondrial dismutation reactions (Figure 4). Superoxide 

dismutase enzymes, including Cu, Zn and Mn-SOD, can efficiently catalyze 

dismutation reaction in/outside the mitochondria to form hydrogen peroxide from the 

reaction of superoxide anion with water. Furthermore, H2O2 can also be diffused out of 

the mitochondria and into the cytoplasm. In the presence of iron in the cytoplasm, H2O2  

can be converted to OH• through the Fenton reaction (Figure 4), as consequence, it can 

be able to attack the other cell organelles (Murphy 2009).  

Mitochondrial dysfunction associated with the disturbed calcium homeostasis and 

enhanced cellular oxidative stress has long been recognized to play an essential role in 

cell damage (Frandsen and Schousboe 1993). Calcium is known to activate several 

cellular enzymes, many of which can stimulate the generation of endogenous ROS such 

as calcineurin, phospholipase A2, xanthine dehydrogenase, nitric oxide synthase and 

endonucleases. Furthermore, when calcium is taken up by the mitochondria, this can 

increase ATP production by stimulating the activity of matrix dehydrogenases. 
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However, an increase in ATP production and mitochondrial calcium levels can also 

enhance ROS generation (Kowaltowski et al. 1995, Rego and Oliveira 2003, Zoeteweij 

et al. 1992). 

Although mitochondria have their own antioxidant mechanisms that are required for 

ROS scavenging, the generation rate of ROS inside mitochondria is higher than their 

antioxidant capability, which resulted in excessive ROS accumulation not only inside 

mitochondria but also in the cell cytoplasm (Kirkinezos and Moraes 2001, Melov et al. 

1998, Nohl and Hegner 1978).   

 

Figure 4: The conversion of superoxide anion to hydrogen peroxide and hydroxyl 

radical via dismutation reactions catalyzed by Cu, Zn and Mn-SOD enzymes in and 

outside the mitochondria. 

 

b.  Peroxisomes 

 

In addition to mitochondria, the essential role of peroxisomes and their enzymes in ROS 

production has been well known ever since their discovery almost 40 years ago. 

Moreover, recent studies have revealed their involvement in the oxygen free and non 
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free radicals and nitric oxide metabolism (Schrader and Fahimi 2004, Singh 1996). The 

overall role of peroxisomes and their enzymes involved in ROS generation are briefly 

reviewed in table 1 (Schrader and Fahimi 2006). 

 

Table 1: The peroxisomes enzymes involved in ROS generation 

 

Enzyme Substrate ROS 

(1) Acyl-CoA oxidases 

   (a) Palimtoyl-CoA oxidase Long chain fatty acids H2O2

   (b) Pristanoyl-CoA oxidase Methyl branched chain fatty acids H2O2

   (c)Trihydroxycoprostanoyl-CoA   

oxidase 
Bile acid intermediates H2O2 

(2) Urate oxidase Uric acid H2O2

(3) Xanthine oxidase Xanthine H2O2, O2·−

(4) D-amino acid oxidase D-Proline H2O2

(5) Pipecolic acid oxidase L-pipecolic acid H2O2

(6) D-aspartate oxidase D-aspartate, N-methyl-D-aspartate H2O2

(7) Sarosine oxidase Sarcosine, pipecolate H2O2

(8) L-alpha-hydroxy acid oxidase Glycolate, lactate H2O2

(9) Poly amine oxidase N-Acetyl spermine/spermidine H2O2

(10) Nitric oxide synthase L-Arginine NO

 

c. Endoplasmic reticulum 

 

Endoplasmic reticulum (ER) plays a vital role in several cellular activities. It is the 

central location of folding and assembly of the proteins, lipid biosynthesis and Ca2+ 

storage. In addition, ER has been reported as one of the main sites to generate ROS in 

the cells. Accumulating evidence suggests that generation of ROS as a byproduct of 

protein oxidation is one of the consequences of the protein folding process in ER. It has 

an exclusive oxidizing environment, as a result of the predominant disulfide bond 

formation during the protein folding process. It is well known that disulfide bond 

formation is driven by several proteins including ERO-1 (endoplasmic reticulum 
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membrane associated oxidoreductin-1), protein disulfide isomerase (PDI) and a novel 

conserved FAD-dependent enzyme. PDI, which is a member of the thioredoxin super 

family, catalyzes disulfide bond formation via series of reactions involving thiol-

disulfide oxidation, reduction and isomerization (Frand and Kaiser 1999). Throughout 

this series of reactions, ERO-1 is oxidized by O2 and acts as a specific oxidant of PDI. 

ERO-1 can recruit (FAD)-dependent reaction for transmitting electrons from PDI to O2, 

which resulted in protein folding and leading to induce oxidative stress through the 

overproduction of ROS (Figure 5). This process is believed to generate about 25% of 

the total ROS production of the cell (Chaudhari et al. 2014, Malhotra and Kaufman 

2007, Tu and Weissman 2004). Besides, ER stress-associated NADPH oxidases are also 

involved in the production of O2·− (Figure 5).  

 

Figure 5: Generation of superoxide anion during the protein folding process and 
formation of hydrogen peroxide via NADPH oxidase 4 (Nox4) in endoplasmic 
reticulum (ER). 
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Although the role of ER stress-associated NADPH oxidases as an endogenous source of 

ROS is not yet fully explained, NADPH oxidase 4 (Nox4), which is one of the NADPH 

oxidase isoforms localized mainly in ER, has recently been considered as a possible 

source of ROS (Radermacher et al. 2013, Santos et al. 2009, Van Buul et al. 2005). In 

addition, the alterations in oxidative environment of the ER can enhance the ER stress, 

which result in an increased level of the generated ROS (Bhandary et al. 2013, Malhotra 

and Kaufman 2007, Ozgur et al. 2014, Santos et al. 2009, Yuzefovych et al. 2013). 

 

d. Plasma membrane 

 

Plasma membrane NADPH oxidase is one of the major sources of ROS in the cell. The 

NADPH oxidase is a protein complex formed by the assembly of resident membrane 

proteins (gp91phox and p22phox and cytochrom b588) and by the recruitment of 

cytoplasmic proteins including p47phox, p67phox, p40phox and the small G protein Rac 

(Griendling et al. 2000). Recently, it has been evidenced that oxidative stress conditions 

stimulate plasma membrane NADPH oxidase to generate great amounts of O2•- which 

can be subsequently converted to other types of ROS such as H2O2 (Chandel and 

Budinger 2007, Fan et al. 2007). Activation of the NADPH oxidase enzyme is 

associated with the assembly of the enzyme subunits at the membrane, where oxygen is 

reduced to superoxide (Bedard and Krause 2007, Finkel 2011) as in the following 

equation: 

 
 

2.2.1.3 ROS activity 

 

ROS types vary in their activity and their capability to react chemically with the other 

molecules. Basically, the more active ROS is the shorter its half-life, since it is faster to 

interact with other molecules. As a result, the distance which a specific type of ROS 

could move from its site of generation is different and associated with its activity. For 

example, H2O2 has a half-life of minutes and is considered a less reactive type of ROS. 

Thus, it can theoretically travel large distances and be able to cross the cells and tissues. 

On the other hand, the high reactivity of the short-lived OH• molecule decrease its 

diffusion distance to the range of a small protein (Bashan et al. 2009). In general, 
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hydrogen peroxide has half life in a range of minutes, while the peroxyl radical and 

nitric oxide have a half-life of seconds, peroxynitrite has a half-life of milliseconds, 

superoxide anion and singlet oxygen have a half-life of microseconds and the most 

active type of ROS is the hydroxyl radical with a half life of nanoseconds (Kehrer 

2000). 

 
2.2.2 Oxidative stress damage 

 

The major consequence of increasing ROS production under oxidative stress conditions 

is the oxidative damage to DNA, proteins and lipids, which can strictly affect cell 

viability and eventually leading to cell death (Astley and Elliott 2005, Dalle-Donne et 

al. 2006, De Vizcaya-Ruiz et al. 2009, Kehrer 2000). 

 

2.2.2.1 Oxidative damage to DNA  

 

In any living cell, ROS can attack DNA and affect its structure and function, resulting in 

different types of DNA damage. For instance, ROS can induce double strand breakage, 

DNA structural alterations (i.e. deoxyribose modification), base pair mutations, 

insertions, deletions, rearrangements, sequence amplification (Cerutti et al. 1994, 

Cerutti 1994, Dizdaroglu 1993, Dizdaroglu et al. 1993, Epe et al. 1993) and DNA cross-

linking (De Bont and van Larebeke 2004). In addition to nuclear DNA, oxidative 

damage could also be involved in the deletions and mutations in mitochondrial DNA. 

Even under normal conditions, oxidative damage to mitochondrial DNA (mtDNA) is 

extensive and its mutation rate is about 5 to 10 times of the rate seen in nuclear DNA 

(Richter et al. 1988). DNA of mitochondria encodes several proteins such as the 

enzymes involved in the electron transport chain. Therefore, high rate of mutations in 

mtDNA may lead to impaired energy production as well as mitochondrial dysfunction 

(Arnheim and Cortopassi 1992, Burton and Jauniaux 2011, Hegler et al. 1993). 

The biochemical reactions that are likely to be involved in DNA damage are oxidation, 

methylation, depurination and deamination (Joenje 1987, Winterbourn 1995, Zuo et al. 

1995). ROS and its reactive products such as hybrid reactive species can oxidize most 

of the DNA bases (Jena and Mishra 2005, Jena 2012, Kamiya 2003). For instance, 

peroxynitrite, which resulted from the chemical interaction between NO and O2•-, can 

directly attack and damage to DNA bases by deamination and nitration of guanine 
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residues (Ohshima and Bartsch 1994, Routledge et al. 1994). For many years, 

methylation of DNA was believed to play a vital role in the regulation of gene 

expression during cell differentiation and embryonic development (Frostesjo et al. 1997, 

Heby 1995). Recent studies have generally provided clear evidence that transformation 

of guanine to 8- hydroxyguanine, as a result of  ROS attack under stress conditions, has 

been found to change the enzymatic reactions that catalyze methylation of adjacent 

cytosines, as a consequence, providing an association between oxidative DNA damage 

and methylation pattern changes (Cooke et al. 2003, Dizdaroglu 1992, Dizdaroglu et al. 

2002, Wiseman and Halliwell 1996). 

  

2.2.2.2 Oxidative damage to protein 

 

Protein and amino acids are a major target for ROS mediated oxidative stress damage 

because of their abundance and high reactivity with many species. ROS, especially O2•-, 

H2O2, 1O2, OH• and NO can interact with and attack proteins in both side chains of 

polypeptides and its backbone (Dalle-Donne et al. 2003, Davies 2005). Therefore, 

oxidative stress damage to protein comprises several chemical reactions such as amino 

acid side chains oxidation, polypeptide chains fragmentation, generation of cross 

linkages by the formation of dityrosine bridges. Most of these oxidative modifications 

are usually irreversible and can consequently have several harmful effects including 

major chemical and physical changes. Subsequently, these alterations can cause protein 

fragmentation, aggregation, abnormal folding, change the interactions with other 

molecules and eventually leading to loss protein functions (e.g., enzymatic, structural, 

or signaling) (Chao et al. 1997, Davies et al. 1995, Dean et al. 1986, Dean et al. 1997, 

Grant et al. 1993, Hawkins et al. 2002, Hawkins et al. 2003, Kuhn and Arthur 1999, 

Shen et al. 2000). Oxidative damage to proteins and amino acids, in some cases, is 

limited to specific residues, while with others (e.g., hydroxyl radicals) damage is 

prevalent, nonspecific and non-repairable (Davies 2000). 
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2.2.2.3 Oxidative damage to lipids 

 

Lipids are attacked continuously by reactive species that can affect its structure and 

functions. ROS, mainly hydroxyl radicals, are able to oxidize fatty acids causing lipid 

peroxidation in all the cell organelles that contain lipids or polyunsaturated fatty acid 

side chains such as cell membranes. Recently, lipid peroxidation is considered as the 

most dangerous damaging process to cell structures in every living organism. This is 

mainly because of the nature of lipid peroxidation process which is a self-propagating 

chain-reaction and just the initial oxidation of a few fatty acid molecules can cause a 

series of dramatic damages to the cell (Gill and Tuteja 2010, Gutteridge 1995, Mylonas 

and Kouretas 1999).  For instance, OH• reacts with hydrocarbons, such as the fatty acid 

side-chains of membrane lipids, to take out the hydrogen (H•) and leave behind a 

carbon-centred radical (C•) to start the free radical chain reaction as following (Aikens 

and Dix 1990, Cheeseman 1993, Dix and Aikens 1993):  

 

 

The carbon-centred radicals (C•) react then with oxygen to generate peroxyl radical.  

 
After that, peroxyl radical can attack other fatty acid side-chains in the cell membrane 

lipids.  

 
The resultant carbon-centred radical (C•) reacts again with O2 to generate another 

peroxyl radical and the chain reaction continues. Propagative lipid peroxidation is a well 

known example of oxidative breakdown to the biological lipids that occurs in most 

cellular membranes and organelles including plasma membrane, mitochondria, 

microsomes and peroxisomes. In addition, the end products of lipid peroxidation such 

as hydroperoxides can obstruct the protein synthesis, signal transduction, transport and 

change the enzymatic and metabolic activities (Dix and Aikens 1993, Fridovich and 

Porter 1981, Girotti 1998).  

 



Literature review   19 

 

2.2.3 Oxidative stress and ROS generation during in vitro production of mammalian 

embryos 

 

In the last decade, although a significant development achieved in in vitro maturation, 

fertilization and in vitro culture of mammalian embryos, the final success rates remain 

unchanged at 30%–40% blastocyst rate (Pasqualotto et al. 2004, Viuff et al. 1999). The 

main reason for this low success rate is the suboptimal environmental conditions under 

in vitro compared to the in vivo conditions. Several environmental conditions under in 

vitro culture system are supposed to be the source of oxidative stress for IVP embryos 

as manifested by the increased reactive oxygen species accumulation (Goto et al. 1993).  

 

2.2.3.1 Endogenous source of ROS during IVP of mammalian embryos  

 

Similar to the other types of cells, oxygen metabolism is important for early embryonic 

development. Gametes and embryonic cells utilize oxygen in the energy metabolism 

process, thereby, they are considered to be one of the major sources of ROS during in 

vitro production procedure (Balaban et al. 2005, Guerin et al. 2001). 

 

Gametes  

 

Low physiological levels of ROS may have a beneficial role during oocyte development 

and ovulation (Attaran et al. 2000, Oyawoye et al. 2003). However, speculation 

regarding the origin of the ROS during that process is still unclear. Moreover, the role 

of ROS during in vitro maturation of oocyte is still debated (Agarwal et al. 2006, Guerin 

et al. 2001, Gupta et al. 2009, Sugino et al. 2000). In contrast, evidence exists that the 

morphological abnormalities of the male gamete and leukocytes are major sources of 

ROS in human. Sperm intracellular mechanisms may generate ROS at the level of 

plasma membrane via NADPH oxidase system (Aitken et al. 1992). Furthermore, ROS 

can be produced in mitochondria via NADH-dependent oxidoreductase system (Gavella 

and Lipovac 1992) and cytochrome b5 reductase system activities (Agarwal et al. 2003, 

Gavella and Lipovac 1992). In addition, ROS can be extracellularly produced by 

leukocytes which are present in the seminal vesicles secretions (Aitken et al. 1995, 

Shekarriz et al. 1995b). The deleterious effects of ROS accumulation on sperm and 
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oocyte can be extended after fertilization to affect early embryonic development 

(Agarwal et al. 2006). It has been reported that during in vitro fertilization, oocyte 

incubation with a critical number of ROS-producing spermatozoa that remain outside 

the oocyte could cause oxidative damage to the oocyte and the resultant embryos 

(Alvarez et al. 1996). 

 

Embryo 

 

ROS can be generated in the embryo via different metabolic pathways and enzymatic 

systems activity such as mitochondrial oxidative phosphorylation pathway, NADPH 

oxidase and xanthine oxidase enzymes (Loutradis et al. 1987, Manes and Lai 1995, 

Nasresfahani and Johnson 1991, Thompson et al. 2000). 

 

Oxidative phosphorylation 

 

During the early embryonic development, pre-implantation embryos are developing 

very fast and consuming large amount of energy. And as in living aerobic cells, they 

generate the energy as adenosine triphosphate (ATP) molecules via mitochondrial 

OXPHOS and glycolysis processes. ETC of OXPHOS machinery comprises four 

protein complexes (I, II, III and IV). Three of these four complexes (I, II and III) are 

considered to be the main source of ROS produced in mitochondria (Huttemann et al. 

2007). In the embryo, it has been reported that excessive ROS generation occurs as a by 

product of OXPHOS process at critical time points during the early embryo 

development, such as embryonic genome activation, embryonic compaction, blastocyst 

formation and embryo hatching, due to increased energy demands (Houghton et al. 

1996, Morales et al. 1999, Nasresfahani et al. 1990b, Rozell et al. 1992, Thomas et al. 

1997). For example, about 70% of the oxygen is metabolized at the blastocyst stage and 

less than 30% at time of the genome activation (2- to 4-cell stages) through 

mitochondrial OXPHOS in mouse embryos (Trimarchi et al. 2000). Moreover, it has 

been shown that inhibition of OXPHOS led to decrease ROS generation and has a 

positive impact on in vitro embryo development in both bovine and porcine embryos 

(Machaty et al. 2001, Rieger et al. 2002, Thompson et al. 2000). 
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NADPH oxidase 

 

 In addition to OXPHOS, oxidase enzymes activities (such as NADPH oxidase and 

xanthine oxidase) are present as sources of ROS during early embryo development. For 

example, NADPH oxidase has been shown to be involved in the production of O2•- and 

H2O2 in rabbit blastocyst (Manes and Lai 1995), moreover, inhibition of NADPH 

oxidase in 2-cell mouse embryos induces a concentration-dependent reduction in H2O2 

production (Nasresfahani and Johnson 1991). In bovine, supplementation of the culture 

medium with vitamin E, which is an antioxidant and can protect cell against oxidative 

damage, improved embryo development and blastocyst formation rate by 6%. This 

improvement could be due to the inhibition of NADPH oxidase (Olson and Seidel 

2000a).  

 

Xanthine oxidase 

 

Xanthine oxidase is another important enzyme that has a vital role in the generation of  

ROS in the cell (Sato et al. 2011). This enzyme is involved in adenosine metabolism, 

converting hypoxanthine to xanthine and xanthine to uric acid, with the concomitant 

generation of superoxide and hydrogen peroxide (Many et al. 1996). Although the 

contribution of xanthine oxidase enzyme in ROS production is relatively low compared 

with that of the NADPH oxidases under normal physiological conditions (Bevilacqua et 

al. 2012), the presence of hypoxanthine/xanthine oxidase in the in vitro culture medium 

dramatically inhibit the early embryo development, decrease cleavage rates and causes a 

2-cell block in mouse embryos (Fukuhara et al. 2008, Loutradis et al. 1987). Thus, 

cellular oxidative damage by the xanthine oxidase-mediated generation of ROS might 

explain the incidence of embryonic arrest during the in vitro production of the 

mammalian embryos (Agarwal et al. 2006, Aiken et al. 2008, Johnson and Nasr-

Esfahani 1994, Nasresfahani and Johnson 1991). In addition, the inhibition of this 

enzyme induces a decrease in ROS production in mouse embryos. Therefore, xanthine 

oxidase has been suggested to be the main source of ROS during early embryonic 

development of in vitro produced mouse embryos (Nasresfahani and Johnson 1991). In 

bovine embryos, ROS generation is caused, in part, by the presence of high 

concentration of glucose in the embryo culture medium (Iwata et al. 1998). Previously, 
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glucose has been shown to inhibit the hypoxanthine phosphoribosyl transferase (HPRT) 

activity and induce developmental arrest in mouse embryos. Inhibition of HPRT 

activity, which is involved in salvaging purine and decreasing of ROS levels, induces 

the formation of xanthine from hypoxanthine via xanthine oxidase enzyme and increase 

the generation of superoxide anions (Downs and Dow 1991).  

 

2.2.3.2  External factors inducing ROS generation during IVP of mammalian embryos  

 

Several external factors contribute to the induction of oxidative stress and increasing the 

generation of ROS during IVP of mammalian embryos (Figure 6). In addition to in vitro 

culture atmosphere that are surrounding the oocyte and embryos (e.g. oxygen 

concentration in the culture system atmosphere, visible light and pollutants), culture 

medium components and supplements and the nature of in vitro procedure itself can 

also enhance the ROS production in IVP embryos (Agarwal et al. 2006). 

 

In vitro culture atmosphere inducing ROS generation 

 

Oxygen concentration 

 

Oxygen is necessary for aerobic respiration to generate ATP, which is required for all 

cell functions. However, changes in oxygen levels are known to induce oxidative injury 

and affect the life span of the cell (Vonzglinicki et al. 1995). Therefore, in vitro culture 

atmosphere in which an embryo is grown during the in vitro production of the 

mammalian embryos is a critical factor affecting the outcome of the culture system. 

Oxygen concentration used in the in vitro culture system atmosphere was cited as the 

most potential and important external factor that can enhance ROS generation. It may 

affect gametes and embryo metabolism as well as embryo quality, viability and 

developmental competence (Booth et al. 2005, Dumoulin et al. 1999, Kitagawa et al. 

2004, Leoni et al. 2007, Liu and Foote 1995, Orsi and Leese 2001, Thompson et al. 

1990). Under in vivo conditions in the oviduct, oxygen concentration is around 25 to 

30% of the atmospheric oxygen tension (Fischer and Bavister 1993). Two established 

gas systems are widely used in the incubators during in vitro embryo production 

process. One is under low (5%) oxygen tension as in oviduct and the other is under the 
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atmospheric oxygen concentration (20%). Under in vitro culture system, it is too 

expensive to control oxygen concentration to 5%. That is why in most IVP laboratories 

20% oxygen level is successfully used to produce IVP embryos especially in cattle 

(Karja et al. 2004, Suzuki et al. 1999, Varisanga et al. 2002). On the other hand, IVP of 

embryos under high oxygen concentration (20%) promotes oxidative stress to the 

embryo and leading to a rise in ROS level compared to 5% O2 culture system (Dalvit et 

al. 2005). Several studies have elucidated the effect of oxygen level in the culture 

system during the in vitro production of embryos in different species. For instance, the 

embryo developmental competence, in terms of blastocyst formation, was significantly 

higher in the embryos cultured under low oxygen concentration (5% O2 + 5% CO2 + 

90% N2) than those that were generated under higher oxygen concentration (air + 5% 

CO2) in bovine (Liu and Foote 1995, Thompson et al. 1990), porcine (Booth et al. 

2005), mouse (Orsi and Leese 2001) and human (Dumoulin et al. 1999). Similarly, high 

oxygen concentration (20 vs 5% O2) during IVF was found to be unfavorable for the 

production of high quality ovine blastocysts (Leoni et al. 2007). Atmospheric oxygen is 

freely dissolved in the in vitro culture medium (Newby et al. 2005). Therefore, O2 

concentration in the culture medium equilibrated with atmospheric oxygen is 

approximately 200 µM, which is considerably higher than the normal O2 concentration 

(28-42 µM) within the cells (Oller et al. 1989). Many oxidases enzyme reactions that 

produce ROS in the cells are known to be oxygen dependent. Thus, high O2 

concentration in the culture media atmosphere may enhance some enzymatic reactions, 

such as  xanthine oxidase and NADPH oxidase activity, resulting in an increase in the 

ROS levels within embryonic cells (Goto et al. 1993, Lopes et al. 2010). 
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Figure 6: External factors influence the oxidative stress generation and enhance the 

generation of ROS during the in vitro production of mammalian embryos. 

 

Visible light 

 

Visible light is another external factor in the culture environment that may induce ROS 

production during in vitro production of the mammalian embryos (Goto et al. 1993). It 

was hypothesized that visible light can induce photodynamic stress and leading to 

oxidative damage to unsaturated lipids and sterols within the membranes (Girotti 2001) 

and oxidation of bases as well as breakdown of the DNA strands (Beehler et al. 1992). 
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In support of this hypothesis, an exposure of mouse embryos to visible light was 

dramatically sufficient to increase H2O2 level (Goto et al. 1993). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Mechanisms leading to ROS generation induced by visible light. Visible light 

(400–700 nm) exposure can induce ROS production via two types of photooxygenation 

reactions. The endogenous photosensitizers (PS) are light-sensitive molecules that enter 

an excited state after exposure to visible light to be excited photosensitizers (EPS). EPS 

participate in electron transfer processes, resulting in formation of O2•- via type I 

reactions, or react with molecular oxygen, starting cascade of energy transfer processes 

that ultimately result in generation of 1O2 through type II reactions.  

 

Light-induced ROS generation mechanisms in embryos are still unclear. In mammalian 

cells, visible light exposure (400–700 nm) was reported to induce the production of 

ROS as a result of several photooxygenation reactions (Hockberger et al. 1999, Liebel 

et al. 2012). The key players in the photooxygenation reactions are the endogenous 

photosensitizers, such as porphyrins and flavins (Ravanat et al. 2000), which are a light-
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sensitive molecules that enters an excited state after exposure to light of a specific 

wavelength. The excited sensitizers can then react with molecular oxygen, starting 

either a cascade of energy transfer processes that ultimately result in generation of non-

radical but highly reactive 1O2 (Type II reactions), or participating in electron transfer 

processes to biological substrates (such as membrane lipids) and solvent molecules or 

oxygen, leading to radicals and radical ions formation such as O2•- (Type I reactions). 

These radicals can interact with other reactive molecules to produce hydroxyl and 

hydrogen peroxide radicals, as shown in Figure 7 (Buytaert et al. 2007, Foote 1991, 

Henderson and Dougherty 1992). Type I and II reactions can lead to oxidative damage 

of several cellular components and finally to cell death (Buytaert et al. 2007, Moor 

2000). 

 

Environmental pollutants 

 

Many sources of ROS exist in the IVP of embryo laboratories, which induce ROS 

generation. Xenobiotics are foreign chemical compounds that have found their way into 

culture environment as environmental pollutants. They can induce different biological 

effects, including oxidative stress, toxicity, immunologic reactions and pharmacologic 

responses. Xenobiotics induced oxidative stress may be present in the air and/or water 

of the incubators used in IVP of the embryos (Agarwal et al. 2006, Cohen et al. 1997, 

Wells et al. 2009). It has been proved that air quality is important for success IVP 

systems. Moreover, unfiltered external air seems to be cleaner than laboratory air, which 

is the main source of the ambient air in the incubators (Cohen et al. 1997). This may be 

due to the accumulation of volatile organic compounds (VOCs) derived from some 

laboratory equipment (e.g. sterile petri dishes, compressed CO2), other supplies, 

materials and devices, such as anaesthetic gases, refrigerants, cleaning agents, 

hydrocarbons and aromatic compounds (e.g. benzene and toluene) which can be 

destructive to embryo development in vitro. 

The filtration of atmospheric air by intra-incubator air purification system significantly 

increased pregnancy rate following transfer of in vitro-produced bovine embryos to 

recipients (Khoudja et al. 2013, Merton et al. 2007). Therefore, IVP laboratories should 

be well equipped with high efficiency particulate air (HEPA) and efficient filters plus 

positive pressure for air particulate control (Khoudja et al. 2013). In addition, the low 
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concentrations of some of these pollutants in incubator air may suggest the potential  

absorption of these pollutants by the water or culture medium (Cohen et al. 1997). 

 

Culture media components inducing ROS generation 

 

Culture media components used during IVP of mammalian embryos can also contribute 

to ROS production. Commercial culture media can generate ROS subject to their 

composition, which can directly affect the oocyte and embryo quality (Agarwal et al. 

2006). Some of them may contain Fe2+ and Cu2+ metallic ions which are participating in 

the Fenton and Haber–Weiss reactions and can accelerate the generation of ROS within 

the cells. Moreover, Fe2+ can also attack lipids directly and enhance lipid peroxidation 

reactions leading to induction of peroxidative damages in lipid membrane structures 

once this has been initiated by free hydroxyl radicals. This may cause an in vitro block 

to development of the pre-implantation embryo (Nasresfahani et al. 1990a). Culture 

media supplementation with metal chelators such as transferrin and ethylenediamine 

tetra-acetic acid (EDTA) could be a possible way to decrease the detrimental effects of 

these ions (Nasresfahani et al. 1992, Orsi and Leese 2001). 

Several supplements are commonly added to the culture medium for different reasons to 

improve the outcome of the IVP of mammalian embryos. Serum is one of the most 

important culture media additives due to its composition (in terms of lipids, proteins, 

amino acids, growth factors, etc.). Several investigators have shown that culture media 

supplementation with serum can accelerate embryo development and resulting in early 

blastocyst formation in culture (Carolan et al. 1996, Enright et al. 2000, Rizos et al. 

2002b, Viuff et al. 1999). Furthermore, in long-term, serum has an effect on fetal 

development in cattle and sheep (Behboodi et al. 1995, Farin et al. 2001, Young et al. 

1998). In contrary, others have observed a dual effect “biphasic effect” of serum during 

the development of the in vitro cultured bovine and ovine embryos. For instance, 

addition of serum in culture media can inhibit the early cleavage divisions (first and 

second cleavages through the 4-cell stage) and stimulate the embryo development after 

the embryonic genome activation  “8- to 16-cell stages in bovine” (Rizos et al. 2003, 

Rooke et al. 2007, Thompson et al. 1998). The deletarious effect of serum may be 

attributable to the high levels of amine oxidase enzyme, which is present in serum and 

can induce ROS production (Agarwal et al. 2006, Parchment et al. 1990, Shannon 
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1978). Another major component of serum is the free fatty acids. Earlier studies showed 

that fatty acid composion of embryos derived from serum supplemented media is 

similar to fatty acid composion of the added serum. It has been suggested that serum to 

be the main sourec of fatty acids in serum-exposed embryos and the embryonic cells in 

culture readily take up fatty acids from serum-containing media (Sata et al. 1999, 

Spector et al. 1972, Spector and Soboroff 1972). The absorbed fatty acids are oxidized 

to generate energy via fatty acid beta-oxidation process which occurs in both 

mitochondria and peroxisomes. In the initial step of fatty acid beta-oxidation, an acyl-

CoA is converted to trans-2-enoyl-CoA. This reaction is catalyzed by acyl-CoA oxidase 

enzyme and the electrons removed by oxidation pass to oxygen directly to produce 

H2O2 (Rao and Reddy 2001, Rosenthal and Glew 2009) as shown below: 

 
 

In vitro procedure inducing ROS generation 

 

A potential source of ROS during the in vitro production of mammalian embryos 

procedure is its generation during the preparations. For instance, spermatozoa are 

normally centrifuged during in vitro fertilization preparations. Centrifugation has been 

demonstrated to increase ROS generation in male gametes (Shekarriz et al. 1995a). 

Moreover, spermatozoa used for in vitro fertilization are likely to be derived from an 

environment experiencing oxidative stress. Some of these sperm may already have 

oxidative damage before semen preparations (Fingerova et al. 2009, Iwasaki and 

Gagnon 1992, Lopes et al. 1998, Pasqualotto et al. 2004, Saleh et al. 2003). Incubation 

of oocytes during in vitro insemination with a critical number of those spermatozoa that 

remain outside the oocyte could also induce oxidative damage to the oocytes and 

embryos (Alvarez et al. 1996). 
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Cryopreservation of gametes and embryos inducing ROS generation 

 

Cryopreservation of embryo and gametes with limited viability loss is necessary to 

produce and transfer the in vitro mammalian embryos successfully. A recent study 

showed that frozen/thawed embryos exhibited significantly reduced pregnancy rate and  

calving results compared with the fresh counterparts (Agca et al. 1998). Moreover, 

cryopreservation of sperm triggered the antioxidant defenses loss and increased the 

DNA fragmentation compared to the fresh testicular sperm (Bilodeau et al. 2000, 

Dalzell et al. 2004). In oocytes, cryopreservation resulted in developmental arrest for 

the resultant embryos (Vanblerkom and Davis 1994). The freeze-thaw process during 

cryopreservation procedure is a severe stressor that can increase DNA damage and 

fragmentation levels (Thomson et al. 2009), modify the structure (e.g. plasma 

membrane) and integrity of the cell (Hendriks et al. 2014, McCarthy et al. 2010). One of 

the traumas by which the cryopreservation can affect the gametes and embryo 

competence is through the induction of oxidative stress by increasing ROS generation 

(Alvarez and Storey 1992, Lane et al. 2002, Rahimi et al. 2003, Zhao et al. 2012). 

Supporting that, ROS scavengers supplementation have been reported to protect 

gametes and embryos from the detrimental effects of the freeze-thaw process (Lane et 

al. 2002, Moubasher et al. 2013). For instance, supplementation of cryopreservation or 

preparation medium of spermatozoa with antioxidants, such as quercetin (Zribi et al. 

2012), catalase (Moubasher et al. 2013), vitamin E (Taylor et al. 2009) and  biotin 

(Kalthur et al. 2012), seemed to protect spermatozoa from oxidative stress damage 

during the freeze-thaw process, which resulted in significant improvement in 

spermatozoa motility, viability and DNA integrity and ultimately increased sperm 

survival. In addition, cryopreservation solutions supplemented with antioxidant namely 

ascorbate resulted in reduced ROS levels and significantly (P<0.05) increased blastocyst 

re-expansion and attachment (87.9% and 78.9% respectively) compared to the control 

group of embryos frozen without ascorbate (63.9% and 52.8% respectively) (Lane et al. 

2002).  

 

 

 



Literature review   30 

 

2.2.4 Deleterious effects of oxidative stress during IVP of mammalian embryos 

 

Excessive ROS accumulation under in vitro culture conditions can overpower the cell 

natural antioxidant defenses and create an environment inappropriate for successful 

IVM, IVF and IVC. This is due to the presence of additional external factors that can 

increase the generation of ROS under in vitro conditions compared to in vivo conditions 

(Bedaiwy et al. 2004, Du and Wales 1993, Guerin et al. 2001, Johnson and Nasr-

Esfahani 1994, Khurana and Niemann 2000, Liu and Keefe 2000). Multiple deleterious 

effects have been observed for exposing gametes and embryos to oxidative stress during 

all the steps of the in vitro production process and subsequent pregnancy outcome after 

embryo transfer, as shown in Figure 8 (Agarwal et al. 2005a, Ali et al. 1993, Ali et al. 

2003, Alvarez et al. 1996, Bedaiwy et al. 2004, Cetica et al. 2001, Li et al. 1993, Liu 

and Keefe 2000, Luvoni et al. 1996, Nasresfahani et al. 1990b, Nasresfahani and 

Johnson 1991).  

 

2.2.4.1 Effect of oxidative stress on oocyte and sperm    

 

High ROS levels under oxidative stress conditions have been suggested to enhance 

chromosomal errors and induce the meiotic arrest of the oocytes (Downs and 

Mastropolo 1994, Tarin et al. 1996). Incrementally, sufficient evidence has accumulated 

to show that ROS can deteriorate oocyte quality and competence (Goud et al. 2008, 

Rajani et al. 2012, Tamura et al. 2008, Tamura et al. 2012). For example, incubation of 

mouse oocytes with 100 μM HOCl led to loss their viability as seen from dark 

cytoplasm and obvious signs of membrane damage (Goud et al. 2008). In addition, a 

direct effect of H2O2 on oocyte maturation has recently been reported (Tamura et al. 

2008). In that study, oocytes from mice were cultured in vitro in maturation medium 

treated with different H2O2 concentrations. The percentage of mature oocytes with a 

first polar body was significantly decreased by incubation with H2O2 in concentration of 

300 μM for 12 h. On the other hand, this inhibitory effect of H2O2 on oocyte maturation 

was blocked when oocytes were incubated with antioxidant namely melatonin in 

concentration of 10 ng/ml. An in vivo rat model treated with Neem leaf extract (NLE) 

exhibited oocyte morphological apoptotic changes including DNA and cytoplasmic 

fragmentation. The reasons for that was the increase of H2O2 levels which activates p53 
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and induces the expression of pro-apoptotic Bcl2-associated X protein (Bax) that 

modifies mitochondrial membrane potential and enhances cytochrome c release. The 

increased level of cytoplasmic cytochrome c leads to induces caspase-9 and caspase-3 

activities that trigger destruction of specific proteins leading to DNA and cytoplasmic 

fragmentation and thereby oocyte apoptosis (Tripathi et al. 2012). The same oocyte 

morphological apoptotic changes were observed in in vitro rat model when oocytes 

were incubated with NLE (2.5 to 20.0 mg/ml) for 3.0 h (Chaube et al. 2006). On the 

other hand, oocyte incubation with maturation medium supplemented with cysteamine 

(100 μM), cysteine (0.6 mM), or beta-mercaptoethanol (β-ME) in a concentration of 

100 μM in bovine (de Matos et al. 1996, Dematos et al. 1995) and glutathione reduced 

ethyl ester (GSH-OEt) in a concentration of 3 and 5 mM in bovine and macaque 

(Curnow et al. 2010, Curnow et al. 2011) increased the oocyte antioxidant capacity due 

to its stimulatory effect on GSH synthesis. The stimulation of GSH in the oocyte during 

IVM protected against oxidative stress in later stages of fertilization, improved embryo 

development and quality (Curnow et al. 2010, Curnow et al. 2011, de Matos et al. 1996, 

Dematos et al. 1995). This led to produce more early bovine embryos reaching the 

blastocyst stage, which are more resistant to oxidative damage induced by 

cryopreservation and most suitable for freezing. As a consequence, the embryo 

viability, in terms of re-expansion rates of blastocysts after 24-48 h of culture after 

cryopreservation, was significantly increased from 76 to 95 % (de Matos et al. 1996). In 

macaque, oocyte maturation in medium supplemented with GSH-OEt (3 and 5 mM) 

supported higher fertilization rates and blastocyst development and quality, in terms of 

increased blastocyst total cell and ICM cell number, in early maturing oocytes (4-6 h of 

culture oocytes) compared to late maturing counterparts (18-20 h) (Curnow et al. 2011). 

ROS generated either internally, during normal metabolic activity in different cell 

organelles, or under the induction of several external factors, which can induce 

oxidative stress, can cause oxidative damage that impairs the mitochondria capability to 

perform their metabolic functions (Balaban et al. 2005, Ballinger 2005, Sahin and 

DePinho 2010). Mitochondrial metabolic capacity is believed to be one of the major 

factors that control the oocyte quality and developmental competence (Ge et al. 2012, 

Wang et al. 2007, Wang et al. 2009). During in vitro maturation, inhibition of 

mitochondrial metabolic capacity of immature mouse oocytes resulted in a decreased 

number of oocytes with nuclear maturation, reduced normal spindle formation and 
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chromosome alignment and subsequent poor oocyte quality (Ge et al. 2012). In 

addition, inhibition of mitochondrial functions in pig oocytes led to reduced ATP 

production, as a result of the low mitochondrial membrane potential, decreased 

extrusion of the first polar body, affecting the ability of immature oocytes to reach 

metaphase II (Lee et al. 2014). Not only that, but the effect of inhibited mitochondrial 

functions in oocyte is also controversial and can influence the embryo quality and 

developmental competence of the later developmental stages. For instance, during in 

vitro production of both mouse and pig embryos, loss of mitochondrial functions 

resulted in a significant reduction in the blastocyst formation rates (Ge et al. 2012, Lee 

et al. 2014). 

In addition to female gametes, poor fertilization rates were found to be associated with 

elevated ROS accumulation in male gametes, which also resulted in further impaired 

embryo development and reduced pregnancy rates (Zorn et al. 2003). This reduction in 

the fertilization rates maybe due to the loss of plasma membrane fluidity as well as 

sperm penetration ability. Moreover, high ROS level can also induce oxidative damage 

to sperm DNA and impair the mitochondrial membrane potential which are known to be 

initial events in the cell apoptosis cascade (Agarwal et al. 2005a, Baker and Aitken 

2005, Duru et al. 2000, Kim et al. 2013, Sharma et al. 2004, Twigg et al. 1998). 

 

2.2.4.2 Effects of oxidative stress on IVP embryos 

 

High oxidative stress under in vitro culture conditions can negatively affect early 

embryonic development in different ways. ROS are able to diffuse through cell 

membranes and can attack the most vital cellular molecules such as DNA, protein and 

lipids. This can also influence many organelles dysfunction including mitochondria and 

plasma membrane, which interfere with several metabolic pathways and lead to 

defective embryonic development (Bedaiwy et al. 2004, Du and Wales 1993, Johnson 

and Nasr-Esfahani 1994, Khurana and Wales 1989, Khurana and Niemann 2000, Liu 

and Keefe 2000). 
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Figure 8: Detrimental effects of oxidative stress during IVM, IVF and IVC of IVP 

embryos and subsequent pregnancy outcome.   

 

Mitochondrial dysfunction 

 

Following fertilization and during early stages of embryonic development, the embryo 

is dependent on the function of efficient mitochondria (Chappel 2013, Ge et al. 2012). 

In addition to being a major site of energy metabolism to generate ATP, mitochondria 
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may also be a regulatory factor in other processes involved in the establishment of 

oocytes and early embryonic development, including modulating Ca2+ signaling and 

apoptosis (El Shourbagy et al. 2006, Jurisicova and Acton 2004, Mitchell et al. 2009b, 

Thompson et al. 1996, Thompson et al. 2000, Van Blerkom et al. 2006, Wilding et al. 

2001). Optimal metabolism in mitochondria contributes, in part, to oocyte and embryo 

quality and subsequent development (Barnett and Bavister 1996, Leese et al. 2008, 

Leese 2012). ROS generated either by mitochondria or other cellular sources can cause 

oxidative damage that impairs the mitochondria ability to carry out their metabolic 

functions (Balaban et al. 2005, Ballinger 2005, Sahin and DePinho 2010). Oxidative 

damage to mitochondrial proteins, lipids and mtDNA result in mitochondrial 

dysfunction. Several mitochondrial enzymes or enzyme complexes which are sensitive 

to stress conditions can be inhibited by ROS such as aconitase, α-ketoglutarate 

dehydrogenase, pyruvate dehydrogenase and membrane-bound complex I, II and III. 

Most of these proteins contain important sulfhydryl groups which are essential for their 

enzymatic activity and are subject to possible oxidation (Zeevalk et al. 2005). In 

addition, oxidative damage can inactivate mitochondrial DNA polymerase γ and slow 

mtDNA replication. It has been reported that one hour treatment with 250 µM H2O2 

resulted in critical modifications in amino acid residues of DNA polymerase γ and 

significantly inhibited DNA polymerase activity as well as mitochondrial DNA 

replication in human fibroblast cells (Graziewicz et al. 2002). Inhibition of mtDNA 

replication results in a decline in their functions, which in turn leads to overproduction 

of ROS in mitochondria and further damage to mtDNA (Cui et al. 2012, Shokolenko et 

al. 2009) and accelerate energy depletion as well as cell death (Fleming et al. 1982, 

Miquel et al. 1980). Moreover, oxidative damage results in higher mtDNA mutation and 

deletion rates (about 10 fold) compared to nuclear DNA. This may be due to the 

absence of its protective histones that normally quench ROS and the lack of repair 

enzymes for mtDNA, which may explain its sensitivity to oxidative stress (Lee and Wei 

2005, Richter et al. 1988, Taanman 1999). As mtDNA encodes indispensable 

components involved in OXPHOS and protein synthesis machinery (Falkenberg et al. 

2007), accumulation of mtDNA mutations can disturb all mitochondrial functions and 

limit energy production in the cell. As consequence, the cell has a reduced capacity to 

support the other biological processes, leading to arrest normal cell division and 
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possibly apoptosis (Fleming et al. 1982, Hiona and Leeuwenburgh 2008, Miquel et al. 

1980, Sastre et al. 2000). 

Mitochondrial efficiency to generate ATP as a source of energy is required for different 

cellular processes in developing embryos, including DNA replication, cell division and 

genome activation (Wilding et al. 2001). Therefor, oocyte and embryo developmental 

competence in human (Wilding et al. 2001), bovine (Tarazona et al. 2006), porcine (El 

Shourbagy et al. 2006) and mouse (Ge et al. 2012, Mitchell et al. 2009a, Mitchell et al. 

2009b, Wakefield et al. 2011) is dependent on the efficiency of the mitochondria. 

Moreover, loss of mitochondrial efficiency led to impaired glycolysis, tricarboxylic acid 

cycle (TCA) activity, reduced respiration rate, increased ADP levels (P < 0.05), 

decreased ATP production and ATP:ADP ratio (Wakefield et al. 2011). Low energy 

production is associated with not only the increased number of oocytes showing 

abnormal spindle formation and chromosome alignment as well as poor oocyte quality, 

but also a reduction in the number of embryos that reached the blastocyst stage, the 

blastocyst cell number (P < 0.01) and the numbers of both TE and ICM cells (P < 0.05 

and P < 0.01, respectively) (Ge et al. 2012, Wakefield et al. 2011). 

 

 Cryodamage and lipid accumulation  

 

One of the major problems of the in vitro produced embryos is the great sensitivity to 

cryopreservation. The procedure of cryopreservation of gametes and embryos can 

induce oxidative stress during the cycle of freeze/thaw and make cells more sensitive to 

ROS (Alvarez and Storey 1992). ROS can attack the lipid of the cell membrane and 

cause spatial modifications in membrane structure which results in cryodamage. This 

may explain, in part, the observed harmful consequences of cryopreservation on gamete 

and embryo. From another point of view, the reduced cryotolerance ability of the IVP 

embryos is highly associated with lipid accumulation in the cytoplasm (Rizos et al. 

2002c). Lipid may be used by mitochondria as an energy source to increase the 

production of ATP that is required for compaction and blastocyst formation (Tarazona 

et al. 2006). However, one of the common morphological characteristics of IVP 

embryos compared to in vivo produced ones is darker cytoplasm (Figure 9) and  

reduced buoyant density as a consequence of excessive lipid accumulation (Abe et al. 

2002, Gad et al. 2012). Lipids can be accumulated in the in vitro produced embryo 
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either by uptake from the culture medium supplemented with serum which containing 

several types of lipids (Ferguson and Leese 1999, McEvoy et al. 2000, McEvoy et al. 

2001, Sata et al. 1999), or because of  lack of embryo ability to metabolize the available 

lipid storage in the cytoplasm due to possible mitochondrial dysfunction under oxidative 

stress conditions (Abe et al. 2002, Barcelo-Fimbres and Seidel 2007a, Barcelo-Fimbres 

and Seidel 2007b) 

 

Figure 9: Morphology of bovine embryos produced in vivo (A–C) or in vitro (D–F). 

Images are representative of 4-cell embryos (A and D), 16-cell embryos (B and E) and 

blastocysts (C and F). Original magnification ×40 (Gad et al. 2012).  

 

Apoptosis and embryo fragmentation 

 
Among factors that have harmful effects on embryo developmental competence under 

in vitro culture conditions, oxidative stress is a well-known cause of cellular apoptosis 

as well as early embryo developmental arrest (Feugang et al. 2004, Noda et al. 1991). 

The imbalance between the accumulation of ROS within the cells and the antioxidants 

activity can accelerate programed cell death (apoptosis). Evidence suggested that 

increased H2O2 concentration could be responsible, in part, for apoptosis in mouse 

blastocysts (Pierce et al. 1991). In addition, direct relationship was also observed 
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between the elevated ROS levels and apoptosis in fragmented human embryos. 

Researchers concluded that the presence of DNA and cytoplasmic fragments, as a 

consequences of increased ROS levels, in embryos seem to be an indicator for the 

programed cell death in 8-cell, 16-cell and blastocyst stage embryos (Karja et al. 2004, 

Kitagawa et al. 2004, Yang et al. 1998). Furthermore, fragmented embryos exhibited 

higher H2O2 concentrations as compared to non-fragmented embryos. This was 

accompanied by higher level of cellular apoptosis only in fragmented embryos (Yang et 

al. 1998). It is as yet in preimplantation embryos unclear what mechanisms are involved 

in apoptosis as well as embryo fragmentation under oxidative stress conditions.  

Similar to other cell types, mammalian preimplantation embryo apoptosis seems to be 

determined by the balance between the expressions of pro- and anti-apoptotic genes 

(Jurisicova et al. 2003, Jurisicova and Acton 2004, Liu et al. 1997, Liu et al. 2000, 

Spanos et al. 2002). In mammals, cell apoptosis can be triggered through two major 

apoptotic pathways, namely the extrinsic pathway (death receptor pathway), which 

occurs at the cellular membrane, or the intrinsic pathway (the mitochondrial driven 

pathway) which is initiated from within the cell and may be activated by several 

external signals (Hengartner 2000).  

The extrinsic pathway is carried out by activation of death receptors of the tumour 

necrosis factor (TNF) superfamily, such as CD95 (APO-1/FAS) and TNF-related 

apoptosis-inducing ligand  (TRAIL; also known as APO2L), on plasma membranes by 

their respective ligands (Hengartner 2000, Pitt et al. 1996, Schulze-Osthoff et al. 1998). 

Death ligands, such as CD95 ligand (CD95L or FASL), TRAIL/Apo-2 ligand or TNFα 

occupy their cognate receptors to initiate the formation of death-inducing signalling 

complex (DISC). The key component of DISC is the adaptor molecule FAS-associated 

death domain containing protein (FADD), which can bind to CD95 (Chinnaiyan et al. 

1996, Kischkel et al. 1995) and interact with several proteins, including caspase 

proteins. Activation of caspase protease family (caspase 3, 7, 8, 9 and 10) is responsible 

for execution of the cell apoptosis (Boldin et al. 1996, Hengartner 2000, Muzio et al. 

1996). The extrinsic pathway has been suggested to be involved in the regulation of the 

apoptotic pathway during early embryo development. FAS and FASL transcripts were 

detected in 2-cell rat embryos, 4-cell and fragmented human embryos (Kawamura et al. 

2001). In addition, TRAIL mRNA and protein were detected from the 1-cell through 

blastocyst stage in mouse. Moreover, addition of TRAIL (5 μg/ml) and its sensitizer 
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(0.5 μg/ml actinomycin D) to the culture media increased the apoptotic nuclei 

percentage per blastocyst (8%) compared to control group (3.2%) (Riley et al. 2004). 

Also, TNFα mRNA was detected during early mouse embryo development (Pampfer et 

al. 1994). Furthermore, addition of TNFα to the culture media has been shown to induce 

the blastomere apoptosis of bovine embryos (Soto et al. 2003) and to delay the 

embryonic development in mouse (Pampfer et al. 1994). Increased levels of ROS-

mediated oxidative stress have been suggested to be one of the major activators for the 

extrinsic pathway (Nguyen et al. 2013). For example, high levels of H2O2 increased 

apoptosis via activation of FAS-mediated apoptosis (Kasahara et al. 1997). Results of a 

recent study showed oxidative stress also to mediate TRAIL-induced apoptosis in HeLa 

cells by accumulation of ROS which led to activate caspases proteins (Nguyen et al. 

2013).  

The intrinsic or mitochondrial pathway is initiated by stress signals which lead to 

release different apoptotic factors such as cytochrome c, apoptosis inducing factor 

(AIF), endonuclease G and Smac/DIABLO from the mitochondria to the cytoplasm. 

The release of cytochrome c induces formation of the cytochrome c/Apaf-1/caspase-9-

containing apoptosome complex, which activate caspase-9 and later caspase-3 and -7 as 

well as destroy the cell through DNA and proteins fragmentation (Cervinka et al. 1999, 

Jeong and Seol 2008, Saelens et al. 2004, Wang and Youle 2009). Moreover, AIF and 

endonuclease G, which have nuclease activity, can translocate to the nucleus to initiate 

DNA fragmentation (Bajt et al. 2006), whereas Smac/DIABLO can deactivate the 

inhibitors of apoptosis (IAPs) and induce a greater degree of cellular apoptosis (Hunter 

et al. 2007, Kohli et al. 2004, Vaux and Silke 2003, Verhagen et al. 2007) 

Members of the Bcl-2 family of proteins regulate apoptosis by modulating 

mitochondrial outer membrane permeabilization (Chipuk and Green 2008, Harris and 

Thompson 2000, Kelekar and Thompson 1998). The Bcl-2 family proteins can be 

divided into two different major groups based on their functions. The anti-apoptotic 

group includes Bcl-2, Bcl-xL, Bcl-w and Mcl-1 proteins, which can block the function 

of pro-apoptotic proteins. And the pro-apoptotic group which can be divided into two 

subcategories: 1) Bok, Bax, Bak and Bik pro-apoptotic Bcl-2 family members which 

induce apoptosis directly via binding to outer mitochondrial membrane and increasing 

its permeability, leading to release of cytochrome c, AIF and endonuclease G (Lambert 

et al. 2004, Tripathi et al. 2012). 2) Bad, Bid and Bim pro-apoptotic Bcl-2 family 
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members which can indirectly regulate the pro-apoptotic function via inhibition of anti-

apoptotic Bcl-2 group (Harris and Thompson 2000, Jeong and Seol 2008, Kelekar and 

Thompson 1998). 

During early embryo development, several genes involved in intrinsic apoptosis 

pathway have been detected. Bcl-2 pro-apoptotic family genes Bax, Bok, Bak, Bad and 

Bik were constitutively expressed, being detectable in different embryo stages in 

human, bovine, porcine and mouse (Antczak and Van Blerkom 1999, Exley et al. 1999, 

Hu et al. 2012, Jurisicova et al. 1998, Jurisicova et al. 2003, Knijn et al. 2005, Metcalfe 

et al. 2004, Moley et al. 1998). Data of these studies suggested that embryo 

fragmentation may be associated with increased expression of these genes. In addition, 

Smac/DIABLO transcripts were detected in mouse preimplantation embryos and its 

protein was localized in mitochondria and found to be released into the cytosol of 

fragmented embryos (Honda et al. 2005). On the other hand,  Bcl-2 anti apoptotic 

family genes such as Mc1-1, Bcl-x, are also expressed during development of human, 

bovine and mouse embryos (Exley et al. 1999, Jurisicova et al. 1998, Jurisicova et al. 

2003, Knijn et al. 2005, Metcalfe et al. 2004). The imbalance between pro- and anti-

apoptotic genes was suggested to be involved in embryo apoptosis and may be involved 

in early embryonic arrest in response to a suitable trigger (Jurisicova and Acton 2004, 

Metcalfe et al. 2004).  

The intrinsic pathway can be triggered by ROS mediated oxidative stress in cellular 

systems (Kasahara et al. 1997, Pierce et al. 1991). Accumulation of ROS can modulate 

mitochondrial membrane permeability (Kroemer et al. 2007), consequently, loss of 

mitochondrial functions which is considered to be the starting point of intrinsic 

apoptosis pathway (Ferri and Kroemer 2001, Jeong and Seol 2008, Lotocki and Keane 

2002). In addition, ROS mediated oxidative stress can activate the pro-apoptotic Bcl-2 

family member Bax (Ho et al. 1997, Jungas et al. 2002), Bik and Bak (Maroto and 

PerezPolo 1997, Ritchie et al. 2009) suggesting a pro-apoptotic role of these genes in 

oxidative stress-induced apoptosis in mammalian cells. In mammalian embryos, a 

recent study has demonstrated that culturing embryos under high oxygen concentrations 

increased the expression levels of pro-apoptotic genes (Bax and Bid) and decreased the 

expression levels of the anti-apoptotic genes (Bcl-xL and Mcl-1) (Elamaran et al. 2012). 

This imbalance between the expression of pro- and anti apoptotic genes was 

accompanied by high percentage of TUNEL-positive (apoptotic) cells. On the other 
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hand, the expression trend of pro- and anti-apoptotic genes was reversed by decreasing 

the oxygen concentrations in the culture atmosphere and addition of antioxidants to the 

culture media (Elamaran et al. 2012). 

In general, oxidative stress has recently been shown to play an important role in the 

initiation and progression of apoptosis via both extrinsic and intrinsic pathways in 

different mammalian cell types as well as in embryos (Elamaran et al. 2012, Kumar et 

al. 2014, Nguyen et al. 2013, Rashid et al. 2013, Sarkar et al. 2011, Shimizu et al. 

2014). This role is further supported by the ability of different antioxidants such as 

vitamin C, SOD, N-acetylcysteine (NAC), sodium selenite and cysteamine to prevent 

apoptosis (Aggarwal et al. 2010, Elamaran et al. 2012, Hu et al. 2012, Saito et al. 2004, 

Uhm et al. 2007). In addition, the antioxidant power of Bcl-2, a potent inhibitor of 

apoptosis, and its ability to neutralize the detrimental effects of the ROS to cell further 

confirm this notion (Haddad 2004). 

 

Defective embryo development 

 

Oxidative stress characterized by high ROS levels has been implicated in the defective 

early embryonic development. It is a well-known cause of cellular fragmentation and 

developmental arrest of IVP embryos (Kimura et al. 2010). The two-cell block 

phenomenon observed in mouse embryos was associated with a rise in ROS 

concentrations. This phenomenon was only observed under in vitro culture conditions 

while, no such effect was observed in in vivo embryos (Johnson and Nasr-Esfahani 

1994, Nasresfahani et al. 1990b, Nasresfahani and Johnson 1991, Noda et al. 1991). 

Mouse embryo development of  SOD1-deficient oocytes was totally arrested at the 2-

cell stage under 20% oxygen level culture conditions as a result of significant increase 

in superoxide levels in those embryos. While, hypoxic culture with 1% O2 vitiated the 

2-cell arrest and improved the embryonic development to 4-cell stage. In addition, the 

blastocyst formation rates were similar to that of embryos derived from wild-type 

(Kimura et al. 2010). Moreover, Bedaiwy et al., (2004) demonstrated that low 

fertilization rate, low cleavage rate, high embryo fragmentation, defective embryonic 

development as well as lower pregnancy rates are associated with increased levels of 

ROS in day 1 embryo culture time in vitro. Results of other studies showed reduced rate 

of embryo development to blastocyst stage that was accompanied by increased H2O2 
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level under high oxidative stress culture conditions in different animal species. For 

example, increased O2 tension in in vitro culture atmosphere dramatically reduced 

embryo development to blastocysts stage significantly (P < 0.05) from 25.8 % to 20.4 % 

in human (Dumoulin et al. 1999), from 38 % to 18 % in cattle (Liu and Foote 1995), 

from 36.3% to 22.5% in pig (Kitagawa et al. 2004), from 38% to 29% in sheep (Leoni 

et al. 2007), from 31.3 to 16.1% in buffalo (Elamaran et al. 2012) and decreased the 

percentage of hatching blastocysts to 7% in cattle (Yuan et al. 2003 ). In addition, 

exposure of oocytes, zygotes, 2- to 4-cell embryos or 9- to 16-cell embryos to different 

levels of H2O2 resulted in a significant (P < 0.05) dose-dependent reduction in 

blastocyst development. This was in conjunction with a consistent increase in either 

permanent embryo arrest or apoptosis in a stage-dependent manner. On the other hand 

culture media supplementation with polyethylene glycol–catalase reduced ROS-induced 

embryo arrest, resulting in a significant (P < 0.05) increase in blastocyst formation rates 

under high O2 tension culture conditions (Bain et al. 2011). 

2.2.5 Oxidative stress and gene expression patterns in IVP embryos   

In addition to development, culture environment significantly altered gene expression 

patterns of early stage embryos. Recently, reports have revealed the alterations in gene 

expression of the embryos developed in vitro compared to in vivo in different mammals 

such as mouse and cow (Doherty et al. 2000, Lee et al. 2001, Lequarre et al. 2001, 

Lonergan et al. 2003b). Furthermore, gene expression patterns of in vitro produced 

embryos are highly affected by the presence of high oxygen tension in the culture 

environment of rabbit (Koerber et al. 1998), mouse (Kind et al. 2005, Rinaudo et al. 

2006) and cow (Balasubramanian et al. 2007, Harvey et al. 2007) embryos, as shown in 

Table 2. Result of these studies showed deviations in individual gene expression 

associated with cell growth and apoptosis (Kind et al. 2005, Lonergan et al. 2003b), 

pregnancy recognition (Lonergan et al. 2003b, Michael et al. 2006, Ocon-Grove et al. 

2008) and different metabolic pathways (Balasubramanian et al. 2007, Harvey et al. 

2004, Kind et al. 2005, Rizos et al. 2002b). On the other hand, in preimplantation mouse 

embryos, global patterns of gene expression analyzed by using microarray showed that 

gene expression patterns of embryos generated under low (5%) oxygen concentration 

culture conditions were more similar to in vivo embryos compared to embryos cultured 

under high (20%) oxygen concentration (Rinaudo et al. 2006).  
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Table 2: Effect of oxygen concentration in in vitro culture atmosphere on gene 

expression levels of IVP embryos  

 

Gene Animal 
Oxygen concentration 

Reference 
High O2 Low O2 

GLUT1 Cow 
 

(Balasubramanian et al. 2007, 

Harvey et al. 2004) 

 Mouse 
 

(Kind et al. 2005) 

GLUT3 Mouse 
 

(Kind et al. 2005) 

GLUT5 Cow 
 

(Balasubramanian et al. 2007) 

SOX Cow 
 

(Balasubramanian et al. 2007) 

G6PD Cow 
 

(Balasubramanian et al. 2007) 

PRDX5 Cow 
 

(Balasubramanian et al. 2007) 

NADH Cow 
 

(Balasubramanian et al. 2007) 

MnSOD Cow 
 

(Correa et al. 2008) 

Myotrophin Cow 
 

(Harvey et al. 2007) 

ND2 Rabbit 
 

(Koerber et al. 1998) 

VEGF Cow 
 

(Harvey et al. 2004) 

 Mouse 
 

(Kind et al. 2005) 

Cyclophilin18 Rabbit 
 

(Santos et al. 2000) 

HIF1α  Buffalo 
 

(Saini et al. 2014) 
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Table 2: Cont.    

Gene  Animal 
Oxygen concentration 

Reference 
High O2 Low O2 

HIF2α Buffalo 
 

(Saini et al. 2014) 

SOD-2 Buffalo 
 

(Saini et al. 2014) 

PRDX1  Buffalo 
 

(Saini et al. 2014) 

GPX-1 Buffalo 
 

(Saini et al. 2014) 

Caspase3  Buffalo 
 

(Saini et al. 2014) 

P53 Buffalo 
 

(Saini et al. 2014) 

Mcl-1 Buffalo 
 

(Elamaran et al. 2012) 

Bcl-2 Buffalo 
 

(Elamaran et al. 2012) 

Bax Buffalo 
 

(Elamaran et al. 2012) 

Bid Buffalo 
 

(Elamaran et al. 2012) 

Global gene 

expression 
Mouse Vitro (5%) ≠ vitro (20%) (Rinaudo et al. 2006)       

 

 

2.3 Antioxidants and embryo defenses against oxidative stress  

 

Deleterious effects of oxidative stress on IVP embryos resulted either from 

overproduction of ROS or reduced clearance of ROS by antioxidant mechanisms 

(Davies 2000, Guerin et al. 2001). Antioxidants can be defined as “any substance that, 

when present in low concentrations compared to that of an oxidisable substrate, 

significantly delays or inhibits the oxidation of that substrate” (Halliwell 1990). 

Therefore, antioxidants can prevent or reduce the damage caused by biochemical 



Literature review   44 

 

reactions in which ROS are combined with and attack the other cell molecules 

(Betteridge 2000, Sies 1986). Different antioxidant defense mechanisms are present in 

both embryos and their surroundings (Al-Gubory et al. 2010). Under in vivo conditions, 

oocytes and embryos seem to be secured against oxidative stress by antioxidants 

produced by the embryo in combination with the ones that produced by the mother and 

present in the follicular and oviductal fluids (Gardiner and Reed 1995, Gardiner et al. 

1998). However, an in vitro set up can never achieve the exact in vivo physiology. This 

maybe due to the presence of several external oxidative stress inducers, moreover the 

lack of the paternal antioxidants that can naturally defense against oxidative stress to 

rescue the embryos from the oxidative damage. Therefore, control of ROS levels by 

antioxidants seems to be an important determining factor in successful in vitro 

production of mammalian embryos (Agarwal et al. 2005a, Ali et al. 1993, Alvarez et al. 

1996, Bedaiwy et al. 2004, Cetica et al. 2001, Liu and Keefe 2000, Nasresfahani et al. 

1990b). 

 

2.3.1 Exogenous antioxidant control of oxidative stress 

 

During the early embryonic development, embryos can be secured from oxidative stress 

by antioxidants produced internally by the embryo in combination with the ones present 

in their surroundings (Gardiner and Reed 1995). So, exogenous antioxidant supplements 

during in vitro culture may be essential (Ali et al. 2003, Sudano et al. 2010). In this 

regard, several exogenous antioxidants include compounds of non-enzymatic as well as 

enzymatic antioxidants are reported to protect the in vitro cultured embryos against 

oxidative stress and improve the early embryonic development. 

 

2.3.1.1 Exogenous non-enzymatic antioxidants 

 

Non-enzymatic antioxidants widely contain vitamins (Huang et al. 2011, Rock et al. 

1996, Wang et al. 2002), trace elements and chelating agents (Dashti et al. 1995, Orsi 

and Leese 2001), sulfurs and thiols (Alvarez and Storey 1983, Aruoma et al. 1988, de 

Matos et al. 2002, Takahashi et al. 1993, Zheng et al. 1988) and polyphenol compounds 

(Scalbert et al. 2005). They offer a condition of protection against the oxidative damage 

to cell components. For example, antioxidant vitamins such as vitamin E can rescue the 
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cell membrane by reacting with lipid radicals and ROS which are produced during lipid 

peroxidation process and can attack and damage the lipid membrane bilayers (Burton et 

al. 1985, Quinn 2004). Also, vitamin C (ascorbic acid) protects against internal 

oxidative damage to DNA (Fraga et al. 1991). Thus, supplementation of the commercial 

in vitro culture media with vitamins (such as vitamin A, B, C and E) was suggested to 

defend the embryo against oxidative stress and improve the embryonic development. 

For instance, embryo culture medium supplemented with vitamin C (50 µM) and 

vitamin E (400 µM) has a significant role to improve the embryo developmental rates 

under oxidative stress conditions in mouse (Wang et al. 2002) and pig (Hossein et al. 

2007, Huang et al. 2011). Similar observations have been reported when in vitro-

produced bovine embryos were co-incubated with vitamin E (Olson and Seidel 2000a). 

In addition to the direct action of non-enzymatic antioxidants to scavenge ROS from the 

cell, they act as cofactors in the regulation of the enzymatic antioxidant functions as 

well as have an indirect action to reduce ROS levels in the cell (Bettger 1993, Dashti et 

al. 1995). Therefore, in addition to vitamins, several non-enzymatic antioxidant-related 

compounds, such as GSH, GSH-OEt, thiols such as β-ME and cysteamine (CSH), 

cysteine,  hypotaurine, taurine, glutamine, melatonin, chelating agents (apotransferrin, 

EDTA and sodium selenite), polyphenols (3,4-dihydroxyflavone, anthocyanin, 

quercetin, naringenin and phenolic acids) and pyruvate, which have also direct and/or 

indirect antioxidant functions, were used to improve the embryo developmental 

competence under in vitro conditions in different species, as shown in Table 3. 

 

Table 3: Beneficial effects of non-enzymatic antioxidant supplements on the IVM, IVF 

and IVP embryos 

 

Antioxidant Animal Effects Reference 

Vitamin A Cow ↑BR (Livingston et al. 2004) 

 Mouse ↑MR, ↑CR & ↑BR (Tahaei et al. 2011) 

Vitamin B5 Hamster ↑BR 
(McKiernan and Bavister 

2000) 
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Table 3: Cont. 

Antioxidant Animal Effects Reference 

Vitamin E Cow 
↑BR, ↑BCN & 

↑HR 
(Olson and Seidel 2000a) 

 Mouse ↑BR (Wang et al. 2002) 

 Pig ↑BR &↓DNA frag. 
(Hossein et al. 2007, 

Kitagawa et al. 2004) 

GSH Cow ↑CR &↑BR (Luvoni et al. 1996) 

 Mouse ↑BR (Gardiner and Reed 1994) 

 Pig 
↑CR, ↑BR, ↑BCN,

↓AC  &↓DNA frag.

(Bhandari et al. 2007, Li et al. 

2014) 

GSH-OEt Cow ↑BCN (Curnow et al. 2010) 

 Macaque ↑MR, ↑FR, & ↑DR 
(Curnow et al. 2010, Curnow 

et al. 2011) 

β-ME Cow ↑BR 
(de Matos et al. 1996, 

Takahashi et al. 2002) 

 Pig 
↑BR, ↑BCN, ↓AC 

&↓DNA frag. 

(Kitagawa et al. 2004, Yuh et 

al. 2010) 

Cysteamine Cow ↑BR &↑HR 
(de Matos et al. 1996, de 

Matos et al. 2002) 

 Buffalo ↑CR, ↑DR, &↑BR 
(Anand et al. 2008, Prasad et 

al. 2013) 

 Goat ↑CR &↑BR (De et al. 2011) 

 Mouse ↑MR, ↑FR &↑BR (Roushandeh et al. 2007) 

 Pig ↑FR, ↑DR,  &↑BR (Grupen et al. 1995) 

Cysteine Cow  ↑BR 
(Ali et al. 2003, de Matos et 

al. 1996) 

 Pig 
↑CR, ↑BR, ↑BCN,

↓AC &↓DNA frag. 

(Katayama et al. 2007, Li et 

al. 2014) 
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Table 3: Cont.    

Antioxidant Animal Effects Reference 

Hypotaurine Cow ↑BR &↑BCN 
(Fujitani et al. 1997, Guyader-

Joly et al. 1998) 

 Hamster ↑DR &↑BR (Barnett and Bavister 1992) 

Taurine Cow ↑BR (Liu and Foote 1995) 

 Buffalo ↑BR (Manjunatha et al. 2009) 

 Mouse ↑BR &↑BCN (Dumoulin et al. 1992) 

 Rabbit  ↑BR &↑BCN (Li et al. 1993) 

Glutamine Mouse ↑DR &↑HR (Lane and Gardner 1997) 

Melatonin Cow ↑BR (Papis et al. 2007) 

 Buffalo ↑BR (Manjunatha et al. 2009) 

 Mouse ↑FR, ↑DR &↑BR (Ishizuka et al. 2000) 

 Sheep ↑HR (Abecia et al. 2002) 

Penicillamine 

and epinephrine 
Cow ↑CR, ↑DR &↑BR (Miller et al. 1994) 

Apotransferrin Cow ↑CR &↑BR (Choi et al. 2006) 

 Mouse ↑DR &↑BR 
(Nasresfahani and Johnson 

1992) 

EDTA Cow ↑BR (Olson and Seidel 2000b) 

 Mouse ↑BR 
(Nasresfahani et al. 1990a, 

Orsi and Leese 2001) 

 Pig 
↑CR, ↑BR, ↑BCN

&↓AC 
(Kim et al. 2006) 

Sodium selenite Mouse 
↑FR, ↑CR, ↑DR, 

↑BR &↑HR 
(Abedelahi et al. 2010) 

 Pig ↑BR, ↑BCN &↓AC (Uhm et al. 2007) 
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Table 3: Cont.    

Antioxidant Animal Effects Reference 

Polyphenols Cow ↑BR, ↑BCN &↓AC 
(Lee et al. 2011, Wang et al. 

2007) 

 Pig ↑BR (You et al. 2010) 

Pyruvate Cow ↑DR, ↑BR &↑HR (Morales et al. 1999) 

MR, maturation rate; CR, cleavage rate; FR, Fertilization rate; DR, Developmental rates 

from 2-cell to morula stage; BR, Blastocyst rate; BCN, Blastocyst cell number; AC, 

apoptotic cell number; HR, hatching rate; DNA frag., DNA fragmentation 

 

2.3.1.2 Exogenous enzymatic antioxidants 

 

In addition to non-enzymatic compounds, the antioxidants that can be supplemented to 

embryo culture media can include a group with an enzymatic action, such as SOD 

family, CAT, TXN, GPX. Utilization of those antioxidant enzymes from the culture 

media is effective for improving the in vitro embryo development in different animal 

species. For example, culture media supplementation with SOD reduced ROS levels and 

improved the bovine embryo development (blastocyst rate with 0, 300 and 600 U/ml of 

SOD, respectively, was 26%, 26% and 30%) (Liu and Foote 1995). In porcine, culturing 

embryos in the presence of SOD increased the development rate to the blastocyst stage, 

improved the embryo quality by increasing the total cells number and decreasing 

apoptotic cells significantly (P < 0.05) at blastocyst stage compared to control without 

supplementation (Yuh et al. 2010). Similar effects were also observed for SOD in rabbit 

(Li et al. 1993) and mouse embryos (Nonogaki et al. 1992). Also, addition of free 

radical scavenger enzyme TXN to the in vitro culture media (0.5 µg/ml) dramatically 

promoted a higher (P<0.05) frequency of cleavage of the bovine embryos (Cleavage 

rate with 0, 0.1, 0.5 and 1 μg/ml of SOD was 55.6 ± 4.4, 64.4 ± 8.9, 81.9 ± 9.5 and 69.9 

±10.0 % respectively), improved the embryo development to blastocyst stage in vitro 

under 5% O2 culture condition (blastocyst rate with 0, 0.1, 0.5 and 1 μg/ml of SOD was 

18.9 ± 5.8, 25.6 ± 8.1, 34.0 ± 8.6 and 32.3 ± 4.8 % respectively) and serving embryos a 

protection from oxidative damage under in vitro culture conditions (Bing et al. 2003). 

Similar improvement in developing rates were obtained in porcine embryos by adding 
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1.0 mg/ml TXN (Ozawa et al. 2006) and in mouse embryos using concentration of 500 

μg/ml of copper-zinc SOD or 500 μg/ml of TXN  (Nonogaki et al. 1991). In another 

study, in addition to SOD (100-7,000 U/ml), beneficial effects of antioxidants on 

blastocyst and hatching rates were reported for murine zygotes cultured under 5% 

oxygen level in the presence of catalase (50-100 U/ml) (Orsi and Leese 2001). 

Moreover, SOD and TXN antioxidant enzymes were able to enhance the embryonic 

development in mouse by overcoming the mouse 2-cell block under vitro conditions 

which is believed to be due to oxidative stress (Natsuyama et al. 1993, Noda et al. 

1991). 

 

2.3.2 Endogenous antioxidant control of oxidative stress 

 

Antioxidant control of ROS production and propagation in embryo is highly complex. 

Embryos, as any biological systems, have evolved a variety of internal antioxidant 

defenses to control ROS levels and enable them to survive under oxidative stress 

environments. These antioxidant defenses include mechanisms of non-enzymatic action 

,such as GSH (Gardiner and Reed 1994, Takahashi et al. 1993) and enzymatic action 

such as SDOs, GPX and CAT (El Mouatassim et al. 1999, Harvey et al. 1995, 

Takahashi 2012). It is evident that the antioxidant enzymes are working together in 

different antioxidant systems, such as sirtuin 3 (Sirt3) and NRF2-KEAP1 systems, to 

protect mammalian cell against oxidative stress. In embryos, a recent study has 

identified Sirt3 as an endogenous protective factor against oxidative stress during 

preimplantation development under IVF and in IVC conditions (Kawamura et al. 2010). 

Sirt3 induced the activity of the antioxidant enzyme SOD2, which is considered being a 

critical antioxidant enzyme in the mitochondrial matrix, resulting in enhancement of 

scavenging of ROS (Qiu et al. 2010, Tao et al. 2010). Another very important 

antioxidant mechanism against oxidative stress is the NRF2-mediated oxidative stress 

response pathway. During embryonic development, activity of NRF2-mediatet 

oxidative stress response and its downstream antioxidants, such as SOD1, CAT and 

TXN1 were observed in bovine (Gad et al. 2012, Held et al. 2012) and mouse (Dong et 

al. 2008, Harris and Hansen 2012, Leung et al. 2003). Although NRF2-mediatet 

oxidative stress response pathway is previously considered as one of the most powerful 

antioxidant systems in other mammalian cells (Ade et al. 2009, Brown et al. 2010, 
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Chanas et al. 2002, Dhakshinamoorthy and Jaiswal 2001, Dreger et al. 2009, Enomoto 

et al. 2001, Giudice et al. 2010, Kim and Vaziri 2009, Knorr-Wittmann et al. 2005, Li et 

al. 2010), very few information are available about the activity of NRF2 antioxidant 

pathway in the embryo. 

 

2.4 NRF2-mediated oxidative stress response 

 

One of the major mechanisms in the cellular defense against oxidative stress is 

activation of the Nrf2-antioxidant response element signaling pathway. NRF2 is a key 

transcription factor which belongs to the cnc (“cap ‘n’ collar”) subfamily of the basic 

region leucine zipper transcription factors (Chan et al. 1996, Giudice et al. 2010). 

Recently, several investigators have described the vital role of NRF2 in restoring the 

balance between generation of oxidants and activity of antioxidants in the animal cells 

under oxidative stress conditions. There is considerable experimental evidence 

suggesting that NRF2 can regulate the transcription activity of different cytoprotective 

antioxidant and detoxification enzymes via the NRF2-KEAP1 cytoplasmic oxidative 

stress system (Chanas et al. 2002, Chen and Kunsch 2004, Chen et al. 2006, Chen et al. 

2012, Chen et al. 2014, Itoh et al. 1999, Itoh et al. 2003, Kobayashi and Yamamoto 

2005, Nguyen et al. 2003, Nguyen et al. 2009, Villeneuve et al. 2009). NRF2 

downstream genes are multifunctional and encode antioxidant proteins, phase 2 

detoxifying enzymes, transcription factors, glutathione biosynthesis enzymes, 

chaperone proteins and scavenger receptors (reviewed by Kobayashi and Yamamoto 

2005). NRF2 protein contains six Neh (NRF2-ECH homology) domains. Within each 

domain, particular characteristics related to specific functions have been identified. 

NRF2 Neh1 domain contains the DNA binding site and aids to heterodimerize with 

small MAF proteins for starting the transactivation action of NRF2. KEAP1 binding site 

is located in the Neh2 domain. Transactivation activities of NRF2-sMAF complex are 

promoted by NRF2 Neh3, Neh4 and Neh5 domains. The degron sequence of NRF2 

protein, that directs the starting site of degradation, is located in Neh6 (Itoh et al. 1995, 

Itoh et al. 1999, Kobayashi et al. 2002). 
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2.4.1 NRF2-KEAP1 antioxidant system  

 

Under normal oxidative stress free conditions, the cytoplasmic inhibitor KEAP1 is 

located and attached with NRF2 within the cytoplasm and targeting it for ubiquitination 

and proteasomal degradation (Figure 10A). Accordingly, KEAP1 retains only low basal 

level of NRF2 in cytoplasm to mediate the constitutive expression of NRF2 downstream 

genes (Giudice et al. 2010, Zhang 2006). Under oxidative stress conditions, in response 

to intracellular redox environment changes, a signal including phosphorylation and/or 

redox modification of vital cysteine residues in KEAP1 reduces the KEAP1–Cullin 3 

(CUL3)-Ring box 1(RBX1)-Ubiquitin conjugating enzyme (E3) complex activity, 

which results in dissociation of the attachment between KEAP1 and NRF2 as well as 

releasing of NRF2, allowing it to be free in cytoplasm. As consequence, free NRF2 

protein translocates into the nucleus and combines with other transcription factors, such 

as sMaf, ATF4, JunD and PMF-1, in order to activate the antioxidant response elements 

(AREs) of many cytoprotective genes (glutathione reductase (GSR), superoxide 

dismutase family (SOD1, 2 and 3), CAT, TXN1, GPX-1 and 3 and NRF2 itself, as 

shown in Figure 10B (Lau et al. 2008, Nguyen et al. 2003, Osburn and Kensler 2008). 

After cellular redox homeostasis recovery, KEAP1 travels into the nucleus and 

separates NRF2 from the ARE, consequently, NRF2/ARE signaling pathway 

breakdown. NRF2–KEAP1 complex translocates then out of the nucleus by the nuclear 

export sequence (NES) in KEAP1. Afterwards, NRF2–KEAP1 complex attaches with 

the Cul3-RBX1-E3 core ubiquitin machinery again resulting in NRF2 degradation, as 

shown in Figure 10C (Dong et al. 2008, Giudice et al. 2010).  

 

2.4.2 NRF2-mediated oxidative stress response and lipid metabolism 

 

In addition to the role of NRF2 in the cellular defense against oxidative stress, recent 

experiments showed that NRF2 activity is in relation with the lipid metabolism. And it 

has been concluded that NRF2 may play a role in lipid accumulation in mouse liver via 

regulation of fatty acid metabolism genes (FAs, FAE, ACC, SCD, AOX, Cpt1, SREBP) 

and cholesterol biosynthesis genes, such as HMG-CoA synthase and HMG-CoA 

reductase (Huang et al. 2010, Okada et al. 2009, Tanaka et al. 2008). In bovine 

embryos, series of experiments has been done to explore the transcriptome profiles of 



Literature review   52 

 

bovine embryos at blastocyst stage which were generated under alternative in vivo 

and/or in vitro culture conditions during different time points of early embryo 

development. Functional classification of DEG’s showed that lipid metabolism was the 

most affected molecular mechanism by the culture environment in the in vitro generated 

blastocysts. Results showed down-regulation in the expression of genes involved in 

steroids metabolism (CYP11A1, HSD3B1 and APOA1), cholesterol metabolism 

(CYP11A1 and HSD17B7), lipid secretion, translocation and metabolism (ABCC2 and 

SC4MOL) compared to the in vivo control group. In the same study, pathway analysis 

results revealed that NRF2-mediated oxidative stress response pathway was the 

dominant pathway in in vivo generated blastocysts with up-regulation for most of the 

pathway genes, especially those genes which have antioxidant functions. However, 

some in vitro produced embryos showed opposite fashion of expression. These results 

showed a possible correlation between the expression patterns of genes involved in lipid 

metabolism and NRF2-mediated oxidative stress response pathway and it has been 

concluded that NRF2 antioxidant response pathway has a vital role to play in embryo 

metabolism during early bovine embryonic development (Gad et al. 2012).  
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Figure 10: NRF2-KEAP1 antioxidant mechanism under oxidative stress free conditions 

(A), oxidative stress conditions (B) and after oxidative stress conditions (C).
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3 Materials and methods 

 

In order to examine the ability of bovine embryos to activate NRF2 mediated oxidative 

stress response pathway under in vitro culture conditions and its association with 

embryo survival and metabolism, two experiments were preformed as following: 

   

Experiment 1: Expression analysis of NRF2 mediated oxidative stress response and 

lipid metabolism pathway genes in bovine embryos cultured in vitro under oxidative 

stress conditions. 

 

In this experiment, as indicated in the experimental design (Figure 11), in order to 

elucidate whether the bovine embryos at the early developmental stages are able to 

activate NRF2 and its downstream antioxidant-related genes as a response to oxidative 

stress, embryos were cultured in vitro under low (5%) oxygen (similar to in vivo 

oviduct oxygen level) or high (20%) oxygen level as commonly used in standard in 

vitro culture system. Embryos from 2-, 4-, 8-, 16-cell and blastocyst stages were 

collected respectively at 32, 48, 72, 92 and 168-192 hours post-insemination (hpi) from 

both oxygen level culture conditions. The expression of NRF2 pathway genes including 

antioxidants (CAT, HMOX1, NQO1, PRDX1, SOD1 and TXN1), NRF2 cytoplasmic 

inhibitor (KEAP1) and genes involved in lipid metabolism namely: sterol regulatory 

element binding protein transcription factor1 (SREBP1), acetyl-CoA carboxylase alpha 

(ACACA1), peroxisome proliferator-activated receptor alpha (PPARAα) and carnitine 

palmitoyl transferase-2 (CPT2) were quantified in several stages of development. In 

addition, protein of NRF2 and KEAP1 gene was determined at blastocyst stage. 

Moreover, the ROS level, mitochondrial activity and lipid content phenotypes were 

evaluated at blastocyst stage.  
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Figure 11: Overview of experiment 1. After IVM and IVF of the collected oocytes, two 

groups of embryos were cultured under 5% and 20% O2. Samples from each O2 culture 

condition were collected at 2-, 4-, 8-, 16-cell and blastocyst stage of development for 

expression analysis of NRF2, KEAP1, antioxidants and lipid metabolism genes. In 

addition, blastocysts from each group were used for assessment of NRF2 and KEAP1 

proteins, ROS level, mitochondrial activity and lipid content. 

 

 



Materials and methods    56 

 

Experiment 2: Association of NRF2-mediated oxidative stress response pathway activity 

with the developmental competence of bovine in vitro produced embryos. 

 

To determine whether the ability of early bovine embryos to tolerate high oxidative 

stress under in vitro culture conditions is associated with their NRF2 activity, as shown 

in Figure 12, NRF2 mediated oxidative stress response pathway related genes were 

analysed in developmentally competent vs. incompetent 2-cell and blastocyst stage 

embryos derived from high or low oxidative stress conditions. For this, the 

developmental pattern of the embryos was examined at 27, 30, 32, 34, 36, 40 and 42 

hpi. 2-cell stage embryos obtained before 32 hpi were defined as early cleaving 

embryos and considered as developmentally competent embryos, while 2-cell embryos 

obtained after 36 hpi were defined as late cleaving embryos and considered as 

developmentally incompetent embryos. Similarly, the development of blastocyst stage 

embryos was evaluated at day 7 and 8 post-insemination (pi). Day 7 pi blastocysts (D7 

pi) were considered as competent embryos, while, those which reached to the same 

stage at day 8 pi (D8 pi) were categorized as incompetent as evidenced by Hasler et al. 

(1995) and Bernardi & Delouis (1996). 2-cell and blastocyst stage embryos from each 

oxygen level (5% and 20%) culture environment and competence category (competent 

and incompetent) were used to investigate the expression of NRF2, KEAP1, NRF2 

downstream antioxidant genes (CAT, PRDX1, SOD1 and TXN1) and genes related to 

lipid metabolism (SREBP1 and CPT2) by using q-PCR. Moreover, the NRF2 

transcriptional activity in competent vs. incompetent embryos was assessed by 

evaluation of the amount and distribution of NRF2 and KEAP1 proteins using 

immunofluorescence technique. Furthermore, the level of ROS, mitochondrial activity 

and lipid content were determined for embryos from each tested category. Finally, the 

ability of the competent and incompetent blastocyst embryos to survive after 

cryopreservation (in terms of hatching rates) was evaluated. 
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Figure 12: Overview of experiment 2. After IVM and IVF of the collected oocytes, two 

groups of embryos were cultured under 5% and 20% O2. Early competent 2-cell and 

blastocyst stage embryos were collected before 32 hpi and at D7 pi respectively while, 

late incompetent 2-cell and blastocyst stage embryos were collected after 36 hpi and at 

D8 pi respectively. Embryos from each category were used for expression analysis of 

NRF2, KEAP1, antioxidants and lipid metabolism genes and for evaluation of NRF2 

and KEAP1 proteins, ROS level, mitochondrial activity and lipid content. Finally, 

cryopreservation test was preformed for D7 pi and D8 pi blastocysts. 
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3.1  Materials 

 

3.1.1 Samples  

 

Bovine ovaries were collected from a commercial slaughterhouse and transported to the 

laboratory in 37°C saline solution within 3 hours time. The ovaries were then washed 

twice in fresh phosphate buffer saline (PBS). Cumulus oocyte complexes (COCs) were 

then aspirated from follicles with 2–8 mm size. Only COCs with a homogenous 

cytoplasm and surrounded by at least three layers of compact cumulus cells were used 

for in vitro maturation,  in vitro fertilization and in vitro embryo production.  

 

3.1.2 Equipment, chemicals, kits, biological and other materials 

 

In the present study, several items of equipment, chemicals, kits, reagents and media 

formulation were used according to the manufacturer's instructions.  

 

3.1.2.1 Items of equipment 

 

Equipment Manufacturer  

ABI PRISM® 7000 SDS Applied Bio systems Foster City, CA, 

USA 

Gel documentation system XR

My Cycler Thermal cycler 

Bio-Rad Laboratories, CA, USA 

Electrophoresis  BioRad, Munich, Germany  

Freezer (-20°C)/Antibacterial 

system 

Bosch, Germany

Confocal laser scanning 

microscope, CLSM LSM-780  

Carl Zeiss, Germany 

Tuttnauer autoclave  Connections unlimited, Wettenberg, 

Germany  

Shaker Edmund Bühler, Tübingen,  Germany

Memmert CO2 incubator  Fisher Scientific, Leicestershire, UK 
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Micropipette PIPETMAN Neo 

from 0.2–2 µl to 100–1000 µl 

Gilson S.A.S, Villiers-le-Bel, France

Pipette tip, Ultratip Gelson style 

200 µl and 1000 µl 

Greiner bio-one, Kremsmünster, 

Austria 

Serological Pipette, 1 ml, 2 ml, 5 

ml and 10 ml 

Greiner bio-one, Kremsmünster, 

Austria 

HEAR safe Bio-flow safety hood Heraeus instruments, Meckenheim, 

Germany  

Centrifuge Hermel Z200 M/H, 

Z233 and Z300 

Hermle, Wehingen, Germany 

Magnetic stirrer  IKA-Werke GmbH & Co. KG, Staufen, 

Germany 

Digital balance KERN 

EMB1200-1 

KERN & SOHN, Balingen, Germany

Digital pH meter  Knick, Berlin, Germany  

Inverted fluorescence microscope 

DM IRB 

Leica, Bensheim, Germany. 

Refrigerator (4°C)/Antibacterial 

system 

Liebherr 

Microwave Micromaxx MM 

41580 

Medion Electronics,Swindon, 

Wiltshire, UK 

Digital balance Mettler Toledo, Switzerland 

Epifluorescent microscope  Olympus, Tokyo, Japan 

Quick rack tip transfer system 

DNase/RNase free Tips   

Pyrogens, south west, Utah, USA  

Glass cover slips Roth , Karlsruhe, Germany 

Ultra low temperature  freezer (-

80°C)  

Sanyo electric Co.,Ltd, Japan  

Ice maker  SCOTSMAN, Milan, Italy 

Microplates  for real-time PCR STARLAB GmbH (Ahrensburg) 

Nanodrop 8000 

Spectrophotometer  

Thermo Fisher Scientific, DE, USA
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Four and 24 well dishes,  

 

Thermo Fisher Scientific, Nunc, 

Roskilde, Denmark 

Pipettor tip Maxymum Recovery 

0.5 to 10µL 

Thermo Fisher Scientific, Nunc, 

Roskilde, Denmark 

Incubated/Refrigerated Stackable 

Shaker Max Q  6000 

Thermo scientific, IWA, USA 

Diagnostic microscope slides Thermo scientific, IWA, USA 

CEQTM 8000 Genetic Analysis

sequencing machine 

Beckman Coulter, Krefeld, Germany

 

3.1.2.2 Chemicals, kits and biological materials 

 

The following list of chemicals and other biological materials were used in the present 

study: 

Manufacturer/Supplier Chemicals and biological materials 

Arcturs, CA, USA. PicoPureTM RNA isolation kit  

Beckman Coulter, Krefeld, Germany Sample loading solution (SLS)  

 Dye terminator cycle sequencing 

(DTCS)  

 Glycogen for sequencing  

Bio-Rad laboratories, Munich, Germany iTaq SYBR Green Supermix with ROX 

Burlingame, CA, USA 4',6'-diamidino-2-phenylindole 

hydrochloride(DAPI) 

Gibco BRL, life technologies, Karlsruhe, Essential amino acids (BME)  

Germany Non essential amino acids (MEM) 

Invitrogen Life Technologies, Karlsruhe, DTT

Germany 5x First-Stand buffer 

Invitrogen, Carlsbad, CA, USA Superscript II reverse transcriptase 

 Hoechst 33342 

 MitoTracker® Red CMXRos  

 H2DCFDA fluorescent probe  
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Lifespan Biosciences, WA, USA

 

Fluorescein isothiocyanate (FITC) 

Conjugated goat anti-rabbit secondary 

antibody 

Primers MWG Biotech, Eberberg, 

Germany 

Oligonucleotide 

 

Promega, WI, USA Oligo (dT) 25 primer  

 10x PCR buffer 

 2x rapid ligation buffer  

 Hemi-calcium lactate  

 pGEM®-T vector 

 Random primer 

 Ribo-nuclease inhibitor (RNasin) 

 T4 DNA ligase 

 Bovine serum albumin (BSA)  

 RNase-free DNase  

Quigen, Hiden, Germany QIAquick PCR Purification kit  

Roche Diagnostics GmbH, Mannheim, 

Germany 

Triton X-100 

Roth , Karlsruhe, Germany Ampicillin

 Boric acid

 Chloroform 

 dNTPs  

 Dimethyl sulfoxide (DMSO)  

 Disodium hydrogen phosphate 

 Ethylenediaminetetra acetic acid  

 Glycin

 Potassium chloride 

 Potassium dihydrogen phosphate 

 Pepton 

 Sodium chloride 

 Tris 

 Acetic acid (C2H4O2) 

 Agar-Agar
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 Ethanol

 Ethidium bromide

 Hydrochloric acid 

 Igepal 

 Isopropyl β-D-thiogalactoside (IPTG) 

 X-Gal (5-bromo-4-chloro-3-

indolylbeta-Dgalactopyranoside) 

Santa Cruz Biotechnologies Inc.,

CA., USA 

Rabbit polyclonal primary antibody

against NRF2 

 Rabbit polyclonal primary antibody 

against KEAP1 

Sigma-Aldrich Chemie GmbH, Munich, Agarose 

Germany Calcium chloride

 Formaldehyde

 Hepes 

 Hydroxylamine

 L-Glutamine 

 Magnesium chloride  

 Mineral oil

 Donkey serum

 Polyvinyl alcohol (PVA) 

 Phenol red solution (5% in D-PBS) 

 TCM199 medium 

Sigma-Aldrich Chemie GmbH, Penicillin 

Taufkirchen Hypotaurin 

Sigma-Aldrich Inc, MO, USA Sodium hydrogen carbonate 

 Streptomycin sulphate  

 Sodium pyruvate 

 Taq DNA polymerase  

Sigma-Aldrich, Munich, Germany Oil red O 

Stratagene, Amsterdam, Neatherland E. coli competent cells  
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3.1.2.3 Media, buffers and other reagents 

 

Media, buffers and other reagents and its constituents that were used in the present 

study have been listed as following: 

Maturation medium: 

Modified Parker Medium 

(MPM-110 ml): 

Sodium hydrogen carbonate

 Hepes 

Sodium pyruvate  

L-Glutamin  

Streptomycin phosphate  

Penicillin  

Medium  

Hemicalcium lactate  

Water added to  

0.080 g 

0.140 g 

0.025 g 

0.010 g 

0.003 g 

0.002 g 

199 99.0 ml 

0.060 g 

110.0 ml 

Fertilization medium: Fert-

TALP (50 ml) 

 

Sodium chloride 

Potassium chloride  

Sodium hydrogen carbonate  

Sodium dihydrogen phosphate  

Penicillin G  

Magnesium chloride  

Calcium chloride  

Sodium lactate solution  

Phenol red solution (5 % in DPBS) 

Water added to  

0.3300 g

0.0117 g 

0.1050 g 

0.0021 g 

0.0032 g 

0.0050 g 

0.0150 g 

93 μl 

100 μl 

50 ml 

Culture medium CR1-aa 

(50 ml)  

 

Hemi-calcium lactate

Streptomycin sulphate  

Penicillin G  

Sodium chloride  

Potassium chloride  

Sodium hydrogen carbonate  

Sodium pyruvate  

L-Glutamine  

Phenol red solution (5% in DPBS) 

0.0273 g

0.0039 g 

0.0019 g 

0.3156 g 

0.0112 g 

0.1050 g 

0.0022 g 

0.0073 g 

100 μl 
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LB-agar Sodium chloride 

Peptone  

Yeast extract  

Agar-Agar  

Sodium hydroxide (40 mg/ml)  

ddH2O added to  

8.0 g 

8.0 g 

4.0 g 

12.0 g 

480.0 μl 

800.0 ml 

LB-broth Sodium chloride 

Peptone  

Yeast extract  

Sodium hydroxide (40 mg/ml)  

ddH2O added to  

8.0 g 

8.0 g 

4.0 g 

480.0 μl 

800.0 ml 

Lysis buffer (100 μl) 

 

Igepal (0.8%) 

RNasin  

DTT  

ddH2O added to 

0.8 μl 

5 μl 

5 μl 

100 μ 

Tris-acetate-EDTA buffer 

(TAE 50x), pH 8.0  

 

Tris 

Acetic acid  

EDTA (0.5 M)  

ddH2O added to  

242.0 mg

57.1 ml 

100.0 ml 

1000.0 ml 

Tris-EDTA (TE 1x) buffer Tris (1 M) 

EDTA (0.5 M)  

10.0 ml 

2.0 ml 

Agarose loading buffer Bromophenol blue 

Xylencyanol  

Glycerol  

ddH2O added to  

0.0625 g

0.0625 g 

7.5 ml 

25 ml 

X-gal  

 

X-gal 

ddH2O added to  

50 mg 

1000 ml 

IPTG (0.5 M): IPTG 

Water added to  

000 1.2 g

10 ml 

PBS 1X (PH 7.4) Sodium chloride

Potassium chloride  

Disodium hydrogen phosphate 

Potassium dihydrogen phosphate 

8 g 

0.20 g 

1.44 g 

0.24 g 
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DEPC-treated water (1000 

ml) 

DEPC 

ddH2O 

1 ml 

1000 ml 

Para formaldehyde 16% 

(PFA) 10 ml 

N, N’-dimethylformamide 

Para formaldehyde  

added to water  

1.0 ml 

1.6 g 

10 ml 

PFA (4%) PFA (16%)

PBS 1X 

250 μl 

750 μl 

PBS+PVA (0.3%) Polyvinyl alcohol (PVA)

PBS 1X 

150 mg 

50 ml 

Donkey serum (3%) Donkey serum 100% 3 ml 

BSA (3%) BSA

added to PBS+PVA  

0.15 g 

5 ml 

Glycin-PBS 30 mmol Glycin 

PBS+PVA 

0.022 g 

10 ml 

Glycin-PBS 0.3 mmol Glycin-PBS 30 mmol 

PBS+PVA 

100 μl 

9.9 ml 

Triton (0.5%) Triton X-100

Glycin-PBS 0.3 mmol 

25 μl 

5 ml 

Physiological saline 

solution 

Sodium chloride 

added to water  

9 g 

1000 ml 

dNTP solution dATP (100 mM) 

dCTP (100 mM)  

dGTP (100 mM)  

dTTP (100 mM)  

ddH2O added to  

10.0 μl 

10.0 μl 

10.0 μl 

10.0 μl 

400.0 μl 

 

3.1.2.4 Programs and statistical packages used 

 

In the present study, the following list of computer programs was used:  

Program Source of the program

BLAST program  http://blast.ncbi.nlm.nih.gov/Blast.cgi 

Image Lab 2 Bio-Rad Laboratories, CA, USA 

Primer 3 (version 4)  http://frodo.wi.mit.edu/primer3/ 
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Prism for windows (ver.5.0)  GraphPad software, Inc. 

ZEN lite 2011  Carl Zeiss International

 

3.2 Methods 

 

3.2.1 IVP of bovine embryos under oxidative stress conditions 

 

In vitro maturation of oocyte 

 

COCs were aspirated from ovaries obtained from slaughterhouse using a sterilized 10 

ml syringe attached to an 18 G needle. The collected oocytes were then categorized 

under the microscope and only COCs with a homogenous cytoplasm and surrounded by 

at least three layers of compact cumulus cells were used for in vitro maturation. COCs 

were then transferred (in a group of 50 oocytes/well) to modified TCM199 (Sigma-

Aldrich, Munich, Germany) culture media supplemented with 4.4 mM HEPES, 33.9 

mM NaCHO3, 2 mM pyruvate, 2.9 mM calcium lactate, 55 mg/ml gentamicin and 12% 

(v/v) heat-inactivated oestrus cow serum (OCS). In an incubator, at a temperature of 39 

°C and under atmospheric oxygen concentration (20%), IVM was performed for 22-24 

hours. 

 

In vitro fertilization  

 

Following in vitro maturation, IVF was performed in Fert-TALP medium  

supplemented with 20 mM penicillinamine, 10 mM hypotaurine, 2 mM noradrenaline, 6 

mg/ml BSA, 50 mg/ml gentamicin and 1 mg/ml heparin (Parrish et al. 1986, Parrish et 

al. 1988). Frozen-thawed bull sperms with a concentration of 2*106 sperms/ml were 

used for in vitro fertilization which is initiated by co-culture of sperms and COCs for 20 

hours. IVF procedures were performed at a 39°C temperature and an atmosphere of 

20% oxygen level.  
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In vitro culture of embryos under oxidative stress conditions 

 

Presumptive zygotes were transferred to CR-1aa culture medium  supplemented with 

10% OCS, 10 ml/ml BME (essential amino acids) and 10 ml/ml MEM or non-essential 

amino acids (Rosenkrans and First 1994). Zygotes were cultured either under 5% or 

20% oxygen levels as a source of oxidative stress until day 8 (blastocyst stage) at 39°C. 

Embryos at 2-, 4-, 8-, 16-cell and blastocyst stage were harvested at 32, 48, 72, 92 and 

168-192 hpi, respectively. For gene expression analysis, the collected embryos at each 

developmental stage were then washed twice in PBS and snap frozen in cryo-tubes 

containing lysis buffer [40 U ml-1 RNasin (Promega, WI, USA), 0.8% Igepal (Sigma-

Aldrich, MO, USA), 5 mM dithiothreitol (DTT) (Promega, WI,USA)]. All the samples 

were then stored at -80°C until RNA isolation. 

 

3.2.2 Monitoring embryo development under oxidative stress conditions 

 

In order to investigate the effect of elevated oxygen level in the culture atmosphere 

conditions on the early bovine embryo development in terms of cleavage and blastocyst 

rates, the embryo development was assessed by determining the cleavage rate at 24-40 

hpi and the blastocyst rate at days 7 (168 hpi) and 8 (192 hpi) either under low oxygen 

concentration, as presented in oviduct (5%), which was considered as a control group, 

and under high oxygen level (20%) which was considered as a source of oxidative stress 

to the in vitro cultured embryos. 

 

3.2.3 Gene expression analysis of NRF2 pathway and lipid metabolism related genes  

 

3.2.3.1 Total RNA isolation from in vitro produced embryos  

 

RNA was isolated from pooled frozen bovine embryos of three biological replicates 

each containing fifty 2-cell, thirty 4-cell, twenty 8-cell, fifteen 16-cell and ten blastocyst 

stage embryos from each oxygen level culture conditions. Total RNA isolation and 

purification were performed using PicoPure RNA isolation kit (Arcturs, Munich, 

Germany) according to the manufacturer's instructions. For this, 70 μl extraction buffer 

was added to each biological replicate and mixed well by repeated pipetting followed by 
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incubation for 30 min in preheated incubator at 42°C.  Before the end of incubation 

time, the purification columns were prepared by incubating of 250 µl conditioning 

buffer inside the columns at room temperature for 5 min and centrifuging them at 13250 

rpm for 1 min. Next, one volume of 70% ethanol (70 μl) was added to each sample at 

the end of the incubation time. The samples were then transferred to the pre-conditioned 

purification columns and centrifuged at 1000 rpm for 2 min to bind the RNA into the 

columns and immediately followed by a centrifugation at 13500 rpm for 30 s to remove 

any ethanol residues. After that, the samples were washed again by adding 100 μl 

washing buffer 1 into the column and centrifuging at 9475 rpm for 1 min. To purify the 

isolated RNA from any DNA contamination, on column, DNA digestion was preformed 

using DNase solution (Qiagen GmbH, Hilden, Germany). Total RNA was then washed 

once with washing buffer 1 (40 μl) and twice with washing buffer 2 (100 μl). Finally, 

RNA was eluted in 11 µl elution buffer and stored at -80°C until further use. 

 

3.2.3.2 cDNA synthesis from total RNA 

 

Equal amount of RNA input (200ng) was used for cDNA synthesis from each group of 

embryos derived either from 5% or 20% oxygen level culture conditions. cDNA 

synthesis was performed using oligo (dT) 25 and random primer (Promega Madison 

WI, USA) and superscript reverse transcriptase II (Invitrogen, Karlsruhe, Germany). 

Each reaction containing 4 µl of 5X first-strand buffer (375 mM KCl, 15 mM MgCl2, 

250 mM Tris–HCl, pH 8.3), 2 µl of dithiothreitol (Promega Madison WI, USA), 1 µl 

dNTP, 0.7 µl of superscript II reverse transcriptase and 0.3 µl RNase inhibitor (Promega 

Madison WI, USA) was incubated at 42°C for 90 min and denatured at 70°C for 15 

min. The synthetized cDNA was tested by amplifying of GAPDH as a housekeeping 

gene using standard PCR conditions. For this, PCR was preformed using 2 μl of the 

tested cDNA as a template, 0.5 μl Taq polymerase (Sigma), 0.5 μl of dNTPs (10 mM), 

0.5 μl of forward primer (5´-CTCGTCACTTGCAACTTGCTATTC-3´) and 0.5 μl of 

the reverse one (5´-CCAGGCATCCTTTAGACAGTCTTC-3´) at a concentration of 10 

μM and 1x PCR buffer in a final reaction volume of 20 μl. Thermal cycler machine ( 

My Cycler Thermal cycler, Bio-Rad Laboratories, CA, USA) was run for 1 cycle as a 

pre denaturation (5 min at 95°C), 40 cycles for amplification (denaturation: 1 min at 

95°C, annealing: 30 sec at 60°C and extension: 30 sec at 72°C) followed by 10 min for 
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final extension at 72°C. Finally, products were visualized on a 2 % agarose gel using gel 

documentation system XR (Bio-Rad Laboratories, CA, USA).  

 

3.2.3.3 Transcription level quantification 

 

A total of 12 genes namely NRF2, KEAP1, NRF2 downstream antioxidant genes 

(SOD1, HMOX, PRDX1, NQO1, TXN and CAT) and genes involve in lipid 

metabolism (SREBP1, ACACA1, PPARAα and CPT2) were investigated for their 

expression using standard curve method as in the following steps: 

 

Primer design  

 

Sequence specific primers (Table 4) were designed for NRF2 mediated oxidative stress 

pathway related genes and selected lipid metabolism genes using primer3 online 

Software v.0.4.0 (http://frodo.wi.mit.edu/primer3/). All primers were obtained from 

Eurofins MWG synthesis GmbH (MWG Biotech, Eberberg, Germany). 

 

Preparation of plasmid serial dilutions 

 

Standard curves were generated using serial dilutions (consisting of 101-109 molecules) 

of each gene product including the endogenous control gene (GAPDH) to elucidate the 

amount of transcripts in unknown samples as following:  

 

a. Gene specific PCR amplification and sequencing 

 

PCR reaction was preformed for each primer set in final reaction volume of 20 μl 

containing 2 μl cDNA template, 0.5 μl of each specific primer (forward and reverse in a 

concentration of 10 pmol), 4 μl of 10x PCR buffer (Sigma-Aldrich), 0.5 μl of dNTP (10 

mM), 0.5 μl of Taq polymerase (Sigma-Aldrich) and sterile purified water which was 

added up to 20 μl total reaction volume. The thermal cycler machine software was 

adjusted for amplification program of 40 cycles as described above. 
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Table 4: Details of specific primers designed for qPCR analysis in bovine embryos 

 

After the end of the machine reaction program, the presence and specificity of the PCR 

product were detected by loading of 10 μl PCR product onto agarose gel with ethidium 

bromide, running in 1x TAE buffer using electrophoresis machine (BoRad, Munich, 

Germany). Finally, DNA bands were visualized and characterized using gel 

documentation system XR (Bio-Rad Laboratories, CA, USA).  

Gene Accession number Primer sequences Annealing 

temperature 

(°C) 

Product 

size (bp)

NFE2L2 NM_001011678 F 5´-cccagtcttcactgctcctc-3´

R 5´-tcagccagcttgtcattttg-3´ 

55 165

KEAP1 NM_001101142.1 F 5´-tcaccagggaaggatctacg-3´

R 5´-agcggctcaacaggtacagt-3´ 

55 199

CAT NM_001035386.1 F 5´-tgggacccaactatctccag-3´

R 5´-aagtgggtcctgtgttccag-3´ 

51 178

TXN1 NM_173968.3 F 5´-agctgccaagatggtgaaac-3´

R 5´-actctgcagcaacatcctga-3´ 

55 215

HMOX1 NM_001014912 F 5´-caaggagaaccccgtctaca-3´

R 5´-ccagacaggtctcccaggta-3´ 

55 225

PRDX1 NM_174431.1 F 5´-tggatcaacacacccaagaa-3´

R 5´-gtctcagcgtctcatccaca-3´ 

55 217

SOD1 NM_174615 F 5´-agaggcatgttggagacctg-3´

R 5´-cagcgttgccagtctttgta-3´ 

53 189

NQO1 NM_001034535.1 F 5´-aaccaacagaccagccaatc-3´

R 5´-cacagtgacctcccatcctt-3´ 

54 154

SREBP1 NM_001113302.1 F 5´-accgctcttccatcaatgac-3´

R 5´-ttcagcgatttgcttttgtg-3´ 

56 190

PPARAα NM_001034036.1 F 5´-cctacgggaatggcttcata-3´

R 5´-gcacaataccctcctgcatt-3´ 

54 219

CPT2 NM_001045889.1 F 5´-cacaacatcctgtccaccag-3´

R 5´-ccttccaaggcatcaaacat-3´ 

54 209

ACACA1 NM_174224.2 F 5´-ctcttccgacaggttcaagc-3´

R 5´-accatcctggcaagtttcac-3´ 

55 248
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Furthermore, the PCR products of the selected genes were sequenced to validate the 

identity of the genes. Sequencing reaction in final volume of 20 μl containing 5 μl PCR 

product, 2 μl reverse primer or forward primer (10 pmol), 4 μl master mix (DTCS) and 

9 μl sterile purified water was performed for 30 cycles (at 96 oC for 20 s), followed by 

another one cycle (50 oC for 20 s) and a final cycle for 4 min at 60 oC. Consequently, 5 

μl stop solution containing 1 μl glycogen, 2 μl 3M NAOAc (pH 5.2), 2 μl 0.1M EDTA 

(pH 8) was added to the sequencing reaction. The total reaction mix was then 

homogenized by vortexing and centrifuged after addition of 60 μl 100% ethanol for 15 

min at 14000 rpm in 4 oC using refrigerated universal centrifuge Z233MK (Hermle 

Labortechnik, Wehingen, Germany). After removing the supernatant, the pellets were 

washed twice in 70 % ethanol (200 μl), dried at room temperature and dissolved in 40 μl 

SLS. Next, the dissolved pellets were transferred to the sequencing plate and covered 

with mineral oil. CEQTM 8000 Genetic Analysis (Beckman Coulter, Krefeld, 

Germany) sequencing machine was used to identify and analysis the sample sequences. 

The similarity of the identified sequences and the original sequence was confirmed 

using the NCBI/BLAST search tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

b. Genetic transformation and cloning  

 

After confirmation of the designed primers specificity by comparing the sequenced PCR 

products of those genes with the original genes sequences, the sequenced PCR products 

were used to prepare a serial dilution for a standard curve. For this, QIAquick PCR 

Purification kit (Qiagen, Hilden, Germany) was used according to the manufacture 

instructions to purify the PCR product of each gene. Briefly, one volume of the PCR 

product was mixed with 5 volume of PB buffer, transferred to QIAquick spin column 

and centrifuged at room temperature for 1 min using Hermel Z200 M/H centrifuging 

machine (Hermle Labortechnik, Wehingen, Germany) at 13000 rpm. The PCR product 

was then washed again by adding 750 μl PE buffer to the column and centrifuged at 

room temperature for 1 min at 13000 rpm, followed by once more centrifugation at 

maximum speed for an additional 1 min. Finally, the purified PCR product was eluted 

in 30 μl elution buffer. Pure PCR fragments were then ligated to pGEM®-T easy 

vectors (Promega, WI, USA) by incubating 2 μl pure PCR product with 3 μl of ligation 

buffer, 0.5 μl pGEM®-T vector (50 ng / μl) and 0.5 μl DNA ligase enzyme (5 u/µl) 
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overnight at 4°C. The competent cells (E. coli “JM109” Strain) transformation was 

carried out in a sterile 15 ml falcon tube. In brief, the competent cells were removed 

from -80°C, thawed and kept in ice. About 4 μl of each ligation mixture were 

transferred to 15 ml sterilized falcon tube to which 60 μl of the competent cells was 

added and kept in ice. After gently flicking the tube, the transformation mixture was 

incubated in ice for 20 min followed by heat shock at 42°C in a water-bath for 1.5 min, 

then cold shock in ice for 2 min immediately after the heat shock. After that, 650-700 μl 

of Luria-Bertani (LB) broth was added to the mixture in the falcon tube and incubated at 

37°C for 2 h at 110 rpm speed in shaking incubator (Incubated/Refrigerated Stackable 

Shaker Max Q 6000, Thermo scientific, IWA, USA). Before 20 min of the end of the 

incubation time, LB/ ampicillin/ IPTG/ X-gal culture plates were prepared under safety 

hood (HEAR safe Bio-flow safety hood, Heraeus instruments, Meckenheim, Germany). 

The surface of each LB agar/ampicillin plate for that was covered by 20 μl of 0.1 M 

IPTG and 20 μl of X-gal (50 mg/ml). At the end of bacterial incubation time, the 

transformed bacterial mixture was plated onto LB/ ampicillin/ IPTG/ X-gal plates in 

duplicate and incubated in the CO2 incubator (Memmert CO2 incubator, Fisher 

Scientific, Leicestershire, UK) at 37°C overnight. Colony plating assessment for 

successful DNA recombination was done by blue/white screening on LB 

agar/ampicillin/IPTG/X-gal plate. The successful cells transformed with recombinant 

plasmid will produce white colonies, since the successful insertion of the DNA 

fragments into pGEM®-T Easy vector interrupted the β-galactosidase coding sequence 

and led to change the blue color of cells transformed with non-recombinant plasmids to 

the white color. Four white colonies and two in blue color (to be used as a control) were 

picked from each plate and transferred to the 30 μl 1xPCR buffer. The same colonies 

were also inoculated to the 600 μl LB broth (continuing ampicillin) and incubated at 

37°C in Incubated/Refrigerated Stackable Shaker Max Q 6000 (Thermo scientific, 

IWA, USA). In order to validate the transformation success and verify the insertion of 

the DNA fragments into pGEM®-T Easy vector, the 30 μl 1xPCR buffer including 

bacteria were heated for 15 min at 95°C in the thermal cycler (My Cycler Thermal 

cycler, Bio-Rad Laboratories, CA, USA). And out of the heated 30 μl 1xPCR buffer, 10 

μl were used as a template to perform a PCR with specific primers (forward primer: 5´-

TTGTAAACGCGGCCAGT-3´ and reverse primer: 5´-CAGGAAACAGCTATGACC-

3´) of M13 promoter region of the vector. In addition to the 10 μl 1xPCR buffer, 0.5 μl 
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M13 forward primer, 0.5 μl M13 reverse primer, 0.5 μl dNTP (10 mM) and 0.5 U of 

Taq polymerase (Sigma) in 2 μl 10x PCR reaction buffer were mixed together in the 

PCR 0.2 ml tube. The PCR was run in the thermal cycler machine for pre denaturation 

at 95°C for 3 min, followed by 35 cycles for amplification (denaturation at 95°C for 30 

s, annealing at 59°C for 30 s and extension at 72°C for 1 min) and final extension for 10 

min at 72°C. To evaluate the recombinant and non-recombinant DNA fragments of the 

white and blue colonies respectively, 10 μl of the M13 PCR products of the white and 

blue bacterial colonies were mixed with 2 μl loading buffer and loaded to 2% agarose 

gel stained with ethidium bromide. The DNA bands were then visualized under the gel 

documentation system XR (Bio-Rad Laboratories, CA, USA) and analyzed using Image 

Lab 2 software (Bio-Rad Laboratories, CA, USA). The incubated part of the 

transformed colonies in LB broth/ampicillin medium, which confirmed the presence of 

the recombinant plasmid containing the new DNA fragment, was then transferred to 15 

ml sterile falcon tube. In order to increase the copy number of the recombinant plasmid, 

5 ml LB broth/ampicillin medium were added to the bacterial suspension which was 

further cultured for 18-24 h at 37°C.  

 

c. Recombinant plasmid extraction and purification  

 

GenElute plasmid mini prep kit (Sigma-Aldreich, St.Lous, USA) was used to isolate 

and purify the recombinant plasmid from the transformed bacteria. According to the 

manufacturer's protocol, the bacterial cells were pelleted by centrifuging the bacterial 

suspension for 1 min at speed of 13000 rpm using Hermel Z200 M/H Centrifuge 

(Hermle, Wehingen, Germany). After removing the medium, 200 μl lysis buffer were 

added to the cell pellets and incubated at room temperature for 5 min. At the end of the 

incubation time, 350 μl neutralization/binding solution were added and the cell debris 

were precipitated by centrifuging the mixture for 10 min at maximum speed. Before the 

end of the centrifugation time, the GenElute Miniprep binding column was prepared by 

dropping of 500 μl preparation solution inside the binding column supplemented with 

microcentrifuge collection tube and centrifuging for 30 s at 13000 rpm. Afterward, the 

cleared lysate was transferred to the preprepared GenElute Miniprep binding column 

and centrifuged at 13000 rpm for 30 s. In order to purify the isolated plasmid in the 

binding column, 750 μl of DNA wash buffer diluted with ethanol was added to the 
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column followed by centrifugation for 30 s at 13000. After removing any flow-through 

liquid from the collection tube, the column was centrifuged again for 2 min at maximum 

speed to remove any chemical contaminants. Finally, the column was transferred into a 

new 1.7 ml collection tube and the plasmids were eluted in elution buffer. For this, 50 μl 

of the elution buffer were carefully dropped at the middle of the binding column 

membrane and centrifuged for 1 min at a speed of 13000 rpm. The plasmid 

concentration was determined using Nanodrop 8000 Spectrophotometer (Thermo Fisher 

Scientific, DE, USA) and the specificity of gene cloning was further confirmed by M13 

PCR product or plasmids sequencing using CEQTM 8000 sequencing machine 

 

d. Plasmid serial dilutions preparation 

 

Free online software, at http://molbiol.edu.ru/eng/scripts/h01_07.html, was used to 

convert the known DNA concentrations to known copy number of molecules. Briefly, 

the plasmid concentrations (ng/μl), which were obtained from Nanodrop 8000 

spectrophotometer and the total size of the DNA including pGEM®-T easy vector and 

PCR fragment of each gene were submitted to the software. Based on the number of 

molecules obtained in 1 μl plasmid DNA, dilution that contains 109 molecules was 

prepared in 50 μl volume. Afterward, serial dilutions consisting of 108 to 101 copies of 

molecules were prepared from the dilution of 109 molecules. 

 

Quantitative real time PCR 

 

ABI PRISM® 7000 sequence detection system (Applied Biosystems, Foster City, CA, 

USA) instrument was used to quantify the transcript abundance of NRF2, NRF2 

inhibitor KEAP1, NRF2 downstream antioxidant genes (SOD1, HMOX, PRDX1, 

NOQ1, TXN1 and CAT) and genes involved in lipid metabolism pathways such as 

SREBP1 and its downstream lipid biogenesis gene ACACA1, PPARAα and CPT2, 

which are involved in lipid catabolism process. Standard curves were generated using 

serial dilutions (consisting of 101-109 molecules) of each gene product, including the 

endogenous control gene (GAPDH), to elucidate the amount of transcript in unknown 

samples. The suitability of GAPDH as an endogenous control was validated by testing 

its expression stability among the experimental samples. Quantitative PCRs were 
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performed in 20 µl reaction volume containing 10 µl of SYBR green fluorescent 

detection dye master mix (Eppendorf, Hamburg, Germany), 2 µl of cDNA and an 

optimized amount of forward and reverse primers in ddH2O to a volume of 8 µl. 

Following, initial denaturation step at 95 oC for 3 min, 40 cycles of 15 sec at 95 oC and 

45 sec at 60 oC was used as thermal cycling program during real time PCR run. The 

relative standard curve method was used to determine the amount of transcripts in the 

experimental samples and the relative quantity is normalized using GAPDH as a 

housekeeping gene (Goossens et al. 2005) to compared transcript abundance differences 

between embryos cultured at 5% and 20% oxygen level at each of developmental stage. 

 

3.2.4 Detection and localization of NRF2 and KEAP1 Proteins 

 

Immunohistochemistry procedure (Ghanem et al. 2007, Goossens et al. 2011) was 

performed to detect and localize NRF2 and KEAP1 proteins in embryos from the 

treatment groups according to the experimental design of both experiments as described 

before. Briefly, 15 embryos from each excremental category were washed three times in 

in phosphate-buffered saline (PBS), fixed overnight at 4°C in 4% (w/v) 

paraformaldehyde in PBS. Fixed embryos were washed twice with glycine in PBS 

(GPBS), permeabilized with 0.5% (v/v) Triton-X100 (Sigma-Aldrich, Munich, 

Germany) in PBS for 4 hours at room temperature. The samples were then incubated in 

3% normal donkey serum (Sigma-Aldrich, Munich, Germany) in PBS for 1 hour at 

room temperature, followed by incubation with specific primary antibodies against 

NRF2 (1:100 dilution, H300; Santa Cruz Biotechnology) or KEAP1 (1:100 dilution, 

H190; Santa Cruz Biotechnology) overnight at 4°C. Then, embryos were further 

incubated at room temperature for 1 hour in the dark with fluorescein isothiocyanate 

(FITC)-conjugated rabbit anti-goat secondary antibody (1:100 dilution, Lifespan 

Biosciences). After that, a droplet of Vectashield mounting medium (Dabco; Acros, 

Geel, Belgium) containing 4',6-diamidino-2- phenylindole (DAPI) was used to stain the 

nuclei with blue color. Finally, samples were visualized under a CLSM LSM-780 

confocal laser-scanning microscope (Carl Zeiss, Germany). 
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3.2.5 Intercellular ROS detection  

 

In addition to blastocyst stage embryos from the two oxygen level in the first 

experiment, different competence categories of the 2-cell and blastocyst stage embryos 

in the second experiment were used to determine the ROS level using the H2DCFDA 

fluorescent probe (6-carboxy- 2’,7’-dichlorodihydrofluorescin diacetate). Fifteen 

embryos from each group were incubated with 400µl of 5µM H2DCFDA (Invitrogen, 

Carlsbad, CA, USA) for 20 min at 37°C in dark. Samples were then washed twice in 

PBS and the images were captured immediately under Leica DM IRB inverted 

microscope (Leica, Bensheim, Germany) using green fluorescence filter. 

 

3.2.6 Assessment of embryo mitochondrial activity     

 

Mitochondrial activity of the embryos from experimental groups was determined using 

MitoTracker® Red CMXRos (Invitrogen, Carlsbad, CA, USA). For this, ten embryos 

from each group were incubated with 200 nM of MitoTracker red dye for 45 min 

followed by twice washing with PBS and were then fixed overnight at 4°C in 4% 

formaldehyde. Fixed specimens were mounted on the slide with vectashield (H-1200) 

containing DAPI. Images were acquired with the suitable wavelength for the dyes at 

40x magnification under confocal laser scanning microscope, CLSM LSM-780 (Carl 

Zeiss, Germany). 

 

3.2.7 Lipid droplets staining   

 

Lipid droplets at blastocyst stage (first experiment) and 2-cell and blastocyst stage 

embryos (second experiment) from the experimental categories were determined using 

Oil red O staining according to established protocol (Ramirez-Zacarias et al. 1992) with 

slight modification. Briefly, the working solution was prepared by dissolving 4.2 g of 

Oil red O (Invitrogen, Carlsbad, CA, USA) in 1200 ml of absolute isopropanol, allowed 

settling overnight at room temperature. Oil red O working solution was then filtered, 

diluted with 900 ml of deionized water and stored at room temperature. Fifteen embryos 

from each category were fixed in 10% formalin for 60 min followed by twice washing 

using PBS. Thereafter, the embryos were incubated for 10 min in 60% isopropanol and 
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covered with the Oil red O solution for 60 min.  After the Oil red O was removed, the 

embryos were rinsed 4-5 times in PBS. The stained embryos were then examined and 

the images were captured under inverted microscope, DM-IRB (Leica, Bensheim, 

Germany). 

 

3.2.8 Assessment of blastocyst cell number 

 

Total blastocyst cell number of the cultured embryos either under low (5%) or high 

oxygen level culture conditions was quantified using nuclear fluorescence staining with 

the glycerol-based Hoechst 33342 (Sigma-Aldrich, Munich, Germany) according to the 

manufacturer’s procedure. Twenty blastocysts derived from 5% and 20% oxygen 

conditions were fixed for 5 min in a solution containing 2% formalin and 0.25% 

gluteraldehyde. The fixed blastocysts were mounted and stained for 10 min with 

glycerol based Hoechst 33342 (12.5 mg/ml) solution on clean glass slides. Stained 

nuclei appeared blue when visualized using an epi-fluorescent microscope (Olympus, 

Tokyo, Japan) fitted with a blue filter (excitation: 330-385 nm; emission: 420 nm; 

dichromatic: 400 nm). The cell number was scored for individual blastocysts from each 

culture group. 

 

3.2.9 Cryotolerance test  

 

The cryotolerance of bovine embryos was assessed as described previously (Li et al. 

2006). Briefly, blastocysts at Day 7 and 8 from each experimental category were 

equilibrated in a solution of 10% ethylene glycol and 10% DMSO for 2 min. Samples 

were then exposed to vitrification solution containing 20% ethylene glycol and 20% 

DMSO. Blastocysts were loaded into an open-pulled straw, then immediately plunged 

into liquid nitrogen. After freezing, the embryos were thawed by immersing the 

embryo-end of the open pulled straw in 0.3 mol/L sucrose for 5 min, then in 0.2 mol/L 

sucrose for 5 min and then in holding medium for 5 min. Finally, the embryos were 

cultured to determine hatching rate after thawing. 
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3.2.10 Statistical Analysis 

 

Data were statistically analyzed using Statistical Analysis System (SAS) version 9.1 

(SAS Institute Inc., Cary, NC, USA). Mean developmental and hatching rates of 

different treatment groups of embryos were analyzed by one-way ANOVA followed by 

a multiple pairwise comparison (Tukey test). SAS General Linear Model (GLM) was 

used to analyze the relative mRNA expression data. Differences in mean values were 

tested among treatments using ANOVA followed by a multiple pairwise comparison 

using t-test. Differences were considered significant (P<0.05). 
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4 Results 
 

4.1 In vitro development of bovine embryos under 5% and 20% oxygen levels 

 

Embryo developmental competence was evaluated in terms of cleavage and blastocyst 

rates during in vitro culture under high or low O2 levels. The cleavage rate did not differ 

significantly between groups, namely 79.1% for 20% and 77.8% for 5% oxygen 

conditions (Table 5). On the other hand, culturing embryos under 5% oxygen resulted in 

significantly higher (P < 0.05) blastocyst rates than those cultured at 20% oxygen 

(37.8% vs. 25.4%, respectively). 

 

Table 5: Developmental rates of bovine zygotes cultured under high or low oxygen 

level culture conditions until blastocyst stage. 

ab Values with different superscripts within columns differ significantly. 
 
4.2 Expression analysis of NRF2 mediated oxidative stress response and lipid 

metabolism pathway genes in bovine embryos cultured in vitro under oxidative 

stress conditions  

 

4.2.1 High oxygen level induced oxidative stress under in vitro culture conditions  

 

In order to validate the effect of the oxygen level as a source of oxidative stress in the 

standard in vitro culture system, we have compared ROS level in the embryos derived 

from high (20%) and low (5%) oxygen culture conditions. Subsequently, higher level of 

ROS have been detected in embryos cultured under high (20%) oxygen level after 

staining with ROS detector (H2DCFDA) compared to those cultured under 5% oxygen 

level (Figure 13). 

  
Cleavage rate 

Blastocyst rate 

Oxygen level 
 Day 7 Day 8 

No. of zygotes n (%) n (%) n (%) 

5 % O2 1372 1085 79.1 400 29.2 a 118 8.6 

20 % O2 1381 1074 77.8 224 16.2 b 127 9.2 
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Figure 13: ROS level of bovine blastocyst embryos derived from 5% and 20% oxygen 

culture environments. Scale bars, 70 μm. 

 

4.2.2 Expression analysis of NRF2 mediated oxidative stress response and lipid 

metabolism pathway genes in bovine embryos cultured at 5% and 20% oxygen   

 

 In order to quantify the mRNA expression level of the selected genes in the embryos 

cultured under high (20%) or low (5%) oxygen level culture conditions using qPCR, the 

suitability of GAPDH, as an endogenous control, under the experimental conditions was 

confirmed by analyzing its expression in the experimental groups of embryos. Under 

both oxygen level culture conditions, the differences in GAPDH transcription level did 

not reach to the statistical significance limits (Figure 14)  
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Figure 14: mRNA transcript abundance of housekeeping gene (GAPDH) in early 

developmental stages of bovine embryos cultured in vitro under 5 or 20% oxygen 

atmosphere. No statistically significant differences were observed (P < 0.05). 

 

4.2.2.1 Oxidative stress activated the embryonic NRF2 in a stage-specific manner 

 

To investigate the activity of NRF2 mediated oxidative stress response of embryos due 

to elevated ROS under oxidative stress conditions, gene expression level of NRF2 and 

its inhibitor (KEAP1) during different stages of embryonic development was compared 

under 5% (low) and 20% (high) oxygen levels. Results showed that, the relative 

abundance of NRF2 transcript was significantly higher in embryos cultured at high 

(20%) oxygen level than that of low oxygen group. This was mainly evident at 8-cell, 

16-cell and blastocyst stage embryos. However, at 2-cell and 4-cell stages, there were 

no significant differences between the groups. An opposite trend of expression was 

evident in all stages of development for NRF2 inhibitor KEAP1 gene. The mRNA 

expression level of KEAP1 was up-regulated in 8-cell, 16-cell and blastocyst stages in 

embryo under low (5%) compared to high (20%) oxygen level (Figure 15). 
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Figure 15: Expression levels of NRF2 and its inhibitor KEAP1 at various 

developmental stages. Expression was compared between in vitro-produced bovine 

embryos cultured under 5% (white bars) and 20% (black bars) oxygen. * P< 0.05. 

 

Immunofluorescence staining for NRF2 and KEAP1 proteins at blastocyst stage 

embryos from 20% versus 5% oxygen conditions paralleled the transcript abundance. 

Higher florescence intensity of nuclear NRF2 protein was detected in blastocysts from 

the 20% oxygen culture compared to the 5% oxygen condition. In contrast, blastocysts 

from 20% oxygen conditions expressed less KEAP1 protein (Figure 16). 

 

4.2.2.2 Oxidative stress induced changes in the expression of NRF2-regulated 

antioxidant genes  

 

To confirm whether the activation of NRF2 is associated with its downstream 

antioxidant genes, expression of NRF2 antioxidant downstream genes, namely SOD, 

CAT, PRDX1, HMOX1, NQO1 and TXN1, was investigated in pre-implantation stage 

embryos derived from 20% or 5% oxygen environments. Interestingly, the expression of 

SOD1, CAT and PRDX1 genes was higher in young, cleavage-stage embryos cultured 

in 5% than in 20% oxygen until the 8-cell stage, when the expression pattern reversed. 

Higher expression levels of NQO1, TXN1 and HMOX1 were detected at the 8- and 16-

cell stages for embryos cultured at 20% compared to 5% oxygen level (Figure 17). 
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Figure 16: Protein expression of NRF2 and KEAP1 in bovine blastocyst stage embryos 

cultured under 5% or 20% oxygen conditions. Labels A&B showing green fluorescence 

signals reveal NRF2 and KEAP1 protein localization, while blue (A1&B1) shows 

nuclear staining using DAPI. A2&B2 are merged images. Original magnification 40x. 

Scale bars, 50 μm. 
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Figure 17: Expression levels of NRF2 downstream antioxidant regulated genes (SOD1, 

CAT1, PRDX1, HMOX1, NQO1 and TXN1) at various developmental stages. 

Expression was compared between in vitro-produced bovine embryos cultured under 

5% (white bars) and 20% (black bars) oxygen. * P< 0.05. 
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4.2.2.3 Oxidative stress induced changes in the expression of lipid metabolism genes  

 

In addition to NRF2 mediated oxidative stress pathway related genes, the present study 

also looked at the effect of oxidative stress on the lipogenic pathway, specifically 

evaluating the expression of the lipid metabolism genes (SREBP1, ACACA1, CPT2 and 

PPARAα) in the same groups of embryos. Overall, the expression of SREBP1, 

ACACA1, CPT2 and PPARAα genes were higher in embryos derived from the 20% 

oxygen condition compared to those from 5% oxygen at various stages of development 

(Figure 18).  

 

 

Figure 18: The expression pattern of selected lipid metabolism genes (SREBP1, 

ACACA1, CPT2 and PPARAα) at various developmental stages. Expression was 

compared between in vitro produced bovine embryos cultured under 5% (white bars) 

and 20% (black bars) oxygen. * P< 0.05. 
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At 4-, 8-, 16-cell and blastocyst stages of development, SREBP1 transcript was 

significantly higher in embryos cultured at high (20%) oxygen level than that of low 

oxygen group. A similar trend of expression was evident in 8-cell and blastocyst stage 

embryos for SREBP1 downstream lipid biogenesis gene ACACA1. Higher expression 

levels of lipid catabolism gene CPT2 was observed at the time of major genomic 

activation, which is at 8- to 16-cell stage in bovine, till blastocyst stage of development 

under high compared to low oxygen level treatment group. In addition, except 4-cell 

stage, PPARAα transcript was significantly higher in earlier stages of development. 

   

4.2.3 Oxidative stress reduced the mitochondrial activity of the bovine embryos 

 

In order to evaluate the effect of elevated ROS on the mitochondria of the bovine 

embryos, mitochondrial activity was assessed in blastocysts derived from low (5%) and 

high (20%) oxygen tension culture conditions.  

 

 

Figure 19: Mitochondrial activity of bovine blastocysts derived from 5% and 20% 

oxygen conditions. Mitochondria were stained with MitoTracker red (A & B) and nuclei 

were stained with DAPI (A1 & B1). A2 and B2 show merged pictures of the protein and 

nuclei. Original magnification 40x. Scale bars, 50 μm. 
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As shown in Figure 19, blastocysts cultured in 5% oxygen exhibited higher 

mitochondrial activity compared to blastocysts derived from 20% oxygen culture, as 

evidenced by the high intensity of florescence dye detected by confocal microscopy. 

 

4.2.4 Effect of oxidative stress on embryo lipid accumulation  

 

In order to know whether the embryo metabolism, in terms of accumulation of lipid, 

was affected by the increased oxidative stress under in vitro culture conditions, Oil Red 

O staining was performed to detect the intracellular lipid content of blastocysts derived 

from 5% and 20% oxygen level. Indeed, culturing the embryos under high oxygen 

tension (20% O2) lead to a clear increase in lipid accumulation at blastocyst stage 

compared to low (5% O2) oxygen tension (Figure 20). 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Lipid droplet accumulation as stained by Oil Red O stain in blastocysts 

generated under low (5%) and high (20%) oxygen culture environment. Original 

magnification 40x. Scale bars, 70 μm. 
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4.2.5 Blastocyst cell number according to environmental oxygen tension 

 

Blastocyst cell number were counted in two group of embryos each containing 20 

embryos derived from high or low oxygen tension culture conditions. Blastocysts 

derived from 20% oxygen had significantly fewer cells (132 ± 29.5) compared to those 

from the 5% oxygen condition (155 ± 20). 

 

4.3 Association of NRF2 mediated oxidative stress response pathway activity with the 

developmental competence of bovine in vitro produced embryos 

 

4.3.1 NRF2 and KEAP1 gene expression in relation to embryo competence 

 

To investigate whether the activity of NRF2 mediated oxidative stress pathway in pre-

implantation bovine embryo under oxidative stress conditions is associated with embryo 

competence, cleavage and blastocyst developmental rate was taken as a model under 

high and low oxygen levels. The time of the first cleavage and time to reach to 

blastocyst stage were considered to categorize embryos as competent (early 2-cell and 

early blastocyst) and non-competent (late 2-cell and late blastocyst). Accordingly, the 

expression levels of NRF2 and KEAP1 were investigated in competent vs. non 

competent embryos either at 2-cell or blastocyst stage embryos. No significant 

differences were observed in the expression of NRF2 and its inhibitor (KEAP1) genes 

between early and late cleaving 2-cell stage embryos under low oxygen level. However 

both NRF2 and KEAP1 transcripts were higher in the late cleaving 2-cell stage 

compared to early ones under 20% oxygen tension (Figure 21). On the other hand, 

NRF2 mRNA was higher in early developing blastocyst embryos compared to the late 

developing ones in both 5% and 20% oxygen culture conditions. Moreover, a reverse 

expression trend was found for its inhibitor, KEAP1 (Figure 22).  
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Figure 21: Relative abundance of NRF2 and KEAP1 genes in early competent cleaving 

2-cell stage embryos (EC-2C, white bars) and late non-competent cleaving 2-cell (LC-

2C, black bars) derived from 5% or 20% oxygen level. * P< 0.05. 

 

 

Figure 22: Relative abundance of NRF2 and KEAP1 genes in early competent 

blastocysts (EB, white bars) and late non-competent blastocysts (LB, black bars) 

derived from low (5%) or high (20%) oxygen level culture conditions. * P< 0.05. 
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4.3.2 NRF2 and KEAP1 protein expression in relation to embryo competence 

 

Immunohistochemestry analysis was conducted to evaluate the expression level and 

localization of NRF2 and KEAP1 proteins in competent vs. non competent embryos 

generated under low (5%) and high (20%) atmospheric oxygen levels. As shown in 

Figure 23, 24 and 25, the protein expression level was in accordance with NRF2 and 

KEAP1 mRNA levels either in competent or in non-competent embryos derived from 

5% (low) or 20% (high) oxygen tension culture conditions. In the in vitro generated 2-

cell stage embryos, NRF2 and KEAP1 proteins showed the same immunohistochemical 

staining pattern (Figure 23).  

 

 

Figure 23: Expression and localization of NRF2 and KEAP1 proteins in early 

competent (EC-2C) vs. late in competent (LC-2C) cleaving 2-cell stage bovine embryos 

generated under 5% or 20% oxygen conditions. Labels A-D & A*-D* show NRF2 and 

KEAP1 proteins respectively in green, while blue (A1-D1& A*1-D*1) showed nuclear 

staining using DAPI. A2-D2& A*2-D*2 are merged images. Original magnification 

40x. Scale bars, 50 μm.  
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No clear differences were detected for the expression of NRF2 and KEAP1 proteins 

between early vs. late cleaving 2-cell embryos under low oxygen tension. Conversely, 

the expression of both proteins was slightly higher in late cleaving 2-cell embryos under 

high oxygen tension culture condition. 

More KEAP1 protein was detected in cytoplasm compared to the nucleus of the early 

and late 2-cell embryos cultured either under high or low oxygen levels, while NRF2 

was detected equally in both cytoplasm and nucleus. 

 

Figure 24: Localization of NRF2 protein in early (competent) (A & C) versus late (non-

competent) (B & D) bovine blastocyst-stage embryos cultured under 5% or 20% oxygen 

conditions. Labels A, B, C & D show NRF2 protein in green, while A1, B1, C1 & D1 

show nuclear staining in blue (DAPI). A2, B2, C2 & D2 are merged images of the 

protein and nuclei staining. Original magnification 40x. Scale bars, 50 μm. 
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At blastocyst stage of development, higher NRF2 protein was detected in both 

competent and non-competent blastocysts derived from 20% compared to 5% oxygen 

conditions (Figure 24). Conversely, the protein expression analyses of KEAP1 revealed 

lower level of KEAP1 in high oxygen tension  (20% O2) embryo group compared to 

low oxygen tension (5% O2) group (Figure 25). 

 

Figure 25: Localization of KEAP1 protein in early (competent) (A & C) versus late 

(non-competent) (B & D) bovine blastocyst stage embryos cultured under 5% or 20% 

oxygen conditions. Labels A, B, C & D show KEAP1 protein in green, while A1, B1, 

C1 & D1 show nuclear staining in blue (DAPI). A2, B2, C2 & D2 are merged images of 

the protein and nuclei staining. Original magnification 40x. Scale bars, 50 μm. 
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Moreover, under the same oxidative stress level, the transcription activity of NRF2 was 

higher in early blastocysts with clear accumulation of the protein in the nuclei of these 

embryos. In contrary, the late blastocyst embryos showed more cytoplasmic NRF2 

compared to nuclear protein, showing less activity of NRF2, in those embryos (Figure 

24). In addition, more KEAP1 protein signal could be observed in embryo cytoplasm 

than in the nuclei of both early and late blastocyst stage embryos either under 5% or 

20% oxygen level culture conditions (Figure 25).  

    

4.3.3 Expression of NRF2 downstream antioxidant genes in competent versus non-

competent embryos 

 

Four NRF2 antioxidant regulated genes (PRDX1, SOD1, CAT1 and TXN1) were 

selected for gene expression analysis in the early competent vs late incompetent 

embryos derived from high and low oxygen tension culture conditions. Results revealed 

that both PRDX1 and SOD1 antioxidants showed significant differences under high 

(20%) oxygen level in late compared to early cleaving 2-cell stage embryos (Figure 26). 

In contrast, CAT and TXN1 did not show any significant differences at the same 

oxygen level. Similarly except SOD1 gene, which was significantly higher at late 

cleaving 2-cell stage embryos, all NRF2 downstream antioxidant genes (PRDX1, CAT1 

and TXN1) were not different between early and late cleaving 2-cell embryos under low 

oxygen tension (Figure 26).     

At blastocyst stage, generally, the gene expression pattern results supported the findings 

of the first experiment, where the expression level of NRF2 downstream antioxidant 

related genes (PRDX1, SOD1, CAT1 and TXN1) was high in the 20% oxygen group 

(Figure 27). Moreover, consistent with the expression of NRF2, higher expression of 

PRDX1, SOD1, CAT1 and TXN1 antioxidants was found in competent blastocysts 

compared to their non-competent counterparts at both oxygen levels (Figure 27). 
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Figure 26: Relative abundance of NRF2 antioxidant downstream regulated genes 

(PRDX1, SOD1, CAT1 and TXN1) in early cleaving 2-cell (EC-2C, white bars) vs. late 

cleaving 2-cell (LC-2C, black bars) derived from low (5%) or high (20%) oxygen level 

culture conditions. * P< 0.05. 

 

4.3.4 Expression of genes related to lipid metabolism genes in competent vs. non-

competent embryos  

 

Two lipid metabolism genes namely SREBP1, which is involved in lipid biosynthesis, 

and CPT2, which plays a central role in lipid beta-oxidation in mitochondria, were 

selected for gene expression analysis using qPCR. Although the gene expression 

analysis results of SREBP1 didn’t show any significant differences between early and 

late cleaving 2-cell stage embryos under high or low oxygen level, its expression was 

increased as a result of elevated oxygen level under in vitro culture atmosphere (Figure 

28). 
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Figure 27: Relative abundance of NRF2 antioxidant downstream regulated genes 

(PRDX1, SOD1, CAT1 and TXN1) in early blastocyst (EB, white bars) vs. late 

blastocyst (LB, black bars) derived from low (5%) or high (20%) oxygen level culture 

conditions. * P< 0.05. 

 

The CPT2 gene mRNA level was found to be higher (P≤0.05) in early cleaving 2-cell 

embryos at 5% oxygen level, while no difference was observed under 20% oxygen level 

(Figure 28). In addition, at blastocyst stage, while the expression of SREBP1 gene was 

significantly different between early vs. late blastocyst stage only at 5% oxygen 

concentration, CPT2 mRNA expression was significantly higher in early blastocyst 

compared to late ones at both oxygen levels (Figure 28).  
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Figure 28: Relative abundance of lipid metabolism related genes (SREBP1 and CPT2) 

in early cleaving 2-cell (EC-2C, white bars) vs. late cleaving 2-cell (LC-2C, black bars), 

and early blastocyst (EB, white bars) vs. late blastocyst (LB, black bars) derived from 

low (5%) or high (20%) oxygen level culture conditions. * P< 0.05. 

 

4.3.5 ROS level in relation to embryo competence under low and high oxygen tension 

  

In order to investigate whether the different activity levels of NRF2 in different 

competent group embryos at both mRNA and protein level is associated with the ROS 

level, the intercellular ROS level were investigated using green fluorescent probe 

(H2DCFDA) in early and late generated embryos under high and low oxygen tension 

culture conditions. At both oxygen levels, intracellular ROS of both early cleaving 2-

cell and blastocyst stage embryos were lower than their late developing embryo 

counterparts (Figure 29).  
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Figure 29: ROS staining of early cleaving 2-cell (EC-2C) vs. late cleaving 2-cell (LC-

2C), and early blastocysts (EB) vs. late blastocysts (LB) derived form 5% and 20% 

oxygen conditions. Labels A1-D1 show ROS (green) in all competent categories under 

low (5%) oxygen level, while A2-D2 show ROS in all categories of embryos under high 

(20%) oxygen level culture conditions. Original magnification 40x. Scale bars, 70 μm. 
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4.3.6 Mitochondrial activity alterations  

 

To investigate the effect of ROS accumulation levels on the mitochondrial activity in 

the early and late embryos, which have shown to have varying activity of NRF2, the 

activity of the mitochondria were determined at 2-cell and blastocyst stages either under 

high or low oxygen tension conditions. Results demonstrated that, early 2-cell and 

blastocyst stage embryos which were considered developmentally competent have more 

mitochondrial activity than late 2-cell and blastocyst counterparts (Figure 30 and 31 

respectively). 

   

Figure 30: Mitochondrial activity of early vs. late cleaving 2-cell derived from 5% or 

20% oxygen culture conditions after staining by MitoTracker (red fluorescent). Nuclei 

are stained with DAPI (blue). Original magnification 40x. Scale bars, 50 μm. 
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Figure 31: Mitochondrial activity of early and late developing blastocysts derived from 

5% or 20% oxygen conditions after staining by MitoTracker (red fluorescent). Nuclei 

are stained with DAPI (blue). Original magnification 40x. Scale bars, 50 μm. 

 

4.3.7 Embryo metabolism in relation to lipid droplet accumulation 

 

In order to elucidate whether mitochondrial activity differences in early vs. late embryos 

at both 5% and 20% O2 level is associated with disturbed embryo metabolism which 

lead to lipid accumulation, embryos were stained with Oil red O system.  
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Figure 32: Lipid droplet accumulation as stained by Oil Red O stain in early cleaving 2-

cell (EC-2C) vs. late cleaving 2-cell (LC-2C), and early blastocysts (EB) vs. late 

blastocysts (LB) derived form low (5%) and high (20%) oxygen level culture 

conditions. Original magnification 40x. Scale bars, 70 μm. 
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The obtained pictures by light microscopy demonstrate that, lipid accumulation in early 

blastocysts cultured under 5% and 20% oxygen tensions were lower than the late ones. 

While no clear differences were observed at 2cell between early vs. late embryos 

(Figure 32).  

 

4.3.8 Cryotolerance of competent vs. incompetent embryos 

 

In the present study, embryo hatching rate was used as an indicator of embryo survival 

ability after cryopreservation. To determine the association between the NRF2 activity 

and embryo survival ability, we compared the hatching rate of competent vs. 

incompetent blastocyst embryos derived from 5% and 20% oxygen levels culture 

conditions. The results revealed that the early developing blastocysts had higher 

hatching rate accompanied by more NRF2 activity (Figure 22 and 24) than the late 

group after freezing and thawing (Figure 33).  

 

 

Figure 33: Hatching rate of early and late developing blastocysts derived from 5% or 

20% oxygen conditions after vitrification freeze-thaw. Asterisks (*) represent 

statistically significant differences (P<0.05) between early and late developing 

blastocysts at each oxygen culture condition.
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5 Discussion 
 

Compared to the in vivo environment, the in vitro culture conditions are still known for 

being suboptimal to the bovine preimplantation embryo development, which is 

manifested by a dramatic change in the transcriptome profile and metabolism of the IVP 

embryos and subsequently resulted in embryos of poor quality (Gardner et al. 2013, 

Khurana and Niemann 2000, Lazzari et al. 2002, Lonergan et al. 2003a, Niemann and 

Wrenzycki 2000, Rizos et al. 2001, Rizos et al. 2002b, Rizos et al. 2002c, Rizos et al. 

2003, Thompson et al. 1998). Looking into the differences between in vitro and in vivo 

environment, in addition to culture media components, there is a significant difference 

in the oxygen levels, which is relatively higher under in vitro environment. High level 

of oxygen during in vitro culture is known to be one of the sources of oxidative stress to 

the embryo. Oxidative stress has been defined as an imbalance between the production 

of ROS and the activity of antioxidants that are responsible for ROS scavenging from 

the cells. Hence, cell can overcome the oxidative stress by reducing ROS production 

through increasing the activity and availability of the antioxidants (Agarwal et al. 

2005b, Sies 1986). Thus, understanding the embryo antioxidant adaptive responses may 

help to design a strategy to decrease the detrimental effect of oxidative stress and 

improve the embryo developmental competence under in vitro culture conditions. 

Recently, stage specific exposure of embryos to in vitro or in vivo environment has 

been shown to result in blastocysts which differ in their transcriptome profile mainly in 

the activity of NRF2 mediated oxidative stress response pathway (Gad et al. 2012). In 

order to elucidate embryos reaction to the elevated oxygen tension, keeping the culture 

environment constant, groups of embryos in different stages of development were 

exposed to higher or lower oxygen tension in the same vitro culture media condition to 

investigate the effect of oxidative stress on embryo development and activity of NRF2 

mediated oxidative stress response pathway and its association with embryo survival 

and metabolism. 

  

5.1 High oxygen level in in vitro culture environment induces oxidative stress during 

early embryo development  

 

Amongst the several factors controlling the embryo production of mammalian embryos, 

oxygen concentration in in vitro culture environment is considered as a critical 
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component in all of the in vitro culture systems (Dumoulin et al. 1999, Kitagawa et al. 

2004, Luvoni et al. 1996, Thompson et al. 1990). Several studies have compared 

between culturing embryos in vitro under atmospheric oxygen concentration and low 

(5%) oxygen level as in oviduct. They showed that culturing embryos in vitro under 

high oxygen level (20%) creates unfavorable conditions that enhance the generation of 

ROS and induce the oxidative stress to the embryos (Favetta et al. 2007, Goto et al. 

1993). Oxidative stress induced by ROS was previously reported as a promoter for 

many detrimental effects during the IVP procedure resulting in reduction of embryo 

quality and delay in embryonic development (Agarwal et al. 2003, Agarwal et al. 2005a, 

Das et al. 2006, Harvey et al. 2002, Khurana and Niemann 2000, Liu and Keefe 2000, 

Paszkowski and Clarke 1996). In agreement with that, in the present study, results 

showed that culturing embryos under high oxygen level (20%) in vitro until blastocyst 

stage induced accumulation of ROS (Figure 13) which is associated with reduced 

embryo cell number and blastocyst formation rate (Table 5). On the other hand, reduced 

environmental oxygen concentration in the culture atmosphere may improve embryo 

development via improving the energy metabolism (Khurana and Wales 1989). 

Therefore, three possible ways to minimize oxidative stress damage to embryos were 

suggested during in vitro production of mammalian embryos process: 1) reducing the 

oxygen concentration in the gas phase of incubators used for maturation, fertilization 

and embryo culture; 2) deploying the formulation of embryo culture media to include 

some elements designed to increase the ability of embryos to fight against oxidative 

damage mediated by ROS; and 3) decreasing the duration of insemination as much as 

possible to reduce the harmful effect of oxidative stress damage caused by spermatozoal 

metabolism (Catt and Henman 2000). 

 

5.2 Activity of NRF2 and its inhibitor KEAP1 in response to oxidative stress  

 

NRF2/KEAP1 system is one of the cell self defense mechanisms against oxidative 

stress. NRF2 is a transcription factor that works as a system with KEAP1 protein in 

response to oxidative stress to reduce the ROS level by activating battery of 

cytoprotective and antioxidant genes through a common DNA regulatory elements, 

termed (AREs) or the antioxidant response elements (Itoh et al. 1997, Kobayashi et al. 

2006, Nguyen et al. 2000, Nguyen et al. 2003). The potential functions of the 
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NRF2/KEAP1 signaling pathway as cytoprotective system against oxidative stress has 

been verified using either NRF2 knock-out mice or its cells (Chanas et al. 2002, Cheung 

et al. 2012, Enomoto et al. 2001, Gong and Cederbaum 2006a, Khor et al. 2008, Ramos-

Gomez et al. 2001). Recently, in series of experiments, which have just been published 

in 2012, designed to investigate the molecular mechanisms and pathways which are 

involved in bovine embryonic genome activation, it has been identified that NRF2 

pathway to be one of the dominant pathways affected when embryos are exposed to 

various environmental stressors (Gad et al. 2012, Held et al. 2012). However, the role of 

NRF2 pathway in embryonic development is not well understood. Therefore, in the 

present study, an in vitro model with high or low oxygen tension was used to investigate 

the effect of oxidative stress on the activity of NRF2 mediated oxidative stress response 

pathway during early bovine embryos development. 

In response to oxidative stress, in the present study, NRF2 transcript abundance was 

higher starting from 8-cell stage. However, before 8-cell stage, NRF2 activity was not 

triggered by oxidative stress, since the embryo is dependent on maternal store of NRF2 

pathway related genes transcripts. Therefore, it is evident here that the elevated 

expression of NRF2 gene at mRNA level in embryos cultured under 20% O2 as reaction 

to accumulated ROS is dependent on the activation of embryonic genome. Supporting 

that, several investigators observed a culture environment-dependent expression of 

genes involved in bovine embryo differentiation, apoptosis and oxidative stress 

response after embryonic genome activation, at blastocyst stage (Rizos et al. 2002b, 

Rizos et al. 2003, Wrenzycki et al. 2001). In addition, higher NRF2 mRNA and protein 

expressions of embryos at 20% O2 in this study may reflect an internal response to resist 

the increased oxidative stress under in vitro conditions. Similar NRF2 response was 

observed in mammalian cells exposed to different oxidative stress induction factors 

such as ethanol (Dong et al. 2008), heavy metals (He et al. 2007), cigarette smoke 

(Knorr-Wittmann et al. 2005) and arachidonic acid (Gong and Cederbaum 2006b).  

Under oxidative stress free condition, inactive form of NRF2 is abundant being 

sequestered by KEAP1 protein in the cytoplasm. Therefore, the ability of NRF2 to 

activate its downstream antioxidants is regulated by its inhibitor, KEAP1, activity 

(Dhakshinamoorthy and Jaiswal 2001, Itoh et al. 1999). In response to oxidative stress, 

cytoplasmic KEAP1, which is acting as a redox sensor, releases NRF2 protein as free  

molecule to be translocated into the nucleus to activate AREs of many cytoprotective 
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genes and NRF2 itself (Itoh et al. 2003, Lau et al. 2008, Nguyen et al. 2003, Osburn and 

Kensler 2008). A recent study provided evidence that knockdown of KEAP1 using 

siRNA enhanced the NRF2 transcriptional activity in the 36M2 human epithelial 

ovarian cancer cell line in vitro (Konstantinopoulos et al. 2011). In agreement with this 

observation, in the present study, a reciprocal NRF2 and KEAP1 gene and protein 

expression patterns were observed in blastocyst stage embryos exposed to low or high 

oxygen level.  

 

5.3 Expression of NRF2 antioxidant downstream genes in response to oxidative stress 

 

NRF2 controls several antioxidant pathways (reviewed by Giudice et al. 2010 and 

Gorrini et al. 2013) including: (1) NADPH production, which is controlled by G6PD 

(glucose-6-phosphate dehydrogenase), PHGDH (phosphoglycerate dehydrogenase), 

ME1 (malic enzyme 1) and IDH1 (isocitrate dehydrogenase 1); (2) TXN generation and 

ultilization, which are regulated by TXN1, TXNRD1 (thioredoxin reductase 1) and 

PRDX1; (3) GSH production, regeneration and utilization which are controlled by 

GCLM (glutamate–cysteine ligase complex modifier subunit), GCLC (the GCL 

catalytic subunit), GSR (glutathione reductase), cystine/glutamate transporter XCT, 

GPX2 (glutathione peroxidase 2) and GSTs (glutathione S-transferase family incudes 

GSTA1, GSTA2, GSTA3, GSTA5, GSTM1, GSTM2, GSTM3 and GSTP1). Moreover, 

additional antioxidant enzymes, which are working together as a system for scavenging 

ROS from the cell, are also controlled by NRF2 such as SODs and CAT. These groups 

of antioxidants have complementary and overlapping antioxidant functions and are all 

upregulated by activation of NRF2 (Giudice et al. 2010, Gorrini et al. 2013, Yeh and 

Yen 2006, Zhu et al. 2005). In the present study, selected antioxidant genes (SOD1, 

CAT, PRDX1, HMOX1, NQO1 and TXN1) from different antioxidant pathways 

regulated by NRF2 were analyzed during specific stage of development in embryos 

derived from low and high oxidative stress culture conditions. Those embryos exhibited 

different gene expression patterns under oxidative stress conditions either before or after 

embryonic genome activation.  
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5.3.1 Transcript abundance of NRF2 antioxidant downstream genes before embryonic 

genome activation under oxidative stress conditions  

 

It is a widely accepted fact that the embryo protection against oxidative stress during 

earlier stages of development, in part, is driven by maternal pool of antioxidant enzymes 

which were stored in the oocyte as a set of mRNA transcripts and proteins during 

oogenesis (El Mouatassim et al. 1999, Harvey et al. 1995). In agreement with this, in 

the present study, abundance of NRF2 antioxidant downstream genes before 8-cell stage 

was not significantly triggered by oxidative stress. Some of the antioxidants namely 

SOD1, CAT and PRDX1 showed significantly lower abundance in 2- and 4-cell stage 

embryos under high oxygen tension compared to those cultured under low (5%) oxygen 

level. This is maybe due to that the embryo under high oxygen tension utilized more 

antioxidants of maternal origin to scavenge the accumulated ROS which is important 

for their development and survival under oxidative stress culture conditions (Agarwal et 

al. 2005b, El Mouatassim et al. 1999, Harvey et al. 1995).  

 

5.3.2 Transcript abundance of NRF2 antioxidant downstream genes after embryonic 

genome activation under oxidative stress conditions 

 

Major embryonic genome activation occurs at 8- to 16-cell stage of bovine embryonic 

development. Before 8-cell stage, the control of early embryonic development gradually 

shifts from maternal RNAs transcripts and proteins which are stored in the oocyte to 

gene products which are generated after embryonic genome activation (Memili et al. 

1998). Previous results of different studies identified several hundred transcripts with 

increased abundance in bovine embryos by the time of embryonic genome activation 

(Held et al. 2012, Misirlioglu et al. 2006, Vigneault et al. 2009). Ontology classification 

of the differentially expressed genes in these studies showed that they are involved in 

many cellular functions and pathways including RNA processing, chromatin structure, 

transcription and protein biosynthesis, signal transduction, cellular response to stress 

and antioxidant activity. Therefore, the embryo performance during early development 

is greatly influenced by the activation of its genome. For instance, it has been observed 

that 8- to 16-cell bovine embryos are more resistant to oxidative stress induced by H2O2 

than zygotes. These different sensitivities to oxidative stress, before and after the time 
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of embryonic genome activation, are due to variations in the embryo defense 

mechanisms during the embryonic development (Morales et al. 1999). In the current 

study, in line with the expression of NRF2 in those embryos which survived and 

reached the required stage of development in acceptable developmental time window, 

the expression of NRF2 downstream antioxidants (SOD1, CAT, PRDX1, HMOX1, 

NQO1 and TXN1) showed higher expression starting from 8-cell stage onwards in 

those embryos cultured at high oxygen level. This may reflect the bovine embryo ability 

to activate NRF2 antioxidant pathway related genes at the time of embryonic genome 

activation. Moreover, the higher abundance of antioxidants was associated with the 

presence of active form of NRF2 protein, which is localized in the nucleus to activate 

antioxidant genes by binding to AREs site (Lau et al. 2008, Nguyen et al. 2003, Osburn 

and Kensler 2008). Similar observations were also reported by several investigators 

which showed high antioxidant activity for many antioxidant genes such as CAT and 

SOD1 (Dreger et al. 2009, Yeh and Yen 2006, Zhu et al. 2005), HMOX1 and NQO1 

(Ade et al. 2009, Ben-Dor et al. 2005, Nerland 2007), PRDX1 (Kim et al. 2007), TXN1 

(Im et al. 2012) and SOD2 and GPX3 (Konstantinopoulos et al. 2011) as a result of 

increased NRF2 activity in the cell. In addition, pretreatment with the NRF2 inducer, 

3H-1,2 dithiole-3-thione (D3T), significantly induced NRF2 protein expression and 

NRF2-ARE binding in mouse embryos. As a result, the mRNA expression of NRF2 

downstream target genes including SOD1, SOD2, SOD3, CAT, GSR, TXN1, TXN2, 

GSH and GPX1 and 3 was strongly increased. It also improved the levels and the 

activities of the antioxidant enzymes and significantly decreased the ROS levels and 

apoptosis in mouse embryos. These results suggested that NRF2-mediated oxidative 

stress response is involved in the induction of antioxidant response and may serve as a 

shield to protect the embryo against oxidative stress during embryo development in 

mouse (Dong et al. 2008, Harris and Hansen 2012).  

 

5.4 Oxidative stress induces lipid accumulation during early bovine embryo 

development  

 

In addition to the genes associated with NRF2 mediated oxidative stress response 

pathway, several lipid metabolism genes were also found to be affected by stage-

specific alternate in vitro or in vivo culture of bovine embryos (Gad et al. 2012). Recent 
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reports also suggested a potential involvement for NRF2 in lipid metabolism as well as 

lipid accumulation in mouse liver (Huang et al. 2010, Okada et al. 2009, Tanaka et al. 

2008). Accumulation of lipid is one of the major problems in IVP embryos which lead 

to a reduced cryotolerance after freezing and thawing (Abe et al. 2002). Exposure of 

embryos to high oxygen tension resulted in up-regulation of SREBP1 gene and its 

downstream lipid biosynthesis gene ACACA1 beyond 8-cell stages (Figure 18). 

SREBF1 is known to be activator for many genes involved in lipid biosynthesis (FAS 

and ACACA1). Several studies previously observed more SREBF1 activity under 

oxidative stress conditions that lead to induce lipid accumulation in different 

mammalian cells (Eberle et al. 2004, Ferre and Foufelle 2007, Matsuzawa et al. 2007, 

Sekiya et al. 2008, Tanaka et al. 2008). On the other hand, CPT2 and PPARAα which 

are involved in lipid oxidation pathways were also up regulated in the present study as a 

response to the increased oxidative stress, but it may not have been sufficient to break 

down the excessive lipid accumulation under embryo in vitro culture condition. 

The reasons for accumulation of lipid in in vitro produced embryos can be either due to 

application of serum as an external source of excess lipid (Ferguson and Leese 1999, 

McEvoy et al. 2000, McEvoy et al. 2001) or the inability of the embryo to metabolize 

the available lipid due to disturbed mitochondrial activity as a result of excessive 

accumulation of ROS (Abe et al. 2002, Barcelo-Fimbres and Seidel 2007a). The later 

could be evidenced in the present study in which embryos from the same in vitro culture 

condition showed significant differences in the accumulation of ROS (Figure 13), 

mitochondrial activity (Figure 19) and lipid accumulation (Figure 20) under high 

oxygen tension culture condition.  

 

5.5 Embryo survival under oxidative stress condition is associated with the activity of 

NRF2 mediated oxidative stress response pathway 

 

The findings of the first part of this work evidenced stage dependent variation in 

NRF2/KEAP1 response mechanism of embryos to environmental oxidative stress. Since 

this analysis was performed using embryos which have survived and reached to the 

required stage of development in acceptable time window, it was not possible to know 

the status of NRF2 defense mechanism of those embryos which did not survive and 

reached to the required stage of development under oxidative stress condition. Thus, in 
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order to associate embryo’s NRF2 mediated oxidative stress response to its 

developmental potential and survival under oxidative stress condition, developmental 

rates of first cleavage and blastocyst formation were used as a metric to distinguish 

between embryos with high or low competence for further development. This model has 

been used in several species due to the fact that early developing 2-cell and early 

blastocyst embryos are competent to induce higher rate of successful pregnancy after 

transfer as compared to their late developing counterparts (Barrenetxea et al. 2005, 

Bernardi and Delouis 1996, Grisart et al. 1994, Hasler et al. 1995, Hasler 2000, Lee et 

al. 2012, Lonergan et al. 1999, Monson et al. 1992, Muthukumar et al. 2013, Plante et 

al. 1994, Shapiro et al. 2001). These differences in developmental competence are 

found to be associated with the alteration in expression of developmentally important 

genes associated with various embryonic physiological processes (Brevini et al. 2002, 

Dode et al. 2006, Fair et al. 2004). Therefore, in addition to the activity of NRF2 

mediated oxidative stress response and its cytoplasmic inhibitor KEAP1, selected  

NRF2 antioxidant target genes (CAT, PRDX1, SOD1 and TXN1) were evaluated in 

early cleaving 2-cell and early blastocyst embryos (as developmentally competent 

embryos) vs. late cleaving 2-cell and late blastocysts (as incompetent embryos). At 2-

cell stage, the transcripts of NRF2, its antioxidant targets and the cytoplasmic inhibitor 

KEAP1 seem to be inherited from the maternal mRNA which is accumulated during 

oogenesis. In addition, the decreased mRNA level of those genes which was observed in 

the early 2-cell embryos under high oxygen level may reflect better efficiency to use the 

stored maternal transcripts before the embryonic genome activation. This may also 

explain the reduced ROS level in the early 2-cell embryos under high oxidative stress 

conditions (Figure 29) which may contribute to enhance the cleavage processes of those 

embryos earlier than their late counterparts. At blastocyst stage, early developing or 

competent embryos showed higher activity of NRF2 which expressed as mRNA and 

nuclear active protein. The abundance of NRF2 protein in the nucleus is accompanied 

by higher abundance of antioxidant genes (CAT, PRDX1, SOD1 and TXN1) in early 

competent blastocysts (Figure 27) and subsequently resulted in reduced ROS 

accumulation (Figure 29). A similar study showed the association of antioxidants 

expression and ROS accumulation in early cleaving competent and late cleaving non 

competent 2-cell stage embryos (Held et al. 2012). In addition, several studies have 

evidenced that translocation of NRF2 protein into the nucleus has been shown to 
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increase the expression of antioxidants, which have been tested in the current study, 

including PRDX1 (Kim et al. 2007, Ohta et al. 2008), TXN1 (Li et al. 2010), CAT and 

SOD1 (Dong et al. 2008). In contrary, loss of NRF2 functions leads to reduction of the 

activity of many antioxidants and induce oxidative stress in cells, which  is indicated by 

increased intracellular ROS levels and resulted in early embryonic cell death (Leung et 

al. 2003). Taken together, the results strongly suggested that embryo ability to survive 

and develop under oxidative stress condition is associated with its ability to activate 

NRF2 mediated defense mechanism which is playing a vital role for activation of 

antioxidant defenses to scavenge the accumulated ROS.  

 

5.6 Mitochondrial activity is associated with the activity of NRF2 

 

Mitochondria are known to play a vital role in early embryo metabolism and their 

subsequent function is associated with developmental competence (Barnett and Bavister 

1996, Leese 2012, Tarazona et al. 2006, Wilding et al. 2001). Oxidative stress induced 

by ROS accumulation has been implicated as a causative factor for mitochondrial 

deficiency (Cui et al. 2012, Kowaltowski and Vercesi 1999, Milei et al. 2001, 

Shokolenko et al. 2009). In the present study, early competent 2-cell and blastocyst 

embryos, which have lower ROS accumulation, showed higher mitochondrial activity 

than their late non-competent counterparts with elevated ROS accumulation. These 

results were in agreement with the findings of Tarazona et. al., (2006) in bovine which 

showed high mitochondrial activity levels in the competent embryos. So far, this study 

has established a direct relationship between embryo developmental competence and 

activation of NRF2 mediated oxidative stress response pathway, reduced ROS 

accumulation and active mitochondria at blastocyst stage. This notion is supported by 

several studies which confirmed the fact that NRF2 mediated oxidative stress response 

is postulated to play a role in the protection of mitochondria against oxidative stress 

damages and regulation of the mitochondrial biogenesis (Greco and Fiskum 2010, 

MacGarvey et al. 2012, Piantadosi et al. 2008, Ungvari et al. 2011). In addition, 

activities of several NRF2 antioxidant downstream genes, such as SOD1, PRDX1 and 

CAT, were previously observed in mitochondria and suggested to reduce the ROS 

accumulation and oxidative injury to the mitochondria (Bai et al. 1999, Bai and 

Cederbaum 2001, Okado-Matsumoto and Fridovich 2001). While in the early 2-cell 
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embryos, high mitochondrial activity maybe due to the activity of the maternal inherited 

antioxidants or depends on another antioxidant systems. The activity of the different 

antioxidant mechanisms may only turn on during specific stages of development 

(Hansen 2012).  

Mitochondria are the power manufacture of the cells. They are generating energy as an 

ATP from different sources via a set of metabolic processes such as fatty acid beta 

oxidation. Recently, it has been shown that addition of L-carnitine and ammonium 

compound to the culture media improved the fatty acid translocation into the 

mitochondria and initiated the lipid beta oxidation process, as a result, the mitochondrial 

activity was increased and the cleavage rate was improved in porcine embryos (Somfai 

et al. 2011). The CPT2 transcript, which is responsible for the fatty acid translocation 

into the mitochondrial matrix for beta oxidation process, is found to be highly abundant 

in competent blastocysts, which showed reduced lipid droplets after Oil red O staining. 

In addition, recent NRF2 knockout mouse model studies suggested a potential role for 

NRF2 in hepatic lipid accumulation in liver (Huang et al. 2010, Tanaka et al. 2008).  

However, direct association of NRF2 mediated oxidative stress response pathway with 

the bovine embryo metabolism in general and lipid metabolism in particular needs 

further investigation. 

 

5.7 Cryotolerance of embryos is associated with their NRF2 activity  

 

The embryo capability to an outstanding cryopreservation with limited loss in viability 

is indispensable to success of the final outcome of in vitro production technique. At 

present, embryos that have been cryopreserved show greatly reduced viability following 

thaw and transfer compared with the fresh embryos that have not been cryopreserved. It 

is plausible that cryopreservation may raise the rates of lipid peroxidation in cell 

membranes as a result of an increase in ROS levels. Therefore, cryopreservation process 

is considered to be one of the main inducers for oxidative injury during in vitro 

production of mammalian embryos, which decrease the developmental competence 

after embryo thawing (Lane et al. 2002, Rahimi et al. 2003, Zhao et al. 2012). In 

gametes, it has been demonstrated that levels of antioxidants are reduced following 

cryopreservation (Bilodeau et al. 2000, Marti et al. 2008). In addition to the beneficial 

effect of culture media supplementation with antioxidants to the early embryo 
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development, there has been a significant improvement in the quality in form of  ability 

of those embryos to survive after cryopreservation (Goto et al. 1992, Nasresfahani et al. 

1990a, Noda et al. 1991, Nonogaki et al. 1991, Nonogaki et al. 1992, Tarin and 

Trounson 1993). In the present study, hatching rate of the early competent vs. late 

incompetent blastocysts was evaluated as an indicator for the embryo viability and 

ability to survive after cryopreservation. Developmentally competent blastocysts 

derived from both oxygen levels showed a better hatching rate after cryopreservation 

than their non-competent counterparts. This may be attributed to activated NRF2 

oxidative stress response in competent embryos which enable them to overcome the 

oxidative stress induced by the cryopreservation procedure (Lane et al. 2002, Rahimi et 

al. 2003, Zhao et al. 2012). 

In conclusion, this study has demonstrated the potential role of NRF2-mediated 

oxidative stress response pathway activity in bovine preimplantation embryo 

development and survival under oxidative stress condition for the first time. Moreover, 

results of the present study support the hypothesis that the fate of early bovine embryo 

under suboptimal environmental condition is associated with its ability to activate the 

oxidative stress defense mechanism, which is mainly driven by NRF2 mediated stress 

response pathway. The findings of the present study are summarized schematically to 

show the relationship between the activity of the NRF2-mediated oxidative stress 

defense mechanism and embryo developmental competence under suboptimal culture 

condition (Figure 34).  
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Figure 34: Hypothetical model of the NRF2-mediated oxidative stress response pathway 

in competent (embryos that reach the blastocyst stage at 7 days pi) and incompetent 

(embryos that reached the same stage at 8 days pi) under a suboptimal culture 

environment. Competent blastocysts have an active NRF2 protein that is localized in the 

nucleus, where it binds to the antioxidants reactive elements (AREs) in the promoters of 
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antioxidant genes. This activates antioxidant gene expression so the respective proteins 

can scavenge the ROS and subsequently maintain the activity of mitochondria for better 

metabolism of lipids (L). In the case of incompetent embryos, however, inactive NRF2 

leads to lower levels of antioxidants and subsequent accumulation of ROS, which 

impair the activity of mitochondria and embryo metabolism. As a result of this 

disturbed metabolism, lipid (L) accumulates in those embryos. 
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6 Summary 
 

IVP of bovine embryos is one of the most important tools to improve the genetic 

potential of cattle. Moreover, it has been used to study the biology and molecular 

mechanism of embryogenesis. During IVP of bovine embryos, high oxidative stress can 

negatively affect oocyte maturation, fertilization and early embryo development. Thus, 

the protection against oxidative stress is one of the mechanisms of the embryo to 

survive under suboptimal environment. NRF2 is a key transcriptional factor that binds 

with AREs to activate battery of antioxidant genes and tackle the oxidative stress. 

Therefore, in the present study, two experiments have been preformed to investigate the 

association between NRF2 mediated oxidative stress response activity during the early 

embryonic development and the ability of the in vitro produced bovine embryos to 

survive under oxidative stress conditions. The aim of the first experiment was to 

examine whether the pre-implantation bovine embryos are able to activate NRF2-

mediated oxidative stress response, its downstream antioxidant genes (CAT1, HMOX1, 

NQO1, PRDX1, SOD1 and TXN1) and genes that control lipid metabolism and 

believed to be regulated by NRF2 (SREB1, ACACA, CPT2 and PPARAα) under 

oxidative stress conditions. In addition, in blastocyst stage embryos, the effect of 

oxidative stress on the generation of ROS and their implications on embryonic 

metabolism, in terms of mitochondrial activity and lipid content, have been observed. 

For this, oocytes collected from slaughter house ovaries were in vitro matured, in vitro 

fertilized and in vitro cultured under 5% or 20% oxygen level culture conditions. 

Following this, the 2-, 4-, 8-, 16-cell and blastocyst stages embryos were collected at 32, 

48, 72, 92 and 168-192 hpi from each treatment group. Three biological replicates, each 

containing fifty 2-cell, thirty 4-cell, twenty 8-cell, fifteen 16-cell and ten blastocyst 

stage embryos were used for RNA isolation using PicoPure RNA isolation kit (Arcturs, 

Munich, Germany). Following this, cDNA synthesis was performed in 20 µl of total 

reaction volume. Gene expression level of NRF2 and its downstream target genes, 

NRF2 inhibitor (KEAP1) and genes involved in lipid metabolism were measured using 

qPCR. The data analysis was then performed using relative standard curve method 

using GAPDH as internal normalizer. In addition, immunohistochemistry was used to 

detect spatial protein expression of NRF2 and KEAP1 in the blastocyst stage embryos. 

Results of the first experiment showed that, as a response to induced oxidative stress 

conditions, blastocysts cultured under 20% oxygen exhibited higher ROS level than the 
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5% oxygen groups. In addition, the mRNA expression level of NRF2 was up-regulated 

while the expression level of its inhibitor, KEAP1, was reduced in 8-cell, 16-cell and 

blastocyst stages embryo cultured under 20% compared to 5% oxygen level. A similar 

trend of NRF2 and KEAP1 protein expressions was confirmed at the blastocyst stage. 

Moreover, the relative abundance of the NRF2 downstream target antioxidant genes 

(CAT1, HMOX1, NQO1, PRDX1, SOD1 and TXN1) and genes involved in lipogenic 

pathways (SREB1, ACACA, CPT2 and PPARAα) were found to be  higher (P < 0.05) 

in 8-cell to blastocyst stage embryos from 20% oxygen culture groups. On the other 

hand, the relative abundance of some antioxidants (CAT, PRDX1 and SOD1) was 

significantly higher from 2-cell until 8-cell stage in 5% compared to the 20% oxygen 

level groups. In general, results of this experiment indicated that culturing bovine 

embryos under high oxygen tension resulted in activation of NRF2 mediated oxidative 

stress response and lipogenic pathways. However, the possible interaction between 

NRF2 mediated oxidative stress response and lipogenic pathways and its association 

with embryo lipid metabolism need further investigation. Also, embryos cultured under 

high (20%) oxygen level exhibited low mitochondrial activity, high lipid accumulation 

and low blastocyst rates compared to low (5%) oxygen group which reflected the 

detrimental effect of elevated ROS levels on the embryo metabolism and developmental 

competence under high oxidative stress conditions.  

In order to know whether the ability of early bovine embryos to survive under oxidative 

stress condition is in relation to their NRF2-mediated oxidative stress response pathway 

activity, in the second experiment, the expression of NRF2, KEAP1 and antioxidant 

genes in early versus late cleaving 2-cell and blastocyst stage embryos cultured under 

high or low oxidative stress conditions was evaluated.  For this, embryos obtained from 

the in vitro culture before 32 hpi were considered as developmentally competent 2-cell 

stage embryos, while the 2-cell embryos obtained after 36 hpi were considered as 

developmentally incompetent embryos. Likewise, the development of the blastocyst 

stage embryos was evaluated at day 7 and 8 pi. The early developing blastocysts (D7 pi) 

were considered as competent embryos, while the embryos which reached to the same 

stage at day 8 pi were categorized as incompetent embryos.  

Embryos from each competence category (competent vs. incompetent) which were 

generated from high (20%) or low (5%) oxygen level were used to investigate the 

expression level of NRF2, KEAP1, NRF2 downstream antioxidant genes (CAT, 
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PRDX1, SOD1 and TXN1) and genes related to lipid metabolism (SREBP1 and CPT2). 

Moreover, the NRF2 transcriptional activity in competent vs. incompetent embryos was 

assessed by evaluating the amount and distribution of NRF2 and KEAP1 proteins using 

immunofluorescence technique. Furthermore, the level of ROS, mitochondrial activity 

and lipid content were determined for embryos from each tested category. Finally, the 

ability of the competent and incompetent blastocysts to survive after cryopreservation 

(in terms of hatching rates) was evaluated. Results showed that NRF2 and its 

antioxidant target genes were found to be increased in early compared to late blastocyst 

stage embryos. Similarly, more active nuclear NRF2 protein has been observed in early 

or competent embryos compared to the late ones either under high or low oxygen level 

culture conditions. This was accompanied by reduced levels of ROS in the early 

developing embryo compared to the late ones. Moreover, competent embryos exhibited 

higher mitochondrial activity and lower lipid accumulation than the incompetent ones 

under both 5% and 20% O2 culture conditions. Subsequently, the viability of the 

competent embryos after cryopreservation, in terms of hatching rates, was higher. In 

conclusion, this study demonstrated that under oxidative stress conditions, pre-

implantation bovine embryos are able to activate the NRF2-mediated oxidative stress 

response pathway, which is found to be associated with their survival under in vitro 

culture conditions. 
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7 Zusammenfassung 

 

In der in vitro Produktion von bovinen Embryonen kann ein zu hoher oxidativer Stress 

einen negativen Effekt auf die Eizellmaturation, die Fertilisation und die frühe 

embryonale Entwicklung haben. Deswegen ist der Schutz der Embryonen vor 

oxidativen Stress einer der embryonalen Mechanismen unter suboptimalen 

Entwicklungsbedingungen zu überleben. NRF2 ist der entscheidende Transkriptions 

Faktor welcher mit dem AREs bindet um die Kaskade der Antioxidans-Zielgene zu 

aktivieren und den oxidativen Stress zu bewältigen. Deshalb war das Ziel der Studie, die 

Assoziation zwischen der NRF2-vermittelten oxidativen Stressreaktion während der 

frühen Embryonalentwicklung und die Überlebensfähigkeit der in vitro produzierten 

bovinen Embryonen unter oxidativen Stresskonditionen zu untersuchen. Das Ziel des 

ersten Experiments war es festzustellen, ob pre-implantative bovine Embryonen unter 

oxidativen Stressbedingungen in der Lage sind die NRF2-vermittelte oxidative 

Stressantwort und deren nachgeschalteten Antioxidans-Gene (CAT1, HMOX1, NQO1, 

PRDX1, SOD1 und TXN1) sowie Gene die den Lipidmetabolismus kontrollieren und 

ebenfalls durch NRF2 reguliert werden (SREB1, ACACA, CPT2 und PPARAα), zu 

aktivieren. Zusätzlich sollte im Blastozytenstadium der Effekt des oxidativen Stress auf 

die Generierung von ROS und dessen Auswirkungen auf den embryonalen 

Metabolismus in Bezug zur Mitochondrien-Aktivität und der Lipidzusammensetzung 

beobachtet werden. Dafür wurden Eizellen von Ovarien von Schlachthoftieren in vitro 

maturiert, in vitro fertilisiert und in vitro unter den Kulturbedingungen von 5% und 20% 

Sauerstoff kultiviert. Nachfolgend wurden 2-, 4-, 8-, 16-Zell- und Blastozystenstadien 

zu den Zeitpunkten 32, 48, 72, 92 und 168-192 hpi der jeweiligen Versuchsgruppen 

gesammelt. Drei biologische Wiederholungen wurden verwendet und jede umfasste 

fünfzig 2-Zell-, dreißig 4-Zell-, zwölf 8-Zell-, fünfzehn 16-Zell- und zehn 

Blastozystenembryonen, die dann für die RNA Isolierung mittels PicoPure RNA 

Isolationskit (Arcturs, Munich, Germany) eingesetzt wurden. Im Anschluss daran wurde 

die cDNA Synthese mit einem gesamt Reaktionsvolumen von 20 µl durchgeführt. Das 

Genexpressionsniveau von NRF2, dessen nachgeschalteten Zielgenen, dem NRF2 

Inhibitor (KEAP1) sowie Genen die im Lipidmetabolismus involviert sind, wurden 

mittels qPCR bestimmt. Die Datenanalyse wurde mit der relativen 

Standardkurvenmethode unter Verwendung von GAPDH zur Normalisierung 



Zusammenfassung  119 

 

 

durchgeführt. Zusätzlich wurde die Proteinexpression von NRF2 und KEAP1 im 

Blastozystenstadium mittels Immunhistochemie analysiert. Aus dem ersten Experiment 

ging als Reaktion auf den induzierten oxidativen Stress eine höhere ROS Aktivität von 

Blastozyten der 20% Sauerstoffgruppe im Vergleich zu der 5% Sauerstoffgruppe 

hervor. Zusätzlich war das mRNA Expressionsniveau von NRF2 hoch reguliert, 

wohingegen die Expression des Inhibitors KEAP1 in 8-, 16-Zell- und 

Blastozystenstadien aus der 20% Sauerstoffgruppe im Vergleich zu der 5% Gruppe 

runter reguliert war. Ein ähnlicher Trend von NRF2 und KEAP1 Proteinexpression 

wurde im Blastozytenstadium bestätigt. Darüber hinaus, zeigten die NRF2 

nachgeschalteten Antioxidans-Gene (CAT1, HMOX1, NQO1, PRDX1, SOD1 und 

TXN1) und Gene aus den lipogenen Signalwegen (SREB1, ACACA, CPT2 und 

PPARAα) eine höhere signifikante Veränderung (P < 0.05) im 8-Zell- zum 

Blastozystenstadium in der 20% Sauerstoffgruppe. Die relative Veränderung mancher 

Antioxidants-Gene (CAT, PRDX1 und SOD1) war signifikant höher im 2-Zell- bis 8-

Zellstadium in der 5% Sauerstoffgruppe im Vergleich zu der 20% Sauerstoffgruppe. Im 

Allgemeinen zeigen die Ergebnisse dieses Experiments, dass das Kultivieren von 

Embryonen unter hoher Sauerstoffkonzentration in einer Aktivierung der NRF2-

vermittelter oxidativen Stressreaktion und der lipogenen Signalwege resultiert. 

Allerdings sind weitere Untersuchungen über die positive Interaktion zwischen NRF2-

vermittelter oxidativer Stressreaktion und den lipogenen Signalwegen sowie über die 

Assoziation mit dem embryonalen Lipidmetabolismus notwendig. Ebenfalls zeigten 

Embryonen aus der höheren Sauerstoffgruppe (20%) geringe Mitochondrien-Aktivität, 

hohe Lipidakkumulation und geringe Blastozystenraten im Vergleich zu den 

Embryonen aus der geringeren (5%) Sauerstoffgruppe. Dieses Ergebnis reflektiert den 

nachteiligen Effekt des erhöhten ROS Spiegels auf den embryonalen Metabolismus und 

die Entwicklungskompetenz unter hohen oxidativen Stressbedingungen.   

Um festzustellen, ob die Überlebensfähigkeit der frühen bovinen Embryonen unter 

oxidativen Stressbedingungen in Relation zur ihrer NRF2-vermittelten oxidativen 

Stressreaktion steht, wurde im zweiten Experiment die Expression von NRF2, KEAP1 

und Antioxidans-Genen in früh gegenüber spät entwickelten 2-Zell- und 

Blastozystenstadien zum einen unter hohen und zum anderen unter niedrigeren 

oxidativen Stressbedingungen untersucht.  Dafür wurden diese Embryonen aus dem in 

vitro Kulturmedium vor dem Zeitpunkt 32hpi gewonnen und als kompetente 2 Zell-
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Stadien Embryonen bezeichnet. Die 2 Zell-Stadien nach 36hpi wurden als inkompetente 

Embryonen angesehen. Ebenfalls wurde die Entwicklung von Blastozysten nach 7 und 

8 pi Tagen beurteilt. Die früh entwickelten Blastozyten (D7 pi) wurden als kompetente 

Embryonen, die nach 8 pi Tagen dasselbe Stadium erreichten als inkompetente 

Embryonen beurteilt. 

Embryonen aus jeder Kategorie (kompetent vs. inkompetent), die unter hoher (20%) 

oder niedriger (5%) Sauerstoffkonzentration generiert wurden, wurden für die 

Expressionsanalyse von NRF2, KEAP1, NRF2 nachgeschalteten Antioxidans-Genen 

(CAT, PRDX1, SOD1 und TXN1) sowie von Genen des Lipidmetabolismus (SREBP1 

und CPT2) eingesetzt. Darüber hinaus wurde die transkriptionelle Aktivität der 

kompetenten vs. inkompetenten Embryonen durch die Mengenbestimmung und -

Verteilung von NRF2 und KEAP1 Proteinen mittels Immunfluoreszenz Technik 

bewertet. Weiterhin wurden von den Embryonen aus jeder Kategorie die ROS Aktivität, 

die Mitochondrien-Aktivität und der Lipidgehalt bestimmt. Zum Schluss wurde noch 

die Überlebensfähigkeit der kompetenten und inkompetenten Blastozyten nach der 

Kryokonservierung (hinsichtlich der Schlüpfrate) ermittelt. Die Ergebnisse zeigten, dass 

NRF2 und dessen Antioxidans-Zielgene erhöht in frühen im Vergleich zu späteren 

Blastozytenstadien vorkamen. Gleichermaßen wurde mehr aktives nukleares NRF2 

Protein in frühen oder kompetenten Embryonen im Vergleich zu späteren Embryonen, 

egal ob diese unter hohen oder niedrigeren Sauerstofflevel kultiviert wurden, ermittelt. 

Dieses wurde begleitet durch eine reduzierte ROS Aktivität in früh entwickelten 

Embryonen im Vergleich zu spät entwickelten. Weiterhin zeigten kompetente 

Embryonen höhere Mitochondrien-Aktivität und geringere Lipidakkumulation als die 

inkompetenten Embryonen unter beiden Sauerstoffkulturbedingungen. Die 

Überlebensfähigkeit der kompetenten Embryonen nach der Kryokonservierung war 

hinsichtlich der Schlüpfrate höher. Diese Studie zeigte, dass unter oxidativen 

Stresskonditionen pre-implantative bovine Embryonen in der Lage sind den NRF2-

vermittelten oxidativen Stressreaktionsweg zu aktivieren, der mit der 

Entwicklungskompetenz unter in vitro Kulturbedingungen assoziiert ist. 
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